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Abstract

The simulations of the flow within the solid—liquid hydrocyclone operating with an air core and with an inserted metal rod were performed.
Finite-volume method and Reynolds stresses model (RSM) were used to model the turbulence characteristic of the flow. The computational results
demonstrate the double-vortex flow, which depict the two separation flows. The low-pressure zone or the air core in the centre core was simulated.
The redesign hydrocyclone for reducing the energy loss due to this low-pressure core was done by inserting the metal rod in the middle of
hydrocyclone. The effect of the inserted-rod on the velocity distributions and the separation performance was investigated. It was found that the
separation performance can only be improved with the proper size of the inserted-rod.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A hydrocyclone is a piece of separation equipment for
solid-liquid and liquid—liquid systems. Recently hydrocyclones
have been introduced in the food, oil and textile indus-
tries as a result of their simplicity of design and operation,
high throughput, low maintenance, low operating cost and
small physical size of the unit. Though the consistent use
of hydrocyclones has been occuring since the 1950s, the full
comprehension of the operation is still ambiguous. As they
have many advantages and have been used in many indus-
tries, this research work seeks to develop a new approach
and improvement in the design and operation of hydrocy-
clones.

The most popular approach to study the characteristics of
hydrocyclones, and consequently to optimize their performance,
consists of varying operational parameters, such as pressure
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drop, cut size, and volumetric throughput and examining the
effects of the changes.

Other attempts to model the flow in a hydrocyclone have
been made by using the theoretical models, which are based on
analytical solution of a set of simplified conservation equations,
resulting from mass and momentum conservation principles.
Such approach provides a physical insight into the fundamental
causes of the observed phenomena. The earlier theoretical
models are steady state and 2D-axisymmetrical models, which
are limited to dilute flow only. In addition, it is difficult to
describe the behaviour of highly turbulent swirling flow caused
by the 3D-flow entry. Therefore, more advanced modelling is
needed that allows, for example, the study of such phenomena
as an adjustment of three-dimensional flow to axisymmetrical,
particle—fluid, particle—particle and particle-wall interactions.
Such models, which are probably only possible by using
computational fluid dynamics, should allow the description
of particle effects on suppressing or generating turbulence
and non-Newtonian slurry flows. Additionally, in the context
of modelling turbulence, a comprehensive physical model is
needed to show how a fluid turbulent deformation characterises
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Fig. 1. Unstructured grid consisting of tetrahedral elements within a hydrocy-
clone for the finite-volume approximation.

swirl flows. Of course, improvements not only in physical mod-
elling but in computational power will need to happen in order
for computational modelling to become a viable option [1].
However even with current limitations, computational methods
of design have significant advantages over the empirical data,
such as freedom of changing the geometry quickly for verifica-
tion of possible changes in separational efficiency. Furthermore
investigation of the embedded turbulence modelling aspects
provides a fruitful avenue for understanding a number of open
issues regarding internal swirling flow and their implications
on separation efficiency of hydrocyclone.

On the other hand, experimentation with changing the inter-
nal geometries of a hydrocyclone has been done to try and
improve the separational efficiency. Yoshida et al. [2] innovative
idea to improve the separational performance was to include a
movable guide plate over the inlet.

Other researchers studied the performance of the hydrocy-
clone operating without an air core. Luo et al. [3] studied the
velocity profiles of hydrocyclones by using the laser Doppler
anemometry (LDA) technique. They removed the air core by
sealing the apex with water and compared the velocity profiles
of the ordinary and water-sealed hydrocyclones. They con-
cluded that the water sealed hydrocyclone was superior, but
that the capacity was reduced and the seal had to be carefully
maintained. Xu et al. [4,5] also measured the velocity compo-
nents of the hydrocyclone without an air core by using LDA.
They replaced the air core with a solid rod and claimed that
the air core contributes to the energy loss, and the separation
efficiency should increase by removing it. However, they did
not validate their statement. In order to test this postulation,
Lee and Williams [6] carried out an extensive series of experi-
ments whereby they measured the classification and separation
efficiency of the conventional hydrocyclones compared with
modified hydrocyclones, in which the air core was replaced by
a steel rod insert. They reported that the insertion of a rod into
the hydrocyclones does not appear to improve the separation
efficiency. In the later, Chu et al. [7] carried out the experiment

