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Abstract

:

In the proposed centrifugal filtration device, a filter is mounted in the center of the centrifugal chamber. The particles move towards the centrifuge wall away from the filter under centrifugal force, so a filtration cake is unlikely to accumulate here. The working fluid is injected continuously, so the feed pressure is higher than the discharge pressure, which compels the light-phase fluid to leave through the filter as filtrate. The filtrate flux rate and the movement of particles in the centrifugal chamber of the proposed filtration device were investigated using different powder particle sizes, concentrations of working fluid, centrifugal chamber rotation speeds, and filters. With a higher centrifugal chamber rotation speed, the centrifugal force acting on the particles in the centrifugal chamber was stronger, and the particles were less likely to adhere to the central filter; hence, a larger amount of filtrate was produced.
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1. Introduction


Filtration technology is a well-established method of solid-liquid separation [1,2,3] that is used in various fields, such as water/wastewater treatment [4,5] and oil separation [6].



Centrifugal force is often used for industrial solid–liquid separation [7,8], because it generates a powerful filtration driving force that separates solid and liquid phases rapidly. Centrifugation has been implemented for separating substances in industrial and laboratory settings for a long time, ever since it was first used for milk separation in farms [9]. Currently, centrifugal separation is usually applied in biomedical technology. Fukuyama et al. discussed the consolidation behavior of centrifugal dewatering with and without a supernatant [10]. Li et al. recovered linseed oil from a water emulsion using rotating-disk filtration and produced good results [11]. Jaffrin comprehensively compared and reviewed rotating disks, rotating membranes, and vibrating systems [12].



Centrifugal filtration equipment is characterized by a high processing capacity and small size [13]. Compared with other separators, the centrifuge not only produces a solid with a low water content and a high-purity supernatant, but it is also highly leak-proof. It can work continuously and can be extensively used in the refinement of petrochemicals; sludge thickening and the dewatering of sewage in treatment plants; the extraction of pesticides and biopharmaceuticals; and the medical, food, textile, metallurgical, and environmental protection industries.



The ratio of centrifugal acceleration to gravitational acceleration generated in the operation of a centrifuge is known as the separation factor (Fr), and it is expressed as follows:


   F r  =   r  ω 2   g   



(1)




where r is the radius of rotation, ω is the rotation speed, and g is the gravitational acceleration.



The larger the separation factor (Fr), the larger the centrifugal force on the particles and the more effective the separation. A centrifuge with a large separation factor must be used for materials with a high solution viscosity and fine particles. At present, the centrifuge separation factor (Fr) values for industrial use range from being in the hundreds to being in the hundreds of thousands. In this work, the largest Fr value was about 44,700.



The methods that use high rotation speeds to generate centrifugal force for solid–liquid separation are dynamic filtration and high-shear-force crossflow filtration, which generates a high shear force on the membrane surface to produce relative motion between the membrane and casing [14]. Two pieces of commercial equipment with different structures can be used for this process: a cylindrical Couette device [15,16] and a rotating disk [17]. The former uses the relatively high-speed rotation of two coaxial cylinders to generate high shear stress, and the inner cylinder is a membrane. The latter is a disk rotating at a high speed between two circular membranes. Four mechanisms can be implemented in rotating cylindrical filtration to mitigate the fouling on the membrane surface, resulting in a high filtration rate [18]: (1) annular Poiseuille flow between two cylinders, generating in axial shear stress; (2) circular Couette flow from the high-speed rotation of two coaxial cylinders, generating rotational shear stress; (3) high-speed rotation, generating a strong centrifugal force field; and (4) secondary vortex flow, causing the elutriation of particles on the filter surface.



In the fluid rotary system, a particle receives two radial acting forces: centrifugal force, which makes the particles move outwards, and Stokes drag. Therefore, in the case of force equilibrium,


  (  ρ p  −  ρ f  )   4 π  3    (    D p   2  )  3   Ω 2  r = 3 π μ  D p  (  V p  ( r ) −  V f  ( r ) )  



(2)




where    ρ p    and    ρ f    are the density of the particles and fluid, respectively;    D p    is the particle size; and    V p  ( r )   and    V f  ( r )   are the radial velocity of the particles and fluid in position r, respectively. Equation (2) assumes that the flow pattern is not turbulent. Therefore,


   V p  (  r i  ) =  [  (  ρ p  −  ρ f  )    D p 2  Ω   18 μ    ]  Ω  r i  +  V f  (  r i  )  



(3)







Equation (3) represents the radial velocity of particles on the membrane surface (position ri). The particle Taylor number is the bracketed term [18]; ri and Ω are the radius and rotational speed of the inner cylinder, respectively; and μ is the fluid viscosity.



