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Abstract 

The gas cyclones have been widely used in various industries to remove solid particles in different sizes and densities 

from gas streams. The current work investigated the effect of inlet angle on the flow patterns and the gas cyclone 

performance using Computational Fluid Dynamics (CFD). For the simulation of the continuous phase, Reynolds Stress 

Modeling (RSM) was used to evaluate the airflow behavior inside square gas cyclones. The collection efficiency was 

evaluated for different inlet angles using the one-way coupling assumption. The presented results indicated that the best 

angle is 60 than the rest of angle and 30 degrees has less pressure drop than other cases. The minimum and maximum 

turbulence intensities occur at the inlet and the inner vortex finder. Increasing inlet velocity leads to improvement in the 

collection efficiency and the best angle of tangential inlet is 60 degrees, which has the best grade efficiency cure than 

other angles.   
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1. Introduction 

A Gas cyclones have been widely used in industries to 

remove solid particles of different sizes and densities 

from gas streams [1]. Owning to low cast, small size and 

flexibility, their aim is to separate particles to reduce air 

pollution on industrial scales. Collection efficiency and 

pressure drop are two major factors, which can help 

design and usage of them. With the help of centrifugal 

force, separation occurs in a gas cyclone. Coarse particles 

toward to wall after moving to the dustbin, but fine 

particle exit through the tube [2–7]. Generally, gas 

cyclones are divided into conventional and square. While 

most cyclones are circular, square gas cyclones have 

been used in the Circulating Fluidized Beds (CFB). One 

drawback of circular cyclones is the enormous volume 

and dense refractory, which have responsibility for the 

stop time and long start. The volume of the square 

cyclone is somewhat less than a conventional cyclone, 

and the stop and start time can be simply integrated by 

the boiler [3,8]. The collection efficiency of the square 

cyclone is typically lower than the circular ones. Hence, 

there is an interest in developing methods to improve the 

collection efficiency of industrial square cyclones. 

Fatahian et al. [6] conducted the effect of laminarizer on 

cyclone performance. They showed that using it can 

improve collection efficiency than Stairmand gas cyclone. 

In addition, Huang et al. [9] enhanced the collection 

efficiency of the cylindrical gas cyclone by means of 

laminarizer that increase 50 percent of  cut of size 

diameter of performances obtained from the laminarizer. 

Wasilewski et al. [3] investigated the effect of changing 

the diameter of the exit tube and its addition length on 

gas cyclone performance. They reported that these 

changes have a considerable effect on gas cyclones. 

Safikhani et al.[4] estimated pressure drop and collection 

efficiency in a square gas cyclone with the help of CFD 

techniques, which was compared with the experimental 

data of Wang et al. [8] and in order to validate, the 

numerical result compared with Raoufi et al. [7]. They 

optimize geometrical parameters such as up length, down 

length, and the diameter of vortex finder. Their results 

showed that Pareto approach in better than neural 

network. Although many investigations have been 

conducted to increase collection efficiency with varying 

geometrical parameters [10–13]. Few works have been 

performed on impact of inlets on collection efficiency. 

Hosseini [14] has assessed the shape of the inlet of the 

square gas cyclone. Results showed that increasing inlet 

velocity can lead to increasing pressure drop and 

collection efficiency in the inclined inlet. In the present 

work, we studied the effect of inlet angle on flow pattern, 

collection efficiency, and erosion rate of square cyclones. 

The ANSYS-FLUENT commercial software was used in 

the simulations. The RSM model was used to simulate 



Computational methods in engineering sciences, vol. 1, no. 4, Winter 2024                                                                                                 Serial no. 4 

DOI: 10.22034/cmes.2024.2020680.1020  

2 

 

the gas stream inside the square gas cyclones. In addition, 

the one-way coupling assumption was made in that the 

gas flow carries the particles, but the effect of particles 

on the gas flow is negligible. The corresponding 

collection efficiencies of gas cyclones for different 

particle sizes were evaluated.  