on the hydrocyclone with an inserted-rod, and they found that
the inserted-rod could improve the separation performance of
hydrocyclone. They reported that negative effect on the separa-
tion found in the experimental study of Lee and Williams [6]
might be mainly due to their body supports designed for fix-
ing the solid rod as the main flow field inside the hydrocyclone
might be disturbed by the body supports, and the negative effect
of this on separation performance might be more remarkable
than the positive effect of eliminating the air core. As the result,
the hydrocyclone separation performance was not improved, but
deteriorated.

The main aim of the present work is to extend this research
by introduction of computational fluid dynamics (CFD) tech-
niques to the simulation of 3D flow within a hydrocyclone. This
procedure is employed to predict velocity fields in the hydro-
cyclone with different geometries operating under a wide range

380 mm, ID =45 mm
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Fig. 2. Schematic diagram shows the plane positions of 50-mm hydrocyclone
with inserted-rod. For each plane height the value of the section internal diameter
ID is also given.
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Fig. 3. The obtained pressure (Pa) of fluid projected on a vertical plane of the hydrocyclone: (a) operating with an air core, (b) experimental observation and (c) with

4-mm inserted-rod.

of conditions. A method for predicting particle trajectories in
hydrocyclone and its separation efficiency is demonstrated. The
numerical results are compared with available experimental data
showing good agreement. The flow behaviour and the separation
performance of a hydrocyclone operating with an inserted-rod
are comparatively studied.

2. Problem formulation
2.1. Model description and governing equations

The governing partial differential equations are the continuity
equation and the Navier—Stokes equations:
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The variables p, p and u represent density, pressure and molec-
ular viscosity, respectively. The velocity u; is decomposed into
its mean and fluctuating components:

u; = u; + Lt; 3)

The Reynolds stress term—pi;u; includes the turbulence clo-
sure, which is modelled in order to close Eqs. (1) and (2).
The recent paper of Delgadillo and Rajamani [8] presents a
comparative study of three turbulence-closure models for the

hydrocyclone problems. They conclude that Large Eddy simula-
tion (LES) allows the accurate prediction of the velocity profile at
different locations. Their simulations demonstrated the dynam-
ics which leads to the formation of the air core. These results
were further confirmed by Narasimha et al. [9] in their LES
simulations which allowed prediction of air-core diameter and
shape. Although LES simulations show considerable potential
they are enormously computationally expansive. The subgrid-
scale model accounting for the effects of particles has not yet
been used in LES simulations. Consequently Reynolds stress
model (RSM) has been applied as turbulence closure in this
study. The simulations using RSM model and supporting valida-
tion studies in the context of hydrocyclones were also presented
inrecent papers of Bhaskar etal. [10] and Wang and Yu [11]. The
RSM model was found to predict well anisotropic turbulence.
The RSM provides information of all the stress components and
contains exact terms for swirling effects in its stress transport
equations. The description of the model is presented in Appendix
A.

