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Abstract: In cyclone separators, the asymmetrical coherent structure significantly influences the
velocity fluctuations and hence the cyclone performance. This asymmetric rotating vortex in the core
region precesses around the cyclone axis with a frequency that depends on the cyclone geometry
and operating conditions. In the present work, we studied the impact of increasing the length of
the conical segment on the performance of cyclone separators as well as the precessing frequency
of the asymmetrical structure. For this, five different cone lengths were considered such that the
total cyclone length equalled 3.0D, 3.5D, 4.0D, 4.5D, and 5.0D (here, D is the main body diameter
of the cyclone). The study was performed at three different inlet velocities, viz. 10, 15, and 20 m/s.
Throughout the work, the angle of the conical segment was held fixed and resembled the reference
model (which had a total cyclone length equal to 4.0D). The cyclone performance was evaluated
using advanced closure large-eddy simulation with the standard Smagorinsky subgrid-scale model.
Conclusive results indicate that with an increase in the cone length, the pressure losses reduce
appreciably with small variations in the collection efficiency, followed by a reduction in the precessing
frequency of the asymmetric vortex core. The results further indicate that the apex cone angle (or the
bottom opening diameter) must be carefully adjusted when increasing the cone length.

Keywords: extended cone length; cyclone separator; large-eddy simulation; pressure drop

1. Introduction

Modern cyclone design is inspired by and mostly resembles the elementary patent
for the cyclone that was initially developed by an American scientist, John M. Finch. In
the early days, cyclones were referred to as ‘Dust Collectors’. As the name suggests, their
prime function is to utilize centrifugal acceleration for the removal of dust particles from
a gas stream [1]. Hence, a highly swirling flow field assists in the separation of dust
and is several times more effective than the gravitational field. Due to their compact
size, simple structure, absence of movable parts, and comparatively lower maintenance
cost, cyclones have become useful devices. They have diverse applications that include
separating the solid particles in various industries such synthetic detergent industries, food
processing industries, pharmaceutical industries, spray dryers, chemical industries, power
plant industries, etc. Cyclone separators are also utilized to classify solid particles based on
their size.

Since the invention of the cyclone, there have been numerous studies to evaluate the
effect of the geometrical parameters on its performance. For instance, vortex finder diame-
ter was reported as one of the critical parameters: with a reduction in diameter, both the
pressure drops and the collection efficiency increase significantly, and vice-versa [2,3]. The
insertion length of the outlet tube does not have as much of a significant effect [4,5] as its
diameter does. Apart from the diameter and insertion length of the vortex finder, the eccen-
tricity provided to this outlet tube with respect to the cyclone axis has a large effect on the
pressure drop and collection efficiency [6,7]; this is due to the bending of the inner vortex.
Apart from the vortex finder, the inlet dimensions are also considered sensitive. Both the
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inlet duct height and width influence the overall cyclone performance [8]. Additionally, the
inlet duct bend angle over different planes affects the pressure drop much more than the collec-
tion efficiency; in one study, a duct without any bend was recommended [9]. Yoshida et al. [10]
incorporated a secondary inlet into the baseline model and reported it to influence the
local flow field and hence the cyclone performance. The angle of inclination of the inlet
duct that is attached to the barrel can reduce the pressure drop [11–16]; this parameter also
affects the helical pattern of the fluid particle mixture near the cyclone walls. Increasing the
length of both the conical and cylindrical segments simultaneously improves the collection
efficiency and pressure losses [17]. The increase in the barrel diameter of the cyclone was
reported to cause a larger pressure drop with a small increment in the particle collection
efficiency [18]. Surprisingly, the cone-tip diameter was reported to mildly influence the
collection efficiency but moderately affect the pressure drop [19]. The impact of different
values of cylinder-on-cone ratios while keeping the overall cyclone length constant was
reported to affect the pressure drop more than the collection efficiency [20–22].

Hence, either modification in the original geometry or adding some additional parts
has a significant impact on the performance of the cyclone. Considering the conical part
of the cyclone, some of the early studies considered it to be an insignificant entity and
believed it to only transport the separated particles [23]. Later, several studies, such as one
by Hoekstra [2], reported it as an important entity since it helps recover the swirl intensity
that decays due to frictional losses in the lower part of the cyclone. Brar and Shastri [24] also
reported the conical section as an important entity: a reduction in the tangential velocity
was noticed with the shortening of the conical segment. Pandey et al. [25] considered three
different curved profiles of the conical section instead of straighter ones viz. concave and
convex profiles, followed by three different heights of the conical section and reported
that the pressure drop was minimal compared to the traditional design. In another study,
Pandey and Brar [26] determined the impacts of the various designs of the curved conical
walls viz. convex, concave, and the hybrids of concave–convex and convex–concave. They
found that the pressure losses in the model with a convex wall profile were lesser than in
the other models and that the concave model of the cyclone had the maximum collection
efficiency and pressure losses. Brar et al. [17] reported that increasing the length of the
conical section has a significant impact on the performance of cyclones. According to these
studies, the conical section is not merely utilized for transporting the separated particles,
but it also has a significant impact on the performance of the cyclone. Interestingly, all the
studies mentioned above on the cone led to changes in the angle of the conical segment. As
elongation in the cone length without any changes in the apex cone angle constitutes a gap
in the literature, it is a matter of investigation in the present study. Given no change in the
apex cone angle, with an increase in the cone length, the cone tip diameter will decrease.
Therefore, the outcome would be the result of an interaction between the cone length and
cone tip diameter.

