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Abstract 

Cyclones are commonly used in the process industry to separate entrained particles from 

gas streams. Particles entering a cyclone are subjected to a centrifugal force field, driving 

them to the cyclone walls, where they experience collisional and rapid shearing stresses. 

Consequently, particle attrition and erosion of the cyclone walls occur, depending on the 

mechanical properties of the particles and cyclone walls. 

 

In this work, the attrition of manganese oxide particles, intended for use in the Chemical 

Looping Combustion (CLC) process, flowing through a standard design cyclone 

(Stairmand design) is analysed as an example by considering surface damage processes of 

chipping and wear. A new methodology is developed, whereby Computational Fluid 

Dynamics-Discrete Element Method (CFD-DEM) simulations are used to analyse the 

particle motion and interactions with the cyclone walls. The approach is then coupled with 

breakage models of chipping and wear to predict the extent of attrition.  

 

The impact breakage due to chipping is evaluated experimentally first as a function of 

particle size and impact angle and velocity. The data are fitted to the chipping model of 

Ghadiri and Zhang.  The model is then coupled with the frequency of collisions and impact 

velocity, obtained from the CFD-DEM simulation, to work out the particle attrition by 

chipping. For surface wear the model of Archard is used to account for particle wear by 
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shearing against the walls. The outcome of the work provides a methodology for describing 

the extent of attrition in different regions of the cyclone. 

 

Keywords: Cyclone, attrition, CFD-DEM, impact damage, wear, CLC  

NOMENCLATURE  

Symbol Description Unit measure 

Latin letters 

ACC Accumulation of particles in the cyclone - 

b intercept with the abscissa - 

d0 initial particle size µm 

dm mother particle size µm 

dm,min mother particle size at Rmax µm 

dp particle size µm 

ds sieve mesh size µm 

Fn normal compressive force acting on a particle during sliding mN 

H particle hardness Pa 

IN Inlet particles flow rate in the cyclone s-1 

Kc particle fracture toughness Pa m-0.5 

m0 initial particle mass kg 

mm mother particle mass kg 

mde debris particle mass kg 

mloss material loss  kg 

mde,max debris particle mass at Rmax kg 

mm,min mother particle mass at Rmax kg 

ৃc  frequency of collisions s-1 

Nc/p number of collisions per particle - 

Np number of particles - 

ৃp net flow of number of particles s-1 

ৃp0 net flow of number of particles at the inlet of the cyclone s-1 

n number of regions of interest in the cyclone - 

OUT Outlet particles flow rate from the cyclone s-1 

R- extent of breakage when losses are attributed to mother - 
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particles 

R+ extent of breakage when losses are attributed to debris 

particles 

- 

R* extent of breakage when losses are ignored - 

R extent of breakage when losses are attributed to mother and 

debris particles. average of R- and R+ 

- 

Rmax maximum extent of breakage attributable to chipping - 

Rcum cumulative extent of breakage - 

r attrition rate g s-1 

pv  Particle impact relative velocity m s-1 

vp particle impact velocity m s-1 

vp0 particle transition velocity from no breakage to breakage m s-1 

Greek letters 

ɲAr Archard fitting constant m-3 

ɲG&Z Ghadiri & Zhang fitting constant kg-1·m-0.5·s2 

c  Collision efficiency factor - 

ȡp particle density kg m-3 

ɽ angle of impact ° 

ǻs sliding distance m 

Ĳ residence time s 

Abbreviation 

CLC Chemical Looping Combustion  

F-CLC Fresh CLC particles  

PP refers to particle-particle interactions  

PW refers to particle-wall interactions  

W F-CLC Washed fresh CLC particles  

SPIT Single particle impact test  

SIT Scirocco impact test  

G&Z Ghadiri & Zhang  

Ar Archard  

i refers to a region   

Impact refers to the impact region  

Shear refers to the shear region  
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1. INTRODUCTION  

Fluidised beds and circulating fluidised beds are widely used for carrying out heterogeneous 

catalytic reactions in which the solid catalyst particles need to be regenerated in order to be 

reprocessed. The circulation of the solids subjects them to mechanical stresses causing attrition. 

