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Abstract: A novel hydrocyclone sand washer featured by connecting a cylindrical hydrocyclone and
a conical-cylindric hydrocyclone in series was developed to improve the poor grading performance in
current machine-made sand processing technology. The former hydroycyclone with a flat bottom was
designed to enhance the centrifugal intensity, thereby achieving the pre-grading of fine and coarse
particles and ensuring the discharge of most fine mud particles from the overflow pipe. The latter
hydrocyclone was designed to achieve the secondary fine separation and therefore reduce the content
of fine particles in the underflow product. Firstly, the flow field inside the consecutive hydrocyclones
was simulated using an RSM and VOF model. The DPM model was introduced to trace the particle
motion trajectory and validate the feasibility of hydrocyclone separation. Then, the experimental
study was performed using the control variable method, and the effects of the first-section overflow
pipe diameter, the feeding rate, and the mud–sand mixing ratio on the desliming performance were
examined. Results show that the content of particles with a diameter of below 75 µm in the second-
section underflow drops significantly after the separation in the hydrocyclone sand washer. When
the first-section overflow pipe diameter, the feeding rate, and the mud–sand mixing ratio are set to
34 mm, 60 kg/h and 1:1, respectively, the desliming rate of the novel hydrocyclone sand washer can
reach 94.31% and the loss rate of quartz sand is only 1.28%.

Keywords: hydrocyclone sand washer; desliming performance; particle motion trajectory; loss rate
of quartz sand

1. Introduction

Sand usage in concrete has increased significantly with the booming construction
industry. Due to the growing shortage of river sand as a natural resource, it is necessary
to seek a favorable substitute for natural sand [1–3]. Meanwhile, the increasingly high
demands for environmental protection also set high requirements on devices, thereby
promoting the rapid industry development of dry technology for sand production and
wet methods for sand washing. However, the quality of the machine-made sand is far
from the necessary requirements as the content of mud in the sand significantly affects its
performance [4–7]. As the amount of mud in the sand has different degrees of harmful
effects on the mechanical properties of concrete, it has been limited in various countries;
for example in China its maximum limit is 10% [8,9].

In order to improve the quality of the machine-made sand, scholars all over the world
have conducted a great deal of theoretical and experimental studies [10–12]. Shi et al. [13]
adopted the fine-grinding water-quenched blast furnace slags as aluminosilicate materials
and used air-cooled blast furnace slag to replace the alkali active mortar made from the
full-volume slags, which can effectively reduce the mud content. Xu et al. [14] significantly
improved the quality of machine-made sand by mixing it with river sand. Arulmoly
et al. [15] have studied the way of mixing the machine-made sand with offshore sand.
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However, there still certain shortcomings exhibited in the above methods, i.e., high energy
consumption, low production, complex devices, and serious wear.

To improve the recovery of concentrates, most researchers have used various methods
such as desliming, flotation and filtration during mineral separation. Han et al. [16,17] used
flotation to greatly improve the recovery of chalcopyrite. Hydroyclones have been widely
used in processes such as desliming and flotation due to their simple structure, absence
of moving parts and high separation efficiency [18–21]. Tao et al. [22] used hydrocyclones
to remove the fine particles below 45 µm in the material, and verify its feasibility for
carrying out fine-grained desliming and sorting. Although hydrocyclones have many
advantages, they also have some defects such as small separation size range. For the
separation of particles with complex working conditions, it is always difficult for a single-
section hydrocyclone to meet the production demand of high-precision separation [23] due
to the complex particle composition in the mechanism sand.

A single-section hydrocyclone can hardly satisfy the desliming requirements on
machine-made sand. For this reason, this study connected a cylindrical hydrocyclone
and a conical-cylindric hydrocyclone in series for grading treatment of the machine-made
sand. The underflow port of the first-section hydrocyclone was connected to the inlet of the
second-section hydrocyclone. To be specific, the former used the water as a medium and
it was characterized by a tangential bottom, aiming to enhance the centrifugal intensity,
thereby achieving the pre-grading of fine and coarse particles and ensuring the discharge
of most fine-mud particles with the size of below 75 µm from the overflow port; the latter
was to enhance the downward flowing resistance of fluid, which can achieve the secondary
fine separation of materials and reduce the content of fine mud in the underflow product
of the second-section hydrocyclone. It also ensured that the content of particles with the
size of below 75 µm is less than 10%.

2. Materials and Methods
2.1. Hydrocyclone Sand Washer

Figure 1 displayed the structure of the hydrocyclone sand washer, from which it can
be observed that the sand washer includes two sections. In the first-section hydrocyclone
(cylindrical), a V-shape feeding groove and a tangential underflow pipe were set at the top
of the hydrocyclone, while the overflow pipe and the tangential medium water inlet were
set at the bottom. The second-section hydrocyclone (conical-cylindric) mainly consisted
of the upper cylinder and the lower cone, in which the overflow port was set at the top
of the cylinder and the underflow port was set at the bottom of the cone. The feeding
inlet of the second-section hydrocyclone was connected with the underflow port of the
first-section hydrocyclone. In order to facilitate the analysis of the variation law of the
internal flow field in the hydrocyclone sand washer under different structural parameters,
two characteristic sections were defined, respectively, near the overflow port of the first-
section hydrocyclone (Z1, z = 120 mm) and at the lower section of overflow port of the
second-section hydrocyclone (Z2, z = 485 mm), as shown in Figure 2.

