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The present paper is based on CFD modelling of gas-solid flow in cyclone separators with different dust outlet
geometries (with and without down-comer tubes at the cyclone bottom) to analyse the flow characteristics
and the cyclone performance. Numerically obtained cyclone performance parameters, collection efficiency, and
pressure drop were compared with experimental results. Changes in the particle trajectories due to the variation
of the flow field inside the cyclone separators with the effect of the dust outlet section were also analysed in de-
tail. The simulation results largely agreed with the experimental results, and discrepancies were caused by
modelling limitations and inconsistencies of the particle tracking model with the real gas—solid flow. However,

comparable to the experiments, the CFD simulations also predicted the increments in collection efficiencies by
dust outlet geometries modified with down-comers within acceptable pressure drops.

© 2015 Published by Elsevier B.V.

1. Introduction

Application of cyclone separators in particle controlling industries
(e.g, air pollution control, aerosol sampling and particulate matter con-
trol [1}} is an economical method for efficiently removing particles larg-
er than 2 pm in size {2]. The particle separation inside cyclone separators
manages two swirling motions of the fluid flow in vertically opposed di-
rections (double vortex phenomenon). Centrifugal forces acquired in
the particles due to these swirling motions directly separate larger par-
ticles, but small particles depart with the flow. However, because of the
vortex phenomenon, the conical section and the dust collection section
are very important in particle separation although they have been
neglected in many studies.

Studies related to the geometric parameters of the cone (height and
bottom opening) are popular in the literature, but few studies have con-
sidered the cyclone performance comparing the particle collection sec-
tion. In practical applications, the geometry of this part has also not been
considered yet nor have the use of different types of geometries and
connections with the space availability. Bryant et al. {3] (as quoted by
Xiang et al. [4]), Zhu and Lee [5] and Mothes [6] (as reported by
Obermair etal. [7]) reported that the solid separation at the cyclone bot-
tom is important in collection efficiency due to the effects from the nat-
ural vortex length of the flow, higher tangential velocities, particle re-
entrainment and high particle concentrated zones.

With the geometric limitations of the cyclone cone and apex size due
to the natural vortex length of the cyclones, considerations passed to the
geometry of the dust collection section to enhance the cyclone
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performance. Research based on the dust collection geometry of cyclone
separators to minimize the solid re-entrainment from this section were
tested considering apex cones, additional hoppers and down-comer
tubes [7-9]. Obermair and Staudinger [8] showed the superiority of
down-comer tubes in increasing cyclone performance over other mod-
ifications. The best collection efficiency was achieved by the cyclone
separator modified by a down-comer that is half of the cyclone height.

As stated by Obermair et al. [7], down-comer tubes have been intro-
duced by Kecke [10] without any experimental investigations on en-
hancing collection efficiency from the dust collection section. Later,
Obermair et al. [7] and Hoffmann et al. [9] proved remarkable improve-
ments in the collection efficiency by extending the natural vortex length
further, thus reducing the particle re-entrainment. The study performed
by Gil et al. [11] using only a down-comer tube without a hopper result-
ed a higher separation efficiency of small particles (for 0 to 5 um more
than 87 %) while producing “fishhook-shaped” fractional efficiency
curves. This study was conducted at relatively higher solid loading
rates (85.2 to 202.8 g/m>), where the particle agglomeration and spon-
taneous separation dominate at the inlet. The downward penetration of
the vortex end was reduced with increasing solid loading [9], which
raised the requirements for more investigations of down-comer
designs.

Over the last decade, CFD simulations have been promoted in fluid
mechanics as a design tool, providing better results while minimizing
time and cost compared to experimental investigations. Identical to
the experimental results of Obermair and Staudinger [8], CFD studies
completed by Hoffmann et al. [12], Qian et al. [ 13] and Kaya and Karagoz
[14] showed significant particle removal capability of down-comers and
their optimal length, which approximately equals the half-height of the
cyclone separator. Qian et al. [13] and Kaya and Karagoz [14] also
showed less effect on pressure drops in the application of down-
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comer vertical tubes, which could be explained by the decrease of wall
friction due to reduction of particle re-entrainment from the hopper
into the cyclone.

However, a comprehensive analysis of performance including flow
characteristics and particle trajectories has not yet been conducted for
cyclone separators with down-comers. Therefore, the present study is
based on the numerical analysis of cyclone separators modified with
down-comer tubes compared to experimental investigations.

Experimental studies were conducted for identical geometric and
operational conditions, and the overall collection efficiencies were cal-
culated by weighing the collected particle mass inside the cyclone
body. The grade efficiencies were obtained by counting the particle frac-
tions in iso-kinematic flow samples using a Fluke particle counter (Fluke
983, FLUKE Inc.) from the inlet and outlet. Measurements of pressure
drop were obtained using Air Flow Meter (TSI PYM620), considering
the mean pressure difference between the inlet and the outlet.

2. Numerical simulation
2.1. Geometric parameters of the cyclone separator and down-comer tubes

The geometric parameters of the cyclone separator tested in this
study are given in Fig. 1 and Table 1, Two conventional dust outlets
and three dust outlets modified with down-comer tubes were consid-
ered for the simulations. The dimensions of the dust outlet geometries
are shown in Table 2.
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Fig. 1. Geometry of the cyclone separator.

Table 1
Geometric properties of cyclone separator,

Geometric parameter Dimension (mm)
Body diameter, D 330.200
Inlet/Outlet pipe diameters, Dy/D, 69.120

Cyclone cylindrical body height, h 254.000

Cyclone conical body height 390.525

Cyclone total height, H 693.7375

Vortex finder height, § 303.2125

Vortex finder diameter, D, 152400

Cone tip diameter, B 152.400

Hopper height, H, 254.000

2.2. Numerical pracedure

22.1. Computation of the grid

Geometry and meshing were developed by ANSYS CFX software.
Tetra meshing was used due to the geometric complexity, as recom-
mended by CFX for Large Eddy Simulation (LES) model! [15]. The num-
ber of elements in each meshed geometry is shown in Table 3.

22.2. Model setup

Simulations were performed in ANSYS CFX 14.0. ANSYS CFX solver is
an implicitly coupled solver that uses element-based finite volume
methods to discretize the governing equations in the spatial domain

[16}. CFX uses the Rhie and Chow [17] pressure-velocity coupling meth-

od on a co-located grid layout. The simulations were conducted in a
Blade Centre H Linux cluster in MPICH distributed parallel mode.

