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ABSTRACT 

 

In recent years, many computational fluid dynamics (CFD) studies have appeared attempting 

to predict cyclone pressure drop and collection efficiency. While these studies have been able 

to predict pressure drop well, they have been only moderately successful in predicting 

collection efficiency. Part of the reason for this failure has been attributed to the relatively 

simple wall boundary conditions implemented in the commercially available CFD software, 

which are not capable of accurately describing the complex particle-wall interaction present in 

a cyclone. According, researches have proposed a number of different boundary conditions in 

order to improve the model performance. This work implemented the critical velocity 

boundary condition through a user defined function (UDF) in the Fluent software and 

compared its predictions both with experimental data and with the predictions obtained when 

using  Fluent’s built-in boundary conditions. Experimental data was obtained from eight 

laboratory scale cyclones with varying geometric ratios. The CFD simulations were made 

using the software Fluent 6.3.26. 
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Introduction 
 

 The cyclone is a widely used industrial gas cleaning device. Although the flow inside 

a cyclone contains some features which present difficulties to Computational Fluid Dynamics 

(CFD) models, such as high swirling motion and turbulence anisotropy, many CFD studies on 

cyclones have appeared in the past three decades. An excellent review of the most important 

of these can be found in the book of Hoffman and Stein [1]. Summarizing the actual state of 

the art in this area, those authors concluded that while these CFD studies on cyclones have 

been able to predict pressure drop well, they have been only moderately successful in 

predicting collection efficiency. 

 

 The physical phenomena involved in particulate collection in cyclones are complex. It 

includes the motion and interaction of the particles in the boundary layer near the equipment 

walls and particle-wall interaction (including deposition, bouncing and entrainment). To 

model adequately these phenomena, a mesh that is very fine near the walls would be required. 

A complete CFD model, taking all these phenomena into consideration, has not yet been 

attempted.  
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 One line of research that attempts to improve CFD collection efficiency modeling in 

cyclones is centered on improving the boundary condition used when a single particle hits a 

wall. A good review of the main boundary conditions that have been used in association with 

a Lagrangean approach for the dispersed phase is given by Shi and Bayless [2]. Most 

commercial software, such as Fluent 6.3.26 for instance, offers simple built-in boundary 

conditions: upon hitting a wall, a particle can either be trapped, escape or be reflected. The 

reflection follows a simplified hard sphere model in which no particle rotation is allowed [3]. 

It is generally accepted that Fluent’s built-in boundary conditions for particle-wall interactions 

are not capable of accurately describing collection efficiency in cyclones [2]. For this reason, 

in order to adjust experimental data, some authors consider somewhat arbitrarily and with 

little or no physical reasoning that only some walls of the cyclone are able to trap the 

particles. Thus, Griffiths and Boysan [4] considered that only hits involving the cone and 

bottom walls trapped the particles (all other walls reflected them), while Gimbun et al. [5] 

considered that only hits inside the hopper collected the particles. 

 

 Swanson et al. [6] considered that all walls were able to trap particles, but utilized a 

probability of adhesion coefficient. Taking this coefficient into account, certain hits are 

randomly selected to reflect the particles, while the others trap them. 

 

 A physically more sound approach was proposed by Shi and Bayless [2]. This 

approach is based on the fact that even after a particle is trapped, favorable hydrodynamic 

forces are able to entrain the particle [7, 8]. Therefore, in this approach, when a particle hits a 

wall, it is tested whether or not the hydrodynamic lift forces acting on the particle in the 

contact location favor entrainment. If they do, the particle is entrained with its velocity given 

by an entrainment model instead of the hard sphere reflection model. If not, the particle is 

definitely trapped. 

 

 The critical velocity approach is based on an energy balance for each particle-wall hit. 

Physical properties of the particle and the wall are considered in order to estimate surface 

deformation and therefore an area of contact between them. With this, the surface attraction 

energy between particle and wall due to van der Waals forces can be estimated. The 

assumption is that the particle will be trapped only if it does not have enough kinetic energy to 

overcome the surface energy. This approach is well described in books [9] and, although it 

has been implemented in electrostatic precipitator CFD models [10], it had not yet been 

implemented for cyclone separators. 

