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Abstract

:

In the present research, we propose the use of a novel hydraulic classifier equipped with a W-shaped reflector to enhance classification performance. The effects of the structural dimensions of a W-shaped reflector on the flow field of a classifier and its classification performance were investigated using numerical simulations and experiments. The results demonstrate that the reflection of the W-shaped reflector results in the return of the feed material back to the classification cavity. After this, the materials are mixed with a rising water flow in order to avoid the settlement of particles. Thus, the particles can stay longer in the classification cavity, facilitating the generation of a suspension bed and effectively improving the classification efficiency and accuracy. Our data indicates that the overall classification efficiency of the classifier embedded with the W-shaped reflector was 11.19% higher than that of a traditional classifier. Our results provide a reference for classifier optimization.
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1. Introduction


A hydraulic classifier is a device that separates a mixture of mineral particles into two different particle size ranges, which are identified as coarse and fine particles. These devices use the differences in the sedimentation speed of mineral particles. Hydraulic classifiers display several advantages including stable operation, ease of use, small size, and high classification efficiency, among others. For this reason, they have been widely used in various fields such as mineral processing engineering [1,2].



The structural features of classifiers have attracted significant attention because of their effect on classification performance. For instance, Tripathy et al. [3] developed a liquid–solid fluidized bed classifier with a baffle structure. These researchers achieved a significant vertical stratification of materials, improving classification efficiency. Laleh et al. [4] proposed a symmetric-nozzle classifier, where the nozzle produces powerful rotational flows. Because of this, the minerals can be sorted and classified several times, enhancing the classification accuracy. Mou et al. [5] proposed a highly efficient rotor classifier, and the ANSYS Fluent 19.0 software (ANSYS, Inc., Canonsburg, PA, USA) was used to simulate and investigate the effects of parameters such as rotor shape and the number of blades on the internal flow field and classification performance. Galvin et al. [6] reported that the REFLUXTM classifier with a 3 mm channel spacing showed a higher recovery rate than that with a 6-mm channel spacing. Carpenter et al. [7] combined the REFLUXTM classifier with a centrifuge to separate ultra-fine Si powders with particle sizes of 0–100 µm. With this device, cut sizes were changed from 20 μm down to 5 μm. Jiang et al. [8] investigated the effect of feed position on the classification performance of a fluidized bed. They hypothesized that classification performance was higher when materials were fed at the top or the central part of the bed, as compared to at the bottom. Zhang et al. [9,10] proposed a damping pulsation interference bed classifier. By adding a damping block inside the classification cavity, the turbulence intensity inside the classification cavity was effectively reduced, and the flow field was stabilized. Wei et al. [11] proposed a novel liquid–solid fluidized classifier embedded with an inclined plate, which improved the flow pattern inside the classification cavity and enhanced particle classification. Chen et al. [12] showed through experimental and numerical simulation results that the presence of a limited number of baffles in the fluidized bed can reduce the residence time of particles without affecting the average residence time. Sun et al. [13] effectively improved the classification accuracy by changing the feeding position of a traditional cyclonic classifier. Wang et al. [14,15] designed a three-product liquid–solid fluidized bed classifier. In this case, three types of products with different particle grades were obtained after three independent classification stages. Additionally, a classifier with a parallel plate was introduced in the classification cavity [16,17,18,19]. As a result, the mineral particle settling area in the classification cavity increased, improving the classification efficiency and accuracy. In addition, by adding a W-shaped reflector in the interference bed, the classification performance was augmented [20,21,22].



In summary, different classification devices have been proposed to enhance classification accuracy and great advances have been achieved in the last years. However, classification mechanisms remain unclear. In the present study, we propose a novel hydraulic classifier embedded with a W-shaped reflector. This reflector was inserted in the classification cavity of a traditional classifier, and vertical feeding was changed to tangential feeding. Using this type of feeding, materials enter the classification cavity in a spiral way, which facilitates their complete dispersion in the classification cavity. In addition, the probability of an unstable flow field is reduced. Flow field instability is usually caused by the strong shock of vertical feeding. When materials pass through the embedded W-shaped reflector, they go back for a second time under the reflective effect of the reflector. The returned feed is mixed with rising water to form an interference settlement, extending the time the feed remains in the classification cavity, consequently enabling full classification and improving the classification accuracy. Figure 1 shows the structure of the classifier embedded with a W-shaped reflector.



