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Simulation study on the classification 
efficiency of hydrocyclone with 
double vortex finders
Estudio de simulación sobre la eficiencia en la clasificación 
por hidrociclones con boquillas de doble vortex

ABSTRACT
Classification efficiency of hydrocyclone is one of the kernel 

problems requiring solutions to promote the development of a 
solid–liquid separation system. A new hydrocyclone model was 
proposed to improve traditional structure and precise classifica-
tion efficiency. Consequently, a coaxial overflow pipe with a small 
diameter was inserted into the original pipe, thereby possibly ob-
taining three different products with different size grades in one 
cycle. Then, using computational fluid dynamics, the Reynolds 
stress model was introduced into the Reynolds-averaged Navier–
Stokes; the mathematical model of solid-liquid mixture multiphase 

flow was established. Finally, a study on the numerical simulation 
of the effects of structural parameters (e.g., underflow orifice di-
ameter, internal overflow pipe diameter, and inserted depth of in-
ternal overflow pipe) on the classification efficiency of underflow, 
internal overflow, and external overflow of double overflow pipe 
hydrocyclones was conducted. Results show that one classifica-
tion can obtain three different narrow-grade-classification prod-
ucts, namely, underflow, inner overflow, and outer overflow. The 
structural parameters are proven to play an important role in the 
classification efficiency of the hydrocyclone with double vortex 
finders. This study provides a good reference for the optimization 
of structural parameters of double overflow pipe hydrocyclones.

Keywords: Hydrocyclone with double vortex finders, Classi-
fication efficiency, Structural parameters, Numerical simulation. 

1. INTRODUCTION 
Hydrocyclones refer to devices that can separate phases with 

density difference or particle size difference using centrifugal 
sedimentation [1, 2]. Hydrocyclones have been widely used in the 
field of mineral processing, petroleum, chemical engineering, air 
pollution, power plants, and process industries because of the ab-
sence of its moving parts, simple structure, high working capac-
ity, high separation efficiency, low maintenance costs, and small 
physical size of the device [3, 4]. Conventional single overflow pipe 
hydrocyclones can generate overflow and underflow only, result-
ing in broadly distributed size grades of the products. Notably, the 
classification efficiency of hydrocyclone is one of the kernel issues 
requiring solutions in the methods. A double overflow pipe hy-
drocyclone that can achieve precise grading is proposed to obtain 
several size grades in one cycle. More specifically, coaxial overflow 
pipes with different diameters are employed to expel fine particles 
from the internal overflow pipe; medium particles are expelled 
from the external overflow pipe, and coarse particles are expelled 
from the underflow orifice. Consequently, three different products 
with different size grades are obtained in one cycle. In contrast 
to conventional hydrocyclones focusing on hydrocyclone separa-
tion, the double overflow pipe hydrocyclone can achieve several 
products with a narrow particle size range, thus improving grading 
precision and reducing energy dissipation. Structural parameters, 
such as underflow orifice diameter, internal overflow pipe diam-
eter, and inserted depth of internal overflow pipe, are important 
factors affecting hydrocyclone separation performance [5-10]. A 
reliable computer-aided design (such as computational fluid dy-

nnnn
Yuekan Zhang1, Peikun Liu1, Junru Yang1, Xinghua Yang1 and Yuying Yan2

1 �College of Mechanical and Electronic Engineering, Shandong University of Science and Technology, Qianwangang Road 579#, Qingdao, 266590, 
Shandong, China 

2 �Faculty of Engineering, the university of Nottingham. University Park, Nottingham, NG7 2RD, United Kingdom 

