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Abstract. Cyclones are devices that use the centrifugal acceleration to separate particles from a gas flow. The models
as the current ones started to show up in the beginning of the twentieth century and their development was promoted
by their simple construction, low manufacturing cost, lack of moving parts and relative ease of maintenance. The flow
inside a cyclone, formed by the tangential feed under high pressure, is turbulent, multiphasic and complex. This flow is
responsible for the separation, so it has been widely studied to understand and optimize the operation of this equipment.
To analyze a fluid flow, one alternative is to solve the equations of continuity, momentum and energy. When there are
particles in the flow, it is also necessary to solve equations for their motion, generating an equations system that is hard to
solve analytically. Then it is required to use Computational Fluid Dynamics (CFD) and, to obtain a result that is similar
to the reality, the turbulence model needs to be appropriate. For cyclones, the most used models are the Large Eddy
Simulation (LES) and the Reynolds Stress Model (RSM). The first one can give more accurate results, but it needs a more
refined mesh and has higher computational costs. So, to combine the advantages of these two models, the main objective
of this research was to evaluate a new hybrid LES/RSM model applied to the cyclone’s flow. The results were compared
to experimental data and with RSM model results. It showed that the grade collection efficiency curve obtained by the
hybrid model is closer to the experimental one, even for the less refined mesh. Furthermore, the velocity field obtained by
the two models were compared and the results were similar, but the hybrid model predicts more fluctuations. It suggests
that resolving some of the length scales is important to the grade collection efficiency.
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1. INTRODUCTION

Cyclones are devices that separate particles from a gas flow using the centrifugal acceleration. The first cyclone model
appeared in 1885, but several changes were made to reach the current models. There are still many studies to optimize
these devices for specific applications, since its efficiency is linked to the geometry and functionment conditions. The
cyclone researches are also made because it is used in several industries, like oil, grain, food and mining (Hoffmann and
Stein, 2008).

It is important to analyze the flow that occurs inside the cyclones, since its behavior directly affects the equipment
efficiency, due to the active separation mechanism. As the majority of the flows in the industry, the cyclone flow is complex
and turbulent, points that make its analysis difficult. But with the computational advance and using high-performance
computers, it became possible to predict such flows by using Computational Fluid Dynamics.

Even with modern numerical techniques, it is difficult to solve turbulent flows, mostly because they have several
turbulent scales and as higher is the Reynolds number of a flow, higher is the number of turbulent scales and the number
of equations in the equations system that must be solved in the flow analysis. Even with all the advancement that has
already hapened, it is still not possible to solve all the degrees of freedom that represent a complex flow, so it is necessary
to model some (Silveira Neto, 2001).

In turbulence modelling there are two main methodologies: the RANS and the LES. In the Reynolds Average Navier-
Stokes (RANS) equations, the turbulent scales are devided in mean behavior and fluctuations, causing all the scales to be
modeled.In Large Eddy Simulation (LES), the Navier-Stokes equations are filtered in space, separating the scales in large
and subgrid scales, modelling the small ones and solving the large ones (Silveira Neto, 2001). It is an advantage to model
only a small part of the flow, but it requires more refined meshes and has a higher computational cost. To combine the
advantages of these two methodologies, the hybrid models were created. They use the RANS equations in some regions
of the domain and LES in others, to obtain more realistic results with lower computational costs.

In order to obtain meaningful results in numerical simulations with computational cost consistent with the current
capabilities, the present paper aimed to propose and evaluate a hybrid LES-RSM model applied to cyclone flow. The
simulations were performed with three diferents inlet flow rates. Fluid flow variables were compared with the results
obtaines with the Reynolds Stress Model (RSM) and the influence of the velocity fluctuations was analyzed. Futhermore,
experimental data of collection efficiency were used to compare the accuracy of the hybrid model with the RSM model.
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2. METHODOLOGY

2.1 Geometry and grids

To validate the hybrid model proposed in the present paper and to compare it with the RSM results, experimental data
from Xiang et al. (2001) were used. The geometry is presented in the Fig. 1 and the dimensios are shown in the Tab. 1.

Figure 1: Cyclone geometry. Adapted from Xiang et al. (2001).