As can be seen from the figure, waters enter into the first-section hydrocyclone along
the tangential direction under certain pressure, and the fluid domains of some flow fields
including outer and inner rotational flows can be generated in the first-section hydrocyclone.
The quartz sand with mud is then fed by self-gravity from the V-shaped feeding groove.
Due to the effects of density difference and pressure, most of the fine mud and a few
of fine-graded quartz sand are discharged from the overflow port of the first-section
hydrocyclone under the action of inner rotational flow; and then, some of the unseparated
fine mud and a great amount of quartz sand move gradually towards the inclined top
under the action of outer rotational flow and arrive at the underflow port of the first-section
hydrocyclone. Under the residual pressure generated at the underflow port of the first-
section hydrocyclone, the fine mud and the quartz sand are fed into the second-section
hydrocyclone for fine separation. On account of different proportions of water, quartz
sand and fine mud, some fine mud and a small amount of fine-graded quartz sand are
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discharged from the overflow port of the second-section hydrocyclone, and therefore, high-
quality quartz sand and a tiny amount of fine mud are discharged from the underflow
port of the second-section hydrocyclone. Table 1 lists the main structural parameters of the
hydrocyclone sand washer.
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Table 1. Main structural parameters of the hydrocyclone sand washer.

Section Structural Parameter Value/mm

The first-section hydrocyclone

Diameter of the column D1 100
Diameter of the water inlet d1i 21

Diameter of the overflow pipe d1o 30, 34, 39
Insert depth of the overflow pipe h1 77

Diameter of the feeding tube d’1i 32
Length of the column H1 545

The second-section
hydrocyclone

Equivalent diameter of the connecting
tube between two sections d2i

20

Diameter of the column D2 75
Diameter of the overflow pipe d2o 30

Diameter of the underflow port d2u 15
Insert depth of the overflow pipe h2 55

Cone angle/◦ 15

2.2. Numerical Simulation

Although the structure of the hydrocyclone was simple, the internal flow field and
particle movement were extremely complex [24–26]. Therefore, this study carried out a
numerical simulation to simulate the internal flow field and particle trajectory, aiming to
provide a theoretical basis for further experimental research. Taking the hydrocyclone sand
washer as a research object, this study established a model and generated the hexahedral
meshes with ICEM. After passing the independence test, the total number of meshes was
determined as 1.44× 105, and the meshed results are shown in Figure 3. Using the FLUENT
19.0 software, two phases consisting of gas and liquid were simulated, in which the RSM
model was selected as the turbulence model and the VOF model was used for multi-phase
flow simulation. The inlet of water phase adopted ‘Velocity Inlet’ of 4 m/s. The overflow
ports in the first- and second-sections, and the underflow port in the second-section were
set as the ‘Pressure Outlet’. The backflow coefficient at the pressure outlet was set to one to
ensure the air can enter into the hydrocyclone sand washer from at least an outlet.

Separations 2022, 9, x FOR PEER REVIEW 4 of 18 
 

 

Table 1. Main structural parameters of the hydrocyclone sand washer. 

Section Structural Parameter Value/mm 

The first-section 

hydrocyclone 

Diameter of the column D1 100 

Diameter of the water inlet d1i 21 

Diameter of the overflow pipe d1o 30, 34, 39 

Insert depth of the overflow pipe h1 77 

Diameter of the feeding tube d’1i 32 

Length of the column H1 545 

The second-section 

hydrocyclone 

Equivalent diameter of the connecting tube 

between two sections d2i 
20 

Diameter of the column D2 75 

Diameter of the overflow pipe d2o 30 

Diameter of the underflow port d2u 15 

Insert depth of the overflow pipe h2 55 

Cone angle/° 15 

2.2. Numerical Simulation 

Although the structure of the hydrocyclone was simple, the internal flow field and 

particle movement were extremely complex [24–26]. Therefore, this study carried out a 

numerical simulation to simulate the internal flow field and particle trajectory, aiming to 

provide a theoretical basis for further experimental research. Taking the hydrocyclone 

sand washer as a research object, this study established a model and generated the hex-

ahedral meshes with ICEM. After passing the independence test, the total number of 

meshes was determined as 1.44 × 105, and the meshed results are shown in Figure 3. Us-

ing the FLUENT 19.0 software, two phases consisting of gas and liquid were simulated, 

in which the RSM model was selected as the turbulence model and the VOF model was 

used for multi-phase flow simulation. The inlet of water phase adopted ‘Velocity Inlet’ of 

4 m/s. The overflow ports in the first- and second-sections, and the underflow port in the 

second-section were set as the ‘Pressure Outlet’. The backflow coefficient at the pressure 

outlet was set to one to ensure the air can enter into the hydrocyclone sand washer from 

at least an outlet. 