Several studies have been conducted using large-eddy simulation (LES) [4,7,10,22] due
to its potential to capture minute flow details and provide additional flow details compared
to the Reynolds-averaged Navier–Stokes (RANS) approach. The standard Smagorinsky
subgrid scale (SGS) model was reported in LES to model the effect of unresolved scales and
is encouraged due to its simple implementation and advantage in being computationally
less expensive than the dynamic Smagorinsky and the WALE SGS models. Based on these
recommendations, the present study made use of high-fidelity LES simulations with the
standard Smagorinsky SGS model.

To summarize, this study considered five different models with increasing conical
section length. The length was increased while keeping the inclination of the conical section
constant. The performance of the cyclone was predicted using numerical simulations.
Therefore, the current work focused on determining the pressure drop values and collec-
tion efficiencies in cyclones with increasing length, followed by decreasing the cone-tip
diameter. The effectiveness of the cyclone was determined using the advanced closure
large-eddy simulation (LES). This was followed by validating the numerical setting with
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the experimental data available in the open literature. The precessing frequency of the
inner vortex core was also determined. Finally, the calculated results were compared with
the standard model for determining relative improvement.

2. Numerical Setup

In cyclones, the two popular computational approaches for solving the anisotropic
turbulent flows are large-eddy simulation (LES) and the Reynolds stress model (RSM).
Many researchers have made use of the latter [3,5,6,8,9,18,24,25]; however, additional flow
details such as fluctuating flow field are lost while averaging the Navier–Stokes (N-S)
equation. As the best alternative to this limitation, an advanced closure LES was adopted
to calculate the flow field. This advanced closure model uses filtering approaches to
distinguish the large and small scale via grids. The large-scale eddies are directly resolved
while retaining the fluctuating components of the flow variables. The resolved flow field
signifies the actual condition of the flow and accurately accounts for the dispersion of the
suspended solid particles in the cyclone separator. LES also determines accurately the
frequency with which the inner vortex precesses around the cyclone axis. Hence, LES was
used in the present work with the standard Smagorinsky subgrid model for the subgrid
stresses using a Smagorinsky constant of Cs = 0.1.

2.1. The Governing Equation

Assuming an iso-thermal and incompressible flow condition, the Navier–Stokes (N-S)
equation can be represented as

∂ui
∂xi

= 0 (1)

ρ
∂ui
∂t

+ ρuj
∂ui
∂xj

= − ∂p
∂xi

+
∂

∂xj

(
2µSij

)
(2)

where t represents the time, ui are the components of velocity in the i- coordinate direc-
tion, ρ is the density and µ is the dynamic viscosity of the gas, xi is the position in the
i-direction (I = 1, 2, 3), p is the fluid pressure, and Sij is the extra-stress tensor, which is
represented as [27]

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(3)

As mentioned, LES uses a filtering approach to distinguish the large eddies from
smaller ones, for which the filter function is expressed as

φ(x) =
∫
D

φ(x′) G
(
x, x′

)
dx′ (4)

The integration over the domain of the fluid (D) through the computational grid is
represented as

φ(x) =
1
V

∫
υ

φ(x′) dx′, x′ ∈ υ (5)

where V represents the volume of the computational cell. As a result, the filter function is
expressed as

G
(
x, x′

)
=

{ 1
V , x′ ∈ υ

0, x′ otherwise
(6)

Applying the filtering method to the Navier–Stokes equations, we obtain

∂ui
∂xi

= 0 (7)

∂ui
∂t

+ uj
∂ui
∂xj

= − 1
ρ

∂P
∂xi

+
∂2ui

∂xi∂xj
−

∂Tij

∂xj
(8)
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For representing the filtering quantity, an over-bar is used. Here, Tij = ui uj − uiuj,
which is called subgrid-scale Reynolds stress and is computed by employing the Boussinesq
hypothesis as:

Tij −
1
3

τkkδij = −2µsgs Sij (9)

where µsgs denotes the viscosity of the turbulent sub-grid scale. The strain rate of the
resolved field is represented as:

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(10)

2.2. Modeling the Discrete Phase

The trajectory of the particles inside the cyclone is generally determined by solving the
equation of motion. The force balance is integrated into the Lagrangian frame of reference.

