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Abstract: In the pretreatment for the solid–liquid separation of sewage, the traditional hydrocyclone
cannot reasonably achieve a high underflow concentration and high separation efficiency at the
same time. An intermittent discharge concentrated hydrocyclone was proposed in this paper to
solve this problem. In order to determine the specific separation performance of the intermittent
discharge concentrated hydrocyclone, this paper studied the influence of the structure parameters
and process parameters on its separation performance through experimental testing. The results
indicate that increasing the overflow backpressure improves the separation efficiency but reduces the
underflow concentration; that increasing the diameter of the overflow pipe and reducing the diameter
of the underflow orifice improve the underflow concentration but reduce the separation efficiency;
and that a proper increase in the inlet pressure simultaneously increases the separation efficiency
and underflow concentration. The parameter combinations of the hydrocyclone were separately
optimized for the underflow concentration and total separation efficiency.

Keywords: concentrated hydrocyclone; intermittent discharge; experimental study; separation
efficiency; concentration performance

1. Introduction

A hydrocyclone can generate a centrifugal force field to separate materials with
different densities or different grain sizes. It has been widely applied in many fields
(such as for concentration, classification, and clarification) due to its simple structure, high
separation efficiency, convenient operation, and small size [1–3]. In sewage treatment,
the solids in sewage usually have varied particle sizes and small specific gravity, which
makes separation from the liquid fraction difficult [4–6]. Flocculation settling results in a
high cost due to chemical consumption [7–9], while membrane filtration can easily cause
blockage, which reduces the membrane flux and limits the processing capacity of the
membrane filtration process [10–12]. Therefore, in order to ensure the stable operation of
the subsequent equipment, the hydrocyclone is often used in the first process to remove
most of the solid particles from the sewage [13–15]. In order to remove the solid particles
from the sewage to the maximum extent and recover the liquid phase, the hydrocyclone
must have a higher separation efficiency to achieve a high solid removal efficiency and a
higher underflow concentration to ensure a high recovery rate of the liquid phase [16,17].
Restricted by the separation principle, the traditional cylindrical-conical hydrocyclone
cannot reasonably achieve a high separation efficiency and high underflow concentration
at the same time [18–20]. Reducing the diameter of the underflow orifice is the most
common method to improve the underflow concentration, but this method leads to a lower
separation efficiency and muddy overflow [21,22]. Although increasing the diameter of the
underflow orifice can improve the separation efficiency, the underflow rate is increased,
the underflow concentration is decreased, and the flow rate of the liquid phase recovered
by the overflow is decreased [23,24]. Therefore, simultaneously improving the underflow
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concentration and total separation efficiency has become a popular topic and difficult
challenge in water treatment and hydrocyclone research.

In order to improve the separation efficiency of the hydrocyclone, many scholars have
studied the hydrocyclone from the perspectives of structural innovation and parameter
optimization [25–29]. Vieira et al. [30] replaced the traditional conical section with a conical
filtering wall. When the pulp rotates downward along the conical filtering wall, part of
the liquid can penetrate the filtering wall for separate recovery. The pulp with increased
concentration continues to rotate downward and enter the underflow. Finally, it can be sepa-
rated to obtain three products (i.e., the overflow, underflow, and filtrate). Ghodrat et al. [31]
studied convex- and concave-curved conical hydrocyclones with different curvatures and
their results revealed that the concave-curved cone could help improve the separation
efficiency and reduce the particle content in the overflow. Yang et al. [32] proposed a
double-cone hydrocyclone to replace the traditional single-cone hydrocyclone and found
that cone combinations could improve the separation efficiency and separation accuracy
of the hydrocyclone. Yang et al. [33] conducted an optimization study on the size of the
hydrocyclone inlet and their results indicated that increasing the size of the feed inlet could
improve the stability of the internal flow field of the hydrocyclone and increase the particle
separation efficiency. According to the study conducted by Zhou et al. [34], although
increasing the height of the cylinder section could improve the total separation efficiency,
the underflow flow rate also increases. Bicalho et al. [35] found that increasing the feed
flow within a certain range could increase the intensity of the centrifugal force field in the
hydrocyclone and improve the total separation efficiency. Nevertheless, an excessively large
flow rate reduced the particles’ effective retention time and lowered the total separation
efficiency. Liu et al. [36] controlled the separation performance of the hydrocyclone by
setting a backpressure at the outlet of the overflow pipe and found that an appropriate
increase in the overflow backpressure could improve the total separation efficiency and
greatly increase the recovery rate of fine particles. On the basis of these studies, this paper
proposed an intermittent discharge concentrated hydrocyclone that could improve the
total separation efficiency by setting a backpressure at the overflow outlet and raise the
underflow concentration by providing an intermittent discharge concentrated hopper at
the underflow orifice.

Although numerical simulation has been widely applied in research on the separation
performance of hydrocyclones, the experimental method is still more reliable for the study
of a high concentration flow field. Therefore, in order to accurately determine the separation
performance of the intermittent discharge concentrated hydrocyclone, this paper studied
the influence of the structure parameters and process parameters on its separation perfor-
mance through traditional experimental testing and optimizing the related parameters.