Computational fluid dynamics (CFD) has been applied to the study of classifiers by many scholars [23,24,25], and its accuracy has been verified. In the present research, numerical simulation was performed using Computational Fluid Dynamics (CFD) to investigate the effects of the W-shaped reflector structure on the classification performance and to determine the optimized structure. Additionally, experimental verification was carried out.




2. Materials and Methods


2.1. Geometric Modeling and Grid Division


In order to compare the classification performance of a traditional classifier and the proposed classifier embedded with a W-shaped reflector, the same dimensions were used (see Figure 2 and Table 1). Figure 3 and Figure 4 show the model and the grid, respectively. Grid division revealed that the number of grid cells of the classifier embedded with a W-shaped reflector and the traditional classifier were 322,684 and 289,824, respectively.




2.2. Boundary Conditions and Solutions Using Numerical Simulations


The software ANSYS Fluent 14.5 (ANSYS, Inc., Canonsburg, PA, USA) was used for the numerical simulations. Water density and gravitational acceleration were set as 998 kg/m3 and 9.81 m/s2, respectively. The inlet was set as the velocity inlet, the outlet was set as the pressure outlet, and the wall boundary conditions were set as a NO-Slip-Wall. The solver was pressure-based, the algorithm was unsteady, and the discrete format was pressure PRESTO. In addition, a k-ε model was selected as the turbulence model. The inlet velocity of the classifier was set to 1.2 m/s, the top flow velocity to 0.9 m/s, and the inlet concentration to 20%.




2.3. Materials


In our experiments, magnetite with a density of 4500 kg/m3 was used. The accumulated contents of particles with sizes of 0–45, 45–125, and 125–300 μm were 22.1%, 49.2, and 28.7%, respectively. Table 2 shows the particle size distribution.





3. Simulation Results and Discussion


Classification Performances of a Classifier Embedded with a W-Shaped Reflector and a Traditional Classifier


Figure 5 shows the tangential velocities of the classifier embedded with a W-shaped reflector and the traditional classifier. As observed, both classifiers exhibited consistent distributions of tangential velocities (symmetrical distribution along the axis). In addition, the tangential velocity of the classifier embedded with a W-shaped reflector was significantly greater than that of the traditional classifier. These results demonstrated that the classification performance of the classifier embedded with a W-shaped reflector was higher as compared to that of the traditional classifier. This probably occurred because the tangential velocity increased the centrifugal force, which facilitated particle dispersion and improved the classification performance.



The axial velocity had a significant effect on the classification performance. Figure 6 shows the axial velocities of both classifiers. As this figure shows, the axial velocity distribution in both classifiers was consistent. However, the axial velocity of the traditional classifier showed a U-shaped distribution, while that of the classifier embedded with a W-shaped reflector showed a W-shaped distribution. Additionally, the maximum axial velocity of the classifier embedded with a W-shaped reflector was significantly lower than that of the traditional classifier. The simulation results showed that the W-shaped reflector decreased the axial velocity of the feed materials, reducing their interaction with the top flow and improving the stability of the flow field. Moreover, with the decrease in axial velocity, the residence time of the particles in the classification cavity increased. This promoted the adequate stratification of the coarse and fine particles and improved the classification efficiency and accuracy.



Considering flow field stability and fluid fluctuations in the classification cavity, turbulent kinetic energy and dissipation rate play a decisive role in the efficient stratification of mineral particles. Hence, the effects of the turbulent kinetic energy and dissipation rate on the classification performance were investigated and the results are shown in Figure 7 (turbulent kinetic energy) and Figure 8 (dissipation rate). As the data showed, the turbulent kinetic energy and dissipation rate of materials when the newly proposed classifier was used were significantly lower than those obtained with the traditional classifier. This indicated that the flow field in the proposed classifier was stable and favored particle classification.





4. Experimental Study


4.1. Experimental System


In order to explore the classification performance of the classifier embedded with a W-shaped reflector, experiments were performed on the system shown in Figure 9. The system comprises a hydraulic classifier embedded with a W-shaped reflector, a slurry pump, a clean water pump, a pressure gauge, a flow meter, and a mixing device.




4.2. Classification Performances of the Two Classifiers


The classification performances of (a) the classifier embedded with a W-shaped reflector and (b) the traditional classifier were investigated. We performed different experiments to determine the underflow yield, overflow yield, classification efficiency, and distribution rate. The results are listed in Table 3 and Table 4.