RESUMEN
• �La clasificación de eficiencia de los hidrociclones es uno 

de los problemas fundamentales que requieren soluciones 
que promuevan el desarrollo de un sistema de separación 
sólido-líquido. Se propone un nuevo  modelo de hidrociclón 
para mejorar la estructura tradicional y la precisión en la 
clasificación de eficiencia. Por lo tanto, un tubo de rebosadura 
coaxial con un diámetro pequeño se inserta en el tubo original, 
lo que hace posible obtener tres diferentes productos con 
diferentes grados de tamaño en un ciclo. Posteriormente, 
usando la dinámica de fluidos computacional, el modelo de 
estrés de Reynolds se introdujo en el Reynolds-promediado 
de Navier-Stokes; el modelo matemático de mezcla sólido-
líquido de flujo multifásico fue establecido. Finalmente, un 
estudio sobre la simulación de los efectos de los parámetros 
estructurales (por ejemplo, sub-desbordamiento diámetro 
de orificio, el diámetro interno del tubo de rebose, e 
insertó la profundidad del tubo de desbordamiento interno) 
sobre la clasificación de eficiencia de subdesbordamiento, 
desbordamiento interno y externo del desbordamiento de doble 
tubo de rebosadura hidrociclón fue realizado. Los resultados 
muestran que puede obtenerse tres diferentes clasificaciones 
en grado de producto, a saber, subdesbordamiento, 
desbordamiento interior y desbordamiento exterior. Los 
parámetros estructurales han demostrado que juegan un papel 
importante en la eficiencia de la clasificación del hidrociclon 
con doble vórtice finders. Este estudio proporciona una buena 
referencia para la optimización de los parámetros estructurales 
de doble tubo de rebosadura de los hidrociclones. 

• �Palabras clave: Ciclón, hidróciclon con doble vórtice finders, 
eficiencia de clasificación, parámetros estructurales, simulación 
numérica.
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namics (CFD) package with fluid flow equations) is employed to 
analyze the effect of geometry changes and structural parameters 
on cyclone efficiency. Therefore, designing a new structural hy-
drocyclone is necessary to deal with the aforementioned problem.

The structure and size of the hydrocyclone are highly signifi-
cant to the separation efficiency. Recently, the influence of dif-
ferent structures of the hydrocyclone on the separation efficiency 
has been investigated by many researchers at home and abroad. 
D.P. Obeng and S. Morrell et al. [11, 12] designed a hydrocyclone 
with two coaxial overflow tubes and with different diameters. 
Therefore, one classification can obtain three different narrow-
grade-classification products, namely, the inner overflow, the 
outer overflow, and the underflow. The separation of two differ-
ent density particles in a three-product hydrocyclone [13, 14] was 
investigated, and three different diameter particles were obtained. 
Mahmoud M. Ahmed et al. [6] designed a three-product hydro-
cyclone; the coarse particle was sent back to the ball mill, and 
the fine grinding rate of the ball grinding mill was improved. P. 
Bagdi et al. [15-20] investigated the grading efficiency of double 
overflow pipe hydrocyclones using numerical simulations. How-
ever, all the aforementioned studies did not consider the influ-
ence of structural parameters on the separation efficiency. Thus, 
improved work must be conducted to examine the influence of 
the underflow diameter, the overflow diameter, and the insertion 
depth of the overflow tube on separation ratio and classification 
efficiency. This study utilizes software FLUENT6.3 and the mixture 
multiphase flow model to establish the mathematical model of 
the solid-liquid multiphase flow for a hydrocyclone with a two-
overflow-tube structure.

The remainder of this paper is organized as follows: Section 2 
describes the methodology of the model of the cyclone separator 
with double vortex finders and the numerical method. Section 3 
presents the numerical simulation results using CFD. The conclu-
sions are summarized in Section 4.

2. MATERIALS AND METHODS
This model includes two main steps. The first step is estab-

lishing the mathematical model of the hydrocyclone with double 
vortex finders. This step introduces the Reynolds stress model into 
the Reynolds-averaged Navier–Stokes. Mixture models of gas–liq-
uid and solid–liquid multiphase flows for a hydrocyclone with a 
two-overflow-tube structure are established. The second step is 
establishing the flow field model and boundary conditions. In this 
step, inlet conditions, flow rate, particle size, and volumetric con-
centrations of the feedstock are introduced and outlet conditions, 
wall modification, and numerical simulations are determined.

2.1. MATHEMATICAL MODEL OF THE HYDROCYCLONE
The structure of the hydrocyclone is cylindrical, and flow mo-

tion inside the hydrocyclone is rotational. Therefore, the equation 
of flow motion in the hydroyclone is described using a cylindrical 
coordinate system. 

The continuity equation is expressed as follows:

(1)

N-S (Navier-Stokes) equation is expressed as follows:

(2)

(3)

(4)

Concerning the nature of turbulence, Reynolds proposed the 
theory of time-averaged flow field, which divides the instanta-
neous motion parameters into two parts, namely, the time-aver-
aged values and the fluctuating values. 