Wereley et al. [19] used a porous polyethylene cylindrical filter with a nominal pore size of 5 μm, porosity of 20–30%, and permeability of 7.8 × 10−9 cm2 to study centrifugal filtration. The ratio of the length of the cylinder to the annulus gap width was 45–48, the inner cylinder diameter (ri) was 4.34 cm, the outer cylinder diameter (ro) was 5.22 cm, and the transmembrane pressure was about 20 kPa. The particle concentration was measured by a particle image velocimeter (PIV). Their results showed that the concentration polarization started from the membrane surface, where the particle concentration was at its maximum, and then decreased gradually in the radial direction.



Recently, Nakakura et al. [20] used the principle of centripetal filtration to develop a centrifugal filtration device and provided corresponding mechanistic and experimental results, including a quantitative evaluation of the solute mass in the centrifugal filter cake. Ginting et al. [21] proposed a new basket centrifuge design wherein the filter media are placed not only on the circuit, but also at the bottom of the filter chamber, causing the supernatant to be discharged more rapidly. Kamijo et al. [22] isolated a pectate lyase using Amicon Ultra filter units, which provided a method for concentrating proteins and other biomolecules via centrifugal filtration.



The filtration technique of the device developed in this study is quite different from traditional centrifugal filtration equipment. During centrifugal filtration using traditional equipment, the liquid and particles in the working fluid move in the same direction under the effect of centrifugal force. The particles are caught by the filter, whereas the liquid flows through the filter to achieve filtration. Figure 1a provides a schematic diagram of traditional centrifugal filtration.



Fu et al. [23] developed a new type of cyclone device for the sorting and classification of particles by means of a centrifugal force field, which has a multiproduct function. The centrifugal filtration device developed in this study is inspired by the cyclo-flow filtration method of [24,25]. When the suspension flows centrifugally around the central filter in the hydrocyclone, the strong shear force caused by crossflow filtration [26] reduces fouling, and the centrifugal force is somewhat effective in moving the particles away from the central filter. Therefore, increasing the centrifugal force could enhance the effectiveness of cyclo-flow filtration. The filter medium of the device developed in the present study is mounted in the center of the centrifugal chamber. During filtration, when the centrifugal chamber is full of working fluid, which is injected continuously, the particles and liquid in the solution move towards the centrifugal chamber wall under the effect of centrifugal force. The pressure difference between the continuous fluid inflow and the filtrate outlet is 1.5 bar, which compels the liquid to move towards the filter in the center of the centrifugal chamber, thus achieving filtration. Figure 1b shows the schematic diagram of the centrifugal filtration device proposed in this study.




2. Experimental Method


2.1. Materials and Filter


We used three kinds of powder in this study: silicon carbide with a particle size range of 16~22 μm, silicon carbide with a particle size range of 37~44 μm, and alumina oxide. Their densities were 3220 and 3900 kg/m3, respectively. The mean particle sizes measured by a particle size analyzer were 20, 40, and 160 μm, respectively. The size distribution is shown in Figure 2.



We used two filters for this experiment: an inorganic composite ceramic tubular membrane produced by the TAMI company, with a diameter of 1 cm and an average pore size of 1.4 μm, and the traditional PP organic filter element for water purifiers and water filters, with a diameter of 2.5 cm and an aperture of 5 μm.




2.2. Experimental Apparatus and Equipment


We used a TQ 400 pump produced by Walrus Pump Co., Ltd. and a Precisa series electronic balance (model XS 225A, for the precise weighing of drugs). For convenient observation of the working fluid rotation and the migration of particles in the filtration chamber, we used transparent polymethacrylate as a building material. Figure 3 shows a schematic diagram of the centrifugal filtration device. The diameter and height of the rotation chamber are 20 and 16 cm, respectively. Figure 4 shows the overall assembly of the centrifugal filtration device, including the relationships between various components of the system. The arrow represents the flow direction of the working fluid. When the working fluid is pressurized and delivered by the pump from the storage tank, it is split into the recirculating flow and the main stream. The recirculating flow returns to the barrel bath, whereas the main stream enters the centrifugal chamber and is filtered through the central tubular membrane, producing a clear and clean filtrate.




