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Abstract: Aiming at the problem of fine particles entrainment in the underflow of hydrocyclone during 
the metal grinding classification process, a water-injection hydrocyclone was proposed to improve the 
classification efficiency. Through external injection of water on the wall surface of the cone section, the 
particles settling in the region were loosely graded so that the fine particles settled in the wall surface 
returned to the inner swirl again, thus reducing their entry into the underflow. Numerical simulation 
was used to explore the differences in the internal flow field characteristics and separation performance 
of the hydrocyclone after adding the water-injection structure. Then the industrial tests were conducted 
on the classification performance of the water-injection hydrocyclone. Numerical results showed that 
compared with the conventional hydrocyclone, the static pressure, tangential and axial velocity of the 
fluid inside the water-injection hydrocyclone increased, while the turbulence intensity decreased. The 
experimental results showed that with the increase of water-injection flow rate, the content of -74 µm 
particles in the underflow of water-injection hydrocyclone first decreased and then increased, and the 
comprehensive classification efficiency increased and then decreased accordingly. Compared with the 
conventional hydrocyclone, the content of -74 µm particles in the underflow of the water-injection 
hydrocyclone was reduced from 26.34% to 23.95%, and the comprehensive classification efficiency was 
increased from 69.22% to 73.03%, which mitigated the phenomenon of fine particles entrainment in the 
underflow. 

Keywords: water-injection hydrocyclone, numerical simulation, industrial tests, classification 
performance 

1. Introduction 

Hydrocyclone is a kind of equipment that utilizes centrifugal force and gravity for classification, with a 
simple structure, small footprint, low operating cost, and high separation efficiency. Therefore, 
hydrocyclone was widely used in metal ore grinding and classifying operations (Mognon et al., 2015; 
Dehdarinejad and Bayareh, 2021; Wang et al., 2019; Zhang et al., 2023). Conventional hydrocyclone was 
prone to remixing the separated fine particles into the underflow due to the disturbance of the flow field 
near the underflow during the classification process. At the same time, due to the gradual increase of 
particle concentration in the lower cone section of the hydrocyclone and the small separation space, 
some of the fine particles were sucked into the underflow by the coarse particles, resulting in the 
underflow of the hydrocyclone to clip the fine particles, which reduces the grading accuracy (Ghodrat 
et al., 2014; Li et al., 2018; Raesi and Maddahian, 2022). 

For the problem of hydrocyclone underflow entrainment, many scholars have carried out a lot of 
research on the structural parameters and operating parameters of the hydrocyclone. Dueck et al. (2010) 
studied the water-injection hydrocyclone and established the mathematical model of the water-injection 
rate and water-injection position on the grading particle size and grading efficiency. The study showed 
that water injection can improve the classification efficiency of hydrocyclone and have the effect of 
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online adjustment. Dian et al. (2024) found that 90° angle spiral inlet hydrocyclone has better flow field 
stability. The simulation comparison verified that this structure can effectively reduce the misalignment 
of the coarse and fine particles. Banerjee et al. (2024) found that the Cavex® double effect (DE) 
hydrocyclone can effectively reduce the fine particles in the underflow. Dou et al. (2020) established a 
PSO-SVM model and analyzed the trend of industrial injection hydrocyclone classification efficiency 
with parameters by training dataset, which showed that the highest efficiency was achieved when the 
diameter of the underflow opening was 50 mm, the inlet pressure was 0.25 MPa, and the injection 
pressure was 0.04 MPa. Ye et al. (2019) found that a conical section with a modified cone can help to 
improve the separation accuracy and separation efficiency of hydrocyclones. Ji et al. (2019) found that 
the laminar spiral inlet structure consumes less energy and mitigates the misplacement of the coarse 
and fine particles in the overflow and underflow. Dian et al. (2023) proposed a conical inlet 
hydrocyclone, and through numerical simulation and comparison with the basic hydrocyclone, this 
structure can effectively reduce the effect of particle misalignment. Zhang et al. (2022) proposed a spiral 
inlet structure hydrocyclone and used numerical simulation to compare it with the traditional tangential 
inlet hydrocyclone, and the results showed that the spiral inlet hyderocyclone has a more stable flow 
field and higher separation accuracy. Li et al. (2021) carried out a numerical simulation study on the 
height-to-width ratio of the rectangular inlet of the hydrocyclone and obtained the influence laws of the 
height-to-width ratio of the rectangular inlet on the pressure field, velocity field, air column, turbulence 
intensity, and separation efficiency. Zhao et al. (2021) proposed a multi-channel feed inlet based on the 
Archimedean helix and used numerical simulation to comparatively study the hydrocyclone with 
conventional tangential and new helix feed inlets. The results showed that the structure has superior 
classification performance than the conventional design. Hou et al. (2021) used numerical simulations 
to analyze the flow field characteristics, separation efficiency, and spatial distribution of particles in a 
flat-bottomed hydrocyclone and found that the wide flat-bottomed structure increases the separation 
particle size and reduces the underflow entrainment. Jiang et al. (2019, 2020) found that a flat-bottomed 
hydrocyclone with a cone angle close to 180° is more suitable for separating non-uniform slurries 
containing a high concentration of coarse particles and based on this, a W-type hydrocyclone was 
proposed, which can effectively alleviate the underflow entrainment of fines. Hwang et al. (2012) 
installed a conical top plate for a 20 mm hydrocyclone can effectively reduce the low-velocity zone near 
the surface of the outer swirl, reduce the circulation, and improve the particle separation efficiency. 