2.2.3. Boundary conditions

Setting boundary conditions in numerical modelling is simply defin-
ing the properties at domain surfaces that help to fully describe the flow
characteristics. Air at 25 °C was used as the continuous phase and parti-
cles (size range 0-18 um; density 2650 kg/m®) were specified as particle
transport solids (dispersed phase). Atmospheric pressure was used as
the reference pressure. The boundary conditions applied in the simula-
tions are given in Table 4.

InTable 4, attention was given to defining the particle collection sur-
face. In reality, particles are deposited on cyclone walls just after enter-
ing, and the rest are suspended in the flow and separated by the
centrifugal action accomplished with particle agglomeration, while
some may leave without collecting. However, this reality is difficult to
model in CFD, as there is no evidence on whether, when or where a par-
ticle is collected.

Particles that touched the cyclone hopper bottom were counted as
collected by Kepa [18], Wan et al. [19] and Qiu et al. [20]. Ma et al.
[21] assumed that particles that touched the cyclone wall were collect-
ed, while Griffiths et al. [22] considered particles that touched the con-
ical part and the bottom walls to be collected. The assumption based on
studies by Yoshida et al. [23], Gimbun et al. {24], Chuah et al. [25] and
Bhaskar et al. [26] was that the particles that escaped from the cyclone
bottom were collected. The number and mass of particles that escaped
from the cyclone during the simulation period are also considered as
collected in the literature [27-29]. In summary, the conclusions derived

Table 2 )
Dimensions of dust outlet geometry.

Dust outlet Height of down comer Diameter of dust collection
condition tube, (H,, mm} hopper (D, m)

Hopper 1 0.0 1524

Hopper 2 0.0 288.0

Hopper 3 127.0 288.0

Hopper 4 254.0 288.0

Hopper 5 3810 288.0
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Table 3
Total number of elements in the mesh,
Geometric condition Number of elements
Hopper 1 1,158,227
Hopper 2 1,348,628
Hopper 3 1,377,011
Hopper 4 1.427,762
Hopper 5 1,505,334

for the selection of particle deposition zones in cyclone separators in
CFD simulations are unclear.

A numerical study by Shi and Bayless [30] studied three different
particle boundary conditions: 1) assume that particles were only col-
lected by the bottom of the cyclone, 2) assume that particles were col-
lected by the wall of the cone and the bottom and 3) apply the
tangential lift-off boundary condition to the wall of the cone and the
bottom. The numerical results were compared to the experimental re-
sults of Bohnet {31], Lim et al. [32] and Yoshida et al. [33], and the
boundary condition that applied the tangential lift-off boundary condi-
tion to the wall of the cone and the bottom was much closer to the real
state results. The assumption that the particles were collected by the
wall of the cone and the bottom always over predicted the results. How-
ever, the boundary condition assuming that particles were only collect-
ed by the bottom of the cyclone was also acceptable, Another study by
De Souza et al. [34] considered two particle collection criteria: 1) parti-
cles escaped from the outlet and 2) particles touched the cone bottom.
The second criterion is reasonable with the experimental results but
can over predict fine particle collection as there is no re-entrainment
from the cone bottom. However, the authors found that the grade effi-
ciency curves do not converge after the cyclone residence time, and
thus particles may bounce back and escape from the outlet, leading to
an under prediction of collection efficiencies assuming particles escap-
ing from the outlet. Therefore, assuming particles that touched the hop-
per bottom were assumed to be collected in this study.

2.2.4. Modelling fluid flow

The Large Eddy Simulation (LES) model preserves accurate predic-
tions of unsteady, spiral shape, and vortex core characteristics of a cy-
clone separator [35-43]. This model resolves larger energy carrying
eddies, while smaller energy eddies are filtered to be simulated by
sub-grid scale (SGS) models rather than simulating the entire turbu-
lence flux [44]. The present study applied a finite volume based LES
model to simulate the gas-solid flow inside cyclone separators, accom-
plished with the Smagorinsky-Lilly SGS model,

2.24.1. LES governing equations. Considering resolved and sub-grid com-
ponents, any variable (¢;} can be written as a combination of the resolv-
able scale part (@;) and the subgrid-scale part (¢';),

Then the basic filtered variable (@;) is defined in spatial coordinates
(x, &) in considered domain;

B, 1) = / -0, 1)E. )

The incompressible Navier-Stokes equation of motion is shown in
Eq. (3).

apvi+ dovvy _ _dop, @ [ <av,~ av,.)}‘

K TR o [T\9; O, ®)

Then average and time varying components in both variables veloc-
ity (4;) and pressure (p) can be written as in Eq. (4),

Vi=Vi+ v, p=F+ 7. @)

By substituting Eq. (4) in to Eq. (3), the filtered Navier-Stokes equa-
tion is given by:

ot Ox; O Ox;\ 0x; Ox) Ox;

Here the extra term 97 represents subgrid-scale stresses and hence
can be represented by,

Tij = T~y (6)
where,

v 3%
Vi # Vi, @
jan ',an

2.2.4.2. Smagorinsky model equations. The Smagorinsky-Lilly SGS model
is the first SGS model developed by Smagorinsky [45] and assumes that
the energy production and dissipation of the small scales are in
equilibrium.

The Smagorinsky model expressed sub-grid scale stresses () as,

1 _
Tij— §Tkk5"j = —2VssS;; (8)

where 5; j is the large scale strain rate tensor defined by;

Sij= 5(‘3‘;}“" ’a'z) 9)

The relationship between SGS turbulent viscosity (vsgs) with length
scale (1) and velocity scale (gscs) of sub-grid part can be expressed as,

©=0+ ¢ (1) vscslgsss. (10)
Table 4
Boundary conditions of present simulation.
Boundary Applied boundary condition Details
Inlet Inlet Normal speed of 10 m/s
Outlet Opening Opening and pressure drain with relative pressure of 0.0 Pa
Cyclone walls excluding hopper base wall No-slip, smooth walls with perpendicular/parallel coefficient
of restitution is 1.0.
Hopper base (particles contact this surface wall No-slip, smooth walls with perpendicular/parallel coefficient
are considered as collected) of restitution is 0.0.
Particle injection Uniform injection (randomly distributed 10000 of particle parcels having a normal speed of 10 m/s

over the inlet surface)

with concentration of 1.0 g/m?,




S. Ganegama Bogodage, A.Y.T. Leung / Powder Technology 286 (2015) 488-506 491

The length scale (1) of sub-grid part is the filter width (or grid size)
and is usually taken to be,

A = (Volume)}. (1)

In Smagorinsky model the velocity scale (gs¢s) is related to
gradients of the filtered velocity as it is analogous to the Prandtl
mixing length model. Then the velocity scale (gsgs) can be written as
in Eq. (12)
dses = A[S] (12

where,

5= /255 (13)
Then SGS viscosity vsgs is written as,

vses = (CsA)[S). (14)

Here, Cs is Smagorinsky constant and its value for isotropic turbu-
lence with initial range spectrum is,

E(k) = Co €3k (15)
with,

c —1(—2—)3/5——018 (16)
S-ﬂ 3Cy R .