2.3. Experimental Setup and Operation


The experimental procedure for this centrifugal filtration device is described below: Make sure the valves V1 and V2 are turned on; switch on the centrifugal filtration device and adjust the rotation speed to the required experimental rotation speed. Slowly adjust the reflux valve (V1) and observe the feed pressure meter (P1) until the required experimental pressure (1.5 bar) is reached. Valve V3 controls the discharge of the gas from the filtration chamber. Open the balance software (Precisa) on a computer to record the amount of filtrate. Calculate the filtrate flux; collect, dry, and weigh the clear liquid; and analyze the data after the experiment.





3. Results and Discussion


3.1. Tubular Ceramic Membrane and Silicon Carbide Powder


3.1.1. Effect of Particle Size


We used three kinds of powder in this study: silicon carbide with a particle size range of 16~22 μm, silicon carbide with a particle size range of 37~44 μm, and alumina oxide. Their densities were 3220 and 3900 kg/m3, respectively. The mean particle sizes measured by a particle size analyzer were 20, 40, and 160 μm, respectively. The slurry had a weight percentage concentration of 0.3%, the inlet operating pressure was 1.5 bar, and the centrifugal chamber rotation speed was 2000 rpm. Figure 5 shows the filtrate flux rate comparison diagram.



Figure 5 demonstrates that in the centrifugal chamber, larger powder particles were likely to move towards the polymethacrylate wall under the effect of centrifugal force. Particles were unlikely to move towards the tubular ceramic membrane in the center of the filtration chamber, and so the filtration cake accumulated on the filtration chamber wall, not on the membrane surface. The particles that were significantly influenced by the centrifugal force generally moved in the centrifugal direction, but a few particles still moved in the centripetal direction, resulting in a blocked filter and a decreased filtration rate. The filtrate flux rate decreased as the powder particle size decreased. After one hour, the terminal filtration rates were 147 and 100 L/m2-hr-bar. Shih [27] et al. used a rotational circular-plate ultrafiltration membrane filter to recycle cutting oil and remove the particles in the fouling cake attached to the membrane surface; they were able to maintain a cutting-oil filtrate flux rate above 6.7 L/m2/hr. Figure 6 shows the exterior view of the membrane fouling after the experiment, illustrating that the larger particles were more strongly influenced by the centrifugal force and were thus unlikely to move towards the central tubular membrane (light gray fouling in Figure 6a vs. dark black fouling in Figure 6b). The fouling problem was slight, so the filtration rate was relatively high.




3.1.2. Effect of Rotation Speed


Under the operating conditions of an inlet pressure of 1.5 bar, a working fluid concentration of 0.3 wt%, and a particle size range of 37~44 μm, the centrifugal chamber rotation speed was adjusted to compare its effect on the filtrate flux rate. Figure 7 shows a comparison of the filtrate flux rate of the tubular membrane filtration module at different centrifugal chamber rotation speeds. After one hour, the filtrate flux rate at a rotation speed of 2000 rpm (158 L/m2-hr-bar) was 1.5 times higher than that at a rotation speed of 1000 rpm (100 L/m2-hr-bar) and 2.7 times higher than that at a rotation speed of 500 rpm (58 L/m2-hr-bar). Figure 7 also illustrates that under the same feed inlet operating pressure and working fluid concentration, the higher the centrifugal chamber rotation speed, the larger the separation factor (Fr). Therefore, the particles were more likely to move towards the wall of filtration chamber than towards the central tubular membrane, so the particles were unlikely to adhere to the membrane surface and more filtrate was obtained.



As shown in Figure 1b and Figure 4, the radii of the centrifugal chamber and the filter element are 10 and 0.5 cm, respectively. The filter is fixed, and the centrifugal chamber rotates. Therefore, there is enough distance for radial motion. According to Equation (3), when the order of magnitude of Vp is about 1 m/s and the order of magnitude of Vf is about 10−5 m/s, effective separation can be achieved. Nakakura et al. [20] designed a centripetal filtration device similar to that proposed in this study. However, their device did not have enough distance in the radial direction to allow separation.




3.1.3. Comparison between Filtrate Fluxes Rates of Proposed Centrifugal Filtration Device and Tubular Membrane Filtration Module


Figure 7 shows that when the rotation speed of the centrifugal filtration device was adjusted to 2000 rpm, the filtrate flux rate after one hour was 158 L/m2-hr-bar (solid diamond). The flux rate after one hour of clean water filtration was 207 L/m2-hr-bar (solid square). The flux rate after one hour of tubular membrane filtration decreased to 77 L/m2-hr-bar (open circle). Cleaning was conducted after each experiment, but residual SiC particles remained in the pipeline, so the filtration rate decreased when filtering clear water. The filtrate flux rate of the proposed device was lower than that of clean water by about 24%, whereas the tubular membrane filtration flux rate was almost 63% lower than that of clean water. This demonstrates that the proposed centrifugal filtration device is more effective than traditional tubular membrane filtration. When the rotation speed was 500 rpm (crosses in Figure 7), the centrifugal force was insufficient to carry the particles away from the filter, and the filtration rate was worse than traditional membrane filtration (data obtained using the same equipment with no rotation; open circles in Figure 7), perhaps owing to turbulence.





