

  processes-10-00475




processes-10-00475







Processes 2022, 10(3), 475; doi:10.3390/pr10030475




Article



CFD-DEM Study of Bridging Mechanism of Particles in Ceramic Membrane Pores under Surface Filtration Conditions



Hao Wang, Junfei Wu *, Ping Fu *, Zhiping Qu, Wenjie Zhao and Yixuan Song





College of Electromechanical Engineering, Qingdao University of Science and Technology, Qingdao 266061, China









*



Correspondence: jfw_2002@qust.edu.cn (J.W.); 01384@qust.edu.cn (P.F.)







Academic Editor: Farhad Ein-Mozaffari



Received: 24 January 2022 / Accepted: 23 February 2022 / Published: 26 February 2022



Abstract

:

In the surface filtration process with pores larger than the particle size, the formation of particle bridges plays a crucial role in the filter cake structure and the filtration efficiency throughout the filtration process. First, to understand the microscopic information required for the bridging mechanism, we use the two-way coupling of computational fluid dynamics (CFD)–discrete element method (DEM) to simulate the deposition characteristics of particles in the pores of ceramic membranes. Next, by dynamically observing the deposition morphology and bridging process of particles, the bridging mechanism was revealed at the level of a single hole. Then, we studied the influence of particle concentration and inlet velocity on the bridge erection process. The results show that the bridging function of particles runs through the clean filtration stage and the transition stage. Particle concentration and inlet flow rate have a crucial influence on the formation of particle bridges and filtration efficiency.
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1. Introduction


With rapid economic development, especially in the modern industry based on energy consumption, we suffer from air pollution problems [1]. Various high-temperature dusty fumes from industrial manufacturing, coal combustion, vehicle emissions, and waste incineration affect the life of equipment and product quality and cause serious harm to the environment, climate, and public health [2,3,4]. Ceramic membranes have become one of the most effective materials for filtering high-temperature flue gas due to their excellent thermal stability, chemical stability, high mechanical strength, corrosion resistance, and thermal shock resistance [2,5,6,7].



Generally speaking, the flow of smoke dust and other particles in a ceramic membrane is a typical gas–solid two-phase flow [8]. During the filtration process, particles are captured by the ceramic membrane and deposited. Therefore, the whole filtration process is related to gravity settling and inertial impact of particles, interception of membranes and filter cakes, and Brownian diffusion [9,10]. During the initial stages of filtration, most of the particles pass through the filter media, and only a fraction of them are captured by the ceramic membrane, resulting in a slight increase in pressure drop. As the number of deposited particles continues to increase, the deposited particles begin to play a significant role in the particle capture process. Soon, the deposited particles will bridge at the entrance of the filter medium channel so that the particles are blocked and deposited on the surface of the filter medium to form a filter cake, thus entering the filter cake filtration stage. At this time, the filter cake plays an interception role, and the filter medium only supports the filter cake [11]. It can be seen that the bridging process of particles has an essential influence on the initial stage of filter cake filtration, and only after the formation of particle bridges will the particles slowly accumulate to form a filter cake. In addition, the formation of particle bridges determines the filtration efficiency of the entire filtration process to a large extent. However, although the formation of particle bridges plays a crucial role in forming the filter cake and the filtration efficiency throughout the filtration process, little research has been performed on the mechanism of particle bridge formation.



Previous studies on particle bridges have mainly focused on macroscopic parameters that affect the formation of particle bridges, such as particle concentration, particle diameter, physicochemical properties of filter media, and filtration speed [12,13,14,15]. Although the visualization study of micropore blockage brings convenience to the experimental study of particle bridging [16], the process of particle bridging is often completed quickly. Therefore, these detailed resolutions depending on the micron scale of the filter media are challenging to achieve through experiments. Furthermore, for micron-sized particles, the interaction between particles plays a critical role in the process of particle bridging [12]. However, due to the limitations of the existing technology, the experimental results also cannot provide microscopic information on the interaction between particles. Therefore, a method combining the discrete element method with computational fluid dynamics (DEM-CFD) is proposed to describe the dynamics of the particles in a two-phase flow [17,18,19,20].



