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Abstract


Dense medium cyclone (DMC) separation offers a potential route for the pre-concentration of spodumene ores prior to downstream grinding and flotation. In this study, the effects of dense medium suspension density and feed pressure on spodumene pre-concentration were investigated through actual ore separation tests combined with CFD simulations. Under the optimal conditions of a feed pressure of 150 kPa and a medium density of 2200 kg/m3, the Li2O grade increased from 1.30% in the feed to 5.72% in the concentrate, with a Li2O recovery of 77.23% and a separation efficiency of 60.42%. CFD results showed that the optimal operating conditions produced a relatively stable flow field with lower turbulent kinetic energy. Excessively high medium density or feed pressure increased the probability of fine spodumene particles reporting to the overflow, resulting in lithium losses, whereas insufficient medium density or feed pressure promoted the misplacement of gangue minerals into the concentrate. These results clarify the effects of key operating parameters on spodumene separation in a DMC and provide a basis for optimizing the pre-concentration of hard-rock lithium ores.
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1. Introduction


Lithium has become an important strategic resource for modern energy storage technologies. Owing to their high energy density, long cycle life, and low self-discharge rate, lithium-ion batteries are widely used in electric vehicles, portable electronic devices, and large-scale energy storage systems [1,2,3,4]. Among various lithium-bearing minerals, spodumene (LiAlSi2O6) is one of the most important raw materials for lithium extraction from hard-rock deposits because of its relatively high theoretical Li2O content (~8.03%) and mature beneficiation and metallurgical technologies [5,6,7,8,9].



In recent years, significant progress has been made in lithium resource exploration in Xinjiang, particularly at the Dahongliutan lithium deposit in the West Kunlun region [10,11]. Located in Hotan County, Xinjiang, the deposit contains considerable spodumene resources. The proven ore reserves in the initial mining area reach approximately 50 million tonnes, containing about 0.70 million tonnes of Li2O, and the total resources are expected to increase further with continued exploration [12]. As a key project under Xinjiang’s “14th Five-Year Plan”, its development is important for strengthening lithium resource supply [13,14].



Natural spodumene ores generally contain large amounts of quartz, feldspar, mica, and other gangue minerals, making effective beneficiation necessary before subsequent metallurgical processing [15,16]. Conventional beneficiation methods include hand sorting, gravity separation, magnetic separation, flotation, and combined flowsheets [15]. Flotation can produce high-grade lithium concentrates but generally involves relatively high reagent consumption and complex operating conditions [17,18,19,20,21,22]. Conventional gravity separation methods, such as jigging and shaking tables, are limited by the relatively small density difference between spodumene and major silicate gangue minerals. The typical densities reported in the literature are approximately 3100–3300 kg/m3 for spodumene and approximately 2650 kg/m3 for quartz [23].



Dense medium cyclones (DMCs) are continuous and high-throughput gravity separation devices widely used in coal and mineral processing [24]. In a DMC, particles are separated according to their migration behavior in a high-density suspension under a centrifugal flow field [25]. Compared with conventional gravity separation equipment, DMCs provide enhanced centrifugal separation and are suitable for processing relatively coarse particles, giving them considerable potential for spodumene pre-concentration [26].



However, DMC separation is influenced not only by mineral density differences but also by operating parameters and internal hydrodynamic conditions. Therefore, this study evaluates the pre-concentration of a low-grade spodumene ore from the Dahongliutan deposit using a DMC. The effects of medium density and feed pressure on separation performance were investigated through actual ore experiments, while CFD simulations were used to analyze the corresponding flow-field characteristics, particle trajectories, and residence times. The distinctive feature of this work is the integration of experimental separation results with CFD-based hydrodynamic analysis to clarify the relationship between operating parameters, internal flow behavior, and spodumene separation performance, thereby providing a basis for DMC process optimization.