The balanced force equation for the single dispersed particle is determined by

dupi

dt
= FD

(
ui − upi

)
+

(
ρp − ρ

)
ρp

gi + Fi (11)

Here, ρp represents the particle density, FD
(
ui − upi

)
denotes the drag force per unit

mass of the particle, i signifies flow direction, upi represents the velocity of the particle,
gi denotes acceleration due to gravity, and Fi are additional forces, such as Saffman lift
force, Brownian force, etc. The drag force for spherical particles is equal to [28]

FD =
18µCd

ρpd2
p
·
Rep

24
(12)

Here dp denotes particle diameter, µ represents fluid molecular viscosity, and
Re indicates the Reynolds number, represented by

Rep =
ρdp

(
upi − ui

)
µ

(13)

The drag coefficient of smooth particles as described by Morsi and Alexander [29] is
represented as

CD = a1 +
a2

Rep
+

a3

Re2
p

(14)

where the terms a1, a2, and a3 are constants.
Integrating Equation (11) along time steps for discrete phase determines the velocity

of the particle, and the location in turbulent flow is calculated as

dxi
dt

= upi (15)

Thus, Equation (11) can be represented in a more general way as

dupi

dt
=

1
τp

(
ui − upi

)
+ ai (16)

The term ai refers to the total acceleration of all force components, whereas τp denotes
the relaxation time of particles (represented by 1/FD).

Fluent provides several tracking (or discretization) methods for solving the trajec-
tory of particles, which includes the lower order as analytic implicit schemes, while the
higher order are trapezoidal Runge–Kutta schemes, and the remaining are considered
as compositions of higher- and lower-order schemes. Correspondingly, much of the lit-
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erature encourages higher-order systems, particularly the trapezoidal scheme, which is
described below.

Considering acceleration term ai as the constant, the particle progress in the trapezoidal
scheme is calculated as

un+1
pi − un

pi

∆t
=

1
τp

(
u∗i − u∗pi

)
+ an

i (17)

where u∗pi and u∗i denotes the average values of variables upi and ui, which are represented as

u∗pi =
un

pi + un+1
pi

2
(18)

u∗i =
un

i + un+1
i

2
(19)

un+1
i = un

i + ∆t un
pi∇ un

i (20)

The particle velocity at the n + 1 position is calculated by

un+1
pi =

un
pi

(
1− ∆t

2τp

)
+ (un

i +
1
2 ∆tun

pi∇ un
i )

∆t
τp
− ∆ta

1 + ∆t
2τp

(21)

corresponding to the particle’s new location, which is given as

xn+1
pi = xn

pi +
1
2

∆t
(

un
pi + un+1

pi

)
(22)

3. Description of the Model, Validation, and Methodology
3.1. The Details of Cyclone Geometry

A Stairmand high-efficiency cyclone [30] was considered for analysis. It consists of
a cylinder-on-cone configuration with a tangential inlet. The schematic is presented in
Figure 1, and the concerning dimensions are given in Table 1. The main body diameter (D)
was taken as 0.29 m for all the models. As mentioned earlier, we considered elongation of
the conical segment such that the apex cone angle remained the same in all cases. Thus,
increasing the cone length (Hc) also influenced the bottom opening (Bc). For instance, increas-
ing the cone length value (Hc/D) from 1.5 to 3.5 reduced the bottom opening value (Bc/D)
from 0.3125 to 0.0625. The details have been provided in Table 1. Hence, the cyclone
performance was an interaction of the two geometrical entities viz. the cone length and
cone tip diameter. A complete detail of all the cyclone models is represented as a 2-D sketch
in Figure 2a and the respective 3-D geometry is shown in Figure 2b.
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Table 1. Dimensions of the cyclone model.

Cyclone Geometry Cyclone Model Symbols
(Normalized with D) Dimensions [-]

Vortex finder diameter De/D 0.5
Inlet duct height a/D 0.5
Inlet duct width b/D 0.2

Vortex finder insertion length Lv/D 0.5
Height of cylindrical section H/D 1.5

Height of conical segment

A

Hc/D

1.5
B 2.0
C 2.5
D 3.0
E 3.5

Cone-tip diameter

A

Bc/D

0.3125
B 0.2500
C 0.1875
D 0.1250
E 0.0625Symmetry 2023, 15, x FOR PEER REVIEW 7 of 24 
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2-D profiles about the axis (of revolution). Thereafter, a tangential inlet has been attached to each 
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sity and also aids the local grid refinement. The mesh was refined in the core region and 
near the walls to accurately capture the flow physics. Furthermore, the alignment of the 
cells along the curved flow streamlines was ensured to reduce the numerical diffusion. 
Figure 3 represents the details of the mesh in model E over different planes as well as 
surfaces. To accurately capture the flow phenomenon and the particle trajectories—espe-
cially in the lower part of the cyclone—the conical segment was highly refined. Table 2 
illustrates the details of the mesh count for all the cyclone models. 

