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Improving the Efficiency of a Square Cyclone Separator
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ABSTRACT: The present study is mainly focused on proposing an effective way to improve the
efficiency of a square cyclone separator. For this purpose, a dipleg is attached under the square
cyclone to investigate its effect on the performance of the square cyclone. A three-dimensional
Computational Fluid Dynamics (CFD) simulation is done by solving the Reynolds-Averaged Navier-Stokes
equations with the Reynolds Stress Model (RSM) turbulence model and applying the Eulerian-
Lagrangian two-phase method. The turbulent dispersion of particles is predicted by the application
of the Discrete Random Walk (DRW) model. The numerical results demonstrate that using dipleg
produced an increase in pressure drop but it positively enhances the separation efficiency of the
square cyclone. Using dipleg significantly increases the separation efficiency of the square cyclone,
especially at higher inlet velocities. This can be more obvious when using dipleg which is minimized

the 50% cut size of square cyclone by about 26.3%.
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INTRODUCTION

Cyclones separators are widely used in many industries
to separate the particles from the gas flow using centrifugal
force [1,2]. Cyclones are applied extensively because
they have a simple design and are compatible with different
industrial applications. Moreover, they are reliable under
extreme working conditions [3-5]. The collection
efficiency, fractional efficiency, and pressure drop are the
major factors in gas cyclones. Many studies have been
carried out to specify the cyclones' characteristics [6-8].
Advanced experimental tools have been utilized to
measure the airflow parameters in gas cyclones separators
including Laser Doppler Anemometry (LDA) and Particle
Image Velocimetry (PIV) [9-11]. Besides, CFD-based
tools can be used for analyzing the flow field
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in gas cyclones [12,13] and simulating different problems
in engineering [14-17]. Safikhani and Mehrabian [18]
numerically investigated the particle dynamics and fluid
flow for determining the performance of new cyclone
separators. Their results demonstrated that the turbulent
kinetic energy has high values at the entrance of the vortex
finder. Balestrin et al. [19] considered the effects
of a vortex finder outlet duct as well as a stretched
cylindrical body on the performance of a gas cyclone.
They found that the efficiency of cyclones enhanced with
a secondary swirling flow promoted by a reduction in the
cross-section of the vortex finder.

Generally, cyclones are divided into square and
conventional ones [20-24]. The conventional cyclone
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which has a circular cross-section was the commonly used
cyclone for the CFB boiler. With the development of large
CFB bhoilers, the huge body of the conventional cyclone
became a major shortcoming due to the thick refractory
wall which requires a long period for starting the boiler.
An alternative way to overcome these problems is the use
of a square cyclone. The square cyclones have more
advantages over conventional cyclones including convenient
construction, easier membrane wall arrangement, shorter
start-stop time, and at the same time easy integration with
the boiler [25-29]. Wasilewski et al. [26] investigated
the effect of different vortex finder diameters on the flow
field and total performance of the square cyclones. In their
work, fifteen different vortex finder configurations with
five different diameters were considered. Conclusive
results demonstrated that the geometric shapes of the
vortex finder have a significant impact on the performance
of the cyclone separator. Venkatesh et al. [27] studied the
square cyclone performance by altering its geometrical
parameters using the optimization method and validated
their results by experimental data and CFD technique.
They concluded that the optimum square cyclone
produced higher performance. Fatahian et al. [28]
investigated the effect of using the laminarizer on the
performance of conventional and square cyclones. Their
results demonstrated that using the laminarizer in the
square cyclone was more effective than the conventional
cyclone. In another study, Fatahian et al. [29] introduced
a novel design for increasing the separation efficiency of
the square cyclone. They modified the conical section of
the square cyclone from single-cone to dual inverse-cone.
Their results showed that the dual inverse-cone square
cyclone produced a higher pressure drop and its separation
efficiency was higher than the square cyclone with
a single-cone. Although many studies have been done
to consider the effect of different geometric parameters on
the performance of the cyclone, there has been little work
on the influence of the dust outlet geometry such as dustbin
and dipleg. Obermair et al. [30] examined various dust
outlet geometries in order to find the impact of the dust
outlet geometry on separation efficiency. Their study
revealed that separation efficiency can be enhanced
remarkably by modifying the dust outlet geometry. The
effect of a dipleg was proposed and studied by some
researchers [31-33]. Qian et al. [34] numerically and
experimentally investigated a cyclone prolonged with a
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dipleg. They concluded that the dipleg improved
significantly the separation efficiency of the gas cyclone.

