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a b s t r a c t

This study aims to analyze the influence of vortex motion in a reverse Stairmand cyclone separator by
using LES model. The mathematical analysis indicated that the energy dissipation and the flow char-
acteristics of incompressible fluid are directly related to on the vortex motion. The results of the Q
criterion-based iso-vortex surface could well reflect the tendency of the vortex structure, in which the
iso-vortex surface exhibited a distorted distribution rather than around the center axis. At the turning
point of velocity vector, vortices were formed and developed, and the point was the center of the local
vortex core. In addition, the vortex formed an irregular annular region around the wall at the bottom of
vortex finder. The vortex structure near the dust hopper presented a strong distortion. Moreover, there
were two rotating flow in the opposite direction within the dust hopper. These phenomena would affect
the separation performance, which was significance to cyclone separator.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As a basic centrifugal separation equipment, cyclone separator is
widely used for various separation fields (Gao et al., 2019). Fig. 1
shows the schematic diagram of a reverse Stairmand cyclone
separator. The internal flow field (Beaumont et al., 2017; Yue et al.,
2019) of cyclone separator have an essential impact on the sepa-
ration process (Zhou et al., 2020; De Souza et al., 2015; Demir et al.,
2016; Jia et al., 2019). Previous research of flow field mainly focused
on improving the separation performance of cyclone separator. For
the internal flow field of cyclone separator, the motion of fluid
element is the foundation of analyzing the separation process
(Derksen and Van Den Akker, 2000) and establishing the theoret-
ical model of multiphase separation (Song et al., 2017; Su et al.,
2011), especially the motion of vortex.

In practical application, the internal flow of the cyclone sepa-
rator is unstable due to the Rankine vortex structure of rotating
. Gao).
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flow (Cortes and Gil, 2007). The unbalance would cause energy
dissipation and various industrial problems (Gao et al., 2010). The
measurement of the transient flow field and the theoretical analysis
of fluid element are common used methods to analyze the flow
field. Over the past years, many researchers have improved the
vortex performance of cyclone separator in their studies. Hoekstra
et al. (1999) revealed that the so-called processing vortex core
(PVC) existed in a cyclone separator. The PVC mainly existed in the
area near the dust hopper, and its frequency was close to a constant
and proportional to the inlet gas velocity. Near the dust hopper, the
vortex core formed a high-intensity eccentric swing. The study of
Derksen et al. (Derksen and Van Den Akker, 2000; Derksen, 2005)
indicated that the flow field was in a quasi-periodic state and
exhibited a peak in the spectrum. Solero and Coghe (2002) used a
LDV to measure the flow inside cyclone. The results demonstrated
that there was a frequency of rotation from spectral analysis of the
fluctuations. The research of Obermair et al. (2003) used the LES
model and discovered that the vortex core deviation had a
maximum value. The study of Peng et al. (2005) showed that the
frequency varied with the gas flow rate in cyclone separator. The
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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List of symbols

a inlet height, mm
b inlet weight, mm
C model constant
De vortex finder diameter, mm
D cylinder diameter, mm
DH hydraulic diameter, mm
e eccentric distance, mm
fg gas flow rate, kg$s�1

g gravitational acceleration, m$s�2

L length of inlet, mm
Le length of vortex finder, mm
N number of samples
I turbulence intensity
p pressure, Pa
Q gas flow rate, m3$s�1

r radial coordinate, mm
R radius of the cylinder, mm

S symmetric strain rate tensor, s�1

t time, s
u, v velocity, m$s�1

V cyclone volume, m3

u mean velocity, m$s�1

u0 fluctuating velocity, m$s�1

x, y, z coordinate, m

Greek symbols
dij Kronecker symbol
e turbulent dissipation rate, m2$s�3

m dynamic viscosity, kg$m�1s�1

mt eddy viscosity, kg$m�1s�1

r density, kg$m�3

Subscripts
i, j, k directions in the Cartesian coordinate system
t tangential
max maximum value

Fig. 1. Schematic diagram of the cyclone separator.
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experiment of Gu et al. (2016) monitored the pressure fluctuations,
revealing that there were two dominant frequencies, and the sec-
ond dominant frequencywas not an integermultiple of the primary
dominant frequency. The PDPA results of Gao et al. (2019a,b) sug-
gested that the vortex motion in cyclone separator was unstable.

