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Several studies found in the literature apply Computational Fluid Dynamics (CFD) for the swirling flow in 
cyclones, such as Costa et al. (2013) who studied solid-solid interactions, and Sgrott Jr. et al. (2013) that 
investigated a technique for cyclones’ project optimization. The main characteristic of this flow is the anisotropic 
behavior of the turbulence due to the highly swirling gas flow. In this sense, a turbulence model with capability 
to predict the swirling flow, such as the Reynolds Stress Model (RSM), must be applied. This model has been 
used in numerous studies of cyclones and the results showed that the model is well suited to predict the pressure 
drop and the axial velocity component of the flow. However, for the tangential velocity component the results 
were not satisfactory for quantitative validation. Based on a comparison of numerical and experimental results, 
and knowing the importance of the axial and the tangential velocities for the efficiency of collection in cyclones 
and for the pressure drop, the latter which is related to energy costs; the main objective of this study is to present 
a sensibility study of the Reynolds Stress Model parameters for swirling flow in cyclones. To perform this study, 
a CFD commercial code was used to simulate cases based on a 2n-3 factorial design. In this design, seven 
parameters of the RSM-SSG model (C1, C1*, C2, C3, C3*, C4 and C5) were varied 5% above and below their 
standard values in order to analyze the effect of each parameter in the pressure drop and in the axial and 
tangential velocity profiles in cyclones for the gas phase flow. The results showed that the parameters C1 and 
C1* have more influence in the pressure drop and the parameters C3 and C3* have more influence in the axial 
and tangential velocity peaks. 

1. Introduction 

Cyclones are simple devices with no moving parts. They basically consist of a cylindrical and conical body, a 
cover plate with an immersion tube and a tangential inlet. The principle of cyclone work is based on the 
centrifugal force that redirects the solid particles towards the wall, and on the high turbulent intensity that 
produces reversed gas flow. Cyclones are applied in several separation processes such as gas-solid; they are 
widely used in cement, chemicals and petro-chemicals industries due to low maintenance cost and high 
efficiency of separation in normal and elevated temperatures and pressures. 
In general, the fluid dynamics problems can be approached in two ways, experimental methods or numerical 
methods. In this work, fluid dynamics phenomena in cyclones were approached with numerical methods.  
To study the fluid dynamics phenomena with numerical methods it is necessary to solve the equations that 
govern it, using CFD. However, most practical applications of computational fluid dynamics require the use of a 
turbulence closure model. In this sense, a turbulence closure model with capability to predict the swirling flow 
was applied, the Reynolds Stress Model (RSM). This model has been validated and used in numerous studies 
of cyclones and the results showed that the model is well suited to predict some parameters connected to 
cyclone’s performances, such as pressure drop, axial velocity and tangential velocity by the qualitative point of 
view.  
Many CFD studies have confirmed the application of the RSM to predict the swirling gas flow in cyclones, such 
as Noriler et al. (2004) who studied a device for pressure drop reduction, Ropelato et al. (2010) that investigated 
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CFD practices on cyclones, El-Batsh (2012) that studied cyclones’ exit pipe and Balestrin et al. (2014) who 
validated this model through physical experimentation. In some cases the authors needed to change the 
standard RSM parameters to better adjust to the experimental results; Buss et al. (2012) made a parametrical 
sensibility analysis of the Reynolds Stress Model in a coaxial and confined jet flow. Therefore, this work aims to 
present a sensibility study of seven of the Reynolds Stress Model parameters over the pressure drop, axial 
velocity and tangential velocity in cyclones. 

2. Materials and Methods 

To perform this parametrical sensibility study, a 2n-3 factorial design was made and a CFD commercial code was 
used to simulate all cases.  

2.1 Factorial Design 

The factorial design and the analyses of the results were performed in STATISTICA 7.0 software. To produce 
the factorial design, seven parameters of the RSM-SSG model (C1 = 3.4, C1* = 1.8, C2 = 4.2, C3 = 0.8, C3* = 
1.3, C4 = 1.25 and C5 = 0.4) were varied 5% above and below of their standard values. This design was made 
to analyze the effect/significance of each parameter in the pressure drop, and in the axial and tangential velocity 
profiles in the inner sections of the cyclones for the flow of the gas phase. The 27-3 factorial design generated 
seventeen different cases that were used to perform the numerical experiments.  

2.2 Numerical Simulation 

Numerical simulations were performed in a CFD commercial code, FLUENT 14.0 from ANSYS. This code uses 
the finite volumes method to discretize the set of partial differential equations of the mathematical model. The 
geometry used in the numerical simulations consists of a cyclone with 294 mm diameter and 520 mm height, 
linked with a collector box and a set of inlet and outlet pipes, such as shown in Figure 1. In this study, the 
simulations were performed in a hexahedral mesh with about 1 millions points (1,147,218 points).  
The main settings used in the commercial code to simulate the swirling gas flow were: RSM-SSG as turbulence 
closure model, SIMPLEC as the method for pressure-velocity coupling, PRESTO for the pressure`s spatial 
discretization and Second Order Upwind for the momentum`s spatial discretization. The gas velocity in the inlet 
pipe was 10.5 m/s and in the inlet of the cyclone, it was about 12 m/s. 
 