The CFD-DEM coupling solution method is a novel calculation method that can characterize the actual shape of particles, physical parameters, and the collision process between particles [21]. It can also analyze the interaction between fluid and particles, thus overcoming observation limitations in micro-scale experiments. There are two commonly used CFD-DEM coupling models: the Eulerian–Lagrangian model and Eulerian–Eulerian model. The Eulerian–Lagrangian approach traces each particle trajectory and represents the solid phase as discrete points of the domain, while the liquid phase is simulated as a continuous phase. Therefore, the coupling model ignores the influence of particles on the fluid and belongs to one-way coupling. Qian et al. [1] used the Eulerian–Lagrangian method to study the gas–solid two-phase flow in fiber filter media and analyzed the particle deposition morphology, instantaneous pressure drop, and filtration efficiency. However, the clogging process of the filter cake is not involved. The Eulerian–Eulerian model, also known as the two-fluid model (TFM), treats particle–fluid dynamic behavior as a continuum on a macro level by averaging the physics across many particles. Therefore, the Eulerian–Eulerian model considers the momentum exchange between the liquid and solid phases and considers the effect of particles on the liquid phase, which is a two-way coupling between the solid and liquid phases. Therefore, the CFD-DEM gas-solid two-phase coupling method is ideal for finding out the formation mechanism of filter cake. Deshpande et al. [22,23] simulated the flow characteristics of particles in a packed bed by the CFD-DEM bidirectional coupling method. They studied the influence of monodisperse and monodisperse spherical particles on the filter cake during filtration under different flow conditions and the complex interdependence of particle sphericity, porosity, and pressure drop of filter cake with various fluid conditions. Puderbach et al. [24], based on CFD-DEM coupling technology, numerically simulated the microscopic deposition process between polydisperse particles in the early stage of filter cake formation. The developed four-way coupling allows a detailed understanding of the micromechanics of cake formation and interaction between particles. The filter media and filter cake resistance simulated by filter cake are in good agreement with the experimental results of the pressing shell. Comparing three-dimensional simulation and empirical research shows that analytical CFD-DEM coupling has excellent potential in analyzing and optimizing the filter cake filtration process. Tao et al. [20] used the CFD-DEM coupling method to simulate the migration and deposition behavior of particles on the fiber membrane and described the formation process and mechanism of particle bridges on the fiber membrane in detail. Additionally, Hund et al. [25] used the method of CFD-DEM coupling to describe the formation mechanism of particle bridges in the process of solid–liquid separation and studied the time variation of particle deposition bridges under different particle concentrations and feed flow rates. The simulation results are compared with the theoretical calculation model and previous experimental results, and the accuracy of the simulation results is verified.



In this project, we established a three-dimensional model of the ceramic membrane pores and used the CFD-DEM bidirectional coupling method to simulate the bridging mechanism of particles in the ceramic membrane pores, considering adhesion force. Additionally, we measured macroscopic parameters such as pressure drop and filtration efficiency and provided the microscopic information needed to understand the bridging mechanism. The main work includes the following aspects. (1) The filtering process and CFD-DEM bidirectional coupling method are briefly introduced. (2) The calculation models of particle movement and gas flow are given, and the calculation settings, including boundary and initial conditions, are given. (3) The bridging process of particles and the microstructure of filter cake are analyzed in detail, and the effects of particle concentration and inlet flow rate on the bridging process are discussed.




2. Model and Methods


2.1. Numerical Models


This project used the Eulerian–Eulerian model to simulate the bridging process of particles in the ceramic membrane. The Euler–Euler model considered the momentum exchange between gas and particles and the two-phase coupling between particles and gas. In the coupling process, the Navier–Stokes equation described the gas motion, while Newton’s second law obtained the motion of particles, and Newton’s third law realized the coupling between them. The flowchart of coupling is shown in Figure 1.



2.1.1. Fluid Phase Equation


In the Eulerian model, considering the influence of particles on fluid, a different volume fraction phase   φ    (grid cell porosity) is introduced into the Navier–Stokes equation to realize the two-phase coupling of fluid to particle and particle to fluid. The continuity equation and momentum equation of the fluid phase are, respectively, expressed as follows [19,26]:


    ∂ ρ φ   ∂ t   + ∇  (  ρ φ u  )  = 0  



(1)






   ∂  ∂ t    (  ρ φ u  )  + ∇  (  ρ φ μ u  )  = − ∇ ρ − S + ∇  (  μ φ ∇ u  )  + ρ φ g  



(2)






  S =   ∑  i n   F D  / Δ V  



(3)




where  μ  is the fluid viscosity,   Pa · s  ;  u  is the fluid velocity, m/s;  ρ  is the fluid density, kg/m3;  S  is the sum of the fluid resistance;    F D    is the force acting on the grid cell volume, N; and   Δ V   is the grid cell volume, m3.