Numerical simulations using Computational Fluid Dynamics (CFD) techniques have been widely 
used (Jing et al., 2021; Zhang and Tao, 2023; Wang et al., 2016). However, making accurate flow field 
predictions requires the selection of appropriate turbulence models and multiphase flow models, and 
the main turbulence models applied in hydrocyclones are the RSM model and the LES model 
(Dehdarinejad and Bayareh, 2022; Dehdarinejad et al., 2022; Dehdarinejad and Bayareh, 2023a). 
Multiphase flow models include the VOF model, the Mixture model, and the Euler model. The VOF 
model is widely used to study the distribution of gas-liquid two-phase flow in hydrocyclones. In recent 
years, the Mixture and Euler models have successfully predicted the particle motion in hydrocyclones 
(Xiong et al., 2023; Zhang et al., 2017; Wang et al., 2009). Wang et al. (2024) used Computational Fluid 
Dynamics (CFD) and Particle Image Velocimetry (PIV) techniques to simulate the flow field of a 
hydrocyclone and used a refractive index matching method to improve the accuracy of PIV 
measurements. Vakamalla and Mangadoddy (2019) explored the development of a 250 mm 
hhydrocyclone air column and particle distribution using the Mixture model and LES model and 
verified the flow field by Laser Doppler Velocimetry and the predicted particle distribution curves were 
in good agreement with the experimental data. Kharoua et al., (2010) used different turbulence models 
to simulate a hydrocyclone and they both found that the RSM simulations were closest to the 
experimental results. Padhi et al. (2019) used RSM, VOF, and Mixture models to predict the 
hydrocyclone separation process and explore the effect of vortex finder and feed parameters on short-
circuit flow and classification efficiency. Zheng et al. (2024) used a Reynolds stress model to obtain the 
turbulent flow characteristics within the ECSF and a discrete phase model to predict the particle 
trajectories to derive the separation performance. The accuracy of the simulation model has been 
verified experimentally. Dehdarinejad (2023b) conducted numerical simulations using the Reynolds 
stress method (RSM) and Eulerian-Lagrangian scheme to predict the collection grade efficiency, the 
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Euler number (Eu), and the cut-off size diameter for various combinations of the performance objectives 
of the cyclone.  

However, there were fewer industrial experimental studies of the water-injection hydrocyclone, 
with most of the related research being numerical simulations and theoretical studies. Therefore, this 
paper proposed to alleviate the problem of underflow entrainment by adding a water-injection structure 
in the cone segment near the apex. Appropriate water injection could loosen and classify the settled 
particles on the wall of the conical section area, alleviate the underflow entrainment and improve the 
classification effect. Its working principle is shown in Fig. 1. In this paper, numerical simulation was 
used to study the water-injection hydrocyclone and conventional hydrocyclone to discuss the feasibility 
of the water-injection hydrocyclone. Then, industrial tests were conducted to investigate the effect of 
water-injection flow rate on the content of -74 µm particles in the underflow and the classification 
efficiency. 