2.2. Modelling particle motion

The motion of particles due to turbulence in the fluid phase
was predicted by using the particle trajectory method. The
method provides a direct description of the particulate flow by
tracking the motion of individual particles. Newton’s second law,
with semi-empirical forms for the hydrodynamic forces, governs
particle motion [12]. The trajectory of the discrete phase parti-
cle is obtained by integrating the force balance on the particle.
The volume occupied by the particles in a computational cell is
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Fig. 4. The obtained pressure (Pa) of fluid projected on a horizontal plane of the hydrocyclone: (a) operating with an air core, (b) with 4-mm inserted-rod and (c)

with 6-mm inserted-rod.

neglected. Therefore the particles do not perturb the flow field
and the fluid satisfies the continuum equations that are solved
on a fixed field. The instantaneous velocity field from the fluid
equations is used to predict the trajectories of individual par-
ticles. Such coupling mechanism between the phases can only
be employed for dilute systems [12]. The particles momentum
equations describing a balance between the drag, centrifugal
and gravity force are expressed in a Lagrangian reference frame
given by

dv; Pp — P

T Fp(uij —vi) +

8i “

where Fp(u; — v;) is the drag force per unit particles mass and
the relationship for Fp is

18t o Rep

Fp = —&%
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Here vector v; is the particle velocity, u; is the fluid velocity, g;
is the gravitational acceleration, Cp is the drag coefficient, pp, is
the density of the particle and dj, is the diameter of the particle.
Rey, is the relative Reynolds number defined as

_ pdp|vi — u;l
m

Re (6)

2.3. Boundary conditions and numerical technique

Since partial differential equations are incorporated in the
model, it is necessary to define boundary conditions for all
boundaries of the flow domain. At the inlet a uniform velocity
boundary condition was applied. For the hydrocyclone config-
uration studied in this work the simulations were performed for
inlet velocities equal to 6, 7 and 8 m/s. For the outlet bound-
ary conditions, the mathematical formulation of the problem
does not allow the imposition of fully natural boundary condi-
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Fig. 5. The obtained axial velocity (m/s) of fluid projected on a vertical plane of the hydrocyclone: (a) operating with an air core, (b) with 4-mm inserted-rod and (c)

with 6-mm inserted-rod.

tions in terms of forces as in Doby et al. [13]. Instead pressure
boundary conditions, with outlet gauge pressure equal to zero,
were applied to the two outlets. This kind of outlet boundary
condition was used to simulate the occurrence of the region of
negative gauge pressure in the centre of hydrocyclone, which
was considered as the air-core zone. The authors also tried to
use an interface-tracking algorithm based on the volume of fluid
method (VOF) for calculating the position of the air core. How-
ever, it was found that the model significantly under-predicted
tangential velocities. This confirms observations made by Del-
gadillo and Rajamani [14] that the RSM model predicts an air
core, which is irregular and does not agree with experimental
data. No-slip boundary condition is assumed at the solid wall.
As aresult, all velocity components are zero at the wall. The par-
ticles were injected from the feed inlet and left the hydrocyclone
through outlet zones.

2.4. Numerical scheme

The physical problem was numerically discretized using
finite-volume approximation in three-dimensional Cartesian
coordinate system. The decoupled solver was chosen for the
governing Navier—Stokes equations, which are solved iteratively
in sequentional manner until the defined values of convergence
are met. The solution method used in this study is the SIMPLEC
algorithm developed by Patankar [15]. The continuity and the

Navier—Stokes equations are discretized by using QUICK spatial
discretization scheme. This is the higher-order scheme allowing
for interpolation of field variables from cell centres to faces of
the control volumes.

