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CFD Study on the Effect of Hydrocyclone
Structure on the Separation Efficiency

of Fine Particles

Kuo-Jen Hwang1, Wen-Hao Wu1, Shaoxiang Qian,1� and

Youichi Nagase1y
1Department of Chemical and Materials Engineering, Tamkang University,

Tamsui, Taipei Hsien, Taiwan

Abstract: Effects of geometric structure parameters of 10 mm-diameter hydro-
cyclones on the particle separation efficiency are studied using computational
fluid dynamics (CFD). The fluid velocity profiles and particle trajectories are
simulated using RFLOW software with a standard isotropic k-e turbulent
model. The JIS standard CaCO3-17 particles are adopted as a particulate sam-
ple in simulations and experiments. Comparing the simulated results with
experimental data, a maximum deviation about 20% in partition curves occurs
for 5–10mm particles. However, fairly good agreements for the cut-size predic-
tions and the fish-hook phenomenon are obtained. The simulated cut-size d50 is
only 2mm larger than that measured in experiments, while the value of d100 can
be accurately predicted. An increase in overflow diameter or a decrease in
underflow diameter leads to a lower separation efficiency but a clearer separa-
tion sharpness due to lower fluid underflow rate. A short-and-wide rectangular
inlet is more efficient for particle separation than a tall-and-narrow one. An
inclined inlet conduit plays an inessential role on the efficiency improvement
but gains a 2mm reduction in d100. Comparing the simulated results, the
hydrocyclone used in the experiments of this study exhibits a higher separation
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sharpness than the Rietema type and a higher efficiency than the Bradley type
based on the same operation capacity and hydrocyclone size.

Keywords: CFD, hydrocyclone, particle classification, separation efficiency

INTRODUCTION

Hydrocyclone has been increasingly used in mineral, food, and chemical
processes in recent years due to its low cost, high capacity, and simple
operation. When particles are fed into a hydrocyclone tangentially, they will
migrate rotationally and downward in the primary vortex. If the centrifugal
and inertial forces are large enough, those particles will be collected into the
underflow conduit. Otherwise, those small or light particles will be carried by
the secondary vortex flowing out through the overflow conduit. Therefore,
the centrifugal force produced in a hydrocyclone and the flow splits are the
key factors to affect the particle separation efficiency. Since the size and
geometric structure of a hydrocyclone have direct influences on these
factors, to study how the geometric parameters affect the operation perfor-
mance is the essential step for highly efficient hydrocyclone design.

Computational Fluid Dynamics (CFD) is a useful method to simu-
late the fluid flow in various flow modules. Since it has many advantages,
such as highly effective, economic, flexible, and time-saving for new
apparatus design or process development, CFD has been employed in
the hydrocyclone researches in the last decade. He et al. (1) developed
a numerical method to simulate the 3-D flow and particle separation effi-
ciency in a 76-mm Dabir’s hydrocyclone. They employed cylindrical cur-
vilinear grids and a modified k-e turbulence model in CFD and predicted
reasonably accurate fluid velocity profiles and particle separation curve.
Cullivan et al. (2,3) used FLUENT software with an incorporation of a
second-order pressure-strain Reynolds-stress turbulent model to simulate
the profiles of fluid velocity, pressure and particle trajectories in hydro-
cyclones. A static asymmetric air-core was also simulated successfully.
Schuetz et al. (4) modeled and simulated the flow pattern and separation
efficiency in a 50-mm hydrocyclone using FLUENT software. An agree-
ment between the simulated results and experimental data was obtained,
and the possibilities and difficulties occurring in CFD methods were also
reviewed. Grady et al. (5) used the computational fluid dynamics to pre-
dict the separation efficiency of oil drop in a 10 mm-diameter hydrocy-
clone. The deviations between the simulated results and experimental
data for a given drop size were less than 20%. Olson and Van Ommen
(6) have used the Reynolds stress turbulent model in CFD to simulate
accurate velocity profiles in 250-mm hydrocyclones. Their simulated
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particle recoveries for different vortex finder sizes agreed qualitatively with
available experimental data. However, the feed solid concentration was
indeed a notable limitation in the use of CFD. Narasimha et al. (7) used
CFD modeling to predict the cut-size of particles under various conditions.
The fluid flow was modeled by Navier-Stokes equations supplemented by a
standard k-e turbulence model using the FLUENT 6 package. The predicted
water splits in the outlets and the cut-size for pure sand particles were
reasonably in agreement with the experimental data measured in 101 mm-
diameter hydrocyclones at low solid concentrations. Wang and Yu (8) stu-
died the multiphase flow in hydrocyclones with different dimensions (lengths
of cylindrical and conical parts and cyclone size) using CFD. They used the
Reynolds stress model for multiphase turbulent flow, used the volume of
multiphase model for the interface between liquid and air-core, and used
the stochastic Lagrangian model for particle simulations. Their results
indicated that the cylindrical section played an inessential role in the par-
ticle collection. Reducing the hydrocyclone size or increasing the length of
conical section could improve the hydrocyclone performance. Recently,
Bhaskar et al. (9) simulated the fluid flow in a 76 mm-diameter hydrocy-
clone using FLUENT software without air core and found that the use
of the RSM turbulent model was better in agreement with the experimen-
tal of the water throughput than the standard k-e or k-e RNG models.

