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ABSTRACT: Hydrocyclones have been used as an operational tool to separate liquids from solids
in different industries for more than 50 years. Considering the importance of this issue, many experimental
and numerical attempts have been made to estimate the performance of this tool regarding the resulting
pressure drop and the separation efficiency (particles separation limit diameter). Most of the numerical
studies for simulating the fluid flow pattern inside Hydrocyclones have been conducted using
the “Fluent’” commercial sofiware. The other alternative for this evaluation is the application of CFD
in COMSOL Multiphysics. This work is mainly focused on studying the effect of entering tangent velocity
and also determining the flow pattern by CFD simulation in the powerful COMSOL Multiphysics
software. Thereafter, correlations proposed by a number of authors are compared with experimental
data to evaluate their performances. Among them, the correlations suggested by Barth and Koch-Lich
showed acceptable accordance with reference data and thus were chosen for sensitivity analysis. Based
on the results, three geometrical parameters of the hydrocyclone body have considerable effects
on the separation efficiency. The findings revealed that decreasing the outlet diameter and the inlet width
result in increasing the efficiency of hydrocyclone while enlarging the body diameter has negative effects
on it. Furthermore, the cyclone efficiency is enhanced as the density difference between fluid
and solid and the input velocity becomes larger.

KEYWORDS: Hydrocyclone; CFD simulation; Mathematical model; Hydrocyclone performance
field flow and pressure drop; Sensitivity analysis.

INTRODUCTION

Hydrocyclone is a cylindrical-conical device. Those or hydraulic cyclone. The separation inside a hydrocyclone
specifically designed for liquids are called hydrocyclone is based on centrifugal sedimentation, where the suspended
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Fig. 1: A scheme of hydrocyclone configuration.

the particle is exposed to the centrifugal acceleration that
leads to their separation from the fluid carrying them [1].
Although the centrifugal force is created inside a cyclone,
no moving parts exist in it and the required vortex flow
is formed by the fluid itself. Fig. 1 illustrates the cross-section
of a hydrocyclone with a common design.

As indicated by the figure, a hydrocyclone is formed
by a cylinder which is connected to its lower part.
Particles suspended in the liquid enter the hydrocyclone
tangent to its entrance and due to this tangent motion
of the fluid, a vortex flow is formed inside the hydrocyclone.
A portion of liquid that carries fine particles is ejected
through a cylindrical outlet placed at the top of the
hydrocyclone. This outlet is known as the overflow pipe
or vortex finder. The remaining liquid which bears larger
particles is ejected through the cylindrical outlet at
the bottom of the cone. This outlet is called spigot or
underflow orifice. As can be seen, various parameters
affect the performance of hydrocyclones. To know
the performance of hydrocyclones, engineers are able to use
a lot of mathematical models to simulate the potential
of the hydrocyclones. However, there exist totally two main
types of mathematical models that give a helping hand
to the engineers to obviate their obstacles [2]. Both of
the methods are described in the proceedings.
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To recognize the performance of a hydrocyclone,
including particle sizes selectivity, efficiency, and mass
flow in the overflow and spigot parts, investigators
can take the advantage of semi-analytical models.
The customary approaches for this type of the models are
implementing the residence time and equilibrium orbit
theorems [3-4]. These models, usually utilized for
hydrocyclone sizing, are both explained in the theory
section of this manuscript in detail.