Figure 2. (a) The first row represents the 2-D profile of different models (on the Y-plane), and
(b) the second row represents the 3-D geometry of all models generated by revolving their respec-
tive 2-D profiles about the axis (of revolution). Thereafter, a tangential inlet has been attached to
each cyclone.

3.2. Mesh Generation

Meshing is considered a key component in the pre-processing of CFD. Here, the
domain of the fluid was meshed with hexahedral elements using ICEM CFD. The multi-
blocking strategy was considered here, since it gives complete control over the mesh density
and also aids the local grid refinement. The mesh was refined in the core region and near
the walls to accurately capture the flow physics. Furthermore, the alignment of the cells
along the curved flow streamlines was ensured to reduce the numerical diffusion. Figure 3
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represents the details of the mesh in model E over different planes as well as surfaces. To
accurately capture the flow phenomenon and the particle trajectories—especially in the
lower part of the cyclone—the conical segment was highly refined. Table 2 illustrates the
details of the mesh count for all the cyclone models.
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Figure 3. Details of the mesh for model E, consisting of nearly 1.88 million hexahedra; (a) mesh
representation on the cyclone surface, (b) mesh refinement in the lower part of the cyclone, (c) a cut
plane at Z = 0.1 m, representing the mesh, and (d) a cut plane at Z = 0.4 m, representing the mesh.

Table 2. Mesh count (in millions) for cyclones with different model.

Model A B C D E

Mesh count 0.685 M 0.880 M 1.5 M 1.6 M 1.8 M

3.3. CFD Methodology

Air was taken as the continuous phase in the simulation, and the particles were
considered as a discrete phase. One-way coupling was considered for low-dust conditions
(less than 10% by volume). The evaluation of the continuous phase relied on analyzing the
governing equation over the control volumes fixed in space, while discrete phase tracking
required the Lagrangian approach. Consequently, the Eulerian–Lagrangian approach was
utilized to completely model the cyclonic flows.

The RNG k-ε model was used to set up the initial (steady state) flow field. For the
near-wall condition, a standard wall function was considered. A solver tolerance equal to
10−5 was used for the conservation equations. The developed field served as the starting
point for the LES simulations, saving a considerable amount of effort and time. The LES
simulations were carried out until the monitored flow variables reached a (quasi) steady
state. The collection efficiency was then determined by the number of particles being
retained in cyclones.
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3.4. Numerical Settings and Boundary Conditions
3.4.1. Continuous Phase

The air of density equal to 1.1 kg/m3 and viscosity of 1.834 · 10−5 kg/m·s was con-
sidered as a working medium for the continuous phase. A uniform profile of a veloc-
ity inlet boundary condition was provided at the inlet. The inlet velocity was taken as
Uin = 10 m/s, 15 m/s, and 20 m/s, resulting in Reynolds numbers Re = 1.23 · 105, 1.84 · 105,
and 2.45·105. The pressure outlet boundary condition was considered at the outlet of
the cyclone. A no-slip boundary state was allotted for the respective boundaries, and
the Smagorinsky constant Cs = 0.1 was utilized for modeling the sub-grid scales. As dis-
cussed in the earlier section, a 0.1 ms time step size was applied for the simulation of all
numerical models.

In the present work, the least-squares cell-based method was utilized to calculate the
cell gradients. To interpolate the pressure values at the cell faces, we used the PRESTO!
(PREssure Staggering Option) scheme, as it is suitable for highly anisotropic swirling flows.
To discretize the diffusion terms in momentum transport equations, we used the second-
order bounded central differencing scheme. The fractional step scheme with the NITA
(non-iterative time advancement) algorithm was coupled with pressure and velocity for
the LES turbulence model. Although NITA requires a large amount of memory, significant
time can be saved compared to iterative time advancement. For the time enhancement,
a bounded second-order implicit scheme, and for the momentum, a bounded central
differencing scheme were used. The stated numerical settings have already been utilized
by several authors [3,4,7,10,14,17,18,23].

3.4.2. Discrete Phase

A total of 30,160 solid particles, having a density of 2800 kg/m3, were injected into
the cyclone model in the face-normal direction. Ten different particle diameters ranging
from 0.5 µm to 10 µm were considered. A time-step size equivalent to that of a continuous
phase, i.e., 0.1 ms, was used. All the simulations were performed at three inlet velocities viz.
10 m/s, 15 m/s, and 20 m/s. The particles reaching the bottom plate of the cyclone were
considered trapped. Hence, a trap boundary condition was applied at the bottom plate. The
outlet plane was assigned as the escape boundary condition. For the remaining boundary
walls, a rebound boundary condition was applied, and the coefficient of restitution was
taken as unity for both wall-normal and tangential directions. Therefore, the solid particles
reaching these surfaces rebounded without any losses. Several studies have already utilized
these boundary conditions [7,9,10,17,18,24].

