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Abstract: In the present study, through Computational Fluid Dynamics techniques, the performance
characterization of a new Stairmand-type separator cyclone was carried out using the commercial
software ANSYS Fluent. Four models for the geometrical cyclone separator were built, namely
model A as per the dimensions reported in the literature and models B, C, and D by applying
square and circular shape cavities as a passive flow control technique on the surface of its cylindrical
section. The Navier-Stokes equations with the RSM turbulence model were formulated to solve the
continuous phase of the cyclone separator and, the Lagrangian approach was adopted to track the
solid particles with one way-coupling. The proposed model’s separation efficiency and pressure drop
were compared against those recorded in the previous studies reported in the literature. Model D was
the cyclone separator that stood out as the most valuable by demonstrating a separation efficiency
and pressure drop decrement of 0.42% and 6.01%, respectively.

Keywords: cyclone separator; computational fluid dynamics; flow control; pressure drop; separation
efficiency; turbulence

1. Introduction

Air pollution is defined as the presence of gases and small particles in the air that
are conducive to health risks of people and the environment [1]. These particles, known
as particulate matter, are a set of solid and/or liquid particles suspended in air, coming
from natural or anthropogenic sources [2]. Particulate matter is one of the most researched
environmental pollutants worldwide because it is associated with cardiovascular, cardiac,
and respiratory illnesses [2–5]. Particulate matter is also highly hazardous for people
with chronic illnesses, pregnant women, senior citizens, and children [6–8]. Nowadays,
millions of dollars are invested search alternatives to control and mitigate air pollution.
Consequently, numerous studies show that the cyclone separator is adequate equipment
that produces good results and represents part of the broad range of emission control
devices [9].

Cyclone separators are mechanical collectors whose primary function is to separate
solid particles from a gas using centrifugal force [10]. This particulate matter collection
equipment is the most used device in all industrial areas (energy, chemical, and cement,
among others) because its simple design is absent of moving parts, which results in low
maintenance costs. This indicates that it can be used under a broad range of operational
conditions [11,12].

The beginning of the cyclone operation deals with the gas tangentially entering the
cyclone. Subsequently, the gas descends in a spiral pattern toward the bottom of the cone
as a result of the cyclone geometry. Following this flow pattern, the particle matter is
separated from the gas and moves towards the cyclone walls, where it strikes and loses
kinetic energy, falling to the bottom of the conical section. Finally, the gas rises in a second
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spiral with a smaller diameter than the initial spiral and exits the top of the cyclone through
a vertical duct known as the vortex finder [13,14].

Issues revolving around the separation efficiency and the pressure drop are the most
important parameters to keep in mind during the design process of cyclone separators. In
such a case, there are different physical and geometrical variables that directly come into
play in association with these two parameters that include the density of the particles, the
viscosity of the gas, the geometrical dimensions of the cyclone, the cut-off diameter of the
particles, the inlet velocity, etc. On this basis, numerous studies have been conducted to
research and analyze the different variables (mentioned above) that contribute to the per-
formance of the cyclones [9,15]. Many documents show the different structural differences
in cyclone separators, the most notable are those proposed by Stairmand, Lapple, Swift,
and Linoya [12,16].

Hoffman et al. [17] experimentally analyzed the effects of the length of the cyclone
separator in the performance of the equipment. The author found that the length of the
cylindrical section of the cyclone affects its performance greatly; by increasing the length
by a range of 2.65 to 5.5 times the diameter of the cyclone, the value of the separation
efficiency elevates, and the pressure drop diminishes. Furthermore, another group of
researchers analyzed the influence that the gas inlet section had on the performance of
the cyclone separator. Zhao et al. [18] compared the performance of three cyclone designs
having different geometry in their inlet section. The first design had a tangential inlet, the
second design had a direct spiral inlet, and the third design had a symmetrical convergent
spiral inlet. The collective results confirmed that the convergent spiral inlet possessed
a better performance when compared to the other designs. On the other hand, Elsayed
and Lacor [19] using the RSM turbulence model, computationally evaluated the effect that
the geometry of the inlet section of the cyclone has upon the separation efficiency. The
authors found that an augmentation in the dimensions of the cyclone inlets resulted in an
attenuation in its performance.

