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Abstract. This paper presents the simulation of a small sampling cyclone separator, aiming at the investigation of the
influence of turbulent dispersion, turbulence modeling (where two different LES models and a DES model were used)
on the cyclone grade efficiency. The particles are homogeneously distributed through the inlet area and are injected at
the same velacity as the fluid. The computations are performed assuming one-way coupling. The fluid phase is treated
as a continuum (in an Eulerian framework) and the particles are treated as a discrete phase (in a Lagrangian
framework). The numerical tool utilized is an in-house code based on the finite volume method in three-dimensional
unstructured grids with the SMPLE algorithm for pressure-vel ocity coupling. The results are physically consistent and
show some interesting features about the influence of boundary conditions for particle phase and the influence of
turbulence modeling in the grade efficiency and particles pathsinside the cyclone.
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1. INTRODUCTION

Reverse flow cyclones are probably the most widely used separator devices in industrial environments, being
applied in many industrial branches (ranging from food and pharmaceutical industries to mining and petrochemical
industries). Their popularity is based on their relative geometrical simplicity, low manufacturing, operational and
maintenance costs. Although these devices are structurally simple, normally being a cylinder-on-cone structure with a
tangential (or scroll) type inlet and two outlets (one for the gas at the top, and other for the solids at bottom), their
design is complicated and hardly optimized, once the flow field within these devices is extremely complex (Hoffman
and Stein, 2008). Due to this complexity CFD simulations became, in the last few years, one important tool in cyclone
design allowing a detailed analysis of the flow field in the interior of these devices.

Although CFD simulations do offer good predictions of the flow field in the interior of cyclone separators this is not
a closed subject, since the Reynolds number in these equipment is normally high (over 200,000) and consequently
direct numerical simulations (where all the scales are resolved) cannot be applied, requiring the usage of turbulence
models. It is known from literature that traditional RANS turbulence models do not work properly in strong rotating
flows, and even the more complex RSM turbulence model normally has to be run unsteady (Slack et al. (2000); Wegner
et al. (2004); Bernardo (2005); Narasimha et al. (2006); Narashimha et al. (2007); Shalaby (2007), to name a few).
Recently several authors decided to use LES models for the simulation of these devices, knowing that although much
more expensive it theoretically can supply more information about the flow field, especially about the instantaneous
velocity and pressure fields and consequently provide additional information about secondary flows and other
phenomena, like the precessing vortex core (Slack et al. (2000); Hoekstra et al. (2000); Derksen (2003); Derksen et al.
(2006); Narasimha et al. (2006); Narasimha et al. (2007); Gronald and Derksen. (2010); Pisarev et al. (2010); among
others).

Another issue that has to be considered is the modeling of the dispersed phase. Basically two different approaches
are currently being applied to the simulation of cyclone separators for the prediction of the dispersed phase motion: two
fluid models (in an Eulerian-Eulerian framework) and dispersed phase models based in an Eulerian-Lagrangian
framework. Two fluid models are not restricted to small particle volume fraction and basically have a fixed cost, which,
according to Garcia et al (2007) is about 80% for each new phase, meanwhile the computational cost of the Eulerian-
Lagrangian model is directed linked to the number of particles being simulated, and the maximum number of particles
will be limited by computational time and RAM memory available. An other important aspect of this methodology that
requires special attention is the coupling between phases. Elghobashi (1991, apud Peltola, 2009) presents a diagram,
Fig. 1, in which he classifies the coupling between the particles and the turbulence of the surrounding flow into three
different categories based on the particles volume fraction or on the distance between then.

According to Elghobashi’s diagram, flows with particle volume fraction bigger than 1.0E-6 should be tackled as
two-way simulations, and flows with particle volume fraction bigger than 1.0E-3 should be treated as four way
simulations. In the specific case of cyclone simulations, it important to consider the strong centrifugal force field and
bear in mind that it causes the particles to concentrate at the cyclone wall, as shown in an interesting work by Shaohua
et al. (2009). The author showed that the volumetric solid concentration in his experimental cyclone separator varied
from less than 0.01 in the central region to more than 0.26 in the near the wall. Obviously, this data is dependent on the
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cyclone geometry and operational parameters (including particles diameter and density), but this behavior is expected
for all cyclone separators, as for example in the work of G. Wan et al., (2008), in which they found that particle
concentration in the near wall region was almost 200 times the concentration in the cyclone center for their simulated
cyclone. Thus, even if a cyclone is operating with a low solids volumetric fraction, a two-way simulation may be
needed, at least in the near wall region. Although from a theoretical point of view this is true, from a more practical
view most of the cyclone simulations are done considering only one-way coupling and good results, at least in the
acquisition of engineering parameters like pressure drop, particle cut-size and collection efficiency, are being obtained.
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Figure 1. Elghobashi’s (1991, apud Peltola 2009) diagram for the classification of particle-turbulence coupling.

