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Abstract

:

The entrainment of fine particles in underflow of a grinding-classification hydrocyclone can cause ore overgrinding, which will lead to reductions in both metal recovery and ball mill throughput. To address this problem, this paper proposed a W-shaped hydrocyclone that can effectively reduce underflow fine particle entrainment. Experimental tests and numerical simulations were employed to deeply investigate overflow pipe diameter influence on the separation performance and internal flow field of W-shaped hydrocyclones. The effects of overflow pipe diameter on air core shape, velocity field, pressure field, and separation performance were studied. The results revealed that as the diameter of the overflow pipe increased, air core gradually stabilized, and air core diameter gradually increased. The diameter of stabilized air core was approximately 45% to 55% of overflow pipe diameter. As overflow pipe diameter increased, hydrocyclone pressure drop decreased, energy consumption was reduced, the tangential velocity decreased, outer vortex axial velocity did not change significantly, and inner vortex axial velocity gradually increased. At the same time, zero-velocity points gradually moved outward, and the inner vortex region expanded. By the increase of overflow pipe diameter, both the underflow yield and split ratio gradually decreased, the coarse particle content in the overflow product increased, and the fine particle content in the underflow product gradually decreased.
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1. Introduction


The hydrocyclone has been widely used as a classification and separation device in grinding-classification operations. However, hydrocyclone classification can result in “fish-hook” (fine particle entrainment in underflow) and coarse particles in overflow, a phenomenon known as derichment [1,2,3,4]. In the classification of high-concentration coarse-grained materials, the “fish-hook” depends on the settling velocity of multi-component particles in a swirling flow field. This derichment often causes ore over-grinding, which leads to further problems, such as reductions in the metal recovery and the ball mill throughput. Therefore, the prevention of “fish-hook” has become an active and challenging research topic [5,6,7,8].



To address the above problem, many scholars have conducted studies to optimize the hydrocyclone structure. Dueck [9,10,11] injected clean water at a certain location in the cone section at a specific speed to disperse the outer swirl, pushing the fine particles settled on cyclone wall towards its center, making them re-enter the inner swirl and discharge from the overflow port to reduce the amount of fine particles which enter the underflow. Vieira [12,13] proposed a filtering hydrocyclone, in which a conical filtering wall replaced a conical section. The conical filtering wall had extremely small pores. Fine particles could pass through the conical filtering wall, while large particles could not. Finally, three products were obtained: the overflow, the underflow, and the filtrate. Ghodrat [14,15] studied the configuration of the hydrocyclone conical section. The shape and length of the conical section of the hydrocyclone were investigated using the numerical method. A cone configuration suitable for different situations was obtained. Yang [16,17] used CFD (Computational Fluid Dynamics) to compare the separation performances of the traditional single-cone hydrocyclone and a double-cone hydrocyclone. The double-cone cyclone improved the separation efficiency and sharpness compared to that of the traditional design. Jiang et al. [18,19] carried out a detailed study to show that there were fewer fine particles in the underflows of hydrocyclones with parabolic cones, than in traditional hydrocyclones. To overcome ultrafine particle classification problems in traditional hydrocyclones, Ye et al. [20] investigated the cross-section of a conical section and designed a multi-section composite cone. In our previous research, a new type of W-shaped hydrocyclone (Figure 1) was proposed to address the problem of “fish-hook” [21]. The results showed that the W-shaped structure could effectively reduce “fish-hook”. However, structural parameters, operating parameters, and physical property parameters all have important effects on the W-shaped hydrocyclones. Therefore, further research on W-shaped hydrocyclones is needed.



