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Abstract: Multiple cyclones working in series are sufficient for heavy separation tasks at
the cost of significant energy consumption. The majority of researchers conducting opti-
mization studies on multiple cyclones have attempted to find the best possible compromise
between pressure drop and collection efficiency by optimizing the geometry of the cyclones.
In a departure from this approach, we report a novel design. Using the proposed method,
exit gas is divided into dirty and clean gas by inserting a secondary vortex finder (SVF)
into the primary vortex finder (PVF) of the previous cyclone. The dirty gas flows into
the succeeding cyclone, whereas the clean gas passes over the succeeding cyclone and
directly flows into the device farther behind. Methodologically, the separation performance
was tested experimentally, and computational fluid dynamics (CFD) simulations were
employed. The Reynolds Stress Model (RSM) for turbulence and the Discrete Phase Model
(DPM) were used to simulate the turbulent two-phase flow within the gas—solid separator,
capturing the three-dimensional, transient, and turbulent characteristics of the flow. Our
performance test results showed that the new series configuration clearly reduces energy
consumption while not hindering overall efficiency. The CFD simulation was used to
optimize the SVF’s diameter and length. The results indicated that having an SVF with
optimal dimensions significantly enhances the vortex flow in the separation space and thus
improves the efficiency of the previous cyclone. In addition, an equation was established
that describes the volume of gas flowing into a succeeding cyclone.

Keywords: cyclones in series; additional vortex finder; efficiency; pressure drop

1. Introduction

A cyclone separator is a device that uses centrifugal force to separate solid particles or
liquid droplets. Owing to their simple construction and operation, ease of maintenance, and
flexibility, cyclone separators offer favorable reliability and cost, particularly under high-
temperature conditions [1]. In the petroleum refining and petrochemical industries, cyclone
separators are employed to recover expensive catalysts. In the photovoltaic industry,
they are used to recycle unreacted silicon materials for reuse. In the coal-fired power
generation industry, cyclone separators aid in the control of pollutant emissions. In CCUS
(Carbon Capture, Utilization, and Storage) technologies, cyclone separators are utilized
for the efficient separation and recovery of solid particles or liquid droplets from gases,
thereby reducing carbon dioxide emissions and those of other greenhouse gases [2—4]. To
enhance the performance of a cyclone, the majority of researchers thus far have focused
on optimizing the geometrical and operational factors of a single cyclone [5-11]. However,
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there are many situations wherein a single cyclone is inadequate for a separation task;
for instance, under a high solid concentration loaded in an air environment [12]. In such
situations, several cyclones usually operate in series [13-15]. Such an arrangement not
only induces higher separation efficiency but also results in a greater pressure drop, which
directly increases operational costs. Therefore, it is necessary to find a satisfactory balance
between separation efficiency and pressure drop.

As reported by Whitelock and Buser [13], compared with a single cyclone config-
uration, two cyclones operating in series can substantially improve efficiency with an
acceptable increase in pressure drop. However, the addition of a succeeding cyclone in
the series configuration only slightly improves efficiency but with a concurrent significant
increase in pressure drop. A series configuration using two-stage separation provides a
better balance. Many researchers agree on this point and have focused on the performance
improvement of two-stage cyclones operating in series. McCallion [16] designed novel two-
stage cyclones operating in series, including a large cyclone in the first stage and two small
cyclones in the second stage, thereby successfully replacing the three-stage cyclones used
in series in acrylonitrile reactors for catalyst recycling. According to Chen [17], decreasing
the cyclone diameter and increasing the amount used in the second stage contributes to the
improved performance of McCallion’s design. Chen [17] tested similar two-stage cyclones
in series, including two small cyclones in the first stage and a large cyclone in the second
stage. Their results showed a level of performance close to that of McCallion’s design,
and both designs achieved a better level of performance than the three-stage cyclones
applied in series. To reduce the number of cyclones and save space in an acrylonitrile
reactor, Chen [18] included two cyclones in a two-stage cyclone design used in series, in
which a PV-E type cyclone is applied as a second collector to a normal cyclone used as the
first collector. A PV-E type cyclone includes a novel vortex finder [19,20], resulting in a
2-3% improvement in separation efficiency. Gillum et al. [14] found that a 1D3D secondary
cyclone contributes to better separation efficiency than a 2D2D secondary cyclone when
both are connected to a 2D2D primary cyclone. In this case, a 2D2D cyclone refers to
both the body and cone length being twice the diameter of the body. Similarly, a 1D3D
cyclone means that the body length equals the body diameter; in comparison, the cone
length is triple the body diameter. In addition to their investigation, Luciano et al. [21]
set up optimization procedures based on computational fluid dynamics to minimize the
pressure drop and maximize the efficiency of three cyclones applied in series. Each cyclone
separator in the series configuration was designed with an optimized geometric structure.