In the present work, the two-phase flow in a small sampling cyclone operating with a moderate Reynolds number
(22,000) was simulated. The numerical code used is an in-house code based on the finite volume method in three-
dimensional unstructured grids with the SIMPLE algorithm for pressure-velocity coupling. The dispersed phase is
simulated in a Lagrangian framework, considering a one-way coupling between fluid and particles. The results for
grade efficiency were compared with experimental data and are physically consistent, though overpredicted for all
particle diameters. The effects of turbulence dispersion and turbulence models on the grade efficiency are investigated,
and some insight in particles behavior inside the cyclone separator is provided.

2. MATHEMATICAL FORMULATION
2.1. The gas phase

The conservation of mass and the Navier-Stokes equations for a general incompressible linear (Newtonian) viscous
flow can be written, adopting the Einstein convention, respectively as:
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By applying a filtering process to the above equations it is possible to separate the larger scales, which are related to
the lowest frequencies, from the smallest scales, which are related to the higher frequencies. Equation (2) may be
rewritten as:
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In Eq. (3), the over-bar denotes a filtered quantity, the asterisk denotes the modified pressure and v, is the turbulent
viscosity (this term represents the energy dissipation present on the smallest scales of flow, which are not resolved in
LES, so it has to be modeled).

2.2. The dispersed phase

The dispersed phase is treated in an Lagrangian framework. The equation of motion for each particle follows
Newton’s second law.
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In Eq. (4) the first term on the right hand side is the drag force experienced by the particle, Fp is given by Eq. (5)
and “a” is the acceleration term, which in the present work considers only the gravitational and buoyancy forces Eq. (6):
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In Eq. (5), Re, and Cp, are the particle Reynolds number, Eq. (7), and the drag coefficient, respectively:
Rey 2 2slte= o

3. TURBULENCE MODELS

It is known from the literature (Hoffman and Stein, 2008; Derksen, 2003) that turbulence plays a crucial role in
particle behavior inside cyclone separators, and may considerably affect the separation efficiency. Thus, the correct
turbulence modeling is of fundamental importance in the simulation of such devices. Considering this, three different
turbulence models were used in this work, namely, the dynamic and Yakhot LES models, and the SST-DES model of
Strelets. More information on these models can be found, respectively, in: Lilly. (1992); Yakhot et al. (1986); Strelets
(2001).

4. NUMERICAL METHOD
4.1. Numerical code

For the simulations, the computational code UNSCYFL3D (Unsteady Cyclone Flow — 3D), was used. This in-house
code is being developed as a dedicated tool for simulating highly rotational flows, aiming at cyclones/hydrocyclones
separators and swirl tubes. It is based on the finite volume method in unstructured grids, which enables the faithful
representation of complex geometries. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm
is used for the velocity-pressure coupling. In all the simulations accomplished in this work the time-advancement was
second-order and the central differencing scheme was employed for the advective and diffusive terms of the momentum
equations. The non-smoothness of the grid and non-orthogonality effects are also taken into account (Ferziger and
Peric, 2002). For the solution of the linear systems the biconjugate gradient (Ferziger and Peric, 2002) and the algebraic
multigrid (Notay, 2008) methods are used.

For the dispersed phase, each particle is tracked in a Lagrangian framework by the particle-localization algorithm
proposed by Haselbacher et al. (2007). The particle equations of motion were combined with the particle trajectory
equation, Eq. (15), and analytically integrated, assuming that drag force, fluid velocity and acceleration are constant.
While this might sound as a brutal simplification, it is a reasonable approximation if the time step is small, which is
typically used in LES.

dxp _
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The resulting equations, Eq. (16) and Eq. (17) were implemented.
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In the above equations, x,, is the particle position vector; “a” is the acceleration term, given by Eq. (6); 7, is given by
1/Fp, where Fp, is the drag force defined in Eq. (5); the subscript “p” denotes particle, the superscript “n+1” denotes the
calculated variable at the new time step and the superscript “n” denotes the calculated variable at the previous time step.