2.1.2. Particle Phase Equation


Newton’s second law solves the particle phase motion, and the particle motion equation is [27]:


   m p    d  u p    d t   =  F  drag   +  F g  +  F  vm   +  F p  +  F  Saff   +  F  Magn   +  F c   



(4)






   I p    d  ω p    d t   =   ∑   i = 1  k   M i   



(5)




where    m p    is the particle mass, kg;    u p    is the particle velocity, m/s;    I p    is the moment of inertia of the particle, kg·m2;    ω   p      is the particle rotational speed, rad/s; and    M i    is the particle collision torque, N·m.



The fluid drag force    F  drag     on the particles is calculated by Equation (6) [28,29]:


   F  drag   = 0.5  C D  ρ A  |  u −  u p   |   (  u −  u p   )   



(6)




where    F  drag     is the fluid drag force on the particle, N;  A  is the projected area of the particle, m2; and    C D    is the drag force coefficient, which depends on the Reynolds number   R e  , which can be calculated by Equation (7).


   C D  =      24  R e      R e ≤ 0.5        24  1.0 + 0.25 R  e  0.687      R e                0.5 < R e ≤ 1000 ,  R e =   φ ρ  d p   u −  u p    μ        0.44     R e > 1000       



(7)







   F g    is the sum of the gravity and buoyancy of the particles, which can be calculated by Equation (8):


   F g  =  m p  g  (     ρ p  − ρ    ρ p     )   



(8)




where    F g    is the sum of the gravity and buoyancy of the particles, N; and    ρ p    is the particle density, kg/m3.



   F  vm     is the virtual mass force that cannot be omitted in the simulation of gas–solid two-phase flow [27,30], which can be calculated by Equation (9):


   F  vm   =  C  vm    ρ   ρ p     (   u p  ∇ u −   d  u p    d t    )   



(9)




where    F  vm     is the virtual mass force, N; and    C  vm     is the virtual mass factor, the default value is 0.5.



   F p    is the pressure gradient force caused by the pressure gradient when the particles move in the flow field [31], and its expression is:


   F p  = d p / d x = − ρ g − ρ u d u / d x  



(10)




where    F p    is the pressure gradient force, N. When particles are in a high-velocity fluid, the high velocity gradient creates a pressure difference across the particle surface, which generates lift. The Saffman lift [32] (   F  Saff    ) can be calculated by Equation (11):


   F  Saff   = 1.61  d p 2     (  μ ρ  )    1 / 2      | ω |    − 1 / 2    [  u −  u p   ]  ω  



(11)




where    F  Saff     is the Saffman lift, N;    d p    is the particle diameter, m; and  ω  is the fluid rotation velocity which is given by:


  ω = ∇ × u  



(12)







   F  Magn     is a kind of lift [33] due to the rotation of particles in the flow field, which can be calculated by Equation (13):


   F  Magn   =  π 8  ρ  d p 3    R  e p    R  e r     C  Magn    [   (  0.5 ω −  ω p   )  ×  (  u −  u p   )   ]   



(13)




where the Magnus lift force coefficient    C  Magn     can be calculated, which allows an extension of this lift force to higher particle Reynolds numbers [34]:


   C  Magn   = 0.45 +  (    R  e r    R  e p    − 0.45  )   e  − 0.05684 R  e r     0.4   R  e p     0.3      



(14)




where   R  e r    is the Reynolds number of particle rotation and is given by:


  R  e r  =   ρ  d p 2   μ   



(15)




where   R  e p    is the Reynolds number of the particle for the Saffman lift force. This Reynolds number is given by:


  R  e p  =   ρ  d p   |  u −  u p   |   μ   



(16)







   F c    is the contact force between particles, and its expression is [27]:


   F c  =  F  c , n   +  F  c , t    



(17)




where    F  c , n     is the normal force acting on the particle after particle collision,    F  c , t     is the tangential force acting on the particle after particle collision, and its expressions are:


   F  c , n   = 1.5  Y  1 −  v 2       R  1 , 2        S n 3     



(18)






   F  c , t   = 12  (   G  1 , 2      R  1 , 2    S n       S t 3     )   



(19)




where  Y  is the equivalent elastic modulus, Pa;  v  is Poisson’s ratio;    R  1 , 2     is the equivalent contact radius, m;    S n    is the normal displacement, m;    S t    is the tangential displacement, m; and    G  1 , 2     is the equivalent shear modulus, Pa.