Egs. 1-16 are referred from ANSYS CFX 14-Solver Theory Guide [16].
The value 0.1 is used as the default value of C; and has proven the va-
lidity of results by achieving best results for a wide range of flows [16].

22.5. Modelling of the particle phase

The Eulerian-Lagrangian approach models the dispersed phase by
tracking a large number of representative particles (parcels) to repre-
sent a group of particles interacting with the fluid. These representative
particles have the same physical characteristics (e.g., size distribution
and mass) and are simulated through the previously computed contin-
uous phase [46].

The equation of particle motion is based on the following assump-
tions: 1) The particles are perfectly spherical in shape, 2) The volume
fraction of the dispersed phase in the continuous region is negligible,
and thus no influence was due to the presence of the particles,
3) With the dilute particle flow in continuous flow, there are zero
inter-particle interactions and 4) Collisions between particles and the
wall are assumed to be perfectly elastic. Under these assumptions, the
particle trajectories are obtained by integrating the force balance on
the particle. Considering a small particle moving under the forces of
nonlinear drag and gravity, the Eulerian-Lagrangian equation is given
by,

dup _ 184 CoRe \\\ o\ .(p”_—ﬁ&)
dt —ppdf, 24 (ul un)+gl Pr . (]7)

In cyclone hydrodynamics, other forces that act on the particles such
as buoyancy, virtual mass and Basset term are negligible due to the
small fluid-to-particle density ratio [25].

The relative Reynolds number is,

d
Re = ‘%wm—uw (18)

I
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Fig. 2. Considered cross sections in cyclone separator body.

The drag coefficient (Cp) in Eq. (17) is described by the Schiller
Naumann drag model as shown in Eq. (19) {16},

% Resl

Cp= 24(1 +0.15R2%7) . (19)
" 15R.51000
044 R:>1000

2.2.6. Particle coupling and drag force

One-way coupling was selected with the negligible volume fraction
of particles, extruding the influence of particle mass into fluid flow
[47,48], and only the particles injected and collected are considered.
The Schiller-Naumann drag model was used under the assumption of
the equation of particle motion. '

22.7. Advection and transient schemes

CFX strongly recommends using the Central Difference Advection
Scheme [15] for LES models, combined with a Second-Order Backward
Euler scheme as the transient scheme. When running the Second-
Order Backward Euler scheme, the transient scheme for turbulence

Table 5
Details of cross sections considered in analysing.

Section Distance from vortex finer inlet (mm)

(Measured in Y-direction)

Hopper Hopper Hopper Hopper
1 3 4 5

A-A (inside conical section) 200.000 200.000 200.000 200.000 200.000

B-B (down-comer tube top - - - 454.025 517.525
plane/s)

C-C (middle plane of - -
down-comer tube)

D-D (down-comer tube - -
bottom plane)

E-E (top plane of hopper) 454,025 454025 - - -

F-F (Middle plane of hopper) 517.525 517.525 644.525 771.525 -898.525

G-G (bottom plane of hopper) 630.000 630,000 757.000 884.000 1.010

Hopper
2

454025 517525 581.025

503.000 630.000 757.000
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3.162e+000
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Fig. 3. Axial velocity contours along the vertical axis of cyclone separators with different dust outlet geometries.

equations would remain First-Order, and the transient scheme for the
volume fraction equations should be set to a bounded second-order
scheme [15],

2.2.8. Convergence control

Convergence control terminates a solver run within a time step,
when it reaches the Maximum Coefficient Iteration loops, unless con-
vergence is achieved sooner for transient state. The Minimum Coeffi-
cient Iteration loop is also defined to control the number of iterations
for a time step. Amodel should aim to converge each time step within
approximately 3-5 loops. However, in transient runs, if convergence is
not achieved in the maximum number of loops, it is more preferable
to reduce the time step size than to increase the number of loops [15],

|| 7.650e+000

4.700e+000
[I' 1.750e+000
J -1.200e+000
® -4.150e+000

[m sAl]

Hopper 1 Hopper 2

In the present study, default values of iteration loops were selected
and convergence was achieved within this range.

22.9. Convergence criteria

The convergence criterion is important to ensure that the governing
equations have been solved. This criterion decides when the solution
has converged and consequently when the solver should stop, with or
without completing the maximum number of iterations. The measure-
ment of convergence criteria is performed by residuals, which measure
how accurately the set of equations have been solved. The CFX-Solver
will terminate the time step when the equation residuals fall below
the residual target value. The selection of the residual target depends
on the sensitivity of the problem. For the present model to obtain better

Hopper 3 Hopper 4 Hopper 5

Fig. 4. Axial velocity contours on radial planes of different dust outlet geometries in cyclone separator.
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numerical results, convergence criteria were selected as RMS residual
type having a target of 1E-5,

2.2.10. Flow analysis details ‘

To perform the transient run in CFX-Pre, the steady state simulation
results after 100 iterations were used as initial conditions in each geo-
metric condition. The simulations were continued until none of the par-
ticle tracking diagnostics run in the solver. Adaptive time steps were
used to change the time step size dynamically within the provided
time limits (the initial and maximum time steps were 1.0 x 107° s
and 1.0 x 1073 5, respectively). The total simulation time was 13 s for
Hopper 1, Hopper 2, Hopper 3 and Hopper 4 and was 14 s for Hopper
5. The maximum time step in all cases achieved by the solver was
5.4 x 10~% s after the time of 1.0 x 10~2 s in Hopper 1 and 7.0 x

Axial Veelocity (m/s)
o

010 -005 000 005 010 015 020

Radial Position

Axial Velocity (m/s)

-6 - v T r 4 — J
<020 -0.15 -0.10 -005 000 005 010 015 020

Radia! Position

(c)

Axial Velocity (m/s)
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10~3 s in other hopper conditions. When the simulation converged,
the maximum time step was used as a constant time step.

3. Results and discussion

The CFD simulation of the cyclone separator flow field was analysed
considering three velocity components (axial, tangential and radial)
and pressure variations along the cyclone body. These flow properties
were analysed in the axial and planer views of the contour plots and
the radial distributions along different cross sections. Fig. 2 shows the
considered cross sections, and the details are listed in Table 5.

The particle trajectories were also analysed to have a basic under-
standing of particle flow and collection in cyclone separators. The nu-
merical results of the collection efficiency and pressure drops were
compared to the experimental data to validate the simulation results.