With the development of computer technology, the computa-
tional fluid dynamics (CFD) is widely used in flow-field analysis.
The Reynolds stress model (RSM) and the large eddy simulation
(LES) have been verified with accurate simulation of cyclones (Brar
et al., 2015; Lim et al., 2020; Wei et al., 2020; Le and Yoon, 2020; Jia
et al., 2019; Misiulia et al., 2020; Shastri and Brar, 2020). The former
provides time-averaged results, while the latter provides space-
averaged results. The study of Gronald and Derksen (2011) used
the LES model to simulate the flow in a cyclone separator, and their
results demonstrated that there was no apparent frequency in the
dust hopper. Shukla et al. (2013) compared RSM model and LES
model, and found that the LES model was better to simulate the
transient characteristics of the flow field. The experimental and
simulated results of Gao et al., (2019; 2020; 2019) indicated that the
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vortex motion could be adjusted by changing the structure of the
entrance structure. These works enriched the understanding of
vortex motion in cyclone separator.

Scholars have carried out a lot of experimental research and
numerical simulation on the internal flow field of cyclone sepa-
rator, and achieved some good results. However, previous studies
mainly rely on the tangential velocity or axial velocity to estimate
the motion of vortex, deficient in mathematical analysis and
theoretical support. Moreover, many studies mostly focus on the
PVC phenomenon or the instantaneous tangential velocity distri-
bution while neglecting a deeper analysis of the vortex motion.

The present study is conducted to assess the vortex motion in a
reverse Stairmand cyclone separator with single tangential inlet
structure. The LES model is adopted to investigate the flow
behavior. The mathematical analysis is performed to explore the
vortex motion in the cyclone separator. In addition, the Q criterion
is proposed to identify the vortex structure. The key to this work is
to understand the identification of vortex structure and the
mathematical analysis of the vortex motion.
2. Model description

2.1. Geometric model

Fig. 2 illustrates the structure of a reverse Stairmand cyclone
separator with single tangential inlet structure. The structure and
dimension in this study are in accordance with the geometry
adopted by Hoekstra (Hoekstra and thesis, 2000). The basic di-
mensions are listed in Table 1, corresponding to the structure pre-
sented in Fig. 2.
2.2. Turbulence model

For a centrifugal separator, the governing equations of cyclone
can be expressed as:

vðuiÞ
vxi

¼0 (1)



Fig. 2. Structure of a reverse Stairmand cyclone separator with single tangential inlet structure.
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The velocity components are decomposed into the components
of the mean ui and fluctuating u0i (i¼ 1, 2, 3) components, which are
related by:

ui ¼ui þ u0i (3)

Many studies (Parvaz et al., 2018; Tofighian et al., 2020; Sun
et al., 2017; Siadaty et al. 2017, 2018; Brar and Elsayed, 2018;
Nassaj et al., 2019; Balestrin et al., 2017) have been conducted and
revealed that the Reynolds stress model (RSM) and the Large-eddy
simulation (LES) have good effect on the simulation of the internal
flow of cyclone separator. To make the visualization effect of vortex
motion better, the LES model is selected to study the vortex motion
of the reverse Stairmand cyclone separator in this study.

In LES model, the instantaneous velocity ui is decomposed into a
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resolvable-scale filtered velocity u0i and sub-grid-scale (SGS) ve-
locity u0i, that is, ui ¼ ui þ u0i. The finite-volume discretization itself
provides the filtering operation as:

4ðxÞ¼
ð
V

4ðx0ÞGðx; x0Þdx0 (4)

Where V denotes the volume of a computational cell, x0 represents
actual spatial coordinates, and x indicates the filtered spatial co-
ordinates. G(x,x0) is the filter function defined as:

Gðx; x0Þ ¼
�
1=V x02v
0 x0;v

(5)

When the filtering operation is applied to the continuity and
NaviereStokes equations, it can be obtained that



Table 1
The physical dimensions of the cyclone separator configurations used in this study.