From the literature review, it is clear that studies are
generally related to the performance improvement of
conventional cyclones and fewer works have been focused
on improving the efficiency of square cyclones according
to the lower efficiency of these types of cyclones. Hence,
the present study deals with overcoming this issue by
proposing a dipleg under the square cyclone separator.
For this purpose, the authors numerically simulated
the flow field in the square cyclone separator by CFD
and discussed the effect of dipleg on improving the
performance of a square cyclone.

THEORETICAL SECTION
Model description

Figs. 1 and 2 show the schematic views of a square
cyclone separator with and without dipleg considered
in the present simulation. A dipleg is a device to carry
solid particles from a gas-solid cyclone separator
downward into a dustbin [35]. The geometrical
dimensions of the base square cyclone (without dipleg)
are considered for validation based on the experimental
data of Zheng et al. [23]. Moreover, the main geometrical
dimensions of a square cyclone with dipleg
are kept constant compared to without dipleg case and
only the barrel height (h/D) is modified. The geometrical
dimensions for the two cases are presented in Table 1.

Governing equations

In order to simulate the flow inside the square cyclone
separator, a 3D CFD simulation is conducted. The Reynolds-
Averaged Navier-Stokes (RANS) equations for the steady and
incompressible Newtonian flow can be written as follows [36]:

ou,

=0 (1)

— —R,. 2)

where %; and x; are the mean velocity and the position,
respectively. p and v denote the gas density and the gas
kinematic viscosity, respectively. P is the mean pressure,
R;; = ujuj is the Reynolds stress tensor. Here u; = u; — i;
is the ith fluctuating velocity component.
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Fig. 1: Schematic view of a square cyclone without dipleg.

Due to the three-dimensional and highly swirling
(non-isotropic) of flow in the cyclone separators, neither
the standard k- , RNG k-€ nor Realizable k-& turbulence
models are capable of these types of flows [37-40].
Moreover, many researchers verified the ability of the
Reynolds Stress Model (RSM) in modeling the
cyclonic flow (e.g., [41-45]). The Reynolds stress
turbulence model (RSM) [46] has been adopted in the
present simulation to predict the turbulent flow in the
square cyclone.

The RSM turbulence model provides differential
transport equations to evaluate the turbulence stress
components:
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Fig. 2: Schematic view of a square cyclone with dipleg.
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Where the turbulence production terms P;; are
expressed as [47]:
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Table 1: Geometrical dimensions of a square cyclone without dipleg (D=200 mm).

4 Dimensions alD b/D DJ/D /D h/D H/ID BD )
Without dipleg 0.75 02 05 12 2 4 0.25
L With dipleg 0.75 0.2 05 12 15 4 025

With P being the fluctuating energy production, v, is
the turbulent (eddy) viscosity; and o* =1, C;, = 1.8,
C, = 0.6 are empirical constants. The transport equation
for turbulence dissipation rate, €, is defined as [48]:

e _ Oeg 0 ( \& 68\
—tu = v+ — - (5)
ot loax. ox. o’ OX.
J ] J
- 2
C“iR__ai_Cszg_
K ”axj K

InEq. (5), K = %u{u{ is the fluctuating kinetic energy,

and ¢ is the turbulence dissipation rate. The values of
constants are ¢ = 1.3, C*1 = 1.44, C%? = 1.92.

Discrete phase modeling

In this study, the one-way coupling method is applied
for solving two-phase flow and the Eulerian-Lagrangian
approach is carried out to simulate the second discrete
phase (particles). Moreover, the prediction of particle
tracking in the cyclone and the calculation of collection
efficiency are done using a Lagrangian approach without
considering the particle interactions [49] which are called
the Discrete Phase Model (DPM). In this model, individual
particles are tracked through the continuum fluid [44].
The drag coefficient for spherical particles is computed
using the correlations developed by Morsi and Alexander [50]
as a function of the relative Reynolds numbers Re,,. In addition,
the Discrete Random Walk (DRW) model [28,51] is implemented
to model the turbulent dispersion of particles.