It should be noted that the authors of the aforementioned studies focused on opti-
mizing the geometry of an individual cyclone and decreasing the number of cyclones
to improve the series configuration. Because dirty gas passes through multiple cyclones
in a step-by-step manner, there is little beneficial interaction in the collection between
the previous and succeeding cyclones. Increasing the efficiency of the previous cyclone
generally leads to more difficulty regarding the capture of particles in the succeeding
cyclone owing to the decreased dust loading. In contrast, the improved succeeding cyclone
has little effect on the previous cyclone. A recirculation cyclone developed by Salcedo
et al. [22-24] provided a suitable solution to this problem. Dirty gas first passes through
a reverse flow cyclone and then flows into a straight-through cyclone with or without an
electrostatic field. The clean gas at the center part of the secondary cyclone flows out while
the particles concentrate on the wall. Instead of being collected, they mix with the fresh
dirty gas and flow into the first cyclone again for collection. The recirculation of particles in
the secondary cyclone improves particle agglomeration, which is beneficial with regard to
particle capture, particularly for small-scale particles. Fu et al. reported another beneficial
interaction between the previous and succeeding cyclones [25,26]. A suitable style directly
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connecting the dust outlet of the previous cyclone and the inlet of the succeeding cyclone
prompted the smaller particles to enter the succeeding cyclone from the radially outer side
and axially lower side at the rectangular inlet. As a result, the efficiency of the succeeding
cyclone significantly improved.

In this study, we investigate another method regarding the beneficial interaction
between the previous and succeeding cyclones. Rather than achieving an improvement in
efficiency, similar to Salcedo’s approach, the proposed design reduces the pressure drop
without decreasing the overall separation efficiency, thereby providing another method to
obtain a satisfactory balance between separation efficiency and pressure drop in cyclones
used in series.

2. Design and Method
2.1. Design

A strong gas-swirling motion is applied in a cyclone for particle collection. In general,
a strong gas swirl is also present in a vortex finder. Based on measurements obtained by
Hu et al. [27], the maximum tangential velocity of gas in a vortex finder is approximately
94% of that in a cyclone body. As a result, the escaped particles are centrifuged at the wall
in the vortex finder and the gas in the center part is much cleaner, which is similar to that
demonstrated in a cyclone body. In the normal series configuration shown in Figure 1a,
the dirty gas near the wall and the clean gas in the center ultimately mix together and
flow into the succeeding cyclone. To utilize the vortex in the vortex finder, Sun et al. [28]
proposed a new design using multiple series of cyclones, where a secondary vortex finder,
shown in Figure 1b, is inserted into the primary vortex finder to separate the two types
of gases. The dirty gas flows into the succeeding cyclone, whereas the clean gas passes
over the succeeding cyclone and flows directly into the device farther behind. Theoretically,
the dust loading of gas into the succeeding cyclone in our design is higher than that in a
normal series configuration, which contributes to particle capture. In addition, because not
all of the gas flows into the succeeding cyclone, our design consumes less gas energy than
a normal series configuration.
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Figure 1. Schematic illustration of the experimental equipment: (a) the experimental apparatus and
(b) the geometries of two-stage cyclones [28].