In addition, considering the surface energy effect of materials and the influence of van der Waals force in the contact area, the JKR model is selected between particles and between particles and ceramic membrane to describe the adhesion between materials accurately. The contact stress of particle is defined by the overlap  δ  and surface energy  γ  as follows [35,36]:


   F  JKR   = − 4   π γ  E *     α  3 / 2   +   4  E *    3  R *     α 3   



(20)






  δ =    α 2     R *    −     4 π γ α    E *       



(21)




where    F  JKR     is the particle collision force, N;    E *    is equivalent Young’s modulus, Pa;    R *    is the equivalent radius, m;  γ  is the surface energy, J/m2; and  α  is the contact radius, m.





2.2. Geometry and Computational Domain


Figure 2 is a schematic diagram of the structure of the ceramic membrane pores and the size of the computational domain. To study the bridging process of particles in ceramic membrane pores, two ceramic particle balls of diameter 20 μm were used to construct ceramic membrane pores. The modeling method is analogous to the suspended particle method in the preparation method of porous ceramic membrane [37]. From the real microscopic morphology of the ceramic membrane, it can be seen that the filter channel is formed by the accumulation of ceramic particle balls with shapes similar to spheres. Therefore, the ceramic membrane model under a single pore used is also simplified according to the actual morphology of the ceramic membrane. Since spherical particles have high computational efficiency for simple contact, we use spherical particles to simplify ceramic particle balls [38]. At this time, it is necessary to artificially increase the rolling friction coefficient of spherical particles to show some characteristics of non-spherical particles [39]. In addition, the diameter of ceramic particle balls is selected according to the size of suspended particles commonly used in the preparation of a microfiltration membrane. In contrast, the distance between two ceramic particle balls is determined according to the actual pore size of the ceramic membrane used in high-temperature dusty flue gas treatment. The computational domain of the gas phase is set in the range of   − 30    μ m  < X < 30    μ m   ,   − 15    μ m  < Y < 15    μ m   ,   − 50    μ m  < Z < 50    μ m   . To enable the generated particles to fully enter the flow field, the particle generation surface is placed behind the gas inlet. Therefore, the computational domain of the discrete phase is set in the ranges of   − 30    μ m  < X < 30    μ m   ,   − 15    μ m  < Y < 15    μ m   , and   − 50    μ m  < Z < 50    μ m  .   In addition, to ensure uniform inlet velocity of particles and prevent the back-flow phenomenon in the simulation process, the calculation domain size was lengthened along the fluid flow direction in the simulation model.




2.3. Boundary Conditions and Parameter Settings


Coupling EDEM 2020 and Fluent 2020R2 were used to calculate particles movement and fluid field based on UDF (User-Defined Function). In the coupling process, the gas inlet adopts a velocity inlet, and the outlet adopts a pressure outlet. According to the characteristics of the filter medium, the surface of the ceramic particle sphere is set as a no-slip boundary condition. At the same time, to eliminate the influence of boundary on the gas flow, the boundary on the side of the computational domain is set as the symmetric boundary condition. When the gas-phase calculation converges, particles begin to be generated from the particle generation surface (i.e., the particle injection surface) and enter the discrete domain driven by the airflow. As the calculation progresses, the particles not captured passing through the membrane pores will flow out from the gas outlet and not save the attributes (velocities, positions, interaction forces) of these particles in the DEM model. The computational parameters in the simulation are shown in Table 1 and Table 2.





3. Results and Discussion


3.1. Bridging Process


The bridging process of particles is very complicated, and many factors need to be considered. Therefore, the collision and adhesion of particle–particle, particle–membrane, and the interaction between particles and fluids are fully considered. The bridging process of particles was studied under the conditions of an inlet velocity   u = 0.5    m  / s   and a suspension concentration   c = 0.5 %  . Figure 3 shows a typical relationship between pressure drop and filtration time. It can see in Figure 3, according to the rising rate of the pressure drop, that the whole filtration process can be divided into three different stages: clean filtration stage, transition stage, and cake filtration stage [20]. The particle bridging process runs through all cleaning filtration stages and the transition stages.



