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Abstract: This study presents the results of numerical and experimental simulation of flow pattern in a cyclone
separator in sulfur granulation process. For the first time, a cone vortex stabilizer has been used to improve
cyclone efficiency. The flow features are examined in terms of flow field, pressure drop, particle trajectories and
separation efficiency. In this study, grade efficiencies have been computed and compared with the experimental
values for cyclones of different cone stabilizer dimensions. The results show that the separation efficiency
rising with the use of the cone stabilizer and the main reason of it is the reduction of particle escaping from cone

body of cyclone to upward flow.
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INTRODUCTION

Cyclone separators are still the cheapest and the
most reliable equipment for dust separation from gases.
Due to low, manufacturing and maintenance costs, simple
operation and flexibility, cyclone separator has been
preferably utilized in wvarious industrial operations
mcluding powder processing. However, low collection
efficiency of large scale cyclones for particles smaller than
5 mm has been indicated as a disadvantage, specifically
when stringent regulation on air discharge of particulate
essentially calls for invisible stack emission. Since its
inception over a century ago, many researchers have
contributed to the large volume of worl on improving the
efficiency of cyclone by introducing new design and
operation variables (Jiao and Zheng, 2007).

However, in most cases, the improvement n
efficiency 13 marginal, but there i1s a potential for
improving cyclone separators as discussed in the
followmg. Recently, a number of wvariation and
modifications of geometrical variables to the basic design
of gas cyclone and hydrocyclone have been examined by
various 1nvestigations to find out optimal models for
different ndustrial applications (Avel and Karagoz, 2003,
Yalcin et al, 2003; Grommers and Krikken, 2004;
Wang and Yu, 2006, Bhaskar ef al., 2007, Neesse et al.,
2007). Also many researches have been focused on
operational variables like feed inlet pressure, particle
concentration, gas velocity, temperature, turbulence
ntensity, etc. (Fassam and Goldstein, 2000,

Mukherjee ez al., 2003; Xiaodong et al, 2003,
Cilliers et al, 2004, Neesse et al., 2004; Yang et al.,
2004; Bermnan et al, 2007, Magwai and Bosman,
2007).

In the petroleum industry, where a sulfur granulation
process 1s employed, cyclones operate under medium
solid loading. Their application is recommended for being
capable to ensure steady state operation, recycling the
sulfur back to the process and preventing its emission to
the atmosphere.

In this study, the new cone vortex stabilizer was
developed for the first time and numerical and
experimental studies on addressing the effect of vortex
stabilizer on cyclone performances are presented. The
cyclone geometry used for sunulation and for experimental
studies is presented in Fig. 1.

-,
Conevortex stabilizer

Fig. 1. Detailed dimensional drawing of dense medium
cyclone used for simulation and experiment
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THEORETICAL CONSIDERATION

Turbulence modeling: The flow field in gas cyclones is a
strong turbulent swirling flow. Tn the Computational Fluid
Dynamics (CFD) modeling of gas cyclone, the Reynolds
averaged Navier-Stokes equations a suitable turbulence
model should supplement (RANS). The choice of the
turbulence model 1s very important for adequate solving
of the highly swirling flows within a gas cyclone.
Researchers use many turbulence models in recent years
such as:

k-emodel, algebraic stress model (ASM) and
Reynolds stress model (RSM). The k- model adopts the
assumption of isotropic turbulence, so it is not suitable
for the flow in a cyclone, which has anisotropic
turbulence. ASM cannot predict the circulation zone and
Rankine vortex i strongly swirling flow (Sun and L1,
2002). RSM forgoes the assumption of isotropic
turbulence and solves a transport equation for each
component of the Reynolds stress. It 1s regarded as the
most applicable turbulent model for cyclone flow even
though it has the disadvantage of being computationally
more expensive (Lee et al, 2006). When using the
Reynolds stress turbulence model, beside the momentum
and continuity equations, the transport equations of
Reynolds stresses can be written as:

2 o . ouy
E(puiu])+6x_k[pUk ax:]Pi]JrcpljJrDijJrau (1)

where, the four terms on the right hand side stand for
stress diffusion, stress production, pressure strain and
dissipation terms, respectively. The stress diffusion and
the production are exact, however, the remaining terms
need to be modeled in order to close the equations.