2.2. Experiment

The experimental apparatus and features of two-stage cyclones used in series are
shown in Figure 1. A fan blower at the end of the flow installation was used to enable air of
normal temperature and pressure to enter the system. Behind the air entrance, a hopper was
applied to feed in the test dust. In the experiment, 800-mesh talc powder (p = 2700 kg/m?)
with a particle size distribution spanning 0.2-80 um was utilized, exhibiting a median
particle size of 8.04 um. A total of 1 kg of dust was fed into the system during each
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experiment, with the dust load maintained at approximately 10 g of dust/m? gas by
controlling the time of the feeding. The mathematical relationship between concentration
C; and feeding time ¢; is governed by the following coupled Equations (1) and (2):

w
b= 1
Ci X Qin @

w
Ci = 2
ti X Qin @)

In the formula, W represents the amount of material added each time, in grams (g);
Ci is the concentration of the added material, in grams per cubic meter (g/m?); and Qin is
the gas volumetric flow rate entering the separator, in cubic meters per second (m3/s). The
gas volumetric flow is the rate of the product in the inlet area and the inlet gas velocity Vin.

The dust-laden air passed through the multiple series cyclones that removed most of
the dust. The dust was collected in the hopper underneath each cyclone and weighed to
measure the separation efficiency. The remaining dust was captured using the succeeding
filter. The separation efficiency 7 is mathematically defined by Equation (3).

=M 3)

where M represents the total mass of the added powder (g) and m denotes the mass of the
collected powder (g).

A Pitot tube was used to measure the gas speed. The inlet gas velocity was varied
in three steps within a range of 17 to 21 m/s. The measurement principle is based on
Bernoulli’s equation, and the measurement formula is shown in Equation (4).

opP
V=,/2"— 4
\/ p 4)

where V represents the velocity of the gas (m/s); 6P denotes the difference between the
total pressure and the static pressure (Pa); and p represents the density of the gas (kg/m?).
The pressure drop measurement in the cyclone separators using U-type manometers
operates on the principle of hydrostatic equilibrium and pressure transmission. When
differential pressure (AP) acts on the U-tube, the working fluid (typically water or mercury)
forms a measurable height difference (1) between the two columns, and is expressed

as follows:
AP = pgh ®)

where p represents the fluid density (kg/m?3); ¢ denotes the gravitational acceleration
(9.81 m/s?); and h represents the liquid column height difference (m).

2.3. Computational Fluid Dynamics Simulation
2.3.1. The CFD Method

The commercial CFD software ANSYS Fluent 15.1 was employed to investigate flow
patterns in the two series-configured cyclone separators. In light of the anisotropic strong
swirling flow characteristics within the cyclones, the gas phase was mathematically de-
scribed using Navier-Stokes equations, with turbulence closure achieved through the
Reynolds Stress Model (RSM). The governing equations are expressed as follows:

(1) Continuity equation

djo 9, _
T aTci(P”z) =0 (6)

(2) Momentum equation

O vy O (oo _ 0P 0 ([ i g
at(Pul)’Laxj(P”’”f)_ ox;  ax; (”axj pu;t; @
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In the equations, u; represents the instantaneous velocity components, #; represents
the mean velocity components, u" = u; — #; represents the fluctuating velocity components,

x; represents the spatial coordinates, ufu; represents the Reynolds stress components, and
the subscripts , j, k = 1, 2, 3. p represents the mean pressure, p represents the fluid density,
u represents the dynamic viscosity of the fluid, and ¢ represents time.

(3) Reynolds Stress Transport Equation

%(pu;u}) + aax]{ (pukugu;.) = Di]‘ + P,']' + Gl']' + q)ij —&jj + F,']' (8)

In the equation, D;; represents the diffusion term, P;; represents the production term
due to shear stress, G;; represents the production term due to buoyancy, ®;; represents the
stress—strain term, ¢;; represents the viscous dissipation term, and F;; represents the term
due to system rotation.

In solving the governing equations, pressure-velocity coupling was addressed using
the SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations Consistent) algorithm.
The pressure gradient term was addressed with the PRESTO (Pressure Staggering Option)
method, with all of the convective terms being discretized using the QUICK (Quadratic Up-
wind Interpolation for Convective Kinematics) scheme. Additionally, a transient simulation
was conducted with a time step of 0.0002 s [29].

2.3.2. Boundary Conditions

With the exception of the diameter and length of the SVF, the dimensions of the
separator model remained identical to those of the experimental equipment. To investigate
the effects of the SVF on the flow pattern inside the primary cyclone, the dimensionless
diameter and length of the SVF were varied in several steps, as shown in Table 1.