In practice, the cut-size and separation efficiency of particles are sig-
nificantly determined by the hydrocyclone size. The smaller the cyclone
is, the smaller the cut-size and the higher the efficiency will be. In recent
years, small hydrocyclones with a diameter of 10-mm were developed and
used for separating or classifying fine particles (10–12). However, a fish-
hook phenomenon frequently occurred on the partition curve, which
decreased the separation sharpness especially for submicron particles
(11,12). Therefore, to enhance the separation efficiency and sharpness
become the important criteria for new hydrocyclone design. In this study,
the fluid flow and particle trajectory in 10-mm hydrocyclones are simu-
lated using CFD. The effects of geometric structure parameters on the
separation efficiency are studied and discussed. The performances of typi-
cal hydrocyclones are compared based on the same operation capacity
and hydrocyclone size.

NUMERICAL METHODS

System and Meshes

A hydrocyclone with an inner-diameter of 10 mm in the cylindrical part
and a length of 88 mm is analyzed in this study. The detail dimensions
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and coordinate axes are shown in Figs. 1(a) and (b), respectively. The
meshes and grids for numerical simulation are created by the RFLOW
commercial software designed by RFLOW Co. in Tokyo, Japan. The
Cartesian coordinate system is used in the mesh creation and numerical
simulations. Drawing of the body geometry and 3-D meshes within the
body should be carried out simultaneously. The main body of a hydro-
cyclone is divided into two sub-parts, cone and spiral parts, for mesh
creation. The orthogonality of grid lines, the aspect ratio, and the
connectivity of the grids are auto-checked by the software during the
mesh creation. Figure 2 shows the typical results of mesh creation for
the hydrocyclone using RFLOW software. The top view is shown in
Fig. 2(a), while an overview can be seen in Fig. 2(b). The meshes become

Figure 1. The hydrocyclone, (a) detail dimensions; (b) the system and
coordinates.
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volute shapes following the entrance region because of the cylindrical
wall and a slightly inclined inlet channel. In fact, the meshes in the system
are not uniform; denser grid lines are established in the regions where
exist higher velocity or pressure gradients.

Simulation of Fluid Flow

The governing equations used in the numerical simulation of fluid flow
are summarized as follows.

Figure 2. Finite volume mesh hydrocyclone geometry, (a) top view; (b) overview.
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Continuity equation

@q
@t
þ ðv � rÞqþ qr � v ¼ 0 ð1Þ

where q is the fluid density, t is time, while v is the velocity vector.

Equations of motion

q
@v

@t
þ ðv � rÞv

� �
¼ �rpþrððlþ leÞrvÞ þ qg ð2Þ

where p is the pressure and m and me are the fluid and eddy viscosities,
respectively.

A steady-state assumption is made in the simulation of fluid flow.
The boundary conditions include:

(a) The density and viscosity of fluid are set to be 103 kg=m3 and
10�3 Pa.s, respectively.

(b) Non-slip conditions are set on the solid wall of hydrocyclone.
(c) A uniform velocity profile is set on the cross-section of feed inlet.
(d) The pressures at underflow and overflow outlets are set as constants.