The fines that are generated in this way pose significant process problems and considerable 

material losses. Zenz [1] identifies the most stressful regions in a fluidised bed, where the 

mechanical stresses lead to particle attrition, as the gas distributor jets, bubbling bed, cyclones 

and bends. He also suggests that each of these sources of attrition should be analysed 

individually, due to the different mechanisms of attrition involved, such as surface abrasion, 

chipping and fragmentation. The predominance of any of these mechanisms is affected by a 

combination of particle properties and process operating conditions as well as the geometry of 

the unit [2]. The cyclone is one of the most significant contributors to particle attrition especially 

at high superficial gas velocities [3]. Particles entering the cyclone at high velocities are likely 

to impact on the opposite side of the inlet duct, and slide against the wall towards the bottom 

outlet. Usually particle attrition in cyclones is by surface abrasion/chipping, but whenever a 

certain threshold velocity is exceeded then fragmentation can also take place. Werther et al. [4] 

developed a model of cyclone-induced particle attrition under conditions of surface abrasion 

for the Fluid Catalytic Cracking (FCC) catalyst particles. They reported that the attrition rate 

was dependent on the material properties, gas kinetic energy, and particle size and inversely 

proportional to the square root of the particle loading due to the ‘cushioning’ effect. 

Reppenhagen et al. [5] examined the validity of the model by testing nine different cyclone 

geometries. Their model is based on pure abrasion but, as noted by Werther et al. [6], if the inlet 

velocity is increased and/or the particle loading decreased, particles will undergo severe 
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chipping and/or fragmentation especially in case of fresh catalysts, which very often have some 

mechanical weaknesses like surface asperities, inhomogeneity of the matrix, etc.. However, in 

normal operations, conditions leading to severe particle attrition are usually avoided by using 

an appropriate design of the cyclone.  Nevertheless, the development of a model that can predict 

the extent of attrition is highly desirable.  It is critical to understand the conditions under which 

a certain mechanism of attrition is dominant. The particle dynamics in a cyclone is the key to 

understanding this phenomenon. Chu et al. [7] carried out a CFD-DEM analysis of the gas-

solids flow in a cyclone, showing that the loading of particles can affect the particle trajectory 

pattern as well as the magnitude of interparticle and particle-wall interactions, the latter being 

dominant for particle loading less than 0.5 kgSolid/kgAir. In such cases, for instance, particle 

collisions against the wall of the cyclone can be the main cause of attrition. Reppenhagen et al. 

[5] confirmed that particle attrition in cyclones is the consequence of high velocity collisions at 

the entrance against the wall by looking at the erosion of a black-leaded film on the inner wall 

of a cyclone.  Additionally, particles are also inevitably subjected to shear along the cyclone 

wall.  

For a given solids loading, factors that contribute to cyclone attrition are the cyclone fluid 

dynamics, which dictates the particle velocity and residence time and the particle physical 

properties which influence the dependence of attrition on the operating conditions. Coupling 

the dynamics of particle motion with a single particle breakage model can give an estimate of 

the cyclone attrition, as proposed by Ghadiri et al. [8] for predicting the attrition of FCC 

particles induced by a single jet in a fluidised bed. This work aims to emulate this approach by 

obtaining the particle dynamics in a cyclone by a four-way-coupling CFD-DEM simulation. 

The impact breakage of crushed manganese oxide particles, intended for use in the Chemical 

Looping Combustion (CLC) process, is evaluated experimentally by single particle impact 

testing in order to develop a single particle breakage model that is used, along with the model 
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of surface wear of Archard [9], to calculate the overall particle attrition in a cyclone.  

The calculation is performed in the simulation post-processing stage using the time-averaged 

values of the frequency of particle-wall and particle-particle collisions, the particle impact 

velocity, the number of collisions per particle, the normal compressive force acting on the 

particles and the particle sliding distance along the wall per region of interest of the cyclone. 

The cyclone is partitioned into 10 regions of interest for particle motion in order to predict 

attrition locally. 

As stated above, the test material is made of crushed manganese oxide particles intended for  

use as oxygen carrier for the CLC process. An impact breakage model is developed for a wide 

range of particle impact velocities and for different size cuts based on the single particle impact 

test method [10], thereafter referred to as ‘SPIT’, and by the Scirocco Impact Test method [11], 

termed as ‘SIT’. The outcomes of the two tests are combined and a single particle attrition 

model is presented based on the theoretical chipping model of Ghadiri and Zhang [12].  