2.5. Numerical simulation

The investigation the water flow within a 50-mm hydro-
cyclone was carried out. The water density and viscosity are
998.2kg/m> and 1.003 x 1073 kg/(ms), respectively. The lin-
ear systems associated with the solution of the pressure and
momentum equations have been solved with a tolerance on
the residual to 107%. The iterative procedure is declared con-
verged when all residuals have been reduced below 107°.
The computations were carried out on a PC computer work-
station, with FLUENT 6.0 Code and the typical CPU time
was 2 days on average for the case with 241,551 compu-
tational cells. Grid independence studies were carried out
and it was determined that once the number of elements
exceeded a value of approximately of 210,000 the solutions
of the reported selectivity curves showed a maximum differ-
ence of 4.8% between the consecutive grids. This was seen
as acceptable; therefore, the final mesh used for all the com-
putations was 241,551 computational cells. The generated
unstructured grid consisting of tetrahedral elements is shown
in Fig. 1.
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The obtained pressure of fluid projected on a vertical plane of
the hydrocyclone operating with an air core and a4-mm inserted-
rod are shown in Fig. 3. The numerical results can depict the
air-core region, where the pressure is negative, in the centre of
the hydrocyclone. The air-core characteristics obtained from this
numerical simulation is similar to the experimental observation
as can be seen in Fig. 3. The air core was found to be insta-
ble and its size, shape and position are unfixed because of the
instability of the gas—liquid interface. It is also found that the
region of the low pressure does not exist in the flow within the
hydrocyclone operating with 4-mm inserted-rod. This is due to
the inserting of the rod eliminating the occurrence of the air
core.
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The obtained pressure of fluid projected on a horizontal plane
of the hydrocyclone operating with an air core, a 4- and 6-mm
inserted-rod, are also shown in Fig. 4.

The tangential velocity is an important velocity component as
it creates the high swirling field. The fluid enters through the tan-
gential inlet with high inlet velocity and its initially linear motion
is converted to angular motion by the hydrocyclone. The numer-
ical result demonstrates a double-vortex pattern or two swirling
flows, which are the outer downward and the inner upward
flows. It can be seen that the flow within the hydrocyclone is
not symmetric.

The separation flow is successfully simulated and can be
demonstrated by the axial velocity component as shown in
Fig. 5 for both hydrocyclone operating with and without the
inserted-rod. The positive and negative values of the axial veloc-
ity indicate the upward flow and downward flow, respectively.
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Fig. 12. The trajectory of CaCOj3 particles flow within the hydrocyclone oper-
ating with air core for the inlet velocity of 7 m/s.
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Fig. 13. The trajectory of CaCO3 particles: (a) 1 pm, (b) 2 wm, (c) 5 wm and (d) 10 wm, flow within the hydrocyclone (vortex finder section) for the inlet velocity

of 7m/s.

The inserted-rod causes a lower axial velocity at the underflow
outlet area of the separator, because it reduces the underflow
outlet area and this causes the reversed upward flow to increase.
The typical high axial velocity at the overflow area is observed.

From Figs. 6 and 7, it can be seen that the profiles of both
axial and tangential velocity components of the higher inlet
velocity case follow the same pattern as that of the lower inlet
velocity case. However, the magnitude of both velocity compo-
nents increases with an increase in the inlet velocity. The axial
velocity profiles prove the existence of the LZVV (the location
where the zero axial velocity exists), where the separated flow
occurs in hydrocyclone. At the plane z =309, which is located
in the bottom of the vortex finder tip, the tangential velocity
profile is not found to decrease towards the centre like the pro-
file at the plane z=300. This is due to the effect of the upward
flow entering the vortex finder tube. The tangential velocity, in
the conical section at the plane z=216, tends to increase with
decreasing radius until it reaches a maximum at the some point.
At radial distances less than this point, the velocity decreases
proportionally with the radius. This demonstrates two differ-
ent zones of forced vortex flow. The tangential velocity profile
at the underflow outlet shows the two zones of the swirling
flow, while the axial velocity profile demonstrates the reduc-
tion of the velocity in the centre caused by the external pressure
force.

The pressure is an important parameter of hydrocyclone
operation. High-pressure drop in operation means high-energy
loss of the flow and high pumping cost. As the result of
this numerical simulation, the reduction of pressure loss
was found to be reduced by an inserted-rod as shown in
Figs. 8 and 9. The hydrocyclone operating without the inserted-
rod has lower pressure field that that of the operating with
inserted-rod. The 6-mm rod can give the lowest pressure
field. This can be seen more clearly at the plane z=54 in
Fig. 9.

The axial velocity profile projected on a horizontal plane of
the hydrocyclone operating with an air core, a 4- and 6-mm
inserted-rod, are shown in Fig. 10.

