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Abstract 

Cyclone separators are widely used in fluid catalytic cracking (FCC) units due to their lack of 

moving parts and relatively low-pressure drop. However, cyclone separators are prone to 

erosion-related issues, which is a major drawback. In this paper, a large eddy simulation (LES) 

of the particle-gas flow in a cyclone separator is investigated using a four-way Euler-Lagrange 

approach to model inter-particle collisions and the exchange of momentum between particles 

and fluid. The effects of inter-particle and particle-wall collisions are characterized in terms of 

erosive wear. Additional effects involving the exchange of momentum between the fluid and 
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the particles are also discussed. The results show that considering the interparticle collisions 

between solid particles may be the key to predicting erosion. 

Keywords  

Cyclone erosion; four-way coupling; large eddy simulation; inter-particle collision; shielding 

effect 

 

1. Introduction 

In several engineering applications, a surface is struck by solid particles carried by a fluid, 

resulting in an undesired superficial wear of the equipment. This kind of abrasive wear is referred 

to as erosion, and frequently occurs in many industrial operations. In fluid catalytic cracking (FCC) 

units, catalyst particles are deliberately added to the process to accelerate chemical reactions. 

These particles are then separated and reused in a cyclical process. This separation is carried out by 

cyclone banks built into the reactor and regenerator of FCC units [1], and the mechanical wear 

caused by particles inside the cyclones is the main cause of unscheduled shutdowns in FCC units [2, 

3]. Designing reliable tools to predict this behavior is the key to solving this issue and, thereby, both 

reducing cost and environmental complications due to potential spillage. 

To date, only a few studies on erosion in cyclone separators have been published, very likely 

because of the complex nature of the phenomena [4]. Numerical and experimental studies were 

carried out by Danyluk et al. [5]. They carried out experiments using a Type 310 stainless steel 

cyclone from a medium Btu coal gasification process in a pilot plant. For the numerical analysis, the 

authors adopted a simplified two-dimensional flow pattern near the cyclone inner wall to compute 

particle trajectories, the results of which were used with Finnie’s model [6]. Using this approach, 

the authors were able to achieve reasonable agreement between experimental and theoretical 

predictions for the lower half of the cyclone’s inlet, but for the upper half of the inlet, they found 

substantial disagreement between results. They suggested that the disagreement was due to a 

deviation between the actual particle tracks and the flow pattern assumed in the model. 

Zughbi et al. [7] investigated wear in the vortex finders of the dense media cyclones used in 

diamond mines using both numerical simulation and experimental measurements. They found that 

maximum wear always occurred in an area between 0 and 160 degrees of the cyclone feed inlet. 

Moreover, 52% of the points of maximum wear occurred at one point 90° from the inlet, implying 

that wear could be more evenly distributed around the vortex finder circumference by the use of 

double-entry cyclones. For the numerical simulations, axisymmetry was assumed, which allowed 

the use of a two-dimensional model, while the flow was also assumed to be steady. Using 

commercial PHOENICS® software, they found that numerical estimations of vortex finder wear 

showed a similar trend to the experimental results. 

Dobrowolski et al. [4] numerically studied erosion wear in cyclone separators. For this, they used 

the Fluent® software package and the particle-in-cell (PIC) method, assuming the continuous phase 

to be isothermal and steady and adopting a κ − ϵ turbulence model. For prediction of the erosion 

process, they chose the Bitter model, in which the erosion mechanism is characterized by shearing 
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and deformation. They concluded from the results of the simulation that the upper cylindrical part 

of the cyclone separator was subject to erosion.  

Blaser et al. [3] performed computational simulations of FCC reactor cyclones at the Catlettsburg 

refinery (Kentucky, USA) to mitigate severe erosion. They modeled the erosion using the Barracuda 

Virtual Reactor™ software package and the Eulerian-Lagrangian transient approach as an alternative 

to the Particle-In-Cell method. They stated that, although the results of the erosion model are 

qualitative, they were able to identify the regions with the highest likelihood of erosion as being the 

short side of the crossover, the top side of the crossover, and the inlet sweep area of the cyclone 

main body.  