Additionally, the literature portrays research referring to the effects that the conical
section has on the performance of the cyclone separator. To that effect, Chuah et al. [16]
simulated the performance of three cyclones using CFD, each cyclone with different diame-
ters in the bottom of the cone. The simulations revealed that a decrease of size to the lower
diameter of the conical section resulted in an increase in the separation efficiency and the
pressure drop. Interestingly, the aforementioned study could contradict the work presented
by Elsayed and Lacor [20], who researched the effect that the diameter of the bottom of the
cone has on the performance of three cyclone separators. The authors concluded that the
diameter of the tip of the cone has an insignificant effect on the performance of the cyclone.
However, Xiang et al. [21] determined that the size of the cone has a significant effect on
the performance of the cyclone if its opening is greater compared to the diameter of the
vortex finder.

In terms of the vortex finder, the literature exposes certain differences that have had
effects on the geometry of the exit duct. Regarding this aspect, Hoekstra [22] conducted
an experiment using cyclones with smaller diameters in their vortex finder. The author
found that the cyclones with less small diameter in their vortex finder conveyed a cutback
in the cyclone’s central vortex, as well as a boost in the separation efficiency. Additionally,
the research objective of El-Batsh [23] was to optimize the dimensions of the vortex finder.
Five models of cyclone separators were tested in the study; each model had a unique
geometrical configuration in its vortex finder. Results established that an increase in the
diameter of the exit duct causes reductions in efficiency and in the pressure drop. Moreover,
Xiang and Lee [24] and Brar et al. [14] have validated the impact of the diameter of the
vortex finder. The authors found the relationship between the diameter of the vortex finder
and the efficiency parameters of the cyclone. If this is the case, a reduction in the diameter
of the exit duct leads to increments in the efficiency of separation and pressure drop of the
cyclone concurrently.
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In reference to the background previously stated, it is possible to conceive part of
the progress developed during the last few years in order to continually improve the
characteristics of the equipment. However, despite all this progress, there are many avenues
of improvement that can be applied to these devices that have not been examined as of
today. One of these possibilities is the use of passive flow control techniques, like the ones
proposed in [25–35]. The contribution of this research is framed in the use of Computational
Fluid Dynamics (CFD) to describe a new cyclone separator model with geometrical changes
based on passive flow control techniques. To do so, three geometrical models were built,
for which, their separation efficiency and pressure drop will be determined and evaluated
to establish the new cyclone model.

2. Specifics of the Base Cyclone Model and Validation

The Stairmand high-efficiency cyclone separator was the base and validation model
selected for this research [36] because it is the base design for most of the work aimed at
optimizing and building new cyclone models [10–12]. The information referring to the
dimensions of the Stairmand high-efficiency cyclone model is listed in Table 1 and plotted
in Figure 1.
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Figure 1. Schematic diagram of cyclone models; (a) Model A (Stairmand cyclone separator), (b) 

Model B cyclone separator, (c) Model C cyclone separator, (d) Model D cyclone separator. 
Figure 1. Schematic diagram of cyclone models; (a) Model A (Stairmand cyclone separator), (b) Model
B cyclone separator, (c) Model C cyclone separator, (d) Model D cyclone separator.
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Table 1. Geometrical details of the Stairmand high-efficiency particulate separator cyclone and the
new particulate separator cyclone models based on passive flow control techniques.

