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Abstract. There are records of the use of the cyclone in 1885 by DeLaval, when he demonstrated the separation of cream
Sfrom milk. The operation of this device consists of the partial separation of heterogeneous mixtures through the generation
of a turbulent flow. Cyclones are used with many industrial systems such as combustion involved low heat capacity fuels,
with system that use large amounts of coal or when the fuel requires a long residence time to complete combustion and
flue gas purification. Therefore, the purpose of this article is to present results of numerical simulations through CFD in
the RANS approach, using the RNG k-¢ turbulence model with rotation flow dominance in order to evaluate the degree
of influence of geometric and/or constructive parameters of the cyclone in the recirculation zone through velocity and
pressure profiles. Results show that general trend is reduction of pressure and axial and tangential velocities values
reduction with increasing of the cyclone length, that is, the distance to be covered by the fluid presents itself as the
preponderant factor in the flow dynamics in the evaluated device.
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1. INTRODUCTION

There are records that the use of the separation cyclone occurred for the first time in 1885 by DeLaval, when he
demonstrated the separation of cream from milk (Gupta et al.). These devices are used in many industrial processes
related to the energy and fuel sector such as the combustion of low heat capacity fuels, systems that use large amounts
of coal or when the fuel requires a high residence time to complete combustion; typical dust separation processes related
to air protection by flue gas filtering through soot removal; to technological processes such as drying, calcination and
heating. Cyclones are simple structures, economical in terms of manufacture and operation, in addition to operating in
a wide range of temperature and pressure conditions, in addition to requiring little or almost no maintenance due to the
absence of moving parts (Noh er al., 2018; Wasilewski and Brar, 2019). Basically, the main operation of the cyclone
consists in the application of high acceleration of the fluid inlet, usually air and particulate matter, with the objective of
achieving a partial separation of heterogeneous mixtures that present different densities.

The cylindrical shape of the cyclone, schematized in Fig. 1A, establishes a turbulent flow with swirl and the separation
of the particles from the air stream occurs due to the difference in density between the particulate material and the air, so
that the particulate material (usually solid) has a higher density than this gas. Due to the action of the centrifugal force,
the larger particles move more quickly to the vicinity of the cyclone wall and are then later directed to the lower outlet,
thus being collected. Smaller particles, in turn, move more slowly and are then caught in an upward flow (or inward flow,
as will be seen) and are routed towards the upper outlet so that there is no particle collection. However, not all particulate
matter is collected, thus resulting in reduced cyclone collection efficiency (Oh et al., 2015; Xu et al., 2016).

The cyclone schematized in Fig. 1A is the most used model in the industry. The main components of this device, which
can be described by seven geometric parameters, are: height of the inlet section, h 4, width of the inlet section, b4, so
they are generally employed together and treated as the inlet area, A;. This structure is in yellow; height of the cylindrical
section, /1, in orange; total height of the cyclone, L, corresponding to the height of the orange section added to the height
of the conical section, [2 in cyan; bottom outlet diameter, D, (or particulate matter outlet), top outlet diameter, D, (or
purified air outlet), and vortex finder height, h, in green. Figure 1B presents the identification of the presented parameters.
It is also noteworthy that these parameters are the main factors in determining the collection efficiency, pressure drop and
diameter of the cylindrical section of the cyclone (Lucarelli et al., 2019).
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Figure 1A also presents the internal flow pattern of the cyclone. This pattern consists of a structure formed by two
vortices called external and internal vortex. The outer vortex (or free vortex), in blue, is characterized by rotating through
the cyclone walls towards the bottom exit, while the inner vortex (or forced vortex), in red, is rotating in the center of the
device towards the top exit, so that the vortex structure resembles the Rankine vortex (model of a vortex developed in a
viscous fluid) (Lucarelli ef al., 2019; Wasilewski and Brar, 2019).