2. MATERIALS AND METHODS 

The material, provided by IFP Energies Nouvelles in Solaize, France, consists of a batch of 

fresh natural manganese ores crushed for use as CLC oxygen carriers which will be denoted as 

F-CLC (i.e. fresh CLC particles). The particle size distribution (PSD) is wide and the particle 

shape is irregular as shown in Figure 1. The particle envelope density is 3300 kg/m3. The PSD 

is evaluated gravimetrically by sieving using German standard DIN 4188 sieves. The five most 

representative size cuts of the distribution are chosen for impact testing to establish the effect 

of particle size. The material is very dusty as shown in Figure 1. In fact, dust readily adheres to 

particles and this affects the breakage results, as it contributes to the mass of debris. Therefore, 

before the tests, in order to get rid of these fines, the powder is ‘washed’ by wet sieving using 

water, which does not dissolve manganese oxide, and later on dried in an oven. Later 
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experimental inspection showed no weakening of the particles due to washing as its breakability 

is slightly lower than of the non-washed material. The washed material is termed as W F-CLC. 

The two impact test methods, i.e. single particle impact test (SPIT) [10] and Scirocco impact 

test (SIT) [11] allow the particle extent of breakage to be correlated with its impact velocity. 

Generally, the extent of breakage is defined as the ratio of the mass of fines produced by attrition 

to the total mass of particles. Moreover, the theoretical model of Ghadiri and Zhang [12] for 

chipping of semi-brittle materials is used to model the experimental data. Further single particle 

impact tests are carried out on the ‘non-washed’ powder, F-CLC, and also used to investigate 

the effect of angle of impact.  

In parallel, a CFD-DEM simulation of a small scale Stairmand cyclone is performed using 

EDEMTM and ANSYS Fluent software packages (DEM Solutions, Edinburgh) to evaluate the 

fluid-particle interactions therein.  

 

Figure 1. Scanning Electron Micrograph of crushed manganese particles used as test material 

In the post-processing analysis the time-averaged values of the frequency of particle-wall and 

particle-particle collisions, velocity and angle of collisions, the number of collision per particle, 

compressive force acting on the particles and sliding distance are calculated. The cyclone is 

partitioned into 10 regions, where the dominant particle dynamics, i.e. collision or sliding 

against the wall is identified. For estimating particle attrition, the inter-particle interactions are 
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neglected, given the low solids loading used. The above-mentioned parameters are then 

obtained for each of these regions. Combining them with the experimental model of impact 

breakage and the abrasive model of Archard [9] allows the extent of particle attrition to be 

predicted.  

2.1. Particle Size Distribution 

The particle size distribution of F-CLC is evaluated by mechanical sieving and reported in 

Figure 2. The material is first split to get a small representative sample, sufficient for sieving, 

and avoiding errors due to segregation by size due to transportation of the initial large batch.  

 

Figure 2. Particle Size Distribution of fresh CLC particles by mechanical sieving and most representative size 
cuts used for experimental analysis (in red) 

The most representative size cuts are chosen to carry out the impact tests, they are: 180-212, 

212-250, 250-280, 300-355 and 355-400 µm. 

2.2. Breakage Analysis 

Erosive and abrasive wear are two mechanisms of small-scale surface material removal. The 
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former results from particle collisions, and the latter from particle sliding or rolling. The particle 

collisional breakage is analysed experimentally for F-CLC and W F-CLC particles by two 

different techniques: SPIT (single particle impact test) [10] and SIT (Scirocco disperser) [11]. 

The procedure for calculating the extent of breakage is described below in equations 2-4. Due 

to potential loss of particles during handling and testing, there is some uncertainty in estimating 

the actual extent of breakage.  So upper and lower limits of breakage can be defined as follows.  

The initial mass of material, m0, is equal to: 

0 m de lossm m m m            (1) 

where mm is the collected mass of mother particles, mde is the collected mass of debris and mloss 

is the mass loss. 

Ghadiri and Zhang [10] define the extents of breakage as R-, R+ and R* for the cases in which 

the losses are attributable to mother particles, debris or neglected. In the last case, the relative 

contributions of the mother particles and debris to the losses are uncertain, so R* is based on 

the collected material after the impact test.   

- de

0

m
R =

m
           (2) 

+ 0 m

0

m - m
R =

m
          (3) 

* de

de m

m
R =

m + m
         (4) 

In practice R* is close to R- and for the case in which the losses are small, the gap between R- 

and R+ is small. Since the SPIT and SIT methods have different degrees of losses, in this work 

the average of R- and R+, denoted as Ravg, is used. 