2. Materials and Methods


2.1. Materials and Samples


The raw material used in this study was obtained from the run-of-mine feed of the Dahongliutan spodumene deposit in Xinjiang, China, which is a typical granitic pegmatite-type lithium ore. The collected bulk sample was thoroughly homogenized to ensure representativeness, and a representative subsample was characterized by multi-element chemical analysis, X-ray diffraction (XRD; D/Max-2200, Rigaku Corporation, Akishima, Tokyo, Japan), mineral liberation analysis (MLA; MLA 650F, FEI Company, Hillsboro, OR, USA), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS; QUANTA 600, FEI Company, Hillsboro, OR, USA; GENESIS 2000, EDAX Inc., Mahwah, NJ, USA), and polarized-light microscopy (BX53, Olympus Corporation, Hachioji, Tokyo, Japan).



The chemical composition of the raw ore is shown in Table 1. The ore contains 1.68 wt% Li2O, with SiO2 and Al2O3 contents of 71.90 and 15.51 wt%, respectively. The relatively high contents of SiO2 and Al2O3 indicate that silicate minerals constitute the major components of the ore.



The XRD pattern of the raw ore, obtained using a D/Max-2200 X-ray diffractometer (Rigaku Corporation, Akishima, Tokyo, Japan), is shown in Figure 1. The characteristic diffraction peaks of spodumene, quartz, plagioclase, and K-feldspar are clearly identified, indicating that spodumene is the principal lithium-bearing mineral, whereas quartz and feldspar are the dominant gangue minerals.



(MLA; MLA 650F, FEI Company, Hillsboro, OR, USA), scanning electron microscopy (SEM; QUANTA 600, FEI Company, Hillsboro, OR, USA) coupled with energy-dispersive X-ray spectroscopy (EDS; GENESIS 2000, EDAX Inc., Mahwah, NJ, USA), and polarized-light microscopy (BX53, Olympus Corporation, Hachioji, Tokyo, Japan) were employed. For MLA, representative subsamples were prepared as polished sections, and mineral phases were identified based on backscattered-electron images combined with EDS spectra. The relative mineral contents were calculated from the accumulated mineralogical statistics of the analyzed particles and fields. MLA was also used to evaluate the liberation characteristics of spodumene, while SEM-EDS and polarized-light microscopy were used to assist mineral identification and characterize mineral occurrence.



The bulk raw ore was crushed to −6 mm, and its particle-size distribution is presented in Table 2. The −6 + 0.9 and −0.9 + 0.45 mm fractions accounted for 27.87% and 37.57%, respectively, indicating that the crushed product was predominantly distributed in the relatively coarse size fractions. The −0.5 mm fraction was subsequently removed by screening, and the resulting −6 + 0.5 mm fraction was used as the feed for the DMC separation experiments.




2.2. Equipment and Method


2.2.1. Dense Medium Cyclone Separation Tests


The actual-ore separation tests were conducted using a two-product dense medium cyclone with a nominal diameter of 250 mm (D250; Haiwang Hydrocyclone, Yantai, Shandong, China) and an inclination angle of 20° relative to the horizontal (Figure 2). The separating medium was a ferrosilicon–water suspension. The experimental system mainly consisted of an ore feeding unit, dense medium circulation system, slurry pump, and DMC separator. During operation, the ore was mixed with the ferrosilicon suspension and continuously pumped into the cyclone. Feed pressure was monitored using a pressure sensor installed at the cyclone inlet. Before sampling, the dense medium was circulated sufficiently to ensure uniform mixing, and samples were collected only after stable operation was achieved under the preset conditions.



In the DMC, the underflow was collected as the concentrate and the overflow as the tailings. After steady-state operation was reached, concentrate and tailings were sampled simultaneously over the same time interval. The products were screened to remove ferrosilicon, dried, and weighed to determine their yields. Representative subsamples were then collected for Li2O analysis. Based on the measured product yields and Li2O grades, the Li2O recovery and separation efficiency were calculated.




2.2.2. CFD Simulation Method


The boundary definitions of the DMC are shown in Figure 3. The feed inlet was defined as inlet, while the overflow and underflow outlets were defined as outlet-over and outlet-under, respectively. To reproduce the actual operating conditions, pressure-inlet and pressure-outlet boundary conditions were applied. Considering the high-altitude location of the experimental site in Xinjiang, the operating pressure was set according to the local ambient pressure of approximately 61.6 kPa.