The wall surface followed the no-slip boundary conditions while the pres-

sure-velocity coupled pattern and the pressure discrete pattern were described using the 

SIMPLE algorithm and PRESTO, respectively. The other control equations adopted the 

QUICK pattern with third-order precision to achieve fast convergence. The time step was 

set as 1 × 10 − 4. The flow equilibrium between the outlet and inlet was set as the con-

vergence basis. After the simulation model reached convergence, the DPM model was 

introduced to trace the particle trajectory [27,28]. In this study, the motions of five dif-

ferent sizes of particles were simulated in the hydrocyclone sand washer to validate the 

applicability of the device. 

 

Figure 3. Mesh generation. 
Figure 3. Mesh generation.

The wall surface followed the no-slip boundary conditions while the pressure-velocity
coupled pattern and the pressure discrete pattern were described using the SIMPLE algo-
rithm and PRESTO, respectively. The other control equations adopted the QUICK pattern
with third-order precision to achieve fast convergence. The time step was set as 1 × 10−4.
The flow equilibrium between the outlet and inlet was set as the convergence basis. After
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the simulation model reached convergence, the DPM model was introduced to trace the
particle trajectory [27,28]. In this study, the motions of five different sizes of particles were
simulated in the hydrocyclone sand washer to validate the applicability of the device.

2.2.1. RSM Model

The RSM model removes the assumption of isotropic vortex viscosity and establishes
the Reynolds stress partial differential equation. The RSM model has better applicability
for describing complex three-dimensional flows with strong cyclonic curves and strong
rotation. The RSM control equation is shown in Equation (1):

∂

∂t

(
ρu′iu

′
j

)
+

∂

∂xk

(
ρu′iu

′
j

)
= DT,ij + DL,ij + Pij + Gij + φij + εij + Fij (1)

Of which, the turbulent kinetic energy diffusion term:

DT,ij = −
∂

∂xk

[
ρu′iu

′
ju
′
k + p′u′iδkj + p′u′jδjk

]
(2)

Molecular viscous diffusion term:

DL,ij =
∂

∂xk

[
µ

∂

∂xk

(
u′iu
′
j

)]
(3)

Shear stress generating term.

Pij = ρ

(
u′iu
′
k

∂uj

∂xk
+ u′ju

′
k

∂ui
∂xk

)
(4)

Buoyancy generation term.

Gij = −ρβ
(

giu′jθ + gju′iθ
)

(5)

Pressure strain terms.

φij = p′
(

∂u′i
∂xj

+
∂u′j
∂xi

)
(6)

Viscous dissipation term.

εij = −2µ
∂u′i∂u′j
∂xk∂xk

(7)

Rotational generation term for fluids.

Fij = −2ρΩk

(
u′ju
′
meikm + u′iu

′
jeikm

)
(8)

2.2.2. VOF Model

The VOF model is a simplified Eulerian model for the solution of two-phase or multi-
phase fluids that are mutually immiscible, and the simulated fluid domain space is filled
by each phase of fluid. The size of the control volume occupied by each phase of fluid
is the volume fraction of the simulated fluid domain, so the sum of the volume fraction
is one. The formula is shown in Equation (9); by solving the continuous phase equation,
the volume fraction of each phase changes sharply and the partition layer between the
immiscible fluids is obtained.

n

∑
q=1

αq = 1 (9)
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Of which, αq is the volume fraction of the qth phase within the fluid micro-element.

2.2.3. DPM Model

The DPM model uses the Euler-Lagrange method, which treats the fluid as the contin-
uous phase and the solid particles as the discrete phase. It tracks the solid particle phase by
setting up a force balance around the particle phase to obtain the particle motion trajectory,
which can be written as

d
→
up

dt
=

→
u − →up

τr
+

→
g
(
ρp − ρ

)
ρp

+
→
F (10)

Of which,
→
F is an additional acceleration term and

→
u−→up

τr
is the drag force per unit

particle mass.

