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Abstract 

The effect of adding extra inlet channels on the operation of the Stairmand Cyclone has been investigated 

numerically. The Reynolds stress model (RSM) and Eulerian-Lagrangian method were used to investigate the 

complex turbulent flow and cyclone performance. The impacts of one-way coupling and two-way coupling 

models on the cyclone efficiency and the calculation of cut-off size diameter were examined. The results 

showed that a rise in channel number increases the tangential velocity and extends the Rankine vortex region. 

Moreover, in the four-inlet cyclone, the direction of flow changes unlike the one-inlet and two-inlet cyclones, 

and it behaves like a jet flow. According to the results, the collection efficiency and cut-off size diameter of the 

four-inlet cyclone are respectively about 10.78% higher and 35% lower than those of one-inlet configuration. 

Therefore, the performance of four-inlet cyclone is the highest among the three investigated configurations due 

to high tangential and axial velocities. A cyclone with more inlets has a more symmetrical flow pattern. 

Consequently, the four-inlet cyclone has the lowest flux of erosion among the others. The results of cyclone 

performance reveal a slight difference between one-way coupling and two-way coupling models. 

Keywords: Number of Inlet Channels, Reynolds Stress Model (RSM), Two-way Coupling Model, Eulerian-

Lagrangian Method, Erosion Modeling 

1. Introduction 

Despite its simple geometry, cyclones have a very complicated flow dynamics to separate particles. 

Centrifugal and gravitational are the two main forces used by this industrial device for the separation 

of particles from the flow. There are many types of cyclones used in various industries, but the most 

famous and practical one is Stairmand used in petroleum and food industries as well as gas and 

petrochemical applications (Demir et al., 2016; Vahedi et al., 2017b; Mothes and Löffler, 1988). The 

two-phase flow of particles and gas enters the cyclone tangentially through the cyclone inlet creating 

two vortexes in the cyclone. One causes the flow to swirl upward and exits through the vortex finder, 

while the other one swirls downward and transfers the particles towards cyclone walls and the dustbin 

at the bottom of the cyclone, where they are collected (Hosseini et al., 2015). 

Cyclone efficiency has motivated many researchers to study the performance of this device presenting 

mathematical models originated from experimental data (Mothes and Löffler, 1988; Iozia and Leith, 

1990; Avci and Karagoz, 2003). For the typical Stairmand cyclone, the inside flow is three 
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dimensional, swirling, anisotropic, and complex, so the results of CFD simulations considerably 

depend on modeling and choosing the appropriate turbulent model (Avci and Karagoz, 2003; Kaya 

and Karagoz, 2009; Griffiths and Boysan, 1996; Hoekstra, 2000). Kaya and Karagoz (2009) used 

Reynolds stress modeling (RSM) to simulate swirling flow inside the gas cyclone three-

dimensionally. Their results revealed that the dipleg length influences the cyclone efficiency more 

than pressure drop especially at lower inlet velocities. Another investigation was carried out by 

Griffiths and Boysan (1996) in which they utilized an empirical theory to investigate the cyclone 

performance; their CFD results well suited experimental data. Works done by Griffiths and Boysan 

(1996) and Kaya and Karagoz (2009) showed an anisotropic and turbulent rotating flow inside the 

cyclone. According to their studies, the accuracy in choosing the turbulent models and correct 

assumptions affect the numerical results remarkably. The k-ε, RNG k-ε, and RSM turbulent models 

were used by Hoekstra (2000) and Chuah et al. (2006) to study the gas-particle cyclones. Their 

outcomes indicated that RSM model explains the flow behavior inside the cyclone better than the 

others; hence, it was preferred to be used by many researchers. According to linearity in the 

Boussinesq hypothesis, k-ε is not capable of estimating the anisotropic turbulent stress since it only 

involves turbulent kinetic energy and dissipation terms. Wang et al. (2017) investigated the gas-oil 

cyclone, and studied the impacts of droplets collision, breakup, and droplet-wall collisions; they 

concluded that there was good agreement between experimental data and the results of RSM turbulent 

model. Khosravi Nikou and Ehsani (2008) investigated the ability of k-ε, RNG k-ε, k-ω, and BSL 

turbulent models in the CFD simulation of heat and mass transfer and the hydrodynamics of a two-

phase flow through a Flexipac1Y structured packing. They compared their study results with the 

experimental data and concluded that k-ε and RNG k-ε are not accurate models for complex flows. 