3.4.3. Near-Wall Treatment

Special consideration is required for simulating the wall-bounded flows due to the
existence of the large velocity gradients in the direction parallel to the wall as well as in
the wall-normal direction. Since the standard Smagorinsky subgrid model was chosen, a
wall-damping function was required near the wall to reduce the eddy viscosity to zero.
Hence, we used µsgs = ρl2

sgs|S|, where ρ is the fluid density, lsgs denotes the subgrid scale

mixing length, and |S| =
√

2SijSij is the resolved deformation rate [30]. A similar approach
was used in several prior studies [7,31,32].

3.5. Validation and Methodology

Before performing a CFD analysis, the approach must be validated with available
experimental data for both continuous and discrete phases. The grid was tested at
two levels viz. 0.5 million cells (coarse grid) and 1.0 million cells (fine grid). The numerically
calculated average root mean square error (rmse) values of axial and tangential velocity at
different locations viz. Z/D = 0.75, 2.0, and 2.5 were compared with the experimental data
of Hoekstra [2], in which the Stairmand cyclone with a body diameter of 0.29 m was used.
Two levels of mesh have been used, the details of which are provided in Table 3.
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Table 3. Mesh count for cyclones used in validation.

LES (Coarse) LES (Fine)

Mesh count 0.5 million 1.0 million

Using LES, the numerically generated mean and fluctuating values of the tangential
and axial components are compared with that of the reference model [2] at Reynolds
number (Re) = 2.8·105. Two levels of the grid have been evaluated. The average values of
the axial and tangential velocity components are shown in the first and second rows of
Figure 4. Differences in results between grid levels are minimal, indicating that the solution
is grid independent. Moreover, the coarse and fine mesh results agree very well with the
experimental data. However, the coarse mesh results at Z/D = 1.0 showed the smallest
deviation in the mean axial velocity, whereas at Z/D = 2.0 and Z/D = 2.5, the local dip near
the axis overshot moderately. The third and fourth lines of Figure 4 represent the rmse
values of the axial and tangential velocities, respectively. A good agreement between the
rmse values and experimental data was observed, particularly in the outer vortex region.
However, in the core region, a mild increase in the rmse axial velocity was observed. It
becomes apparent from the last row of Figure 4 that the nature of rmse tangential velocity
was different from the reference data near the central axis of the cyclone, whereas the former
exhibits a local shoot-up rather than a dip. The mesh refinement could be responsible for the
small errors (e.g., in the mean velocity profiles) getting amplified in the precession-induced
fluctuation levels. Such discrepancies in the mean and rmse velocity profiles have also
been reported in several previous studies [33–35]. Hence, despite the known issues with
resolving the flow anisotropy using advanced closure LES, the simulation procedure may
be applied to all future simulations.
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Figure 4. Comparison of simulation results against experimental data [2] at Re = 2.8·105 at
two grid levels. (a) From left to right: velocity profiles at axial locations Z/D = 0.75, 2.0, and 2.5
(R = D/2 is the cyclone radius), and (b) from top to bottom: mean axial velocity, mean tangential
velocity, rmse axial velocity, and rmse tangential velocity, respectively.
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4. Results and Discussion

In this section, we present the details of the flow field viz. mean and fluctuating
velocity as well as pressure over the cut planes followed by the radial profiles at different
axial locations. This is accompanied by a detailed discussion on the dynamic nature of the
vortex core that precesses about the geometrical axis and produces coherent fluctuations.
Finally, we discuss the impact of increasing the cone length and inlet velocity on the
pressure drop and collection efficiency of cyclones.

4.1. The Quality of LES

The motivation to use LES was to directly resolve a large part of the flow (preferably,
more than 80%) [36] to keep the contributions from the SGS modeling to a minimum. Prior
to the discussion of the scalar and vector fields, we accessed the quality of LES. We perform
a check for the unresolved part, calculated as a fraction (S) of the SGS turbulent kinetic
energy (TKE) to the total TKE (defined as the sum of TKE contributions from both resolved
as well as unresolved parts), i.e.,

S =
kSGS

kSGS + kres
(23)

Here, the SGS TKE is calculated as

ksgs =

(
νsgs

ρ·lsgs

)2
(24)

and the resolved scale SGS is taken as

kres =
1
2
[u′2 + v′2 + w′2] (25)

where u′, v′, and w′ are the root mean square error terms of velocity components in the
x-, y-, and z-directions, respectively.

When using the standard Smagorinsky SGS model, the subgrid length scale is calcu-
lated as

lsgs = min (k·d, Cs·∆) (26)

where kappa is the von Karman constant given as k = 0.41, d is the closest wall distance,
Cs is the Smagorinsky constant (taken as 0.1), and ∆ is the filter size, which is equal to the
cubic root of the cell volume (i.e., V1/3; V is the local cell volume).

Here, to calculate the contributions of TKE from the SGS model, we calculate the
length scale from Equation (26) as lsgs = Cs·∆.