τr =
ρpd2

p

18µ

24
CdRe

(11)

Of which, τr is the particle relaxation time,
→
up is the particle velocity,

→
u is the fluid

velocity, µ is the fluid viscosity, ρ is the fluid density, ρp is the particle density, dp is the
particle size, Re is the relative Reynolds number, and is given by

Re =
ρdp

∣∣∣→up −
→
u
∣∣∣

µ
(12)

2.3. Test Method
2.3.1. Test System

Figure 4 showed the scheme of the test system and photo of the hydrocyclone sand
washer in the study. The whole device mainly consisted of the water sink, the pipe system,
the submersible pump, the pressure gauge, the hydrocyclone sand washer, and the vibrating
feeder. The hydrocyclone sand washer was arranged at an angle of 30◦ to the horizontal
ground. Under normal temperature conditions, water was pumped into the hydrocyclone
sand washer through the pipe system using the submersible pump, and the inlet water
pressure was controlled at 0.10 MPa by adjusting the waterway switch. The vibrating
feeder was installed on the top of the V-shaped feeding groove, controlling the feeding rate
by adjusting the vibration frequency.
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2.3.2. Test Mate Rials

In this study, the mud–sand mixture samples mainly composed of SiO2 and CaCO3
were used. The density of quartz sand for the experiment was 2650 kg/m3. After sieving,
the particle sizes of quartz sand were measured, and the distributions were shown in Table 2.
The particle sizes of the mixed mud were measured by a laser particle sizer BT-9300S, and
the distributions were listed in Table 3.

Table 2. Distribution of particle sizes of quartz sand.

Particle Size (µm) −25 25~75 75~100 100~150 150~200 200~250 250~300 +300

Mud content within the
particle size range (%) 0.88 2.27 9.10 9.84 20.43 26.55 20.31 10.62

Negative accumulative
contents (%) 0.88 3.15 12.25 22.09 42.52 69.07 89.38 100

Table 3. Distribution of particle sizes of mud.

Particle Size (µm) −1 1~5 5~10 10~20 20~45 45~75 75~100 +100

Mud content within the
particle size range (%) 2.26 20.90 13.56 19.61 27.23 13.08 2.92 0.44

Negative accumulative
contents (%) 2.26 23.16 36.72 56.33 83.56 96.64 99.56 100

As shown in Table 2, in the quartz sand, the particles with a size below 75 µm occupied
3.15%, while the particles with a size between 75 and 100 µm occupied 9.10%, suggesting
a large proportion of coarse particles in the quartz sand. From Table 3, in the mud, the
particles with a size less than 45 µm occupied 83.56%, while the particles with a size less
than 75 µm occupied 96.64%, suggesting a large proportion of fine particles in the mud. By
combining Tables 2 and 3, it can be concluded that the quartz sand particles were coarser
than the mud particles.

2.3.3. Test Design

Using the control variable method, the diameter of the first-section overflow port, the
feeding rate, and the mud–sand mixing ratio were adjusted to explore the distribution rules
and separation performances of the desliming effect of the developed hydrocyclone sand
washer. Specifically, the diameters of the first-section overflow pipe were set to 30 mm,
34 mm and 39 mm, the mud–sand mixing ratios were set to 3:7, 2:3, 1:1, 3:2 and 7:3, and
the feeding rates were controlled by adjusting the vibrating frequency of the vibrating
feeder and set to 30 kg/h, 45 kg/h, 60 kg/h, 75 kg/h and 90 kg/h, respectively. When
the hydrocyclone sand washer operated stably, materials were added and the sediments
from the second-section underflow port were collected. After weighing the sediments via
filtering and drying, the particle size distributions of the final products were analyzed by
the laser particle sizer and then compared with the values of feeding materials, thereby
calculating the desliming rate of the novel hydrocyclone sand washer and the loss rate of
quartz sand.

3. Results and Discussion
3.1. Numerical Simulation and Analysis
3.1.1. Air Core

Figure 5 displays the forming process of the air core in the hydrocyclone sand washer
at an inlet velocity of 4 m/s. Under certain pressure, water first entered into the first-section
hydrocyclone along the tangential direction, then took the spiral rotation motion along an
obliquely upward direction along the inner wall, and gradually moved towards the inside.
The air at the center of the hydrocyclone sand washer decreased as fluid gradually filled the
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hydrocyclone. At 2 s, a great amount of water entered into the second-section hydrocyclone
and performed a rotation along the inner wall of the second-section hydrocyclone; as the
fluid gradually filled the hydrocyclone, a great amount of air was discharged from the
second-section overflow pipe, and the air core began to form. At 3.5 s, the flow field in the
second-section hydrocyclone reached the stable state and a stable air core was formed; at the
meantime, the flow field in the first-section hydrocyclone gradually tended to be stable and
the air core began to form. At 4 s, the water flow rotated in the first-section hydrocyclone at
a high speed and the inner air was gradually discharged from the first-section overflow
pipe; the pressure at the center was gradually lower than atmospheric pressure, micro-
pressure appeared at the feeding inlet, and the top air core gradually moved towards the
feeding inlet. At 5 s, the flow field in the first-section hydrocyclone reached the stable state
and formed a stable air core. It can be easily observed from the forming process of air cores
in the hydrocyclone sand washer that, the air core in the second-section hydrocyclone was
more rapidly formed than that in the first-section hydrocyclone.
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Figure 5. Illustration of the formation of air core in the hydrocyclone sand washer.