Figure 1. A) Components of the Cyclone. B) Cyclone Geometric Parameters

2. TURBULENCE MODEL

Recent works as Chauhan et al. (2022) has used the standard k- model to analyze a cyclone. Pang et al. (2022),
in turn, mention that the common turbulence models to describe a turbulent flow are: k-¢ standard, Reynolds Stress
Model (RSM) and the large eddy simulation (LES). The author emphasizes that the performance of the «-¢ model is not
satisfactory in conditions that present high swirl, while the LES model requires a high quality mesh, thus demanding
high computational power. Finally, works performed by Hamdy et al. (2017) and Xu et al. (2016) cite the use of the
k-€ standard model and RNG k-¢ to simulate flow in cyclones as long as there is no high turbulence. Wasilewski (2017)
compiles some works that employ RNG k-¢ in simulations, but points out that despite being a reliable model, there is a
preference for the RSM model.

Given the above, the present work uses the x-¢ model based on RNG for numerical simulation. This turbulence model
is composed of two equations in the form of Eq. (1) and Eq. (2). This model is derivide of Navier-Stokes equations
through a technique called Renormalization or Renormalization Group (RNG). An analytical derivation results in a model
with different constants than the x-¢ standard model, and additional terms and functions in transport equations for s and
€. In general, the standard x-¢ , when compared to the x-¢ standard model presents greater precision for swirling flows
due to the inclusion of the aforementioned terms.
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So Gk represents the generation of kinetic turbulence energy due to average velocity gradients; (G, represents the
generation of kinetic turbulence energy due to thrust; Y, represents the contribution of fluctuating expansion to com-
pressible turbulence to the overall rate of dissipation; the quantities «,, and a correspond to the Prandtl numbers for x
and &, respectively. S is a source term obtained according to user simulation. The Table 1 presents the constants used by
turbulence model equations.

Table 1. Constants Used in the Simulation.

Constant Value
Cy 0.0845

Cie 1.4200

Coe 1.6800

Mo 4.3800

I} 0.0120
Swirl Factor | 0.0750

To predict the particle trajectory of the particulate matter discrete phase modelling was used (DPM). The Fluent
employs it using the Euler-Lagrange method, thus making it possible to ignore the interaction between the particulate
phase and the continuous phase (air) as long as the particle diameter is sufficiently small. Regarding the acting forces,
it is known that particles in the cyclone flow field are mainly affected by the drag force and gravity, while the effect of
other forces e.g. weight on the particles is small enough to be ignored without any detriment to the analysis. Generally,
the amount of particles in the cyclone is typically small, corresponding to less than 10% of the volumetric fraction. It
is possible to predict the trajectory of the particles through the solution of Newton’s Second Law. Thus, the Eq. (5) and
Eq. (6) represent the equations of motion for an individual particle (Pang et al., 2022; Duan et al., 2020).

dx

T ®
duy o 9z (pp —p)

T Fy(u—up)+ o (6)

Where u,, pp € Fy (u — uy,) represent, respectively, the velocity, density and the drag force, so it is defined as Eq. (7).

P 3uCqRe,
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With C corresponds to the drag coefficient for spherical particles and its equation has the form of Eq. (8).
as as
Cq= — 8
4 =a1+ Re,  Re,? 3

Where a, , az and a3 correspond to constants for a wide range of the Relative Reynolds Number, Re,, , given by Morsi
and Alexander (1972). The Relative Reynolds Number is expressed for Eq. (9).
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Also with regards to Fluent, it is important to note that DPM has its four settings for boundary conditions (input, output
and wall), they are: reflect, trap, escape, wall jet and user defined. This work employs the reflect condition at the inlet
and on the walls and escape at the upper and lower exits. The reflect condition, as the name implies, is the reflection of
the particle when it touches the wall with a change in its moment defined by the coefficient of restitution (a dimensionless
quantity that characterizes the different types of collision between two bodies); the escape condition, on the other hand,
consists of changing the state of the particle as “escaped” when it encounters the surface in question, so that the trajectory
calculations are terminated.