Currently, hydrocyclone flow field parameters can be accurately measured by experimental methods. However, experimental methods also have limitations. When measuring different flow field parameters, various structural components must be manufactured and different measurement methods must be performed. The labor, material, and time costs are huge [22,23,24]. With technological progress, CFD has become a powerful method for the simulation of complex flow phenomena. Almost all flow field parameters can be obtained at the same time by CFD [25,26,27,28,29]. Cui et al. [30,31] investigated the flow field and air core characteristics with water-only condition by using the RSM (Reynolds Stress Model) and VOF (Volume of Fluid), and it showed a good agreement between simulation and PIV measurement results. Delgadillo and Rajamina [32,33] developed and simulated six 75 mm hydrocyclones with different cone angles and cylindrical geometries. They used RSM and LES (Large Eddy Simulation) models in combination with the VOF model to study air core, and in combination with the DPM (Discrete Phase Model) model to study the particle trajectory. Narasimha [34,35] used the same models to study velocity distribution in hydrocyclones, and the results showed that both models have higher accuracy. Jiang et al. [36] used the Euler model to simulate a two-stage series hydrocyclone and obtained the flow field distribution and classification performance. Zhang et al. described the turbulence characteristics of a gas-liquid two-phase flow with the RSM model and simulated particle motion with the DPM model. The forces on the particles were obtained by numerical simulation. The spatial and statistical distributions of the particles were analyzed. Chu et al. [37,38] used the CFD method to solve the continuous phase and used the DEM (Discrete Element Method) method to solve the discrete phase. Particle density effect on hydrocyclone separation performance was explored by combining the two methods. Slack et al. [39,40] employed RSM and LES models for the simulation of the turbulent field inside a 205 mm hydrocyclone and compared the obtained tangential and axial velocities with LDV (Laser Doppler Velocimetry) test data. They showed that the results obtained from the RSM turbulence model agreed well with those of the LDV tests and required lower mesh quality and computational cost.



For specific engineering problems, the study of the factors affecting the hydrocyclone separation performance will provide a significant reference for optimizing hydrocyclone design. Therefore, in this work, experimental tests and numerical simulations were combined for the investigation of overflow pipe diameter effect on the internal flow field and classification performance of W-shaped hydrocyclones.




2. Methods


Flow field distribution in W-shaped hydrocyclones, including air core, velocity field, and pressure field, were obtained through numerical simulations. Then, the separation performance of the hydrocyclone was obtained by experimental tests, including solid phase yield, split ratio, cut size, and efficiency.



2.1. Numerical Simulation


2.1.1. Model Validation and Meshing


Figure 2 shows the structure of a W-shaped hydrocyclone. A Cartesian coordinate system was considered with its origin at the center of apex, feed direction as the positive x-axis direction, and overflow pipe direction as the positive z-axis direction.



Figure 3 shows the meshes applied in simulations. Mesh division is an important part of numerical simulation preprocessing. The type, quality and number of grid cells highly affect the speed and accuracy of simulations. Due to relatively simple hydrocyclone fluid domain structure, a hexahedral mesh is used, which has the advantages of high calculation accuracy and fast speed. Grid independence check needs to be performed to ensure calculation accuracy and improve calculation efficiency. The results have been shown in previous studies and will not be included here [21]. To facilitate the analysis of the flow field, the characteristic sections Z = 75, Z = 100, Z = 125, and Z = 175 were selected for analysis, as shown in Figure 4.




2.1.2. Simulation Conditions


W-shaped hydrocyclone flow field was obtained by the RSM and VOF models. The “velocity-inlet” boundary condition was used at the hydrocyclone inlet. Liquid phase velocity was 5 m/s. The boundary condition of the outlet was assumed to be a “pressure-outlet”. In the VOF model, the volume fraction of air backflow was assumed to be 1, so that the simulation could create an air core by drawing air from both outlets due to central negative pressure. No-slip boundary condition was assumed for hydrocyclone walls, and standard wall function method was applied for the calculation of turbulence performance near the wall surface. For pressure-velocity coupling, the SIMPLE algorithm was applied, pressure equations were obtained using PRESTO discretization scheme, and other control equations were derived using QUICK discretization scheme. Flow rate time-averaged equilibria for each phase, at both inlet and outlet, were taken as convergence criteria. Fixed time steps of 1.0–10−4 s were applied in all cases.