The shape of two vortexes relies on many factors like geometric parameters, surface roughness, 

particle/droplet diameter, and operational conditions. The effects of three distinct values of wall 

roughness, alongside different droplet sizes and various gas inlet velocities on the flow parameters 

have been studied by Vahedi et al. (2017b). Their results showed that an increase in surface roughness 

leads to a decline in tangential velocity as the flow resistance rises. Vahedi et al. (2017a) numerically 

studied the impact of the conical section on the flow pattern and cyclone performance by comparing 

the results of a dual-cone cyclone with those of a single-cone cyclone. They reported that tangential 

velocity and Rankine vortex region decrease when the separation part space is decreased. Also, a 

smaller outlet section and less space for particle movement resulted from adding another cone lead to 

an increase in cyclone efficiency. Brar et al. (2015a) conducted a numerical study on the impacts of 

cylinder length and cone length on the Stairmand cyclone; they concluded that increasing the cylinder 

length from 1D to 5.5D decreases the pressure drop by 34%, whereas the cyclone efficiency rises by 

almost 9.5%. Increasing cone length by 6.5 times resulted in an increase of 29% and 11% in pressure 

drop and cyclone efficiency respectively. Gao et al. (2013a) studied the effects of central channel 

dimensions on the performance of gas-oil cyclone and showed that the pressure drop increases by a 

decrease in central channel diameter. The tangential velocity near the wall is about 0.8 to 1 times of 

inlet velocity, while the figure for the maximum tangential velocity is almost 1.8 to 2 times of inlet 

velocity. Azadi et al. (2010) used the RSM turbulent model and Eulerian-Lagrangian approach to 

tracking the particle paths in several gas-particle cyclones. They concluded that an increase in the size 

of the cyclone would grow the cut-off size diameter and pressure drop. Karagoz et al. (2013) studied a 

new type of cyclone by using RSM turbulent model to simulate the continuous phase. They showed 

that increasing the length and diameter of the vortex limiter would lead to decrease in cut-off size 

diameter, which results in an increase in collection efficiency. Elsayed and Lacore (2012) numerically 

studied four different geometries of dust outlet, namely without dustbin, with dustbin, with dipleg and 

with dustbin plus dipleg. All the four configurations had almost an equal maximum velocity. 



S. M. Vahediet al. / Numerical Investigation of the Impact of Inlet Channel Numbers … 61 

 
However, three of them, i.e. without dustbin, with dipleg and with dustbin plus dipleg, exhibited an 

M-shape axial velocity profile, but the one with dustbin produced an inverted V-shape axial velocity 

profile. Brar et al (2015b) investigated the impact of varying diameters on the pressure drop, 

collection efficiency, and cut-off diameter of the cyclone. They revealed that an increase in cyclone 

diameter increases the collection efficiency at the expense of increasing pressure drops across the gas 

cyclones. Zhao et al. (2006) considered two cyclones with two different inlet channels numerically. 

The first cyclone had a typical inlet channel, whereas the second one had a curvature at the end of its 

inlet channel. They claimed that this curvature accounted for a more symmetrical flow pattern and 

better efficiency compared to a typical cyclone. According to their study, the geometrical changes 

affect the flow pattern, particle separation, and cyclone efficiency. Therefore, according to the above 

literature review, it can be concluded that, in order to achieve a higher efficiency, the geometrical 

study of the cyclone is inevitable. 

In the current study, the effect of increasing inlet channel numbers at a constant total volumetric mass 

flow rate on the flow pattern and the efficiency of the Stairmand cyclone is studied. To this end, the 

effect of inlet channel numbers on velocity and pressure distributions is examined for one-inlet, two-

inlet, and four-inlet configurations by using RSM turbulent model and considering different sizes for 

calcium carbonate particles. The Eulerian-Lagrangian statistical approach was used to study the 

cyclone performance. The one-way and two-way coupling models were used and compared according 

to the results of cut-off size diameter and collection efficiency. Using two-way coupling, the contour 

plots of erosion flux are also depicted for the three configurations. 