Geometry Symbol
Dimensions (mm)

Model A Model B Model C Model D

Cylinder length h 435 435 435 435
Conical length hc 725 725 725 725

Inlet height a 145 145 145 145
Inlet width b 58 58 58 58

Cylinder diameter D 290 290 290 290
Cone apex diameter Dd 109 109 109 109

Vortex Finder Diameter De 145 145 145 145
Inlet length Li 400 400 400 400

Vortex Finder Upper Section Le 290 290 290 290
Vortex Finder Lower Section s 145 145 145 145

Pitch t a Na 203 30 203
Cavity height ac a Na a Na a Na 29
Cavity width bc a Na a Na a Na 29

Cavity diameter Dv a Na 29 29 a Na
Distance from cyclone roof to cavity c a Na 160 160 160

a Does not apply to this model.

For practical purposes, throughout this research the Stairmand high-efficiency cyclone
will be called Model A, while cyclone separator models based on flow control techniques
will be called models B, C, and D, respectively.

3. Flow Control

Flow control is defined as the process by which the flow configuration in a device,
surface, structure, etc., is changed and/or manipulated in order to improve its perfor-
mance [30]. Through the application of different flow control strategies and procedures,
such as how to alter the transition point in the boundary layer, control fluid separation, and
a contraction or escalation of the turbulence level of the fluid can be performed. From these
changes, it is possible to obtain useful effects such as the alleviation in the dragging value,
curtailment in noise indicators, raise in the lift value, as well as an increase in the mix rates
and heat transfer. Flow control methods can be active or passive, the difference between
the two concepts lies in that passive flow control does not require an external supply source
or any feedback system, in comparison to active flow control, which requires the use of the
system, supply sources or external controls to be applied [27,34]. During the last few years,
numerous studies have been done [25–35] that are focused on the application of different
flow control techniques in order to improve processes and/or industrial equipment, civil or
military vehicles (land, air, and maritime), among others, to improve the economy as well
as to protect the environment [30]. According to the aforementioned and using the studies
published by [25,29,30] as a reference, this paper will apply cavity shaped as a passive flow
control technique in the surface of the cylindrical section of the three cyclone separator
models proposed.

Each of the aforementioned three models has a particular arrangement or cavity
disposition. Therefore, the first cyclone model (model B) will have two circular cavities.
The second model (model C) will have five circular cavities in its cylindrical section. And
lastly, the third cyclone model (model D) will incorporate two square cavities in its design.
Figure 1 and Table 1 show all the details of the newly proposed cyclone separator models.

4. Description of the Physical System
4.1. Navier Stokes Equations

The equations that describe the behavior of the continuous phase correspond to Navier
Stokes equations. These equations model the mass and momentum conservation principles.
Accordingly, considering that the fluid flow in the cyclone separator is stationary, tridi-
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mensional, highly turbulent, isothermal, and incompressible, the Navier Stokes equations
could be expressed as:

∂ui
∂xi

= 0 (1)

∂ui
∂xi

+ uj
∂ui
∂xi

= −1
ρ

P
∂xi

+ v
∂2ui

∂xi∂xj
− δ

∂xj

(
u′iu
′
j

)
(2)

where ui is the average velocity of the fluid, P is the average pressure of the fluid, xi is the
spatial direction, v is the kinematic viscosity, ρ is the fluid density, and u′iu

′
j is the Reynolds

stress tensor. In this study, Navier Stokes equations are solved by an Eulerian approach.

4.2. Turbulence Model

During the last few years, computational fluid dynamics has gained considerable
recognition from many sectors (industrial, academic, among others), thanks to its ability
to emulate the behavior of countless fluids that are present in real life using numeric
simulations. The precision of the results in CFD is conditioned to the modeling of the case
study and the choice of the ideal turbulence model to solve it.