In the cleaning filtration stage (before point B), the particles gradually reach around the ceramic membrane under the action of the fluid. A few particles are directly captured by the adhesion of the membrane surface due to contact with the membrane surface, while most particles pass through the membrane pores and flow out of the calculation domain with the fluid. Because the capture efficiency of particles is relatively low in the cleaning filtering stage, the pressure drop increases slowly. Point A in Figure 4 shows the deposition morphology of the particles on the ceramic membrane, and the particles are almost uniformly deposited on the membrane surface, without affecting the opening degree of membrane pores due to the deposition of the particles, which further explains the reason why the pressure drop slowly rises.



The deposited particles began to play a significant role in the capture process with the filtration process. At this time, the particles were captured by the ceramic membrane and were deposited. As particles entered the transition stage (B–C) from the cleaning filtering stage, the morphology of the deposited particles changed significantly. Point B in Figure 4 shows that the deposits on both sides began to extend into the membrane pores to form dendritic structures. The dendritic structure extended with the continuous deposition of particles, until it connected into a bridge in the membrane pores. It can be seen from point C in Figure 4 that at this time, the membrane pores are entirely closed, and the particles can no longer pass through the membrane pores and deposit on the particle bridge to generate filter cake and then enter the filter cake filtration stage. In the filter cake filtration stage (C–D), the filter cake played the role of interception, and the ceramic membrane only supported the filter cake. The pressure difference increases linearly with time because the membrane pores were completely closed, and no particles could pass through the pores.



Our results were compared with the research results of Tao et al. [20] on the bridging mechanism of particles on a fiber membrane under a single pore to verify the accuracy of the model proposed in this paper. Tao et al. believe that the filtration process can be divided into three stages according to the rising pressure drop rate: clean filtration stage, transition stage, and filter cake stage. In the clean filtration stage, each fiber works independently, except for being affected by other fibers through the variation of the flow field due to the two-way interactions between fluid and particles or a fiber. In the transition stage, the deposits on the two fibers start to become connected. Despite the short duration, this stage reveals essential changes in particle capture mechanisms. The particle chains on the fore side of fibers repeatedly lodged down into the gap between fibers to form bridges, which significantly enhanced the particle capture efficiency. At the end of this stage, a clogged state with almost impossible penetration of newly incoming particles through the pore was reached. Then, the deposited particles began to grow into filter cakes in the filter cake stage, and the pressure drop began to increase linearly. This is consistent with the characteristics of different filtration stages in the ceramic membrane filtration process. Thus, it is proved that the research results of the bridging process using this model are accurate.



Looking back at the whole filtration process, we can find that the bridging time of the particles is concise, but it plays a vital role in the whole filtration process. Figure 5 presents the curve of the cumulative number of particles passing through with time. Particle injection started at t = 0.5 ms. In the cleaning filtration stage, most particles can pass through the pores due to the opening of the membrane pores, and the number of particles passing through the pores increases significantly. However, with the formation of particle bridges, more and more particles are trapped. Until t = 4.0 ms, the particle bridge is completely formed, and no particles can pass through the pores after the filter cake filtering stage. A total of 4666 particles were captured in the whole filtration process, but only 197 particles were directly captured by the membrane, accounting for only 4.2% of the total number of captured particles. The results further show that the formation of particle bridges plays a crucial role in the filtration efficiency of the whole filtration process.



Figure 6 shows the curve of filter cake height with time. Particles reach the membrane surface at t = 0.7 ms and accumulate after t = 0.7 ms. In the cleaning filtrating stage, only one layer of particles is uniformly deposited on the membrane surface, so the filter cake height hardly changes. In the subsequent transition stage and filter cake filtration stage, since the generation rate of particles does not change with time, the volume of particles reaching the membrane surface in the unit time and the unit area is constant, so the filter cake height increases linearly with time. Figure 7 shows the dynamic change process of the volume fraction of deposited particles. Before t = 4.0 ms, the deposited particles were captured by particles on the membrane surface on the one hand, which led to the vertical growth and height increase of the filter cake, and on the other hand, they were captured by dendrites, which led to the lateral growth of the filter cake and connected into a whole. After t = 4.0 ms, the pores are entirely closed, and the filter cake no longer grows laterally but continues to grow vertically on the previous basis. That is, the growth of filter cake is a continuous process.