3. CONSTRUCTIVE ASPECTS AND METHODOLOGY

A wide variety of studies analyze the influence of geometric parameters on cyclone operation, such as: double cyclone
design in which two cyclones were connected through a single box to evaluate their collection efficiency at different
temperatures and flow rates (Smith et al., 1982); cyclone cone length and changes in the inner and outer diameters (wall
thickness) of the vortex locator (Saltzman and Hochstrasser, 1983; Elsayed and Lacor, 2013); cyclone length based on inlet
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area, cylinder height and changes in flow (Iozia and Leith, 1989; Brar et al., 2015); cyclone performance based on body
diameter (cylindrical section) and vortex finder diameter ratios (Kim and Lee, 1990; Elsayed and Lacor, 2013); cyclone
performance based on changes in cyclone height (Moore and McFarland, 1993; Hamdy ef al., 2017); cyclone efficiency
based on bottom outlet diameter of the cone (Xiang et al., 2001; Elsayed and Lacor, 2012); cyclone performance based
on the use of one (Elsayed and Lacor, 2011) or two inlets (Lim et al., 2003); comparison between collection efficiency
and pressure drop between cyclones with various vortex finder designs (Lim et al., 2004); and cyclone performance based
on inlet angle (Bernardo et al., 2006).

In view of the above, the present work aims to vary the following parameters present in Fig. 1B: inlet area A;, outlet
diameter D,, diameter of the cylindrical section, D., and cyclone length, L. The analysis is performed by varying only
one parameter at a time, while the others remain constant, and so on until all are checked. It is important to emphasize that
the increment in L occurs through the increment of /1, that is, [2 remains constant. The Table 2 presents the dimensions
for the reference cyclone, that is, any variation in the dimensions of the cyclone will be compared mainly with those of
this model.

Table 2. Reference Cyclone Geometric Dimensions.

Variables Values
D, 100 mm
D, 40 mm
D, 30 mm

h 50 mm
1 104 mm
2 96 mm
L 200 mm
ha 40 mm
ba 25 mm
A, 1000 mm?

As mentioned in Topic 2, the RNG k-¢ model is far from reality for high swirl numbers, for this reason, this work
adopts the Eq. (10) proposed by Gupta et al. for the Swirl number calculation. Despite presenting a simple formulation
without considering flow velocity and other variables, it serves as a guide in order to guarantee the best representation
of the flow through the results, like the example above (Table 2) that presents S = 0.942. The main objective is to keep
S below 2. In fact, the average swirl number of this work corresponds to S = 1.047 £+ 0.477 with maximum value
corresponding to the condition where A; = 500 mm?, with S = 1.884.

wD.D,
44,

5o (10)

ANSYS Fluent 2019 R3 was used for simulation and solve the cyclone flow field. The solution algorithm is the Semi-
Implicit Method for Pressure Linked Equations (SIMPLE). The turbulence model, as already mentioned, is RNG k-¢,
with all spatial discretization based on second order under the steady-state condition. The iterative process has a stopping
criterion of 1000 steps or a minimum residual of 1x10~%. In terms of boundary conditions, air and ash (particulate matter)
both enter at 10 m/s, with particles having a diameter of 1x10~2 mm and ash flow rate is 1x10~1° kg/s. The simulation
was performed on a computer with an i5 8300H processor, GTX 1050 and 8 GB DDR4 memory.

4. RESULTS

The results obtained are presented in this section as well as their discussion. The colored bands refer to the data
collection, with your position presented by Fig. 1B. The Figure 2 shows the influence of the inlet area (A;) on the flow.
It is noticed that the variation of the area, through increase/reduction of h 4, keeping the speed constant, so that each
simulation has a different flow, causes the increase of the static pressure inside the cyclone. In addition, there is a closer
approximation of surface A; to the position point 60 mm Although there is an influence due to the way the results were
taken, it appears that they present the same pattern obtained by Elsayed and Lacor (2011), that is, higher static pressure
values are related to higher axial and tangential velocity, and that the tangential velocity presents greater variation than the
axial velocity. It is noted that higher levels of pressure and axial velocity are located higher above the cyclone and, as it is
directed to the lower outlet, there is a tendency to reduce their values while the tangential velocity presents the opposite
behavior. The display of this behavior may be related to the fact that the blue and green lines are located on the conical
part of the cyclone, corresponding to the 110 mm and 135 mm positions, that is, the tangential velocity increases due to
the reduction of the area available for its development (closer to the wall).
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Figure 2. Influence of the Inlet Area