 

 In this work, the critical velocity approach as implemented by Zhang et al. [10] for 

electrostatic precipitators was implemented for cyclones as an User Defined Function (UDF) 

in Fluent 6.3.26. The collection efficiency was simulated both by using this approach as well 

as the built-in boundary conditions of Fluent, and the results were compared in light of 

experimental results, published by Scarpa [11], from eight cyclones of different geometries. 

 

Materials and Methods 

 

 The commercial software Fluent 6.3.26 was used in this study. Eight cyclones of 

different geometries were studied. All had the same body diameter (0.245 m) and the same 

total height (0.875 m), but the length of the conical section and the height of the vortex finder 

varied from 0.235 m to 0.725 m and from 0.122 m to 0.612 m respectively. The dimensions 

are given in Table 1. Drawings of the cyclones are presented in Figure 1. 
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Table 1 – Cyclone Dimensions (all dimensions in meters). 

Dim Cyc 1 Cyc 2 Cyc 3 Cyc 4 Cyc 5 Cyc 6 Cyc 7 Cyc 8 

Dc 0.245 0.245 0.245 0.245 0.245 0.245 0.245 0.245 

De 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 

L 0.367 0.612 0.122 0.367 0.612 0.122 0.367 0.612 

h 0.150 0.150 0.395 0.395 0.395 0.640 0.640 0.640 

H 0.875 0.875 0.875 0.875 0.875 0.875 0.875 0.875 

S 0.090 0.090 0.090 0.090 0.090 0.090 0.090 0.090 

A 0.098 0.098 0.098 0.098 0.098 0.098 0.098 0.098 

B 0.051 0.051 0.051 0.051 0.051 0.051 0.051 0.051 

C 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 

Z 0.725 0.725 0.480 0.480 0.480 0.235 0.235 0.235 
Meaning of the symbols: 

Dc: Cyclone Main body diameter 

De: Diameter of exit duct. 

L: Height of vortex finder 

h: Height of cylindrical section. 

H: Sum of the heights of the cylindrical and conical sections. 

S: Diameter of the bottom of the comical section. 

A: Entrance height. 

B: Entrance width. 

C: Hopper height. 

Z: Height of conical section. 
 

 A hybrid mesh was used, containing mostly hexahedrical cells. Fluent’s mesh adaption 

method was used to refine the mesh both near the walls (where the y
+
 = 5 criteria was used for 

adaption) and in the core of the cyclone (the pressure gradient was the adaption criteria). 

Figures 2 and Table 2 show the mesh and the number of cells for each cyclone before and 

after the adaption. Even with the refined mesh, standard wall functions needed for the 

turbulence model continued to be used. 

 

 The cyclone inlet velocity was 10.2 m/s in all simulations. The temperature was 20 
o
C 

and the environmental pressure was 1 atm. The particle density was 3030 kg/m3 and its size 

was 1.33 m. The Poisson ratio for the particles and walls were 0.33 and 0.285, respectively, 

while Young’s module was considered to be 1.0E+11 Pa and 3.0E+11 Pa, respectively, for 

particles and walls. The Surface energy per unity area was considered to be 1.3 J/m
2
, 1.5 J/m

2
 

and 0.2 J/m
2
 for particles, walls and interface, respectively.  

 

 A 3D Eulerian-Lagrangean approach was used. The gaseous phase flow was 

considered to be unaffected by the particulate phase, which is reasonable if the dust 

concentration is low. The turbulence was accounted for by a RNG  model. A Pressure 

Staggering Option (PRESTO!)  discretization scheme was used for the pressure, a quadratic 

interpolation scheme (QUICK) for the momentum equations and a second order scheme for 

the turbulence equations. The SIMPLEC algorithm was used to couple velocity and pressure. 

 

 A Lagrangian approach was chosen to describe particle motion, using Fluent’s 

Discrete Random Walk Model. Thirty particles were released from each element on the inlet 

face. According to Shi and Bayless [2], this number of particles is sufficient to ensure a good 
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representation of the collection efficiency for a single diameter in a random model such as the 

one used. 