 

2. CFD model 

In this section, the governing equations used in the 

simulations airflow and particle trajectory analysis are 

presented. 

2.1. Turbulence model  

The airflow in cyclones is typically in a turbulent state of 

motion. For an incompressible flow, the continuity and 

momentum equations are written as [15], 
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where 𝜇𝑖̅  is the mean velocity vector, xi is the position 

vector, 𝑃̅is the mean pressure, 𝜌 is the gas density, v is 

the gas kinematic velocity, and ij i jR u u =
 is the Reynolds 

stress tensor. Here  i i iu u u = −
 is the ith fluctuating 

velocity component.  

Previous studies investigated the importance of 

turbulence models for predicting swirling flows 

[13,16,25–28,17–24,32]. They showed that the Reynolds 

Stress Modeling (RSM) is able to predict the behavior of 

the complicated swirling flows. Therefore, the RSM was 

used in current simulations to investigate the effect of the 

inlet angle. 

The RSM turbulence model provides the transport 

equations for evaluating turbulence stresses. That is, 

1 2

2 2 2

3 3 3

jt i
ij k ij ij ik jk ij ij ij ij ijk

k k k k k

u u
R u R R R R C R K C P P

t x x x x x k

 
   



          
+ = − + − − − − −                   

 (3) 

where the turbulence production term Pij is given as, 
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here P stands for the fluctuating kinetic energy 

production, Vt is the turbulence (eddy) kinematic 

viscosity, and the empirical constants are 

1 21, 1.8, 0.8k C C = = = . 

The transport equation for the turbulence dissipation rate, 

𝜀, is given as, 
2
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where 

1

2
i jk u u =

is the fluctuating kinetic energy. 

The values of constants are  

 
1 21.3, 1.44, 1.92.    = = =  

 

2.2. Discrete Phase Modeling (DPM)  

The particle equation of motion is used to track particle 

trajectories through airflow. Due to the dilute nature of 

the flow, the interaction between solid particles is 

ignored. Particle movement can be determined using 

Newton's second law. For spherical particles considering 

the hydrodynamic drag force and gravity, the governing 

equation of motion is written as [29],  
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Here, the drag coefficient CD is given as, 

 

 

Table 2. Size of different parts. 
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2.3. Geometry and Grid generation  

The numerical studies were conducted on four square gas 

cyclones with different inlet channel angles, as shown in 

Fig. 1. The angles analyzed include 30, 45, 60, and 90 

degrees. Table 2 provides the specific geometrical 

dimension details. 

 

 
Fig. 1. Square gas cyclone characteristics. 

 

The different sections across the cyclone, namely S1, S2, 

and S3, are measured as distances from the top of the 

cyclone. The 3-D structured grids were generated for all 

square cyclone models. A sample surface grid is shown 

in Fig. 2. The investigation of the grid independence was 

conducted by comparing the values of static pressure and 
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total pressure, which are obtained from different mesh 

sizes. Three different meshes with coarse, medium, and 

fine grids are tested, and the calculated pressure drop and 

total pressure are listed in Table 3. 

 

 
Fig. 2. The computational grids used in the simulations. 

 

Table 3. The results of different grids. 

Total Pressure  Pressure drop  Number of cells  

185.63 208.71 191984 

193.65 221.95 296904 

199.86 222.56 349464 

7.66 6.6 a%Difference  

a The percentage variance between the coarsest and finest 

grid. 

Table 3 displays the pressure drop variations observed 

across three grid sizes: 191984, 296904, and 349464 

hexahedral cells. The corresponding percentage 

differences among these grids, as shown in Table 4, 

suggest that the CFD results obtained using 296904 cells 

are essentially independent of the grid resolution. 