Clearly, this expression is valid for the entire domain other than the walls. However,
regarding the details near the walls, a brief discussion on y+ values is warranted. Figure 5
represents the TKE from the SGS model implemented in LES; both the instantaneous
(to the left) and mean (to the right) values of S are represented. The latter is calculated as

< S > =
< kSGS >

< kSGS > +< kres >
(27)

The symbol (<·>) denotes the mean values.
It becomes apparent that a major part in the flow regime is well-resolved, whereas the

contribution from the SGS models is very small and limited only to the annular region close
to the inlet duct. The same is demonstrated by both the instantaneous as well as means
values of S in Figure 5. Since the grid in all the parts of the cyclone, other than in the conical
section along the z-direction, is identical, the same holds for all the models. Hence, the
results for cyclone model E alone are presented here.

The first cell height that is adjacent to the solid boundaries plays an important role in
the accuracy of the results. The centroid of the first cell near the solid wall falls within the
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log-law regime, and the solver applies the law-of-the-wall approach. Here, as mentioned
earlier, we present the y+ values (cf. Figure 6) only for cyclone variant E. It becomes
apparent that the global y+ value does not exceed 40, which indicates a fair figure with the
wall-modeling approach.
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4.2. The Mean Flow Field

The contour plots of the time-averaged static pressure, tangential velocity, and axial
velocity in all the cyclone models are shown in Figure 7, and their respective radial profiles
at three cut sections along the cyclone axis (Z/D = 1.0, 2.0, and 3.0) are presented in Figure 8.
The pressure distribution is almost identical in all the models. In the core region, we noticed
a negative pressure region, which meant that the pressure dropped below the atmospheric
pressure. The static pressure was at maximum in the outer region near the solid walls, and
this value reduced significantly as we moved toward the center. The wall static pressure
was at maximum in model A, at minimum in model E, and intermediate in models B–D.
The cyclone models having larger wall static pressure values in general indicate higher
pressure losses.

From the second row in Figure 7, it is apparent that the axial velocity had two flow
streams. The outer vortex was directed towards the cyclone bottom, and the inner vortex
was oppositely directed towards the outlet, i.e., the vortex finder exit. The same is also
reflected in the second row of Figure 8, which illustrates the radial profiles at different
locations. The downward directed flow had the largest magnitude near the outer walls, and
it reduced when moving radially inward, until its value became zero at the radial location.
Thereafter, the axial velocity took the positive values in the remaining region, indicating
upward direction flow. The variations in the outer vortex were very mild in all models at
all axial locations. However, in the core region, the variations were quite large, particularly
in the conical segment: a large variation can be seen at Z/D = 3.0. Cyclone model C had
the maximum value in the upward direction, and model A had the lowest one.
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As can be seen in the third row of Figures 7 and 8, the maximum tangential velocity
was approximately twice as large as the inlet velocity and was constant along the cyclone
axis. In the core region, the tangential velocity varied linearly, i.e., it was zero in the
rotational axis of the inner vortex and increased linearly in the core region until it reached
the maximum value. Thereafter, the tangential velocity magnitude decreased rapidly in
a non-linear manner and reduced significantly near the outer walls. The slope of the
tangential velocity was almost the same for all the models, but the peak values had mild
variations. The region confined to the inner vortex was hardly affected. The peak value of
the tangential velocity was larger in model A and at minimum in model E. Furthermore,
the magnitude of the tangential velocity decreased from model A–E. Interestingly, with
an increase in the length of the cone, the frictional losses, although smaller, as apparent
from the marginal reduction in the peak value of tangential velocity, were still relevant.
However, in a study by Brar et al. [17] (cf. Figure 9, p. 674), wherein the cone angle
increased with an increase in the cone length, the decay in the tangential velocity was larger
than in the present study. This means that the cone angle plays a vital role in cyclones with
longer heights.
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4.3. The Fluctuating Flow Field

Cyclonic flows encounter coherent fluctuations in the core region, accompanied by
weak turbulent fluctuations in the outer vortex regime [37]. These fluctuations are mainly
responsible for particle dispersion near the wall. In the present work, the fluctuations are
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represented by root mean square error (rmse) values. The contour plots and the radial
profiles are shown in Figures 9 and 10, respectively. The first, second, and third rows
represent, respectively, the static pressure fluctuations, the axial velocity fluctuations, and
tangential velocity fluctuations. It is apparent that the pressure as well as the axial and
tangential velocity components exhibit a significantly higher level of fluctuations in the
core region than in the outer vortex region. These fluctuations, in the vortex core region of
the cyclone, take place due to the precessing of the rope-like coherent structure about the
geometrical axis. In the outer vortex, the (weak) turbulent fluctuations that have the least
contributions from the (strong) coherent fluctuations persist. Two important observations
here are that (a) the pressure and velocity fluctuations reduce with an increase in the cone
length, and (b) the tangential velocity fluctuations are much stronger than the axial velocity
fluctuations. Figure 10 shows the radial plots of rmse values of scalar and vector fields,
wherein the fluctuation levels are much higher close to the bottom of the cyclone and near
the exit plane. The latter arises due to the movement of the vortex core end near the edge
of the outlet plane. Interestingly, the level of fluctuations at the cyclone bottom surface
is much larger in model A and lowest in model E. This is due to the fact that the larger
bottom plane diameter (such as in model A) serves more space for the lateral movement of
the precessing vortex core end on that plane, and this freedom to precess over a narrow
plane is highly restricted (such as in model E). A similar observation holds in the radial
plots of rmse values in Figure 10. The tangential velocity fluctuations are larger in model
C, followed by model D. For other models, these values decrease with an increase in the
cone length. At a given station, the complex variations in different models are due to the
combined effect of the contracting conical region at the lower end and the elongation of
the cone. In other words, the inner vortex experiences an elongation in length, followed by
lateral contraction with an increase in cone length.
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Symmetry 2023, 15, 682 15 of 20