 
Fig. 1. Schematic diagram of water-injection hydrocyclone 

2.       Research Methodology 

2.1.    Simulation study 

2.1.1. Geometry 

The structural parameters of the hydrocyclone are shown in Fig. 2(a) and Table 1. The difference 
between the water-injection hydrocyclone and the conventional hydrocyclone lies in the additional 
water-injection structure in the cone section. The diameter of the water-injection hole was 1 mm. The 
structure of the water-injection hydrocyclone was modeled using the three-dimensional software 
SOLDWORKS2021, with the center above the feed body as the coordinate origin and the direction of 
the underflow opening as the positive direction of the Z-axis, as shown in Fig. 2(b). To facilitate the 
analysis, several characteristic sections were chosen, including the axis center section (Y = 0), the cross-
section at the cone section (Z1 = -400 mm), and the cross-section at the column section (Z2 = -200 mm), 
as shown in Fig. 2. 

 
Fig. 2. Hydrocyclone simulation geometry model 

  
(a) (b) 

 



4 Physicochem. Probl. Miner. Process., 60(5), 2024, 194539 

Table 1. Structural parameters of hydrocyclone 

Structure parameters Size 
Body diameter D/mm 200 

Height of cylinder section H1/mm 240 
Height of cone section H2/mm 480 

Size of inlet di1×di2/mm 60×40 
Overflow pipe diameter do/mm 60 

Overflow pipe insertion depth ho/mm 188 
Apex diameter du/mm 30 

cone angle /° 20 

The ICEM CFD software was used to mesh the fluid domain of the water-injection hydrocyclone. As 
shown in Fig. 3, the hexahedral structured mesh was chosen over the tetrahedral unstructured mesh 
due to its benefits of shorter computation time, faster convergence speed, and smaller discretization 
error. 

The number of grids had an impact on the model prediction results; too few grids will affect the 
calculation accuracy and too many grids will prolong the simulation calculation time. Therefore, the 
number of grids should be controlled within a suitable range under the condition of maintaining 
computational accuracy.The grid number of hydrocyclone was divided into 163k, 224k, 270k, 310k, and 
351k, and the tangential velocity value at the axial height Z=-200mm was chosen as the basis of grid 
independence verification. As seen in Fig. 4, the tangential velocity of the hydrocyclone remained 
constant after the number of grids was greater than 270k. Therefore, the grid number of 270k was 
determined. 

 
Fig. 3. Grid division 

 
Fig. 4. Number of grids 
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2.1.2. Model description 

The fluid motion state inside the hydrocyclone is mainly a strong rotational shear flow formed by 
internal swirl flow, external swirl flow and air column. Numerical simulation is the main means to 
study such complex turbulent flow.The fluid motion state inside the hydrocyclone is mainly a strong 
rotational shear flow formed by internal swirl flow, external swirl flow and air column. Numerical 
simulation is the main means to study such complex turbulent flow. The RSM turbulence model 
accurately predicts the Reynolds stress and anisotropy of the complex flow field. Due to the fast flow 
velocity and high turbulence intensity in the internal flow field of the hydrocyclone, the RSM model is 
often used in the numerical simulation of the hydrocyclone. 

(1) RSM turbulence model control equations: 
• Control equations: 

!
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• Among them, Turbulent kinetic energy diffusion term: 
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• Molecular viscosity diffusion term: 
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• Shear stress generation term: 
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• Buoyancy generation term: 
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• Pressure strain term: 
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• Viscous dissipative term: 
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• Fluid rotation generation term: 
        𝐹 = −2𝜌Ω,!𝑢%$𝑢.$$$$$$$$$𝑒),. + 𝑢#$𝑢%$$$$$$$$𝑒),.%                                                 (8) 

(2) Euler model: 
The Euler model, also known as the two-fluid model, solves the momentum and continuity 

equations for each phase, and the coupling is realized by the pressure term and the exchange coefficients 
at the interfaces of each phase, which can obtain higher accuracy than the Mixture model when the drag 
law between the phases is known. 