The Figure 3 shows the influence of the diameter on the flow (D). It is noticed that its increase causes a reduction of
approximately 35 Pa for the maximum static pressure, 0.5 m/s for the maximum axial speed and 2 m/s for the maximum
tangential speed. A larger diameter results in a greater distance traveled by the fluid in one turn of the cyclone, thus
implying a reduction in its speed and, also, in energy due to friction with the cyclone wall and, for this reason, it is
expected lower pressure and velocity as the diameter increases. For the pressure condition of 200 mm, the pressure profile
presents a more accentuated reduction, that is, approximately 190 Pa against 35 Pa from 100 to 150 mm. In addition,
the tangential velocity profile presents a different behavior from the others, for positions 60 and 85 mm, so that there is a
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tendency to increase its value towards the central zone (near /R = 0).

Figure 3. Influence of the Diameter of the Cylindrical Section.

Figure 4 shows the influence of the lower outlet diameter on the flow (D,). It is noticed that its increase causes a
reduction of pressure and axial and tangential velocities. This behavior was verified by Xiang et al. (2001) and later
by Hsiao et al. (2015). For these authors, there is an acceleration of the flow due to the gradual reduction of the cross-
sectional area since the reduction of the lower diameter keeping the length of the conic section, {2, constant reduces the
angle of inclination of the cone. A smaller slope results in a smaller diameter section and therefore the fluid travels a
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shorter distance per turn the smaller the outlet diameter. A shorter distance traveled is reflected in a lower loss of energy
and speed, thus resulting in higher values for pressure and speed as the lower outlet diameter is reduced. Regarding the
condition of D, =45 mm, it is noticed that there is no uniformity in the axial velocity profile, although it approaches 0.

Figure 4. Influence of Bottom Outlet Diameter.

The Figure 5 shows the influence of length (L) on flow. The reduction of axial and tangential pressure and velocities is
in accordance with Moore and Moore and McFarland (1993) and Hsiao ez al. (2015). These authors classify this behavior
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as the “pay” and the “gain” in the inertial separation process, that is, when L increases, there is an increase in the area
of the inner wall of the cylindrical section to be traversed by the fluid, resulting in additional friction and , consequently,
reduction of the intensity of the vortices resulting in reduced values for pressure and velocities (axial and tangential).
However, the axial velocity profile does not reflect the expected result, so there is no significant variation for the 60 and 85
mm positions (cylindrical section) between the 200 and 250 mm conditions, with the 300 mm condition showing higher
axial velocity, therefore, different from the expected, although there is a reduction for positions 110 mm and 135 mm,
located in the conic section. Since there is no change in diameter in the cylindrical section, the velocity profile tends to
remain constant.

Figure 5. Influence of Cyclone Length.
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5. CONCLUSIONS

The present work analyzed the influence of geometry on the recirculation zones formed in a single-stage cyclone with
an inlet through velocity and pressure profiles. Among the parameters evaluated (A;, D,, D, and L), the length L implies
a reduction in amplitude in the analyzed profiles. In this way, the distance to be covered by the fluid is presented as the
preponderant parameter in the flow behavior along the cyclone, while the others provide flows with similar characteristics.

Furthermore, the model-based simulation RNG k-¢ provided the attainment of profiles with behaviors predicted by the
literature. Therefore, such a turbulence model is satisfactory for a qualitative analysis, although there is some departure
from reality e.g. axial velocity profiles, and for detailed analysis aiming at more realistic values, it is recommended to use
more accurate models, such as those based on LES or RSM.
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