(5)

Where, u , u  and u′ are instantaneous velocity, time-aver-
aged velocity and fluctuating velocity, respectively. Substituting 
the equation (5) into the continuity equation and N-S equation, 
The continuity equation and the N-S equation in cylindrical coor-
dinate system are expressed as follows:

(6)

(7)

(8)

(9)

2.2. FLOW FIELD MODEL AND BOUNDARY CONDITIONS
Fig. 1. shows the hydrocyclone with double vortex finders. This 

study proposes a three-product hydrocyclone with two overflow 
tubes. The hydrocyclone is designed with two coaxial overflow 
tubes with different diameters. During overflow, light and fine 
particles exit from the inner overflow tube. The mid-sized par-
ticles overflow from the outer overflow tube. The coarse particles 
can be obtained from the underflow tube. Therefore, one clas-
sification can obtain three different narrow-grade-classification 
products, namely, underflow, inner overflow, and outer overflow. 
Fig. 2. shows the flow field model of double overflow pipe hy-
drocyclones. Table I. shows the structural parameters. Using   an 
structured  mesh  arrangement with  hexahedral  elements, the 
meshing results of the hydrocyclone were obtained as shown 
in Fig. 3. and  there are 140577 nodes in total.   The  influenc-
es of mesh number and grid type on the simulation accuracy were 
analyzed. The results proved that the separation efficiency is inde-
pendent of the mesh size and grid type. 

The Reynolds stress model and mixture multiphase flow model 
were involved. Since the RSM (Reynolds Stress Model) accounts 
for the effects of streamline curvature, swirl, rotation, and rapid 
changes in strain rate, it has greater potential to give accurate 
predictions for simulating  cyclone flows.  

The mixture model  is designed for two or more phases. The 

app:lj:%E9%9B%B7%E8%AF%BA?ljtype=blng&ljblngcont=0&ljtran=Reynolds
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mixture model solves for the mixture momentum equation and 
prescribes relative velocities to describe the dispersed phases. 

The boundary conditions are defined as follows:
Inlet conditions: The flow rate is 5 m/s, CaCO3 particles with 

seven different sizes (1, 5, 10, 15, 20, 30, and 40 µm) were in-
troduced, and the volumetric concentration of the feedstock is 
3.5% (0.3%, 0.5%, 0.7%, 0.7%, 0.5%, 0.5%, and 0.3% for differ-
ent particles).

Outlet conditions: The overflow orifice and underflow orifice 
were pressure outlets.

Wall modification: No permeation or sliding were assumed to 
have been observed, and near wall modification using standard 
wall functions was involved to improve the calculation precision.

In the numerical simulations, the pressure/speed coupling was 
treated using the SIMPLE pattern; the pressure dispersion of the 
governing equations was achieved using the PRESTO pattern; and 
the momentum dispersion was achieved using the QUICK pattern.

Structural parameter Structural 
dimensions

Hydrocyclone diameter D (mm) 50

Inner vortex finder diameter do1 (mm) 5, 6, 7, 9, 10

Outer vortex finder diameter do2 (mm) 20

Underflow port diameter du (mm) 6, 8, 10, 12, 14

Feed inlet equivalent diameter di (mm) 12

Outer overflow pipe insertion depth H4 (mm) 85

Inner overflow pipe insertion depth H6 (mm) 65, 75, 85, 95, 105

Thickness of the overflow pipe s1, s2 (mm) 2, 2.5

Extension length of the overflow pipe H5 (mm) 28

Cylinder height H1 (mm) 116

Total height H2 (mm) 310

Underflow pipe height H3 (mm) 15

3. RESULTS AND DISCUSSIONS

3.1. SIMULATION MODEL VERIFICATION
In the paper, with the same parameters, the simulation model 

verification of the hydrocyclone with the diameter of 75mm pro-
posed by Hsieh is firstly carried out.  The simulation results are 
compared with the measured data of the flow field studied by 
Hsieh [21] in 1988 with LDV (Laser Doppler Velocimetry), as shown 
in Fig. 4, which shows that the simulation results are basically 
consistent with the experimental data. Then the simulation model 
and the solution are reasonable, and the internal flow field of hy-
drocyclone can be predicted well by simulation.