The velocity inlet was used as the boundary condition. The inlet gas velocity was set
to 21 or 15 m/s, and its direction was normalized to the inlet boundary. The hydraulic
diameter and turbulent intensity are shown in Table 1. The boundary condition at the
cyclone outlet is prescribed as a fully developed pipe flow and treated as an “outflow” in
FLUENT. With the exception of the inlet and outlet, all other boundaries were treated as
a wall. A no-slip condition was assumed at the wall. The grid nodes near the wall were
approximated and treated using the standard FLUENT wall functions.

Table 1. The geometric dimensions of cyclones and boundary conditions thereof during CFD

simulation.
The Primary Cyclone
Terms The Secondary Cyclone
Experiment Simulation
D (mm) 300 300 300
KA 5.5 5.5 7.5
Dep/D 0.53 0.53 0.4
S/D 0.59 0.59 0.49
H/D 3.4 34 3.4
h/D 14 1.4 14
B/D 0.4 0.4 0.4
0.25 0.4
Des/Dep 0 0.4 05 0.7
0 0.27 0.65
Ss/Sp 0 0.65 1 135
Inlet velocity (m/s) 17 19 21 15 21 -—-
Hydraulic diameter at . 137 137 .

the inlet (mm)
Turbulent intensity at

the inlet - 3.77% 3.62% —
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2.3.3. Mesh Independence and Model Validation

The simulation employed hexahedral meshes. To verify mesh independence, the
structure with a cylinder diameter of D = 300 mm was selected, and four different mesh
counts were used: 153,265, 182,731, 231,258, and 256,312. Figure 2a,b shows the tangen-
tial velocity and the meshing model, respectively. It is evident that once the mesh count
reaches 231,258, the tangential velocity no longer varies with further increases in mesh
count. While higher mesh counts lead to longer computation times and greater difficulty in
convergence, a balance between computational efficiency and accuracy is necessary. There-
fore, the final mesh count of 231,258 was chosen. To validate the simulation method, the
tangential velocity within the cyclone separator measured experimentally by Hu et al. [30]
was used as a reference. The simulated tangential velocity obtained using the method
presented in this study under the same conditions was compared with the experimental
data, as shown in Figure 2c. The results indicate that the simulation data are in good
agreement with the experimental measurements, thereby demonstrating the reliability of
the simulation approach.

50
—=— 153,265
—e— 182,731
—o—231,258
40 4

—+—256,312

204

Tangential velocity(m/s)

10

g T v T y T 1
-1.0 -0.5 0.0 0.5 1.0

Radial position / cyclone radius

@

(®)
Figure 2. Cont.
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Figure 2. (a) Mesh independence verification; (b) mesh model; (c) validation of the CFD simulation
method.

3. Results and Discussion
3.1. Experimental Separation Efficiency and Pressure Drop

The performance results of the novel and normal two-stage cyclones used in series are
shown in Figure 3. As evidenced, the ability to decrease the pressure drop is the advantage
of the new series configuration. Under the new configuration, when the inlet gas velocity
is 17 m/s, the pressure drop is reduced by 33% compared to the conventional two-stage
cyclone separator. When the inlet velocity is 19 m/s, the pressure drop is reduced by
33.8% compared to the conventional two-stage cyclone separator. When the inlet velocity
reaches 21 m/s, the pressure drop is reduced by 36.8%. Therefore, it can be concluded
that the higher the inlet velocity, the greater the energy-saving effect that can be achieved.
When comparing the overall separation efficiency of the two configurations, it can be seen
that the conventional series-connected two-stage cyclone separator exhibits a marginally
higher separation efficiency than the novel series-connected two-stage cyclone separator.
Specifically, the maximum difference in separation efficiency is observed at a gas velocity
of 19 m/s, where the maximum difference is less than 0.3%. As an interesting phenomenon,
the efficiency of the primary cyclone in the new series configuration was slightly higher
than that in the normal configuration, whereas the efficiency of the secondary cyclone was
much lower. The decrease in overall efficiency in the new configuration is thus derived from
the reduction in the efficiency of the secondary cyclone. Therefore, the secondary cyclone
used in the new series configuration does not have the best design. In the two experimental
configurations, the dimensions of the secondary cyclone were identical. Because only some
of the gas flowed into the secondary cyclone in the new configuration, the inlet gas velocity
of the secondary cyclone was much lower than that in the normal configuration, which
resulted in a reduction in separation efficiency. Therefore, it can be hypothesized that
reducing the dimensions, similar to the method followed in the study by McCallion [16],
and increasing the inlet gas velocity of the secondary cyclone might improve the overall
separation efficiency of the new series configuration.