The application of CFD technique to model
the performance of a hydrocyclone is the other type of
the mathematical methods. Similar to all separation
fundamentals in fluids dynamics, it is essential to know
the flow pattern inside the hydrocyclone. The integrity of
optimized design and determining particles flow path are
inevitable for predicting the separation efficiency using
the vortex flow pattern [5]. Pericleous and Rhodes [6]
and Hsieh and Rajamani [7] were the first people who
modeled the hydrocyclone using a numerical strategy.
In order to cope with the turbulent transport equations
in their modeling procedure, Hsieh and Rajamani [7]
assumed that fluids continuously flowing in a
2-dimensional hydrocyclone have constant properties.
Vorticity-stream function, as well as Prandtl mixing
length, were employed in order that they could solve
Navier-Stokes equations as their model's governing
equations. Pericleous and Rhodes [6] took the advantage
of modified Prandtl mixing length model to extract
their required information from a 200 mm-hydrocyclone's
diameter. Years later, they were He et al. [8] who made
a big effort to enhance the preceding models exploiting
a 3-dimensional hydrocyclone geometry in their calculations.
Eventually, they reach this point that application of k-
turbulent model is not a successful method to match CFD
results with experimental data. As mentioned by
the researchers, the modified k-g turbulent model leads
to more prosperous outcome than that for the ordinary one.
They also indicated that the 2-dimensional geometry
is not able to predict the flow pattern of fluids as well as
separation processes expeditiously. It was asserted
by various investigators that even with available
computational fluid tools the construction of a robust
fluid model for a hydrocyclone seems far away [9-10].
Firstly fluids inside a hydrocyclone move very fast
and that leads to a highly turbulent rotational flow generally.
Aside from that, during the separation process
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by the hydrocyclone due to the high rotational velocity
of the fluids, an air core phase appears in the center
of the equipment, which totally increases the complexity
in conceiving and scrutinizing the performance
of the hydrocyclone from a mathematical point of view.
Some worked on other turbulence's model such as Reynolds
stress model years later. The results show that RSM's
outcome is more promising than previous approaches [11-13].
Xu et al. [14] classified numerical methods for modeling
a hydrocyclone. They claimed that of RNG, k-g,
RSM and LES and so on [15], the LES and RSM have
more potential to produce results to be much closer
to experimental data.

The other aspect of hydrocyclone simulation to be
considered is an accurate visualization of the motion of
dispersed and continuous phases inside hydrocyclones.
Several researchers to deal with momentum and
continuity equations employed Eulerian approach [16-18],
and some other took the advantage of Lagrangian
approach [19-20] to predict the path of each individual
particle when entering hydrocyclone medium.

Ghadirian et al. [21] took the advantage of the LED
method to improve the numerical study was done by
Delgadillo and Rajamani [9]. Exploiting Ansys 12 Fluid
Dynamic, they simulated two hydrocyclones with
different geometries. Their results included the measuring
pressure inside the hydrocyclones and determining
velocities as well as separation efficiencies. Finally,
the authors indicated that their mathematical model could
predict better due to its LED turbulent model and
ts proper domain discretization they hired in their research.
It was admitted by Hsu et al. [22] that a study into
the computational fluid dynamic of a hydrocyclone needs
a meticulous simulation to show how a certain change
of the boundary conditions can influence the separation
process.

This survey mainly investigates the fluid velocity
distribution and the performance of separating solid
particles in the mixture entering the hydrocyclone
by simulation and mathematical modeling. Thus, a study
is presented for evaluating and studying the flow profile of
liquid-solid inside the hydrocyclone using the
commercial COMSOL Multiphysics 3.5. Then, to
evaluate the hydrocyclone efficiency at different
conditions using determined correlations semi-analytical
models are conducted. Next, the results of the simulation
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and hydrocyclone modeling are presented; in the end,
regarding the results, the available models are analyzed
and a proper conclusion based on the survey outcomes
is arisen.

THEORETICAL SECTION

The governing equations for sketching flow patterns
of fluid inside hydrocyclone are firstly studied by
numerical modeling and then, the well-known
correlations in this field which are based on physical
features of hydrocyclones and fluids are scrutinized
in the next other parts of the following section so as
for the overflow and under flow properties to be estimated.