Kan and Liu [8] analyzed the erosion process in electro-cyclone separators by considering Stokes, 

centrifugal, and electrostatic forces. They were able to conclude that the erosion wear on the cone 

of an electro-cyclone is similar but more severe than the erosion wear observed in conventional 

cyclones and was directly related to the voltage applied. They were also able to conclude that 

particles bigger than 40 µm accelerated the erosion rate.  

Arabnejad et al. [9] performed experiments and numerical simulations to study erosion in a 

laboratory-scale gas-liquid cylindrical cyclone separator under both gas-sand and gas-liquid-sand 

flow conditions. They used an ultrasonic system to monitor the erosion rates in the test facility and 

commercial software for the CFD simulations. They opted to use the Shear Stress Transport (SST) κ 

− ω turbulence model and a one-way coupling with the dispersed phase in the simulations. Based 

on the results of the experiments and CFD simulations, they proposed a mechanistic model for the 

maximum thickness loss computation. 

Parvaz et al. [10] used the Fluent® software package to simulate modified cyclone separators and 

evaluated the differences in performance and erosion rates obtained through such modifications. 

They adopted the Eulerian-Lagrangian approach with one and two-way coupling for erosion 

prediction. Eulerian phase turbulence was modeled using the RSM turbulence model, while the 

discrete random walk (DRW) method was used to evaluate the velocity fluctuations of the gas in the 

Lagrangian computations. They concluded that the conventional (unmodified) cyclone experienced 

the highest erosion rate. 

Reppenhagen and Werther [11] investigated, theoretically and experimentally, the mechanism 

of catalyst attrition in cyclones for various catalysts. While, numerical simulations were made by 

Utikar et al. [12] to predict erosion in cyclone separators, using the Eulerian-Lagrangian approach 

with two-way coupling.  

It is interesting to note that in most of the above-mentioned works, although the exact position 

changes from study to study, the highest erosion rates are said to occur close to the tangential 

entrance and the cone bottom. The relationship between velocity and erosion is another common 

factor, as it is expected that the velocity of the fluid and particles plays a crucial role in erosion. The 

authors of reference [9] even suggest that setting a uniform injection velocity for particles may lead 

to excessive erosion. However, while it is known that such interparticle collisions tend to reduce 

erosion rates in bends [13-16], to the best of the authors’ knowledge, no systematic study of these 

effects has been carried out in cyclones, something that can only be accomplished by numerical 

simulations. The main aim of this current work is to investigate the effects of interparticle collisions 

on cyclone erosion. 

The proper utilization of Computational Fluid Dynamics (CFD) enables accurate simulation of the 

flow of fluids, such as oil or gas [17]. It also allows the accurate prediction of particle motion within 
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fluid flow by tracking the particles and their interactions with the walls and each other. Once the 

particle paths are known, together with empirical correlations relating to the properties of the 

particles and the eroded material, erosion can easily be estimated from the impact velocity and 

impact angle. An important consideration with CFD is how to deal with turbulence, which results in 

highly complex interactions between different wavenumbers [18-20]. Direct Numerical Simulations 

(DNS) are the most accurate approach; however, the computational cost incurred is too high for 

most industrial problems. Reynolds-Averaged Navier-Stokes simulations (RANS) are a viable 

alternative approach and applicable to complex geometries at high Reynolds numbers. However, 

the embedded simplifications come at the expense of accuracy. For example, particles are carried 

by the instantaneous flow field, which is not directly calculated in RANS. A particle dispersion model 

is then necessary, requiring additional modeling, which in turn affects the final accuracy of the 

results. It should be pointed out that all the above-mentioned works that used CFD performed RANS 

only. In the current study, we have opted instead to use the Large Eddy Simulation (LES) approach, 

as this represents a compromise solution between the RANS modeling and DNS. For particle 

modeling, we have adopted the Lagrangian framework, as interactions between both phases are 

straightforwardly accounted for using this approach. The coupling between the gas and solid phases 

was also investigated. 

The work of Karri et al. [21] was used as an experimental reference for the numerical simulations. 

However, as their experiments were accomplished in a cyclone with a drywall coating, different 

from the materials employed in the present models, the comparison between the numerical and 

experimental results was performed in a qualitative way only. 

Our findings show that erosion rates are higher when interparticle collisions are included in the 

simulations, which may be because such collisions cause more particle dispersion and consequently 

affect new areas other than those originally impacted. We also conclude that the use of simulations 

with four-way coupling is important when tacking cyclone erosion. 