Table 1: Cyclone dimensions (Xiang et al., 2001)
Dimension Length (mm)

Body diameter (Dc) 31
Gas outlet diameter (De) 15.5

Inlet height (a) 12.5
Inlet width (b) 5

Cyclone height (H) 77
Cylinder height (h) 31

Gas outlet duct length (S) 15.5
Cone bottom opening (B) 19.4

The physical model is an incompressible flow, with constant physical properties, newtonian fluid and without thermal
effects. The fluid phase is air, with density equal to 1.205 kg/m³ and viscosity equal to 1.82 ×10−5 kg/m.s. The inlet
velocities used were 8 m/s, 10.67 m/s and 13.33 m/s, which leads to Reynolds numbers of 16420, 21900 and 27360,
respectively, which characterizes turbulent flows.

For the disperse phase, particles with a density of 1050 kg/m³ injected at the same velocity as the fluid and with mass
flow rate equal to 0.000275 kg/s were used. 96000 particles were injected in the first time step, 8000 of each diameter
varying between 0.5 µm and 6 µm. It was considered that the particles reflected when colliding with the wall, escaped
when crossing the overflow and were collected when touching the underflow.

To solve the problem, three meshes, with nearly 180 000, 400 000 and 800 000 hexaedra, were used.

2.2 Mathematical model

In this paper, two diferents mathematical models were used for the fluid phase: the RSM and the hybrid model. These
two models and the model used for the dispersed phase will be shown in this section.

The numerical solution of the equations that will be presented is made using the computational code UNSCYFL3D.
This in-house software is based on the finite volume method in unstructured three-dimensional grids. In all the simulations
carried out in this work the three-time-level scheme was used for time-advancement, the centered differencing scheme
was employed for the diffusive term of the momentum equations and the second order upwind scheme was used for
the advective term of the momentum equations. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)
algorithm is used to couple the velocity and pressure fields.
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2.2.1 RSM model

In the Reynols Stress Model, the equations for each component of Reynolds stress are obtained by filtering the Navier-
Stokes equations, leading to
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ui
′uj

′ is the Reynolds stress, ρ is the density, p is the pressure, δ is the Kronecker tensor, µ is the viscosity, ui are the
velocity components and xi are the position components. Some terms in the Eq. 1 need to be modeled, leading to
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ε is the turbulent dissipation, k is the turbulent kinetic energy, Pij is the transformation term, Aij is the advective term,
nk is the vector unit normal to the wall xk and d is the distance to the wall. C1, C2, C1,w e C2,w are empirical constants
and Cl is equal to 0.39. Cε1 and Cε2 are equal to 1.2, σk is 0.82 and σε is 1.

2.2.2 Hybrid LES-RSM model

The hybrid model proposed for the current paper is based on the work of Hadžiabdic and Hanjalic (2020). It uses a grid
detecting parameter α thet is inserted in the RSM equations following the turbulent dissipation. It makes the dissipation
decrease where the mesh is sufficiently refined and more turbulent scales are solved. The equations are
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The grid detecting parameter is obtained from

α = max
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(11)

where

LRANS =
k1.5

ε
(12)

LLES = C∆(∆V )1/3 (13)

k is the modeled turbulent kinetic energy and C∆ is a constant. The equation for the turbulent dissipation remains Eq. 6.
To act like a hybrid model with LES in outer flow region, the funtion α changes the implicit characteristic turbulence

length scale from the RANS, LRANS , to the subgrid scale from LES when it becomes smaller than LRANS . The model
also uses a switching model criterion that selects the turbulent viscosity between the two models.

νt = max(νRANS
t , νLES

t ) (14)

Then, close to the wall α = 1 and the model acts like URANS. Away from the wall, LRANS > LLES and α > 1,
which decrases νRANS

t .
As α begame greater than 1, the solved energy increases. Thus, to calculate LRANS the total turbulent kinect energy

(ktot) must be considered. It is obtained by adding of the solved part (kres) and the modeled part (kmod). The Eq. 12 is
rewritten as
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2.2.3 Dispersed phase modeling

The dispersed phase is treated in a Lagrangian framework, so each particle is tracked trough the domain and its motion
is described based on the Newton’s second law.
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dp is the particle diameter, mp is the particle mass and Ip is the moment of inertia for an espherical particle. To
calculate the drag coefficient (CD) the correlation of Shiller and Naumann (1935) is used.
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One last equation is needed to calculate the torque (Ti) that appears in Eq. 18.
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In Eq. 17 forces such as Saffman’s, Basset and virtual force have been neglected. This can be done in the current case,
because the particle material density is nearly 1000 times the gas density (Salvo, 2009; Santos, 2019).