— A-A
44 — F-F

Axial Velocity (m/s)
o

.4 4

$

-0.20 015 -0.10 -005 000 005 010 015 020
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.4 4
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(d)

-0.20 -0.15 -0.10 -0.05

000 005 010 015 020
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(e)

Fig. 5. Axial velocity components along radial direction at different cross sections in cyclone separator and dust outlet geometry (a) Hopper 1; {b) Hopper 2; (¢) Hopper 3; (d) Hopper 4 and
(e) Hopper 5.
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Fig. 6. Tangential velocity contours along the vertical axis of cyclone separators with different dust outlet geometries.

3.1. Flow field analysis

Among the three velocity components in the cyclone swirling flow,
the tangential velocity component is the largest, which governs the
swirling flow pattern and separates particles by the centrifugal forces.
The axial flow is also important for transporting the collected particles
on the walls to the hopper. In cyclone hydrodynamics, the magnitude
of the radial velocity is negligible [49], although it contributes to
transporting particles on to the walls with the effect of the centrifugal
forces.

3.1.1. Axial velocity

The axial velocity contours in the mid-axial plane of each hopper
condition are shown in Fig. 3 (downward is positive and upward is neg-
ative). The axial velocity component is not axi-symmetric and is down-
wardly directed at the outer core (quasi-free vortex), which is higher

1.099e+001
" 8.199e+000

. -
5 5.4082+000 =
i 2.613e+000

-1.800e-001
{m s*1)

Hopper 1 Hopper 2

near the wall region and upwardly directed in the inner core region
(quasi-forced vortex). The maximum downward and upward velocities
are always smaller than the inlet velocity. Conversely to this observa-
tion, earlier studies reported that the maximum axial velocity is higher
than the inlet velocity, especially under the vortex finder inlet [13,50].
The axial velocity patterns with respect to the dust outlet geometries
in Fig. 4 show the major difference in the forced vortex. In Hopper 1, dif-
ferent from the others, the axial velocity at the inner core transports
back to the hopper due to flow recirculation. The maximum upward
axial velocities are presented down to the vortex finder inlet, and this
region extends farther down with the down-comer height. This increase
of axial velocity in the leaving flow is important for increasing the col-
lection efficiency without mixing the free and forced vortexes together
in the cyclone body, mostly at low velocity or higher solid loading con-
ditions. Inside down-comer tubes, the axial velocity is higher than in-
side the cyclone body and no recirculation zones, which improves
collection efficiency by minimizing particle re-entrainment. However,

Hopper 3

Hopper 4 Hopper 5

Fig. 7. Tangential velocity contours on radial planes of different dust outlet geometries in cyclone separator.
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as shown in Fig. 4, there is no clear distribution of the axial velocity com-
ponent with the effect of recirculation inside hoppers.

The axial velocity profiles of the selected cross sections from Table 5
are shown in Fig. 5. The axial velocity profiles exhibit V-shape or
W-shape [51] patterns with the effect of cyclone geometry [52]. In the
present study, W-shaped axial velocity pattern are more likely in the cy-
clone body (section A-A in Fig. 5) except in Hopper 2, but the attenua-
tion on swirling flow by friction losses on the vortex finder walls is
lowered, Thus, less swirled flows are drawn back to the cyclone body
[28].

The axial velocity profiles in the radial direction are roughly V-
shaped but are flatted in Hopper 2. Similar patterns were reported by
Elsayed and Lacor [28] for an identical geometry. The authors also
discussed the different flow patterns with the effect of dust outlet geo-
metric conditions by considering adverse pressure gradients at the

495

centre axis, as stated by Hoffmann et al. [12]. That is, in Hopper 2,
where the diameter is approximate to the cyclone body diameter, the
adverse pressure gradient due to the swirl attenuation in the vortex
finder can be overcome with the higher kinetic energy resulting from
the sudden contraction of the upward flow at the cone tip and obtaining

" V-shaped axial velocity profiles. However, in Hopper 1, the diameter is

similar to the cone tip diameter, and thus it is impossible to overcome
the swirl attenuation in the flow field.

However, with down-comer tubes, the effect of swirl attenuation of
vortex finer friction losses could not be overcome due to less kinetic en-
ergy near the cone tip. The radial profiles at the cyclone conical region
(section A-A) and in the down-comer tubes (section C-C) have similar
average patterns. Comparing the axial velocities in the hoppers, Hopper
1 shows the W-pattern with the effect of backflow in a quasi-forced vor-
tex, but the others have almost similar and insignificant features,

12 12
— AA — AA

gw—F-F ‘-'érm--——F-F
z s > 8l
; g
$ 6 $ &
T 44 44
& )
c [
S 21 S o2

0 0 .

020 -015 010 005 000 005 0410 0.5 020 -015 -010 005 000 005 010 045 020

Radial Position Radial Position
(a) (b)
12 ; 12
— AA —= AA

% 104 c-C @ 1wq— CC
E |—FF E |—FF
2 81 8 4
3 3
K] o
S 6 S 6
3 3 !
‘E 4 ‘:‘E' 4 l
[} (1]
o o
< (=
2 2 '_‘E 2 4

0 . . , 0 . v h . ~ \

020 -015 -010 -005 000 005 0.0 0.45 020 020 -015 040 -005 000 005 0140 015 020

Radial Position

(c)

-
~N
N

-
o
N

0
2

4 -

Tangential Velocity (m/s)

2.

0

Radial Position

(d)

AN

020 -015 -010 -005 000 005

010 015 020

Radial Position

(e)

Fig. 8. Tangential velocity components along radial direction at different cross sections in cyclone separator and dust outlet geometry (a) Hopper 1; (b) Hopper 2; (¢) Hopper 3; (d) Hopper

4 and (e) Hopper 5.
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3.1.2. Tangential velocity

The tangential velocity contours at the middle plane of the cyclone
separator for five different dust outlet geometries are shown in Fig. 6,
and at major separation, the space tangential velocity is identical in
five geometric conditions. This velocity compenent is the largest veloc-
ity component and dominates the swirling flow pattern, confirmed by
showing a similar contour pattern with dynamic pressure (see
Fig. 11). The highest tangential velocity occurred at the cyclone top. At
the inlet annulus, the tangential velocity increased up to 1.5 times the
inlet velocity and then decreased due to the downward rotation of the
flow. Negative tangential velocities are found at the cyclone gas outlet
because the moving direction of flow is opposite to the inlet flow.