4.4. The Representation of the Vortex Core

When the axis of the swirling coherent structure gets displaced from the geometric
centerline and starts precessing about it, the phenomenon is termed a precession vortex
core (PVC). The frequency of the PVC is considered an important factor and is generally
governed by the cyclone geometry and the operating conditions [38]. Figure 11 represents
the vortex core representation based on the λ2 criterion. The vortex core resembles a twisted
rope-like structure extending throughout the cyclone length. The λ2 criterion represents
the coherent structures based upon the iso-surface values: at different values, eddies with
different length scales appear. However, we selected a value of 0.35, which was found to be
a good balance for the visualization of the vortex core. Interestingly, in the core region, the
diameter of the coherent structure seemingly reduces from models A–E.
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Figure 11. The vortex core representation based on λ2 criteria was set at a level of 0.35 in all the
cyclone models. The vortex core was colored with the velocity magnitude. The data are extracted at
an inlet velocity, Uin = 15 m/s.

It has been reported that correlations exist between the PVC and the tangential velocity
as well as pressure values [35]. In Figure 8, it becomes apparent that the magnitude of mean
tangential velocity as well as mean wall static pressure decreases mildly from model A to E.
The same trend of (a mild) reduction in the frequency values is reflected in the frequency
plot; interestingly, this is in close agreement with another study [35].

The PVC is a mechanism that shows certain irregularities viz. phase jump and non-
uniform amplitudes [37]. To identify the periodicity, Fast Fourier Transformation (FFT)
was applied over the time-dependent variables. Here, the tangential velocity signal was
recorded at a point (X/D = Y/D = Z/D = 0). Figure 12a–e shows the power spectral density
(PSD) plots, normalized with the square of the inlet velocity, for all the cyclone models A–E,
respectively. The frequency is represented in dimensionless form as a Strouhal number,
given as St = fD/Uin, with f, the frequency (in Hz); D, the cyclone main body diameter
(in m); and Uin, the inlet velocity (in m/s). Multiple peaks with a very low power were
observed in the frequency range of 0 to 50 Hz in nearly all the models. However, in the
frequency band ranging from 50 to 100 Hz, a prominent spectral peak was observed that
corresponds to the principal frequency of the flow system. The power related to the lower
harmonic is considerably less than the higher harmonic in cyclone model E. For cyclones A–E,
the corresponding frequencies of the lower harmonic were calculated as St1 = 0.61, 0.61,
0.69, 0.61, 0.61, and 0.60, whereas the frequency of the higher harmonic in cyclones from
models A–E was calculated as St2 = 1.56, 1.54, 1.50, 1.35, and 1.30, respectively. Interestingly,
the principal frequency reduced with an increase in the cone length for all inlet velocities,
as represented in Figure 13.
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Figure 12. PSD plots derived by FFT of the recorded tangential velocity time-series data at
X/D = Y/D = Z/D = 0 for all models. The data were extracted at an inlet velocity, Uin = 15 m/s for
(a) model A, (b) model B, (c) model C, (d) model D, and (e) model E.
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Figure 13. Variations in the frequency values: (a) at Uin= 10, 15, and 20 m/s, and (b) in different
cyclone models A, B, C, D, and E. A linear fit was applied, and R2 values are shown in the graphs.

4.5. Performance of the Cyclone

The performance of the cyclone is determined by the pressure drop values (∆P),
collection efficiencies (η), and cut-off diameters (d50). The pressure drop is defined as the
difference in total pressure values across the inlet and outlet, while the cut-off diameter is
the particle size that corresponds to 50% collection efficiency on the grade efficiency curve
(GEC) curve. The separation efficiency is the ratio of the number of particles retained by
the cyclone separator to the number of particles injected at the inlet of the cyclone separator.
In cyclone separators, the pressure losses are known to take place mainly inside the vortex
finder tube due to a high swirl intensity of the fluid leaving the cyclone, followed by the
losses at the walls as well as due to fluid friction. Furthermore, due to a nonlinear increase
in the tangential velocity peak values and a significant increase in the velocity fluctuations,
the pressure losses increase significantly with an increase in Re [14].