2. Materials and Methods
2.1. Apparatus

During the process of separation, the traditional cylindrical-conical hydrocyclone
cannot simultaneously achieve a high underflow concentration and high total separation
efficiency. This paper optimized and improved the underflow concentration and total
separation efficiency of the hydrocyclone. First, in order to solve the problem of a low
separation efficiency of the common hydrocyclone, a backpressure valve was connected
to the overflow pipe of the hydrocyclone to regulate the backpressure at the overflow
outlet. Increasing the backpressure at the overflow outlet could improve the upward
resistance of the liquid and reduce the possibility of particles entering the overflow. At
the same time, a valve connected to the overflow pipe could reduce the amount of air
flowing back into the hydrocyclone through the overflow pipe and the influence of the
air column on the separation performance of the hydrocyclone. Second, to improve the
underflow concentration, an intermittent discharge concentrated hopper was provided at
the underflow orifice of the hydrocyclone, as shown in Figure 1. After the material entered
the concentrated hopper through the underflow orifice, particles deposited longer in the
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hopper due to the increased separation space and declined slurry velocity. In the meantime,
the fluid flowed slowly in the concentrated hopper, the flow field became more stable,
and the particles naturally descended and accumulated at the bottom. On the other hand,
particles constantly entered the concentrated hopper from the hydrocyclone, resulting in
a smaller content of the water phase and a larger concentration of particles in the hopper.
The valve was opened when the concentration of the material reached a certain value at
the bottom of the concentrated hopper so that the material was discharged from the outlet.

Separations 2023, 10, 161 3 of 16 
 

 

the separation performance of the hydrocyclone. Second, to improve the underflow con-
centration, an intermittent discharge concentrated hopper was provided at the underflow 
orifice of the hydrocyclone, as shown in Figure 1. After the material entered the concen-
trated hopper through the underflow orifice, particles deposited longer in the hopper due 
to the increased separation space and declined slurry velocity. In the meantime, the fluid 
flowed slowly in the concentrated hopper, the flow field became more stable, and the par-
ticles naturally descended and accumulated at the bottom. On the other hand, particles 
constantly entered the concentrated hopper from the hydrocyclone, resulting in a smaller 
content of the water phase and a larger concentration of particles in the hopper. The valve 
was opened when the concentration of the material reached a certain value at the bottom 
of the concentrated hopper so that the material was discharged from the outlet. 

 
Figure 1. Structure of the intermittent discharge concentrated hydrocyclone. 1—back pressure 
valve; 2—feeding port; 3—cone segment; 4—underflow orifice; 5—concentrated hopper; 6—pneu-
matic valves; 7—column segments; 8—overflow pipe. 

For the convenience of replacing the underflow orifice, a tray was installed at the 
junction. The inverted conical shape of the concentrated hopper with a taper angle of 60° 
could reduce the outflow velocity of the material and improve its concentration perfor-
mance as much as possible. To fill the concentrated hopper with the material, the volume 
capacity of the concentrated hopper was designed according to the underflow rate (i.e., a 
diameter of 200 mm and an overall height of 320 mm). At the outlet of the concentrated 
hopper, a pneumatic ball valve was installed through a threaded connection. With the 
help of a timer relay, the valve could be intermittently closed to increase the concentration 
time of the material in the concentrated hopper. The specific structure parameters of the 
hydrocyclone are shown in Table 1. 

Table 1. Structure parameters of the hydrocyclone. 

Structural Parameter Value 
Diameter of the hydrocyclone (mm) 140 

Diameter of the inlet (mm) 26.67 
Overflow pipe diameter (mm) 28, 32, 36, 40, 44 

Underflow orifice diameter (mm) 12, 15, 18, 21, 24 
Diameter of the concentrated hopper (mm) 200 

Taper angle (°) 60 

This test employed a closed-circuit circulating system to ensure the stable operation 
of the hydrocyclone. The test system was mainly composed of the hydrocyclone, a 

Figure 1. Structure of the intermittent discharge concentrated hydrocyclone. 1—back pressure valve;
2—feeding port; 3—cone segment; 4—underflow orifice; 5—concentrated hopper; 6—pneumatic
valves; 7—column segments; 8—overflow pipe.

For the convenience of replacing the underflow orifice, a tray was installed at the junc-
tion. The inverted conical shape of the concentrated hopper with a taper angle of 60◦ could
reduce the outflow velocity of the material and improve its concentration performance as
much as possible. To fill the concentrated hopper with the material, the volume capacity
of the concentrated hopper was designed according to the underflow rate (i.e., a diameter
of 200 mm and an overall height of 320 mm). At the outlet of the concentrated hopper, a
pneumatic ball valve was installed through a threaded connection. With the help of a timer
relay, the valve could be intermittently closed to increase the concentration time of the
material in the concentrated hopper. The specific structure parameters of the hydrocyclone
are shown in Table 1.

