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In this study, an innovation was made by adding helical fins on the vortex finder of 
a cylindrical gas-solid cyclone separator, and the effect of this structural improve-
ment on the separation performance was analyzed based on the flow field charac-
teristics. The results show that both cyclones with and without helical fins exhibit 
a separation efficiency of almost 100% for particles larger than 5 µm. As the inlet 
velocity increases, the effect of adding helical fins on the overall separation effi-
ciency decreases, with a relative deviation of only 0.16% at an inlet velocity of  
27 m/s, while it becomes increasingly effective in reducing energy consumption, 
with a pressure drop of 25.33%. The mechanism of the overall performance im-
provement lies in the fact that the helical fins change the flow field distribution 
in the cyclone, where the turbulence intensity in the vortex finder is significantly 
reduced, the tangential velocity of the external vortex is decreased, and the pres-
sure gradient is reduced. The purpose of this paper is to provide new ideas for the 
optimal design of the internal components of the cyclone separator.
Key words: cyclone separator, gas-solid separation, helical fins, vortex finder

Introduction

Atmospheric particulate matter (PM) pollution, especially PM2.5, has become a seri-
ous global problem that endangers human health and can even cause premature death [1, 2]. 
Industrial emissions are one of the main sources of PM2.5, making the separation of dust parti-
cles from industrial exhaust gases a critical area of research [3]. Cyclone separators are widely 
used in industry as an important gas-solid separation equipment due to their simple structure, 
low operation and maintenance costs, and high separation efficiency [4].

Numerous studies have explored the impact of cyclone structure and geometric pa-
rameters on their separation performance, and the vortex finder is crucial and strongly influ-
ences the flow field characteristics and particle motion within the cyclone [5, 6]. The effects of 
vortex finder diameter, insertion depth, and shape have been widely investigated and confirmed 
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by related research [5, 7, 8]. Researchers have attempted new design modifications in the vi-
cinity of the vortex finder. The vortex finder with sidewall slotted gaps (SVF) was initially 
proposed by Xiong et al. [9] and evaluated through numerical and experimental investigations. 
Additional studies by other scholars have confirmed the potential industrial applications of cy-
clone separators with SVF [10-12], demonstrating improved performance compared to conven-
tional vortex finders. Pei et al. [13] modified the local flow field of the vortex finder by adding 
a metal cross-shaped vane, and found that the cyclone with the modified vortex finder showed 
a significant reduction in pressure drop of 16.41%, along with a slight increase in separation 
efficiency of 0.64%. Misiulia et al. [14] found that the use of a deswirler on a vortex finder can 
reduce the total pressure drop by up to 32%, depending on the location of the deswirler. Several 
deswirler designs have been developed and studied, demonstrating that their installation can 
improve separation efficiency and reduce pressure drop. Zhou et al. [15] improved flow field 
performance by adding spiral guide vanes to the vortex finder, indicating that an increase in the 
number of vanes led to a higher tangential velocity and collection efficiency. An optimal guide 
vane configuration can reduce air-flow rotation in the vortex finder and lower energy dissipa-
tion, further enhancing separation efficiency. Helical fins are a specialized internal component 
that has received little attention. Dasar and Patil [16] examined the effects of three different 
cross-sectional helical fins affixed to the inner wall of the outer cylinder of a conventional Stair-
mand cyclone. They found that the separation efficiency was highest for the helical fins with a 
triangular cross-section. Yang et al. [17] conducted a follow-up investigation into the detailed 
separation process of triangular helical fins affixed to the inner wall of the cylinder, identifying 
their precise impact on separation performance and optimizing the structural parameters of the 
helical triangular fins. However, the impact of installing helical fins on the vortex finder, es-
pecially in cylindrical cyclones, has received little attention in the published literature. Unlike 
conventional Stairmand cyclones, cylindrical cyclones have a simpler and more cost-effective 
design with a lower pressure drop, albeit with lower separation efficiency. Cylindrical cyclones 
are commonly utilized in vertical multi-tube cyclone separation systems as secondary or tertia-
ry cyclones [18].

In this study, we investigated the impact of adding helical fins on the vortex finder 
of a cylindrical cyclone on its flow field characteristics and separation performance through 
numerical simulation. Our findings are expected to provide valuable insights into the optimal 
design of internal components for cyclones.