The selection of the turbulence model is subject to the characteristics of the flow. In
the case of the cyclone separators, the internal flow is complex since it is highly turbulent
and anisotropic. Flow in the cyclones can be modeled by using commercial software,
such as ANSYS Fluent [37], which has several turbulence models that go from the two
equation models (k-ε standard and RNG) to the seven equations Reynolds Stress Model
(RSM), and the large-scale model (LES). However, it should be considered that not all of
these models properly solve the flow in cyclone separators. For example, equation models
(k-ε standard and RNG) that are based on isotropic eddy viscosity are not suitable for
cyclonic flows. In addition, researchers evaluated the performance of these turbulence
models the moment they simulate the flow inside the cyclone. Results showed that the
k-ε standard and RNG models cannot predict the complex periodic and tridimensional
characteristics intrinsic to the internal flow in the cyclone separators [11]. Furthermore,
the literature highlights numerous papers that have obtained good results when using the
RSM turbulence model [10,14,16,20,38,39] and the LES model [40–43].

The RSM model with wall functions will be used for this study because it is able to pre-
dict the flow turbulence, as well as simulate factors such as the flow pattern, axial velocity,
tangential velocity, pressure drop, and separation efficiency of the cyclone separator [19].

The transport equation for RSM is given as:

uk
∂

∂xi

(
u′iu
′
j

)
= Dij + Pij p + θij − εij (3)

The diffusive transport term Dij is given as:

Dij = −
∂

∂xK

Dt

σk

∂u′iu
′
j

∂xK

 (4)

The stress generation term Pij is given as:

Pij = −ρ

(
u′iu
′
k

∂uj

∂xk
+ u′ju

′
k

∂ui
∂xK

)
(5)

The pressure strain correlation term θij is given as:

θij = P

(
∂u′i
∂xj

+
∂u′j
∂xi

)
(6)



Appl. Sci. 2021, 11, 5342 6 of 18

The dissipation term εij is given as:

εij = 2v
∂u′i
∂xk

∂u′j
∂xk

(7)

4.3. Governing Equations for the Dispersed Phase

Simulation of the flow laden with solid particles is developed through the Lagrangian+
Eulerian approach. When the interaction between the continuous phase and the dispersed
phase takes place, the dynamic interaction between both phases interact can be unidirec-
tional or bidirectional. Because of the low volumetric fraction of the dispersed phase in
this study case (3–5%), it is assumed that coupling between the phases is unidirectional
(one-way coupling), the particles do not have a considerable effect on the physical proper-
ties of the fluid. According to this and keeping in mind that in Fluent [37], the Lagrangian
approach is used to track the solid particles dispersed in the continuous phase, this study
will use the Lagrangian approach. For just one disperse particle, the equilibrium equation
is given as:

∂upi

dt
= FD

(
ui − upi

)
+

(
ρρ − ρ

)
gi

ρρ
+ Fi (8)

where upi is the velocity of the particles, FD
(
ui − upi

)
is the drag force that acts over

the particles, ρρ is the density of the particles, gi is the gravitational acceleration, and Fi
corresponds to the additional forces that can act upon the particle, such as Brownian force,
the Saffman and Magnus force, the added mass force, electromagnetic forces, and Basset
force, among others; all these forces are expressed per mass unit. For spherical particles,
drag force is given as:

FD =
18µ

ρρdρ
2

CDRe
24

(9)

The Reynolds number is expressed as:

Re =
ρdρ

∣∣up − u
∣∣

µ
(10)

where dρ is the diameter of the particle, u is the velocity of the fluid, up is the velocity of
the particle, ρ is the density of the fluid, and µ is the dynamic viscosity of the fluid.

4.4. Mesh Generation

The computational domain was divided into four zones to generate an unstructured
hexahedral mesh in each section using the meshing tool from ANSYS Workbench. The
hexahedral mesh was generated using the Multizone method; furthermore, a refinement
was applied using the local “Inflation” control to be able to predict the boundary layer
adequately in the geometrical models in the zones where it is necessary to analyze flow
conditions, such as the inlet, the bottom of the conic section and the vortex finder. Figure 2
illustrates the mesh for each of the models.

Various parameters allow for determining the quality of the mesh; the Aspect Ratio
(AR) indicates the proportion between the dimensions of the elements, Skewness (S)
determinates the mesh quality through its obliqueness, measured in a scale from 0 to 1,
where 0 indicates a good quality mesh also the Orthogonal Quality (OQ) is evaluated on a
scale from 0 to 1, being 1 is for an appropriate mesh. Table 2 shows all the information on
the mesh quality parameters for each cyclone model.
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Table 2. Mesh quality parameters of cyclone models A, B, C and D.