2.4. Boundary conditions and solver setting 

The inlet velocity and turbulence intensity (TI) (up to 5%) 

were specified at the tangential channel inlet. The 

boundary condition at the outlet tube was an outflow 

condition. Furthermore, all walls are set with no-slip 

velocity. In addition, the particle trap condition at the 

cyclone walls was assumed to calculate collection 

efficiency. The ANSYS-FLUENT 22 CFD code was 

employed in the current work to simulate the gas flow 

inside the square cyclones. Table 4 shows the 

discretization schemes used for different parameters. The 

standard wall function was used to consider the turbulent 

effect on the wall. First, all solutions were obtained for 

the steady state flow condition. Then, the unsteady 

simulations were performed using the steady solution as 

the initial condition. The resident time was determined 

for the cyclone gas flow rate [30].  

Table 4. Used discretization schemes. 

Numerical sitting  Scheme  

Pressure discretization Body force weighted 

Pressure velocity coupling SIMPLE 

Momentum discretization QUICK 

Turbulent kinetic energy Second-order upwind 

Turbulent dissipation rate Second-order upwind 

Reynolds stress First-order upwind 

2.5. Model validation  

Su and Mao [31] conducted a set of experiment to study 

the flow of gas-solid suspension within a square cyclone 

separator. Their square gas cyclone was a cube, 

tetrahedron pyramid, tangential channel, and outlet pipe. 

To validate the current computational model, the cyclone 

operated by Su and Mao [31] was simulated across a 

range of inlet velocities and particle sizes. Fig. 3 exhibits 

the comparison between the predicted collection 

efficiency and pressure drops, obtained from the 

simulation results, with the experimental data provided 

by Su and Mao [31]. The results demonstrate a strong 

agreement between the simulation and experimental data. 

 

 

 
Fig. 3. The computational grids used in the simulations. 

 

3. Results and discussion 

This section describes the simulation results. The 

variation of tangential velocity, turbulence intensity, 

axial velocity, pressure drop, and collection efficiency 

for different conditions are discussed. 

3.1. Tangential velocity   

The tangential and axial velocities affect the trajectory of 

solid particles and the gas cyclone performance. In 

particular, the tangential velocity is the critical parameter 

influencing the collection efficiency. Also, there is a 

strong connection between pressure drop and tangential 

velocity. Generally, the tangential velocity profile can be   
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divided into two regions: free vortex and forced vortex. 

In Fig. 4, the radial velocity profiles across different 

sections of the cyclone and inlet channel angles are 

depicted for an inlet velocity of 20 m/s. Starting from the 

center of the gas cyclone, the tangential velocity 

progressively increases, forming what is known as the 

forced vortex, until it reaches the top. Following this, the 

tangential velocity decreases, creating the free vortex. 

These two vortices are commonly referred to as Rankine 

vortices. As shown in Fig. 4, the tangential velocity 

profiles exhibit an M-shape in the radial direction. 

By examining the various locations indicated in Fig.  4, 

it becomes evident that increasing the inlet angle leads to 

a decrease in tangential velocity. This reduction in 

tangential velocity can have an impact on the collection 

efficiency. Specifically, the maximum tangential velocity 

corresponds to an inlet angle of 60 degrees, while the 

minimum tangential velocity occurs at an inlet angle of 

30 degrees. Notably, in the case of a 90-degree inlet angle, 

the maximum tangential velocity is observed specifically 

near the cyclone wall, distinguishing it from the other 

cases. In overall, Fig. 4 suggests that altering the inlet 

angle can either enhance or diminish both the tangential 

velocity and the collection efficiency. 

 

 

 
 

Fig. 4. The tangential velocity on different sections of 

the cyclone for different inlet channel angles. 
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Fig. 5. Distribution of Turbulent intensity for different 

inlet channel angles. 

3.2. Turbulent Intensity  

The contour plot of Turbulent Intensity (TI) on the mid-

section (X=0) for different inlet angles and V=20 m/s are 

shown in Fig. 5. It is seen that the minimum value of 

turbulence intensity occurs at the bottom of the gas 

cyclone, namely the end of the tetrahedron pyramid part. 

In this region, the gas flow is stagnant. The maximum 

turbulence intensity is observed in the vicinity of the 

internal wall of all vortex finders. This could adversely 

affect the collection efficiency by dispersing solid 

particles, some of which may enter the vortex finder and 

exit through the gas outlet. 