Since the split ratio of underflow to overflow rate is dependent on the
pressure difference between the underflow and overflow outlets, the
split ratio is fixed in simulation by adjusting the pressure difference
between the underflow and overflow outlets.

The profiles of fluid velocity and pressure in the hydrocyclone are
then simulated using RFLOW software. The standard k-e isotropic turbu-
lence model is employed for modeling the turbulence in the system. The
convergence criteria are the residual of numerical computations being
below 2.0� 10�3 in fluid velocity evaluation and the ratio of the inflow
rate to the overall outflow rate being 1.0 (mass balance).

Simulation of Particle Trajectory

The particle trajectories in the hydrocyclone are simulated using RFLOW
software once the fluid velocity profiles are analyzed. The system is set at
unsteady-state in the simulation. The physical properties of JIS CaCO3-
17 particles are used as the known conditions. The particle diameter
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ranges from 0.26 to 22.60 mm, and the density is 2700 kg=m3. The particle
shape is assumed as spherical. The cross-section of the entrance is
uniformly divided into 10�10 grids for setting the initial position of
particles. A thin suspension is assumed; therefore, the interactions
between particles are reasonably neglected. After setting the particle
diameter and the inlet position, the particle trajectory is simulated by
introducing the results of fluid flow analysis. The partial separation
efficiency for the particles with a diameter of d, g(d ), can be considered
as the mass fraction which can be collected into the underflow. As soon
as the trajectory simulation is finished, the partial separation efficiency
for each size is then evaluated.

RESULTS AND DISCUSSION

Figure 3 shows typical simulated results of fluid velocity profile under a
uniform feed velocity of 9.55 m=s and a split ratio of 0.62. In such a
condition, the pressure drop through the hydrocyclone is 0.1 MPa. From
the top-view of the velocity profile on the x-y plane at z¼ 0, as shown in
Fig. 3(a), the velocity vectors decrease continuously from the entrance
due to the downward flow in the cylindrical section. Although the fluid
velocities on the solid walls are preset as zero, the velocity profile in
the inlet conduit is not symmetrical to the central-line. The velocity near
the inner wall is higher. This fact may result in a strong impact on the
hydrodynamic wall when the fluid flows into the cylindrical part and
results in a higher velocity near the wall, as shown in Fig. 3(b). Figure
3(b) shows the velocity profile on the x-z plane at y¼ 0. Since the sudden
contraction of the cross-sectional area, the fluid velocity becomes higher
when the fluid flows into the vortex finder, especially in the central
region. It can be seen that the highest velocity over 11 m=s occurs in
the middle but slightly lower region of the inlet conduit, and the velocities
ranged from 5 to 7 m=s occur at the impact locations of the cylindrical
wall and at the entrance region of the overflow conduit. The fluid
velocities are lower than 2 m=s in most regions and close to zero on the
vertical central-line. A line (or an envelope) of zero vertical velocity
(LZVV) can be found in Fig. 3(b) as a V-character shape. According
to the equilibrium orbit theory (13), the fluid flows upward inner the
LZVV while flows downward outer the LZVV. These flows then consti-
tute the overflow and underflow, respectively. In addition, re-circulating
flows and small secondary eddies exist in the region around the cylindri-
cal section, which may cause a short-circuit of particles flowing out
through the vortex finder and then to worse efficiency and sharpness of
particle separation. On the other hand, the fluid flows downward near
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the hydrocyclone wall, but a part of it may change its flowing direction
due to the conical shape of hydrocyclone and becomes the inner helical
up-flow (secondary vortex).