Mesh
Model A Model B Model C Model D

AR OQ S AR OQ S AR OQ S AR OQ S

Coarse 21.1 1 0.70 61.61 1 0.93 68.51 1 0.93 23.37 1 0.70
Medium 19.66 0.99 0.86 66.81 1 0.94 70.70 1 0.93 23.02 1 0.81

Fine 18.36 1 0.70 71.09 1 0.94 76.71 1 0.94 22.15 1 0.74
* AR is the aspect ratio, OQ is the orthogonal quality and S is the skewness.

4.5. Mesh Convergence Study

The mesh convergence study was done for all the cyclone models. The pressure drop
is the comparison parameter calculated in three different grids for each geometry. Table 3
shows the number of elements and pressure drop in each mesh implemented.

Table 3. Mesh independence study for cyclone models.

Mesh
Model A Model B Model C Model D

Elements Pressure
Drop (Pa) Elements Pressure

Drop (Pa) Elements Pressure
Drop (Pa) Elements Pressure

Drop (Pa)

Coarse 1,020,400 811.63 1,004,665 785.34 1,080,617 764.26 977,769 758.23
Medium 1,225,217 817.81 1,220,779 791.93 1,218,783 774.70 1,224,120 766.59

Fine 1,488,747 823.92 1,445,118 797.95 1,470,052 782.65 1,479,022 774.93
a Percentage change 0.76% 0.84% 1.37% 1.10%
b Percentage change 0.75% 0.76% 1.03% 1.09%
a Percentage change between the coarse and medium mesh values for pressure drop. b Percentage change between the medium and fine
mesh values for pressure drop.

Note that the percentage change between pressure drop of the coarse and medium
meshes, as well as the medium and fine, do not exceed 5%. Therefore, the medium mesh
is suitable to solve the calculations in this paper. Also, Table 4 shows the area-weighted
average y+ to highlight the grid refinement near the wall.
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Table 4. Area-weighted average y+ value obtained for each cyclone model.

Model y+

A 22.48
B 28.80
C 29.09
D 20.99

In this study, we used RANS equations with wall functions, a value of y+ < 30,
indicates that at least 1 point is into the viscous sublayer, which is adequate to model
turbulence near the wall, keeping in mind that RANS is not concerned with individual
eddy behavior, therefore is not necessary that RANS node spacing be less or equal to the
Kolmogorov eddies.

4.6. Computational Conditions

In this study, we used three boundary conditions for the computational model. “Veloc-
ity Inlet” condition was used in the cyclone inlet, while the boundary condition “Outflow”
was used for the two exits. It is worth mentioning that the flow enters the cyclone with
a velocity of 16.1 m/s, the cyclone volume flow rate is 0.135 m3/s, the fluid temperature
is 23 ◦C, and its static pressure is 1 atm. Tables 5 and 6 show the boundary conditions in
different cyclone zones and the properties of the continuous and disperse phases.

Table 5. Boundary conditions.

Section
Boundary Conditions

Category DPM

Inlet Velocity Inlet Reflect
Vortex finder outlet Outflow Escape

Cone bottom Outflow Trap

Table 6. Properties of the continuous and dispersed phase.

Continuous Phase Dispersed Phase

Material Air Material Anthracite
Density 1.225 (kg/m3) Density 2700 (kg/m3)

Dynamic viscosity 1.87 × 10−5 (kg/ms) Particle size 0.5–7 µm
Reynolds number 2.8 × 105 Diameter distribution Uniform (10 inyections)

Table 7 shows the discretization schemes for the different flow field variables.

Table 7. Numerical scheme.