Numerical simulation

Geometric model

In order to simulate the impact of helical fins on flow field distribution and separation 
performance, a cylindrical gas-solid cyclone separator was designed as the foundation. The 
dimensions of the cyclone body closely resemble the design proposed by Gao et al. [18]. The 
difference is that we adjusted the proportions of the main parameters vortex finder diameter, 
Dr, and cylindrical body height, H, to make it more similar to a conventional Stairmand cyclone 
separator. The structure of the cylindrical gas-solid cyclone and helical fins used in this study is 
shown in fig. 1, and the relevant dimensions of the geometry are shown in tab. 1.
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Figure 1. Schematic of the structure of cyclones and helical fins

Table 1. Geometrical dimensions of the geometric models

Geometric parameter Dimension [mm]

Entrance width, a 19.5
Entrance height, b 65
Cylinder diameter, D 130
Vortex finder diameter, Dr 65
Outlet diameter, De 45
Cylindrical body height, H 390
Vortex finder height, S 130
helical fin height, h 88
helical fin pitch, f 8
Square section width, c 6
Square section height, d 8

Mathematical models

The gas in a cyclone separator is usually considered incompressible. The motion of 
the continuous phase is determined by solving the continuity and momentum equations, which 
are expressed according to the Navier-Stokes equations:
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where ū i is the mean velocity, p̄ – the mean pressure, ρ and n are the density and kinematic 
viscosity, respectively, and uiuj¯¯ – the Reynolds stress tensor.
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The Reynolds stress model (RSM) and large eddy simulation (LES) based on the 
RANS method are widely used in numerical studies of cyclones. The RSM shows good predic-
tive capability by considering the effects of rotation, vorticity, high streamline curvature and 
rapid changes in strain rate. Compared with LES, the RSM model can significantly reduce the 
number of grids and computational time while balancing prediction accuracy and computation-
al cost [19, 20]. Therefore, the RSM model is used to solve the turbulent flow problem in the 
continuous phase. The Reynolds stress transfer equation is expressed:
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The turbulent diffusion term, stress generation term, pressure strain term and dissipa-
tion term:
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Particles are considered as discrete phases and the volume fraction is generally well 
below 10%. It is reasonable to ignore the particle interactions and particle effects on the air-
flow at low particle concentrations. According to Newton’s second law to control the motion 
of particles:
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where up, vp, and wp are the particle velocity in the x-, y-, and z-directions and the drag force FD 
is defined:
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where ρp is the particle density, dp – the particle diameter, and CD – the drag coefficient calcu-
lated:
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aaC a= + + (13)

where a1, a2, and a3 is the constants.
In addition, the particle dispersion is strongly influenced by turbulent diffusion. The 

discrete random walk (DRW) and random eddy lifetime (REL) model were chosen to consider 
the effect of turbulence on particle dispersion [6].

Grid independence

A hybrid mesh approach was used in this study due to the complex structure of helical 
fins, consisting of an unstructured tetrahedral mesh around the helical fins and a structured 
hexahedral mesh for the rest of the domain, as shown in fig. 2(a). To ensure grid independence 
in the simulation, the tangential velocity of the cyclone fitted with fins at z = 100 mm was calcu-
lated using three grid levels with 466409 cells, 631132 cells, and 775680 cells, respectively. As 
shown in fig. 2(b), the results for the three different grids are very close with an average relative 
error of less than 2.6%, indicating that grid independent results can be achieved for all grids. 
The level with the highest number of grids was selected to ensure the best simulation results.

Figure 2. (a) Grid representations and  
(b) tangential velocities of the three grid levels at z = 100 mm

Boundary conditions and simulation scheme

The velocity inlet was chosen as the inlet boundary condition with an inlet velocity of 
12-27 m/s. Air is used as a continuous phase with a density of 1.225 kg/m3 and a dynamic vis-
cosity of 1.7894 ⋅ 10–5 Pa⋅s. The hydraulic diameter and turbulence intensity can be calculated:

1/80.16(Re)I −= (14)

4
H

AD
L

= (15)

where Re is the Reynolds number, A – the inlet area, and L – the inlet perimeter. The outlet 
surface of the vortex finder was set as the pressure outlet. Both the helical fins and the wall 
surface adopted the standard wall function and no-slip boundary condition. The particles 
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were assumed to be spherical particles with a density of 2650 kg/m3 and injected from the 
inlet at the same velocity as the continuous phase. The separation efficiency of cyclones 
is very high for particles larger than 10 μm, so this study focused on particles smaller than  
10 μm. The size of the particles follows a Rosin-Rammler distribution, with a mean particle 
diameter of 2.47 μm and a spread parameter of 4.31. The bottom surface was set as a trap, 
the exit surface of the vortex finder was set as an escape. For particle-wall collisions, the 
restitution coefficients for the normal, en, and tangent, et, directions are [21]:

2
n 1 0.0218 0.0002e α α= − + (16)

2
t 0.7829 0.0041 0.00004e α α= − + (17)

where α is the impact angle. The spatial discretization methods used are summarized in tab. 2. 
Transient runs were performed for the flow field with a time step of 0.0001 second and a con-
vergence criterion of 1 ⋅ 10–5 for all solution variables.