From the presented numerical result and the experimental
data of Chu et al. [7], the upward axial velocity of the fluid in
the central area decreased when the air core was replaced by
inserted-rod. The decrease of the axial velocity of fluid nearby
the entrance of the vortex finder is beneficial to reducing the
mixing of coarse particles in overflow product. In Fig. 11, it can
be seen that the radial velocity distribution of the flow operating
with and without the inserted-rod are similar but the magni-
tude of the radial velocity of the inserted-rod cases is obviously
smaller. The reduction in radial velocity is advantageous for sep-
arating fine particles because the drag forces, acting towards the
centre, are reduced. The smallest magnitude of the radial veloc-
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ity was obtained from the flow with the 4-mm rod, which the
best separation performance was found as discussed in the next
section.

3.2. Particle motion and separation performance

Separation efficiency expresses the relationship between per-
centages of the each particle size of feed reporting to the
underflow discharge. It is commonly used to present the perfor-
mance of hydrocyclones for particle separation or classification.
Its prediction requires a method for tracing particle trajectories
as affected by the predicted axial, tangential and redial velocity
components. In order to trace the particle trajectory, the parti-
cle velocities are obtained from the fluid velocities using the
particle momentum Eq. (4) with the drag force per unit particle
modelled as (5). The trajectory of a particle depends on the loca-
tion at which it enters hydrocyclone. Assuming that all particles
in the feed stream, despite their difference in size and density,
have the same probability of entering the hydrocyclone through
any of the entry points, it is possible to determine the trajectory
and eventually to compute the particle separation efficiency. The
predicted results of particle motions or particle trajectories are
shown in Figs. 12 and 13.

In this study, assuming that the particle phase is the particle of
CaCOj3 within the range of 1-100 wm. All particles are assumed
to be spherical. Fig. 12 shows the motions of the particles in a
wide range of particle size. The motions of mono-size particle
are shown in Fig. 13.

The performance curve, which depicts the percentages of
the each particle size of feed reporting to the underflow dis-
charge, is also called the selectivity curve. The selectivity
curves for the hydrocyclone operating with an air core for
three different inlet velocities are shown in Fig. 14. It was
found that the hydrocyclone operate with high inlet velocity can
give good separation performance. Since an increase in inlet
velocity increases pressure drop and all velocities throughout
the hydrocyclone. The pressure drop used in practice usually
depends on economic considerations. Operating at high-pressure
means less units are required to treat a given flow. The lower
capital costs, finer cut sizes and sharper separations can be
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Fig. 14. The selectivity curves, presenting the predicted separation performance,
of the flow with an air core for different inlet velocities.
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Fig. 15. The selectivity curves, presenting the predicted separation performance,
of the flow with an air core (no rod) and 4- and 6-mm inserted rods.

obtained. These benefits must be offset against drawbacks
including higher pumping cost and an increased abrasion. Fur-
thermore, the increase in feed flow-rate and the decrease in
cut size tend to decline above a certain pressure drop. This
is thought to be due to resistance effects within the hydrocy-
clone.

The selectivity curves for the hydrocyclone operating with
4- and 6-mm inserted-rods comparing with that of operat-
ing without inserted-rod are presented in Fig. 15. It can be
seen that the hydrocyclone operating with the 4-mm inserted-
rod gives the best separation performance, while the operating
with the 6-mm inserted-rod gives the worst separation per-
formance. These findings were confirmed for different inlet
velocities 6, 7 and 8 m/s. It can be concluded that the hydro-
cyclone separation performance can be improved by replacing
the air core with the proper size of the inserted-rod. The neg-
ative effect on the separation found in the experimental study
of Lee and Williams [6] might be due to both the design
of the inserted-rod body supports and the size of inserted-
rod.