Discretization Schemes Scheme

Pressure–velocity coupling Coupled
Pressure Second order upwind

Momentum Second order upwind
Turbulent kinetic energy Second order upwind

Turbulent dissipation rate Second order upwind
Reynolds stress Second order upwind

4.7. Simulation Validation

Before continuing with the numeric analysis, it needs to perform numerical results
validation against the experimental data for the continuous and discrete phases. Literature
includes publications [11,14] that highlight the use of the results obtained by Hoekstra [22]
as an experimental model to validate his methodology. Hoekstra ran a series of experi-
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ments in the high-efficiency Stairmand cyclone [36] and studied in detail velocity scalar
components at various cyclone axial stations using the LDA technique (Laser Doppler
Anemometry) [14]. To validate our numeric model, compare pressure drop, separation
efficiency, axial and tangential velocity profiles in an axial section located at 0.75 mm from
the cyclone roof with the experimental data published by Hoekstra [22].

Figure 3 shows the comparison between the axial and tangential velocity profiles
obtained through numerical simulation against published data by [22]. Profile values were
obtained using a velocity inlet equal to 16.1 m/s at an axial section located at 217.5 mm
(0.75D) from the roof of the cyclone. Comparing the percentage error between the axial
and tangential velocity profiles obtained in the numerical study with those published by
Hoekstra are from 0.51% to 4.41%, respectively.
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Figure 3. Comparison of velocity profiles between numerical simulation and results of Hoekstra; (a) Tangential velocity
profiles, (b) Axial velocity profiles.

Likewise, for validation of the separation efficiency, we use 20 m/s as a velocity inlet
like in the Hoeskra study. Table 8 contains all the details of the validation.

Table 8. Validation of pressure drop and separation efficiency parameters.

Model Pressure Drop (Pa) Separation Efficiency

Hoekstra 783 63.77%
Numerical simulation 817.81 65.46%

Percentage error 4.45% 2.65%

Taking into account the complexity of the turbulent flow in the cyclones, along with
the values corresponding to the percentage error obtained previously, it was deemed that
the theoretical data and those obtained through computational simulation are in very
good agreement.

5. Analysis of the Numerical Results

This section shows the performance parameters of the three cyclone separators whose
designs incorporate flow control techniques. To this effect, the results of the test models
were compared to the standard high-efficiency cyclone. The comparison of the perfor-
mance parameters between models A, B, C, and D was competed using contour plots and
velocity profiles, obtained through a middle plane and a 217.5 mm axial station, as shown
in Figure 4.
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5.1. Velocity Field

Once the fluid particles are separated by centrifugal force, the axial velocity has an
important role since it is primarily responsible for transporting the particulate matter
towards the bottom of the cyclone [14,42]. In addition to this, this velocity component is
responsible for the direction of both flow currents inside the cyclone [11]. Figure 5 shows
the axial velocity contour plots for models A, B, C, and D at the middle plane. Starting from
these contour plots, the effect of the double vortex can be seen in the flow of the cyclone,
formed by an initial spiral in a descending direction that forms close to the walls of the
cyclone, which transports the particles toward its bottom, along with a second spiral in an
upward direction in the central region whose purpose is to extract the gas flow through the
vortex finder. It is noted that the axial velocity contours for the four models are qualitatively
very similar; however, there are quantitative differences between the proposed models and
the reference one (Model A); there is the higher axial velocity in models B and C, while in
the model D, the axial velocity contours are very similar to the reference model.