In terms of the Eulerian-Lagrangian approach, the equation
of particle motion is given by [52]:

du . 18u. C, Re g-(p —p)
= Plz : p(ui_upi)+ — (6)
dt pod? 24 P,
dxpi
P ()
18u CpRep

Where the term —
ppdp 24

per unit particle mass [46]. p, and d,, are the particle

(u; — uyp;) is the drag force
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density and diameter respectively, Cj, represents the drag
coefficient, u; and u,,; are the gas and particle velocity
in i direction respectively. u and p denote the dynamic
viscosity and gas density respectively. g; represents the
gravitational acceleration in i direction and Re, is the
relative Reynolds number.

p d ‘u—u ‘
pop P
Rep:—

®)

n

Boundary conditions and numerical procedure

The gas phase is treated as air with a constant density
of 1.225 kg/m® and a viscosity of 1.7894x10°° kg/ms.
In the present simulation, 10000 Fly ash particles from
a coal-fired boiler in a power plant are fed into the square
cyclone from the inlet surface with zero velocity with
an inlet concentration of 8.8 g/mq. The particle density is
1989.7 kg/m® and the size varies from 1 to 32 pm.
For the discrete phase settings, the maximum number
of steps of 50,000 and the step length factor of 5 are used
to track the particles in the cyclones. The boundary
condition at the gas inlet section is set as inlet velocity
and it is supposed that the inlet velocities of particles and
gas are equal. Turbulence intensity is chosen to be 5% [41,53,54].
The outflow condition is set for the gas outlet section.
The outflow condition assumes the fully developed flow
at the outlet section. Moreover, a no-slip wall condition
is set for cyclone walls, and a trap DPM condition is used
at the dust outlet section. The volume-averaged and
steady-state  Navier-Stokes equations are solved
numerically by using the finite volume method based on
the Ansys Fluent 18.2 CFD code. The RSM turbulence
model and the standard wall function according to the
strong swirl flow in the cyclone are applied to consider
the effect of turbulence.

The SIMPLEC (semi-implicit method pressure-linked
equations consistent) pressure-velocity coupling algorithm
and the PRESTO (pressure staggered option) interpolation
algorithm are implemented. The QUICK (quadratic is used
to solve the momentum equations. The turbulent upstream
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interpolation for convective kinetics) algorithm kinetic
energy and the dissipation rates are discretized by the
second-order upwind scheme, and the Reynolds stresses
are solved by the first-order upwind scheme because
of the difficulty to reach the convergence in computations.
The convergence errors are set as 10> for all equations.

Grid generation and independence study

Structured hexahedral cells are employed with four
different mesh numbers to certify the independence of
numerical results which are shown in Fig. 3. Four different
cell numbers of 193483, 354872, 518124, and 677372 are
generated for the computational domain to consider grid
independency. Fig. 4 shows the radial profiles for the static
pressure of a square cyclone without dipleg at Y=0.15 m
for different cell numbers at v=20 m/s. It is found that the
static pressure approximately does not change as the cell
numbers increase from 518124 to 677372. Thus, cell
number 518124 is chosen as the adequate cell
for the square cyclone without dipleg. A similar grid
independence study is done for the square cyclone with
dipleg which cell number 547098 is chosen as the
appropriate cell.

RESULTS AND DISCUSSION
Code validation

Predicted numerical results are verified by comparing
them with the experimental data of Zheng et al. [23] and
numerical results are given by Su et al. [55]. Operating
conditions in numerical simulations have been taken
to be consistent with the mentioned references. The
comparison of pressure drop and separation efficiency
obtained from the present numerical study with the
mentioned results [23,55] is presented in Figures 5 and 6,
respectively. The difference between static pressure at
the cyclone inlet section and outlet section is defined as
the pressure drop, which can measure the energy loss
of the cyclone. It is clear that the pressure drop is
nonlinearly increased with increasing the inlet velocity.
On the other hand, energy loss increases as the inlet
velocity increases. A comparison of both pressure drop
and separation efficiency reveals that the present
simulations agree well with the literature results. This
agreement proved that the adopted RSM model is reliable
to predict the strong swirling flows in the cyclone.
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Fig. 3: Computational grids for the square cyclone (left:
without dipleg, right: with dipleg).
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Fig. 4: The radial profiles for the static pressure of a square
cyclone without dipleg at Y=0.15 m for different cell numbers
at an inlet velocity of 20 m/s.
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Effect of dipleg on the flow field
Tangential velocity