 
Figure 1: geometry used in the simulations and illustration of the measurement line of the axial and tangential 
velocity profiles (L = 40 mm) in the inner of cyclone. 

3. Mathematical Modelling 

The mathematical model applied in this study is based on the Reynolds-Averaged-Navier Stokes equations with 
an Eulerian-Eulerian approach, as follows:  

Mass conservation equation, ߲߲ݐ ൫ߩ௚൯ + ࢺ ∙ ൫ߩ௚ࢍ࢜൯ = 0	. (1) 

Momentum equations, ߲߲ݐ ൫ߩ௚࢜௚൯ + ࢺ ∙ ൫ߩ௚࢜௚࢜௚൯ = ࢺ− ∙ ൫ࢀ௚௘௙௙൯ + ࢍ௚ߩ − ݌ࢺ . (2) 
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Where the subscript “g” represents the gas phase and the effective tensor can be defined as the sum between 
the Reynolds turbulent tensor (܂௚௧) and the molecular tensor(܂୥): ࢀ௚௘௙௙ = ௚௧ࢀ	 +  . (3)	௚ࢀ

For the turbulence closure equations, the Reynolds Stress Model (RSM) was applied: ∂∂t ൫ρ୥ࢀ௚௧ ൯ + સ ∙ ௚௧ࢀ୥൫ρ୥ܞ ൯ = ܂۲ + ۻ۲ + ળ + મ − 23઼ρ୥ε୥ . (4) 

The turbulent diffusion (۲܂) must be modeled as: ۲܂ = 	સ ∙ ቆߤ௚௧ߪ௞ સ܂௚௧ቇ	. (5) 

The molecular diffusion (۲ۻ) and the production rate (ળ) are expressed as: ۲ۻ = 	સ ∙ ൫ߤસ܂௚௧൯ ; (6) 

ળ = 	−ρ୥ ቂ܂௚௧ ∙ ൫સܞ୥൯஋ + ௚௧܂ ∙ ൫સܞ୥൯	ቃ	. (7) 

The deformation rate due to pressure (મ) was divided in three parts for better visualization of each term and it 
can be defined in different ways. In this study, the quadratic modeling proposed by Speziale, et al.(1991) was 
applied. This model is represented as RSM-SSG and can be expressed as: મ =	 	મ૚ + 	મ૛ + 	મ૜	.  (8) 

Where: 	મ૚ = 	−ρ୥ε୥ ൤Cଵ࢈ +	Cଶ ൬܊ ∙ ܊ − ܊13 ∶ ൰઼܊ ൨ ; (9) 

	મ૛ = ࢈∗ଵ∗Υܥ−	 +	ρ୥k௚ࡿ	൫Cଷ ܊√∗ଷܥ	− ∶ ܊ ൯ ; (10) 

	મ૜ = 	+	Cସρ୥k୥ 	൬࢈ ∙ ஋ࡿ + ࡿ	 ∙ ஋࢈ −	23 ࢈	 ∶ ൰ࢾࡿ + Cହρ୥k୥ ࢈) ∙ ષ஋ + ષ ∙ (஋࢈ . (11) 

For the solution of the deformation rate due to pressure it is necessary to define three other equations for: the 
Reynolds anisotropic tensor (࢈), the deformation rate (S) and the vorticity (ષ), as follows: ࢈ = ௚௧k୥܂	 − 23઼		; 													 ܁		 = 	 12 ቂસܞ୥ + ൫સܞ୥൯஋ ቃ ; ષ = 12 ቂસܞ୥ − ൫સܞ୥൯஋ ቃ . (12) 

The turbulent kinetic energy (k) is represented by the trace of the Reynolds tensor, although a transport equation 
can be attributed to it. The dissipation rate (ε) requires a conservation expression as: ߲߲ݐ ൫f୥ρ௚ε௚൯ + સ ∙ ൫f௚ρ௚ܞ୥ε୥൯ = સ ∙ ቈ	ቆμ − ఌቇસε௚ߪ௚௧ߤ ቉ + 12 ε௚k௚ f௚CகଵΥ∗ − ε௚ଶk௚ f௚ρ௚Cகଶ .  (13) 

The turbulent viscosity (ߤ௚௧ ) is represented by:  

௚௧ߤ = 	 ρ୥Cஜ ε୥ଶk୥ 	. (14) 

The commonly constant values applied in this model are: ߪ௞= 0.82, Cଵ= 3.4, ܥଵ∗= 1.8, Cଶ= 4.2, Cଷ= 0.8, ܥଷ∗= 1.3 Cସ= 1.25, Cହ= 0.4, ߪఌ= 1.0, Cகଵ= 1.44, Cகଶ= 1.88. 