On the other hand, Figure 6 illustrates the axial velocity profiles for the four cyclone
models. It shows that the axial velocity profiles of the models are similar in the magnitude
of their values as well as their shape (an inverse W). However, it is possible to see an
increase in axial velocity in the central region of the profiles of models B, C, and D, as
well as a slight decrease in its fall as a result of the increase in kinetic energy that is the
result of the passing of flow in the cavities of the cylindrical section of the cyclone. In
addition to this, through the axial velocity profiles, the effects of a double vortex in the
flow of the cyclone mentioned previously can be seen, because near the wall of the cyclone
the values of the axial velocity are negative, thus demonstrating that the direction of the
first spiral is descending. Additionally, in the direction of the central region of the cyclone,
there is a point where the velocity is zero, indicating the change of direction between both
spirals. Finally, in the central region of the cyclone are positive values which confirm that
the direction of the second spiral is ascending towards the vortex finder. Apart from that,
Figure 6 shows the asymmetry present in each of the profiles. This asymmetric factor is due
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in part to the spiral flow in the interior of the cyclone and its geometry since the tangential
shape inlet section does not allow for its design to be symmetric. In addition, this could be
due to instability in the ascending vortex. However, it is worth mentioning that in studies
such as [10,41,43] this asymmetric condition is seen in the axial velocity profiles.
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Tangential velocity is the most important parameter regarding flow velocity because
it has a great impact on the separation efficiency since it determines the magnitude of the
centrifugal force produced in the cyclone [11,22]. Figure 7 illustrates the tangential velocity
profiles for all the cyclone models in a 217.5 mm axial station. According to the profiles,
it is seen that this model, a Rankine vortex, which is made of an internal forced vortex
with a tendency to rotate like a solid, where tangential velocity increases radially from the
central axis of the cyclone, as well from a free external vortex, where tangential velocity
values decrease as the radial distance increases [10,22]. Besides that, when the values and
the shape of the profiles are analyzed between the models, it can be concluded that the
flow in cyclones B, C, and D are not affected by the cavities in its cylindrical section, since
its velocity profile is similar to model A. However, when the profiles are observed in detail,
a decrease in the maximum value of the tangential velocity of cyclones B, C, and D can be
seen, thus demonstrating a reduction in the intensity of the swirl in these models regarding
Model A, as a result of the flow control technique used.
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Figure 8 shows the contour plots corresponding to the tangential velocity of the
four cyclone separator models at the middle plane. The aforementioned reduction in the
turbulent intensity can be verified through the values in the spectrums of the tangential
velocity contour plots, as well as the values in Table 8, which has the maximum values of
each of the spectrums along with its variation percentage. When the tangential velocity
contours and the percentage error in Table 8 for model A are compared against models B,
C, and D, a reduction in the tangential velocity values is seen, thus reflecting the reduction
of swirl intensity as a result of the passive flow control technique used in the cylindrical
section of the models.

Figure 9 shows the contour plots corresponding to the magnitude of the velocity of
cyclone models A, B, C, and D at the middle plane, respectively. Just as a decrease in the
values of the spectrum in the tangential velocity contour plots of the cyclones with cavities
in their cylindrical section was previously demonstrated, when the percentage change of
the velocity values is seen in Table 9, and the spectrum of the velocity outline between
the cyclone models is compared, a reduction in the magnitude of the velocity values of
models B, C, and D is seen, due to the geometric modifications made.
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Table 9. Values and percentage change of mean velocity and tangential velocity of cyclone models A,
B, C and D.

Model A B C D

Tangential velocity (m/s) 36.8 35.97 35.37 35.28
Velocity (m/s) 39.71 38.55 38.18 38.27

aPercentage change – −2.26% −3.89% −4.13%
bPercentage change – −2.92% −3.85% −3.63%

a Percentage change of maximum tangential velocity value relative to Stairmand high-efficiency cyclone. b Per-
centage change of maximum velocity value relative to Stairmand high-efficiency cyclone.

5.2. Pressure Drop

The pressure drop of the cyclone is the difference between the inlet and outlet av-
erage static pressure values and is directly related to the energy needed to operate the
cyclone [9,10]. Table 10 contains the pressure drop of all the models simulated under
the same operating conditions model A (Stairmand) showed a higher pressure drop and,
models B, C, and D, shown a decrease in their pressure drop as a result of the cavities in its
cylindrical sections, where model D stood out with a reduction of 6.01% when compared to
a standard cyclone. The observed pressure drop can be due to recirculating effects inside
of the cavities as is exposed for a channel flow in [29].