• Euler model mass equation: 
    (𝛼"𝜌") + ∇ ∙ (𝛼"𝜌"𝜈") = 0                                                            (9) 

• The Momentum Equation for the solid-liquid phase is respectively: 
!
!"
!𝛼/𝜌/𝑣/% + ∇ ∙ !𝛼/𝜌/𝑣/𝑣/% = −𝛼/∇𝑃 + ∇ ∙ 𝜏/̿ + 𝛼/𝜌/𝑔 + 𝐾0/!𝑣0 − 𝑣/%                       (10) 
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where 𝑣/ and 𝑣0 are the average flow velocity of the solid-liquid two-phase.  is the pressure shared by 
the solid-liquid two-phase. The stress tensor of the solid-liquid two-phase is 𝜏/̿ and 𝜏0̿. 

2.1.3. Simulation conditions 

The Euler model and RSM model were selected to simulate the multiphase flow field inside the water-
injection hydrocyclone. There were two types of inlets in the water-injection hydrocyclone, including 
the feed inlet and the water-injection hole. The inlet boundary was set to “Velocity-inlet” and the value 
of velocity was 3 m/s. From the calculation, the volume fraction of solid phase particles was 16.86%. 
the boundary conditions of the underflow and overflow ports were set to “pressure outlet”, the air 
phase return volume fraction was set to 1, and the boundary condition of the hydrocyclone wall was 
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“No Slip”. Quartz sand was selected as the material, and the particle phase was set as inertial collision 
particles with a density of 2630 kg/m3. Seven different particle sizes were selected, and the particle size 
distributions are shown in Table 2. The QUICK format was used for the discrete format, the pressure-
velocity coupling was PRESTO! and the SIMPLE algorithm. 

Table 2. Particle size distribution 

Mean size/µm Yield /% Volume fraction /% 
10 18.98 3.2 
29 23.13 3.9 
41 11.86 2 
59 21.71 3.66 
89 8.90 1.5 
129 8.90 1.5 
150 6.52 1.1 

2.2. Experimental studies 

Comparative tests on water-injection hydrocyclone and conventional hydrocyclone were carried out to 
clarify the difference between them in terms of the concentration of each product, particle size 
composition, underflow yield, and classification efficiency, thus determining the effectiveness of the 
water-injection structure in alleviating the phenomenon of underflow entrapment. Further, single-
factor tests were also conducted. 

2.2.1. Experimental program   

To investigate the effect of water injection on the hydrocyclone separation performance, an industrial-
scale hydrocyclone separation test platform was built, as shown in Fig. 5. During the test, the slurry was 
mixed in the barrel and pumped into the hydrocyclone. After separation, the overflow and underflow 
products were converged into the mixing barrel to form a closed loop to maintain the stability of the 
feed concentration. When the system was stabilized, the injection water valve was open. After the flow 
rate was stabilized, multiple sets of duplicate samples of feed, overflow, and underflow were taken for 
testing to reduce the error. Take concentration, underflow yield, underflow -74 µm particle size yield 
and comprehensive classification efficiency as the calculation and analysis index. 

 
Fig. 5. Schematic diagram of the test system 

Table 3 summarizes the structural parameters of the hydrocyclone in detail. Considering the actual 
working conditions, Φ350mm hydrocyclone was selected for this test, as shown in Fig. 6. The selected 
iron ore materials were from a company in Liaoning, China. Table 4 summarizes its particle-size 
composition. From the data in Table 4, it could be seen that the content of -74 µm particles was 55.36%, 
the content of -100 µm particles was 64.32%, and the content of -154 µm particles was 77.56%. The 
experimental program was designed as follows. Firstly, the water-injection hydrocyclone and 
conventional hydrocyclone were compared under the feed pressure of 0.08MPa and feed concentration 

      
（a) (b) 
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of 27%. The water-injection flow rate was set as 0 m3/h, 1 m3/h, 2 m3/h, 3 m3/h, 4 m3/h, 5 m3/h (the 
proportion of the feed flow rate of 0%, 1%, 2%, 3%, 4%, 5%), respectively. 