3.2. Effect of Suspension Concentration on Bridging Process


In order to study the influence of suspension concentration on the bridging process, the particle bridging process was simulated under the conditions of inlet flow velocity   u = 0.5    m  / s   and particle concentration   c = 0.1 − 2 %  . Generally, the particle concentration is characterized by the particle generation rate in DEM, and the conversion formula between the two parameters is shown in Equation (22):


  N =   u  A  i n l e t   c    V p     



(22)




where  N  is particle generation rate/s;    A  inlet     is the cross-sectional area of the gas inlet, m2;  c  is the particle concentration, %; and    V p    is the volume of a single particle, m3.



Figure 8 shows the curve of particle bridging completion time with particle concentration. It can be seen from the figure that the completion time of particle bridging decreases with the increases in particle concentration. When   c = 0.1 %  , it takes 20.3 ms to complete the bridging process, while when   c = 2 %  , it only takes 1.3 ms to complete the bridging process. With the particle generation rate increase, the volume of particles reaching the membrane surface in unit time and unit area increases continuously, which accelerates the bridging process. However, it should be noted that the reduction rate of bridging completion time decreases with the increase in particle generation rate. That is to say, when the particle concentration reaches a specific value, the particle concentration is no longer the main influencing factor of the bridging time. This is also consistent with the conclusions drawn by Hund et al. [25] that the studies of cylindrical pore bridging mechanism.



The resistance of the filter medium can be divided into the pure filter medium resistance    R  M , 0     and the interference resistance    R I   . The former describes the resistance of the filter medium when there is no particulate deposit. In contrast, the latter describes the resistance of the filter medium when the particle bridging is over and the pores are just closed. It is an important parameter in describing the properties of particle bridges. The following formula can calculate it:


  R =  R  M , 0   +  R I   



(23)






   R  M , 0   =   Δ  p  FM , 0     μ · u    



(24)






    R I  =   Δ  p I    μ · u      



(25)




where R is the total resistance of the filter medium, 1/m;    R  M , 0     is the resistance of the unloaded filter medium, 1/m; and    R I    is the resistance of the filter medium at the end of particle bridging and when the pores have just closed, 1/m.   Δ  p  FM , 0     is the pure filter media pressure drop, Pa;   Δ  p I    is the pressure drop across the filter media when bridging is complete, Pa;  μ  is the fluid viscosity,   Pa s  ; and  u  is the fluid velocity, m/s.



Figure 9 shows the interference resistance and particle bridge porosity as a function of particle concentration. The interference resistance and particle bridge porosity have no significant dependence on particle concentration. It indicates that particle bridges of similar shape, size, and porosity were formed at different concentrations. In addition, the resistance of the unloaded filter medium    R  M , 0   = 1.034 ×   10  6     1/m was obtained by calculation when the inlet velocity   u = 0.5    m  / s  . We can find that the interference resistance is 80 times the resistance of the unloaded filter medium. That is to say, the formation of the particle bridge closes the pores, thus increasing the flow resistance.



The average porosity of filter cake and filtration efficiency are two important parameters for evaluating filtration performance. The average porosity of filter cake reflects the compactness of filter cake, and the filtration efficiency determines the applicability of filter media and operating parameters. Figure 10 shows the effect of particle concentration on the average porosity of filter cake. It can be seen from the figure that there is no apparent relationship between the average porosity of the filter cake and the particle concentration. It shows that filter cakes with similar shapes, compressibility, and porosity are formed at different concentrations.



Figure 11 shows the variation law of filtration efficiency with particle deposition mass per unit area under different concentrations. In the process of filtration, particles are captured by ceramic membrane and the deposited particles, so the filtration efficiency is improved with the increase in the deposited quality of particles. It is known from Figure 5 that as the filtration process progresses, the change of filtration efficiency per unit time gradually decreases and tends to 100%, which leads to gradual decreases in the slope of the curve of filtration efficiency with particle deposition mass per unit area. In addition, the increase in particle concentration will also lead to a decrease in filtration efficiency. Although increasing the concentration can reduce the bridging time, at the same time, increasing the concentration will make more particles flow through the pores before bridging is complete, resulting in a decrease in filtration efficiency.