 

 

 
 

Fig. 6. The axial velocity on different sections of the 

cyclone for different inlet channel angles. 

 

3.3. Axial velocity  

The axial velocity within gas cyclones is typically 

divided into two distinct regions: the downward flow and 

the upward flow. The downward flow aids in directing 

particles towards the bottom of the cyclone cone, 

facilitated by the gas boundary layer. Conversely, the 

upward flow is responsible for lifting fine particles 

upwards. Fig. 6 shows the axial velocity on different 

sections of the cyclone for different inlet channel angles 

for V=20 m/s. As depicted in Fig. 6, it can be observed 

that the highest magnitude of upward flow is associated 

with the 60-degree inlet angle. This can be attributed to 

the pronounced swirl flow pattern of the axial velocity, 

resembling an inverted V shape. 

As shown in Fig.  6, a comparison of axial velocities 

reveals that the inlet angles have a significant impact on 

the swirl flow within the central region of the gas cyclone. 

This change in swirl flow is influential in determining the 

collection efficiency of the gas cyclone. 

3.4. Pressure drop  

Fig. 7 shows the static pressure distribution overall of gas 

cyclone on the mid-section (X=0). In general, the static 

pressure is higher near the wall than in the central parts. 

Furthermore, negative static pressure occurs inside and 

beneath the outlet tube. It has been observed that the 

effect of channel angle can impact the static pressure. 

Increasing the angle of a channel can indeed cause the 

pressure drop to decrease next to the walls. In general, as 
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Fig. 7. Counters the static pressure (V=20 m/s).  

the angle of the channel increases, the flow experiences 

a reduction in the frictional resistance against the channel 

walls, resulting in a lower pressure drop. Furthermore, it 

has been observed that a channel with a 30-degree angle 

tends to have a lower pressure drop compared to channels 

with other angles. This lower pressure drop translates to 

a reduction in energy losses associated with fluid flow 

through the channel. Consequently, systems utilizing a 

30-degree channel configuration may benefit from 

improved energy efficiency . 
 3.5. Collection efficiency 

The collection efficiency was written by η as follows: 

1 100out

total

n

n


 
= −  
 

   (9) 

In equation 9, nout is the number of particles that escaped 

through the exit tube, and ntotal is the number of particles 

injected into the gas cyclone from the inlet.   

As shown in Figure 10, the collection efficiency 

demonstrates improvement as the inlet velocity increases, 

which subsequently leads to an increase in the cut size 

diameter. Additionally, a larger particle size corresponds 

to a higher collection efficiency. In summary, coarse 

particles exhibit higher collection efficiency compared to 

fine particles. Furthermore, except for an angle of 90 

degrees, increasing the inlet angle also leads to an 

increase in the collection efficiency. 
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Fig. 8. Collection efficiency for different inlet velocities 

and inlet angles. 

From the CFD results illustrated in Figs. 4 and 5 for inlet 

angles of 30 and 90 degrees, it is apparent that the 

collection efficiency is more significantly influenced by 

the turbulent intensity rather than the tangential velocity. 

4. Conclusions  

In this study, we conducted simulations to examine the 

airflow patterns within square cyclones and evaluate their 

performance across various inlet angles. The ensuing 

results provided the following insights into the 

relationship between inlet angles and cyclone 

performance : 
• By varying the inlet angle within different 

ranges, it was observed that the 60-degree inlet 

angle exhibited the highest tangential velocity 

compared to the other angles. 

• A 30-degree angle exhibited a lower pressure 

drop compared to channels with other angles.  

• When considering a 60-degree inlet angle, it 

was observed that the axial velocity was higher 

compared to other cases. 

• Inside the exit tube, a negative pressure drop 

was observed. However, the walls of the gas 

cyclone experienced higher pressure drops 

compared to other regions, and they were found 

to be sensitive to changes in the inlet angle. 
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