The tangential velocity exhibits Rankine double vortex phenomenon
with quasi-free vortex at the outer core, where the tangential velocity
sharply increases with increasing radius and reaches a maximum
value closer to the vortex finder diameter. In a quasi-forced vortex in
the inner core, the tangential velocity decreases further to nearly zero
at the axis centre. The maximum tangential velocity in the cyclone
inner region (bottom to cyclone inlet) is almost similar to the inlet ve-
locity, and similar observations are reported by Elsayed and Lacor [27]
for three types of cyclone separators with different cone tip diameters
at an inlet velocity of 8 m/s. The maximum tangential velocity is located
atapproximately 0.8 to 1.0 of the radius of the vortex finder from the cy~
clone centre axis, agreeing with former research that showed 0.5 to 0.9
times [27] the vortex finer radius.

Considering the conventional designs (Hopper 1 and Hopper
2) shown in Fig. 7, the tangential velocity was not reduced inside the
hoppers and was higher in Hopper 1, thus possibly worsening the
collection efficiency. However, with down-comers at the bottom of
the cyclone, the tangential velocity falls inside the hopper and the re-
duction is greater with down-comer height. Inside the down-comer
tubes, the tangential velocity is dramatically increased in quasi-free vor-
tex flow as a result of reducing the cross section, but the flow is reduced
axially towards the hoppers. In the quasi-forced vortex region in the
hoppers, the reduction of tangential velocity is identical to the quasi-
forced vortex region in the cyclone body comparing the minimum
values of sections A-A and F-F. However, the LDV measurements in
the down-comer verticals from Obermair et al. [7] showed that the
tangential velocity in the down-comer increased by approximately
2.6 times the inlet velocity and 3.15 times in the hopper centre as op-
posed to the present simulation results. The reason for the difference
may be due to the hopper sizes in the present tested cyclone and that

o 5.620¢+000
2.437e+000
-7.4606-001

-3.920¢+000

¥..7.1126+000
{msr1]

Hopper | Hopper 2

by Obermair et al. [7]. The present study used a larger hopper (approx-
imately equal to the volume of the cyclone cylindrical section), but
Obermair et al. [7] tested a smaller hopper size. Therefore, the tangential
velocity may increase inside the down-comer and inside the hopper
centre due to the lower energy dissipation when the flow travels from
the down-comer to the hopper. Inside the hopper, however, the radial
reduction of the tangential velocity component towards the walls was
visualized similar to the present simulation results.

The tangential velocity profiles shown in Fig. 8 for sections A-A, C-C
and F-F also confirm that the tangential velocities in conventional types
(Hopper 1 and Hopper 2) are the highest, approximately similar to the
inlet velocity. Thus, in conventional hopper designs, the vortex con-
tinues to the hopper bottom, promoting more particle re-entrainment.
Identical flow patterns were found by Qian et al. [13] for cyclone sepa-
rators with and without down-comer tubes. The authors tested down-
comers with the lengths of 1.5D, 2.0D and 2.5D and compared these to
the conventional design. The maximum velocity found in the conven-
tional hopper was 21 m/s, while that inside the hopper with the 2.5D
height down-comer was 8 m/s [ 13]. The study also found that the higher
tangential velocities inside conventional dust collection sections worsen
the separation process by producing a re-entrainment of already sepa-
rated particles.

However, higher tangential velocities inside down-comers in Fig. 8
show a dramatic increment in the quasi-free vortex, thus creating
higher centrifugal forces on the particles, especially on the finer range
(course particles are mostly separated in the cyclone body due to higher
moments of inertia) and increased separation efficiency.

3.1.3. Radial velocity

The radial velocity distribution does not cover any general pattern
like the tangential and axial velocity components inside the cyclone
body (Fig. 9). However, the contour plots of radial velocity show that
the flow is rotational and approximately symmetrical at the down-
comer tube (Fig. 9 and section C-C in Fig. 10}, which enhances the trans-
port of particles into the cyclone walls. An identical flow phenomenon
was observed at the cyclone conical region by Wang et al. [50]. The au-
thors further reported that the forced-vortex region was a twisted cylin-
der, analysing the radial velocity distribution. However, much of the
previous research [36,49] has neglected the radial velocity component,
and it is therefore difficult to conclude on the radial velocity flow pat-
tern with the literature.

Hopper 5

Hopper 3 Hopper 4

Fig. 9. Radial velocity contours along the vertical axis of cyclone separators with different dust outlet geometries.
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Fig. 10. Radial velocity components along radial direction at different cross sections in cyclone separator and dust outlet geometry (a) Hopper 1; (b) Hopper 2; (¢) Hopper 3; (d) Hopper 4

and (e) Hopper 5.

The radial distributions of this velocity component for selected cross
sections in Table 5 are shown in Fig. 10. Considering the radial velocity
distribution in hoppers by section F-F, the non-symmetry of the distri-
bution was visible in Hopper 2 and Hopper 3. The minimum radial
velocity is observed in Hopper 1, and the maximum in Hopper 3. How-
ever, in Hopper 4 and Hopper 5, the distribution is approximately sym-
metric and rotational, enhancing particle separation as explained
previously.

3.2, Pressure distribution
32.1. Dynamic pressure

The contour patterns of the dynamic pressure distributions on the
axial plane and horizontal planes as listed in Table 5 are shown in

Figs. 11 and 12, respectively. The dynamic pressure is larger in the
quasi-free vortex zone and reaches zero in the quasi-forced region in
the cyclone body. A similar pattern is visible inside the down-comer
tubes, and with increased height, the pressure drop reduced downward
along the vertical axis. However, with the effects of non axi-symmetry
of velocity, especially in the tangential velocity that dominates swirling
flow, the dynamic pressure is not axi-symmetric (see Fig, 13). The max-
imum dynamic pressure found in the cyclone was in Hopper 4, with the
effect of larger tangential velocities at the cyclone conical part.

Figs. 11 and 12 show that negative dynamic pressure zones are locat-
ed at the bottom of the hoppers in Hopper 1, Hopper 2, Hopper 3 and
Hopper 4 due to the reduction of velocity from the upward turning of
the flow. However, considering Hopper 5, the upward turning point of
the flow field is located above the hopper base, thus presenting a

f
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Hopper 1 Hopper 2

Hopper 3 Hopper 4 Hopper 5

Fig. 11. Dynamic pressure contours along the vertical axis of cyclone separators with different dust outlet geometries.

negative pressure distribution in the Hopper 5 condition. The reduction
of velocity at Hopper 5 is clearly visible in Figs. 5,8 and 10.

Furthermore, Hopper 1 has the maximum dynamic pressure due to
the highest tangential velocities, and Hopper 2 and Hopper 3 present
an axi-symmetric distribution of the dynamic pressure inside the hop-
per across the middle plane (section F-F in Fig. 13(b) and (c)). Then,
with increasing down-comer height, the dynamic pressure distribution
becomes flatter inside the Hopper 4 and Hopper 5 conditions as de-
scribed previously.