3.1.2. Axial Velocity

The axial velocity determines the residence time of the particles, and also has an
important influence on the overflow and underflow rate, which in turn affects the separation
effect. Figure 6 shows the axial velocity change law at Z1 and Z2 cross-section under the
condition of different overflow pipe diameters of the first-section hydrocyclone. The
positive and negative values represent the direction of the axial velocity. When the value is
positive, the fluid flows towards the overflow port and forms the internal swirl; vice versa,
when the value is negative, the fluid flows towards the underflow pipe and forms the
external swirl. As can be seen from the graph, the axial velocity is negatively correlated with
the overflow pipe diameter. As increasing the overflow pipe diameter, the axial velocity of
the first-section hydrocyclone is significantly reduced, while the axial velocity of the second-
section hydrocyclone show a slight reduction tendency. Therefore, when increasing the
diameter of the overflow pipe, the axial velocity of the first-section hydrocyclone decreases,
which is conducive to prolonging the time for the particles to enter the second-section
hydrocyclone after a sufficient separation process. Thus, it is beneficial to reduce the content
of fine-grained particles in the bottom flow and improve the desliming rate.
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3.1.3. Tangential Velocity

Figure 7 shows the variation law of the tangential velocity at Z1 and Z2 cross-section
under the condition of different overflow pipe diameters of the first-section hydrocyclone.
As can be seen from the figure, with the increase in the overflow pipe diameter, the
maximum tangential velocity of both hydrocyclones decreases gradually. Compared to
the first-section hydrocyclone, the tangential velocity of the second-section hydrocyclone
decreases slightly. Also, the radial position of the maximum tangential velocity of the first-
section hydrocyclone gradually migrates towards the wall as the overflow pipe diameter
increases. The tangential velocity determines the strength of the centrifugal force field,
which is the basic premise of cyclonic separation. In the process of particle separation,
the stronger the centrifugal force field, the greater the centrifugal force on the particle, the
easier it migrates into the outer swirl. Therefore, increasing the overflow pipe diameter
of the first-section hydrocyclone reduces the tangential velocity, decreases the strength
of the centrifugal force field and increases the separation size, which is not conducive to
fine-grained sand entering the underflow. Obviously, it may lead to increasing sand loss
rate in the underflow product.
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From the trend of the axial velocity and the tangential velocity, it can be concluded
that, although increasing the overflow pipe diameter of the first-section hydrocyclone is
beneficial for extending the separation time of the particles, it may also reduce the strength
of the centrifugal force field, leading to fine-grained sand loss in the underflow product.

3.1.4. Particle Motion Trajectory

In the simulation, five different sizes of particles were set at the feeding inlet to simulate
the motion paths in the inner flow field, and the results were shown in Figure 8. As shown
in Figure 8, the particles with a diameter of 25 µm were discharged from the overflow port
of the first-section hydrocyclone; for the particles with a diameter of 45 µm, one part was
discharged from the overflow port of the first-section hydrocyclone under the action of
the inner rotational flow, and the other part entered into the second-section hydrocyclone
under the action of the outer rotational flow and then discharged together with the particles
with a diameter of 60 µm from the overflow port of the second-section hydrocyclone under
the action of the inner rotational flow. This can be attributed to the formation of circulating
flow at the end of the overflow pipe of the cylindrical hydrocyclone. The solid-phase
particles can form a circulating fluidized bed in the circulating flow. Coarse particles can
pass through the fluidized bed and enter into the outer rotational flow field; while fine
particles cannot penetrate the fluidized bed and enter into the overflow in the first-section
hydrocyclone via the inner rotational flow. As the particle size increased to 75 µm, particles
can be discharged from the underflow port of the second-section hydrocyclone under the
outer rotational flow in the conical-cylindric hydrocyclone. This is due to the fact that the
lower part of the conical-cylindric hydrocyclone was an inverted cone, the sectional area
gradually decreased downwards, the flow speed increased, accompanied with the enhanced
centrifugal force field and the increase in particle downward resistance; accordingly, fine
particles failed to overcome the resistance and discharged from the overflow port of the
second-section hydrocyclone under the action of inner rotational flow, although coarse
particles successfully overcame the resistance and entered into the underflow of the second-
section hydrocyclone under the action of outer rotational flow. The simulation results of
particle motion trajectories also validated the feasibility of the present hydrocyclone sand
washing model.
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3.2. Test Results and Analysis

For analysis, taking the content of particles with a diameter below 75 µm in the
overflow (the first-section overflow and the second-section overflow) as the desliming rate,
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and the content of particles with a diameter of above 75 µm in the overflow as the loss rates
of quartz sand.

3.2.1. Effects of the First-Section Overflow Pipe Diameter on the Desliming Performance

The diameter of the overflow pipe is an important structural parameter that affects the
separation performance of the hydrocyclone sand washer. In the test, the mud–sand mixing
ratio was set to 1:1, the feeding rate was set to 45 kg/h, and the diameter of the first-section
overflow pipe was set to 30 mm, 34 mm and 39 mm, respectively. We calculated the particle
size, the classification efficiency, the desliming rate and the quartz sand loss rate of the
second-section underflow product under different overflow pipe diameter. The results
were as shown in Table 4, Figures 9 and 10, respectively.