Currently two drag models are implemented for spherical particles; the Morsi and Alexander (1972) drag model and

the one proposed by Schiller and Naumann (1935). The last one was used in the simulations shown here.
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4.2. Numerical procedure

The cyclone geometry simulated is a small sampling cyclone, as can be seen in Fig. 2. This is the same geometry
experimentally studied by R. Xiang et al. (2001) and numerically simulated by Chuah et al. (2006). The fluid is treated
as air with constant density 1.205 Kg/m?® and viscosity 1.82E-05 Kg/m.s. Initially, a steady case was solved with the
SST turbulence model, using a first order upwind scheme for the conservation equations and convergence criteria of
1.0E-05. Then the resulting flow field was used as an initial field for the transient simulations. All the transient
simulations were performed with the CDS scheme for conservation equations and a convergence criterion of 1.0E-04,
with a time step of 1.0E-05 s.

The average residence time for this cyclone is approximately 0.1 s. In order to guarantee that a statistically
established regime had been reached, 0.5 s of physical time were simulated. Then the last instantaneous field was used
as an initial field for the gas-solid simulations. As for the solid phase, monodisperse polystyrene latex (PSL) particles
with density 1050 kg/m® and diameters 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 um, were simulated.

The main cyclone dimensions are shown in Tab. 1.

Table 1. Geometrical dimensions of the simulated cyclone

Dimension Lenght Dimension ratio
(m) (dimension/Dc)

Body diameter, Dc 0.031 1

Gas outlet diameter, De 0.0155 0.5

Inlet height, a 0.0125 0.4

Inlet Width, b 0.005 0.16

Cyclone height, H 0.077 2.5

Cylinder height, h 0.031 1

Gas outlet duct lenght, S 0.0155 0.5

Cone botton opening, B 0.0194 0.625

Figure 2. Schematic diagram of the simulated cyclone, adapted from R. Xiang et al. (2001)
In this work, the wall thickness of the vortex finder was assumed to be D/12.4, since no reference was found for it.
4.3. Boundary conditions

Boundary conditions for the gas phase:
e At the inlet a normal, uniform velocity profile of 10.667 m/s, yielding a Reynolds number of approximately
22,000, was used;
e At the overflow outlet the pressure was prescribed;
e All the cyclone walls were considered as no-slip.
Boundary conditions for the solid phase:
e The particles were injected with the same velocity as the fluid at the inlet faces (one particle of each
diameter in each inlet face center). As the simulations were performed with one-way coupling, the injection
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was not made continuously (only a particle pulse was utilized for each simulation). The total number of
particles injected into the cyclone was 3,036 in each one of the simulations;

e At the wall particles were reflected considering a perfectly elastic collision;

e For determining the grade efficiency two different boundary conditions were tested:

0 In the first, particles were allowed to exit the cyclone through the bottom wall (particles that
touched the cone apex wall were considered as collected) and through the overflow, particles that
crossed the outlet faces were considered as lost (escaped) — In this work this condition will be
denoted as “Collected& Trapped”;

0 In the second, the particles that crossed the outlet faces were considered as lost, but particles were
not able to pass through the cone apex (they were reflected, just like any other particle-wall
collision) — In this work this condition will be denoted as “Escaped”.

4.4. Numerical grid

A mesh with approximately 380,000 hexahedral elements was used. This mesh was generated with the mesh
generator ICEM-CFD, and can be seen in Fig. 3.

Figure 3. Hexahedral mesh with approximately 380,000 elements used in all the simulations.

5. RESULTS
5.1. Turbulent dispersion analysis

In order to analyze the effects of turbulent dispersion on the particle, five simulations were run. In all these
simulations the Yakhot turbulence model was used, and a total time of 1.0 s, after the particle injection, was simulated.

The only difference among these simulations is the injection timing, as described in Tab 2.

Table 2. Description of the five cases used in the study of turbulent dispersion.