2. Mathematical Models 

The Euler-Lagrange approach was used in this study, while the continuous phase was solved using 

Large Eddy Simulation (LES) modeling, and particle motion was based on Newton’s second law. The 

modeling of the two phases and the erosion are briefly described below. 

2.1 Gas-Phase Model 

Filtered continuity and the Navier-Stokes equation (Eqs. (1-2)) with a Smagorinsky turbulence 

model [22] were adopted for modeling the gas phase. This sub-grid scale model was chosen due to 

its good accuracy when solving turbulent rotational flows [23]. Full details of the fluid phase 

modeling and its equations can be found in the authors’ previous works [23, 24]. 

∂(𝜌𝑢𝑖‾ )

𝑥𝑖
= 0 (1) 

∂(𝜌𝑢𝑖‾ )

∂𝑡
+

∂(𝜌𝑢𝑖‾ 𝑢𝑗‾ )

∂𝑥𝑗
= −

∂𝑝‾

∂𝑥𝑖
+

∂

∂𝑥𝑗
[(𝜇 + 𝜇𝑡) (

∂𝑢𝑖‾

∂𝑥𝑗
+

∂𝑢𝑗‾

∂𝑥𝑖
)] + 𝑆𝜋𝑝

(2) 
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where the overbar is a filtered quantity, 𝑆𝜋𝑝
 is the source term due to interaction with the dispersed 

phase, 𝜌 and 𝜇 are the fluid density and viscosity, respectively, and 𝜇𝑡 is the eddy viscosity given by 

Eq (3). 

𝜇𝑡 = (𝜌𝐶𝑠Δ2)𝑆 (3) 

where Δ is the spatial filter length, 𝑆 is the filtered shear strain rate, and 𝐶𝑠 is given by the Van 

Driest damping function. 

2.2 Particle Motion Model 

The dispersed phase was treated in a Lagrangian framework with the trajectory, linear 

momentum, and angular momentum conservation equations (Eqs. (4-6)) being solved at time steps, 

allowing each particle to be tracked through the domain. 

d𝑥𝑝𝑖

d𝑡
= 𝑢𝑝𝑖 (4) 

𝑚𝑝

d𝑢𝑝𝑖

d𝑡
= 𝑚𝑝

3𝜌𝐶𝐷

4𝜌𝑝𝑑𝑝
(𝑢𝑖‾ − 𝑢𝑝𝑖) + 𝐹𝑠𝑖 + 𝐹𝑟𝑖 + (1 −

𝜌

𝜌𝑝
)𝑚𝑝𝑔𝑖 (5) 

𝐼𝑝
d𝜔𝑝𝑖

d𝑡
= 𝑇𝑖 (6) 

where 𝑢𝑖‾  is the filtered fluid velocity interpolated to the particle position, 𝑢𝑝𝑖 and 𝜔𝑝𝑖 are the linear 

and angular particle velocity, respectively, 𝑑𝑝 and 𝜌𝑝 are the particle diameter and particle density, 

respectively, 𝐶𝐷 is the drag coefficient, 𝐹𝑠𝑖 is the shear-induced lift force, 𝐹𝑟𝑖 is the rotation-induced 

lift, 𝑇𝑖 is the particle torque, and 𝐼𝑝 is the particle moment of inertia. 

The source term presented in Eq. (2) is responsible for momentum transfer from particles to fluid. 

This term is detailed in Eq. (7). 

𝑆𝜋𝑝
=

−1

𝑉𝑐𝑣
∑𝑚𝑘𝑁𝑘

𝐾

×
1

Δ𝑡
∑[[(𝑢𝑝𝑖)𝑘

(𝑛+1)
− (𝑢𝑝𝑖)𝑘

𝑛
] − 𝑔𝑖 (1 −

𝜌

𝜌𝑝
)𝛥𝑡𝐿]

𝑛

(7) 

Where 𝑘 is related to the number of computational particles that passed through the cell, 𝑚𝑘 is 

the mass of each particle that passes through the cell, 𝑁𝑘  is the number of real particles that a 

computational particle represents, 𝑛  is the number of sub-time-steps used for computational 

particle time advancement, and Δ𝑡𝐿  is the Lagrangian time-step. Inter-particle collisions are 

modeled using a stochastic, hard-sphere model [25]. A full description of the particle forces used in 

the present work is given in references [16] and [26]. 