As shown in Table 3, the content of fine particles (0–45 μm) in the overflow of the new classifier was 6.03% higher than that of the traditional classifier. In addition, fine particle (0–45 μm) content in the underflow of the proposed classifier was 3.67% lower than that of the traditional classifier. The coarse particle (125–300 μm) content in the new classifier underflow was 6.35% higher than that of the traditional classifier, while the coarse particle (125–300 μm) content in the overflow of the proposed classifier was 4.99% lower than that of the traditional classifier. During the sorting and classification processes, the classifier equipped with a W-shaped reflector initially dispersed and stratified the feed material through the tangential feeding spiral downward effect. Later, materials were stratified under the reflection of the W-shaped reflector, where the coarse and heavy particles moved downward into the underflow and the fine and light particles were carried by the rising top flow into the overflow. The yields of both the underflow coarse particles and the overflow fine particles significantly increased.



As shown in Table 4, the content of particles with sizes of 0–125 μm in the overflow of the classifier embedded with a W-shaped reflector was 4.72% higher than that of the traditional classifier. In addition, the content of particles with sizes of 0–125 μm in the underflow of the classifier embedded with a W-shaped reflector was 4.14% lower than that of the traditional classifier. Thus, the classification efficiency of the classifier embedded with a W-shaped reflector was 11.19% higher than that of the traditional classifier.



Figure 10 and Figure 11 show the particle size distributions in the underflow and overflow obtained in our experiments. As observed, the underflow materials obtained using the classifier embedded with a W-shaped reflector displayed a median particle size of 118 μm, which is 18 μm higher than that obtained using the traditional classifier. With respect to the underflow of the classifier embedded with a W-shaped reflector, the median particle size was 47 μm, which is 10 μm lower than that obtained with the traditional classifier. Therefore, the classifier supplied with a W-shaped reflector reduced the entrainment of fine particles in the underflow and coarse particles in the overflow. In summary, the classifier embedded with a W-shaped reflector showed advantages over the traditional classifier in terms of both classification efficiency and classification accuracy. In addition, it showed excellent fine particle classification performance.




4.3. Effects of Structural Dimensions of a W-Shaped Reflector on Classification Performance


The effects of different W-shaped reflector structures on classification performance were investigated. For this purpose, four W-shaped reflector structures were selected and the gap between the W-shaped reflector and the classification cavity wall was set to 5, 10, 25, and 40 mm (denoted as Structure 1, Structure 2, Structure 3, and Structure 4, respectively), as shown in Figure 12.



Figure 13 illustrates the underflow yields of the four classifiers with different reflector structures.



As the data show, the coarse particle (125–300 μm) content in the underflow increased as the gap between the reflector and the classification cavity wall increased. The highest value (26.31%) was reached when the gap was 25 mm. It was also observed that fine particle (0–45 μm) content in the underflow decreased as the gap between the reflector and the classification cavity wall increased. The minimum value was observed when the gap displayed a size of 25 mm. When the gap size was higher than 25 mm, the coarse and fine particle underflow content decreased and increased, respectively. These results indicated a gradual decrease in the underflow product grade.



Figure 14 presents the overflow yields obtained when classifiers with four different reflector structures were used. As observed, fine particle (0–45 μm) content in the overflow increased as the gap between the reflector and the classification cavity wall also increased. The highest value was of 34.12% and was achieved when the gap size displayed a value of 25 mm. At this point, the smallest coarse particle content in the overflow was observed. When the gap size was higher than 25 mm, the content of fine and coarse particles in the overflow decreased and increased, respectively. This indicated a gradual decrease in the overflow product grade.



The data in Figure 15 indicates that the classification efficiency of fine particles (0–45 μm) in the overflow increased as the gap between the reflector and the classification cavity wall increased. The highest value (45.32%) was observed when the gap size was 25 mm. Figure 16 shows the product distribution in the overflow. The results show that the gap size between the reflector and the classification cavity wall significantly affected the particle size distribution in the classification cavity and classification accuracy. Thus, this parameter displayed a significant effect on the classification performance. In conclusion, gap selection was of great significance.



According to our data, the product grade decreased in the underflow and overflow product, regardless of gap size. This occurred because a large number of particles accumulated on the reflector when the gap was too small. In addition, because of particle collisions, coarse material was not able to settle down. The results indicate that when the gap was too small and the top flow velocity increased, large particles entered the overflow with the rising flow, contaminating the overflow product and resulting in a decrease in the overflow product grade. When the gap was too large, the refraction distance of the W-shaped reflector decreased, and the feed was not fully stratified. This caused fine particles to enter the underflow, causing a decrease in the underflow product grade.