Parameters Symbol Dimension Dimension, mm

Width of the inlet a 0.5D 150
Height of the inlet b 0.2D 60
Ash hopper diameter Db 0.37D 111
Diameter of the cyclone body D 1.0D 300
Vortex finder diameter De 0.5D 150
Height of the cylindrical part H1 1.5D 450
Height of the conic H2 2.5D 750
Height of the dust hopper H3 1.0D 300
Height of vortex finder H4 1.0D 300
Length of the inlet L 0.85D 255
Diameter of dust hopper Dc 1.5D 450
Vortex finder length S 0.5D 150

Fig. 4. The tangential velocity profiles under various mesh densities at z/D ¼ 2.
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In Smagorinsky-Lily model, SGS stress is defined as

tij ¼
1
3
tkkdij � 2mtSij (8)

Where mt denotes the kinematic eddy viscosity of the fluid, defined

as: mt ¼ C2
SD

2jSj where jSj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
is the second invariant of the

filtered field deformation tensor, Cs refers to the Smagorinsky
constant. The local grid-scale is related to the volume of compu-
tational cell, which is calculated as D ¼ V1/3.
2.3. Numerical method

The present study used the finite volume method to simulate
the flow field. Numerical calculation was performed by using
ANSYS Fluent software. According to the experiment conducted by
Hoekstra (Hoekstra and thesis, 2000), the inlet gas velocity is
16.1 m/s and the density of the gas is 1.225 kg/m3. The gas viscosity
is 1.7894 � 10�5 kg/(m$s) unless otherwise stated. For cyclone
Fig. 3. Computational grids containing 14
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separator, the hydraulic diameter and the turbulence intensity
were calculated as:

DH ¼4� ab
2ðaþ bÞ (9)

I¼0:16
�
rdv
m

��1
8

� 100% (10)

The whole systemwas simulated under a positive pressure, and
the pressure at the outlet was 1 atm. Besides, the simulation was
calculated with a transient solver method, and the time step was
10�4 s.

2.4. Grid system and independence

The three-dimensional model of cyclone separator was estab-
lished by the SolidWorks software. The quality of grid greatly af-
fects the accuracy of numerical simulation. We used the ANSYS
86960 cells of the cyclone separator.



Fig. 5. Comparison between predicted dimensionless mean velocity profiles and experimental data.
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ICEM software to optimize the grid. Multi-block hexahedral struc-
tured grids were adopted to analyze the computational domain.
The computational grid of the cyclone model containing
1486960 cells was exhibited in Fig. 3.

Four grid domains were tested in our preliminary computation,
containing 681560, 1248660, 1486960 and 1726860 cells, respec-
tively. The computing result of four different densities of the grid at
z/D ¼ 2 was present in Fig. 4. The relative error in tangential
852
velocity at the position of z/D ¼ 2 between 1248660 and
1486960 cells was about 5.6%, and the relative error in tangential
velocity between 1486960 and 1726860 cells was less than 0.8%.
Conclusive results demonstrated that the difference between the
grid of 1486960 cells and 1726860 cells was small, very close to the
experiment results, suggesting that computed results were inde-
pendent of the characteristics of the grid size. Therefore, the grid
domains of 1486960 cells were adapted in this study.



Fig. 6. The stream-traces diagram within cyclone separator.
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3. Results and discussion

3.1. Model validation

Time interval and number of samples are very important for
model validation. The cyclone dimensions and the gas flow rate
determine the average residence time in the cyclone. The average
residence time is calculated as ttes ¼ V/fg, where V is the cyclone
volume and fg is the gas flow rate (Gao et al., 2014). The residence
time was about 0.92 s in this study, so the time step of 1 � 10�4 s
was an acceptable value. In the numerical simulation calculation,
there needs to be sufficient sampling data to explain (Sengupta,
2021). Therefore, we use 10000 sample data after stable calcula-
tion for statistical average.