Time when particles ~ Total simulated time Turbulence model
Case  Initial Time were injected
(s) (s) (s)

-a- 0.5 0.5 1.5 Yakhot
-b- 0.5 0.525 1.525 Yakhot
-c- 0.5 0.55 1.55 Yakhot
-d- 0.5 0.575 1.575 Yakhot
-e- 0.5 0.6 1.6 Yakhot

The grade efficiency was calculated for all the cases described above and the results show that, although turbulent
dispersion is important in the separation of the dispersed phase, simply changing the injection timing does not seem to
affect the grade efficiency, as can be seen in Fig. 4. In these simulations the particles were only allowed to leave the
cyclone through the overflow (“Escaped” condition).
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Figure 4. Effect of turbulent dispersion on the collection efficiency, for the cases described in Tab. 2.
5.2. Influence of the boundary conditions of the solid phase in the separation efficiency

In order to calculate the grade efficiency, simulations were performed with two different collection criteria for the
particulate phase. In the first, the grade efficiency was defined as the difference between particles that were injected and
particles that escaped through the overflow divided by the number of particles injected. This mimics the criterion used
in the experimental work of R. Xiang. However, the particle-wall collisions are treated as being perfectly elastic (no
energy loss due to the collision), thus the particles that have not escaped through the overflow keep flowing within the
cyclone cone.

The combination of these conditions (perfectly elastic collisions and particles escaping through the overflow) with
the unsteady cyclone flow field, which presents strong turbulence fluctuations and low frequency periodical movements
like the PVC (precessing vortex core), leads to an unrealistic condition: if the simulation continues infinitely the only
particles remaining in the cyclone would be those with 100 % grade efficiency. Conversely, the grade efficiency curve
would present only either zero or 100 % efficiency if the sampling time tends to infinity. Fig. 5 shows this trend.
Because the flow is turbulent and periodic, it might be speculated that, if one particle of a certain diameter was carried
at some moment by an upward flow and escaped though the overflow, so will eventually all the others of that diameter.
According to Derksen et al. (2006), it is most likely that the PVC does not affect the separation process; the relaxation
times of most particles are much smaller than the period of a precession cycle. Nevertheless, by considering a closed
underflow with perfectly elastic collisions, it is possible that particles start to suffer some PVC effects through the flow
field, and this might affect separation.
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Figure 5. Evolution of the grade efficiency with simulation physical time — criterion base on particles escaping
though the overflow.

Derksen (2003) states that the convergence of the flow statistics is typically reached after 25 D/Uj,, but, when
considering the particulate phase he found that some particles took a little longer than 200 D/U;, to be exhausted or
separated. Although a direct comparison cannot be made, as this is a completely different cyclone, this can be used as a
raw estimate of the required time for all the injected particles to leave the cyclone. The physical time corresponding to
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200 D/Uy, in the present simulations would be 0.58 s, showing some agreement with the 0.65 s which were necessary
for all particles to be collected or exhausted in the current simulations (with the “Collected& Trapped” criterion).

The analysis is now done with the other boundary condition for the particle, in which they are collected by touching
the bottom wall: It is known from the literature that particles that have entered the hopper may reenter the cyclone
(Yoshida et al. (2001); Yoshida (1996)), mostly small-diameter particles. Thus, considering that a particle is collected if
it crosses the bottom may not be a realistic condition, and might lead to unrealistic higher grade efficiency. Fig. 6 shows
the effect of the two different boundary conditions on the particle grade efficiency. The simulations were performed
with the Yakhot turbulence model. The simulation in which particles were only able to leave the cyclone through the
overflow (denoted in Fig. 6 as “Escaped”) was interrupted 0.63 seconds after the particles injection. Although the
“Escaped” curve matches the experimental better, it is important to highlight that it will change if the simulation
continues, as shown above. On the other hand, the “Collected&Trapped” curve is converged.
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Figure 6. Comparison of particle grade efficiency curves obtained with different boundary conditions for the
particulate phase and R. Xiang (2001) experimental data. “Collected & Trapped” is the criterion based on particles that
touch the bottom wall, and “Escaped” refers to the collection calculated based on particles injected — escaped.

From Fig. 6, it is possible to see the difference in the cut size diameter (the particle diameter for which the grade
efficiency is 50%), which is 2.30 pm in R. Xiang (2001) experiments, nearly 1.71 um for the “Collected&Trapped”
simulations and 2.62 um for the “Escaped” simulation.