3.2. EFFECTS OF UNDERFLOW ORIFICE DIAMETER ON 
UNDERFLOW GRADING EFFICIENCY

The parameters of the hydrocyclones mentioned Table I used 
are as follows: diameter of external overflow pipe is 20 mm; di-
ameter of internal overflow pipe diameter is 6 mm; and insert-
ed depth of internal overflow pipe is 85 mm. Grading efficiency 

Fig. 1: Photo of the three-product hydrocyclone

Fig. 2: Flow field of the cyclone

Fig. 3: Meshes of the hydrocyclone

Table I:. Main structural parameters of the hydrocyclone with double vortex 
finders

Fig. 4: Comparisons of tangential velocity between simulation and experiment 
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curves of the double overflow pipe hydrocyclone in cases where 
the underflow orifice diameter is 6, 8, 10, 12, and 14 mm were 
obtained. Furthermore, the effects of underflow orifice diameter 
on underflow grading efficiency were investigated.

Particle separation efficiency at the underflow orifice refers to 
the mass flow rate ratio of the target particles and the feedstock 
particles after separation. The underflow orifice particle separa-
tion efficiency with particle sizes of 1, 5, 10, 15, 20, 30, and 40 
µm and underflow orifice diameters of 6, 8, 10, 12, and 14 mm 
were obtained by simulatinng. The results  showed that the par-
ticle separation efficiency at the underflow orifice increases (i.e., 
more coarse particles are separated) with the particle diameter. 
The separation size (d50) is defined as the particle size correspond-
ing to the underflow separation efficiency of 50%, indicating that 
the possibilities of these particles being expelled from underflow 
orifice and overflow orifice were 50%. For solid–liquid hydrocy-
clones, particles with diameters <d50 are expelled from the over-
flow orifice, whereas particles with diameters >d50 are expelled 
from the underflow orifice. d50 was 22, 19, 18, 14, and 8 µm for 
the underflow orifice diameters of 6, 8, 10, 12, and 14 mm, respec-
tively. Considering that a small separation size indicates a high 
recovery rate of the hydrocyclone, the underflow orifice diameter 
should be increased to improve the hydrocyclone recovery rate.

The underflow productivity increased with the underflow ori-
fice diameter, regardless of the particle size. However, the under-
flow productivity does not indicate the separation precision of the 
hydrocyclone. Indeed, the increase magnitudes of different par-
ticles were significantly different, as follows: the increase magni-
tudes of fine particles were larger than that of coarse particles. In 
other words, the particle size was reduced as the underflow orifice 
diameter increased. As coarse particles are preferred at the end of 
the separation, the underflow orifice diameter should be reduced.

3.3. EFFECTS OF INTERNAL OVERFLOW PIPE DIAMETER 
ON UNDERFLOW GRADING EFFICIENCY

The parameters of the double overflow pipe hydrocyclones 
used are as follows: the diameter of the external overflow pipe is 
20 mm, the diameter of the underflow orifice diameter is 6 mm, 
and the inserted depth of the internal overflow pipe is 85 mm. The 
underflow grading efficiency curves of the double overflow pipe 
hydrocyclone in cases where the diameter of the internal overflow 
pipe is 5, 7, 9, and 10 mm were obtained.

The particle separation efficiency at the underflow orifice in-
creases with the particle diameter. d50 is 22.5, 21, 19, and 17.5 µm 
for the internal overflow pipe diameters of 5, 7, 9, and 10 mm, 
respectively. As the separation size decreases as the internal over-
flow pipe diameter increases, the internal overflow pipe diameter 
should be increased to improve the hydrocyclone recovery rate.

The underflow productivity increased with the underflow ori-
fice diameter, regardless of the particle size. However, the increase 
magnitudes of different particles were significantly different, as 
follows: the increase magnitudes of fine particles (<20 µm) were 
larger than that of coarse particles (30 or 40 µm). In other words, 
the particle size was reduced as the underflow orifice diameter 
increased. Therefore, the internal overflow pipe diameter should 
be reduced.