Numerical modeling

The details about simulation procedure such as
determining the geometry of hydrocyclone, materials,
boundary conditions, gridding, solution method and
analysis after the process by COMSOL Multiphysics 3.5
are discussed in this section. To simulate the dynamic of
fluid the steady Navier-Stokes, k-¢ turbulence model, as
well as a dispersion equation, are employed. These
relations are shown in following forms. According to
chemical engineering module of COMSOL Multiphysics,
the only sturdy branch that helps us to find this model is
mixture model. This model provides researchers with
enough potential to compute flow for a liquid-solid
mixture accurately.

p(u.V)u=—Vp—V.(pCd)uS”puS”p+Ver+pg (1)
(pw _ps)[v'(d)s (1_Cd )uslip D Vs ):|+pw (V.U)=0 @)
Pw (V.U)ZO (3)

V.(¢4p U, )=0 Q)

Where u, p, Cq, Usiip,Tem, ps and pw represent mixture
velocity, the pressure of the system, mass fraction of the
solid phase, slippage velocity between the dispersed and
the main fluid, the sum of viscous and turbulent stress,
the solid and the fluid density, in the same order. In addition,
@ is volume fraction of the solid (dispersed phase)
and Dmn shows the solid dispersion coefficient
in the model.
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Fig. 2: The overall trend in hydrocyclone simulation by
COMSOL Multiphysics 3.5.
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Where for the k-¢ turbulence model, k is the turbulent
kinetic energy and & represents the turbulent dissipation
rate. Moreover, other parameters have a constant value
that should be estimated depending upon defined
conditions in the physical features of the problem. In this
study, the values ordered by COMSOL Multiphysics
are used.

The following flowchart in Fig. 2 describes the trend
from the beginning and program operation to find the results.

Semi-analytical models

To evaluate the configuration of a hydrocyclone,
it is necessary to model the fluid velocity distribution inside it.
This has been the motivation for several researchers and
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Fig. 3: A scheme of the equilibrium orbit theorem background.

authors, leading to the valuable findings available in the
literature for hydrocyclone flow pattern determination.
Basically, there are two distinct concepts for hydrocyclone
performance evaluation based on which the hydrocyclone
is modeled. These two theories are known as “’Equilibrium
orbit”” and “Residence time’’. In proceedings, fundamental
equations that own fewer complexities are presented
to describe the concepts of these theories [3-4].

The equilibrium orbit theorem

Fig. 3 describes the background concept of the
equilibrium orbit theorem. In this model, researchers
consider an indiscrete Cylindrical Surface (CS) from top
to bottom of the cyclone. This theorem is based on the
force balance on the particle rotating around the
cylindrical surface. The radius of this surface is equal
to half of the vortex leading diameter, Rx = 1/2Dx.
In this balance, the external centrifugal force is balanced
by the internal drag force due to fluid resistance.
In the centrifugal force, force is proportional to x3, while
the drag force is proportional to x. Hence, larger particles
move toward the cyclone wall whereas the finer particles
are drawn toward CS. The particle size which is
in equilibrium by these two forces is called the separation
limit diameter (or cut size), Xso. As it was mentioned
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by a lot of researchers, this size is the basis for evaluating
and modeling Hydrocyclones, for it could be assumed

no particle bigger (smaller) than Xz can enter the overflow
(spigot) [23].

Particles for which these two opposing forces are
equal will always rotate in the CS region and are known
as particles with the separation limit diameter (or cut

size), Xzy. Indeed, they have equal chances (50-50) of
exiting the cyclone through either the spigot or the vortex
finder. The separation limit diameter can be obtained
by the below equation after simplifying the equations of
radial and tangent velocities and also the centrifugal and
drag forces exerted to the particles [24].

V ~cuD
X50 = 9L2X ™)
PVecs

Residence time theorem

Fig. 4 shows another approach to the modeling. Here,
the movement of the solid particle with regard to the
cyclone wall is of particular interest and the velocity
of fluid entering the cyclone is neglected. In fact, this theory
deals with the question that: after entering the cyclone,
will the particle have enough time to reach the wall and
settle in the spigot before reaching the end of the
cyclone?

Rosin et al. (cited in [25]) were the first researchers to
calculate the separation limit diameter by this theory.
To do this, they compared the time required for the particle
to reach the cyclone wall at any radius with the time just
before it reaches the cyclone bottom. Thus, the finest
particle that would traverse the radial distance after
entering the cyclone (the whole entrance width) before
reaching the bottom was called the particle with
the separation limit diameter (or cut size), Xso.

9b
Xs0 = |t @
TCNsVin (pp _p)

To solve this equation, it is necessary to have the

value of Ns. In 2001, Zenz [26] proposed a graph of Ns
versus the input velocity. The equation is as follows.