3.3. Influence of Inlet Velocity on Bridging Process


In order to study the influence of inlet velocity on the bridging process, the bridging process of a particle was simulated under the conditions of constant particle generation rate   N = 1 ×   10  6  / s   and inlet velocity   u = 0.1    m  / s − 5    m  / s  . The product of the particle concentration and inlet flow rate remains constant. Therefore, in all simulations in this section, the volume of particles reaching the ceramic membrane surface per unit time and per unit area is the same.



Figure 12 shows the influence of inlet flow rate on particle bridging time. It can be seen from the figure that the influence can be divided into three stages. It can be explained by the inertial collision of particles and the scouring action of fluid. The Stokes number is an essential parameter for evaluating the particle collision mechanism, and its calculation expression is shown in Equation (26):


  S t =    ρ p   d p 2  u   18 μ D    



(26)







When other parameters are constant, the Stokes number is proportional to the inlet velocity. Therefore, when the inlet velocity increases, the inertia of particles also increases, and the follow-up of particle movement is less noticeable, which leads to an increase in the collision probability between particles and films and between particles and deposited particles, thus accelerating the bridging process of particles to a certain extent.



At low velocity (u < 0.6 m/s), the scouring effect of fluid scouring is not enough to destroy the particle bridge, and the inertial collision effect of particles is more evident at this time; thus, the particle bridge time decreases with the increase in the inlet velocity. When the inlet velocity is   0.6   m / s < u < 2    m  / s  , with increases in inertial collision of particles, the scouring effect of fluid also increases so that the bridging time of particles does not changing with the flow rate. However, at a high velocity (  u = 5    m  / s  ), the particle bridge is unable to form under the high-speed impact of fluid.



Similarly, this also illustrates the effect of inlet velocity on filtration efficiency. Figure 13 shows the variation law of filtration efficiency with particle deposition mass per unit area under different inlet velocity. When the inlet velocity is   0.1   m / s < u < 0.6    m  / s  , under the inertial collision of particles, the filtration efficiency increases with the increase in inlet velocity. When the inlet velocity is   0.6   m / s < u < 2    m  / s  , the inertial collision of particles and the scouring effect of the fluid are counteracted so that the filtration efficiency no longer changes with the inlet velocity. However, when the inlet velocity   u = 5    m  / s  , the particle bridge collapses, which causes the filtration efficiency to increase first and then decrease.



Figure 14 shows the effect of inlet velocity on interference resistance and particle bridge porosity. Since the resistance of the unloaded filter medium is the resistance of the filter medium itself, the resistance of the unloaded filter medium was constant in all simulations:    R  M , 0   = 1.034 ×   10  6    1/m. It can be seen from Figure 14 that the interference resistance increases with the inlet velocity and is much larger than the resistance of the unloaded filter medium. This is because, as the inlet velocity increases, the particles are packed more tightly on the ceramic membrane pores, thereby increasing the flow resistance. In addition, the tighter packing of the particles on the ceramic membrane pores can be confirmed by the particle bridge porosity.



Figure 15 shows the relationship between pressure drop and particle deposition mass per unit area for different inlet velocity. It can be seen from the figure that when the inlet velocity is   0.1   m / s < u < 2    m  / s  , the pressure drop increases with the increase in the inlet velocity. Moreover, when the inlet velocity is constant, the pressure drop increases linearly with the particle deposition mass per unit area. The reason may be that the pressure drop is proportional to the face velocity shown in Darcy’s law. In addition, when the inlet velocity   u = 5    m  / s  , the pores cannot be closed, because particle bridges cannot be formed, which leads to the pressure drop increasing at first and then decreasing.





4. Conclusions


In this paper, the CFD-DEM coupling method was used to study the bridging mechanism of particles in the pores of ceramic membranes. To this end, a three-dimensional model of the ceramic membrane pores was established concerning the suspended particle method. The entire filtration process was simulated under the conditions of fully considering the gas–particle, particle–ceramic membrane, and particle–particle interactions. The following conclusions can be drawn:




	(1)

	
Particle bridging is a continuous and dynamic process. In the early filtration stage, the deposited particles are uniformly deposited on the ceramic membrane surface. As the filtration process progresses, the deposits extend into the membrane pores to form a dendritic-like structure and continue to develop until they are connected to form bridges in the membrane pores.