The pressure drop values in all cyclone models, for all inlet velocities, are represented
in Figure 14. It was found that as the inlet velocity is increased, the pressure drop increases
significantly in each model. At a given inlet velocity, the maximum pressure drop was
found in model A and its magnitude decreases as the cone height is increased. This is due
to the fact that the magnitude of tangential velocity reduces with increasing cone length. It
is important to note that this velocity component governs the strength of the swirling fluid
and dictates the pressure losses and also the collection efficiency in cyclone separators.
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Figure 14. The pressure drop values in all the cyclone variants at the inlet velocity (a) Uin = 10 m/s,
(b) 15 m/s, and (c) 20 m/s.

Figure 15 shows GECs for all the models operating at different inlet velocities. Sur-
prisingly, a gradual shift in the GECs is not observed with increasing cone length despite
a reduction in the peak values of tangential velocity. Figure 16a summarizes the cut-off
values at different inlet velocities. It becomes apparent that only at 15 m/s, the d50 values
reduce consistently with length, whereas at the lower and upper values of inlet velocities,
the results are dramatic. It is observed that at 10 and 20 m/s, the lowest d50 value exists
for cyclone model B, and for all Uin, d50 is the largest for model A. Figure 16b illustrates
the total collection efficiency for all models at different Uin. At the lower and upper limits
of velocity, cyclone model B has the highest value of η, whereas cyclone model A has the
lowest value of η. However, Brar et al. [17] reported a consistent reduction in d50, and an
increase in η with an increase in the cone length (cf. Figure 13, p. 675; and Figure 15, p. 676).
The difference in the results is due to the fact that in the present study, given that the apex
cone angle is held fixed, the cone tip (a lower bottom opening) undergoes a significant
reduction in the diameter with an increase in the length of the conical segment, whereas in
another study [17], the cone-tip diameter remained the same for each increment in the cone
length. There is a contradictory nature in the mean tangential velocity and the velocity
fluctuation fields: the former acts as a source of centrifuging the solid particles towards
the outer walls, while the latter has a strong tendency to disperse these particles (which
causes a reduction in the collection efficiency) [39]. Hence, the variations in the collection
efficiency and cut-off particle size are due to the combined effect of the mean as well as the
fluctuating flow field, particularly in the lower part of the cyclone, where a large variation
in the latter exists (cf. Figure 9).
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inlet velocities.

Therefore, it becomes apparent that the cone-tip diameter and the apex angle of the
cone become important parameters that significantly influence the collection efficiency
in cyclones with longer cone lengths. Therefore, the present work provides important
guidelines for considering the cone-tip diameter when increasing the cone length.

The trajectories of the particles of different sizes are shown in Figure 17. Seemingly,
the larger particles have a greater tendency to move out towards the outer walls and stay
close to the walls throughout their movement. The lighter particles, on the other hand,
experience larger drag force due to smaller size, and the velocity fluctuations further disturb
the trajectories of these particles. Hence, smaller particles are easily carried away by the
fluid leaving the cyclone separator through the outlet tube.
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5. Conclusions

A numerical study was undertaken on a Stairmand high-efficiency cyclone with
increasing conical lengths to evaluate their impact on the pressure drop and collection
efficiency. For this, the advanced closure model LES was used with the standard Smagorin-
sky SGS model to predict the mean as well as the fluctuating component of the velocity.
This was followed by a calculation of the cyclone performance. The frequency with which
the vortex core precesses was also determined. We found that the numerical simulations
were in good agreement with the experimental data. For analysis, five cyclone models
were proposed with increasing heights of the conical section and decreasing diameter of
the cone tip, referred to as cyclone models A, B, C, D, and E, respectively. The perfor-
mance parameters of these cyclone models were determined. Conclusive results indicate
the following:

• The pressure drop decreases by increasing the conical height of the cyclone separator
and decreasing the cone-tip diameter.

• The magnitude of the tangential velocity decreases as the length of the cyclone separa-
tor increases along with the diameter of the cone tip.

• The velocity fluctuations were suppressed in models A–E.
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• The frequency with which the vortex core precesses about the geometrical axis was
lowest in model A and it decreased gradually from cyclone models A–E.

Quantitatively, with increase in the cone length from A to E at Re = 1.84 · 105, the
following was observed:

• The pressure drop reduced from 1017 Pa to 877 Pa.
• The collection efficiency increased from 59.63% to 63.90%.
• The cut-off size reduced from 2 µm to 1.54 µm.

This study provides guidelines for considering the cone-tip size (and thus the apex
angle of the cone) when increasing the cone length in cyclones.

It is worthwhile to mention here that we assumed a one-way coupling approach, and
the particles were assumed to be spherical in shape. In future work, non-spherical particles
may be tested using a two-way coupling approach, which would permit influence due to
the interaction between both phases.
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