The continuous flow field was solved in ANSYS Fluent (ANSYS, Inc., Canonsburg, PA, USA) based on the finite volume method. The governing equations included the continuity and momentum equations, while the RNG k–ε turbulence model was employed to describe the strongly swirling turbulent flow inside the DMC. The ferrosilicon–water suspension was treated as the continuous separating medium, and its density was varied according to the experimental conditions. The calculations were initialized based on the prescribed operating and boundary conditions and iterated until a stable solution was obtained.



The computational domain was discretized into approximately 4.0 × 105 finite-volume cells, with local refinement applied in regions with relatively strong variations in the flow field. The mesh configuration is shown in Figure 4. Figure 4a presents the overall mesh distribution, while Figure 4b,c show the locally refined and near-wall regions. Representative cross-sections in the inlet, cylindrical, and conical sections were selected for subsequent flow-field analysis, as shown in Figure 4d.



After convergence of the continuous-phase calculation, pressure, velocity, turbulent kinetic energy, and turbulent dissipation rate were extracted from the selected cross-sections for comparative analysis. Particle migration was further investigated using the Discrete Phase Model (DPM). Representative particle densities of 2600 and 3200 kg/m3 were used for the dominant silicate gangue minerals and spodumene, respectively, and particle diameters of 0.5, 3.0, and 6.0 mm were selected to represent fine, intermediate, and coarse particles. Particle trajectories and residence times were then analyzed under different feed-density and feed-pressure conditions.






3. Results


3.1. Mineralogical Characteristics of the Feed Ore


The quantitative mineral composition of the raw ore determined by MLA is presented in Table 3. Lithium-bearing minerals account for 27.18% of the ore and are dominated by spodumene (21.60%) and lepidolite (4.98%), with minor amounts of amblygonite (0.35%) and elbaite (0.25%). The main gangue minerals are plagioclase (33.19%), quartz (28.26%), and K-feldspar (10.90%), together accounting for most of the 72.77% gangue fraction. These results are consistent with the major mineral phases identified by XRD. The identification of the minor lithium-bearing minerals was further supported by SEM-EDS analysis; however, because Li cannot be reliably quantified by conventional EDS, the phase-specific distribution of lithium among the individual lithium-bearing minerals was not determined in this study. Considering their low abundances, amblygonite and elbaite represent only minor components of the lithium-bearing mineral assemblage. The values reported to two decimal places represent the statistical output of the MLA and should be interpreted as quantitative modal estimates rather than an analytical precision of ±0.01%.



Polarized-light microscopy showed that spodumene mainly occurs as subhedral prismatic crystals, irregular fine-grained aggregates, and pseudo-prismatic aggregates (Figure 5a–c). The relatively coarse prismatic crystals reach approximately 3 mm, whereas the fine-grained aggregates are generally below approximately 1 mm. Minor fractured spodumene and lithium-bearing mica associated with feldspar and quartz were also observed (Figure 5d,e).



MLA liberation analysis showed that the liberation degree of spodumene was 76.66% in the −6 + 0.9 mm fraction and increased to 90.22% in the −0.9 + 0.45 mm fraction. Thus, spodumene exhibits favorable liberation within the particle size range used for DMC separation. Combined with the density difference between spodumene and the dominant quartz and feldspar gangue minerals, these characteristics provide a favorable mineralogical basis for DMC pre-concentration.




3.2. Experimental Tests on Actual Ore Samples


3.2.1. Effect of DMC Feed Density on Separation Performance


The feed density of the DMC was controlled by adjusting the mass ratio of ferrosilicon powder to water and was further verified based on the measured volume and mass of the sampled feed suspension. In dense medium separation, feed density is a comprehensive operating parameter that directly determines the separation density and simultaneously influences suspension properties, such as viscosity and flow behavior. As the feed density increases, the density contrast between particles and the medium changes, thereby affecting particle migration and stratification behavior within the separation zone. However, excessively high medium density may increase suspension viscosity and hinder the movement and separation of fine spodumene particles, resulting in reduced separation efficiency. Based on preliminary tests, the investigated feed density range was selected around the effective separation region of the DMC. The relatively small density interval was adopted to accurately evaluate the influence of feed density on separation performance and determine the optimal operating condition for the tested ore.