To validate the accuracy of our model established in this study,
the simulation results of velocity profiles were compared with the
experimental data of Hoekstra (Hoekstra and thesis, 2000). Fig. 5
shows the comparison between predicted dimensionless mean
velocity profiles and experimental data. The numerical results
exhibited good agreement with the experimental data. It indicated
that the models presented here have good prediction accuracy for
the flow field of cyclone separator.
853
3.2. The fluid motion

The internal flow field is significant for the analysis of vortex
motion in cyclone separator. The stream-traces diagram within
cyclone separator was illustrated in Fig. 6. It shows the flow process
of fluid element, which is important to understand the motion of
vortex. The double-layer vortex structure of the outer vortex flow
and the inner vortex flow could be observed from the stream-traces
diagram of Fig. 6(d). The airflow entered the cyclone separator from
the inlet structure. Under the centrifugal force and the constraint of
the cylindrical wall, the flow became a downward spiral motion
along the wall. This downward flow was also considered the outer
vortex flow. When the outer vortex flow reached the cone section,
the contraction of wall made the velocity increase. Meanwhile, the
pressure of outer wall continuously increased as the diameter of
cone section decreased. The low-pressure area was formed in the
central area of cone section. Under the pressure difference between
external high pressure and internal low pressure, the airflow was
close to the center and turn upwards at the bottom. The upward
flow would continuously spiral until it was discharged through the
vortex finder. The upward flow was also regarded as the inner
vortex flow. Furthermore, stream-traces near the sidewall were not
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complete the spiral stream-traces. The inner vortex flow also
exhibited an obvious distortion, which did not show a completely
vertical shape.
3.3. The non-axisymmetry of flow

The stability of flow is essential to the separation performance in
cyclone separator. In this study, four curves were compared to
analyze the non-axisymmetry of flow. These curves are along the
central axis to the sidewall. Their angle to the x-axis is 0�, 90�, 180�,
and 270�, respectively, as illustrated in Fig. 2.
Fig. 7. Radial distribution of the mean tangen
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Fig. 7 shows the radial distribution of the mean tangential ve-
locity in different axial positions. The results revealed that the
mean tangential velocity of each location presented a hump
structure. Values of tangential velocity in four different directions
were not the same, and the mean tangential velocity profiles pre-
sented an obvious asymmetry. Overall, the symmetry of the outer
vortex flow was better than that of the internal vortex flow.
Although the tangential velocity profiles in different radial di-
rections were extremely close to some axial positions, the distri-
bution of the tangential velocity profiles in those axial positions
were not the same. It indicated that the non-axisymmetry of mean
tial velocity in different axial positions.



Fig. 8. The eccentricity diagram in cyclone separator.
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tangential velocity existed in the whole space and belongs tomulti-
dimensional torsion change.

The rotating flow field inside cyclone separator is studied as a
three-dimensional turbulent flow field. The tangential velocity
conforms to the Rankine vortex structure, as shown in Fig. 8(a).
Along the radial direction, there is a free vortex on the outside and a
rigid vortex on the inside with the position of the maximum
tangential velocity (rt) as the boundary. Therefore, the expression of
tangential velocity can be expressed as Eq. (11). In this formula, rt is
generally less than the diameter of the vortex finder.

vt ¼
�
k1r
k2r

�n
;0 � r � rt
; rt � r � R (11)

Because of the curvature effect of sidewall and the dynamic
effect of rotation, the rotational flow in cyclone separator is un-
stable. Even for the axisymmetric geometric structure, the rotation
center and the geometric center are still not coincident. These two
centers has a certain deviation, as shown in Fig. 8(b). Therefore, the
axial line of rotation center is an irregular swing curve, as indicated
by the red curve in Fig. 8(c).
3.4. The velocity profile

Fig. 9 shows the velocity profiles of cyclone separator. The
tangential velocity contour and the velocity vectors profile partial
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enlarged detail resolved by the LESmodel were presented in Fig. 9(a)
and (b), respectively. The results indicated that the fluid movement
was turbulence and complex. The velocity vectors profile was dis-
torted in some areas. A large number of small-scale vortices near the
wall could be observed by further observation, as shown in Fig. 9(c)
and (d), so as to better illustrate the complex three-dimensional flow
field in the cyclone separator. This phenomenon was due to the fact
that the large eddy simulation (LES) method could obtain more ac-
curate results through the sub-grid-scale solution.