N, =6.1(1—e %9%%n) 9)
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Fig. 4: A scheme of the residence time theorem background.

Empirical model

There are some available empirical models with
industrial applications of which one of the most important
ones is Plitt’s [27]. Plitt performed his experiments
in hydrocyclones with 1.25 in 6 in. dimensions. Besides
his own experiments, he enjoyed the results of Lynch and
Rao’s work (cited in [28]). In fact, he gathered a total of
300 experiment types on several hydrocyclones.
In addition to dimensional variables such as the entrance
diameter, vortex finder, and the spigot, this researcher
investigated the height of the vortex finder and
the hydrocyclone body diameter. Moreover, he considered
the variables of input and output. In the end, he offered
the modeling relationships by linear regression. In this
model, knowing all hydrocyclone dimensions as well as
the other particles distribution range, it is possible
to calculate the pressure drop, particle separation limit
diameter, and the flow fraction. Below equations are used
to find the hydrocyclone conditions.

Calculating the separation limit diameter,

0.46 0.6 1.21,(0.063c,
50.5D%46D 06D !-21e(0-06%)

Xg0 =Cy % B°'71h°'38QO‘45(pp—pf)

(10)

Where C; is the correction factor used for exact
determination of the desired diameter.
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Pressure drop along the hydrocyclone,

1.88Q1'78e(0'0055CV)

Ap=C,x Do_37Dio_94ho.28(Bz N DX2)0.87

(11)

In which C, is the correction factor for obtaining
the pressure drop in the hydrocyclone.

The value of input rate with respect to the spigot Ry
is equal to,

S

__° 12
VoS4l (12)

Where S stands for the flow fraction (vortex flow
to feed flow) and is equal to,

3.31
19[;] h0.54(BZ+DX2)0.369(0.0054CV)
X

H0.24D1.11

S=C,x (13)

In which Csz is the correction factor for exact
determination of the hydrocyclone flow fraction. Also,
in the above equation, H shows the pressure drop per meters
of fluid.

To describe the slope of the efficiency diagram, m is
defined as follows,

b%h 0.15
-1.58R,)| —
% A2 }

Where Q is the hydrocyclone input flow rate and Cg is
the correction factor applied to the slope of the
hydrocyclone performance diagram.

Finally, Plitt [27] proposed the following relation
for calculating the performance coefficient.

[t

Plitt’s model is capable of yielding the desired results
without adjusting the constant coefficients. This is
actually the privilege of his model over other ones.
Of course, neglecting the particle size distribution function
is considered as its deficit compared to other empirical
models [27].

The grade efficiency of a hydrocyclone defined
by Eq. (16) [23] depends on several factors such as
hydrocyclone dimensions, particles density, physical

m=C,x1.94e (14)

y,=l-e (15)
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properties of the fluid and input and output conditions.
This section is aimed at studying different models based
on equilibrium orbit and residence time theories.
Meanwhile, seven famous models are compared here
and the best one is chosen for further analysis. It should be noted
that in this paper, coefficients of Plitt’s model are updated
by optimization rules regarding the input conditions so
as to obtain more eligible results.

_Mass flow in size grade in spigot (kg/s)

~ Mass flow in size grade in feed (kg/s)

(16)

RESULTS AND DISCUSSION

To analyze the flow pattern of the fluid as well as
the slippage velocity of particles inside hydrocyclone from
the qualitative and quantitative point of view, the
estimated results from the present numerical modeling
and semi-analytical correlations are compared with the
experimental data extracted from Ipate’s work [29].
The fluid and solid particles used in this simulation have
the characteristics presented in Table 1.

All boundary conditions in a hydrocyclone of some
levels with the feed, cyclone wall, spigot and the vortex
finder can be divided into four classes which are alluded
toin Table 2.