As shown in Figure 6a, increasing the feed density improves the Li2O grade of the concentrate; however, the Li2O grade of the tailings also increases simultaneously. Figure 6b indicates that the concentrate yield decreases with increasing feed density. The increase in medium density alters the particle-medium interaction and migration behavior within the DMC separation zone. Under the combined effects of centrifugal force, buoyancy, drag force, and particle-fluid interactions, fine spodumene particles are more likely to migrate toward the central air core and discharge through the overflow, resulting in a decrease in Li2O recovery in the concentrate.



According to the variation in separation efficiency with feed density, the maximum separation efficiency is achieved at a feed density of 2200 kg/m3. Although this medium density is lower than the typical densities reported in the literature for spodumene (~3100–3300 kg/m3) and quartz (~2650 kg/m3), these values are used only as reference mineral densities rather than sample-specific measurements. The separation behavior in a DMC is not determined solely by the static density difference between minerals and the medium. Instead, the rotational flow field promotes density-dependent stratification and particle migration within the cyclone. At a feed density of 2200 kg/m3, an appropriate balance between spodumene recovery and gangue rejection is achieved, resulting in the highest separation efficiency. Therefore, this value was selected as the optimal operating condition for processing the test samples using the D250-type DMC.




3.2.2. Effect of DMC Feed Pressure on Separation Performance


Under the optimal feed density condition of 2200 kg/m3, the effect of feed pressure on DMC separation performance was investigated using controlled-variable experiments. Feed pressure affects not only the throughput of material entering the DMC but also the initial velocity of particles entering the separation zone and the internal flow field distribution.



As shown in Figure 7a, increasing the feed pressure results in higher Li2O grades in both the concentrate and tailings. When the feed pressure increases from 175 to 200 kPa, the increase in concentrate Li2O grade becomes less pronounced, whereas the Li2O grade of the tailings increases significantly, indicating that excessive feed pressure may negatively affect separation performance. Figure 7b further shows that increasing feed pressure decreases the concentrate yield, suggesting that more particles migrate into the overflow, resulting in reduced Li2O recovery in the concentrate.



Based on the variation in separation efficiency with feed pressure, the maximum separation efficiency is obtained at a feed pressure of 150 kPa. Therefore, a feed pressure of 150 kPa was selected as the optimal condition for the D250-type DMC. Under this condition, the feed material with an initial Li2O grade of 1.30% was upgraded to a concentrate with a Li2O grade of 5.72%, a Li2O recovery of 77.23%, and a separation efficiency of 60.42% after a single DMC separation. These results demonstrate the effectiveness of DMC for spodumene preconcentration.





3.3. CFD Simulation Experiments


3.3.1. Effect of Feed Density on the Separation Process


Effect of Feed Density on the Pressure Distribution in the Separation Zone


The effect of feed density on the pressure field was evaluated by calculating the ratio of the positive-pressure region area to the total cross-sectional area under different feed densities. As shown in Figure 8, at the same feed pressure, increasing feed density enlarges the proportion of positive-pressure regions within the DMC separation zone, while reducing the proportion of negative-pressure regions.



Figure 9 illustrates the effects of feed density on the mean pressure (a), mean velocity (b), turbulent dissipation rate (c), and turbulent kinetic energy (d) within the DMC separation zone.



As shown in Figure 9a, increasing feed density decreases the absolute pressure values in both positive- and negative-pressure regions. Figure 9b indicates that the mean fluid velocity along the z-axis decreases in both pressure regions with increasing feed density. As shown in Figure 9c, increasing feed density reduces the turbulent dissipation rate in both positive- and negative-pressure regions. Figure 9d shows that the turbulent kinetic energy in the positive-pressure region decreases with increasing feed density, whereas that in the negative-pressure region exhibits an increasing trend.




Effect of Feed Density on the Velocity Distribution in the Separation Zone


In the following analysis, velocity along the positive z-axis is defined as +z velocity, while velocity along the negative z-axis is defined as −z velocity. The influence of feed density on the velocity field was evaluated by calculating the proportion of +z and −z velocity regions under different feed density conditions.