2.2. Experimental


2.2.1. Experimental Equipment


A hydrocyclone separation test system was designed to determine the separation performance of a Φ75 mm W-shaped hydrocyclone. The system mainly consisted of a mixing tank, pump, pipelines, valves, pressure gauges, flow meters, frequency converter, and a hydrocyclone, as shown in Figure 5. Closed-circuit operation was adopted to facilitate sampling and observation in the experiment. First, materials of prescribed concentrations were prepared. The materials were evenly mixed in a mixing tank and fed into the hydrocyclone through a slurry pump to complete the separation process. The underflow and overflow products were re-introduced into the mixing tank. The pump flow was adjusted by a frequency converter to a specified feed pressure. The W-shaped hydrocyclone is shown in Figure 6. After the test parameters were determined, the system was kept running stably for a prescribed period of time. The experimental error was reduced by multiple sampling and comparison of the results. After the system stabilized, prescribed amounts of the separated products were collected from the recirculation line, the apex, and the overflow pipe. The mass concentrations of the feed, the overflow product, and the underflow product were measured by drying and weighing methods. Particle size composition was determined by a BT-9300S laser particle size analyzer. Performance indicators, such as the yield and efficiency, were calculated and analyzed.




2.2.2. Materials


To eliminate the errors caused by the separation effect, quartz powder with 98% purity (with SiO2 as the main component) was used in this study. The density of the quartz powder was 2650 kg/m³. Table 1 and Figure 7 show the particle size composition and distribution curve, respectively. Particles smaller than 23 μm accounted for 28.27% of the total particles, particles smaller than 45 μm accounted for 50.21%, and particles larger than 100 μm accounted for 13.92%. As the cut size of the 75 mm hydrocyclone was 25–75 μm, this material was suitable for testing the separation performance of the W-shaped hydrocyclone. Particles smaller than 23 μm were defined as fine particles, while particles larger than 100 μm were defined as coarse particles.




2.2.3. Performance Index


The ratio underflow to overflow volume flow rates is defined as split ratio, which is used to represent the flow distribution relationship between overflow and underflow. Equation (1) shows the calculation formula.


  f =    V u     V o    ,  



(1)




where    V u    and    V o    are underflow and overflow volume flow rates, respectively.



The solid-phase yield is the ratio of solid-phase mass flow rate of underflow to that of the feed inlet. This solid phase mass flow rate includes the mass flow rates of all solid particles of different particle sizes, which is used to characterize the total recovery rate of solid phase particles from the underflow. The calculation formula is shown in Equation (2).


  γ =    M u     M i    × 100 % ,  



(2)




where    M u    and    M i    are underflow and inlet solid-phase mass flow rates, respectively.



Quantity efficiency is defined as the amount of solid phase particles with a specific size entering the overflow product, which is used to characterize the recovery rate of the overflow product to specific particle sizes. The calculation formula is shown in Equation (3).


  F =    M o   f o  ( d )    M i   f i  ( d )   × 100 % ,  



(3)




where    f o  ( d )      f i  ( d )   are the contents of a specific particle in overflow and feed inlet, respectively.    M o    is the solid-phase mass flow rate of the overflow.



For the evaluation of hydrocyclone separation performance, the quantity index of underflow recovery yield and the quality index of a specific particle content should be considered, so the concept of quality efficiency is introduced. The calculation formula is shown in Equation (4).


  E =   100 ( β − α ) ( α − θ )   α ( 100 − α ) ( β − θ )   × 100 % ,  



(4)




where  α  is the cumulative content of a specific particle in feed inlet,  β  is the cumulative content of a specific particle in overflow, and  θ  is the cumulative content of a specific particle in underflow.






3. Results and Discussion


3.1. Flow Field Analysis


The overflow pipe is the outlet of fine-grained materials during the classification process. Approximately 80% of the slurry is discharged from the overflow pipe. Overflow pipe diameter significantly affects hydrocyclone separation performance. Therefore, the effect of overflow pipe diameter must be investigated. Here, overflow pipe diameter was chosen to be 15, 20, 25, 30, and 35 mm, which were 20% to 47% of the diameter of the main body of the hydrocyclone.