Figure 3. The simulated fluid velocity profiles under a uniform feed velocity of
9.55 m=s and a split ratio of 0.62, (a) top-view (on the x-y plane at z¼ 0), and
(b) side-view (on the x-z plane at y¼ 0).
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The particle trajectory in the hydrocyclone can be simulated using
RFLOW software once the fluid velocity profiles are obtained. The typi-
cal results of CaCO3-17 particles with different diameters under an inlet
fluid velocity of 7.55 m=s and a split ratio of 0.62 are shown in Fig. 4. The
initial positions of those particles are the same and marked as No. 23 on
the inlet cross-section plane. For the smallest particle, d¼ 0.26 mm, the
particle finally migrates into the vortex finder after a few rotations. When
the diameter is greater than 7.7 mm, particles are carried by the fluid flow-
ing outside the LZVV and collected into the underflow after several rota-
tions. It can be found that the rotation number decreases with increasing
the particle size. These are attributed to the higher centrifugal and inertial
forces acting on coarser particles. Higher centrifugal and inertial forces
cause particles to deviate the fluid streamlines more easily. Therefore,
the partial separation efficiency is higher for larger particles.

Figure 5 shows the effect of the inlet position on the trajectory of
CaCO3-17 particles with a diameter of 7.7 mm under a uniform inlet velo-
city of 7.55 m=s and a split ratio of 0.62. Four inlet positions are set and
indicated in the figure. From the results of the velocity simulation, e.g.,
Fig. 3, one knows that the fluid near the lower region of the inlet conduit
has higher velocity. Therefore, the particles at the initial positions of
No.73 and 78 have more opportunities to be collected into the underflow.
The trajectories of these two cases are almost the same; however, the
particles initially at position No.78 can quickly move away from the
cylindrical part (or vortex finder). It is because the particle is closer to
the inner wall of the inlet conduit at where the fluid has higher velocity.
On the other hand, for the particles initially at positions No.23 and 28,

Figure 4. Simulated trajectories of CaCO3-17 particles with different diameters
initially at a specified inlet position under an inlet velocity of 7.55 m=s and a split
ratio of 0.62.
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their velocities are lower when they come into the cylindrical part. How-
ever, the particle initially at position No.23 is closer to the hydrocyclone
wall, this means it has opportunities to collide on the hydrocyclone wall
or to move into the primary vortex (the flowing stream outer the LZVV).
Finally, it is collected into the underflow though it undergoes more rota-
tions. It is expectable that the particle initially at position No.28 is able to
flow into the vortex finder after a few rotations because of its low velocity
and its location apart from the hydrocyclone wall. When the trajectory
simulation is finished, the collection fraction or the partial separation
efficiency of the particles can be calculated by summing the results of
all 100 different inlet positions up.

In order to check the accuracy and practicability of RFLOW soft-
ware, hydrocyclone experiments were carried out for comparison.
CaCO3-17 particles in JIS standard were dispersed in de-ionized water
to prepare a 0.18 vol% suspension. The suspension was then separated
by a 10-mm hydrocyclone manufactured by the Japan Chemical
Engineering & Machinery Co. in Osaka, Japan. The detail structure is
the same as that shown in Fig. 1. A comparison of partial separation
efficiency between simulated results and experimental data is shown in
Fig. 6. The temperature was kept at 20�C during the experiments. The
inlet velocity and the split ratio were set as 9.55 m=s and 0.62, respec-
tively. These resulted in a pressure drop of 0.1 MPa through the hydro-
cyclone. The partial separation efficiency for a given size of particles

Figure 5. The effect of inlet position on the trajectory of CaCO3-17 particles
with a diameter of 7.7mm under an inlet fluid velocity of 7.55 m=s and a split
ratio of 0.62.
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is defined as (14):

gðdÞ�mass flow rate of particles with diameter d collected into under flow

mass flow rate of particles with diameter d in the feed

ð3Þ

Its physical meaning can be considered as the collected fraction (or so-
called ‘‘recovery’’) of particles with a diameter of d. As one can expect,
an increase in the particle size leads to a higher separation efficiency.
However, the separation efficiency keeps as high as 0.4 for submicron
particles and does not drop to be zero for the smallest particles. This
‘‘fish-hook’’ phenomenon is attributed to the underflow and particle
diffusion effects (12,14). A portion of fine particles are carried by the
underflow liquid and collected together with those that are coarser. It
can be seen that a larger deviation between simulated results and experi-
mental data occurs for 5 to 10 mm particles. It is possible due to the
neglect of the effects of particle shape or particle interactions, or due to
the use of a symmetrical swirly turbulence model in simulations. How-
ever, the tendency is qualitative in agreement, and the predictions of
d100 (the smallest diameter reaching 100% collection) and the fish-hook
phenomenon are fairly well. The deviation of cut-size d50 (the diameter
for 50% collection) between the simulated results and the experimental
data is only 2 mm. Therefore, this simulation method is reasonably

Figure 6. A comparison of partial separation efficiency of CaCO3-17 particles
between simulated results and experimental data.
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adopted to study the separation performances of hydrocyclones with
different geometric structures in this study.