Figure 10 presents the ratio of the +z velocity region area to the total cross-sectional area. At the same feed pressure, increasing feed density increases the proportion of the +z velocity region while decreasing the proportion of the −z velocity region. This indicates that feed density affects not only the buoyancy force acting on particles but also the internal flow characteristics of the separation zone. Increasing feed density reduces the thickness of the downward-moving slurry layer along the inner wall of the DMC.



Figure 11 illustrates the effects of feed density on the mean pressure (a), mean velocity (b), turbulent dissipation rate (c), and turbulent kinetic energy (d) in different velocity regions of the separation zone.



As shown in Figure 11a, with increasing feed density, the mean pressure in the +z velocity region initially increases and then decreases, reaching a maximum at a feed density of 2200 kg/m3. In contrast, the mean pressure in the −z velocity region initially decreases and then increases, reaching a minimum at the same feed density. The experimental results indicate that the highest separation efficiency is achieved at this feed density, suggesting that a larger pressure difference between the +z and −z velocity regions is beneficial for particle separation.



Figure 11b shows that increasing feed density decreases the absolute values of mean velocity in both the +z and −z velocity regions, indicating a reduction in flow velocity. Figure 11c demonstrates that increasing feed density decreases the turbulent dissipation rate in the +z velocity region but increases it in the −z velocity region. Figure 11d indicates that the turbulent kinetic energy in both velocity regions initially decreases and then increases with increasing feed density, reaching minimum values at a feed density of 2200 kg/m3. When the mean pressure in the +z velocity region and the turbulent kinetic energy in the −z velocity region are relatively low, improved separation performance can be achieved.




Effect of Feed Density on Particle Trajectories and Residence Time


The Discrete Phase Model (DPM) in Fluent was applied to simulate the particle trajectories and residence times of six particle types in the DMC, including three particle sizes and two particle densities. The particle densities were set to 2600 kg/ m3 and 3200 kg/ m3 to represent the dominant silicate gangue minerals and spodumene, respectively. These values were selected as representative densities based on typical mineral densities reported in the literature and were used as simplified model parameters rather than experimentally measured densities of the actual samples. The three particle sizes were 0.5, 3, and 6 mm, representing fine-, medium-, and coarse-sized particles in the feed, respectively. The simulation results are summarized in Table 4.



As shown in Table 4, for 0.5 mm gangue particles, increasing feed density decreases the residence time of particles discharged through the overflow. In contrast, for 6 mm spodumene particles, higher feed density increases the residence time of particles reporting to the underflow. Increasing feed density enhances the buoyancy effect acting on particles, promoting particle migration toward the overflow and reducing the probability of entering the underflow.



Table 4 further indicates that when the feed density exceeds 2200 kg/m3, fine spodumene particles tend to migrate into the overflow, resulting in lithium losses. Moreover, at higher feed densities, coarse spodumene particles also exhibit an increased tendency to enter the overflow, further increasing the loss of valuable minerals. This observation is consistent with the experimental results, where higher feed densities correspond to increased Li2O grades in the tailings.



When the feed density is lower than 2200 kg/m3, coarse gangue particles are more likely to report to the underflow, reducing the concentrate grade. Meanwhile, finer gangue particles may also enter the concentrate under low-density conditions, further decreasing concentrate quality. These results agree with the experimental observations that lower feed densities produce concentrates with lower Li2O grades. Therefore, a feed density of 2200 kg/m3 provides favorable conditions for separating fine spodumene from coarse gangue minerals in the feed.





3.3.2. Effect of Feed Pressure on the Separation Process


Effect of Feed Pressure on the Pressure Distribution in the Separation Zone


Using the same method described above, the area of positive-pressure regions under different feed pressures was extracted to evaluate the influence of feed pressure on the pressure field. Figure 12 presents the ratio of the positive-pressure region area to the total cross-sectional area. As shown, increasing feed pressure decreases the proportion of positive-pressure regions and increases the proportion of negative-pressure regions within the DMC separation zone.



Figure 13 illustrates the effects of feed pressure on the mean pressure (a), mean velocity (b), turbulent dissipation rate (c), and turbulent kinetic energy (d) in the separation zone. As shown in Figure 13a, increasing feed pressure increases the absolute pressure values in both positive- and negative-pressure regions. Figure 13b indicates that the mean fluid velocity along the z-axis increases with increasing feed pressure in both pressure regions. Since higher feed pressure corresponds to an increased flow rate, the fluid velocity within the DMC is enhanced accordingly. Figure 13c,d show that increasing feed pressure increases both the turbulent dissipation rate and turbulent kinetic energy in the positive- and negative-pressure regions.