Table 2. Numerical schemes for this study

Numerical setting Scheme

Pressure discretization PRESTO!
Pressure velocity coupling SIMPLEC
Momentum discretization QUICK
Turbulent kinetic energy Second-order upwind
Turbulent dissipation rate Second-order upwind
Reynolds stress First-order upwind

Model validation

To validate the numerical method of this study, the simulation results were compared 
with the experimental data in [22, 23]. The simulations here were performed according to the 
exact geometric parameters in their experiments. As shown in fig. 3, the simulation data are 
consistent with the experimental test data and can accurately reflect the flow of the flow field 
and the motion of the particles.

Figure 3. Comparison of simulated and experimental data
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Results and discussion

Tangential velocity field

The transient and time-averaged flow characteristics of the cyclone separator with and 
without helical fins were compared. Since the influence of the inlet Reynolds number on mean 
and turbulence statistics was proven negligible [24, 25], we selected the simulation results with 
an inlet velocity of 15 m/s as a representative for analyzing the flow field characteristics. In the 
cyclone separator, a strongly rotating turbulent flow field is generated. The tangential velocity 
plays a crucial role in particle separation, the higher the tangential velocity, the greater the cen-
trifugal force acting on the particles. Figure 4 illustrates a comparison of the tangential velocity 
distribution, at various cross-sections. It is evident that the distribution of tangential velocity 
takes the form of a Rankine vortex structure, which comprises an external quasi-free vortex and 
an internal quasi-forced vortex [26]. The maximum tangential velocity occurs at the interface of 
the inner and outer vortices in the separation space and near the inner wall of the vortex finder. 
The addition of helical fins to the vortex finder has little effect on the tangential velocity of the 
inner vortex and some effect on the tangential velocity of the outer vortex. At z = 100 mm, a 
decrease in the tangential velocity of the outer vortex is observed after the installation of the 
helical fins. At z = 200 mm, the overall decrease in the tangential velocity of the outer vortex 
is observed, but there is a slight increase near the wall due to the presence of the helical fins, 
which narrow the annular separation space here. At z = 300 mm, the tangential velocity distri-
bution is very close, and the inlet velocity has a dominant effect on the tangential velocity near 
the top of the cyclone, while the helical fins have less effect on the upper flow field.

Figure 4. Comparison of tangential velocity distribution at vin = 15 m/s
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Pressure

Comparing the difference in static pressure distribution between the two cyclones 
helps to understand the variation in pressure drop. Figure 5 shows the distribution of the static 
pressure, which has a good symmetry. The static pressure decreases along the radial direction 
from the wall to the center in the main separation space, with little change in the axial position. 
This is due to the acceleration of the gas from the external vortex to the internal vortex and the 
conversion of the static pressure to dynamic pressure, resulting in a decrease. Due to the radial 
pressure gradient and the exit tube discharge driven by the upward axial velocity, many small-
er particles enter the inner vortex under resistance. The addition of helical fins on the vortex 
finder results in a decrease in the pressure gradient of the external vortex. This reduction can 
be attributed to a decrease in tangential velocity. As the air-flow approaches the center of the 
cyclone, the kinetic energy of the vortex is transformed into potential energy, leading to a sub-
sequent reduction in the pressure gradient.

Figure 5. Comparison of static pressure distribution at vin = 15 m/s

Turbulence intensity

Turbulence is an important factor in cyclone separators because it affects the efficien-
cy and performance of the separation process. Figure 6 shows the turbulence intensity contours 
for the two cyclones at an inlet velocity of 15 m/s. The highest turbulence intensity values are 
located inside and below the vortex finder, while the lowest turbulence intensity occurs near 
the bottom of the cyclones. This implies that the region around the vortex finder has strong 
turbulent motion, while the bottom of the cyclones has relatively stable flow. It is evident that 
the addition of helical fins reduces the turbulence intensity in the vortex finder and weakens 
the turbulent motion compared to the separator without helical fins. The addition of helical fins 
on the vortex finder disrupts the coherence of the vortex, leading to vortex fragmentation and 
dissipation of turbulent kinetic energy into smaller scales of motion. This results in a reduction 
of turbulence intensity in the vortex finder. This is similar to the findings of Zhang et al. [3]. 
The decrease in turbulence intensity also explains the decrease in tangential velocity and the 
decrease in pressure gradient.
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Separation performance

The performance of a cyclone is mainly evaluated by two parameters: separation ef-
ficiency and pressure drop, with the former representing the separation capacity and the lat-
ter reflecting the energy consumption. The goal of structural improvement is to enhance the 
separation efficiency and reduce the pressure loss, which is challenging to achieve solely by 
altering the geometry. Therefore, achieving a balance between these two parameters is typically 
a crucial consideration. The pressure drop can be determined by calculating the difference be-
tween the average pressure values at the inlet and the outlet. The separation efficiency can be 
calculated by monitoring the particle mass at the inlet and the outlet and is calculated:

o

i
1 100%

m
m

η
 

= − × 
 

(18)

where η is separation efficiency and mo and mi are the mass of the particles escaping from the 
outlet and entering from the inlet.