When a particle collides with a wall, its new linear and angular velocities after rebound are 

calculated according to the following conservation equations described by [27]: 

Non-sliding collision: 

𝑢⃗ 𝑝
 + = 𝑢⃗ 𝑝

 − − (1 + 𝑒𝑝𝑎𝑟) 
2

7
 𝑢⃗ 𝑝𝑟

 − − (1 + 𝑒) (𝑢⃗ 𝑝
 − ⋅ 𝑛⃗ ) 𝑛⃗ (8) 
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𝜔⃗⃗ 𝑝
+ = 𝜔⃗⃗ 𝑝

− −
10

7

1 + 𝑒𝑝𝑎𝑟

𝑑𝑝
  𝑛⃗ × 𝑢⃗ 𝑝𝑟

 − (9) 

Sliding collision: 

𝑢⃗ 𝑝
 + = 𝑢⃗ 𝑝

 − − (1 + 𝑒) (𝑢⃗ 𝑝
 − ⋅ 𝑛⃗ ) [𝜇𝑑  

𝑢⃗ 𝑝
 −

|𝑢⃗ 𝑝
−|

+ 𝑛⃗ ] (10) 

𝜔⃗⃗ 𝑝
+ = 𝜔⃗⃗ 𝑝

− −
5

𝑑𝑝

(1 + 𝑒)(𝑢⃗ 𝑝
−. 𝑛⃗ )

𝜇𝑑

|𝑢⃗ 𝑝
−|

𝑛⃗ × 𝑢⃗ 𝑝𝑟
− (11) 

where the superscripts − and + denote values before and after the collision, respectively, 𝑒𝑝𝑎𝑟 is 

the parallel restitution coefficient, 𝑒 is the normal restitution coefficient, 𝜇𝑑 is the dynamic friction 

coefficient, 𝑛⃗  is the normal unit vector pointing outwards of the element face being impacted, and 

𝑢⃗ 𝑝𝑟 is the relative velocity at the contact point: 

𝑢⃗ 𝑝𝑟 = 𝑢⃗ 𝑝 − (𝑢⃗ 𝑝 ⋅ 𝑛⃗ ) 𝑛⃗ +
𝑑𝑝

2
 𝜔𝑝 × 𝑛⃗ (12) 

2.3 Erosion Model 

The erosion ratio and its simulation parameters are given by the correlations contained in 

reference [28]. The erosion model has been extensively validated by the authors of the current work 

in previous publications [13, 14, 29, 30]. The empirical restitution correlation proposed by [31] was 

added to the simulations in this current work. The erosion model equations, Eqs. (13-18), are: 

𝐸(𝛼) = 𝑔(𝛼)𝐸90 (13) 

𝑔(𝛼) = (𝑠𝑒𝑛(𝛼))
𝑛1

[1 + 𝐻𝑣(1 − 𝑠𝑒𝑛(𝛼))]
𝑛2 (14) 

𝐸90 =  81,714(𝐻𝑣)
−0,79 (

𝑉𝑝
𝑉𝑝

∗)

𝑘2

(
𝐷𝑝

𝐷𝑝
∗)

𝑘3

(15) 

where 𝐸(𝛼) and 𝐸90 denote a unit of eroded material per mass of particles (𝑚𝑚3/𝑘𝑔), 𝑔(𝛼) is the 

impact angle dependence function, 𝐻𝑣 is the initial eroded material Vickers hardness number (GPa), 

and 𝑉𝑝 and 𝐷𝑝 are the impact velocity and particle diameter, respectively. The constants 𝑛1, 𝑛2, 𝑘2 

and 𝑘3 were set for an SiO2- aluminum pair [28]. 

The conversion of 𝐸(𝛼)  into the erosion ratio 𝐸𝑡  is achieved using the following conversion 

factor, (16): 

𝐸𝑟 = 1,0 ∗ 10−9𝜌𝑤𝐸(𝛼) (16) 

𝐸𝑡 =
1

𝐴𝑓
∑𝑚̇𝜋𝐸𝑟

𝑚𝑓

(17) 

𝑅𝑃 =
𝐸𝑡

𝑚̇𝜌𝑤

(18) 
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where 𝜌𝑤 is the wall density, 𝐴𝑓 is the area of the face collided, 𝑚̇𝜋 is the particle mass flow rate 

represented by each computational particle that collides with the face, 𝑅𝑃 is the penetration ratio, 

and 𝑚̇ is the particle mass flow rate. 