Effect of Feed Pressure on the Velocity Distribution in the Separation Zone


Figure 14 presents the ratio of the +z velocity region area to the total cross-sectional area. At the same feed density, increasing feed pressure decreases the proportion of the +z velocity region and increases the proportion of the −z velocity region within the DMC separation zone. Increasing feed pressure slightly increases the thickness of the downward-moving slurry layer along the inner wall of the DMC.



Figure 15 illustrates the effects of feed pressure on the mean pressure (a), mean velocity (b), turbulent dissipation rate (c), and turbulent kinetic energy (d) in different velocity regions of the separation zone.



As shown in Figure 15a, increasing feed pressure significantly increases the pressure in both the +z and −z velocity regions. Figure 15b indicates that higher feed pressure increases the absolute mean velocities in both regions, indicating accelerated fluid movement toward the outlets. This increase in velocity enhances the centrifugal force acting on particles but simultaneously shortens the residence time available for separation. Figure 15c,d demonstrate that increasing feed pressure increases both turbulent dissipation rate and turbulent kinetic energy in different velocity regions, which may negatively influence particle stratification.




Effect of Feed Pressure on Particle Trajectories and Residence Time


The effects of feed pressure on particle trajectories and residence times in the DMC are summarized in Table 5. As observed in Table 5, for 0.5 mm gangue particles, increasing feed pressure decreases the residence time of particles discharged through the overflow. Similarly, for 6 mm spodumene particles, increasing feed pressure reduces the residence time of particles reporting to the underflow. According to the influence of feed pressure on the fluid velocity distribution within the DMC, increased feed pressure accelerates the flow field, resulting in higher particle velocities.



Table 5 further indicates that when the feed pressure exceeds 150 kPa, fine spodumene particles tend to report to the overflow, causing losses of valuable lithium minerals. Furthermore, the proportion of fine spodumene particles entering the overflow increases with increasing feed pressure, which agrees with experimental observations showing higher Li2O grades in tailings at elevated feed pressures. Conversely, when the feed pressure is below 150 kPa, coarse gangue particles are more likely to enter the underflow, resulting in a decrease in concentrate grade. This finding is consistent with experimental results showing lower concentrate grades under lower feed pressure conditions.



Therefore, a feed pressure of 150 kPa provides favorable conditions for separating fine spodumene particles from coarse gangue minerals in the feed.







4. Discussion


The separation performance of the DMC is governed by the combined effects of mineral liberation, density differences, and internal hydrodynamic conditions. The experimental and CFD results indicate that feed density and feed pressure affect particle migration, residence time, and turbulence within the cyclone. Insufficient operating conditions promote the misplacement of gangue minerals into the underflow, whereas excessive density or pressure increases the probability of fine spodumene reporting to the overflow. Therefore, effective DMC separation requires an appropriate balance between gangue rejection and spodumene recovery rather than relying solely on the static density difference between minerals.



The results demonstrate the potential of DMC pre-concentration for rejecting low-density quartz- and feldspar-rich gangue before downstream grinding and flotation, thereby improving the feed quality for subsequent beneficiation and potentially reducing the overall processing load. The consistency between the experimental results and CFD-predicted particle behavior also supports the use of numerical simulation for interpreting DMC separation behavior and optimizing operating conditions. However, the operating window identified in this study is specific to the investigated ore, and representative mineral densities were adopted in the particle simulations rather than sample-specific measured values. Further work is therefore required to evaluate the applicability of the proposed operating conditions to ores with different mineralogical and particle-size characteristics.




5. Conclusions


This study investigated the pre-concentration of spodumene using a D250 dense medium cyclone through actual ore experiments combined with CFD simulations. The main conclusions are as follows:




	
Under the optimal conditions of a feed density of 2200 kg/m3 and a feed pressure of 150 kPa, the Li2O grade was increased from 1.30% in the feed to 5.72% in the concentrate, with a Li2O recovery of 77.23% and a separation efficiency of 60.42%. These results demonstrate the feasibility of DMC pre-concentration for the investigated spodumene ore.