3.1.1. Effect on Air Core


Overflow pipe diameter effect on air core is analyzed in Figure 8. The red part shows liquid phase, the blue part shows gas phase, and the green area shows gas-liquid interface. We found that overflow pipe diameter had a significant effect on air core formation. When overflow pipe diameter was 15 mm (apex diameter of 15 mm), the water-filling process was the same as in the conventional process. A full air core was formed at approximately 0.7 s and then gradually disappeared. At approximately 1 s, the air core existed only inside the overflow pipe and the apex. At overflow pipe diameter of 20 mm, air core first stabilized at approximately 0.7 s and then gradually disappeared. At approximately 1 s, the air core was formed again and just barely extended through the hydrocyclone. When the overflow pipe diameter was increased to more than 25 mm, a relatively stable air core was formed. With the increase of overflow pipe diameter, air core diameter increased significantly, and the air core stability was improved.



Figure 9 shows air core diameter and position. The diameter of the air core in overflow pipe was used as a reference for comparison. With the increase of overflow pipe diameter from 20 to 35 mm, air core diameter increased from 9.16 to 18.96 mm. When the overflow pipe diameter was 20, 25, 30, and 35 mm, the proportion of the corresponding air core diameter to the overflow pipe diameter was 0.458, 0.5, 0.5, and 0.54, respectively. The air core generated inside the hydrocyclone increased with increasing overflow pipe diameter. When the diameter of the overflow pipe increased to a certain extent, the enlarged air core greatly occupied the discharge area of the apex. At overflow pipe diameter of 35 mm, air core diameter inside the apex was as high as 14.32 mm. Since the diameter of the apex was only 15 mm, the air core occupied more than 90% of the discharge area.




3.1.2. Effect on Pressure Drop


The air core occupies the forced vortex region of the hydrocyclone and has a significant impact on the energy dissipation. It can be seen from the above discussion that overflow pipe diameter significantly affects air core. Therefore, air core diameter effect on pressure drop was analyzed. Figure 10 shows the obtained results. Pressure drop decreased significantly when increasing the diameter of the overflow pipe. With the increase in overflow pipe diameter from 15 to 35 mm, the pressure drop was reduced from 164,202.08 Pa to 53,048.82 Pa, which was a decrease of 67.69%. Overflow pipe diameter effect on pressure drop was significant. Increasing overflow pipe diameter is an effective method to decrease energy consumption and increase hydrocyclone throughput. Figure 11 shows overflow pipe diameter effect on radial pressure distribution in W-shaped hydrocyclones. A comparison of the pressure distribution at each axial location showed that the change in radial pressure drop was consistent with that of the total pressure drop. The radial pressure drop decreased with the increase of overflow pipe diameter.




3.1.3. Effect on Tangential Velocity


The effect of overflow pipe diameter on tangential velocity in W-shaped hydrocyclones is shown in Figure 12. Tangential velocity obviously reduced as overflow pipe diameter increased. Taking the cross section of Z = 100 as an example, as the diameter of overflow pipe increased from 15 to 35 mm, maximum tangential velocity was reduced from 8.15 m/s to 6.64 m/s. We also found that the maximum tangential velocity track gradually moved outward as the overflow pipe diameter increased. The maximum tangential velocity track forms a boundary between the forced vortex and quasi-free vortex. Therefore, when the diameter of the overflow pipe was increased, the inner forced vortex region expanded, and the outer quasi-free vortex region shrank. This trend was also directly related to the expansion of the air core.




3.1.4. Effect on Axial Velocity


Figure 13 shows the overflow pipe diameter effect on axial velocity. Overflow pipe diameter had little effect on outer vortex axial velocity in the main separation zone but had a significant effect on inner vortex axial velocity. Upward axial velocity gradually increased with the increase of the diameter of overflow pipe. On the Z = 175, Z = 125, and Z = 100 cross sections, it was found that as the overflow pipe diameter increased, the zero-velocity points gradually moved outward; i.e., upward inner vortex region expanded, and downward outer vortex region shrank. The overflow flow gradually increased, which was the main reason for the decrease in split ratio with the increase of overflow pipe diameter. Especially at an overflow pipe diameter of 15 mm, it could be found from the two cross sections of Z = 75 and Z = 100 that the axial velocities were all negative and the fluid was completely discharged from the underflow, which was the reason why split ratio was as high as 50% or more. Therefore, in the actual application process, the overflow pipe should not be too small, and a full air core should be used as an evaluation indicator of the normal separation process.