Figs. 7 and 8 represent the distributions of the
tangential velocity at two locations for square cyclones
with and without dipleg at an inlet velocity of 12 m/s.
A free vortex in the outer region and a forced vortex
at its inner part (V-shaped) which is known as a Rankine-
type vortex [49] is clearly observed for both cyclones.
The tangential velocity increased radially and significantly
from the central region, reached a peak at a certain point,
and then decreased radially to the wall. A comparison of
two cyclones demonstrated that using dipleg directly
influenced the distribution of the tangential velocity. Near
the walls, the tangential velocity profiles remained
approximately unchanged, while using dipleg caused
asignificant variation in the free and forced vortex regions.
The maximum tangential velocity was obtained at about
1.24 times the inlet velocity for the square cyclone with
dipleg, while it was predicted 0.89 times the inlet velocity
for the base cyclone. Thus, the square cyclone with dipleg
produced 39% higher tangential velocity than the base
cyclone, so the centrifugal force fields are stronger, and
higher separation efficiency can be obtained.

Axial velocity

Axial velocity is quite an important velocity
component of the gas flow in a cyclone since it enables
particle transport to the bottom of the cyclone [56]. The
axial velocity profiles at two locations are illustrated in
Figures 9 and 10 for square cyclones at an inlet velocity of
12 m/s. The axial velocity profile in the cyclone body and
the vortex finder has an inverted “V”” shape which formed
an axial velocity maximum at the vortex core of the
cyclone when the swirl increased. A downward flow
is directed to the cyclone bottom (negative axial velocity)
near the cyclone wall, and an upward flow is directed
to the outlet near the core vortex finder. The gas flow that
accelerated toward the dipleg increased the downward
axial velocities. The finer particles followed the strongly
downward gas flow toward the cone part and were captured
by the dust outlet section.

Static pressure

Fig. 11 illustrates the static pressure (Pa) distribution in
the square cyclone separator with and without dipleg for
an inlet velocity of 20 m/s. In the central zone, a negative
pressure zone is observed due to the swirling velocity [49].

Research Article

Improving the Efficiency of a Square Cyclone ...

Vol. 41, No. 2, 2022

1400

] Experimental- Zheng et al.
1200 e Present study
= =& = « Numerical- Su et al.

1000 |

Pressure drop (Pa)
(2] o
8 8

Ny
o
o

N
o
o

o

10 12 14 16 18 20 22 24 26 28 30
Inlet velocity (m/s)

Fig. 5: Comparison between the pressure drop for experimental data
of Zheng et al. [23], numerical results [55], and the present study.
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Fig. 7: Comparison of tangential velocity distribution at
location Y = 0.15 m and v=12 m/s.
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The lowest value of static pressure has appeared inside
the vortex finder. Obviously, the static pressure is decreased
radially from wall to center. The pressure gradient is large
along the radial direction, as there is a highly intensified
forced vortex [25]. In fact, near the cyclone wall,
the positive values and maximum pressure are obtained
while the lowest values are obtained near the cyclone
center. However, both cyclones have almost the same flow
pattern, but the comparison of two contours implies that
the square cyclone has a higher pressure drop.

Turbulent kinetic energy

The effect of dipleg on turbulent kinetic energy
distribution is illustrated in Figure 12 for the inlet velocity
of 20 m/s. As shown in this figure for both cases,
the highest values of the turbulent kinetic are displayed
in the center near the entrance section of the vortex finder.
Furthermore, the forced vortex and free vortex regions
are observed in the center and periphery of the square
cyclone, respectively, while the turbulent kinetic energy of
square cyclone with dipleg near the entrance section of
vortex finder is higher than that in the square cyclone
without dipleg which can overcome the adverse pressure
gradient. On the other hand, when the dipleg is attached
under the square cyclone, a low region of turbulent kinetic
energy has appeared which prevents the entrainment of
particles and enhanced the separation efficiency.

Effect of dipleg on pressure drop
Basically, the cyclone pressure drop is proportional
to the inlet velocity and can be defined as:

VP=o—— (9)

Where p, and v; represent gas density and inlet
velocity. In the Sheperd and Lapple [25] model, « is
obtained by assuming the static pressure drop defined as:

ab
a=16— (10)

DZ

e

Where the dimensions of the entrance section are defined
by a and b and D, denotes the vortex finder diameter.