	
CFD simulations showed that feed density and feed pressure significantly affect the pressure field, velocity distribution, and turbulence characteristics within the DMC. At a feed density of 2200 kg/m3, relatively low turbulent kinetic energy was obtained, indicating a more stable flow field favorable for particle separation.



	
Particle trajectory simulations indicated that excessive feed density (>2200 kg/m3) or feed pressure (>150 kPa) increases the tendency of fine spodumene particles to report to the overflow, whereas lower operating conditions promote the misplacement of coarse gangue into the underflow. Appropriate control of feed density and pressure is therefore essential for achieving effective DMC separation.
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Figure 1. XRD pattern of the raw ore. 
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Figure 2. Photographs of experimental equipment and test platform. 
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Figure 3. Schematic diagram of the DMC structure. 
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Figure 4. Mesh configuration and cross-sectional locations for CFD analysis of the DMC: (a) overall mesh distribution; (b) local mesh refinement in small-feature regions; (c) near-wall mesh structure with inflation layers; and (d) representative cross-sections used for extracting flow-field parameters. 
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Figure 5. Polarized light micrographs of the major lithium-bearing minerals: (a–c) plane-polarized light; (d,e) cross-polarized light. 
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Figure 6. Effect of feed density on DMC separation performance: (a) variation in Li2O grades in the concentrate and tailings; (b) variation in concentrate yield, Li2O recovery, and separation efficiency. 
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Figure 7. Effect of feed pressure on the separation performance of the DMC: (a) Li2O grades of the concentrate and tailings; (b) concentrate yield, Li2O recovery, and separation efficiency. 
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Figure 8. Effect of feed density on the proportion of positive-pressure regions in the DMC. 
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Figure 9. Effect of feed density on the pressure field and flow characteristics in the DMC: (a) mean pressure in the positive- and negative-pressure regions; (b) mean x-direction velocity in the positive- and negative-pressure regions; (c) mean turbulence dissipation rate in the positive- and negative-pressure regions; (d) mean turbulent kinetic energy in the positive- and negative-pressure regions. 
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Figure 10. Effect of feed density on the proportion of +z velocity regions. 
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Figure 11. Effect of feed density on the flow-field characteristics in the DMC separation zone: (a) mean pressure, (b) mean velocity, (c) turbulent dissipation rate, and (d) turbulent kinetic energy in the +z and −z velocity regions. 
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Figure 12. Effect of feed pressure on the proportion of positive-pressure regions in the DMC. 
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Figure 13. Effect of feed pressure on the pressure field and flow characteristics in the DMC: (a) mean pressure in the positive- and negative-pressure regions; (b) mean z-direction velocity in the positive- and negative-pressure regions; (c) mean turbulence dissipation rate in the positive- and negative-pressure regions; (d) mean turbulent kinetic energy in the positive- and negative-pressure regions. 
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[image: Applsci 16 08489 g013a][image: Applsci 16 08489 g013b]







[image: Applsci 16 08489 g014] 





Figure 14. Effect of feed pressure on the proportion of +z velocity regions. 
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Figure 15. Effect of feed density on the velocity field in the DMC. (a) Mean pressure in +z velocity region (Pa); (b) Mean velocity in +z velocity region (m/s); (c) Mean turbulence dissipation rate in +z velocity region (m2/s3); (d) Mean turbulent kinetic energy in +z velocity region (J). 
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Table 1. Compositional analysis of the experimental feed material.
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	Component
	Li2O
	BeO
	Ta2O5
	Nb2O5
	SiO2
	Al2O3
	CaO
	MgO



	Content
	1.68
	0.048
	0.0031
	0.011
	71.90
	15.51
	0.50
	0.048



	Component
	Na2O
	K2O
	Rb2O
	Cs2O
	SnO2
	Fe
	P2O5
	



	Content
	3.94
	3.04
	0.12
	0.0097
	0.050
	0.29
	0.45
	










 





Table 2. Particle-size distribution of the crushed raw ore.
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	Particle Size (mm)
	Mass Fraction (%)





	−6 + 0.9
	27.87



	−0.9 + 0.45
	37.57



	−0.45 + 0.175
	13.25



	0.175–0.074
	11.56



	−0.074
	9.76



	Total
	100.01 *







* The slight deviation from 100% is due to rounding.