Particulate phase modeling: In the gas cyclone system
operating since the particulate is very dilute, its effects on
the flow field was not considered (Chuah et af., 2006). The
continuous gas flow was solved first The discrete
particulate phase is predicted based on the fixed
continuous phase flow field. The trajectory of the discrete
phase particle 1s obtained by mtegrating the force balance
on the particle, which can be written in a Lagrangian
reference frame. This force balance equates the particle
mertia with the forces acting on the particle and can be
written as:

dtj—:‘:FD(Ui—UR)-%—w (2)

P

where, U, is the particle velocity (I = xy,z), U, is the gas
velocity, p, and p are the density of the particle and the

gas, respectively. F (U-U,) is the drag force per unit
particle mass and Fp, 1s given by:

_ 18u CpRe 3
pdi 24 3)

D

where, d, is the particle diameter, p is the dynamic
viscosity of the gas, Re 1s the relative Reynolds number,
which 1s defined as:

re P (U Y] (4)
n
The drag coefficient C,, can be calculated by:

24

ReC Re<0.1
e [
24 0657 (5)
Cp= R—(1+0.15Re 3 0.1<Re<500
e
0.44 500 <Re <2x10°

Drag law was implemented by a user-defined function
based on the above Cp Equations. The magnitude of the
Cunningham correction factor C, 1s given by:

C, =1+ ?(1.257 +04e M ()]

P

In which A 1s the mean free path of the gas molecules.
The trajectory equation 1s described as:

L (7

Because the particle diameter is in the range of
1-10 um, the effect of the instantaneous turbulent velocity
fluctuations on the particle trajectories can not be
1gnored. Therefore, the stochastic tracking model has
been used in this simulation.

Boundary condition: The grids consist of about 225000
control volumes for the cyclone. Grid refinement tests are
conducted i order to make sure that the solution 1s not
grid dependent. A “velocity inlet” boundary condition
was used at the cyclone inlet and the inlet velocity was
11 m sec™" in each simulation. The boundary condition at
the gas exit used was the out-flow condition
(Qian et al., 2007). No slip boundary condition was used
in wall boundary and near-wall treatment was standard
wall function. Referring to the convergence criteria; two
aspects should be paid attention to. On the one hand, the
scaled residuals are below 107", on the other hand, some
representative quantities such as velocity and pressure
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should be monitored and when these values do not
change, the solving process 1s converged. The iteration
number of every case is about 13000-15000 times. The
CFD simulation was performed with a Pentium TV Core2
Due 2.5 GHz with 1 GB RAM-memory and 250 GB hard
disc memory.

EXPERIMENTAL SETUP

The objective of this experiment is to validate the
numerical results and the visualization of the sulfur
particle trajectories. In the laboratory, tests were carried
out at controlled conditions following design of
experiments to find out the effect of cone vortex stabilizer
on performance of cyclone separator. Seven kinds of
cyclones were studied by varying cone stabilizer from
90 to 1507 of cone angle. Laboratory experiments were
carried out with sulfur dust sample received from Razi
sulfur granulating complex (mean particle size: 5 microns,
particle density: 2065 kg m™).

Inlet size distribution was periodically checked and
remained constant. Particle flow rate and overall
separation efficiency were obtamed at the end of each test
run by weighting collected particles inside the dustbin.
Samples of particles were collected to obtain grade
efficiencies. To mimmize the experimental errors, the
measurements were carried out 3-5 times and the
arithmetically averaged values were taken as the results.
To check the reliability of the mass balance, samples were
simultaneously taken from all the feed, underflow and
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2.67e+02 j
2.44e+02 |
2.21e+02
1.99e+02
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-4.52e+01 ¢ 7
-2.71e+01
-4.97e+01 7
-7.23e+01 ‘
-9.49e+01 X

overflow and then the solid weight concentrations and
the particle size distributions of the samples were
measured.

RESULTS

Gas flow field: Cyclone performance is evaluated mn terms
of pressure drop and collection efficiency. To assess
factors that contribute to performance, the tangential,
radial. And axial velocity components of the velocity field
must be understood.

Pressure drop: The pressure drop over a cyclone
consists of a local loss and a frictional loss (or a loss
along the distance). The local loss includes an expansion
loss at the cyclone mlet, AP1 and a contraction loss at the
entrance of the outlet tube, AP2. The frictional loss
includes a swirling loss due to the friction between the
gas flow and the cyclone wall, AP3 and a dissipation
loss of the gas dynamic energy in the outlet, AP4
(Chen and Shi, 2007). Therefore, the pressure drop can be
expressed as:

AP = AP1+AP2+AP3+AP4 (8)

The pressure drop across cyclone is commonly
expressed as a number of gas mlet velocity heads AH
named the pressure drop coefficient, which is the division
of the pressure drop by inlet kinetic pressure p, vi/2.
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-1.42e+0
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-2.37e+0
-2.60e+0
-2.84e+0
.3.07e+0 .
.3.31e+0
-3.54e+0

Fig. 2: Evolution of pressure drop for inlet velocity of 11 m sec™. comparison between conventional and new design

cyclone
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Fig. 3. Compares the results of CFD and experimental
analysis for this study with results of other
theoretical methods
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Fig. 4: Static pressure profile along the entrance of vortex
finder. Comparison between conventional and
new design cyclone with various cone stabilizer
angles

Figure 2 shows that the static pressure decreases radially
from wall to centre and a negative pressure zone appears
in a centre. The pressure gradient is the largest along
radial direction, as there 1s a highly mtensified forced
vortex.