In previous works, Ray et al. [31,32] and Souza [33] described a device called a post-
cyclone used to collect the escaped particles in the vortex finder and thereby increasing
efficiency. Although a post-cyclone also utilizes the swirl present in the vortex finder,
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similar to our design, there is still a significant difference between the two approaches.
In the new configuration, the primary cyclone does not collect the particles in the vortex
finder. The improvement in efficiency is derived from the enhanced swirl in the separation
space, which captures more particles. Evidence of this change was demonstrated through
a CFD simulation. Concurrently, the succeeding cyclone also benefited because the dust
load of the gas was improved, which contributed to the capture of small particles. In
contrast, the post-cyclone consumes approximately 10% of the total pressure drop over
the cyclone; in comparison, the new configuration reduces the total pressure drop over
the cyclones in series by 33%. Kepa [34] reported the results of a CFD analysis of the flow
inside a cyclone using a doubled vortex finder, which is similar to our design. However,
in their CFD analysis, they found a reduction in efficiency in a cyclone with a doubled
vortex finder. The evident gap between the two investigations may be due to the different
dimensions of the vortex finder applied. More details in this regard were demonstrated
through CFD analysis.

93

[ the normal series configuration
[ the new series configuration (@)

©
N

Efficiency of the primary cyclone (%)
o

©
S

o o o
S R &
T T

Efficiency of the secondary cyclone (%)
3
T

w
S

" N 2
3 & 8

Overall separation efficiency (%)

N
G

°

18 19 20
Inlet gas velocity (m/s)
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[ the normal series configuration )
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Overall pressure drop (Pa)
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Figure 3. The experimental performance of normal and new series configurations: (a) separation
efficiencies of the primary cyclone in both configurations; (b) separation efficiencies of the secondary
cyclone in both configurations; (c) overall separation efficiency in both configurations; (d) overall
pressure drop in both configurations.
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3.2. Effects of the Secondary Vortex Finder on the Flow Pattern in a Cyclone

Although the results of the experiment demonstrated the advantages of the new series
configuration, a CFD simulation was necessary to obtain more information on the flow
pattern in order to optimize the dimensions of the series configuration, particularly the
diameter and length of the secondary vortex finder (SVF) in the primary cyclone.

3.2.1. Tangential Velocity

The effects of the dimensions of the SVF on the tangential velocity in the separation
space of the primary cyclone are shown in Figure 4. It was observed that the maximum
tangential velocity in the experimental cyclone with the SVF (represented as a solid upward
triangle in Figure 4a) was higher than that in the normal cyclone. As is widely recognized,
the tangential velocity is closely related to the centrifugal force, which allows the particles
to be captured. Therefore, the improved efficiency of the primary cyclone in the new series
configuration can be attributed to the enhanced tangential velocity. In addition, Figure 4a
provides more details on the effects of the SVF’s length on the tangential velocity. It is
clear that extending the length of the SVF improves the tangential velocity. However, the
improvement stagnates when the gas entrances of both the SVF and PVF are located at
the same axial position in the cyclone. Therefore, to enhance the efficiency of the primary
cyclone, the SVF entrance should be positioned lower than the PVF entrance, as shown
in Figure 4b.