Table 1. Structure parameters of the hydrocyclone.

Structural Parameter Value

Diameter of the hydrocyclone (mm) 140
Diameter of the inlet (mm) 26.67

Overflow pipe diameter (mm) 28, 32, 36, 40, 44
Underflow orifice diameter (mm) 12, 15, 18, 21, 24

Diameter of the concentrated hopper (mm) 200
Taper angle (◦) 60

This test employed a closed-circuit circulating system to ensure the stable operation of
the hydrocyclone. The test system was mainly composed of the hydrocyclone, a pneumatic
valve, a backpressure valve, a slurry pump, a pressure gauge, and a stirring device, as
shown in Figure 2. During the test process, water and quartz sand were mixed to the
required concentration in proportion in the stirring tank and stirred with the stirring device.
Then, the slurry pump supplied the material to the hydrocyclone for concentration and
separation. The overflow and underflow returned to the stirring tank to form a closed loop.
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After the system became stable, it was sampled several times to reduce the test error and
improve the accuracy of the test data. During the test, the thickening of materials was
strengthened by adding a pneumatic valve to the thickening hopper outlet and using a time
relay to control the valve to open and close intermittently. In order to investigate the changes
of the underflow and overflow concentration during the whole concentration process, the
time relay was activated after the system was stabilized, and different concentration times
were set and discharged to take samples. Each concentration time was incremented by 20 s
for the intermittent discharge test.
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Figure 2. The diagram of the experimental system. 1—slurry pump; 2—central control box; 3—flow
meter; 4—pressure gauge; 5—hydrocyclone; 6—concentrated hopper; 7—pneumatic valve; 8—relief
pressure gauge; 9—backpressure valve; 10—mixing drum; 11—stirrer.

2.2. Materials

The material used in this test was quartz powder with a purity of 98% and a particle
density of 2650 kg/m3. The distribution of the particle size is shown in Figure 3. The data
indicate that 25.73% of the particles had a diameter less than 15 µm, 66.43% had a diameter
less than 45 µm, and 15.75% had a diameter larger than 70 µm.
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Figure 3. Distribution of the particle size.

2.3. Experimental Design

A reasonable test arrangement can help us systematically explore the concentration
performance of the hydrocyclone and the influence of various variables on the performance
of the hydrocyclone in a short period of time. The specific arrangement was as follows:
(1) the method of controlling variables was used to determine a feed pressure of 0.12 MPa,
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overflow pipe diameter of 36 mm, underflow orifice diameter of 18 mm and overflow
backpressure of 17 kPa as the basic parameters to carry out the single-factor test to explore
how the concentration performance of the hydrocyclone changes under different parameter
settings, and (2) an orthogonal test with the underflow concentration and total separation
efficiency as the evaluation indicators was conducted to obtain the best parameter combina-
tions. Then, an orthogonal test analysis table was established according to the test results,
and Kij denotes the sum of the results of the j-th level test for the i-th factor, and k denotes
the average test result for the i-th factor. The optimal combination of parameters can be
determined based on the magnitude of the k combined with the evaluation index. The R
value is expressed as the difference between the maximum value and the minimum value of
the i-th factor test result, which characterizes the magnitude of the influence of each factor
on the performance evaluation index. The larger the R value, the more the performance
index is influenced by the factor to determine the primary and secondary relationship
between the magnitude of the influence of each factor on the separation performance. The
test parameters are shown in Table 2.

Table 2. Test parameters.

Factor Level

Overflow backpressure (kPa) 11, 14, 17, 20, 23
Overflow pipe diameter (mm) 28, 32, 36, 40, 44

Underflow orifice diameter (mm) 12, 15, 18, 21, 24
Feed pressure (MPa) 0.08, 0.10, 0.12, 0.14, 0.16

2.4. Performance Index

The total separation efficiency is defined as the mass flow rate reporting to the under-
flow divided by feed mass flowrate. This mass flow rate of the solid phase includes the
mass flow rate of all solid particles of different particle sizes, which is used to characterize
the total recovery rate of the solid phase particles from the underflow. The calculation
formula is shown in Equation (1).

E =
Mu

Mi
× 100% (1)

where Mi, Mu are the solid-phase mass flow rate of the feed and underflow.
The comprehensive classification efficiency can reflect the separation effect of a specific

particle level. For the concentration of hydrocyclone, the comprehensive classification
efficiency can be calculated using Equation (2).

G =
(α − γ)(β − α)

α(β − γ)(100 − α)
× 10000% (2)

where α is the content of a particular particle size in the feed; β is the content of a particular
particle size in the overflow; γ is the content of a particular particle size in the underflow.

The concentration ratio represents the increase in the underflow concentration com-
pared to the feed concentration and is used to measure the concentration effect of the
hydrocyclone, which can be calculated by Equation (3).

T =
Cu

Ci
(3)

where Ci, Cu are the concentration of the feed and underflow.