 





Table 3. Quantitative mineral composition of the raw ore determined by MLA (%).
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Mineral Group

	
Mineral Name

	
Relative Content

	
Subtotal






	
Metallic minerals

	
Tantalo niobite

	
0.02

	
0.05




	
Manganese-iron oxides

	
0.01




	
Manganese-iron phosphates

	
0.02




	
Lithium-bearing minerals

	
Spodumene

	
21.60

	
27.18




	
Lepidolite (zinnwaldite)

	
4.98




	
Amblygonite

	
0.35




	
Elbaite

	
0.25




	
Gangue minerals

	
Quartz

	
28.26

	
72.77




	
Plagioclase

	
33.19




	
K-feldspar

	
10.90




	
Amphibole

	
0.06




	
Chlorite

	
0.01




	
Apatite

	
0.24




	
Cassiterite

	
0.05




	
Calcite

	
0.06




	

	
Total

	
100

	
100











 





Table 4. Effect of feed density on particle trajectories and residence time in the DMC separation zone.
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Gangue

	
Spodumene




	

	
d = 0.5 mm

	
d = 3.0 mm

	
d = 6.0 mm

	
d = 0.5 mm

	
d = 3.0 mm

	
d = 6.0 mm






	
ρsus = 2120 kg/m3

	
[image: Applsci 16 08489 i001]

t = 0.816 s

	
[image: Applsci 16 08489 i002]

t = 12.9 s

	
[image: Applsci 16 08489 i003]

t = 4.24 s

	
[image: Applsci 16 08489 i004]

t = 2.71 s
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t = 2.19 s
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t = 1.50 s




	
ρsus = 2160 kg/m3
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t = 0.646 s
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t = 1.51 s
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t = 6.64 s
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t = 3.07 s
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t = 2.20 s
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t = 1.69 s




	
ρsus = 2200 kg/m3
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t = 0.641 s
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t = 1.47 s
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t = 2.46 s
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t = 3.26 s
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t = 2.33 s
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t = 1.84 s




	
ρsus = 2240 kg/m3

	
[image: Applsci 16 08489 i019]

t = 0.595 s
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t = 1.34 s
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t = 1.60 s
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t = 5.46 s
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t = 2.56 s
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t = 1.94 s




	
ρsus = 2280 kg/m3
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t = 0.544 s
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t = 0.879 s
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t = 1.52 s
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t = 4.00 s
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t = 11.6 s
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t = 2.02 s











 





Table 5. Effect of feed pressure on particle trajectories and residence time in the DMC separation zone.
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Gangue

	
Spodumene




	

	
d = 0.5 mm

	
d = 3.0 mm

	
d = 6.0 mm

	
d = 0.5 mm

	
d = 3.0 mm

	
d = 6.0 mm






	
Feed pressure = 100 kPa

	
[image: Applsci 16 08489 i031]

t = 0.722 s

	
[image: Applsci 16 08489 i032]

t = 2.40 s

	
[image: Applsci 16 08489 i033]

t = 9.87 s

	
[image: Applsci 16 08489 i034]

t = 5.36 s
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t = 3.36 s
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t = 2.33 s




	
Feed pressure = 125 kPa
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t = 0.699 s
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t = 1.56 s
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t = 7.04 s

	
[image: Applsci 16 08489 i040]

t = 4.39 s
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t = 2.35 s
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t = 1.89 s




	
Feed pressure = 150 kPa
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t = 0.641 s
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t = 1.47 s
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t = 2.46 s
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t = 3.26 s
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t = 2.33 s
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t = 1.84 s




	
Feed pressure = 175 kPa
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t = 0.518 s
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t = 0.856 s
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t = 1.53 s
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t = 2.86 s
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t = 2.27 s
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t = 1.64 s




	
Feed pressure = 200 kPa
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t = 0.436 s

	
[image: Applsci 16 08489 i056]

t = 0.723 s
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t = 1.48 s
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t = 2.07 s
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t = 2.05 s
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t = 1.07 s
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