Table 4. Effect of the first-section overflow pipe diameter on cumulative particle size content.

Particle Size (µm) −25 25~75 75~100 100~150 150~200 200~250 250~300 +300

The first-section overflow
pipe diameter (mm)

30 8.15 10.46 21.46 30.41 56.69 80.61 94.32 100
34 6.44 9.57 19.37 29.54 55.12 79.33 93.66 100
39 5.65 9.24 18.75 28.12 51.95 75.12 93.32 100
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Table 4 shows the cumulative particle size content of the second-section underflow
product at a different first-section overflow pipe diameter. It can be seen from the table,
with the increase in the first-section overflow pipe diameter, the content of particles with
a diameter of below 75 µm in the product gradually decreased by 1.22% from 10.46% to
9.24%. The content of particles with a diameter between 75 µm and 250 µm decreased by
4.27% from 70.15% to 65.88%, the content showed an obvious reduction tendency. While
the content of particles with a diameter of above 250 µm showed a slow reduction tendency.
When the first-section overflow pipe diameter was set to 30 mm, the content of particles
with a diameter of below 75 µm of the second-section underflow was higher than 10%. As
can be seen from Figure 9, the classification efficiency curve moved gradually towards the
right with the increase in the first-section overflow pipe diameter, increasing the separation
size and decreasing the content of fine particles in the underflow.

As shown in Figure 10, as the diameter of the overflow pipe increased from 30 mm
to 39 mm, the desliming rate of the hydrocyclone sand washer increased gradually from
93.03% to 95.15%, and the loss rate of quartz sand increased by 4.13% from 4.83% to 8.96%.

This is due to the fact that, when the diameter of the first-section overflow pipe was
small, the distribution amount of the first-section overflow decreased, and the centrifugal
force field was stronger as a result of the larger tangential velocity, thereby increasing
the centrifugal force on the particles. Under the action of the outer rotational flow, the
probability of the fine-size particles entering into the second-section hydrocyclone increased,
increasing the content of fine particles in the second-section underflow, leading to the low
desliming rate. As the diameter of the first-section overflow pipe increased, the distribution
amount of the first-section overflow increased, and the centrifugal force field was weaker
due to the smaller tangential velocity. Although the phenomenon of fine particles mixed in
the second-section underflow was alleviated, the probability of fine-grained quartz sand
entering the first-section overflow increased, leading to more quartz sand loss. This result
is in accordance with the simulated results shown in Figures 6 and 7. In this study, on
the conditions of keeping the loss rate of quartz sand during the separation process as the
top priority and simultaneously ensuring a certain desliming rate, we choose the 34 mm
overflow pipe for the experiment.

3.2.2. Effects of the Feeding Rate on the Desliming Performance

The feeding rate was varied by adjusting the vibrating frequency of the vibrating feeder
to derive the effects of the feeding rate on the desliming performance of hydrocyclone sand
washer. As described above, the diameter of the first-section overflow pipe was determined
as 34 mm through a comparison of the desliming performance. Next, using the materials
with a mud–sand mixing ratio of 1:1, the simulation was performed when the feeding rates
were set to 30 kg/h, 45 kg/h, 60 kg/h, 75 kg/h and 90 kg/h, respectively. The particle
size, the classification efficiency, the desliming rate and the quartz sand loss rate of the
second-section underflow product were calculated. The results were as shown in Table 5,
Figures 11 and 12, respectively.

Table 5. Effect of the feeding speed on cumulative particle size content.

Particle Size (µm) −25 25~75 75~100 100~150 150~200 200~250 250~300 +300

Feeding rate
(kg/h)

30 5.24 8.13 18.16 31.74 56.54 81.65 93.75 100
45 5.83 8.76 18.54 30.45 55.26 80.77 94.12 100
60 6.44 9.57 19.37 29.54 55.12 79.33 93.66 100
75 7.36 10.51 20.75 30.12 54.77 79.72 94.52 100
90 9.12 13.22 23.32 31.44 55.32 80.13 95.88 100

As shown in Table 5 and Figure 11, with the increase in the feeding rate, the content
of particles with a diameter of below 75 µm in the product gradually increased by 5.09%
from 8.13% to 13.22%. In which, when the feeding rate increased from 75 kg/h to 90 kg/h,
the content of particles below 75 µm in the second-section underflow increased by 2.71%,
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which is the largest. In addition, the slope of the classification efficiency curve gradually
decreased, indicating that the separation precision of the hydrocyclone sand washer gradu-
ally decreased. It can be seen from Table 5 that the content of 75 µm~200 µm particles in the
second-section underflow gradually decreased by 6.31% from 48.41% to 42.10%, and the
content of particles above 250 µm particles showed a slight reduction tendency, indicating
that the recovery effect of the quartz sand gradually diminished.
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As shown in Figure 12, with the increase in the feeding rate, the desliming rate of
the hydrocyclone sand washer decreased gradually. As the feeding rate increased from
30 kg/h to 60 kg/h, the desliming rate decreased slightly by 1.22% from 95.53% to 94.31%;
as the feeding rate further increased to 75 kg/h and 90 kg/h, the desliming rate dropped
significantly by 3.51% to 90.80%, and the loss rate of quartz sand varied slightly. At a
feeding rate of 45 kg/h, the loss rate of quartz sand was highest and reached up to 4.38%; at
a feeding rate of 60 kg/h, the loss rate of quartz sand dropped to the minimum, 1.28%. The
loss rate of quartz sand first decreased and then increased with the increasing feeding rate.