3. Results and Discussion

The product concentration, total separation efficiency, concentration ratio, and compre-
hensive classification efficiency were considered as the performance indicators to explore
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how the concentration performance of the hydrocyclone changed under different structure
parameters and operating parameters. During the test process, to deeply explore how the
underflow concentration changed with the concentration time under different test variables,
samples were taken at the concentration time points of 80 s, 100 s, 120 s, 140 s, and 160 s
and at the discharge time point of 3 s to obtain the underflow concentrations. The products
at 120 s were selected to compare the performance indicators under different variables.

3.1. Effect of Overflow Backpressure on the Concentration Performance

Backpressure can increase the resistance for the fluid to enter the overflow pipe to
some degree, causing particles to stay longer for full separation. Table 3 shows the change
in the underflow concentration under different overflow backpressures.

Table 3. Changes in the underflow concentration under different overflow backpressures.

Overflow
Backpressure (kPa)

Underflow Concentration (%)

80 s 100 s 120 s 140 s 160 s

11 50.16 53.13 54.17 54.75 55.15
14 49.71 52.24 53.52 53.87 54.18
17 48.75 50.85 52.11 52.81 53.16
20 45.12 48.03 50.47 51.92 52.84
23 44.63 46.69 47.37 48.94 50.34

The underflow concentration decreased from 54.17% to 47.37% at 120 s because after
the overflow backpressure increased, the fluid discharge through the overflow pipe was
difficult, and more water entered the concentrated hopper, which lowered the concen-
tration in the concentrated hopper and thus reduced the underflow concentration after
the concentrating process. Analysis of Figure 4, which shows the effect of changes in the
overflow backpressure on the separation performance of the intermittent discharge con-
centrated hydrocyclone, revealed that increasing the overflow backpressure could reduce
the proportion of the solid phase in the overflow and decrease the overflow concentration
from 2.23% to 1.86%. With the increase in the overflow backpressure, the concentration
ratio decreased from 13.54 to 11.84. This finding indicates that an excessively high overflow
backpressure reduces the concentration efficiency of the hydrocyclone, which makes it
difficult to obtain a high-concentration underflow product. The total separation efficiency
was positively correlated with the backpressure. The overflow backpressure increased from
11 kPa to 23 kPa. The total separation efficiency increased by 9.53%, and the split ratio also
increased from 0.021 to 0.055, because the greater the overflow backpressure, the smaller
the overflow rate and the more easily particles enter the underflow instead of the overflow.
As a result, both the total separation efficiency and split ratio increase.

Table 4 shows how the content of −45 µm particles in the product at each outlet
changed with the overflow backpressure. The table indicates that with the increase in the
overflow backpressure, the content of −45 µm particles in the overflow increased from
86.32% to 90.47%, indicating that the particle size in the overflow gradually decreased.
The content of −45 µm particles in the underflow increased from 34.32% to 45.35%, and
the total efficiency decreased from 55.27% to 50.36%. After the overflow backpressure
increased, the upward resistance of the fluid rose and the axial velocity at the axis of the
hydrocyclone decreased so that the fine particles had difficulty in entering the overflow
pipe. On the other hand, increasing the overflow backpressure forced part of the fluid to
enter the concentrated hopper through the underflow orifice. In turn, the muddy overflow
was reduced to a certain extent, but the entrainment of fine particles by the underflow was
enhanced, resulting in an increase in the content of −45 µm particles in the underflow. The
table revealed that the contents of particles in the overflow and underflow at an overflow
backpressure of 11 kPa showed little difference from those at an overflow backpressure of
14 kPa. Therefore, the overflow backpressure at this moment did not have a large impact
on the trajectories of the fine particles.
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Figure 4. Effect of the overflow backpressure on the separation performance of the hydrocyclone.
(a) Product concentration. (b) Product distribution.

Table 4. Effect of the overflow backpressure on the classification performance of the hydrocyclone.

Overflow
Backpressure (kPa)

Content of −45 µm Particles (%) Comprehensive
Classification Efficiency (%)Overflow Underflow

11 86.32 34.02 55.27
14 86.97 35.95 55.02
17 87.08 38.09 53.57
20 89.66 42.93 52.38
23 90.47 45.35 50.36

3.2. Effect of Overflow Pipe Diameter on the Concentration Performance

As the main channel for the formation of the air column in the hydrocyclone, the
overflow pipe had a large influence on the concentration and separation performance of the
hydrocyclone. Figure 5 shows how the underflow concentration changed under different
overflow pipe diameters. Upon the analysis of the data in Table 5, changes in the overflow
pipe diameter had a great influence on the underflow concentration. With the increase in
the overflow pipe diameter, the underflow concentration increased from 41.35% to 56.97%
at 120 s, because when the overflow pipe diameter increased, the overflow rate increased,
and the amount of water entering the underflow decreased. As a result, the underflow
concentration became larger. Moreover, when the overflow pipe diameter reached 44 mm,
changes in the underflow concentration were no longer obvious after 100 s, which indicates
that a large overflow pipe diameter can help reduce the concentration time.