The local velocity vectors profile of the entrance and the local
velocity vectors profile above the dust hopper were provided in
Fig. 9(c) and (d), respectively. At the bottom of the vortex finder, the
short-circuit flow and secondary vortex phenomenonmentioned in
previous studies were reflected in the velocity vector diagram. The
vector diagram obtained by large eddy simulation indicated that
the longitudinal vortices may appear in some positions, causing
loss of kinetic energy and affecting the energy consumption. As can
be seen from Figs. 6 and 8, the fluid in the cyclone separator was a
double-layer swirling turbulent flow. However, in addition to outer
vortex flow and inner vortex flow, there were several vortices
existed in cyclone separator. These vortices affect the flow sym-
metry in different degrees, such as the longitudinal circulation flow
of the annular space, the short-circuiting flow near the outlet of the
vortex finder, and the eccentric circulation flow near the bottom of
the cone. These phenomena would affect separation efficiency and
pressure drop.



Fig. 9. The velocity profiles of cyclone separator. (a) The tangential velocity contour; (b) The velocity vectors profile; (c) Local velocity vectors profile of the entrance; (d) Local
velocity vectors profile above the dust hopper.
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3.5. Mathematical analysis

The non-axisymmetry of swirling flow is the apparent charac-
teristic of moving fluid, and the internal essential characteristic is
the motion of vortex. In other words, the rotating fluid in cyclone
separator is unstable in macro-scale, while it is the balance of
vortex motion in micro-scale. In turbulence, the low-frequency
large-scale vortices are energy-carrying vortices, which transfer
energy to high-frequency small-scale vortices until molecules
dissipate, and the energy becomes heat loss. Next, how the motion
of vortex affects the swirling flow is analyzed.

The energy dissipation function of incompressible fluid per unit

mass is 4! ¼ 2v eij
�! eij
�!, where, eij

�! ¼ 1
2

 
vVi
!
vxj

þvVj
!
vxi

!
is the strain rate

tensor. Thus,

eij
!eij
!¼1

2
u!2 þ vVj
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vVi
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2
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Substituting it into the above formula, it can be obtained that
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4!¼2v
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V2
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(14)

By integrating Eq. (14) in the whole flow space, the energy
dissipation rate function can be obtained as

F
!¼2v

ð
1
2
ju!j2dV þ 2v

ð24n $V
���V!���2
2

� n$
	
V
!� u!


35dS (15)

When the fluid is surrounded by a stationary solid boundary and
the fluid is stationary at infinity, the integral of the control surface S
is zero, and the above equation can be transformed into:

F
!¼2v

ð
1
2
ju!j2dV ¼2v Qv

�!
>0 (16)

Therefore, the kinetic energy dissipation rate of an incom-
pressible fluid is directly related to the absolute value of vorticity in
the fluid, suggesting that the energy dissipation and flow charac-
teristics of incompressible fluid are directly related to the motion of
vortex.
3.6. The vortex motion

3.6.1. Identification of the vortex and iso-vortex surface
At present, scholars have put forward many advanced



Fig. 10. Three-dimensional iso-vortex surfaces of different values of Q.
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technologies (Sengupta et al. 2012, 2013, 2018, 2019) to study the
flow field. However, due to the limitations of conditions, many have
not been applied in practice. Since the rotating flow in cyclone
separator was strong, we used the Q criterion defined by Hunt et al.,
(1988) to identify the vortex structure. The calculation equations
are:

vui
!
vxj

¼ S
4 þ U

4
(17)

S
4¼1

2

 
vui
!
vxj

þ vuj
!
vxx

!
(18)

U
4¼1

2
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vxj

� vuj
!
vxx

!
(19)

Q ¼1
2

	
kU4k2 �kS4k2



¼ � 1

2
vui
!
vxj

vuj
!
vxi

(20)

According to these above formulas, the iso-vortex surface was
made. Fig. 10 shows three-dimensional iso-vortex surfaces of
different values of Q. The distortion degree of iso-vortex surface
reflects the intensity of turbulence. The greater the distortion, the
stronger the turbulence. The equivalent diameter of iso-vortex
surface indicated the intensity of flow motion. We know that the
turbulence above the dust hopper was strong from Fig. 10(d). The
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increase of turbulence intensity would aggravate the backmixing of
particles above the dust hopper and reduce the separation
efficiency.