3. RESULTS AND DISCUSSIONS

3.1 Velocity profile

As the Reynolds number for the three inlet flow rates are close, the analysis for the velocity profile will be done only
for the intermediate value and its behavior can be extended for the other two flow rates. The velocity profile was obtained
at a line positioned at 0.05 m in a section in the X plane located in the center of the cyclone.

(a) (b)
Figure 2: Velocity profile for the flow rate of 40 l/min (a) mean tangential velocity and (b) RMS tangential velocity

Figure 2a shows the tangencial velocity profile for the three different grids and the two different models used in the
present paper. It can be observed that in all cases the tangencial velocity profile presents positive values on the left side
and negative values on the right side, indicating the rotational movement around the central axis, as expected.

Comparing the two models in the same mesh, it can be seen that in the grid with 180 000 volumes the results of the
two models were similar. But in the 400 000 and 800 000 grids the difference between the maximum and minimum values
obtained with the two different models is greater. This is explained by the fact that the coarser grid is not refined enough
to allow the hybrid model to use the LES model in much of the domain, so the hybrid model works almost like the RSM.

Comparing the three meshes in the same model, it is noted that for the RSM model the results for the three grids were
very close, but for the hybrid model only the meshes with 400 000 and 800 000 volumes were close, while the 180 000
grid obtained a lower result. This indicates that for the RSM model the grid independence was achieved, so increasing the
refinement does not generate important differences in the results. For the hybrid model the coarser mesh does not allow
the hybrid model to use the LES model in much of the domain, while the two more refined meshes allow it, generating a
great difference between the results.
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(a) (b)
Figure 3: Velocity profile for the flow rate of 40 l/min (a) mean axial velocity and (b) RMS axial velocity

Another important point to be analyzed is the RMS velocity, that represents the fluctuation of the velocity. Figure 2b
shows that the hybrid model generated higher values of RMS velocity than the RSM model, which was expected, since the
RSM model models the mean velocity while the hybrid model uses the LES in some regions, calculating the instantaneous
velocity.

A similar analysis can be made for the axial component of velocity. Figure 3a shows that negative values of velocity
were obtained near the walls and approaching the center, the values increased, becomig positives. This inverted W profile
was expected. The behavior of the six cases was the same observed in the tangential velocity. For the RSM the three
meshes generated very close results and for the hybrid model the coarser mesh generated results far from the ones of the
two other meshes. Futhermore, the hybrid model results were distant from the RSM for the grids of 400 000 and 800 000
volumes, while the mesh of 180 000 hexaedra generated similar results in both models.

3.2 Turbulent kinetic energy

The turbulent kinetic energy decomposed in modeled and solved parts is important to show the concept of the used
models. The analysis was performed for the 800 000 volumes grid, since for a finer mesh the hybrid model tends to use the
LES in more parts of the domain, making the difference with the RSM model more evident. The contour of the turbulent
kinetic energy was obtained in the same plane as the velocity profile.

It is known that the hybrid model uses the LES model in some parts of the domain, which solves the equations for the
large scales and models the subgrid scales. Beyond that, the RSM model is characterized for modeling almost all turbulent
scales. This behavior is shown in Figs. 4 and 5. In the hybrid model, the modeled portion only has high values near the
wall, where the RSM is used. In the outer flow region, the modeled portion is close to zero, proving that only a few scales
are modeled, and the solved part has high values, showing that most scales are solved. For the RSM model the modeled
part is high in the whole domain and the solved part is non-zero only in a small part at the gas outlet duct, proving that
this model models almost all turbulent scales.

3.3 Collection efficiency

The collection efficiency shows the influence of the models and grids in the calculation of the particle motion. To
analyze this variable, experimental data from Xiang et al. (2001) were used and plotted with the numerical results of
the current paper. To determine which particles were collected, the underflow was defined as wall and all particles that
touched this wall were considered collected.