Figure 5 shows the impact of the overflow pipe diameter on the separation perfor-
mance of the hydrocyclone. The figure indicates that with the increase in the overflow pipe
diameter, the particles could more easily enter the overflow, and the proportion of the solid
phase in the overflow increased, with the concentration increasing from 1.73% to 2.31%
and the concentration ratio increasing from 10.58 to 14.24. Furthermore, the changes in
the overflow pipe diameter had a great influence on the total separation efficiency. With
the increase in the overflow pipe diameter, the total separation efficiency continuously de-
creased from 59.16% to 44.03%. When the overflow pipe diameter increased from 32 mm to
36 mm, the total separation efficiency sharply decreased, indicating that a large number of
solid particles were discharged from the overflow at this moment. The split ratio decreased
from 0.073 to 0.018, showing a large gradient because generally, the overflow pipe is the
main pressure outlet of the hydrocyclone. When its diameter increases, the overflow rate
changes considerably, which changes the underflow rate.
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Figure 5. Effect of the overflow pipe diameter on the separation performance of the hydrocyclone.
(a) Product concentration. (b) Product distribution.

Table 5. Changes in the underflow concentration under different overflow pipe diameters.

Overflow Pipe
Diameter (mm)

Underflow Concentration (%)

80 s 100 s 120 s 140 s 160 s

28 33.39 36.87 41.35 44.13 47.34
32 36.82 41.34 45.42 48.88 49.37
36 48.75 50.85 52.11 52.81 53.16
40 50.87 54.67 56.33 56.91 57.12
44 52.32 56.33 56.97 57.01 57.24

Table 6 indicates how the content of −45 µm particles in each product changed under
different overflow pipe diameters. The content of −45 µm particles in the overflow was
greatly affected by the changes in the overflow pipe diameter. With the increase in the
diameter, the content of −45 µm particles in the overflow decreased from 91.61% to 85.87%
(i.e., the particle size became larger). As the diameter increased, the overflow pipe had
a greater ability to draw particles, so the overflow flow rate also increased accordingly.
Some particles may even be directly carried by the fluid into the overflow pipe without
separation. On the other hand, when the effect of the inner vortex flow was enhanced,
particles could more easily leave the outer vortex flow and enter the inner vortex flow,
which led to an increase in the particle content in the overflow and a decrease in the particle
content in the underflow. As a result, the content of −45 µm particles declined from 49.64%
to 31.34%, and the total efficiency increased from 45.17% to 56.10%.

Table 6. Effect of the overflow pipe diameter on the classification performance of the hydrocyclone.

Overflow Pipe
Diameter (mm)

Content of −45 µm Particles (%) Comprehensive
Classification Efficiency (%)Overflow Underflow

28 91.61 49.64 45.17
32 88.93 42.25 52.26
36 87.08 38.09 53.57
40 86.33 34.18 55.18
44 85.87 31.34 56.10

3.3. Effect of Underflow Orifice Diameter on the Concentration Performance

The underflow orifice is an important outlet of the hydrocyclone. It determines
the number of particles entering the concentrated hopper from the hydrocyclone. It is
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also an important structure parameter that affects the concentration performance of the
hydrocyclone. Table 7 shows the underflow concentration under different underflow orifice
diameters. With the increase in diameter, the underflow concentration decreased from
57.33% to 47.21% at 120 s. At the same time, the change in the underflow concentration
when the diameter of the underflow orifice was 24 mm showed that the intermittent
discharge method makes it possible to have a high underflow concentration when a large
underflow orifice diameter is used. The table also indicates that when the underflow
orifice diameter is 12 mm, the underflow concentration began to show little change after
80 s. Therefore, a small underflow orifice can help improve the initial concentration of the
material in the concentrated hopper and reduce the time of concentration.

Table 7. Changes in the underflow concentration under different underflow orifice diameters.

Underflow Orifice
Diameters (mm)

Underflow Concentration (%)

80 s 100 s 120 s 140 s 160 s

12 56.32 57.04 57.33 57.91 58.29
15 51.87 55.13 55.68 56.03 56.34
18 48.75 50.85 52.11 52.81 53.16
21 41.96 46.87 48.31 51.76 52.01
24 40.47 42.53 47.21 49.98 51.38

As shown in Figure 6, in the process of increasing the underflow orifice diameter from
12 mm to 24 mm, the overflow concentration decreased slightly, from 2.21% to 1.97%, and
the concentration ratio decreased from 14.33 to 11.80. Additionally, with the increase in the
underflow orifice diameter, the total separation efficiency and split ratio gradually increased
from 46.61% to 52.95% and from 0.017 to 0.045, respectively. This increase occurred because
as the underflow orifice diameter increased, the subsequent features of the particles near
the underflow orifice were improved, and the particles therefore could more easily enter
the concentrated hopper with the fluid. As a result, the total separation efficiency and
underflow rate increased, and the split ratio increased accordingly. However, when the
underflow rate increased, the amount of water entering the underflow also increased,
which is not helpful for improving the underflow concentration.