Table 10. Values and percent change of pressure drop for cyclone models A, B, C, and D.

Model Pressure Drop (Pa) a Percentage Difference in Pressure Drop

A 1293.35 –
B 1243.40 −3.86%
C 1222.30 −5.49%
D 1215.67 −6.01%

a Percentage change in pressure drop relative to Stairmand high-efficiency cyclone (Model A).

Figure 10 illustrates the static pressure contour plots of the four cyclone models at
the middle plane. According to these contour plots, the distribution of pressure in the
axial direction does not show great variations compared to the radial direction that shows
significant variations due to the pressure gradient that results between the walls of the
cyclone and its axis [11,22]. Additionally, the pressure contour plots for each of the models
show a maximum value on the cyclone wall, a value that decreases radially towards its
center, thus illustrating the high- and low-pressure areas that make up the pressure gradient
that occur as a result of the rotation of the flow.

5.3. Separation Efficiency

The separation efficiency in a cyclone is the relationship between the number of
particles captured with regards to the number of particles that enter by its inlet section [9,14].
This collection capacity is denoted in terms of its global efficiency or the cut-off diameter
(d50), the latter being the particle diameter whose separation efficiency is 50% [10]. In this
paper, the separation efficiency presented by each of the cyclone models is considered
globally, as well as fractionally, by using a graph called grade efficiency curve, which relates
the separation efficiency of each model with the diameter of the particle.

Figure 11 shows the grade efficiency curves of the four cyclone models. The cut-off
diameter for each model is 2.76 µm, 2.98 µm, 2.96 µm, and 2.81 µm, respectively. In
comparison with the Stairmand high-efficiency model (Model A), all the other models
show an increase of the cut-off diameter, being the model D, the one that increases the less,
which coincidentally is the model that generated the higher pressure drop reduction, as
was already shown in Table 10.
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Additionally, Table 11 shows the values referring to the overall separation efficiency
presented by all the cyclone models, along with their percentage change concerning the
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standard model (Model A). Table 11 shows that the application of circular cavities as a
passive flow control technique does not favor the particle collection in the cyclones. The
models B and C efficiency of separation decrease 4.35% and 3.81%, respectively, regarding
model A. The separation efficiency values of models A and D differ only by 0.42% and,
additionally model D presented the highest reduction in pressure drop too, therefore could
be considered that this cyclone exhibits the same or almost the same particle collection
capacity as Model A, having the advantage that its pressure drop is way less.

Table 11. Values and percent change in separation efficiency for cyclone models A, B, C, and D.

Model Separation Efficiency a Percentage Change in Separation Efficiency

A 65.46% –
B 62.61% −4.35
C 62.96% −3.81
D 65.18% −0.42

a Percentage change in separation efficiency relative to Stairmand high-efficiency cyclone (Model A).

6. Conclusions

The cylindrical section of the high-efficiency Stairmand model was modified, applying
cavities as a passive flow control technique to characterize a new cyclone separator model
using computational fluid dynamics. Numeric simulations were performed using RANS
equations with an RSM turbulence model (including wall functions) to solve the continu-
ous phase (air) and a Lagrangian tracking to solve solid particle movement, considering
one-way coupling. The simulation results showed that the implementation of geometric
disturbances in the cavity shape of the cyclones as passive flow control favored the re-
duction of pressure drop since all modified models showed a reduction in their pressure
drop compared to the standard model. Furthermore, for all cases with circular cavities, the
separation efficiency had a slight decrement with a lower pressure drop concerning the
standard model. These findings reinforce the idea that using passive control techniques can
help to improve cyclone performance; the latter is important because it opens a new field of
study on cyclone separators that have not been used before to the author’s best knowledge.
For future studies, it is recommended to evaluate the use and performance of passive
flow techniques in new designs of cyclone separators with two-way coupling between
continuous and disperse phases, including thermal effects, to consider new alternatives
that allow for the improvement of the operation of this equipment.
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