3.2.2. Static pressure

The static pressure variation is similar in all of the geometric condi-
tions and generally non axi-symmetric (see Fig. 14). The highest static
pressure zones are located in the cyclone body, i.e.. in the quasi-free vor-
tex region, and the magnitude dramatically decreases from the wall to
the centre axis (quasi-forced vortex region) due to the high swirling ve-
locity. Although static pressure shows a dramatic decrease in the radial
direction, the axial variation is smaller.

The maximum and minimum static pressures were found in Hopper
1 (see Figs. 14 and 15), which exhibits a lower static pressure at the cy-
clone bottom, showing higher turbulent flows inside. Different results

2.624e+001
5.0356+000

-1.617e+001
[Pa]

Hopper | Hopper 2

were reported by Elsayed and Lacor [28] by numerical studies with
the same geometries as Hopper 1 and Hopper 2. They observed that
the minimum static pressure was in the cyclone with Hopper 2.
Figs. 14 and 15 show that in Hopper 1and Hopper 2, the minimum static
pressure distribution is spread around the cyclone centre axis and con-
tinues into the hopper; however, in other hopper conditions, the mini-
mum static pressure continues until the end ofthe down-comer tube for
Hopper 3 and Hopper 4 and up to a halfdistance of the down-comer
tube in hopper 5. The static pressure increases during its downward ex-
tension due to the higher tangential velocities inside the down-comers
and the sudden contraction of the quasi-forced vortex.

Comparing the radial distribution of the static pressure in the cy-
clone body in the down-comer tubes and in the hoppers as shown in
Fig. 16, the static pressure in the conventional cyclones in Hopper 1
and Hopper 2 contains relatively larger distributions, which are similar
to the static pressure at the cyclone body (considering section A-A).
With increasing down-comer length, the static pressure inside the hop-
per becomes lower, not because of increased turbulent kinetic energy,
but by decreased total pressure (with reduced turbulence). In addition,
the gradient of the static pressure in the radial direction is lower inside
the hoppers with down-comers.

Hopper 3 Hopper 4 Hopper 5

Fig. 12. Dynamic pressure contours on radial planes of different dust outlet geometries in cyclone separator.
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Fig. 13. Dynamic pressure distribution along radial direction at different cross sections in cyclone separator and dust outlet geometry (a) Hopper 1; (b) Hopper 2; (c) Hopper 3; (d) Hopper

4 and (e) Hopper 5.

3.3. Particle flow inside cyclone separator

Many studies [21,50,53} reported both experimentally and numeri-
cally that larger particles deposit in cyclone flow after a few strands,
but smaller particles are dragged by the carrier flow, Shukla et al. [29]
performed a dispersed phase model in a cyclone separator flow field
and compared the centrifugal and drag forces along the particle trajec-
tories at three different locations. They reported that the dominant
force for particles larger than 2.1 um was centrifugal force and that for
particles with diameters smaller than 2.1 um, the drag force could bal-
ance the centrifugal force. In addition, they observed that the drag
force became dominant at few points along the trajectories.

However, the flow field variations inside the cyclone separators due
to dust outlet geometry variations influence the particle flow paths.

Thus, the probability of collection or loss is strongly affected by the
dust outlet geometry. Therefore, a collected particle in one geometric
condition can be lost in another geometric condition. The present
study has considered particle trajectories of similar diameters relative
to different dust outlet geometries. However, the injection position
may change due to automatic generation of particle positions at the
inlet by the software; therefore, the comparison may be limited to sev-
eral hopper conditions for a considered particle, but not for all.

Three particle tracks with diameters of 0.9357, 3.5465 and
6.0423 pum were considered (Figs. 17 to 19) to analyse the trajectories
of different particle diameters in cyclone gas-solid flow fields with dif-
ferent dust outlet geometries, which were injected from same general
areas at the inlet face. These particles were selected by considering dif-
ferent particle fates (whether collected or lost) in five different cyclone
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geometries, With the effect of different particle trajectories in different
dust outlet conditions, collection or loss cannot be justified. In addition,
these particle trajectories may further vary with the effect of higher con-

centrations and particle-particle interactions, which were not consid-

ered in the present simulations. ‘

The smallest particle (Fig. 17) with a diameter of 0.9357 um is lost in
each hopper condition except for Hopper 4 and Hopper 5. It is well
shown that the number of turns that the particle completed before
exiting the cyclone was higher in Hopper 1 and Hopper 2. The particle
flow in Hopper 3 is avoided here as it escaped in the secondary flow.
Whirling was reduced in cyclones with down-comer tubes, which are
Hopper 4 and Hopper 5. Previous researchers, such as Mothes [6] and
Zhu and Lee [5], reported that the particle flow is more complex with
re-entrainment of particles inside the conical part of conventional cy-
clone separators, especially near the cone bottom. Therefore, in Hopper
1 and Hopper 2, smaller particles follow complex paths and are mostly
lost with the leaving air flow. However, due to the higher tangential
flows inside down-comers, particles are easily directed into the hop-
pers, A similar trend is observed for the particle of 3.5465 um diameter
(Fig. 18) compared to the trajectories in Hopper 2 through Hopper 5.
Particle back mixing from the quasi-forced vortex to the quasi-free vor-
tex is also evident in Hopper 2 and Hopper 3. The larger particle with the
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Hopper 3 Hopper 4 Hopper 5

Fig. 14. Static pressure contours along the vertical axis of cyclone separators with different dust outlet geometries.

diameter of 6.0423 pm (Fig. 19) in Hopper 2, Hopper 3 and Hopper 4,
which have similar particle injection points, shows that with a larger de-
scending angle, as in Hopper 3 and Hopper 4, the number of turns in the
particle trajectory becomes low. However, Hopper 5 shows that de-
creasing tangential velocity along the down-comer may help particles
to escape easily. One common feature in the particle trajectories is
that when a particle follows the secondary flow, it has the maximum
probability of escape, and if it does not escape, the particle undergoes
a longer residence time (many spins) before being collected into the
hopper (see the 6.0423 um diameter particle trajectory in Hopper 1 in
Fig. 19).

Furthermore, in a CFD analysis without considering the dust outlet
geometry, Wang et al. [50] reported that particles entering through
the upper part of a cyclone can easily exit with the flow field regardless
of the particle diameter due to lower descending angles. However, the
present numerical results show that the particle trajectories are strong-
ly affected by flow field variation due to the geometry of the dust collec-
tion section. The simulation results for uncollected particle trajectories
of particle sizes of 5-10 pm are shown in Fig. 20 for cyclones with Hop-
per 1, Hopper 2 and Hopper 5.