Separations 2023, 10, 161 10 of 16 
 

 

  
(a) (b) 

Figure 6. Effect of the underflow orifice diameter on the separation performance of the hydrocy-
clone. (a) Product concentration. (b) Product distribution. 

Table 8 indicates changes in the content of −45 μm particles and the comprehensive 
classification efficiency of the product at each outlet under different underflow orifice di-
ameters. According to the data in the table, when the underflow orifice diameter increased 
from 12 mm to 24 mm, the content of −45 μm particles in the underflow increased from 
24.04% to 42.67%, and that in the overflow increased from 86.55% to 88.11%. This finding 
indicates that the particles in the overflow became fine. As the underflow orifice diameter 
increased, the downward resistance of the fluid decreased. In this case, the fine particles 
in the inner vortex flow could easily enter the underflow and flow to the concentrated 
hopper through the underflow orifice, leading to an increase in the content of fine particles 
in the underflow product. Calculations revealed that with the increase in the underflow 
orifice diameter, the comprehensive classification efficiency decreased from 61.18% to 
50.83%. 

Table 8. Effect of the underflow orifice diameter on the classification performance of the hydrocy-
clone. 

Underflow Orifice  
Diameters (mm) 

Content of −45 μm Particles (%) Comprehensive  
Classification Efficiency 

(%) Overflow Underflow 

12 86.55 24.04 61.18 
15 86.87 32.54 57.17 
18 87.08 38.09 53.57 
21 87.66 39.75 53.08 
24 88.11 42.67 50.83 

3.4. Effect of Feed Pressure on the Concentration Performance 
The feed pressure should be determined according to the material properties and 

requirements for the treatment capacity. An appropriate feed pressure can improve the 
separation size and underflow concentration of the hydrocyclone. In the experiment, the 
feed pressure of the hydrocyclone could be regulated through the inlet flow, which was 
controlled by changing the frequency of the slurry pump motor. The underflow concen-
trations under different pressures are shown in Table 9. The table indicates that as the 
pressure increased from 0.08 MPa to 0.16 MPa, the concentration increased from 46.06% 
to 54.53% at 120 s. At the same time, when the pressure was between 0.14 MPa and 0.16 
MPa, the underflow concentration changed little after 100 s. This finding indicates that the 
concentration time can be reduced by appropriately increasing the feed pressure. 

12 14 16 18 20 22 24
1.50

1.75

2.00

2.25

2.50

 Overflow concentration
 Underflow concentration ratio

Apex diameter (mm)

O
ve

rfl
ow

 c
on

ce
nt

ra
tio

n 
(%

)

11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0

 U
nd

er
flo

w
 c

on
ce

nt
ra

tio
n 

ra
tio

12 14 16 18 20 22 24
45

46

47

48

49

50

51

52

53

54

55

 Total separation efficiency
 Split ratio

Apex diameter (mm)

To
ta

l s
ep

ar
at

io
n 

ef
fic

ie
nc

y 
(%

)

0.00

0.01

0.02

0.03

0.04

0.05

 S
pl

it 
ra

tio

Figure 6. Effect of the underflow orifice diameter on the separation performance of the hydrocyclone.
(a) Product concentration. (b) Product distribution.

Table 8 indicates changes in the content of −45 µm particles and the comprehensive
classification efficiency of the product at each outlet under different underflow orifice
diameters. According to the data in the table, when the underflow orifice diameter increased
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from 12 mm to 24 mm, the content of −45 µm particles in the underflow increased from
24.04% to 42.67%, and that in the overflow increased from 86.55% to 88.11%. This finding
indicates that the particles in the overflow became fine. As the underflow orifice diameter
increased, the downward resistance of the fluid decreased. In this case, the fine particles in
the inner vortex flow could easily enter the underflow and flow to the concentrated hopper
through the underflow orifice, leading to an increase in the content of fine particles in the
underflow product. Calculations revealed that with the increase in the underflow orifice
diameter, the comprehensive classification efficiency decreased from 61.18% to 50.83%.

Table 8. Effect of the underflow orifice diameter on the classification performance of the hydrocyclone.

Underflow Orifice
Diameters (mm)

Content of −45 µm Particles (%) Comprehensive
Classification Efficiency (%)Overflow Underflow

12 86.55 24.04 61.18
15 86.87 32.54 57.17
18 87.08 38.09 53.57
21 87.66 39.75 53.08
24 88.11 42.67 50.83

3.4. Effect of Feed Pressure on the Concentration Performance

The feed pressure should be determined according to the material properties and
requirements for the treatment capacity. An appropriate feed pressure can improve the
separation size and underflow concentration of the hydrocyclone. In the experiment,
the feed pressure of the hydrocyclone could be regulated through the inlet flow, which
was controlled by changing the frequency of the slurry pump motor. The underflow
concentrations under different pressures are shown in Table 9. The table indicates that
as the pressure increased from 0.08 MPa to 0.16 Mpa, the concentration increased from
46.06% to 54.53% at 120 s. At the same time, when the pressure was between 0.14 Mpa and
0.16 Mpa, the underflow concentration changed little after 100 s. This finding indicates that
the concentration time can be reduced by appropriately increasing the feed pressure.