3.4. EFFECTS OF OVERFLOW PIPE INSERTED DEPTH ON 
THE UNDERLOW GRADING EFFICIENCY

The parameters of the double overflow pipe hydrocyclones 
used are as follows: the diameter of the external overflow pipe is 
20 mm, the diameter of the internal overflow pipe diameter is 6 

mm, the diameter of the underflow orifice diameter is 6 mm, and 
the inserted depth of the external overflow pipe is 85 mm. Grad-
ing efficiency curves of the double overflow pipe hydrocyclone in 
cases where the inserted depth of the internal overflow pipe is 65, 
75, 85, 95, and 105 mm were obtained. The particle separation ef-
ficiency at the underflow orifice increases with the particle diam-
eter. d50 is 20, 21, 22, 23, and 24 µm for the inserted depths of the 
internal overflow pipe of 65, 75, 85, 95, and 105 mm, respectively. 
d50 increased with the inserted depth of the internal overflow pipe, 
indicating that the inserted depth of the internal overflow pipe 
should be reduced.

Fig. 5. illustrates the underflow grading efficiency curves at 
different internal overflow pipe diameters and feedstock particles 
(X-axis is the inserted depth of internal overflow pipe and Y-axis 
is the underflow productivity). As shown in the figure, the under-
flow productivity decreased as the inserted depth of the internal 
overflow pipe increased, regardless of the particle size. This finding 
can be attributed to the axial flow rate, which decreases as the 
inserted depth of the internal overflow pipe increases. As the axial 
flow rate decreases, the residence duration of particles increases, 
which resulted in improved particle separation. Conversely, ver-
tical moving distances of particles in the upstream are reduced, 
and increasing fine particles enter the overflow pipe. However, the 
decrease magnitudes of different particles were significantly dif-
ferent, as follows: the decrease magnitudes of fine particles (<15 
µm) and coarse particles (>40 µm) were smaller than that of par-
ticles with diameters between 20 µm and 30 µm. This finding can 
be attributed to 20 and 30 µm, which are close to d50 in this case. 
Conversely, the distance from the internal overflow pipe and cone 
wall decreases, and the zero-velocity envelop panel shifts out-
ward as the inserted depth increases. Consequently, several par-
ticles in the underflow join the overflow. Therefore, the effects of 
the inserted depth of the internal overflow pipe on the underflow 
particle diameter are dependent on the decrease magnitudes of 
underflow productivity corresponding to different particle sizes as 
follows: underflow particle size decreases as the decrease magni-
tude of underflow productivity increases and vice versa.

3.5. EFFECTS OF UNDERFLOW ORIFICE DIAMETER ON 
THE RECOVERY RATE OF INTERNAL OVERFLOW PARTICLES

The recovery rate of internal overflow particles is defined as 
the mass flow rate ratio of the target particles at the internal 
overflow orifice and the feedstock particles after separation. The 
underflow orifice particle separation efficiency with particle sizes 
of 1, 5, 10, 15, 20, 30, and 40 µm and the underflow orifice di-
ameter is 6, 8, 10, 12, and 14 mm were obtained through numeri-
cal simulations. Obviously, the recovery rate of internal overflow 

Fig. 5: Effect of the inner vortex finder length on the separation efficiency
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particles decreased as the particle size increased, and the content 
of fine particles was significantly higher than that of coarse par-
ticles. Furthermore, the internal overflow productivity was negli-
gible at an underflow orifice diameter of 12 or 14 mm. This finding 
can be attributed to the internal overflow pipe being occupied by 
air columns, and no particles can be expelled from the internal 
overflow pipe.

Fig. 6. illustrates the recovery rates of the internal overflow 
particles at different underflow orifice diameters (X-axis is the 
underflow orifice diameter and Y-axis is the internal overflow pro-
ductivity). As shown in the figure, the recovery rate of the internal 
overflow particles decreased significantly as the underflow orifice 
diameter increased, and the decrease magnitude increased as the 
particle size decreased. In other words, the content of fine par-
ticles exhibited a larger decrease magnitude, indicating that the 
recovery rate of the internal overflow particles decreases and the 
particle size increases as the underflow orifice diameter increases.