The inlet velocity is a significant operating parameter that affects cyclone perfor-
mance, and both pressure drop and separation efficiency are greatly influenced by it. Figure 7 
shows the pressure drop and overall separation efficiency of the two cyclones at different inlet 
velocities. At the same inlet velocity, the cyclones with helical fins have a lower pressure drop. 
With the increase of the inlet velocity, the pres-
sure drop of two cyclones increases exponential-
ly, which is consistent with Hoffman’s theory 
[27]. However, the growth rate of pressure drop 
is significantly lower for the separator with he-
lical fins. Compared with the original separator, 
the pressure drop of the separator with helical 
fins is reduced by 5.25% at a low inlet velocity 
of 12 m/s. The reduction rate increases as the 
inlet velocity increase and reaches 25.33% at a 
high inlet velocity of 27 m/s. This indicates that 
the helical fins on the vortex finder can signifi-
cantly reduce the pressure loss of the cyclone 
for a high inlet velocity. The overall separation 

Figure 6. Comparison of turbulence intensity distribution at vin = 15 m/s

Figure 7. The pressure drop and overall 
separation efficiency at different inlet velocities
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efficiency decreases at inlet velocities ranging from 12-21 m/s after adding helical fins. The 
decrease in the tangential velocity of the outer vortex is the main reason for the decrease in 
overall separation efficiency. The overall separation efficiency increases with increasing inlet 
velocity, but there is a marginal decreasing effect. This means that the effect of inlet velocity 
on separation efficiency decreases at higher inlet velocities, which is consistent with the the-
oretical model proposed by Avci and Karagoz [28]. This is due to the fact that excessive inlet 
velocity will cause particles to bounce and larger particles will be entrained in the upward vortex 
to escape through the processing vortex core [29], negatively impacting separation efficiency 
improvement.

It is evident that the difference in the overall separation efficiency of the two cyclones 
becomes smaller as the inlet velocity increases, with a relative deviation of only 0.16% at an 
inlet velocity of 27 m/s. This phenomenon can be explained by analyzing the variation in grade 
efficiency for different inlet velocities, as shown in fig. 8. The separation efficiency is almost 
100% for particles above 5 μm. As the inlet velocity increases, the two grade efficiency curves 
are shifted to the left and become closer together, indicating a better separation of smaller parti-
cles, but there is only limited improvement in the separation efficiency of 1 µm particles. This is 
because increasing the inlet velocity generates a greater centrifugal force in favor of separation, 
but also causes turbulence and disturbances in the gas stream. Fine particles are strongly influ-
enced by the turbulence to deviate from the separation trajectory and escape from the cyclone.

Figure 8. The grade efficiency of two cyclones at different inlet velocities

Cylindrical cyclones typically operate at higher gas velocities and are used to separate 
larger particle sizes. With the addition of helical fins, the small change in overall separation effi-
ciency at high inlet gas velocities is almost negligible, and the significant reduction in pressure 
drop significantly reduces energy consumption. The addition of helical fins thus improves the 
overall performance of the cylindrical cyclone, which is a promising approach to optimizing the 
internal components of the cyclone.
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Conclusions

In this paper, we propose the addition of helical fins on the vortex finder as an innova-
tion, and analyze the effect of helical fins on the separation performance of cylindrical gas-solid 
cyclone based on the flow field characteristics through numerical simulation. This study pro-
vides an idea for optimizing the internal structure of the cyclone separator. Several noteworthy 
conclusions are as follows.

 y The helical fins alter the flow field distribution in the cyclone separator, affecting its sepa-
ration performance. By weakening turbulent motion in the cyclone, the helical fins reduce 
the turbulence intensity in the vortex finder. This results in a decrease in tangential velocity 
of the vortex outside the cyclone, leading to a lower pressure gradient. However, the helical 
fins have a lesser effect on the tangential velocity field inside the vortex finder and at the 
top of the cyclone.

 y For particles larger than 5 µm, both cyclones with and without helical fins exhibit a sep-
aration efficiency of almost 100%. As the inlet velocity increases, the effect of installing 
helical fins on the overall separation efficiency diminishes. At an inlet velocity of 27 m/s, 
the relative deviation is only 0.16%, which is negligible for cylindrical cyclones designed 
to separate larger particles.

 y With an increase in inlet velocity, the significance of built-in helical fins in reducing pressure 
losses also increases. At a high inlet velocity of 27 m/s, the pressure drop is reduced by 25.33%. 
This reduction in energy consumption leads to an improvement in overall performance.
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