Table 9. Changes in the underflow concentration under different feed pressures.

Feed Pressures (MPa)
Underflow Concentration (%)

80 s 100 s 120 s 140 s 160 s

0.08 42.28 45.35 46.06 49.14 50.08
0.10 44.95 48.72 50.91 51.25 52.44
0.12 48.75 50.85 52.11 52.81 53.16
0.14 50.33 53.34 53.67 53.95 54.47
0.16 51.16 53.91 54.53 54.87 55.05

According to Figure 7, as the feed pressure increased, the overflow concentration
decreased from 2.21% to 1.93%, and the concentration ratio rose from 11.50 to 13.88, because
the increase in feed pressure improved the concentration of the material itself to form a
high-concentration layer at the bottom of the concentrated hopper. Hence, the concentration
ratio increased. With the increase in feed pressure, the total separation efficiency increased
from 46.75% to 53.61%. When the feed pressure increased, the tangential velocity of the
fluid was improved, and the centrifugal force field was enhanced, which caused some
fine particles to overcome the centripetal force and move toward the wall surface to enter
the outer vortex flow and finally enter the concentrated hopper through the underflow
orifice. Then, the total separation efficiency increased. It is inevitable that increasing the
feed pressure improves the treatment capacity of the hydrocyclone. Since most of the fluid
flows out from the overflow pipe, the overflow rate increases more than the underflow rate,
causing the split ratio to decrease.
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Figure 7. Effect of the feed pressure on the separation performance of the hydrocyclone. (a) Product
concentration. (b) Product distribution.

Table 10 shows the changes in the content of −45 µm particles and the comprehensive
classification efficiency of each product under different feed pressures. According to the
data in the table, when the pressure increased from 0.08 MPa to 0.16 MPa, the particle
content in the overflow changed little, the content of −45 µm particles in the underflow
increased from 35.88% to 40.27%, and the comprehensive classification efficiency decreased
slightly from 54.83% to 52.55%. Therefore, with the increase in feed pressure, the tangential
velocity increased, the ability of the outer vortex flow to capture fine particles improved, the
content of fine particles in the underflow increased, and the separation size was reduced.

Table 10. Effect of the feed pressure on the classification performance of the hydrocyclone.

Feed Pressures
(MPa)

Content of −45 µm Particles (%) Comprehensive
Classification Efficiency (%)Overflow Underflow

0.08 86.82 35.88 54.83
0.10 87.01 37.43 53.98
0.12 87.08 38.09 53.57
0.14 87.33 38.74 53.41
0.16 87.66 40.27 52.55

3.5. Parameter Optimization Test

According to the single-factor test results, the influence of different variables on the
concentration performance of the hydrocyclone will vary. A comprehensive test requires
an enormous amount of work. An orthogonal test features a fast speed, high accuracy, and
small amount of workload. Accurate and reliable optimal parameter combinations can be
identified by designing an orthogonal table and arranging a multifactor orthogonal test.
A four-factor and three-level orthogonal test was arranged in this paper (feed pressure:
0.10 MPa, 0.12 MPa, and 0.14 MPa; underflow orifice diameter: 15 mm, 18 mm, and 21 mm;
overflow backpressure: 14 kPa, 17 kPa, and 20 kPa; and overflow pipe diameter: 32 mm,
36 mm, and 40 mm). For the arrangement of the orthogonal test, see Table 11.
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Table 11. Orthogonal test.

Number Feed
Pressure (MPa) A

Underflow
Orifice Diameter

(mm) B

Overflow
Backpressure

(kPa) C

Overflow Pipe
Diameter (mm) D

Underflow
Concentration (%)

Total
Separation

Efficiency (%)

1 1 (0.10) 1 (15) 1 (14) 1 (32) 54.81 46.66
2 1 (0.10) 2 (18) 2 (17) 2 (36) 50.91 47.13
3 1 (0.10) 3 (21) 3 (20) 3 (40) 49.33 53.85
4 2 (0.12) 1 (15) 2 (17) 3 (40) 55.68 46.84
5 2 (0.12) 2 (18) 3 (20) 1 (32) 50.47 52.06
6 2 (0.12) 3 (21) 1 (14) 2 (36) 53.82 47.05
7 3 (0.14) 1 (15) 3 (20) 2 (36) 52.24 48.43
8 3 (0.14) 2 (18) 1 (14) 3 (40) 56.46 48.18
9 3 (0.14) 3 (21) 2 (17) 1 (32) 51.18 55.29