2. Conceptual design 

The Stairmand cyclone consists of four parts, namely inlet channel, central cylinder, vortex finder, 

and the cone section (see Figure 1). The dimensions of these parts are listed in Table 1. One-inlet, 

two-inlet, and four-inlet configurations are presented in Figure 2. The two-phase flow of gas and 

calcium carbonate particles is blown through the cyclone inlet channel tangentially. The tangential 

velocity decreases when the flow moves down the cyclone until it reaches the cone section, where the 

decreasing trend of tangential velocity is inverted. In the cone section, where the second vortex 

formation happens, lighter particles are moved by the centrifugal force originated from tangential 

velocity towards the flow core, and they were ascended through the cyclone outlet. 

The following assumptions were used in the present study: 

 Mach number is equal to 0.06; therefore, the fluid flow can be considered incompressible 

(Parvaz et al., 2017). 

 The temperature is constant and set to 300 K (Hoekstra, 2000). 

 Particles are assumed spherical. Dust loading was considered as 0.0005 kg powder per the 

unit volume of air with a mean powder diameter of 5.97 μm and a geometric standard 

deviation of 2.08 (ANSYS Fluent User’s Guide, 2013). 

 Buoyancy and virtual mass forces were neglected (Zhao, 2005). 

 Volumetric flow rate is constant and equal to 0.0839475 m3s−1. 

 The inlet flow is uniform. 
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Figure 1 

A schematic representation of Stairmand cyclone geometry. 

Table 1 

Geometrical properties of the investigated cyclone in the present work. 

Parameters 𝐷 𝑎 𝑏 𝐷𝑥 𝑆 𝐵𝑐 ℎ 𝐻𝑡  𝐿𝑒 𝐿𝑖 

Dimensional (m) 0.205 0.105 0.041 0.105 0.105 0.0768 0.3075 0.82 0.1025 0.1025 

Non-dimensional 1 0.5121 0.2 0.5 0.5 0.375 1.5 4 0.5 0.5 

 

a) 

 

b) 

 

c) 

 

Figure 2 

Representation of the generated mesh for a) one-inlet, b) two-inlet, and c) four-inlet configurations. 

3. Governing equations 

3.1. Eulerian equations-continuous phase 

According to the assumptions, the continuity and momentum equations are as follows (Brar et al., 

2015a). 
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In above equations, 𝑢�̅� is mean velocity, and 𝑥𝑖 is location; �̅� stands for mean pressure and 𝜌 is gas 

density; 𝜈 and 𝑅𝑖𝑗(= 𝑢�̇�́ 𝑢�́̇�̅̅ ̅̅ ̅) represent kinematic viscosity and Reynolds stress tensor respectively. The 

fluctuating component of fluid velocity (𝑢′) was considered as 𝑢𝑖 − 𝑢�̅̇� (Kaya and Karagoz, 2009). 

3.2. Turbulence closure-RSM 

Taking the Reynolds stress tensor into account, the following equation was written (Hoekstra, 2000; 

Gao et al., 2013b; ANSYS Fluent User’s Guide, 2013): 
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The turbulence generating terms are defined by: 

𝑃𝑖𝑗 = −[𝑅𝑖𝑘
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𝑃 indicates stress generation term, and 𝜈𝑡 is turbulent viscosity. 𝜎𝑘 = 1, 𝐶1 = 1.8, and 𝐶2 = 0.6 are 

empirical constants (Kaya and Karagoz, 2009; Hoekstra, 2000). 

The transport equation for turbulence dissipation rate is given by: 
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where, 𝐾(= 𝑢�̇�́ 𝑢�̇�́̅̅ ̅̅ ̅ 2⁄ ) is the turbulence kinetic energy, and 휀 represents the turbulence dissipation rate. 

The constants of Equation 5 are as follows: 𝜎𝜀 = 1.3, 𝐶𝜀1 = 1.44, and 𝐶𝜀2 = 1.92 (Kaya and 

Karagoz, 2009; Hoekstra, 2000). 