Numerical modeling

A typical geometry sketched by COMSOL toolbox
is shown in Fig. 6. The body of hydrocyclone volume
is set to the specified characteristic defined in Table 1 and
Table 2 also is employed to clarify the surface of
hydrocyclone as well as the overflow and underflow
surfaces as the boundaries of the geometry. Unstructured
Tetrahedral and Hexahedral grids are designed for this study
as the values of aspect ratio and skewness of the cells
to be set on desirable quantities almost. To have accurate
results each of the different parts of hydrocyclone such as
cylindrical body or vortex finder, are meshed separately.
A grid independence investigation is conducted here with
the help of modeling with various mesh densities,
and finally, the 55000-elements as an optimal choice
for computation is selected to proceed the next steps.

After doing the previous four steps, the favorite solver
can be determined in this software. This paper
recommends Direct UMFPACK solver due to its high
calculational speed in addition to its considerable ability
in solving non-linear convoluted problems. In COMSOL,



Iran. J. Chem. Chem. Eng.

Modeling and Analyzing Hydrocyclone Performances

Vol. 36, No. 6, 2017

Table 1: Physical properties of materials used in simulation [29].

[ Forming materials amount \
Liquid density (kg/m®) 998
Solid particles density (kg/m®) 2700
Fluid viscosity (Pa.s) 0.001

k Other particles under study (um) 5-400 j

Table 2: Boundary conditions used in hydrocyclone simulation.

f Defined boundaries

parameter

amount \

Hydrocyclone wall

velocity

0(no slippage)

Feed velocity

1.28 m/s

Vortex finder

pressure 0 KPa

k spigot

pressure 0 KPa j

1.2

Experimental Study

0.61 Numerical Results

0.4

Grade efficiency

0.2

0 100 200 300 400 500

Particle diameter (1e-6m)

Fig. 5: Comparison between outputs arisen from COMSOL
Multiphysics and experimental data extracted from [29].

the set of measures taken to study and analyze
the proposed model after problem-solving is called
post-processing analysis. This is the final step done
in the present study. To do so, several features available
in COMSOL tools such as contour plot are exploited,
some of which are presented in the next parts.

One of the important way to perceive the potential
of a numerical model is to compare the results of the model
to experimental data. In order to validate the present
model coming from COMSOL, the outcomes are
compared with Ipate’s work [29]. The comparison to be
considered are exhibited in Fig. 5. As shown in this
figure, grade efficiency for a wide range of particle sizes
is calculated and then sketched using the COMSOL

toolbox. At the beginning (particle size ranging from
1 to 70um), there are differences between the experimental
and numerical data. Although there exist some reasons,
such as ignoring air core inside hydrocyclone, that
explains why there are discrepancies between these
two results, from an academic point of view, it can be
taken as a fairly successful model to proceed and study more
about various important factors affecting the performance
of the hydrocyclone.

Static pressure

Although COMSOL is confronted with a number of
limitations in hydrocyclone simulation, the results of
static pressure distribution implicitly give evidence on the
formation of a cylindrical surface (CS) in the
hydrocyclone. It is obvious from Fig. 6 that the
minimum or even negative values of hydrostatic
pressure is placed in a region in the center of cyclone axis
which in turn reveals the existence of a cylindrical
surface, CS.

At any height of the axis column, the static pressure
has its maximum value near the wall and decreases
toward the center. In addition to that, the static pressure
decreases from top to bottom (vortex finder to spigot).
Hence, suspended particles near the hydrocyclone wall
are drawn down with a rotational motion. Moreover,
the pressure drop in the center of hydrocyclone decreases
in such a way that particles close to CS region can vertically
or rotationally move upward and get out through
the vortex finder.
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Fig. 6: Pressure distribution in the x-y plane at different
heights z from the plane.