Figure 3 shows the relationship between the pressure
drop and the mlet gas velocity and compares the CFD
results with three theoretical methods. Apparently, the
pressure drop curve based on Stairmand’s model match
the experimental curves much closer than other theories
do.

Figure 4 compares the pressure profile along the
entrance of vortex finder between conventional and new
design cyclone with various cone stabilizer angles.

Tangential velocity: The tangential velocity is
prerequisite for particle separation from the fluid and
mainly determines the flow pattern in the cyclone and
its  value reflects the loss of swirling kinetic energy.
Figure 3a and b show that the tangential velocity in a
cyclone exhibits a combined vortex structure. In this state
the tangential velocity increases with increasing radius in
the neighborhood of the axis, which 1s called quasi forced
vortex. Also the tangential velocity reaches a maximum
approximately at the vortex finder radius and decreases
thereafter with increasing radius, wiich is called quas: free
vortex.

The maximum tangential velocity is located at
0.75-0.85 radius of the vortex finder. As a whole, the
greater angle of vortex stabilizer has a smaller tangential
velocity in near wall zone of vortex finder.

Axial velocity: The increment of the turbulent will make
the particle enter the zone where the axial velocity of the
gas phase 1s upward which gives a good explanation of
why the separation efficiency of the relatively smaller
particles decreases with increase in the turbulence
intensity. The cone vortex stabilizer angle of 907 causes a
decrease of the maximum tangential velocity of generally
about 2.75m sec™". while the cone vortex stabilizer angle
of 150° causes a decrease of about 5.1 m sec'. As a
whole, the greater angle vortex stabilizer has a maximum
and mimimum axial velocity in near wall zone and center of
vortex finder, respectively. Figure 6 compares the axial
velocity profile along the entrance of vortex finder
between conventional and new design cyclone with
various cone stabilizer angles.

Separation efficiency: Separation efficiency in a cyclone
1s the fraction of the mnlet solid flow rate separated n the
cyclone. As a cyclone usually collects a wide solid mlet
distribution, it is common to express the cyclone
efficiency as a function of the particle size, leading to the
fractional efficiency curve.

To obtain the optimum cone stabilizer, grade
efficiencies have been computed and compared with the
experimental values for cyclones of different cone
stabilizer dimensions. The main reason of the separation
efficiency rising with the use of cone stabilizer 15 the
reduction of particle escaping from cone body of cyclone.

The relationship between separation efficiency and
Particle diameter: Figure 7 shows the measured grade
efficiencies of the cyclone as a function of particles
diameter. It 1s usually expected that collection efficiency
v increase with the particle diameter. However, the grade
efficiency of the cyclone with cone stabilizer was always
higher than the efficiency of the cyclone with
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Fig. 5: Distribution of tangential velocity (anti-clockwise 15 positive and clock wise 18 negative): (a) conventional

cyclone (b) cyclone with vortex stabilizer.
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Fig. 6 Axial velocity profile along the entrance of vortex
finder. Comparisen between conventional and
new design cyclone with various cone stabilizers
angles

conventional design at the same particle diameter and
especially, the cyclone with cone angle of 140 has a
highest total efficiency.

These effects of cone stabilizer usage contribute to
the increase in grade efficiency of the cyclone by 1-13%
1n the tested particle diameter range.
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Fig. 7: Comparison of numerical and experimental cyclone
grade efficiency curves for conventional cyclone
and cyclone with vortex stabilizer

The relationship between overall separation efficiency
and Gas velocity inlet: Figure 8 shows the measured
overall efficiencies of the cyclones as a function of flow
rates or inlet velocities. It is usually expected that
collection efficiency increases with the entrance velocity.
However, the overall efficiency of the cyclone with cone
vortex stabilizer was always higher than the efficiency of
the cyclone with conventional design at the same
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Fig. 8 Overall efficiency of cyclone at different inlet
velocities

velocity and especially, the cyclone with cone angle of
140° has a highest overall efficiency.

These effects of developed vortex stabilizer
contribute to the increase m overall efficiency of the
cyclone by 1.3-3.8% 1n the tested velocity range.

CONCLUSIONS

In order to increase the cyclone separator efficiency,
the effects of cone vortex stabilizer on separation
performance was examined by utilization of experimentally
and mumerically simulations. The collection efficiency was
evaluated for various cone stabilizer dimensions. The
results indicate that the cone stabilizer has significant
effects on reduction of turbulence intensity in the cone
body of cyclone and therefore, escaping of particles to
centric upward flow will be decrease. As the cone
stabilizer angle is decrease, at first the total efficiency has
the tendency to be higher, as it reaches a certamn value
(about angle of 140°), total efficiency has the tendency to
be lower slightly.
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