3.3. Lagrangian equations-dispersed phase 

Only drag and gravitational forces are considered because of the lower density of air with respect to 

calcium carbonate. The momentum equations imposed on particles reads: 

𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(𝑢𝑔̅̅ ̅ + 𝑢�́� − 𝑢𝑝) − 𝑔 (6) 
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𝑑𝑤𝑝
𝑑𝑡

= 𝐹𝐷(𝑤𝑔̅̅̅̅ + 𝑤�́� −𝑤𝑝) −
𝑢𝑝𝑤𝑝
𝑟𝑝

 (8) 

in which, g and p indexes show the continuous (gas) and dispersed (particle) phases respectively. 𝐹𝐷 

represents the drag force defined by (Demir et al., 2016): 

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒𝑝
24

 (9) 

The drag coefficient 𝐶𝐷 can be written as follows: 

𝐶𝐷 =

{
 
 

 
 

24

𝑅𝑒𝑝
               , 𝑅𝑒𝑝 ≤ 1

24(1 + 0.15𝑅𝑒𝑝
0.687)

𝑅𝑒𝑝
, 1 < 𝑅𝑒𝑝 ≤ 1000

0.44                     , 𝑅𝑒𝑝 > 1000

 (10) 

The particle Reynolds number is defined by (Parvaz et al., 2017; Demir et al., 2016): 

𝑅𝑒𝑝 =
𝑑𝑝𝜌𝑔|𝜑𝑔⃗⃗⃗⃗  ⃗ − 𝜑𝑝⃗⃗ ⃗⃗  |

𝜇
 (11) 

where, 𝑑𝑝 is particle diameter; 𝜌𝑔, 𝜇, and 𝜑 stand for density, dynamic viscosity, and all the 

components of the velocity of gas respectively. 

3.4. Erosion model 

Erosion occurred due to the impact of particles and the cyclone wall. The Det Norske Veritas (DNV) 

erosion model, known as the general erosion model, is used in this study. The three main steps of 

erosion prediction through CFD are flow modeling, particle tracking, and erosion calculation. RANS 

equations in addition to continuity and momentum transport equations are solved in an Eulerian 

framework to calculate the continuous flow field (ANSYS Fluent User’s Guide, 2013). Newton’s 

momentum equations are employed to track both the particle path and the particle velocity using two-

way coupling with the continuous phase. The CFD-based erosion model for predicting the erosion rate 

is given by: 

𝐸 = �̇�𝑝𝐾𝑓(𝛼)(𝜑𝑝⃗⃗ ⃗⃗  )
𝑛

 (12) 
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2
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2

𝑌𝑤
]

2

 (13) 

𝑓(𝛼) = 2.4647 × 10−3𝛼 + 2.9284 × 10−4𝛼2 + 2.1974 × 10−6𝛼3 (14) 
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where, E, K, and 𝑓(𝛼) are erosion rate, material constant, and the function of impact angle 

respectively. All the constants are expressed in the work done by Sedrez et al. (2017). 

Two-way coupling is used for coupling the discrete and continuous phases. It considers the 

interactions between gas and particles. The source term, included in Equation 2, makes the coupling 

possible and is expressed by: 

𝑆𝑣 =∑[𝐹𝐷 (𝜑𝑔⃗⃗⃗⃗  ⃗ − 𝜑𝑝⃗⃗ ⃗⃗  
𝑖
)]

𝑛𝑝

𝑖

(�̇�𝑝∆𝑡) (15) 

in which, 𝐹𝐷 (𝜑𝑔⃗⃗⃗⃗  ⃗ − 𝜑𝑝⃗⃗ ⃗⃗  
𝑖
) shows the drag force imposed on particle 𝑖, and �̇�𝑝 indicates the overall 

mass flow rate of the particles. ∆𝑡 is the time step set to 0.0001 s for all of the configurations. It is 

worth noting that the two-way coupling is just used for the investigation of the collection efficiency, 

cut-off size diameter, and erosion flux. 

The resident time inside the cyclone can be calculated by the following relation (Parvaz et al., 2017). 

𝑡𝑟𝑒𝑠 =
𝑉

𝑄
 (16) 

where, 𝑉 is cyclone volume, and 𝑄 represents the volumetric flow rate. The resident time for all the 

configurations is tabulated in Table 2. 