Figures 6, 7 and 8 show that all cases generated S shaped collection efficiency curves, which is in agreement with the
theory.

Analysing the differences between the models, it is noticed that the hybrid model generated collection efficiency values
closer to the experimental ones. For small particles the RSM model obtained values much higher than the experimental
data and for the medium and big particles, it generated values much lower than those of the experiments. The proximity
with the experimental data happens because the hybrid model uses LES in some parts of the domain, calculating more
turbulent scales than the RSM model. Decrease the modeled part tends to yield more realistics results, as observed.
Futhermore, as showed in the velocity profiles, the hybrid model obtained higher values of velocity, which generates
greater centrifugal force on the particles. This causes more particles to be carried to the wall and consequently to the
underflow, increasing the collection efficiency. On the other hand, as shown by Souza et al. (2012), a higher velocity
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(a) (b)
Figure 4: Turbulent kinetic energy for the flow rate of 40 l/min, 800 000 grid and hybrid model (a) modeled and (b) solved

(a) (b)
Figure 5: Turbulent kinetic energy for the flow rate of 40 l/min, 800 000 grid and RSM model (a) modeled and (b) solved

increases the turbulence which causes the reentrainment of particles that would be otherwise collected and consequently
disturbs the separation efficiency. In the studied cases the combination of these factors caused an increase in the collec-
tion efficiency calculated by the hybrid model compared to the RSM. For small particles the decrease on the collection
efficiency, getting closer to the experimental data, is caused by the velocity fluctuations. As shown in the velocity profiles,
the hybrid model generated higher values for RMS velocity, since it calculates the instantaneous velocity and the RSM
calculate the mean velocities. These fluctuations are important to the particles motion, especially for the small ones that
follow the changes in the flow more easily. This result is in agreement with Shukla et al. (2013).

Analysing the influence of the used grids, it is noticed that for the flow rate of 30 l/min the values obtained for the three
meshes with the RSM model were very close, especially for diameters greater than 4 µm. For the hybrid model, the results
for the 180 000 volumes grid were distant of those obtained by the 400 000 and 800 000 meshes, which were very close
to each other and to the experimental data. This behavior reflects what was observed in the velocities, where the values
obtained by the two more refined meshes were close to each other and far from the coarser mesh result. The proximity
with the experimental data happens because the hybrid model calculates more turbulent scales, making the results closer
to the reality, as expected. For the flow rates of 40 l/min and 50 l/min, there is a greater difference between the results of
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Figure 6: Collection efficiency curve for 30 l/min

Figure 7: Collection efficiency curve for 40 l/min

Figure 8: Collection efficiency curve for 50 l/min

the RSM model with the three meshes. This indicates that the small differences observed in the fluid flow were sufficient
to change the particles motion. For the hybrid model, it can be noticed that the values obtained for the meshes of 800 000
and 400 000 volumes are more distant from each other and the results of 400 000 and 180 000 volumes grids are closer
to each other, compared to 30 l/min. Futhermore, the more refined mesh generated results closer to the experimental data,
as expected.
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4. CONCLUSIONS

The analysis of the velocity profiles showed that both models were able to predict the cyclone flow pattern correctly,
with a rotational movement around the central axis and with an inverted W-shaped profile for axial mean velocity. Despite
the similar general behavior the hybrid model obtained higher values for the mean and RMS velocities.

The analysis of the turbulent kinetic energy evidenced the concept of the used hybrid model, which uses the RSM
model close to the wall, modeling more scales, and the LES in the outer flow region, making the solved turbulent kinetic
energy portion greater than the modeled one.

The diferences found in the velocity profiles and in the components of turbulent kinetic energy reflected in the particle
motion. Solving more turbulent scales and generating higher values of velocity, made the hybrid model to obtain collection
efficiency curves closer to the experimental data than the RSM model, even for the coarser mesh.

With these analysis it is possible to conclude that the hybrid LES/RSM model proposed by the current paper is capable
to realistically predict the fluid flow pattern as well as the RSM, wich is currently used in several studies of computational
fluid dynamics applied to cyclones. Futhermore, analysing the particles behavior, it is possible to conclude that the hybrid
model is able to predict the particles motion better than the RSM model, without the need for a more refined mesh and,
consequently, an increse in the computational cost.
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