Friction is another important effect to be accounted for in particle-to-wall interactions. 

Depending on the static and dynamic coefficients, particles can lose energy and momentum through 

fiction, directly affecting their movement and, consequently, the erosion process. In the present 

study, both the static and dynamic coefficients of friction were assumed to be 0.25 and the wall to 

be perfectly smooth. 

The influence of the type of phase coupling assumed - one-way, two-way, or four-way was 

investigated. In one-way coupling, it is assumed that the fluid forces influence particle behavior, but 

the fluid itself is not influenced by the particles., while, in two-way coupling, there is an exchange 

of momentum between the phases; and, in four-way coupling, there is an exchange of momentum 

between the phases and between the particles. More details on these different models can be found 

in [30, 32]. 

3. Numerical Models 

The numerical solution of the transport equations is accomplished by the unstructured grid code 

UNSCYFL3D, which has been extensively validated for turbulent, single-phase, and particle flow 

simulations [13, 15, 33-37]. This in-house tool is based on the finite-volume approach in 

unstructured three-dimensional grids. In this work, only the unsteady-state solution for the fluid 

was sought. The central differencing scheme was used for the advective and diffusive terms of the 

momentum equations. 

4. Test Case Description 

The cyclone separator employed in the simulations was the same as that used by Utikar et al. [12] 

in their experiments. Figure 1 shows a schematic diagram of the experimental cyclone and its 

dimensions. 

 

Figure 1 Schematic diagram of the experimental cyclone (reference [12]). 



JEPT 2022; 4(2), doi:10.21926/jept.2202017 
 

Page 8/19 

The Utikar et al. experiments were carried out in a cyclone with multiple coatings of drywall joint 

compound added to its inner walls, with equilibrium FCC catalyst particles with a median diameter 

of 75 µm. The experimental conditions were set to be similar to those of a second-stage cyclone 

present in real FCC units. The fluid was air, and the boundary conditions were given as: inlet velocity 

19.8 m/s, Reynolds number 𝑅𝑒 = 5.4 × 105, particle mass flow rate 𝑚̇𝑝 = 4.05 × 10−3[𝑘𝑔/𝑠], and 

gas mass flow rate of 𝑚̇𝑔 = 4.446 × 10−1[𝑘𝑔/𝑠] resulting in a mass loading of 9.12 × 10−3 𝑘𝑔𝑝/

𝑘𝑔𝑔. 

The amount of erosion in the cyclone was characterized as the weight loss of the drywall 

compound over time, and the experimental results showed that the erosion took place primarily in 

the cone of the secondary cyclone. 

For our numerical simulations, we used the same parameters. However, some simplifications 

were made to successfully realize the simulations. The particles were considered spherical, whereas 

the particles in the experimental study had an angular shape. No correlations for friction, restitution, 

and erosion could be found in the literature for a catalyst-drywall pair. So correlations for a sand-

aluminum pair were used. The particle residence time was set to 0.5 s, and in all simulations, nine 

residence times were simulated to provide converged statistics. The time step used for both the 

fluid and the particles was 5× 10−5 s. 

For the particle phase simulation, five parcels were injected at each time step. For the final step, 

about 300,000 computational particles were simulated to obtain statistically-converged particle 

velocities and concentration fields. To determine the number of parcels for statistical convergence, 

preliminary simulations were run with monitoring of the maximum erosion rates. Although this 

exercise showed that fewer than 300,000 parcels would suffice, it was decided to inject many more 

to produce smooth erosion contours and avoid the unphysical deformations reported by Solnordal 

and Wong [38]. Table 1 gives the simulation parameters. 

Table 1 Simulation parameters. 