 

 Particle-wall interaction was modeled by two different approaches: a) By using the 

standard boundary conditions (reflect, trap, escape) of the Fluent CFD package; and b) By 

using the critical velocity boundary condition, which was implemented in Fluent by a User 

Defined Function (UDF) written in C++. 

 

 

 

 

Figure 1 – The eight cyclones studied (in order from top to bottom and left to right). 
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Figure 2 – Partial view of the mesh in the YZ plane before (left) and after (right) adaption. 

 

Table 2 – Total number of cells before and after adaption. 

Cyclones 
Number of cells in the mesh 

Before adaption After adaption 

1 63810 191413 

2 62432 219864 

3 62498 201203 

4 63810 196376 

5 63010 230450 

6 64610 199164 

7 64450 195938 

8 63042 219562 

 

 Both the residuals and the average pressure on the inlet face where monitored for 

convergence. The simulation was terminated when all the residuals were smaller than 10
-3

 and 

the average inlet pressure did not exhibit a clear tendency to increase or decrease, but rather 

oscillated (20 Pa) around a certain value. 

 

 The simulated results were evaluated by comparison to the experimental results of 

Scarpa [11]. 

 

 

Results and Discussion 

 

 In Figure 3 it is shown the trajectories of nine particles, calculated with the built-in 

boundary condition and colored in the Figure by the trajectories residence times inside the 

cyclone. The swirl movement of the particles is clearly visible. Particles initially tend to go 

downwards, and at some point reverse their trajectory and start moving up the cyclone. Most 

of the trajectories shown in Figure 3 (66%) terminated due to particle hits with the walls at 

different locations inside the cyclone. One particle kept moving inside the cyclone for nearly 
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2 seconds before finally hitting the cyclone hooper wall. Four particles escaped though the 

exit. Three of these escaped after small residence times, indicating a possible short cut 

between inlet and outlet, due to the low height vortex finder used in this simulation. One of 

the particles that escaped did so after more than 2 seconds inside the cyclone, suggesting 

again that some particles can move freely throughout the equipment and eventually exit it 

without actually hitting any wall. With only a small number of particles shown, Figure 3 can 

be used for drawing qualitative but not quantitative statistical conclusions about particle 

behavior. 

 

 

 

Figure 3 – Particle trajectories inside the cyclone. Fluent’s built-in boundary conditions were 

used in this simulation. 

 

 Figure 4 shows the predicted results of particle collection efficiency for both boundary 

conditions used in this work, as well as the measured (experimental) results. Since some of 

the particles hitting walls are not trapped when using the critical velocity condition, the 

collection efficiency is smaller than the one observed by the use of the built-in boundary 

condition. However, as hits did not always represent a particle tracking end condition, the 

computer times observed when the UDF boundary condition was used were longer. By 

printing the results to a file it was possible to observe that some particles hit walls a few times 

before being finally collected or even exiting the domain. 

 

 The results shown in Figure 4 suggest that the critical velocity boundary condition 

performed much better than Fluent’s built-in boundary condition, with predictions within 20% 

of the experimental values. 
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Figure 4 – Comparison of the simulated collection efficiency with the experimental 

measurements of Scarpa [11], for both boundary conditions used in this study. 

 

 

Conclusions 

 

 The results of this study suggest that: 

 

 The combined use of the RNG  turbulence model, automatic mesh adaption and 

the critical velocity boundary condition was able to provide a reasonable (within 20% 

in average) prediction of the collection efficiency performance of the cyclones 

studied; 

 The critical velocity boundary condition can perform better than Fluent’s built-in 

boundary conditions in the conditions of this work; 

 Not all hits with walls are able to trap particles. Some highly energetic particles can 

hit walls a few times before they are collected on a wall or escape though the outlet of 

the equipment; 

 Particles of 1.33 m diameters can turn around the cyclone many times before either 

hitting a wall or exiting the equipment. 
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