Table 2 

The number of cells of the three configurations investigated in the present work. 

Configuration One-inlet Two-inlet Four-inlet 

Volume (m3) 0.0199 0.0203 0.0212 

Resident time (s) 0.237 0.248 0.2527 

3.5. Boundary conditions 

The mixture of gas and particles, with given properties in Table 3, enters the cyclone at a uniform 

velocity yet tangentially through the inlet channels. The inlet velocities of one-inlet, two-inlet, and 

four-inlet configurations at a constant total volumetric mass flow rate are 19.5 ms-1, 9.75 ms-1, and 

4.875 ms-1 respectively. The turbulence intensity and turbulent length are respectively 5% and 0.07 of 

the inlet width. The cyclone body is considered as wall, and the overflow at the top of the cyclone is 

defined as an outflow. The bottom of the cyclone is also considered as a trap to estimate the cyclone 

efficiency (Parvaz et al., 2017). 

Table 3 

Physical properties of air and calcium carbonate particles (Vahedi, et al, 2017a; Parvaz, et al. 2017). 

Physical properties Density (kgm-3) Dynamic viscosity (Pa.s) 

Air 1.225 0.00017694 

Calcium carbonate 2740 - 
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4. Grid independence study and validation 

It is important to perform a grid independence study before validation (Golshadi et al., 2013). 

Consequently, hexagonal cells were created via Gambit software as displayed in Figure 3. Achieving 

a good numerical simulation is undoubtedly originated from an accurate mesh generation. The multi-

block hexahedral grids were produced in the current study for the whole domain of the cyclone. The 

two main features should be considered in the mesh generation; first, the grids should be generated in 

parallel to the flow direction in the entire computational domain. Second, the grid should be created 

so that they are capable of resolving the steep flow gradient in the central region of the cyclone due to 

the procession vortex core (PVC) phenomenon. 

  

Figure 3 

Two schematic representations of blocks and structured grid used in the simulation. 

The simulations described here are run using ANSYS Fluent 16, Fluent Inc. The reference parameters for 

the mesh independence study are Euler number (𝐸𝑢 = 𝜌𝑢𝑖𝑛
2 2⁄ ) and total pressure drop (the difference 

between the inlet and outlet static pressure). The number of cells is increased, and these parameters are 

analyzed as seen in Table 4, where the mesh independency is studied for one-inlet configuration. 

After studying mesh independency, the results of the current simulation was validated by the 

experimental work done by Hoekstra (2000). Hence, a one-inlet cyclone (Figure 2a) was considered. 

The outcomes of the simulation of axial and tangential velocities at the distance of 0.9425 m from the 

bottom of the cyclone were compared to the experimental results of Hoekstra (2000). As it can be 

seen in Figure 4a, the tangential velocity profiles of these two studies show good agreement with an 

average deviation of 0.518% from Hoekstra’s (2000) experimental result. It is worth noting that x and 

y directions were divided respectively by cylinder radius and inlet velocity to become dimensionless. 

Table 4 

The results of grid study for one-inlet channel. 

Number of cells Euler number Total pressure drop 

394700 5.8 1139.28 

455900 6 1159.77 

578300 6.2 1188.48 

Percentage of deviation 0.064 4.1 
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Figure 4b illustrates the validation of the results of the dispersed phase. The results were compared to 

the experimental data released by Zhao (2005). It is clear that the dispersed phase could be simulated 

well with an average deviation of 16.6% from the results of Zhao (2005). The solid calcium carbonate 

particles were injected to the cyclone in the normal direction of inlet channel cross-section at the same 

velocity of air flow. To compute the efficiency of the cyclone, its bottom is considered as a trap. In 

the present study, the particle-wall collisions are considered elastic. Therefore, the coefficients of 

restitution in tangential as well as in wall normal direction are set to 1. 

a) 

 

b) 

 

Figure 4 

Comparison between a) tangential velocity and b) the dispersed phase of the current numerical simulation and 

the work done by Hoekstra (2000) and Zhao (2005). 

5. Results and discussion 

To study the flow pattern and the demonstration of tangential and axial velocity, which play important 

roles in separation, four sections were considered according to Table 5. 

Table 5 

Sections investigated for tangential and axial velocity distributions. 