Cyclone material Aluminum (6061-T6) 

Cyclone density 2,700 kg/m3 

Vickers hardness 1.049 GPa 

Particle type SiO2 

Particle density 1.490 kg/m3 

ANSYS ICEM-CFD software and an O-grid meshing technique were used to generate unstructured 

three-dimensional hexahedra near the wall regions, where high-velocity gradients and boundary 

layer are present (Figure 2). The total number of elements generated for the entire domain was 

approximately 1,800.000, which yielded mesh-independent results. This number was arrived at by 

examining the pressure drop through the system and the maximum erosion rate for three 

successively finer grids. The GCI (Grid Convergence Index) proposed by Roache [39] was used to 

determine the necessary resolution. 
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Figure 2 Computational mesh (ANSYS ICEM-CFD software). 

5. Results and Discussion 

In our numerical simulations, we focused on the analysis of the parameters that are most 

important for understanding the erosion phenomenon in this equipment - 𝑖. 𝑒., particle distribution 

over the domain, wall impact frequency, particle velocity, impact angle, and penetration ratio. 

Figure 3 shows the particle distribution at the last time step computed for each of the three 

phase coupling methods. As can be seen, there were no observable differences between the models. 

This may be because of the low mass loading inside the cyclone - the concentration is not visibly 

altered by the interparticle collisions. The particle concentration is qualitatively higher in the cone 

bottom region, which is due to the high angular velocity and low axial velocity. This was as expected 

due to the progressive reduction in the cone radius. Interestingly, there is also evidence of particles 

concentrating at the top of the cyclone cylinder, particularly for the four-way method. 

 

Figure 3 Simulated particle distribution for the one-way (a), two-way (b), and four-way 

(c) coupling methods. 
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To analyze the particle distribution inside the domain, the contour of the particle concentration 

in an 𝑋𝑌 plane highlighting the interparticle collision effect was studied (Figure 4). As it can be seen, 

interparticle collisions, modeled by the four-way coupling method, cause a layer of increased 

concentration in the vicinity of the wall. This can be attributed to the “cushioning effect” of particles 

near the wall preventing incoming particles from interacting with the wall. These tests also showed 

a high particle accumulation at the upper corner of the cyclone cylinder, which may be associated 

with a combination of lift force and interparticle momentum exchange as is intensified for the four-

way modeling. 

 

Figure 4 The contour of the particle concentration in the XY plane for the one-way (a), 

two-way (b), and four-way (c) coupling methods. 

Figure 5 shows the impact frequency contour for each phase coupling method. Unsurprisingly, 

there was a significant positive correlation between impact frequency and particle concentration. 

At the same time, the local values for the impact frequency were lower and more scattered with 

the four-way coupling method, which could also be attributed to the cushioning effect. 
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Figure 5 The contour of the impact frequency for the one-way (a), two-way (b), and four-

way (c) coupling methods. 

Figure 6 shows the particle impact frequency profile from bottom to top extracted along the 

cylinder wall on the opposite side to the cyclone inlet obtained from the time-averaged values of 

the simulations. As can be seen, the impact frequency is smaller with four-way coupling over the 

entire domain, with a single exception - there is a peak in the curve on the upper part of the cyclone 

cylinder, 𝑑 ≈ 0.95 . Interestingly, thanks to the use of the Large Eddy Simulation turbulence 

approach, it was possible to observe high-frequency variations in these results (Figure 6), indicating 

that the particles are clustered in oscillatory regions, with peaks and troughs. This effect is 

dampened with the four-way model and possibly occurs through momentum transfer between the 

particles. 
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Figure 6 Impact frequency profile from top to bottom along the cylinder wall (a) and 

cone (b). 

Along with impact angle and impact velocity, material properties are the most important factors 

in erosion. Thus, it is important to analyze the effect of the different coupling methods on these 

variables. Figure 7 shows the particle impact angle contour for each phase coupling method. As 

expected, the regions with the higher impact angle are opposite the cyclone inlet, where the 

particles enter with high velocity, while the impact angle decreases as particles get closer to the 

outlets. Differences between the models can be observed that are more intense in the cone 

locations, which indicates that, in this region, momentum exchange between particles has a 

significant impact on the impact angle. 
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Figure 7 Particle impact angle contours for the one-way (a), two-way (b), and four-way 

(c) coupling methods. 

To better understand the differences between each model in the cyclone cone, the impact angle 

profile along this region was examined (Figure 8). This showed that the impact angle increases over 

the whole domain when momentum exchange between particles is considered. This is a significant 

result as the impact angle plays a very important role in erosion calculations. 