5. Conclusions


	(1)

	
Differently from a traditional classifier, the new classifier proposed in this paper was set up with a W-shaped reflector at the bottom of the feed port, the purpose of which was to make the slurry re-fold back twice through the reflection of the W-shaped reflector and mix with upwelling water to form an interference settlement, thereby improving the grading accuracy. Through simulation and comparative experiments, it was shown that the W plate classifier was an improvement over the traditional classifier in terms of the yield and grading efficiency.




	(2)

	
Compared with the traditional classifier, the tangential speed of the W-shaped classifier increased, while the axial velocity, turbulence kinetic energy, and turbulence dissipation rate decreased. This indicates that the particles were subjected to greater centrifugal force in the W-shaped classifier, the residence time was longer, and the flow field was more stable.




	(3)

	
The gap size of the W-shaped reflector and the sorting chamber had a significant impact on the grading efficiency and grading accuracy of the classifier, and the gap being too large or too small adversely affected the grading performance. In this experiment, the bottom miscarriage rate, overflow yield rate, and the grading efficiency of particles of −45 μm were best obtained at a gap of 25 mm. Therefore, a reasonable structural size was conducive to the generation of suspended layers and improved the grading performance.
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Figure 1. Diagram of the proposed classifier embedded with a W-shaped reflector. 
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Figure 2. Structural diagram of a classifier. 
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Figure 3. Traditional classifier. 
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Figure 4. Novel classifier embedded with a W-shaped reflector. 
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Figure 5. Tangential velocities of the two classifiers. 
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Figure 6. Axial velocities of the two classifiers. 
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Figure 7. Turbulent kinetic energy of the two classifiers. 
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Figure 8. Turbulent dissipation rate of the two classifiers. 






Figure 8. Turbulent dissipation rate of the two classifiers.
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Figure 9. Diagram of the system used in the experiments: (1) classifier embedded with a W-shaped reflector; (2) pressure gauge; (3) flow meter; (4) mixer; (5) mixing tank; (6) valve; (7) slurry pump; and (8) clean water tank. 
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Figure 10. Particle size in the underflow of the two classifiers. 
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Figure 11. Particle size in the overflow of the two classifiers. 
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Figure 12. Structural diagram of the W-shaped reflector. 
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Figure 13. Underflow yield. 
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Figure 14. Overflow yield. 
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Figure 15. Classification efficiency of fine particles (0–45 μm) in the overflow. 
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Figure 16. Overflow distribution. 
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Table 1. Classifier parameters.
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	Structure
	Value
	Structure
	Value





	Length of feed pipe h1 (mm)
	550
	Diameter of overflow inlet d2 (mm)
	30



	Length of classification cavity H1 (mm)
	500
	Diameter of water inlet d3 (mm)
	4



	Diameter of feed pipe D (mm)
	30
	Diameter of tangential inlet d4 (mm)
	15



	Diameter of underflow inlet do (mm)
	20
	Diameter of reflector bottom d5 (mm)
	90



	Diameter of water inlet bin d1 (mm)
	20
	Diameter of reflector top d6 (mm)
	165
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Table 2. Particle size distribution.
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	Particle Size (μm)
	Interval Content (%)
	Accumulated Content (%)





	0–15
	1.32
	1.32



	15–30
	5.63
	6.95



	30–45
	15.15
	22.1



	45–75
	16.35
	38.45



	75–90
	13.34
	51.79



	90–125
	19.51
	71.3



	125–150
	9.61
	80.91



	150–180
	6.35
	87.26



	180–212
	5.24
	92.5



	212–250
	3.26
	95.76



	250–300
	4.24
	100
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Table 3. Experimental data.
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Size Range

	
Traditional Classifier

	
Classifier with

W-Shaped Reflector




	

	

	
Underflow

	
Overflow

	
Underflow

	
Overflow






	
Content (%)

	

	
60.32

	
8.32

	
62.35

	
9.21




	
Productivity (%)

	
0–45 μm

	
8.35

	
24.21

	
4.68

	
30.24




	
45–125 μm

	
11.62

	
16.83

	
10.37

	
14.36




	
125–300 μm

	
25.34

	
13.65

	
31.69

	
8.66




	
Yield (%)

	

	
13.68

	
86.32

	
11.35

	
88.68
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Table 4. Classification performances of the traditional classifier and the classifier embedded with a W-shaped reflector.
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Classifier

	
The Content of 100–125 μm Particles/%

	
Classification

Efficiency/%




	
Feed

	
Overflow

	
Underflow






	
Traditional classifier

	
71.3

	
90.62

	
45.32

	
54.14




	
Classifier embedded with a W-shaped reflector

	
71.3

	
95.34

	
41.18

	
65.33
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