The influence of the overflow conduit diameter on the partial
separation efficiency is studied numerically using RFLOW software.
The same operation capacity, e.g. VF¼ 12.917 m=s, is selected as the com-
parison basis. The other geometric structure parameters of hydrocyclone
are all the same as their originals in simulations except the value of Do.
Since two outlet boundary conditions are both set as the atmospheric
pressures, the flow rates at the overflow and underflow conduits will vary
with the overflow diameter. The data of volumetric flow rates and split
ratio under various overflow diameters are calculated as soon as the
simulations are converged and listed in Table 1. It can be found that
an increase in the overflow diameter leads to an increase in the fluid flow
rate in the overflow. This results in a lower flow rate in the underflow
and, consequently, a smaller split ratio. If the value of Do increases 2-fold
from 2 to 4 mm, the volumetric flow rate in overflow will be increased as
high as 40%. Figure 7 depicts the variation of the partial separation
efficiency with overflow diameter. When the overflow rate is increased
by increasing the overflow diameter, particles have more opportunities
to migrate into the vortex finder. The centrifugal force exerted on the
particles in the primary vortex is also reduced due to the slower under-
flow. As a result, the separation efficiency decreases. According to the
analysis on the separation mechanism of hydrocyclone in the previous
study by the authors (12), the underflow effect is more significant for
finer particles. This fact can be demonstrated by the results shown
in Fig. 7. In addition, the separation efficiency of larger particles is
primarily affected by the centrifugal effect (12); the influence of the over-
flow conduit diameter becomes less as the particle size increases, as
shown in Fig. 7. The cut-diameter d100 is almost invariant with the size
of overflow conduit.

Figure 8 shows the effect of underflow diameter on the partial
separation efficiency under the same conditions as Fig. 7. The geometric
structure parameters are all the same as their original indicated in Fig. 1
except the value of Du. Since the shape of the conical part cannot be

Table 1. The calculated values of Qo, Qu, and / for different overflow diameters
under VF¼ 12.92 m=s

Do (mm) 2.0 3.0 4.0 5.0
Qo (m3=s) 2.51 3.22 3.56 3.74
Qu (m3=s) 2.71 2.01 1.65 1.47
/ 1.08 0.62 0.46 0.39
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changed too much, the underflow diameter varies only from 1.4–2.2 mm.
The flow rates and split ratio under various simulation conditions are
calculated and listed in Table 2. The underflow rate and the split ratio
increase markedly as the conduit diameter increases. Therefore, the

Figure 7. Effect of overflow diameter on the partial separation efficiency of
particles.

Figure 8. Effect of overflow diameter on the partial separation efficiency of
particles.
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separation efficiency will be improved by increasing, even a little, the
underflow diameter. The same as the discussions on Fig. 7, the under-
flow effect is more significant for finer particles. The partial separation
efficiency for submicron particles is enhanced 2-fold when Du increases
from 1.4 to 2.2 mm. However, the fish-hook phenomenon will be more
obvious for a small underflow diameter, e.g., Du¼ 1.4 mm. The particles
with a diameter of 2 mm behave with the minimum efficiency. The smal-
ler submicron particles on the contrary perform at a higher separation
efficiency. This is because the diffusion phenomenon is more significant
for finer particles or under lower underflow rate. Furthermore, it can be
found that increasing the underflow diameter markedly decreases the
cut-diameter d50 and d100; the hydrocyclone performance can be effec-
tively improved through this modification. However, this advantage
cannot be seen as Du exceeds 2.0 mm. This is possible due to a little
change in the cone angle. In addition, the increase in the diameter of
overflow or underflow conduit leads to higher separation efficiency
for small particles; it is unfavorable to the sharpness of particle separa-
tion. Comparing the results shown in Figs. 7 and 8, the effect of the
underflow diameter is more significant on the particle separation than
that of overflow.