 

Figure 8 The impact angle profile along the cyclone cone, from bottom to top. 

Figure 9 shows the particle impact velocity contour for each phase coupling method. No great 

differences between the models can be observed. This indicates that momentum exchange 

between particles has no significant correlation with impact velocity. As expected, and like the 

impact angle, peak impact velocities are found opposite the cyclone inlet, while the particle impact 

velocity decreases as the particles approach the outlets. 
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Figure 9 Particle impact velocity contours for the one-way (a), two-way (b), and four-

way (c) coupling methods. 

Figure 10 shows the penetration ratio contour for each phase coupling method. As with the 

experiments performed by Utikar et al. [12], the cone bottom is the most eroded region. This is due 

to the high particle concentration and high impact frequency in this region, as shown in the previous 

figures. Erosion near the cyclone inlet was also observed in experiments, which is a consequence of 

a higher impact velocity combined with a moderate impact angle. 

 

Figure 10 Penetration ratio contours for the one-way (a), two-way (b), and four-way (c) 

coupling methods. 
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As Figure 11 shows, the penetration ratio changes according to the modeled effects, particularly 

when the four-way coupling method is applied, which is due to the “cushioning effect” that takes 

place at the bottom of the cone. In this location, the penetration ratio is small compared to that of 

the one-way and two-way coupling methods. This effect can be related to the low impact frequency 

shown in Figure 6 for this coupling method. 

 

Figure 11 The penetration ratio profile along the cylinder (a), and cone (b), from bottom 

to top.  

A high particle concentration is found in the cylinder’s upper region (Figure 4), and consequently, 

the penetration ratio was greatest in this region. The penetration ratio was also widely distributed 

along the wall with the four-way method due to interparticle collisions causing a scattering of the 

particles along the wall. This scattering of particles and the relatively high impact velocity and angle 

cause an increase in the penetration ratio with the four-way coupling method. This effect can be 

observed numerically in the results presented in Table 2, which show the erosion rate obtained in 

the cyclone for each phase coupling and area of the cyclone. 

Table 2 Erosion rates [g/h] generated from the simulations. 

Coupling    

methods Cylinder Cone Total 

One-way 0.2559 0.7039 0.9629 

Two-way 0.2686 0.6750 0.9436 

Four-way 0.3007 0.8234 1.1241 

Experimental 105 680 785 
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As it can be seen from Table 2, the erosion rates obtained experimentally are much higher than 

those obtained by simulation. This is due to the material properties employed in the simulations. 

Specifically, aluminum has a higher abrasion resistance than drywall. However, the trends in erosion 

rates are similar, which shows the predictive ability of the current models. To perform a quantitative 

comparison, empirical correlations for the same pair of materials used in the experiments must be 

developed. 

6. Conclusions 

This paper investigated the use of numerical simulations to predict erosion in cyclone separators. 

The numerical model included both gas-solid interactions and interparticle collisions using a four-

way coupling model with the Eulerian-Lagrangian approach. While turbulence was modeled using 

the Large Eddy Simulation procedure. The simulation results were compared to the experiments 

made by Utikar et al. [12] under similar conditions. This comparison showed that there was no 

significant difference in the trend in erosion between the numerical and the experimental data. 

However, due to the model simplifications - the computational model is adapted to spherical sand 

particles and aluminum walls, while the experiments were carried out with angular catalyst particles 

and drywall wall joint compound - differences were found in the magnitude of the erosion. 

A comparison between different phase coupling approaches (one-way, two-way, and four-way) 

was also conducted. No significant difference between one-way and two-way coupling methods was 

observed, due probably to the low mass loading employed in the experiment. To verify the influence 

of momentum exchange between phases, further tests with higher mass loadings are required. 

The penetration ratio obtained using the four-way coupling method is slightly higher than that 

obtained using the other methods, which can be attributed to interparticle collisions promoting 

higher dispersion between the particles. The higher spread increases the size of the region where 

the particles impact the wall, resulting in an enlarged wear area. The particle cushioning effect near 

the wall was also captured in the simulations. This finding confirms the importance of using the four-

way approach when modeling complex equipment like a cyclone. And we conclude that the use of 

four-way coupling is necessary for the acquisition of reliable data through computer simulations in 

this domain. 
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