The separation process in the hydrocyclone sand washer includes not only the cen-
trifugal sedimentation of solid particles under the action of water; it also includes the
interference of interaction among particles. As the feeding rate increased, the concentration
in material separation increased, more solid particles were processed in the hydrocyclone
sand washer, both the density and viscosity of fluid increased, and the interference among
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particles were enhanced, which increased energy consumption in the hydrocyclone separa-
tion process, gradually decreased the tangential velocity, and weakened the strength of the
centrifugal force field and the separation precision. At a low feeding rate, the centrifugal
force field was intensive, and particles separation precision was good enough. However,
the concentration was low and some of the coarse particles will enter the overflow under
the action of the fluid traction, leading to high loss rate of quartz sand; otherwise, at a
high feeding rate, the separation process of the particles was not adequate, resulting in
low desliming rate. Therefore, as the feeding rate increased, the desliming rate decreased
gradually and the loss rate of quartz sand first decreased and then increased. In this study,
under the operating condition of a high desliming rate, the loss rate of quartz sand should
be the top priority and reduced to the lowest to ensure the reserve sand rate. The feeding
rate was determined to 60 kg/h, and the desliming rate and the loss rate of quartz sand
were 94.31 and 1.28%, respectively.

3.2.3. Effects of the Mud–Sand Mixing Ratio on the Desliming Performance

On account of different geological conditions among different regions, the mud con-
tents also differ among different machine-made sand samples in the industrial sand wash-
ing process, thereby leading to the great fluctuation of desliming performance. In order
to investigate the effects of the mud content of machine-made sand on the desliming
performance, the separation performance was performed, during which the diameter
of the first-section overflow pipe and the feeding rate were set as 34 mm and
60 kg/h according to the above test results, and the mud–sand mixing ratio was set
to 3:7, 2:3, 1:1, 3:2 and 7:3, respectively. Calculating the particle size, the classification
efficiency, the desliming rate and the quartz sand loss rate of the second-section underflow
product under different mud–sand mixing ratio. The results were as shown in Table 6,
Figures 13 and 14, respectively.

Table 6. Effect of the mud–sand mixing ratio on cumulative particle size content.

Particle Size (µm) −25 25~75 75~100 100~150 150~200 200~250 250~300 +300

Mud–sand
mixing ratio

3:7 4.17 7.34 20.45 30.54 58.08 80.15 94.12 100
2:3 5.22 8.98 19.36 30.13 56.17 79.58 93.89 100
1:1 6.44 9.57 19.37 29.54 55.12 79.33 93.66 100
3:2 8.73 11.04 19.25 28.35 53.36 75.35 92.00 100
7:3 9.12 14.24 22.43 27.33 51.69 73.25 92.23 100
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As can be seen from Table 6, with the increase in the mud–sand mixing ratio, the
content of particles with a diameter of below 75 µm in the second-section underflow
gradually increased by 6.90%, from 7.34% to 14.24%. Obviously, when the mud–sand
mixing ratio is 3:2 or 7:3, the content of fine particles with a diameter of below 75 µm
exceeded the required limit of 10%.

From Figure 13, when the mud–sand mixing ratio was 3:7, 2:3 and 1:1, the separation
precision remained basically the same and the separation size increased slightly. However,
when the mud–sand mixing ratio increased from 1:1 to 7:3, the content of particles with
a diameter of above 75 µm in the second-section underflow increased significantly by
4.67%, indicating that the separation effect of the hydrocyclone sand washer gradually
diminished. The slope of the classification efficiency curve tended to decrease overall, and
the decreasing rate gradually increased, which proves this point. When the mud–sand
mixing ratio increased from 3:7 to 7:3, the content of particles with a diameter between
75 µm and 250 µm in the second-section underflow gradually decreased, with a difference
of 9.40% in the maximum value, and the content of particles with a diameter of above
250 µm changed weakly.

From Figure 14, the desliming rate decreased gradually with the increasing mud–sand
mixing ratio in the materials. In particular, the desliming rate dropped significantly by
2.88% from 97.19% to 94.31% as the mixing ratio changed from 3:7 to 1:1, which decreased
slightly by 0.77% as the mixing ratio changed from 1:1 to 7:3. The overall trend of loss rate
of quartz sand first decreased and then increased, and reached the maximum 3.79% when
the mud–sand mixing rate was 7:3. For the mixture with identical contents of mud and
sand, the loss rate of sand was minimum, 1.28%.