3.6. EFFECTS OF OVERFLOW PIPE DIAMETER ON THE 
RECOVERY RATE OF THE INTERNAL OVERFLOW PARTICLES

The recovery rates of the internal overflow particles with seven 
different sizes (1, 5, 10, 15, 20, 30, and 40 µm) in cases where the 
diameter of the internal overflow pipe is 5, 7, 9, and 10 mm were 
obtained through numerical simulations. The content of particles 
in the internal overflow decreases as the particle size increases. At 
the internal overflow pipe diameter of 5 mm, the internal overflow 
pipe was occupied by air columns, and no particles can be recov-
ered from the internal overflow pipe.

Fig. 7. illustrates the recovery rates of the internal overflow 
particles at different internal overflow pipe diameters (X-axis 
is the internal overflow pipe diameter and Y-axis is the internal 
overflow productivity). As shown in the figure, the recovery rate 
of internal overflow particles increases with the internal overflow 

pipe diameter. Furthermore, the increase magnitudes of fine par-
ticles were larger than that of coarse particles, indicating that 
the size of internal overflow particles decreases as the internal 
overflow pipe diameter increases.

3.7. EFFECTS OF OVERFLOW PIPE INSETED DEPTH ON 
THE RECOVERY RATE OF INTERAL OVERFLOW PARTICLES

The recovery rates of internal overflow particles with seven 
different sizes (1, 5, 10, 15, 20, 30, and 40 µm) were obtained 
through numerical simulations in cases where the inserted depth 
of the internal overflow pipe is 65, 75, 85, 95, and 105 mm. The re-
covery rate decreases as the particle size increases, indicating that 
the content of fine particles in the internal overflow was relatively 
high. Furthermore, the recovery rate of internal overflow particles 
was affected by the inserted depth of internal overflow pipe. At 
the inserted depth of the internal overflow pipe of 85 mm (same 
as the inserted depth of the external overflow pipe), the recovery 
rate was maximized. 

Fig. 8. illustrates the recovery rates of internal overflow par-
ticles at different inserted depths of the internal overflow pipe (X-
axis is the inserted depth of the internal overflow pipe and Y-axis 
is the internal overflow productivity). In cases where the inserted 
depth of the internal overflow pipe is less than the inserted depth 
of the external overflow pipe, the recovery rate of internal over-
flow particles increases with the inserted depth of the internal 
overflow pipe. Moreover, the increase magnitude of fine particles 
was larger than that of coarse particles, indicating that the size 
of particles in the internal overflow decreased. In cases where the 
inserted depth of the internal overflow pipe is greater than the 
inserted depth of the external overflow pipe, the recovery rate of 
internal overflow particles decreases with the inserted depth of 
the internal overflow pipe. 

3.8. EFFECTS OF UNDERFLOW ORIFICE DIAMETER ON 
THE RECOVERY RATE OF EXTERNAL OVERFLOW PARTICLES

The recovery rate of external overflow particles is defined as 
the mass flow rate ratio of the target particles at the external 
overflow orifice and the feedstock particles after separation. The 
recovery rates of external overflow particles with seven different 
sizes (1, 5, 10, 15, 20, 30, and 40 µm) were obtained through 
numerical simulations in cases where the underflow orifice diam-
eter is 6, 8, 10, 12, and 14 mm. The content of fine particles was 
significantly higher than that of coarse particles. Furthermore, the 
decrease magnitude of coarse particles in the external overflow 
resulting from an increasing particle size was lower than that of 
coarse particles in the underflow, whereas the content of coarse 
particles in the internal overflow decreased rapidly as the particle 

Fig. 6: Effect of the spigot diameter on the inner vortex recovery rate

Fig. 7: Effect of the inner vortex finder diameter on the inner vortex recovery rate

Fig. 8: Effect of the inner vortex finder length on the inner vortex recovery rate
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size increased. In other words, the size of particles in the exter-
nal overflow was larger than that of the particles in the internal 
overflow.

Fig. 9. illustrates the recovery rates of external overflow par-
ticles at different underflow orifice diameters (X-axis is the un-
derflow orifice diameter and Y-axis is the external overflow pro-
ductivity). As shown in the figure, the recovery rate of external 
overflow particles increases with the underflow orifice diameter. 
Given the decreasing content of coarse particles, the size of par-
ticles in the external overflow decreases as the underflow orifice 
diameter increases.