5.3. Effects of turbulence modeling on the separation efficiency

Turbulence modeling is essential in cyclone simulations as it does affect the averaged, instantaneous and RMS
velocities fields. In other words, turbulence models will affect the averaged velocity and the turbulent dispersion, and
these may be seen as the primary factors for the separation process in a cyclone (Hoffman and Stein, 2008; Derksen,
2003). The separation efficiency based on the second criterion for the three turbulence models is shown in Fig. 7. It is
interesting to note that, although the averaged tangential velocity predicted by the DES model if of the same order as the
one predicted by the Dynamic turbulence model, which is in turn higher than the tangential velocity predicted by the
Yakhot model, its averaged axial velocity field differs considerably from the fields obtained with the other models. In
the DES predicted field, the upward velocity in the conical section presents considerably smaller values, and does not
present the axial velocity valley in the central region, as shown in Figs. 8 and 9. Besides, the RMS velocities in the DES
model are also smaller and concentrated at the cyclone walls, when the RMS velocities for the Dynamic and Yakhot
models are higher and concentrated at the cyclone center (which is expected for a cyclone, this shows that the DES
model behaved essentially as a RANS model as a result of insufficient grid resolution to activate the LES model). The
coupling of these conditions may be translated into a smaller chance for the small particles to reverse their axial
movement in the DES simulation. As in the results presented in Fig. 7, the particles that touched the bottom wall were
collected (“Collected& Trapped condition), a higher collection efficiency is expected for this model.

The averaged velocity is seen to be higher for the dynamic model. Thus, this may be an explanation for its higher
grade efficiency.



Proceedings of COBEM 2011
Copyright © 2011 by ABCM

21% Brazilian Congress of Mechanical Engineering

__ 1oo0

é 80 —e— DES

2 'Collected&Trapped'

o 60

2 —-+ - Dindmico

E 40 'Collected&Trapped'

-‘g’ 20 ----a--- Yakhot

© 0 'Collected&Trapped'
0,0 2,0 4,0 6,0 —=— Experimental

Particle Diameter (pm)

Figure 7. Effect of turbulence modeling on the grade efficiency.

[

Figure 8. Averaged and RMS tangential velocity fields for the turbulence models. From (a) to (c) averaged
tangential velocities, DES, Dynamic and Yakhot turbulence models, respectively. From (d) to (f) RMS tangential
velocities, DES, Dynamic and Yakhot turbulence models, respectively.
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As expected from Figs. 8 and 9, due to their high tangential velocity profiles, the DES and the Dynamic models
presented higher pressure drops, 270.85 Pa and 263.74 Pa, respectively. The pressure drop predicted by the Yakhot
model was 174.8 Pa, which is good agreement with R. Xiang (2001) experiments, in which the pressure drop was 166
Pa. As these were one-way coupling simulations, the particulate phase does not interfere with the result obtained for the
pressure drop.

5.4. Particles paths inside the cyclone
Instantaneous snapshots of particles positions at various different times can be seen in Fig. 10. This data shows

aspects normally seen in cyclones, as the dust ring formed in the junction between the cyclone side and top walls,
mostly for particles with larger size, Fig. 10-b to Fig. 10-j.

n ' o’ P
Figure 10. Instantaneous snapshots of the particles position in the simulation whit the Yakhot turbulence model
(considering that particles can only leave the cyclone through the overflow — “Escaped” condition). The physical time
in each snapshot is: a—0.01s;b—0.1s;¢—-0.2s;d—03s;e—04s;f-05s;2-0.6s;h—0.7s;i—1.0s;j—1.07s;]
—15s1-20s;m—-25s;n-3.0s;0-5.0s; p—7.5s.

It is also clear that the solids concentration at the wall form a spiral dust strand, again composed by larger particles,
Fig. 10-b to Fig. 10-h.

6. CONCLUSION

A small sampling cyclone operating with a moderate Reynolds number (22,000) was simulated with three different
turbulence models, two LES models and one DES model, for the gas phase. The particulate phase was represented by
means of a Lagrangian model in an Eulerian framework with one-way coupling between the phases. The influence of
turbulence models, turbulent dispersion and boundary conditions for the solid phase were investigated, and the main
conclusions are pointed out below:

e The turbulent dispersion is important for particle flow in cyclones;
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e The boundary condition for the solid phase is extremely important. Considering that particles that touched
the bottom wall were collected (“Collected&Trapped” condition) leads to higher grade efficiency.
Considering that particles were only allowed to leave the cyclone through the overflow (“Escaped”
condition) leads to an unrealistic, sharp separation curve. These effects would probably be reduced by the
use of a hopper, but not fully suppressed. Thus, a better particle-wall collision treatment, may be necessary
to model the particulate phase appropriately inside the cyclone.

e  The turbulence model used for the gas-phase affect the collection efficiency, but it was found that the RMS
velocities have a much larger influence in the collection efficiency than was expected a priori. Attenuated
turbulence leads to an increase in the collection efficiency, as reported by other authors. It has to be
highlighted that for both the LES and DES simulations, a finer mesh would be necessary for a better
prediction of the gas flow field and particulate motion.
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