3.5.1. Optimization of the Underflow Concentration

Table 12 shows the analysis results of the orthogonal test data with the underflow
concentration as the response. According to the range values in the table, the underflow
concentration was affected by factors in the following order: overflow backpressure >
underflow orifice diameter > overflow pipe diameter > feed pressure. The overflow
backpressure had the greatest influence on the underflow concentration, with the R value
reaching 4.35, because the overflow backpressure determines the resistance of the fluid
entering the overflow pipe. When the overflow backpressure decreased, less water phase
entered the concentrated hopper through the underflow orifice, which led to an increase
in the underflow concentration. The second most influential factor was the underflow
orifice diameter, with an R value of 2.81. When the underflow orifice diameter changed, the
trajectories of particles in both the inner and outer vortex flows changed, which determines
the number of particles that enter the concentrated hopper and thus affects the underflow
concentration. Changes in the overflow pipe diameter had a large influence on the split
ratio, causing the underflow concentration to change. The feed pressure showed the lowest
impact on the underflow concentration. When it increased, the treatment capacity of the
hydrocyclone increased, as did the flow at each outlet, which finally affected the material
ratio in the overflow and underflow. According to the optimal values, when the underflow
concentration is regarded as an evaluation indicator, the optimal parameter combination
is as follows: feed pressure of 0.12 MPa, underflow orifice diameter of 15 mm, overflow
backpressure of 14 kPa, and overflow pipe diameter of 40 mm.

Table 12. Analysis of the orthogonal test data with the underflow concentration as the response.

Feed Pressure
(MPa)

Underflow Orifice
Diameter (mm)

Overflow
Backpressure (kPa)

Overflow Pipe
Diameter (mm)

K1j 155.05 162.73 165.09 156.46
K2j 159.97 157.84 157.77 156.97
K3j 159.88 154.33 152.04 161.47
k1j 51.68 54.24 55.03 52.15
k2j 53.32 52.61 52.59 52.32
k3j 53.29 51.43 50.68 53.82
R 1.64 2.81 4.35 1.67

Optimal values A2 B1 C1 D3

3.5.2. Optimization of the Total Separation Efficiency

Table 13 shows the analytical results of the orthogonal test data with the total sepa-
ration efficiency as the response. From the range value R, factors that affected the total
separation efficiency of the hydrocyclone were obtained in the following order: underflow
orifice diameter > overflow backpressure > overflow pipe diameter > feed pressure. When
a concentrated hopper with a large diameter was used, the discharge flow of the material
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mainly depended on the underflow orifice diameter. When the underflow orifice diameter
increased, the flow rate at the underflow orifice increased, and the number of concentrated
particles entering the concentrated hopper through the underflow orifice increased, which
finally resulted in a higher total separation efficiency. The second most influential factor
that affected the total separation efficiency was the overflow backpressure. A large overflow
backpressure could reduce the number of particles that enter the overflow to some degree
and force them to be discharged from the underflow, thus increasing the proportion of
solid particles in the underflow. An overflow pipe with a smaller diameter led to a smaller
overflow rate so that more fluid entered the concentrated hopper through the underflow
orifice to improve the total separation efficiency. The feed pressure had the lowest impact
on the total separation efficiency. The larger the feed pressure, the stronger the centrifugal
force field in the hydrocyclone, which is beneficial for the centrifugal separation of particles
by reducing the number of fine particles entering the inner vortex flow and increasing the
solid content in the underflow. For actual production that focused on improving the total
separation efficiency, the optimal parameter combination was as follows: feed pressure
of 0.14 MPa, underflow orifice diameter of 21 mm, overflow backpressure of 20 kPa, and
overflow pipe diameter of 32 mm.

Table 13. Analysis of the orthogonal test data with the total separation efficiency as the response.

Feed Pressure
(MPa)

Underflow Orifice
Diameter (mm)

Overflow
Backpressure (kPa)

Overflow Pipe
Diameter (mm)

K1j 147.64 141.93 141.89 154.01
K2j 145.95 147.37 149.26 142.61
K3j 151.90 156.19 154.34 148.87
k1j 49.21 47.31 47.29 51.33
k2j 48.65 49.13 49.75 47.53
k3j 50.63 52.06 51.44 49.62
R 1.98 4.75 4.15 3.80

Optimal values A3 B3 C3 D1

4. Conclusions

This paper studied the influence of the structure parameters and process parameters
on the separation performance of an intermittent discharge concentrated hydrocyclone
through experimental testing. The conclusions are as follows:

1. When the overflow backpressure increased, both the overflow concentration and
underflow concentration decreased, both the total separation efficiency and split ratio
increased, and the content of the −45 µm particles in the underflow significantly
increased.

2. When the overflow pipe diameter increased from 28 mm to 44 mm, the underflow
concentration and overflow concentration increased to varying degrees. The split
ratio decreased significantly, the particle size in the underflow became larger, and the
total separation efficiency decreased.

3. A small underflow orifice diameter could improve the underflow concentration and
reduce the time of concentration. Increasing the feed pressure could improve both the
concentration ratio and total separation efficiency.

4. The underflow concentration was influenced by various factors in the following order:
overflow backpressure > underflow orifice diameter > overflow pipe diameter >
feed pressure.

5. The total separation efficiency was influenced by various factors in the following
order: underflow orifice diameter > overflow backpressure > overflow pipe diameter
> feed pressure.
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