Pressure drop is one of the important parameters
in designing a cyclone as it is correlated to the energy
which the cyclone employs. The cyclone pressure drop can
be defined as the difference between the inlet pressure and
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Fig. 11: Contours of static pressure (Pa) for square cyclone
(left: without dipleg, right: with dipleg) at v=20 m/s.

outlet pressure [28]. The pressure drop (Pa) values are obtained
for the square cyclone with and without dipleg as shown
in Fig. 13. It is observed that the pressure drop slightly
increased with increasing inlet velocity [28,49]. Using
dipleg caused a considerable increase in pressure drop
because of the energy dissipation by the stronger turbulent
swirling flow across the cyclone. This is more evident
in higher inlet velocity, especially at v=28 m/s. In this
velocity, using dipleg increased the pressure drop by about
13% compared to a cyclone without dipleg. This can be
clarified by the reduction of wall friction in the cyclone,
due to the fact that less dust is re-entrained from the dipleg
zone into the cyclone [34]. The lower separation zone
provided by dipleg caused a positive increase in tangential
velocity. As reported by previous studies [57-60] the
cyclone with higher tangential velocity produced a greater
pressure drop.

Effect of dipleg on separation efficiency

Figs. 14 and 15 show the comparison between
separation efficiencies of the square cyclone with and
without dipleg at two inlet velocities of 12 and 20 m/s
as a function of particle diameter (um), respectively. The
separation efficiency is calculated by tracking the released
particles from the entrance section of the square cyclone
which is done by utilizing the DPM model. The particle
diameter varies in a wide range from 1 to 32 pm.
A comparison of these figures proved that the separation
efficiency is increased by increasing inlet velocity for
the square cyclone with and without dipleg. Using dipleg
significantly improved the separation efficiency of square
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Fig. 12: Contours of turbulent kinetic energy (m?/s?) for square
cyclone (left: without dipleg, right: with dipleg) at v=20 m/s.

cyclones, especially at higher inlet velocities. Comparing
two cases has proved the fact that the separation efficiency
of the square cyclone with dipleg is higher than the square
cyclone without dipleg. This is due to stronger swirl flow
across the square cyclone with dipleg compared to the square
cyclone without dipleg in the same inlet velocity.

Effect of dipleg on 50% cut size

The 50% cut sizes for a square cyclone separator with
and without dipleg for five different inlet velocities
are presented in Table 2 which are obtained from the curves
of separation efficiency. The particle size for which cyclone
collection efficiency is 50% is defined as the 50% cut size
[49]. From this Table, it is concluded that the 50% cut size is
reduced by any increase in inlet velocity [28,49]. Using dipleg
positively improved the 50% cut size and consequently
reduced it for all inlet velocities. Comparing the values of
50% cut sizes at each inlet velocity confirms that using dipleg
is more effective in higher inlet velocities. Using dipleg
reduced the 50% cut size by about 10.5% and 26.3% for inlet
velocities of 12 m/s and 28 m/s, respectively.

CONCLUSIONS

A three-dimensional Computational Fluid Dynamics (CFD)
simulation is carried out to investigate the performance of
the square cyclone separator. According to the low
separation efficiency of the square cyclone, a dipleg
is designed under the square cyclone to improve the separation
efficiency. The RANS equations are solved using a finite
volume method. The Reynolds Stress Model (RSM)
is implemented to predict the turbulent flow field.
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Table 2: Comparison of the 50% cut sizes (um).

é Inlet velocity (m/s) 12 16 20 24 28\

Square cyclone without dipleg | 17.67 | 12.27 | 7.94 | 5.21 | 3.91

Square cyclone with dipleg | 15.82 | 1041 | 6.29 | 4.02 | 2.88
- /

The Eulerian-Lagrangian method is applied to predict
particle tracking in cyclones. The predicted results agreed
well with the experimental and numerical results given by
Refs. [23,55].

The following results have been obtained:

e It is concluded that the separation efficiency
is improved by using a dipleg which is affected by the flow
pattern.

e |t is observed that the pressure drop is increased
slightly with increasing inlet velocity.

e The pressure drop is increased by about 13%
by using dipleg at an inlet velocity of 28 m/s.

e The 50% cut size is reduced when a dipleg is used
under the square cyclone for all inlet velocities.

e In higher inlet velocity, the reduction value of 50%
cut size is higher which is proved that using dipleg is more
effective due to stronger swirl flow.

e Using dipleg reduces the 50% cut size about 10.5%
and 26.3% for inlet velocities of 12 m/s and 28 m/s,
respectively.
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