Situation S1 S2 S3 S4 

Z/D 0.75 1.5 2.25 2.75 

5.1. Number of inlets and velocity components 

Tangential and axial velocities are two important factors affecting the gas-particle cyclone 

performance; they have important roles in the separation process. The former causes centrifugal force, 

whereas the latter accounts for the transportation of particles down the cyclone (Elsayed and Lacor, 

2012). The effects of inlet channel numbers on these velocity components of three configurations 

were investigated in the current numerical work at a constant total volumetric inlet mass flow rate. 

Figures 5-8 illustrate the tangential velocity in four sections mentioned in Table 5, and Figures 9-12 

present the axial velocity in those sections. 
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       c) 

 

      b) 

 

a) 

 

 

 

      d)  

Figure 5 

Normalized tangential velocity distribution in section S1 a) for the three configurations and its contour plots for 

b) one-inlet, c) two-inlet, and d) four-inlet cyclone. 

 

       c) 

 

      b) 

 

a) 

 

 

 

      d)  

Figure 6 

Normalized tangential velocity distribution in section S2 a) for the three configurations and its contour plots for 

b) one-inlet, c) two-inlet, and d) four-inlet cyclone. 

As it is shown in Figure 5, the profile of tangential velocity is almost centrally symmetric. The 

tangential velocity increases from wall to the center of the cyclone until it reaches its maximum at 

about 20% of the distance between the wall of the cyclone and its central axis. Then, the tangential 

velocity reaches 0 near the center of the cyclone. With an increase in the number of inlet channels, the 

tangential velocity in sections increases, and the maximum velocity takes place closer to the central 

axis of the cyclone. When the inlet numbers rises from 1 to 4, the maximum tangential velocity 

increases by 112.5%, 60.6%, 43.7%, and 43.7% for all the sections (from top to the bottom of the 

cyclone). The highest increase in tangential velocity occurs for the top section with a four-inlet 

configuration. It must be noted that one of the most important factors in increasing the Stairmand 

cyclone efficiency is the increase of tangential velocity (Avci and Karagoz, 2003; Demir et al., 2016). 
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Figure 7 

Normalized tangential velocity distribution in section S3 a) for the three configurations and its contour plots for 

b) one-inlet, c) two-inlet, and d) four-inlet cyclone. 
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      d)  

Figure 8 

Normalized tangential velocity distribution in section S4 a) for the three configurations and its contour plots for 

b) one-inlet, c) two-inlet, and d) four-inlet cyclone. 

As it is obvious from Figures 5-8, the Rankine vortex region rises by increasing inlet numbers. The 

Rankine vortex and tangential velocity are two important parameters in the separation of particles and 

cyclone performance, so the results reveal a positive effect of adding inlets to the cyclone. According 

to these figures, the highest Rankine vortex region belongs to the four-inlet configuration. 

The profiles and contour plots of axial velocity, which consists of upward and downward flows, are 

demonstrated in Figures 9-12 for different sections. Between the two upward and downward flows, 

the axial component of velocity becomes zero. Also, the axial velocity profiles are almost symmetric 

like tangential velocity profiles. Moving from wall to the center of the cyclone, the axial velocity 

increases from zero to its maximum. This component of velocity is very sensitive to the number of 
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inlets. For instance, in one-inlet and two-inlet configurations, the axial velocity value is negative at 

the center of the cyclones, and particles move downward, while, in four-inlet configuration, the axial 

velocity is positive at the center of the cyclones and transports the particles upward. 
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 b) 

 

 c) 

 

 

 d) 

 

 

 

Figure 9 

Normalized axial velocity distribution in section S1 a) for the three configurations and its contour plots for b) 

one-inlet, c) two-inlet, and d) four-inlet cyclone. 
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Figure 10 

Normalized axial velocity distribution in section S2 a) for the three configurations and its contour plots for b) 

one-inlet, c) two-inlet, and d) four-inlet cyclone. 
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Figure 11 

Normalized axial velocity distribution in section S3 a) for the three configurations and its contour plots for b) 

one-inlet, c) two-inlet, and d) four-inlet cyclone. 
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Figure 12 

Normalized axial velocity distribution in section S4 a) for the three configurations and its contour plots for b) 

one-inlet, c) two-inlet, and d) four-inlet cyclone. 