3.2. Analysis of Separation Performance


With gradual increase in the overflow pipe diameter from 15 mm to 30 mm, underflow yield monotonically decreased from 61.39% to 8.58%, and split ratio monotonically decreased from 44.6% to 4.6% (Figure 14). The overflow pipe diameter greatly affected underflow yield and split ratio. Combined with the simulation analysis of flow field, the reason for this phenomenon was described as follows: when overflow pipe diameter increased, not only did the upward axial velocity gradually increase, the inner vortex region also expanded. Thus, the amounts of the solid phase and liquid phase entrained in the underflow were both reduced.



Figure 15 shows the change in the product concentration. Both underflow and overflow concentrations increased by increasing the diameter of the overflow pipe. Overflow concentration increased from 11.99% to 18.56%, an increase of 54.79%; the underflow concentration increased from 32.43% to 45.9%, an increase of 41.53%. Combined with the trends of the split ratio and yield, it can be known that for the overflow product, the increase in the liquid phase content was smaller than that of the solid phase content; for the underflow product, the decrease in the liquid phase content was greater than that of the solid phase content.



Figure 16 shows, that as overflow pipe diameter increased, both overflow and underflow products became coarser. In the overflow, the content of the −25 μm particles decreased from 47.09% to 31.94%, while the content of the +100 μm particles increased from 3.04% to 14.31%; in the underflow, the content of the −25 μm particles decreased from 15.03% to 7.39%, while the content of the +100 μm particles increased from 34.34% to 51.78%. Part of the reason for this phenomenon was the change in the split ratio. In addition, with the increase of overflow pipe diameter, centrifugal force field was weakened, tangential velocity decreased, and some particles could no longer overcome the fluid resistance to enter the underflow.



Figure 17 shows overflow pipe diameter effect on the classification efficiency curve. Overflow pipe diameter had a great effect on hydrocyclone classification performance. As overflow pipe diameter increased, the classification efficiency curve shifted to the right significantly, and the recovery of all particle sizes to underflow were greatly reduced. At an overflow pipe diameter of 15 mm, the recovery of fine particles in the underflow exceeded 25%, which indicated the “fish-hook”; at an overflow pipe diameter of 30 mm, coarse particles were not all recovered by the hydrocyclone, which indicated serious coarse particles entrainment in overflow. The simulation showed, that at very large overflow pipe diameters, the air core formed by the hydrocyclone occupied most of the space in the apex, which seriously affected the underflow discharge. As a result, the underflow yield and split ratio were both small.



The rightward shift of the classification efficiency curve indicated an increase in cut size. With the increase of overflow pipe diameter from 15 to 30 mm, the cut size sharply increased from 45 μm to 236 μm. It was known from Table 2 that as the overflow pipe diameter increased, the classification effectiveness gradually decreased, while the quantity efficiency gradually increased. At an overflow pipe diameter of 30 mm, although quantity efficiency was as high as 98.57%, the quality efficiency was only 6.44%. Therefore, although increasing the overflow pipe diameter can reduce the fine particle entrainment in the underflow to a certain extent, it is not desirable. If the overflow pipe diameter exceeds a certain limit, the coarse particle entrainment in the overflow will become very serious, and the quality efficiency will be severely reduced.





4. Conclusions


In this study, CFD numerical simulations and experimental tests were employed to investigate a W-shaped hydrocyclone. Overflow pipe diameter effects on air core shape, velocity field, pressure field, and separation performance were evaluated. The following conclusions were drawn:



(1) The diameter of the overflow pipe had a significant effect on the air core. When overflow pipe diameter was too small, the hydrocyclone could not form a stable air core. As the overflow pipe diameter increased, the air core gradually stabilized and the air core diameter gradually increased. Stabilized air core diameter was approximately 45% to 55% of the overflow pipe diameter.