 
Fig. 6. Schematic diagram of water-injection hydrocyclone 

Table 3. Structural parameters of hydrocyclone in the industrial test 

Structure parameters Size 
Body diameter /mm 350 

Height of cylinder section /mm 600 
Size of inlet /mm 160 

Overflow pipe diameter /mm 120 
Apex diameter /mm 60 

Overflow pipe insertion depth /mm 320 
Cone angle /° 20 

Table 4. Feed size distribution 

Mesh number Size/µm Content /% Negative accumulation /% 
-500 -30 34.25 34.25 

+500~-325 30~45 5.53 39.78 
+325~-200 45~74 15.58 55.36 
+200~-150 74~100 8.96 64.32 
+150~-100 100~154 13.24 77.56 
+100~-60 154~300 15.53 93.09 

+60 +300 6.91 100 

3.       Results and discussion 

3.1.    Simulation results and discussion 

3.1.1. Pressure 

The pressure field could reflect the treatment performance and energy loss of the hydrocyclone, which 
is a complex flow field composed of free vortices and solenoidal vortices. Fig. 7 and Fig. 8 show the 
static pressure distribution cloud and the curve comparison of the Z1 section, respectively. It is worth 
noting that the blank region in the center of the hydrocyclone is the air core region, defined as the region 
where the air volume fraction is greater than 90%, which is similar to all other clouds in this study. From 
the figure, it can be seen that the pressure generated inside the water-injection hydrocyclone is greater 
than that of the conventional hydrocyclone, and both of them have the same pressure distribution law, 
which is gradually reduced from the outer wall of the hydrocyclone to the centerline, and is 
centrosymmetric. The pressure near the inner wall of the water-injection hydrocyclone is higher than 
that of the conventional hydrocyclone because water injection will bring higher pressure driving force 
to the outer swirl, which is conducive to the fine particles leaving the outer swirl and entering the inner 
swirl, thus better separating the materials. Fig. 9 presents the air core distribution cloud and air core 
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and comparison of air column. As shown in the Fig. 9(b), compared with the conventional 
hydrocyclone, the air core of the water-injection hydrocyclone has a smaller variation amplitude, and 
its internal flow field is more stable, which provides stable conditions for material separation. 

 
Fig. 7. Pressure comparison cloud diagram 

 
Fig. 8. Comparison of radial pressure distribution in the Z1 section 

 

Fig. 9. Air core and Comparison of air column diameters 

    
(a) Air Core (b) Air core and comparison of air column 
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3.1.2. Tangential velocity 

Fig. 10 shows the cloud diagram of the tangential velocity distribution of two kinds of hydrocyclones. 
Fig. 11 displays the distribution curves at different cross-section positions. The magnitude of the 
tangential velocity directly determines the strength of the centrifugal force field inside the 
hydrocyclone, therefore it is of great significance to study the tangential velocity. From the figure, it can 
be seen that the water injection did not affect the change rule of tangential velocity, “M” distribution. 
Both from the wall to the center of the hydrocyclone, the tangential velocity first increases and then 
decreases, the maximum value appears in the junction of the forced vortex and the free vortex. With the 
decrease of the radial distance, the tangential velocity decreases rapidly, and in the center of the 
hydrocyclone, it falls to zero. At the Z2 position, the velocity change gradient of the tangential velocity 
of the water-injection hydrocyclone is more obvious and the classification effect is better compared with 
that of the conventional hydrocyclone. This is because water injection can provide an additional thrust 
to increase the tangential velocity, which also means that water injection can increase the centrifugal 
force field and therefore improve the separation performance of the hydrocyclone. 