Axial velocity

Fig. 7 can help understand one of the most important
characteristics of the axial motion of the fluid inside
a hydrocyclone. As can be seen in the figure, the axial
velocity is negative near the cyclone body i.e. it is
downward, while the velocity in the cyclone center is
positive. The intersection of these two opposite velocities
is where the axial velocity is zero and is known as Locus
of Zero Vertical Velocity (LZVV) [5, 30-31]. LZVV
can be estimated with the help of Fig. 8. It should be noted
that particles passing along LZVV boundary can be
approximately considered as particles of separation limit
diameter. Since particles orbiting at radial distances more
than the LZVV will fall down toward spigot while those
that are inside the LZVV area will go into overflow [23].
Thus, the LZVV flow path can give another statement for
defining the hydrocyclone performance in solid particles
separation and using LZVV area it is possible to estimate
the cut size of the particles in the hydrocyclone [23].
Moreover, the value of axial velocity has a vital role
in determining LZVV boundary inside hydrocyclone and
the residence time of particles [5, 30-31]. It was asserted
that an increase in the hydrocyclone’s inlet velocity
results in an increase for downward (outside of LZVV
interface) and upward (inside of LZVV interface) flows.
Thus, it is expected that the required time for a part of the
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Fig. 7: Axial velocity distribution with a counter view of
velocity in vertical cross-section.

mixture to wait inside hydrocyclone decreases as the inlet
velocity increases. So, increasing the vertical velocity
reduces the residence time. Regarding the residence time
theorem mentioned in upper sections of this manuscript,
it is obvious that a reduction of residence time culminates
to a reduction for the particle cut size. Therefore, an increase
in the inlet velocity causes the cut size diameter decreases.
This phenomenon is also admitted by semi-analytical
models (See Effect of Input Velocity in the proceedings).

Tangent velocity

The driving factor of the centrifugal force in
a hydrocyclone is the tangent velocity. Fig. 9 shows
diagrams for the tangent velocities in the orthogonal
cross-section with different distances (perpendicular
to the x-z plane). Results claim that increasing the radius
from the center of the axis, the tangent velocity enlarges.
However, the maximum tangent velocity occurs at some
distance between the hydrocyclone center and its wall.
It should be noted that in the reality, the tangential velocity
must be decreased near the surface of walls due to the
no-slippage velocity condition established for the body
of the hydrocyclone. As displayed in the figure, the highest
tangential velocity is located at the upper portion
of hydrocyclone (at z = 750 mm), whereas the lowest one
is in the spigot part that equals to zero throughout.
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v_in(1)=1.28  dlice: Mixture velocity, z companent [m/s] Max: 0

0.1

1-0.3

Min: -0.580
Fig. 8: A cross-sectional area inside the hydrocyclone that shows
the distribution of axial velocity as well as the boundary inside

the hydrocyclone that there exists a zero axial velocity (LZVV).
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Fig. 9: Tangent velocity counter distribution on the x-z plane.

Particles slippage velocity

So far, it has been clarified that upon the entrance
of fluid in the hydrocyclone, the centrifugal force is exerted
on the particles due to the rotational movement of the
fluid, making them move toward the cyclone body. Fig. 10
shows the value of the difference between fluid and
particles velocity (particles slippage velocity) as directed
vectors in different cross-sections. The presented vectors
in any cross-section point outward. This reveals that at
any height, an external force is being exerted on the
particles. Besides, Fig. 10 (b) depicts that the particles
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slippage velocity decreases from top to bottom, for the
maximum value of tangential velocity at each height
reduces with a decrease in axial height, then, at lower
portion of the hydrocyclone height there are relatively
lower centrifugal forces to develop huge slippage
velocities for the solid particles.

Recovery coefficient estimation

Fig. 11 represents the results of the comparison made
between the models proposed by Bart (cited at [32])
(equilibrium orbit), lozia and Leith [33] (residence time),
Koch and Lich [34] (residence time), Lapple (cited at [35]),
Muschelknautz (cited at [36]) (equilibrium orbit), Rietema [37]
(residence time) and the data given by Ipate and
Casandroiu [29] on the calculated value.

The model offered by lozia and Leith gives an
excellent estimation compared to the data at mentioned
conditions. Models of Lapple and Muschelknautz give
a relatively smaller estimation of the grade efficiency,
while Barth’s and Rietema’s models suggest larger values
at a certain particle diameter. The model presented
by Koch and Lich give larger estimates for finer particles,
while this becomes vice versa for particles of greater
diameter.

Due to a shortage of space here, it is not possible
to investigate all aforementioned models. Hence, the two
famous models suggested by Barth and Koch-Lich
are chosen due to their significant operational efficiency
to study the effect of various parameters on hydrocyclone
performance from the aspects of equilibrium orbit and
residence time theories. In proceedings, they are analyzed.