As shown in Figure 4b, it is also significant that the diameter of the SVF (De;) ranges
from 0.4 to 0.5 that of the PVF (Dey), which is optimum because such a diameter yields the
maximum improvement in the tangential velocity in the separation space of the primary
cyclone. Decreasing or increasing the diameter of the SVF reduces the improvement in
the tangential velocity. From the results, it is evident that when Des/Dep is increased to
0.7 or reduced to 0.25, the maximum tangential velocity almost equals that in the normal
cyclone. Alternatively, a clear trend regarding the increasing tangential velocity with a
decrease in the diameter of the vortex finder was observed inside a normal cyclone with
only a single vortex finder. Although these differences are difficult to explain, we still find
them plausible because they correspond to the results cited in other studies. Based on the
analysis results, Des/Dey = 0.7 of the SFV results in 66% gas extraction through the PVF
and a profile of tangential velocity extremely similar to that in a normal cyclone. Thus,
enlarging Des/De,, further does not change the profile of the tangential velocity. Kepa [35]
analyzed the tangential velocity profiles in cyclones with 20%, 40%, and 57% gas extraction
through the PVF, corresponding to Des/Dey, > 0.7, and found little difference among them,
in agreement with the results of the present study. In addition, Kepa [35] found that none
of these values were advantageous in terms of efficiency when compared with a normal
cyclone. Based on the results of the present study, an overly high bleed flow provides one
possible explanation.

However, the boundary between the inner and outer vortexes is usually close to the
center of the cyclone when the diameter of the vortex finder decreases inside a normal
cyclone. In the new configuration, a similar phenomenon could also be observed when the
diameter of the SVF ranged from 0.7 to 0.4 De,. However, when the diameter of the SVF
was reduced to 0.25 Dey, the profile of the tangential velocity was quite similar to that in a
normal cyclone. The results indicate that the SVF contributed to the enhancement of the
vortex in the separation space when the dimensionless diameter ranged from 0.4 to 0.5 De,,.
When the diameter was too small or too large, the effect of the SVF on the profile of the
tangential velocity in the separation space was not clear.
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Figure 4. The effect of the secondary vortex finder dimensions on tangential velocity: (a) length and
(b) diameter.

3.2.2. Gas Volume Through the PVF

As detailed above, it is necessary to determine how much gas flows through the PVF
in order to optimize the dimensions of the secondary cyclone. Figure 5 shows the results
based on a CFD simulation. It can be observed that extending the length of the SVF from
S2/81=0271t0 S, /S; = 1.35 resulted in a 3% improvement in the gas volume flowing into
the secondary cyclone, as indicated in Figure 5a. When the gas entrances of both the SVF
and PVF are located at the same axial position in the cyclone, the gas volume reaches the
maximum value. In addition, a further extension of the SVF does not result in any changes.
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Figure 5. The effect of secondary vortex finder dimensions on the gas volume flowed into the
secondary cyclone: (a) length and (b) diameter.

Compared with the length, the diameter has a more significant effect on the gas
distribution. Figure 5b shows a clear trend regarding the decreasing gas volume flowing
into the secondary cyclone with the enlargement of the SVE. This trend can be described
as follows: 0 b

X5 1,010 - 0516
0 010 — 0.516 De,

where Qs is the gas volume flowing into the secondary cyclone and Q is the gas volume

©)

flowing into the primary cyclone. Although the inlet gas velocity is closely related to Q,
the CFD analysis results indicate that it has little effect on the gas distribution. It should
be noted that Equation (1) is based on a primary cyclone with an SVF of S,/51 = 1.35. If
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the SVF entrance is not positioned lower than the PVF entrance, there should be a 1-3%
increase in Qs/Q.

4. Conclusions

In the present work, we present a new configuration of multiple cyclones working
in series. Inserting an additional vortex finder into the original finder can allow the inner
vortex flow to divide the exit gas into two forms: one dirty and the other clean. The dirty gas
flows into the succeeding cyclone, whereas the clean gas passes over the succeeding cyclone
and directly flows into the device further behind. The results of a performance experiment
indicated that the new configuration consumes less gas energy without hindering overall
efficiency. In addition, the efficiency of the primary cyclone increases because the SVF
contributes to the enhancement of the vortex in the separation space. When Des/De), ranges
from 0.4 to 0.5, the positive effect is significant. When the diameter of the SVF is too large
or too small, the beneficial flow pattern is no longer observed. To utilize this positive effect
and improve efficiency, the SVF should be designed as follows: (1) Des/De;, should vary
from 0.4 to 0.5 and (2) the SVF entrance should be positioned lower than the PVF entrance.
In addition, an equation used to calculate the gas distribution between the two vortex
finders was proposed to optimize the succeeding cyclone.
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