 
Fig. 10. Contours of the tangential velocity distributions 

 
Fig. 11. Comparison of the tangential velocity distributions 

  
      (a) Z1          (b) Z2  
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3.1.3. Axial velocity 

Fig. 12 and Fig. 13 show the axial velocity cloud diagram and the axial velocity distribution curves at 
different cross sections for the two hydrocyclones, respectively. The magnitude of the axial velocity 
directly determines the residence time of the material in the hydrocyclone, so the axial velocity affects 
the separation accuracy of the hydrocyclone. As can be seen from the figure, the axial velocity of the 
two types of hydrocyclone shows a symmetrical distribution. Along the radial position, from the wall 
to the center, it first decreases and then increases, and the main separation area axial velocity maximum 
value appears in the center of the axis. The maximum value of the overflow outlet area appeared in the 
radius of about 15mm, and the axial velocity extreme value of the water-injection hydrocyclone is higher 
than that of the conventional hydrocyclone. At the Z1 position, the axial velocity of both hydrocyclones 
is the same, but near the center axis, the axial velocity of the water-injection hydrocyclone is slightly 
larger than that of the conventional hydrocyclone. It can be illustrated that water injection slightly 
increases the motion velocity of the outer swirl and also increases the motion velocity of the inner swirl, 
resulting in a more stable flow field and better separation performance in this region. 

             
Fig. 12. Contours of the axial velocity distributions 

 
Fig. 13. Comparison of the axial velocity distributions. 

3.1.4. Turbulence intensity 

The turbulence intensity shows the degree of turbulence in the internal flow field. The distribution of 
turbulence intensity of the two hydrocyclones is shown in Fig. 14. From the figure, it can be seen that 
the turbulence intensity of the conventional hydrocyclone is higher at the lower part of conical section, 
indicating that the flow field near the underflow is relatively turbulent. This region of intense turbulence 

 
(a) 

 

  

(b) 

 

   
       (a) Z1            (b) Z2  
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makes it easier for fine particles to be carried into the underflow by the outer swirl flow, resulting in the 
problem of fines entrapment in the underflow. Compared with conventional hydrocyclone, water 
injection can alleviate the turbulence intensity and make the flow field more stable, thus alleviating the 
influence to fine particles and improving the separation performance of the hydrocyclone. 

 
Fig. 14. Contours of the turbulent intensity distributions 

3.1.5. Particle volume fraction 

The movement of particles is mainly affected by centrifugal force. The larger the particle size the greater 
the centrifugal force, and the more it moves outward. Two different particle sizes of 29 µm and 129 µm 
were selected to analyze the distribution of particles in the two kinds of hydrocyclones. Fig. 15(a) shows 
the cloud diagram of the distribution of 29 µm particles inside the two kinds of hydrocyclones. From 
Fig. 15(a), it can be seen that compared with the conventional hydrocyclone, the fine particles in the 
water-injection hydrocyclone are more likely to enter the inner swirl flow and be discharged from the 
vortex finder. This results in a decrease in particle content at locations below the water-injection 
structure and a reduction in the number of fine particles in the underflow product. Fig. 15(b) shows the 
distribution cloud of particles with 129 µm particle size in the two hydrocyclones. From the figure, it 
can be seen that the water injection can disperse the coarse particles settled on the wall surface of the 
cone section. Therefore, the coarse particles are reduced obviously in the upper part of the cone section, 
while increased below the water injection position resulting in more of them to discharge from the 
underflow pipe. The elevated content of coarse particles in the underflow product, combined with the 
reduction of fine particles in the underflow, improves the classification accuracy of the hydrocyclone. 

           
Fig. 15. Contours of particle volume fraction distributions 

 
(a) 29 µm 

 

 
(b) 129 µm 
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3.2. Experimental results and discussion 

Fig. 16 shows the effect of the water-injection flow rate on the hydrocyclone product concentration. 
Compared to the conventional hydrocyclone, the underflow concentration and overflow concentration 
decrease after water injection. The water-injection flow rate is negatively correlated with the underflow 
concentration and overflow concentration. Increasing the water-injection flow rate from 0 m3/h to 5 
m3/h reduces the underflow concentration from 82.63% to 81.13% and the overflow concentration from 
10.97% to 10.03%. Since the injection flow rate is much smaller in value compared to the treatment 
capacity, the impact on the overflow and underflow concentrations is also relatively small. Fig. 17 
displays the effect of the water-injection flow rate on the hydrocyclone underflow yield. From Fig. 17, 
it can be seen that the water-injection flow rate is positively correlated with the underflow yield. As the 
water-injection flow rate increases from 0m3/h to 5m3/h, the underflow yield increases from 68.46% to 
71.72%. This is because with the increase of water-injection flow rate, the water flow will disperse the 
particles deposited in the cone section, and the particles re-enter the swirl for grading and then 
discharge from the overflow port. However, the increase in the water-injection flow rate causes an 
increase in water volume in the hydrocyclone, which will dilute the products of all levels to different 
degrees and reduce the concentration.  