The effect of particles density on efficiency
The difference between the densities of solid and

liquid (pp —P¢ ) is of great importance when investigating

the cyclone performance. The efficiency coefficients
at various density scales in the two Barth and Koch-Lich
theories are demonstrated. As can be seen, a larger
particle density tends to create a greater centrifugal force
which itself results in the reduction of separation limit
diameter and finally increases grade efficiency.
Moreover, the efficiency coefficient plot versus particles
diameter will have a greater slope if the density
difference enlarges. It should be also noted that this
difference plays a more significant role in the efficiency
of gas-solid cyclones than in liquid-solid cyclones.
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vin(1)=1.28 Arow: Slip velocity

ik

Fig. 10: Particles slippage velocity distribution at different heights. (A): normal slippage velocity distribution,
(B): slippage velocity distribution.
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Muschelknautz model ]
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Grade efficiency

0.2}
0.1

150 200 250 300 350 400
Particle diameter

Fig. 11: Comparison between data presented by Ipate and
Casdandroiu [29] and estimation of grade efficiency with
respect to particle size using the 6 models.

That is because the gas densities are much smaller than
liquids’ by some orders.

Effect of input velocity

The velocity of feed fluid, vi, is an influential
parameter in cyclone design for obtaining an appropriate
separation performance. The velocity of the entering fluid
can be found by dividing the value of input flow rate
to the input cross-section area. A large flow rate will result
in a high input velocity. The separation diameter
is proportional to the inverse of input velocity squared. Fig. 13
indicates the effect of input velocity on hydrocyclone

186

Grade efficiency
o
(42}

= tho-p = 2700 (kg/m3), Barth model
tho-p = 2100 (kg/m3), Barth model
tho-p = 1500 (kg/m3), Barth model ¥
tho-p = 2700 (kg/m3), Koch and Lich model
tho-p = 2100 (kg/m3), Koch and Lich model [
tho-p = 1500 (kg/m3), Koch and Lich model

100 120 140 160 180 200

0 20 40 60 80
Particle diameter

Fig. 12: Effect of particles density on efficiency coefficient
using Barth and Koch-Lich models.

performance. It shows that at same particle sizes and
certain cyclone geometries, a larger input velocity yields
greater slopes on the grade efficiency plot.

However, it can be seen that too large velocities will
have inverse effects on cyclone performance since
turbulency, saltation and re-entrainment occur at such
velocities. Considering these severe effects, an input
velocity of 18 m/s is known as the optimal input velocity [38].

Effect of entrance width
As the width of hydrocyclone entrance, b, becomes larger,
the formed vortex expands more and becomes weaker,
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Fig. 13: Effect of input velocity on cyclone efficiency.

Modeling and Analyzing Hydrocyclone Performances

Vol. 36, No. 6, 2017

Grade efficiency
o
[5;]

................ ———b = 0.056(m), Barth model
———b = 0.08(m), Barth model

b =0.03(m), Barth model

b = 0.056(m), Koch and Lich model
= b =0.08(m), Koch and Lich model [

4 =—h = 0.03(m), Koch and Lich model
£ ! ! L I I I I

0 20 40 60 80 100 120 140 160 180 200

Particle diameter

Fig. 14: Effect of entrance width on cyclone efficiency.
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Fig. 15: Appropriate and inappropriate pattern of fluid’s rotational flow at different entrance widths.

which finally reduces the efficiency. Fig. 14 indicates the
impact of cyclone width enlargement on grade efficiency
reduction. A weak vortex yields fewer rotations inside
the cyclone and leads to separation efficiency reduction. Fig. 15
represents the flow patterns at two different entrance widths
as well as the corresponding disorder made in hydrocyclone
performance due to excessive increasing of the entrance
width. Coker suggested that the best width must be less
than (D-De)/2 [39].