In order to study more effects of structure parameters on the separa-
tion efficiency, several typical structures of hydrocyclone are constructed
as shown in Fig. 9. The specifications of Case 1 are the same as those
indicated in Fig. 1(a), which is manufactured by Japan Chemical Engi-
neering & Machinery Co. in Osaka, Japan. The cross-sections of the
entrance for all cases are in a rectangular shape. In Case 1, the inlet con-
duit has a width of 2.5 mm and a height of 1.6 mm. Both Cases 2 and 3
have similar geometric structures as Case 1. However, Case 2 has a 20�

downward inclined inlet conduit, while Case 3 changes the aspect ratio
of the inlet cross-section from 2.5:1.6 to 1.6:2.5. Cases 4 and 5 are estab-
lished according to the specifications of Rietema and Bradley types. The
geometric parameters of these hydrocyclones are summarized in Table 3.
Comparing these different structures, the Rietema and the Bradley types
have shorter conical parts and a larger cone angle. The diameters of the

Table 2. The calculated values of Qo, Qu and / for different underflow diameters
under VF¼ 12.92 m=s

Du (mm) 1.4 1.6 1.8 2.0 2.2
Qo (m3=s) 3.83 3.56 3.30 3.03 2.78
Qu (m3=s) 1.38 1.65 1.92 2.18 2.41
/ 0.36 0.46 0.58 0.72 0.87
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underflow and the overflow conduits are particularly small for Bradley’s
hydrocyclone.

In this study, the effect of the particle inlet position on the separation
efficiency is discussed by dividing the inlet cross-section into 10� 10
grids. When the fluid velocity profile has been simulated, the particles
with a given size distribution are released one by one from their initial
positions and simulated their trajectories in the hydrocyclone by RFLOW
software. The separation efficiency (collected fraction into the underflow)
can then be evaluated. Figure 10 shows the simulated results of the
separation efficiency at different initial inlet positions for three inlet
installations, Cases 1–3. This comparison is based on the same operation
capacity. Since the cross-sectional areas are the same for these cases, the
inlet velocities are all set as 12.917 m=s and uniform profiles. The outlet
boundary conditions are all set to be atmospheric pressures. The split

Table 3. The geometric structure parameters of test hydrocyclones

Di=D Do=D Du=D I=D L=D h

Case 1 0.16 0.34 0.16 0.42 7.7 6.0
Case 2 0.16 0.34 0.16 0.42 7.7 6.0
Case 3 0.16 0.34 0.16 0.42 7.7 6.0
Case 4 0.16 0.34 0.20 0.40 5.0 11.0
Case 5 0.16 0.20 0.07 0.33 6.85 8.5

Figure 9. The geometric structures of five hydrocyclones used in simulation.
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Figure 10. Effect of inlet position on the separation efficiency for CaCO3-17
particles under a uniform inlet velocity of 12.917 m=s in the hydrocyclones of
(a) Case 1, (b) Case 2, and (c) Case 3.
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ratios for these cases have a little difference even under the same operat-
ing conditions and are shown in Fig. 11. Comparing the results shown in
Figs. 10(a) and (b), the higher efficiency occurs in the lower-half region
for Case 1, while it occurs in the right-bottom region and near the right
and top solid walls for Case 2. This is due to the different fluid velocity
profiles in the inlet conduits of these cases. In general, the separation effi-
ciency is more uniform distributed on the entrance plane for Case 2.
When the inlet aspect ratio changes to 1.6:2.5, the higher efficiency distri-
butes in the right-bottom region of the entrance plane for Case 3, as
shown in Fig. 10(c). Comparing the overall efficiency of Cases 2 and 3
to Case 1, an inclined inlet conduit cannot improve the overall perfor-
mance, on the contrary, which results in a 4% drop in the overall separa-
tion efficiency. A short-and-wide inlet is more efficient than a tall-and-
narrow one. The overall efficiency of Case 3 decreases 15% lower than
that of Case 1 although the inlet cross-sectional area and the mean fluid
velocity are both the same.