 
Fig.16. Effect of water-injection flow rate on hydrocyclone product concentration 

 
Fig. 17. Effect of water-injection flow rate on the underflow solid phase yield 

Fig. 18 shows the variation of -74 µm particle content in overflow and underflow with water-injection 
flow rate. Compared with the conventional hydrocyclone, the -74 µm particle content in the underflow 
of the water-injection hydrocyclone decreases from 26.34% to 23.95%, and it increases from 97.03% to 
97.79% in the overflow when the water-injection flow rate varies from 0 to 4 m3/h. If the water-injection 
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flow rate is increased more, the -74 µm particle content in the underflow increases and decreases in the 
overflow. This is because that, with the increase of injection flow rate, the water flow will entrain fine 
particles across the locus of zero vertical velocity into the internal swirl, which will be discharged by 
the overflow. This leads to a decrease in the -74 µm particle content in the underflow and an increase in 
the -74 µm particle content in the overflow. When the injection flow rate is too large, some coarse 
particles are entrained by the water flow to enter the inner swirl, increasing the percentage of -74 µm 
particle size in the underflow, which in turn reduces the separation accuracy.  

 
Fig. 18. Effect of water-injection flow rate on the hydrocyclone product -74 µm particle content 

The effect of water-injection flow rate on the classification performance was explored by taking the 
comprehensive classification efficiency of -74 µm particles as an evaluation index. As can be seen from 
Fig. 19, compared with the conventional hydrocyclone, the integrated classification efficiency of -74 µm 
particles increased from 69.22% to 73.03% after adding the water-injection structure. With the increase 
of water-injection flow rate from 1 m³/h to 5 m³/h, the integrated classification efficiency of -74 µm 
particles of the water-injection hydrocyclone shows a trend of first increase and then decrease, and the 
integrated classification efficiency of -74 µm particles of the hydrocyclone reaches the maximum value 
of 73.03% when the water-injection flow rate is 4 m³/h. When the number of water-injection holes is 
unchanged, adjusting the water-injection flow rate within an appropriate range can alleviate the 
problem of fines entrapment in the underflow and improve the comprehensive grading efficiency. In 
other words, the experimental results confirm that the content of -74um particles in the underflow can 
be reduced and the comprehensive classification efficiency can be improved under suitable condition 
of injection water flow rate, which is also consistent with the conclusions drawn from the simulation 
results about the effect of water injection on the separation of fine particles. 

 
Fig. 19. Effect of water-injection flow rate on comprehensive classification efficiency 



14 Physicochem. Probl. Miner. Process., 60(5), 2024, 194539 

4. Conclusions 

A water-injection hydrocyclone was proposed aiming to solve the problem of underflow entrapment 
fines in the process of metal ore separation by hydrocyclone, and numerical simulation and 
experimental study were carried out. Accordingly, the following main conclusions are made. 

Compared with the conventional hydrocyclone, the static pressure of the water-injection 
hydrocyclone is larger, the turbulence intensity is smaller, and the internal flow field is more stable. The 
tangential velocity and axial velocity are higher, which is more conducive to improving the separation 
accuracy.  

With the increase of water-injection flow, the comprehensive classification efficiency shows the trend 
of increasing first and then decreasing, when the water-injection flow is 4 m³/h, the content of 
underflow stream -74 µm particles reaches the minimum value of 23.95%, and the comprehensive 
classification efficiency reaches the maximum value of 73.03%. 

Compared with the conventional hydrocyclone, the water-injection hydrocyclone underflow -74 µm 
particle content was reduced from 26.34% to 23.95%, and the classification efficiency was increased from 
69.22% to 73.03%. which improved the underflow entrapment fine. 
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