The flow pattern become more complex due to the backflow of
airflow when the flow was close to the cone section, resulting in
certain fluctuations. From one perspective, the micro vortex on the
sidewall would prolong the residence time and increase the sepa-
ration efficiency for the particles with a smaller diameter. From
another perspective, the energy given by the micro vortex would
cause particles to rotate in the longitudinal direction, resulting in
particles loss such as escape from the vortex finder. Due to the twist
of center vortex, the small-scale vortex nearby would swing with
the vortex center. When the vortex center was far away from the
wall, the small-scale vortex of natural sidewall received the cen-
tripetal effect, and the eccentric area would be further expanded.
3.6.2. Comprehensive analysis of the vortex motion and the flow
field

The vortex motion in cyclone separator plays a crucial role in
understanding its operating process and separation performance.
Fig. 11 shows the comprehensive diagram of the iso-vortex surface
and the velocity vector. The internal flow of cyclone separator be-
longs to the double-layer vortex structure of the outer vortex flow
and the inner vortex flow. So, the tangential velocity is also divided
into inner and outer double-layer vortex structure. We added some
marking lines to the tangential velocity contour, as shown in
Fig. 11(b). The results showed that the position of marking lines was
not axisymmetric. In this section, the velocity vector diagram



Fig. 11. The comprehensive diagram of the iso-vortex surface and velocity vector. (a) The velocity vectors profile; (b) The tangential velocity contour; (c) The iso-vortex surface
according to the Q criterion; (d) Comprehensive analysis diagram.

Fig. 12. The local analysis near the entrance structure.
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Fig. 13. The local analysis near the dust hopper.
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(Fig. 11(a)) and the iso-vortex surface (Fig. 11(c)) were compre-
hensively analyzed, as shown in Fig. 11(d). In the area above the
dust hopper, the iso-vortex surface was distorted or even broken.
This phenomenonwould cause kinetic energy loss. Moreover, there
was a longitudinal circulation distribution in the bottom plate at
the entrance, corresponding to Fig. 9(c).

Here, wemade a local analysis of the comprehensive diagram of
iso-vortex surface and velocity vector. Fig. 12(a) shows the local
analysis near the entrance structure. It could be observed that there
were many broken vortices, as shown green in Fig. 12, which
indicated that there has energy loss in the green display area. At the
turning point of velocity vectors, vortices were formed and devel-
oped, as exhibited in Fig. 12(b). The velocity vector would be
distributed around a point, and the point was the center of the local
vortex core, as illustrated in Fig. 12(c). Moreover, the vortex would
form an irregular annular region around the wall at the bottom of
vortex finder, as exhibited in Fig. 12(d). It reflected the vortex dis-
tribution of the longitudinal circulation.

Apart from the entrance region, the distribution of vortex mo-
tion above the dust hopper is also significant. This is another area
needing to be analyzed and often discussed in the analysis of
procession vortex core (PVC). Fig. 13(a) shows the local analysis
near the dust hopper. The results indicated that the vortex motion
here was more complex, and the turbulence was strong. The vortex
structure exhibited a strong distortion and broke into many small
859
vortices. In addition, the velocity vector diagram formed many
closed curves, as displayed in Fig.13(b). It indicated that many small
vortices have been formed here and consumed energy. This region
was also an area where the vortex oscillation was strong, corre-
sponding to the eccentric circulation flow. Fig. 13(c) shows the local
velocity vectors profile of the dust hopper. There were two rotating
flow in the opposite direction. It indicated that local turbulencewas
formed near the upper roof of dust hopper, which increased energy
consumption.
4. Conclusions

Based on above mathematical analysis and numerical simula-
tion, the main conclusions could be drawn as follows:

(1) According to the mathematical analysis, the kinetic energy
dissipation rate of an incompressible fluid is directly related
to the absolute value of vorticity in the fluid motion. In
another words, the energy dissipation and flow characteris-
tics of incompressible fluid are directly related to the vortex
motion.

(2) At the turning point of velocity vector, vortices are formed
and developed. These velocity vectors are distributed around
a point, and the point is the center of the local vortex core.
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(3) At the bottom of vortex finder, the vortex forms an irregular
annular region around the wall, reflecting the vortex distri-
bution of longitudinal circulation.

(4) The vortex motion near dust hopper is more complex, and
the gas turbulence is strong. The vortex structure presents a
strong distortion and breaks into many small vortices. This
region is an area where the vortex oscillation is strong.
Moreover, there are two rotating flow in the opposite di-
rection within the dust hopper.
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