This is due to the fact that, as the mud content in the sand increased, the content of fine-
grained particles increased, and the concentration of material separation increased, leading
to overall fine-grained particles in raw materials. The viscosity of the slurry increased
and the particles were subjected to increasing fluid drag force. The enhanced interference
among particles increased resistance for particles to enter the underflow. Accordingly, the
desliming rate decreased and the loss rate of quartz sand increased. At a low mud content,
the particles in raw materials were overall coarse, and the reducing slurry concentration
made the interference among particles weaker, thereby contributing to the enhancement of
desliming rate. Conclusively, as the mud content increased, the desliming performance of
the hydrocyclone sand washer decreased gradually, and the loss rate of quartz sand first
decreased and then increased.

3.2.4. Data Error Analysis

In order to exclude the errors brought by the experiment data to the result analysis,
the variance analysis of the sample data measured during the experiment were analyzed,
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as shown in Table 7. X1, X2 and X3 indicate the first-section overflow pipe diameter, the
feeding rate and the mud–sand mixing ratio, respectively, Y1 and Y2 indicate the desliming
rate and loss rate of quartz sand, respectively, and N1 and N2 indicate the data measured
twice during the test, respectively. It can be seen that, the sample variance values for both
Y1 and Y2 was small, indicating that the fluctuations in the sample data were small, so it is
reasonable to use the mean value of the sample data in the analysis of the test results.

Table 7. Variance analysis of the experimental data.

X1
(mm)

X2
(kg/s) X3

Y1 (%) Y2 (%)

N1 N2 Average Variance N1 N2 Average Variance

30 75 1:1 92.75 93.31 93.03 0.0784 4.64 5.02 4.83 0.0361
34 75 1:1 94.01 94.41 94.21 0.0400 4.23 4.53 4.38 0.0225
39 75 1:1 95.01 95.29 95.15 0.0196 8.66 9.26 8.96 0.0900
34 30 1:1 95.41 95.65 95.53 0.0144 3.02 3.26 3.14 0.0144
34 45 1:1 94.25 94.37 94.31 0.0036 1.15 1.41 1.28 0.0169
34 60 1:1 90.51 91.09 90.80 0.0841 1.96 2.08 2.02 0.0036
34 90 1:1 91.11 91.37 91.24 0.0169 2.80 3.08 2.94 0.0196
34 75 3:7 97.10 97.28 97.19 0.0081 1.98 2.06 2.02 0.0016
34 75 2:3 95.44 95.92 95.68 0.0576 2.16 2.46 2.31 0.0225
34 75 3:2 93.70 93.88 93.79 0.0081 3.27 3.41 3.34 0.0049
34 75 7:3 93.46 93.62 93.54 0.0064 3.68 3.90 3.79 0.0121

4. Conclusions

In this study, a new type of hydrocyclone sand washer was proposed, which connected
a cylindrical and a conical-cylindrical cyclone in series to conduct desliming experiments
on mud–sand samples. Compared with the existing sand washing process, this simplified
process avoids the pulping process and improves the production efficiency. Two-stage
hydrocyclone separation can ensure high-efficiency desliming rate and low loss rate of
quartz sand.

As the first-section overflow pipe diameter increased, the desliming rate of the hydro-
cyclone sand washer varied slightly, and the separation size increased gradually. As the
first-section overflow pipe diameter increased from 30 mm to 34 mm, the loss rate of quartz
sand varied slightly. The loss rate of quartz sand reached the maximum when first-section
overflow pipe diameter was 39 mm.

As the feeding rate increased, the concentration of materials separation increased,
while the desliming performance and the classification efficiency of the hydrocyclone sand
washer decreased gradually. The desliming rate reached the maximum of 95.53% at the
feeding rate of 30 kg/h, while the loss rate of quartz sand reached the optimum of 1.28% at
the feeding rate of 60 kg/h.

As the mud content increased, the classification efficiency decreased gradually. The
desliming rate decreased gradually, and the loss rate of quartz sand first decreased and
then increased. At a mud–sand mixing ratio of 3:7, the desliming rate reached the optimum
of 97.19%; at a mud–sand mixing ratio of 1:1, the loss rate of quartz sand dropped to the
minimum of 1.28%.

Conclusively, in order to ensure the top priority of lowest loss rate of quartz sand and
keep a high desliming rate, the diameter of the first-section overflow pipe, the feeding rate,
and the mud–sand mixing ratio should be set to 34 mm, 60 kg/h, and 1:1, respectively.
For ensuring as a top priority the highest desliming rate and for keeping a low loss rate
of quartz sand, the diameter of the first-section overflow pipe, the feeding rate, and the
mud–sand mixing ratio should be set to 34 mm, 30 kg/h, and 3:7, respectively.
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