4. Conclusion

The computational fluid dynamics simulations of 3D flow
within a hydrocyclone operating with an air core and with
inserted-rod by using the finite-volume method have been per-
formed. The particle motion was successfully predicted by using
the particle trajectory method. The separation performance of the
separator was determined by the relationship between percent-
ages of the each particle size of feed reporting to the underflow
discharge. The numerical results from this study were in agree-
ment with the experimental data published earlier. It was found
that the radial and axial velocity components in the area just
below the vortex finder were reduced, when replacing the air
core by inserting a metal rod. This causes the flow field inside
hydrocyclone become more beneficial for the separation pro-
cess. However, the separation performance can only be improved
with the proper size of the inserted-rod. The reduction of pres-
sure loss in the hydrocyclone was also found to be reduced by
replacing the air core by inserting a metal rod.
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Appendix A

The Reynolds stress model (RSM) is a second-order closure
model. The model represents the solution of the transport equa-
tions of the six Reynolds stress components together with the
equations for the three mean velocities and the dissipation equa-
tion for the dissipation rate, &, of the turbulent kinetic energy.
Reynolds stresses are modelled by the following equation:

D(pup) — dlpuju])
= +
Dt ot Oxy

.7
Bpukuiuj

= Pij+ Drij+ Dpij + Pij + Fij — €ij (AD)
The right-hand side terms are
7311/ 78141
Pij=—p <u§u§<m + u;u;axk) (A2)
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ij 3x,'
Fij = —pS2k(u'juj, eikm + ujiy, e jion) (A5)
ou' ou';
=2y —»i 4 A6
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The P;; term represents the stress production, Dr,; is the turbu-
lent diffusion term, Dy j; is the molecular diffusion term, @;; is
the pressure-strain term, Fj; is the pressure-strain term and &;; is
the rotation production term. Here £2y is the rotation vector, §
is the Kronecker delta and e =1 if i, j, k are different and in
cyclic order; e;x=—1. if i, j, k are different and in anti-cyclic
order, and e;z =0 if any two indices are the same.

The dissipation, pressure-strain, and turbulent diffusion terms
cannot be computed exactly in terms of the other terms in the
equations and therefore are modelled. The pressure-strain term
is obtained from a linear-strain model:

D;j = Dij1 + Dij2 (A7)

The slow pressure-strain, ®;; 1 is modelled as

01 = —pCy (i — Larars A8
il =—p 1% uiuj—gukuk ij (A8)

Here, variable k represents the turbulent kinetic energy:

k= Spup] (A9)
The rapid pressure-strain term, @;;> is modelled as

1
Pij2 = —pC2 (Pij - 3Pkk3ij) (A10)

The adjustable constants C; and C3, have the standard values
and are equal to 1.8 and 0.6, respectively.The close relation
postulated for viscous dissipation term:

0 C
Xy "

The adjustable constants Cy,, Cig, Cag, 0, 0¢ are 0.09, 1.44,1.92,
1.0 and 1.3, respectively. The mean strain rate is Ej; expressed
as

E 1 (Ou;  Ouj

v 2 <3x]' + ax,’)
In the near-wall region of hydrocyclones the solution variables
change with large gradients. The popular near wall models
(wall functions) do not resolve accurately the near-wall region
for strongly swirling flows. Due to the significant stream-wise
pressure gradients, body forces and strong secondary flows the
assumption of local equilibrium does not hold. Therefore the
fluent two-layer zonal model was found to be more suitable.
The two-layer near wall models divide the whole domain into
two regions, a viscosity affected region and a fully turbulent

region. The demarcation of the two region is determined by a
wall distance-based, turbulent Reynolds number:

k2 381.,'

£0¢ 0Xpy,

2
&
&ij = > + C1.CLEjE;j — ng? (A11)

(A12)

k
Rey = py— (A13)
u

where y is the normal distance from the wall at the cell centres.
In the near-wall region when Re, < 200, the one-equation model
of Wolfstein [16] is employed. For the values Rey, >200 the RSM
model is used.
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