Body diameter and hydrocyclone vortex leader diameter
It is essential to consider the effect of cyclone diameter
on separation limit diameter at operational conditions.
Generally, it has been indicated that the separation limit
diameter is proportional to the diameter of hydrocyclone
body and vortex finder. For investigation and comparison,

body diameters of 0.2 m, 0.25 m and 0.3 m were selected
and considered in Barth and Koch-Lich models. Fig. 16
gives the result of this comparison at an input velocity of
1.28 m/s. It suggests that increasing the hydrocyclone body
diameter results in the reduction of separation limit diameter
or, in other words, causes the slope of the grade efficiency
plot to increase.

In opposition to what Fig. 17 suggests a
hydrocyclone with a greater vortex finder diameter
cannot separate finer particles. The important fact is that
this effect does not appear much influential in Koch-
Lich model, while in Barth’s model, body- and vortex
finder diameters play vital roles in grade efficiency
regarding the particle sizes.

Hence, considering the effect of the hydrocyclone
geometry on its efficiency, the results of investigations
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Fig. 16: Hydrocyclone grade efficiency at three different body
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Fig. 17: Hydrocyclone grade efficiency at three different
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Fig. 18: Comparison of grade efficiencies by modified Plitt’s
model and the data given by Ipate.
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and analysis can be effective in operational units design.
In this manner, combining the appropriate body size with
input conditions, it is possible to obtain the best
efficiency of separation by hydrocyclones [39].

Modified Plitt’s model

To create an effective model, Plitt’s basic model
which was introduced in the previous section can be employed.
For this purpose, the pressure drop coefficient,
Ca, is optimized by minimizing the objective function
so as to find the correction factor for the pressure drop.
Then, the correction factors of separation diameter, Ci,
flow fraction, Cs and sharpness of the grade efficiency
slope, Cs are found by optimizing via a genetic algorithm.

To find the pressure drop coefficient, the data given
by Ipate and Casandroiu are considered as real values and

the objective function defines as: obj=2i

pexp,i _pcal,i )
is minimized such that the adjusted pressure drop coefficient
gives the least possible value for the objective function.
Following the determination of C, the data proposed
for the grade efficiency with respect to solid particles
diameter in the hydrocyclone (as indicated in several
plots) are considered as real values and by minimizing

the objective function obj=7

Yexpi ~Yeali the values of

coefficients Ci, C; and Cs are calculated [29]. This
process was done by application of the Genetic
Algorithm in the platform of Matlab 10a within
the variables’ interval of 0.01 <C;< 10, 1 <C,< 100,
0.01 <Cs< 10, 0.01 <C4< 10, with a population of 100
and a generation value of 100.

The results of two optimization operations of
the aforementioned objective function are presented in Table 3
and Fig. 18. It should be noticed that the obtained
coefficients are eligible for a hydrocyclone of certain
dimensions  (dimensions defined by Ipate and
Casandroiu) and that they will change for other cyclone
sizes. As it is apparent from Fig. 18, the modified Plitt’s
model agrees well with Ipate’s findings. Hence,
this modified model has a high capability in hydrocyclone
performance efficiency estimation.

CONCLUSIONS

- The results of the Numerical model taken from
COMSOL Multiphysics package were compared against
real measured data.
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Table 3: Results of optimizing correction factors in Plitt’s model.

Flow fraction coefficient,

( Separation diameter correction factor, | Pressure drop coefficient,
C1 CZ

Sharpness coefficient of efficiency plot slope,
Cs Cy

L 0.0387 51.27

0.1953 0.1762 J

- After understanding the correctness of the numerical
model, various variables, such as static pressure,
tangential velocity and slippage velocity, effective
in the performance of the hydrocyclone were analyzed.

- It was shown that tangent flow in hydrocyclone
continuously occurs from top to bottom with its intensity
decreasing along its path.

- Enlarging the hydrocyclone body diameter results
in diminishing the size of separation limit diameter or, in other
words, causes the slope of the grade efficiency plot to increase.

- A hydrocyclone with a larger vortex finder diameter
cannot separate finer particles.

- Plitt’s empirical model for a hydrocyclone with
reference conditions and dimensions was modified and
its correction factors were calculated considering the rules
dominating fundamentals of optimization.
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