	(2)

	
At a constant inlet velocity, the bridging time of particles decreases with increasing particle concentration, and the decrease is smaller and smaller. However, decreasing particle bridging time does not result in an increased filtration efficiency. An increase in particle concentration will cause more particles to flow through the pores before bridging is complete, decreasing filtration efficiency. Therefore, the particle concentration should be reasonably selected to achieve high-efficiency filtration in the actual filtration process. Furthermore, there was no apparent relationship between the average porosity of the filter cake, particle bridge porosity, and interference resistance and the particle concentration.




	(3)

	
At a constant particle generation rate, the particle bridging time and filtration efficiency are related to the inertial collision of particles and the scouring effect of the fluid. When the inlet velocity is   0.1   m / s < u < 0.6    m  / s  , the inertial collision of particles dominates, so the bridging time and filtration efficiency increase with the increase in inlet velocity. When the inlet velocity is   0.6   m / s < u < 2    m  / s  , the inertial collision of particles and the scouring effect of the fluid are counteracted, so that the bridging time and filtration efficiency no longer change with the inlet velocity. When the inlet velocity   u = 5    m  / s  , the scouring effect of the fluid is more prominent, resulting in the failure to form the bridge and the filtration efficiency first increases and then decreases with the inlet velocity. In addition, when the inlet velocity is   0.1   m / s < u < 2    m  / s  , the pressure drop increases with increasing inlet velocity. The inlet velocity also affects the interference resistance of the filter media. As the inlet velocity increases, the particles pack more tightly on the ceramic membrane, leading to an increase in the interference resistance.
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Figure 1. Flowchart of the CFD-DEM coupling. 
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Figure 2. The structure of the pores of the ceramic membrane and the size of the computational domain. (a) Isometric view; (b) XZ plan view. 
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Figure 3. Differential pressure curve with time. 
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Figure 4. Bridging process. (a) A(  Δ p = 29.3    Pa   ); (b) B(  Δ p = 59.9    Pa   ); (c) C(  Δ p = 928.4    Pa   ); (d) D(  Δ p = 6182.2    Pa   ). 
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Figure 5. Curve of cumulative number of particles passing through with time. 
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Figure 6. Variation curve of filter cake height with time. 
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Figure 7. Cloud map of the volume fraction occupied by particles with time. (a) t = 1.5 ms; (b) t = 3.0 ms; (c) t = 3.5 ms; (d) t = 4.0 ms; (e) t = 5.5 ms; (f) t = 7.0 ms. 
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Figure 8. Effect of particle concentration on bridging time. 
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Figure 9. Effect of particle concentration on interference resistance and particle bridge porosity. 
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Figure 10. Effect of particle concentration on average porosity of filter cake. 
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Figure 11. Effect of particle concentration on filtration efficiency. 
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Figure 12. Influence of inlet velocity on bridging time. 
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Figure 13. Influence of inlet velocity on filtration efficiency. 
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Figure 14. Effect of inlet velocity on interference resistance and particle bridge porosity. 
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Figure 15. Influence of inlet velocity on pressure drop. 
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Table 1. Physical parameters.
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	Physical Parameters
	Value
	Unit





	
	Fluid viscosity
	1.79 × 10−5
	Pa·s



	Gas phase
	Fluid density
	1.23
	kg/m3



	
	Time step
	1 × 10−7
	s



	
	Particle radius
	1
	μm



	
	Particle mass density
	1451
	kg/m3



	Particle phase
	Shear modulus
	2 × 107
	Pa



	
	Poisson’s ratio
	0.25
	-



	
	Time step
	1 × 10−9
	s



	
	Membrane density
	3100
	kg/m3



	Membrane
	Shear modulus
	7 × 1010
	Pa



	
	Poisson ratio
	0.2
	-
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Table 2. Collision parameters.






Table 2. Collision parameters.





	Collision Parameters
	Coefficient of Restitution
	Coefficient of Static Friction
	Coefficient of Rolling Friction
	Surface Energy (J/m2)





	Particle–particle
	0.3
	0.15
	0.05
	0.085



	Particle–membrane
	0.3
	0.15
	0.05
	0.1
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