3.2. Organic Filter Element and Alumina Oxide Powder


3.2.1. Results for Proposed Centrifugal Filtration Device


Maintaining a constant feed pressure (1.5 bar) and slurry concentration, the filtration chamber rotation speed was adjusted to 2000 rpm. The filtrate flux rates are shown in Figure 8, which demonstrates that the filtrate flux rate after one hour was only 3% lower than that of clean water filtration. The amount of particles accumulated on the filter element at 2000 rpm was lower than that at 0 rpm. Because the particles in the filtration chamber are influenced by centrifugal force, they are unlikely to move towards the filter and adhere to it, meaning that this centrifugal filtration device is very effective.




3.2.2. Effect of Working Fluid Concentration


At a constant feed pressure (1.5 bar) and filtration chamber rotation speed (2000 rpm), the filtrate flux rate decreased as the concentration of working fluid increased. This trend can be observed in Figure 9. According to our calculations, the filtrate flux rate for a working fluid concentration of 0.3 wt% after one hour was 43,315 (L/m2-hr), only 3% lower than the clean water filtration flux rate of 44,485 (L/m2-hr). The filtrate flux rate of 1 wt% slurry after one hour of filtration was 41,915 (L/m2-hr), 6% lower than the clean water filtrate flux rate. The filtrate flux rate of 2 wt% slurry after one hour was 41,135 (L/m2-hr), lower than that of clean water filtration by almost 8%. The probability of particles moving towards the filter element in the filtration chamber increased with the working fluid concentration, meaning that the working fluid concentration influenced the filtrate flux rate.






4. Conclusions


Our testing of the proposed cyclo-flow centrifugal filtration device showed that when the powder particle size was large, the particles experienced greater centrifugal force and were unlikely to move towards the tubular membrane and adhere to its surface, so more filtrate was obtained. When the filtration chamber rotation speed was 2000 rpm, the filtrate flux rate was about 24% lower than that of clean water filtration, while the traditional tubular membrane filtration flux rate was about 63% lower. The filtrate flux rate of the proposed centrifugal filtration device is higher than that of traditional tubular membrane filtration. The probability of particles adhering to the membrane surface is reduced in long-term operation, so more filtrate can be obtained; thus, the proposed system is suitable for further development.



A higher rotation speed generated a greater centrifugal force, causing the particles to move towards the wall of the filtration chamber; hence, the filtration cake was unlikely to accumulate on the filter surface, and the amount of filtrate increased. This proves that the rotation speed influences the filtering effect of the proposed equipment: a higher rotation speed results in more filtrate, and a lower rotation speed results in less filtrate.
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Figure 1. Schematic diagrams of (a) traditional centrifugal filtration and (b) the novel centrifugal filtration device proposed in this study. 
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Figure 2. Size distribution of particles used in this study. 
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Figure 3. Schematic diagram of the centrifugal filtration device. 1: fluid inlet pipe; 2: shaft seal pedestal; 3: shaft seal; 4: filter pedestal; 5: centrifugal chamber; 6: acrylic wall; 7: fixed screw; 8: receiving tank; 9: filter; 10: filtrate outlet; 11: centrifugate outlet; 12: fluid inlet pore. 






Figure 3. Schematic diagram of the centrifugal filtration device. 1: fluid inlet pipe; 2: shaft seal pedestal; 3: shaft seal; 4: filter pedestal; 5: centrifugal chamber; 6: acrylic wall; 7: fixed screw; 8: receiving tank; 9: filter; 10: filtrate outlet; 11: centrifugate outlet; 12: fluid inlet pore.
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Figure 4. Overall assembly of the centrifugal filtration device. 
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Figure 5. Filtrate flux rate comparison diagram. 
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Figure 6. Exterior view of membrane fouling after experiment. (0.3 wt%, 2000 rpm). 
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Figure 7. Filtrate flux rate at different centrifugal chamber rotation speeds. 
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Figure 8. Filtrate flux rate at different centrifugal chamber rotation speeds. 
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Figure 9. Filtrate flux rate at different concentrations of slurry. 
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