(2) With the increase of overflow pipe diameter, the pressure drop of the hydrocyclone decreased, and the energy consumption was reduced. Increasing the overflow pipe diameter was an effective method to increase throughput. With the increase of overflow pipe diameter, tangential velocity decreased, and maximum tangential velocity track gradually moved outward, which indicated that the inner forced vortex region expanded, and the outer quasi-free vortex region shrank.



(3) Increasing the overflow pipe diameter had little effect on outer vortex axial velocity, but a significant effect on inner vortex axial velocity. Upward axial velocity gradually increased as overflow pipe diameter increased. The zero-velocity points gradually moved outward as the overflow pipe diameter increased, which indicated the expansion of the upward inner vortex region and shrinkage of the downward outer vortex region. The overflow flow gradually increased, which was the main reason why split ratio decreased as overflow pipe diameter increased.



(4) With the increase of overflow pipe diameter, both underflow yield and split ratio gradually decreased, fine particle content of underflow gradually decreased and coarse particle content of overflow product increased. Although increasing the overflow pipe diameter can reduce the entrainment of fine particles in the underflow to a certain extent, it is not desirable. If the overflow pipe diameter exceeds a certain limit, the entrainment of coarse particles in overflow will become very serious, and the quality efficiency will be severely reduced.
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Figure 1. W-shaped full cylindrical hydrocyclone. 
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Figure 2. Structure of W-shaped hydrocyclone. 
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Figure 3. The Mesh. 
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Figure 4. Characteristic sections. 
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Figure 5. Hydrocyclone separation performance test set-up. 
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Figure 6. W-shaped hydrocyclone. 
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Figure 7. Particle size distribution of test material. 
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Figure 8. Air core formation. 
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Figure 9. The air core diameter. 
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Figure 10. The pressure drop. 
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Figure 11. The radial pressure distribution: (a) Z = 75; (b) Z = 100; (c) Z = 125; (d) Z = 175. 
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Figure 12. The tangential velocity: (a) Z = 75; (b) Z = 100; (c) Z = 125; (d) Z = 175. 
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Figure 13. The axial velocity: (a) Z = 75 (b) Z = 100; (c) Z = 125; (d) Z = 175. 
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Figure 14. The yield and split ratio. 
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Figure 15. The product concentration. 
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Figure 16. The product particle size: (a) Overflow particle size; (b) Underflow particle size. 
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Figure 17. The classification efficiency curve. 
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Table 1. Particle size composition of test material.






Table 1. Particle size composition of test material.





	Mesh Number
	Size/μm
	Content/%
	Negative Accumulation/%
	Positive Accumulation/%





	<60
	>250
	0.04
	100
	0.04



	60–70
	212–250
	0.32
	99.96
	0.36



	70–80
	180–212
	0.99
	99.64
	1.35



	80–100
	150–180
	2.73
	98.65
	4.08



	100–140
	109–150
	9.84
	95.92
	13.92



	140–200
	75–100
	13.94
	86.08
	27.86



	200–325
	75–45
	21.93
	72.14
	49.79



	325–600
	23–45
	21.94
	50.21
	71.73



	600–1250
	10–23
	15.61
	28.27
	87.34



	>1250
	<10
	12.66
	12.66
	100
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Table 2. The classification performance.






Table 2. The classification performance.





	
Overflow Pipe Diameter/mm

	
Cut Size/μm

	
Content of −25 μm Particles/%

	
Quality Efficiency/%

	
Quantity Efficiency/%




	
Overflow

	
Underflow






	
15

	
45

	
47.09

	
15.03

	
37.77

	
74.48




	
20

	
62

	
42.11

	
9.50

	
35.29

	
88.90




	
25

	
144

	
35.22

	
10.76

	
18.00

	
93.18




	
30

	
236

	
31.94

	
7.39

	
6.44

	
98.57
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