3.9. EFFECTS OF INTERNAL OVERFLOW PIPE DIAMETER 
ON THE RECOVERY RATE OF EXTERNAL OVERFLOW 
PARTICLES

Fig. 10. shows the recovery rate curves of external overflow 
particles with particle size of 1, 5, 10, 15, 20, 30, and 40 µm and 
internal overflow pipe diameter of 5, 7, 9, and 10 mm. Obviously, 
the recovery rate of external overflow particles in double overflow 
pipe hydrocyclones decreases as the particle size increases. Fig. 
11. illustrates the effects of internal overflow pipe diameter on 
the recovery rate of external overflow particles. Compared with 
the recovery rate of coarse particles, the recovery rate of fine par-
ticles decreases more significantly with the internal overflow pipe 
diameter. Combined with simulation analysis, the size of particles 
in the external overflow can be concluded to increase with the 
diameter of the internal overflow pipe.

3.10. EFFECTS OF THE INSERTED DEPTH OF THE INTERAL 
OVERFLOW PIPE ON THE RECOVERY RATE OF EXTERNAL 
OVERFLOW PARTICLES

Fig. 12. shows the recovery rate curves of external overflow 
particles with inserted depth of the internal overflow pipe of 65, 
75, 85, 95, and 105 mm, and the particle size is 1, 5, 10, 15, 20, 30, 
and 40 µm, respectively.

As shown in Fig. 12. The content of fine particles in the ex-
ternal overflow was higher than that of coarse particles. In cases 
where the inserted depth of the internal overflow pipe is <85 mm, 
the contents of coarse particles (d = 30 µm) and fine particles (d 
= 10, 15, and 20 µm) increase with the inserted depth; whereas 
the content of fine particles increases more rapidly. In cases where 
the inserted depth of the internal overflow pipe is larger than the 
inserted depth of the external overflow pipe, the content of fine 
particles increases at a significantly higher rate with the inserted 
depth of the internal overflow pipe, indicating that the size of 

particles in the external overflow decreases as the inserted depth 
of the internal overflow pipe increases.

4. CONCLUSIONS
In this study, a precise grading double overflow pipe hydro-

cyclone that can achieve three different products with different 
size grades in one cycle is proposed. Using CFD, the influence of 
the underflow diameter, the overflow diameter, and the insertion 
depth of the overflow tube on classification efficiency is obtained. 
The results show that structural parameters play an important role 
in classification efficiency.

(1) �The underflow productivity increases as the underflow 
orifice diameter increases, the diameter of the internal 
overflow pipe increases, and the inserted depth of the in-
ternal overflow pipe decreases.

Fig. 9: Effect of the spigot diameter on the outer vortex recovery rate

Fig. 10: Effect of the particle diameter on the outer vortex recovery rate

Fig. 11: Effect of the inner vortex finder diameter on the outer vortex recovery rate

Fig. 12: Effect of the particle diameter on the outer vortex recovery rate
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(2) �The numerical simulations revealed that the size of under-
flow particles decreased as the underflow orifice diameter 
increased and the diameter of the internal overflow pipe 
increased. The effects of the inserted depth of the internal 
overflow pipe on the size of underflow particles are depen-
dent on the initial contents and decrease magnitudes of 
different particles.

(3) �The size of the internal overflow particles increases and the 
internal overflow productivity decreases as the underflow 
orifice diameter increases. The effect of the inserted depth 
of the internal overflow pipe on the internal overflow pro-
ductivity is negligible.

(4) �The effects of the underflow orifice diameter, the diameter 
of the internal overflow pipe, and the inserted depth of 
the internal overflow pipe on the recovery rate of external 
overflow particles are as follows: the recovery rate and size 
of external overflow particles decrease as the underflow 
orifice diameter increases; the recovery rate of the external 
overflow particles decreases, whereas their size increases 
as the diameter of internal overflow pipe increases; the 
size of the external overflow particles decreases with the 
inserted depth of the internal overflow pipe, although its 
effect on the recovery rate of external overflow particles 
is negligible.

The results obtained in the study have important theoretical 
and practical values in engineering and will be valuable to ex-
plain the separation essence fully, explore the separation principle, 
enrich rotational flow classification theory, and develop energy-
efficient multiproduct hydrocyclones. Further research based on 
this model is required, particularly for the cone angle and feeding 
inlet of a three-product hydrocyclone.
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