Fig. 20 shows that all of the un-collected particles in the cyclone with
Hopper 1 are injected from the upper part of the inlet face, but in the

Hopper 3 Hopper 4

Fig. 15. Static pressure contours on radial planes of different dust outlet geometries in cyclone separator.
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Fig. 16. Static pressure distribution along radial direction at different cross sections in cyclone separator and dust outlet geometry (a) Hopper 1; (b) Hopper 2; (c) Hopper 3; (d) Hopper 4

and (e) Hopper 5.

other four cyclones (the figures shown here are only for Hopper 2 and
Hopper 3), there is no such dependence. Furthermore, comparing the
uncollected 5-10 um diameter particles in Hopper 2 and Hopper 5 con-
ditions, the larger diameter particles that entered mostly from the inlet
top have escaped in Hopper 2, while no significant correlation is shown
between escaped particle size and the location in Hopper 5. Therefore,
the importance of the dust collection section and its geometry in parti-
cle separation it is again verified and should be accounted for in CFD
simulations.

3.4, Collection efficiency

Comparing the grade efficiency curves of different dust outlet
geometries in Fig. 21 at the inlet solid loading rate of 1.0 g/m?, Hopper

1 has the maximum separation and Hopper 2 has the lowest.
Both Hopper 4 and Hopper 5 conditions have similar grade efficiency
curves, while Hopper 3 has poorer grade efficiency in the 0.5-1.99 pm
diameter fraction and follows Hopper 4 and Hopper 3 for other particle
fractions.

The grade efficiency curve comparisons to the experimental grade
efficiencies are shown in Fig. 22 to validate the numerical results.

The numerical grade efficiencies were modified before comparison
according to the particle diameter fractions in the experiments. Com-
paring the numerical grade efficiency curves with different X-axes
(log based and fractional based) shown in Figs. 21 and 22 gives similar
general trends.

Fig. 22 shows that the numerical grade efficiency curves are different
from the experimental grade efficiency curves and that the deviation
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Hopper 1 Hopper 2

Hopper 3

Hopper 4 Hopper 5

Fig. 17. Particle trajectory of 0.9357 pm particle inside cyclone separators with different dust outlet sections.

between the results are higher for particle fractions smaller than 2.0 pm
for all cases excluding Hopper 1. For particles larger than 2.0 pm diam-
eter, the numerical results of cyclones with down-comer tubes are
closer to the experimental investigations with maximum deviation of
13.34 %in Hopper 3 for the 5.0-9.99 pm size range.

Analysing the numerical and experimental grade efficiency curves
for Hopper 1, although it had the lowest grade efficiency level among
other dust outlet geometries from the experiments, it was the highest
in numerical simulations. This result is due to the particle fate criterion
of collection at the hopper bottom. In CFD modelling, due to the small
diameter and smaller height of Hopper 1, the entered particles can eas-
ily touch the hopper bottom ofthe cyclone with higher tangential veloc-
ity and be collected due to the lack of considering particle back mixing,
which is found in practice. Hopper 2 shows the minimum collection ef-
ficiency for particles lower than 2.0 pm, when comparing the grade effi-
ciency curves (Fig. 21). Having a larger hopper, smaller particle
trajectories entering to the hopper may follow larger diameter curvy

paths, hence reducing velocity and back-mixing. The tangential velocity
distributions for Hopper 1 and Hopper 2 in Figs. 6 and 7 also verily this
difference. For the particles larger than 5 pm, Hopper 2 over estimates
the grade efficiencies over the experiments due to the particle re-
entrainment in practice.

In summary, apart from Hopper 1, the numerical grade efficiency al-
ways under predicted the collection efficiencies for smaller particles
(<2.0 pm) for all dust collection sections. The reason for under predic-
tion of the fine particle ranges is due to particle agglomeration with
larger particles and separation, which has been investigated by many
previous studies [11,12,39,54-57], However, it is difficult to account
for particle agglomeration numerically due to the lack of information
about particle separation.

Even though particle collection efficiencies for the range of less than
2.0 pm are under predicted by Hopper 3, Hopper 4 and Hopper 5, the
grade efficiencies are higher than Hopper 2, which consists ofa conven-
tional type dust outlet systems. Thus, particle re-entrainment can be

Fig. 18. Particle trajectory of 3.5465 pm particle inside cyclone separators with different dust outlet sections.
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Hopper 1 Hopper 2

Hopper 3

EX g

Hopper 4 Hopper 5

Fig. 19. Particle trajectory of 6.0423 pm particle inside cyclone separators with different dust outlet sections.

minimized with the application of down-comer tubes, which is proven
by experiments in the present study. Similar collection efficiency en-
hancement by the application of down-comers has been reported by
Obermair and Staudinger [8] by experiments.

To calculate the overall collection efficiency, number based calcula-
tions were not applicable to the experimental data, which were obtain-
ed by weight. Therefore, the overall collection efficiencies from CFD
simulation were calculated based on average masses of particle frac-
tions. The comparison of the numerical and experimental overall collec-
tion efficiencies are given in Table 6.

Compared to the experimental results, the CFD simulations under
predict the overall collection efficiencies for the hopper conditions
with down-comer tubes. As specified previously, the overall collection
efficiency is over predicted by the Hopper 1 condition, and for Hopper

Hopper 1 Hopper 2 Hopper 5

Fig. 20. Uncollected particle trajectories in the range of5-10 pm in cyclone separator with
different dust outlet geometries.

2, the experimental and numerical results agreed well. The difference
in the overall collection efficiencies in hoppers with down-comer
tubes is due to particle agglomeration in real situations, which are not
considered in simulations.

3.5. Pressure drop

To analyse the cyclone performance, the pressure drop is an impor-
tant factor that directly relates to the operational cost of the cyclone
separator. Pressure drop is mainly due to losses at the inlet, fluid
swirling losses and losses in the vortex finder and exit duct and depends
on wall friction, solid concentration and the geometry of the cyclone
separator. Therefore, optimizing the pressure drop in cyclone separators
is an important issue. The numerically and experimentally calculated
pressure drops at each dust outlet condition are shown in Table 7.