It must be mentioned that the most important region for the separation process is the cylinder in which 

the two cross sections of S1 and S2 are located. Axial velocity is increased by adding extra inlet 

channels, but it declines by going down the cyclone. Furthermore, it can be seen that the area of the 

forced vortex is smaller in S1 and S2 sections compared to the other sections. 

The downstream flow rate is a factor confirming that the axial velocity analyzing in the cyclone is 

inevitable. According to the sections of Figures 9-12, it is obvious that the downstream flow rate 
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improves by an increase in the number of inlet channels. Increasing downstream flow rate collects 

more particles at the bottom of the cyclone, thereby enhancing its efficiency. 

5.2. Number of inlets and pressure drop 

In gas-particle cyclones, the pressure drop is a result of the friction between gas and cyclone wall. The 

pressure drop distribution is very important in a cyclone, and it should not decrease because it may 

affect the cyclone performance in a negative manner. Generally, the relation between the velocity and 

pressure drop is defined by: 

∆𝑃 = ξ
𝜌𝑣𝑖𝑛

2

2
 (17) 

According to Figure 13, it is obvious that with an increase in the number of inlets, the pressure drop 

increments. On the other hand, the cyclone with four inlets experiences the lowest static pressure at its center. 

5.3. Number of inlets and the cyclone efficiency 

After investigating the velocity and pressure drop distributions, the efficiency of all the cyclone 

configurations is studied. The cyclones can be recognized by two important factors, namely the cyclone 

efficiency and the cut-off size diameter, which depends on cyclone geometry. The cut-off size is a criterion 

to evaluate the cyclone efficiency, and it shows the ability of cyclone in the separation of particles.  

 

b) 

 

a) 

 

 

c) 

Figure 13 

Pressure distribution throughout a) one-inlet, b) two-inlet, and c) four-inlet cyclones. 
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In Figure 14, the cyclone efficiency is displayed for different configurations and calcium carbonate 

particle sizes by considering one-way and two-way coupling models. Referring to this figure, the 

maximum cyclone efficiency is obtained when the cyclone has four inlets. On the other hand, with an 

increment in the particle size of calcium carbonate, the efficiency will rise. In addition, it can be seen 

that there is a little difference between cyclone efficiency for particle sizes less than 0.1 micrometers, 

while there is almost no difference in efficiency for all the configurations when the particle diameter 

equals 10 micrometers; the differences for the particles with a mid-range diameter are not predictable. 

Comparing Figures 14a and 14b, it is clear that there is no noticeable difference between the results of 

one-way and two-way coupling methods. However, the latter underestimates the cyclone efficiency. 

The cut-off size is presented for the three configurations in Figure 15. It can be seen that the cut-off 

size diameter has a reverse relation with the number of inlets. The four-inlet cyclone has the smallest 

cut-off size diameter, which means that smaller particles are more susceptible to be collected. We 

experience a decline of 40% in cut-off size diameter in the four-inlet cyclone compared to the one-

inlet cyclone. The physical explanation for this decline is the accumulation of large particles due to 

increased tangential velocity, which results in a shorter residence time and more particle collection. 

The one-way and two-way coupling methods were also compared in this figure to show their impacts 

on the cut-off size diameter. The two-way coupling method overestimates the cut-off size diameter, 

which leads to a decline in efficiency of the cyclone. 

 

b) 

 

a) 

Figure 14 

The collection efficiency for the three cyclone configurations for particle diameter in the range of 1 μm to 

10 μm using a) one-way coupling and b) two-way coupling modeling. 

5.4. Number of inlets and erosion 

The main factors causing erosion are a high velocity and loading rate. Thus, the severely eroded 

locations experience a high velocity. As it can be seen in Figure 16, at a constant total volumetric 

mass flow rate, the inlet velocity of a typical cyclone is higher than that of two-inlet and four-inlet 

cyclones. Therefore, it can be stated that the erosion is much higher in a single-inlet cyclone 

compared to two-inlet and four-inlet configurations. It is also obvious that at the bottom of the 

cyclone, where there is an ascending flow at a high velocity, the erosion flux is critical. 
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Figure 15 

Cut-off size diameter magnitude for a) one-way coupling and b) two-way coupling modeling for the three 

cyclone configurations. 