The partial separation efficiencies of Cases 1–3 under the same
condition as Fig. 10 are shown in Fig. 11. Comparing the curves of
Cases 1 and 2, an inclined inlet conduit, Case 2, results in a 2 mm reduc-
tion in d100 but in a 3 mm increase in d50. The partial separation efficiency
of Case 2 is obviously lower for 2–10 mm particles. Indeed, the installation
of an inclined inlet conduit has inessential effects on the separation effi-
ciency of submicron particles. It can be also seen that the performance of

Figure 11. Comparison of partial separation efficiency among hydrocyclones of
Cases 1, 2 and 3.
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Case 3 is worse due to a larger cut-size and lower partial separation effi-
ciency than the other two cases. In conclusion, a short-and-wide inlet is
more efficient for hydrocyclone design on the viewpoints of both partial
and overall particle separation efficiency.

Figure 12 shows a comparison of partial separation efficiency among
Cases 1, 4, and 5. The boundary conditions are set as the same as those in
Figs. 10 and 11. However, the values of the split ratio for these cases have
great discrepancies due to their different geometric structures. Case 4 has
a particularly large split ratio due to a larger underflow diameter and
shorter conical part, which leads more particles to be carried by quicker
underflow. Therefore, the separation efficiency for the particles smaller
than 7 mm is improved. However, the centrifugal effect cannot be
enhanced effectively due to its large cone angle; the separation efficiency
for those particles larger than 8 mm is almost the same as in Case 1. On
the other hand, the split ratio of Case 5 is only a half of Case 1 because
of an extreme small underflow diameter. This makes its efficiency mark-
edly reduced especially for small particles. In fact, the values of d100 for
these three cases are almost the same. This is because the comparison
is based on the same hydrocyclone diameter and inlet velocity. However,
the values of d50 in these cases are quite different, the sequence is Case
5>Case 1>Case 4. Comparing the partition curves shown in Fig. 12,
Case 1 exhibits a higher separation sharpness than Case 4 and a higher
separation efficiency than Case 5.

Figure 12. Comparison of partial separation efficiency among hydrocyclones of
Cases 1, 4 and 5.
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CONCLUSIONS

Computational fluid dynamics has been employed to study the effects of
geometric structure parameters of 10 mm-diameter hydrocyclones on the
particle separation efficiency. The particle trajectories and the partial separa-
tion efficiency were calculated once the fluid velocity profiles were simulated
using RFLOW software with a standard isotropic k-e turbulent model. The
simulated partition curve exhibited a 20% deviation for 5–10mm particles.
However, the simulated d50 was only 2mm larger than that measured in
experiments, while the value of d100 could be accurately simulated. The
separation efficiency could be improved by enlarging the underflow conduit
or reducing the overflow diameter; however, the separation sharpness
became less clear through these modifications. For the rectangular inlets,
a short-and-wide rectangular inlet was more efficient for particle separation
than a tall-and-narrow one. An inclined inlet conduit played an inessential
role on the efficiency improvement. Comparing typical hydrocyclones with
the same size, the hydrocyclone used in the experiments of this study had a
higher separation sharpness than the Rietema type and a higher efficiency
than the Bradley type based on the same operation capacity.
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NOTATIONS

CL length of the cylindrical part of hydrocyclone (m)
d particle diameter (m)
d50 the particle diameter for 50% separation efficiency (m)
d100 the smallest particle diameter for 100% separation efficiency (m)
D diameter of hydrocyclone (m)
Di diameter of the inlet conduit (m)
Do diameter of the overflow conduit (m)
Du diameter of the underflow conduit (m)
g gravitational acceleration (m=s2)
I length of the straight part of inlet conduit (m)
L length of the conical part of hydrocyclone (m)
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p hydraulic pressure (Pa)
DP pressure drop through hydrocyclone (Pa)
Qo volumetric flow rate of overflow(m3=s)
Qu volumetric flow rate of underflow(m3=s)
t time (s)
v velocity vector (m=s)
VF mean fluid velocity at the inlet (m=s)

Greek Letters

q density of liquid (kg=m3)
m liquid viscosity (Pa s)
me eddy viscosity (Pa s)
/ split ratio of underflow to overflow rate (�)
g partial separation efficiency (�)
h cone angle of hydrocyclone (degree)
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