In general, CFD results for pressure drops are larger than the exper-
imental values due to the effect of particles in flow in experiments and
neglecting particle influence in the continuous phase in numerical sim-
ulations by one-way coupling. Studies reported in the literature [11,28,
58-60] also showed reductions of pressure drop in cyclone separators

10

0.8

0.6

0.2

Hopper 5
00
10

Particle Fraction (pm)

Fig. 21. Grade efficiency curves of particle fractions in cyclones with different dust outlet
sections.
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Table 6

Overall collection efficiencies in each cyclone geometry compared with experimental and Table7

CFD results, Pressure drop in each cyclone geometry compared with experimental and CFD results.
Hopper condition Overall collection efficiency Hopper condition Pressure drop (Pa)

CFD Experimental CFD Experimental

Hopper 1 0.9571 0.8847 Hopper 1 198.74 157.05
Hopper 2 0.8735 ) 0.8711 Hopper 2 202.06 148.73
Hopper 3 0.8561 0.9292 Hopper 3 183.83 150.17
Hopper 4 0.8433 0.9263 Hopper 4 206.81 165.37

Hopper 5 0.8725 0.9198 Hopper § 193.24 168.25
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due to the presence of particles caused by the reduction of turbulent ki-
netic energy [36,61,62), although higher solid loading conditions im-
prove the wall frictional effect.

Comparing Hopper 1 and Hopper 2, the former shows a higher pres-
sure drop in experimental investigations, but the results are inverse in
the numerical investigations. Considering the factors affecting pressure
drop in these two conditions, high tangential velocities in Hopper 1 con-
tribute to dissipating kinetic energy, and there is a sudden extraction in
Hopper 2 influence to reduce the pressure drop. However, considering
the numerical results energy dissipation by sudden extraction of the
flow field may be less significant than the higher swirl in the hopper.
Considering the experimental pressure drop, the significance of the ef-
fect from the particle phase on the pressure drop shows greater pres-
sure drop reduction in Hopper 1 than Hopper 2. Again, higher particle
concentrations at the cone bottom of Hopper 2 significantly weaken
the turbulent effect, and thus the effect of sudden extraction is weak-
ened. Therefore, Hopper 2 represents a lower pressure drop than Hop-
per 1 in the experimental studies.

Referring to the pressure drop of cyclone separators with down-
comer tubes, this modification leads to increased pressure drops
compared to conventional dust outlet geometries [7,8] by increasing
the wall surface area and the turbulent kinetic energy of the air flow
caused by reducing solid re-entrainment. However, pressure drop
values from numerical modelling shows increased pressure drop from
Hopper 3 to Hopper 4 due to increase in tangential velocity inside the
down-comer. Reducing the tangential velocity along the down-comer
tube reduced the pressure drop in Hopper 5 more than in Hopper 4
(see Fig. 6).

The smallest pressure drop from numerical simulations was in
Hopper 3, although in the experiments, it was in Hopper 2. The reason
for the lower pressure drop in Hopper 3 in CFD analysis is the relatively
similar energy loss and gain in sudden extraction and contraction at the
cyclone bottom. However, in Hopper 4 and Hopper 5, the down-comer
tubes may increase the turbulent kinetic energy and reduce this energy
downward along the tubes, reducing the effect of energy loss by
expansion.

In summary, considering down-comer tubes at the cyclone bottom,
the pressure drop increases with down-comer length. Comparing the
experimental results, the effect of particles in the flow field and separa-
tion efficiency increment due to down-comers may change the pressure
drop results in numerical modelling,

4, Conclusions

LES based CFD modelling of cyclone separator gas-solid flow was
conducted for five cyclone geometries with different dust outlet
geometries to analyse the flow field and cyclone performance with
down-comer tubes at the cyclone bottom, The cyclone performance pa-
rameters, collection efficiency and pressure drop were compared to the
experimental results, The following conclusions were reached.

01, Higher axial and tangential velocities in conventional dust outlet
geometries may worsen the collection efficiency by allowing par-
ticle re-entrainment. Conversely, cyclones with down-comer
tubes before the hopper increase the magnitude of the tangential
velocities inside the tube that centrifuge particles in the quasi-
forced vortex to the wall and mix with the downward flow, en-
hancing the particle collection. The magnitude of the tangential
velocity falls towards the hopper, thus minimizing particle back
mixing. This effect may increase particle collection efficiency.

02. Considering the flow pattern and particle trajectories inside the
cyclone separator with respect to dust outlet geometry, the
dust outlet geometry may change the flow pattern and particle
trajectories. Therefore, particle collection may also vary. Thus, ac-
counting for dust outlet geometry in numerical modelling is im-
portant, although it is ignored by many simulation studies.

However, many studies that have not considered the effect of
dust outlets have given numerical results agreeing with experi-
mental results as they have considered different particle collec-
tion zones. Therefore, this is still an open question.

03. Comparing simulated collection efficiencies to experimental ob-
servations, particle fractions lower than 2 um are always under
predicted numerically due to neglecting particle agglomeration,
showing the importance of particle fate criteria in simulations
to achieve better simulation results,

04. The difference between experimental and CFD results for pres-
sure drops are due to the effect of particle phase in practice (tur-
bulence reduction, particle agglomeration and increased wall
friction) that are not considered in modelling.

In summary, dust collection geometries modified with down-
comer tubes can increase the separation efficiency at considerable pres-
sure drop conditions. However, the performance is strongly influenced
by particle concentration in the flow field. Thus, further detailed analy-
sis is required to optimize the cyclone efficiency with down-comer
tubes.

Nomenclature

a cyclone inlet height, m

B diameter of the cyclone bottom, diameter of the down-comer
tube, m

b cyclone inlet width, m

C G constant of order one in the Kolmogorov's energy cascade
theory

G drag coefficient

G Smagorinsky constant

D diameter of cyclone body, m

D, diameter of vortex finder, m

Dy diameter of the hopper, m

d diameter, pm

D, D, inlet and outlet diameters of the tested cyclone separator, m

E(k) energy spectrum function

G filtering function

g gravitational acceleration, m/s?

H height of cyclone separator, m

H, height of the hopper, m

H, height of the down-comer tube, m

h cyclone cylinder height, m

k wave length, m

l length scale, m

Pp pressure, Pa

Q flow rate, m%/s

Gscs SGS velocity scale

R, Reynolds number

S height of vortex finder, m

S large scale strain rate tensor

t time, s

v fluctuating velocity, m/s

v gas velocity, instantaneous velocity, m/s

Vscs SGS turbulent viscosity, m/s

Greek Letters

¢’,- resolvable scale part Subgrid scale

@ basic filtered variable Subgrid scale

[} resolvable scale part

@i any variable at Subgrid scale

A filter width (or grid size)

8 Kronecker delta

il dynamic viscosity of air, m%/s

v kinematic viscosity of the fluid, kg/ms

13 = b/R
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0 density, kg/m’

T shear stress components ()
€ energy dissipation rate, m%/s*
Subscripts

e vortex finder, cyclone core

g gas/air

ik ijand k™ directions

p.X particle
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