Although the flux of erosion specifies the location where erosion is most likely to happen, it is 

necessary, especially for industrialists, to classify cyclones with a mere value to better compare them. 

Therefore, by integrating the flux of erosion throughout the surfaces, the erosion rate is calculated at 

the specified volumetric flow rate. The same analysis was conducted at different volumetric flow rates 

to better analyze the effect of gas velocity on moving particles. The flow rates correspond to velocities 

in the range of 20 ms-1 to 45 ms-1 for the one-inlet configuration. As shown in Figure 13, the pressure 

has its lowest value in the four-inlet cyclone. Since the erosion is highly linked to pressure, as to 

velocity, the erosion experiences the lowest value in the four-inlet configuration. Moreover, Figure 17 

clearly depicts that erosion is in direct relation to inlet velocity. 

 

b) 

 

a) 
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c) 

Figure 16 

Erosion flux contours throughout a) one-inlet, b) two-inlet, and c) four-inlet cyclones. 

 

Figure 17 

Erosion rate profiles for one-inlet, two-inlet, and four-inlet cyclones at different volumetric flow rates. 

6. Conclusions 

In the present study, the effects of adding inlets to the cyclone at a constant total volumetric mass flow 

rate and different particle sizes were studied. Reynolds stress model (RSM) was employed to simulate 

the turbulent flow of the continuum phase, while the Eulerian-Lagrangian approach was applied to 

particle tracking and cyclone performance investigation. The two-way coupling was used to 

investigate the gas-particle interaction and predict the locations which are susceptible to erosion. The 

results can be listed as follows: 

 Adding three extra inlet channels to cyclone and dividing the total inlet mass flow rate over 

channel numbers increase the tangential velocity and lead to a larger Rankine vortex region. 
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 The axial velocity profile changes its shape from W-shape to jet flow by adding the inlet 

channels to the cyclone, which is an important indicator of efficiency. The four-inlet 

configuration intensifies the axial velocity, which transports particles to the collector section. 

 Pressure drop is defined as the mean pressure difference between the outlet and inlet static 

pressure. According to pressure contour plots in the current study, the four-inlet configuration 

accounted for the highest pressure drop. 

 Cyclones can be distinguished by their efficiency; based on this study, adding inlet channels 

to the cyclone enhances the effect of centrifugal force on particles, which leads to a drop in 

cut-off size diameter and an improvement in efficiency. 

 The bottom of cyclones and the surface in front of particle entrance are more susceptible to 

erosion than other parts. Additionally, the erosion flux is much lower in four-inlet 

configuration. 

 The erosion rate increases monotonically by a rise in the inlet velocity and the pressure of the 

cyclone. 

Nomenclature 

𝐶𝐷 : Drag coefficient 

𝐷 : Cyclone diameter 

𝐹𝐷 : Friction factor (kgm s−2) 

𝑔 : Gravitational acceleration (m s−2) 

𝐾 : Turbulence kinetics energy (kgm2 s−2) 

�̅� : Mean pressure (Pa) 

𝑃 : Stress generation (kgm−1 s−2) 

𝑄 : Volumetric flow rate (m3 s−1) 

𝑅𝑖𝑗 : Reynolds stress tensor  

S𝑖 : Section of study (m) 

𝑡𝑟𝑒𝑠 : Particle residence time (s) 

𝑢 : x-component of velocity (m s−1) 

𝑢′ : Fluctuating component of velocity  (m s−1) 

�̅� : Mean velocity  (m s−1) 

𝑣 : y-component of velocity (m s−1) 

𝑉 : Cyclone volume (m3) 

𝑤 : z-component of velocity (m s−1) 

𝑥𝑖 : Location (m) 
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Greek Symbols  

휀 : Turbulence dissipation  

𝜇 : Dynamic viscosity (Pa s) 

𝜈 : Kinematic viscosity (m2 s−1) 

𝑣𝑡 : Turbulent viscosity (m2 s−1) 

𝜌 : Density (kg m−3) 

Subscripts  

𝑝 : Particle 

𝑡 : Turbulence 
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