4. Results and Discussion  

The main tools used when analyzing the variation that the parameters impose on the velocity profiles and on 
the pressure drop were the fitted response surface plots and the Pareto chart analyses. It was decided to 
analyze the axial and tangential velocity results in some points that were located in order to evaluate critical 
areas in the velocity profiles. These critical points were chosen based on a comparison of numerical results and 
experimental data obtained with PIV techniques. The effects of the seven RSM-SSG parameters in the axial 
velocity and tangential velocity were analyzed in the points shown in Figure 2 (a) and Figure 2 (b). The figure 
also shows the variation observed in the velocity profiles for all cases specified in the factorial design and the 
experimental results. 
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Figure 2: comparison between numerical and experimental data, and position of the points analyzed in the 
velocity profiles: (a) axial velocity; (b) tangential velocity. 

Analyzing all numerical cases, a significant variation was observed in the axial velocity profile at the critical 
points (Figure 2 (a)), but a bigger deviation of the parameters is suggested in order to better study a numerical 
representation of the experimental data. On the other hand, points 02 and 03 in Figure 2 (b) did not show as 
much movement towards the experimental data. This difficulty of the RSM-SSG model to predict the tangential 
velocity peaks, and the displacing of the peaks to closer to the walls, as seen on Figure 2 (b), was also observed 
by other authors, such as Peres et al. (2001). 

4.1 Axial Velocity 

In Figure 3 (a) it is possible to be observed that parameters C3, C3* and C4 directly affect the velocity value in 
point 03, with 95% confidence. These parameters are located in the second and in the third term of the 
deformation rate due to pressure (Eq(10) and Eq(11)). Analyzing the signals we can notice that increasing C3 
or C4 tends to increase the velocity value in that position, while increasing C3* decreases it. The chart in Figure 
3 (b) confirms those notions, in this fitted response surface it is possible to be noticed that increasing either C3 
or C4, the axial velocity value also increases in the evaluated position. 

 
Figure 3: axial velocity results in point 03: (a) Pareto chat; (b) fitted response surface. 

For points 01 and 04, the relevant parameters were mainly C3, C3* and C4, as shown in Figure 4. Observing 
Figure 4 (a), when the value of C3 and C4 are increased, the axial velocity tends to decrease in these positions, 
while increasing C3* tends to decrease them. Analyzing Figure 4 (b), it is possible to be noticed that by 
increasing the value of C3 or C4 the axial velocity decreases, while increasing C3* the axial velocity also tends 
to increase. The behavior of the points 02 and 05 are the same as points 01 and 04, respectively. 
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Figure 4: pareto chart for axial velocity results: (a) point 01; (b) point 04. 

4.2 Tangential Velocity 

Analyzing the Figure 5 (a) , it is possible to be concluded that the parameters C3 and C3* are the ones that 
affected the tangential velocity the most in point 01, and with 95% of confidence it is correct to be inferred that 
this position’s velocity value is directly affected by parameters C1, C1*, C4, C3* and C3. It can also be stated, 
by analyzing the signals of the values, that by increasing C3 the velocity peak in which point 01 is located 
increases; whereas by increasing C3* the velocity peak decreases. Figure 5 (b) confirms this observation. 
 

 
Figure 5: tangential velocity results in point 01: (a) Pareto chat; (b) fitted response surface. 
In Figure 5 (b), the left vertical axis represents the predicted tangential velocity in meters per second for the 
point being analyzed, while the horizontal axes represent the parameters. The left horizontal axis is C3 while 
the right one is C3*. When increasing parameter C3, the velocity increases, while increasing C3*, it decreases. 
This exact same behavior is noticed for point 04. 
For points 02 and 03, making the same analysis, C3 and C3* were the significant parameters with 95% of 
confidence, but their effects were less noticeable.  

4.3 Pressure Drop 

Figure 6 (b) presents the parameters that have significance for the pressure drop results in the cyclone. As 
seen, the relevant parameters were C1 and C1*, with both promoting positive variation on it, or in other words, 
increasing either one tends to increase the pressure drop of the simulated cyclone. This observation is better 
visualized in Figure 6 (b). Parameters C1 and C1* are located in the first and in the second term of the 
deformation rate due to pressure (Eq(9) and Eq(10)). 
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Figure 6: pressure drop results: (a) Pareto chat; (b) fitted response surface. 

5. Conclusions 

Trends were noticed when analyzing the sensibility of RSM-SSG parameters. The main one is that C3 generally 
affects all the peaks of both tangential and axial velocity profiles, increasing their amplitudes or to put it in another 
way further increasing high peaks and at the same time decreasing low or negative peaks. Also, C3* seems to 
affect all the peaks as well, with its effect being the opposite of C3. The parameters that significantly affected 
the pressure drop in cyclone flow were C1 and C1*, with both having a positive effect on it. Therefore, to better 
represent the experimental data with the numerical results it is suggested to adjust parameters C3 and C3* for 
the velocity profiles, and C1 and C1* for the pressure drop. Also, as a suggestion for future work, a bigger 
deviation of the most important parameters is advised in order to better observe their effects. 
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