Mother particles and debris are collected after the test and separated using a sieve, the size of 

which is two standard sieve sizes below the lower limit of the feed particle size; e.g. the debris 
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originating from breakage of particles of sieve cut, d0=355-400 µm, is separated using a sieve 

with a mesh size of ds=300 µm. This technique has been widely used to quantify particle 

breakage by chipping when the debris is much smaller in size than the mother particles, so that 

the choice of the sieve size is actually not critical in the determination of the mass of debris [13, 

14]. Naturally, this method is only valid up to the point where the size of mother particles dm 

decreases to a critical size dm,min, which is equal to the size of the sieve opening ds of the sieve 

used for separating the debris from the mother particles as shown in Figure 3. 

 

Figure 3. Schematic representation of the limit of the separation between mother particles and debris 

 
The extent of breakage under these conditions is referred to as Rmax and, considering spherical 

particles, can be calculated as follow: 

3 3

de,max 0 m,min m,min m,min s
max

0 0 0 0 0

m m m m d d
R 1 1 1

m m m d d

    
          

   
   (5) 

 
Beyond this theoretical limit there is no more distinction between mother particles and debris.  

Rmax is then the maximum value of the extent of breakage for which the above approach can be 

used for describing the extent of breakage by chipping. On the other hand, it can also be seen 

as the threshold from chipping to fragmentation, which occurs when the particle breaks into 

several pieces of comparable sizes or at least when there is no clear distinction between mother 

particle and the rest. Rmax is shown in Table 1 for all the size cuts used in this work. 
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Table 1. Cut-off sieve sizes used for mother particles-debris separation for F-CLC 

CLC size cuts 
 [µm]                   

355-400 300-355 250-280 212-250 180-212 

cut-off sieve size 
[µm] 

300 250 212 180 150 

Rmax [-]   0.39 0.42 0.39 0.38 0.42 
 

The experimental data are fitted according to the chipping model of Ghadiri and Zhang [12] for 

semi-brittle material failure mode, given by equation 6.   

2G&Z p
c

H
R = ȡ d

K
2

G&Z p p
΅ v           (6) 

where 
G&Z

΅  is a proportionality constant, H and Kc are respectively hardness and fracture 

toughness, ȡp is the particle density, dp is the particle size and vp the particle impact velocity.  

As for the abrasive wear due to particles sliding against the wall of the cyclone, the model of 

Archard is used which relates the extent of breakage, ArR , to the hardness of the particle H, its 

sliding distance ǻs, normal compressive force acting on it, Fn, and a proportionality constant

Ar . 

n
Ar Ar

F s
R

H
 

           (7) 

 
ǻs and Fn are obtained for each contact from outputs of the simulation. The hardness, H, is 

evaluated experimentally for several CLC particles using the nano-indentation technique.  The 

Berkovich indenter is used at the loading rate of 5 mN/s for maximum loads of 25, 50 and 75 

mN. H is found to be equal to 5.2 GPa with a coefficient of variation of 9%.  No experimental 

data are available for wear due to particle sliding.  So, considering the scale of the groupnF s

H



, the proportionality constant 
Ar  is chosen to have a value (1012) such that ArR  is comparable 

in magnitude with
G&ZR . This is obviously arbitrary, but the main focus here is on the 



 12 

development of methodology.  Realistic values are material dependent.   

 

2.2.1. Single Particle Impact Test (SPIT) 

The SPIT is carried out according to the procedure described by Ghadiri et al. [8].  

 

Figure 4. Schematic of the Impact test rig, [8] 

As shown in Figure 4, the particles impact against a target of sapphire while their velocities are 

monitored. The tests are carried out at impact velocities of about 1.5 m/s (free fall), 8, 14, 20 

and 26 m/s. In order to shed light on the effect of impact angle ɽ, inclined targets with angles 

of 30°, 45° and 60° as shown in Figure 5 are also used.  

 

Figure 5. Angle of Impact 

F-CLC and W F-CLC particles are both used to characterise the extent of breakage as a function 

of size and impact velocity, while F-CLC of 355-400 µm size cut is also furtherly used to 

analyse the effect of impact angle. The following impact velocities are used for all tests: 2, 8, 

14, 20, 26 m/s.  
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A scheme of this experimental work is reported in the appendix in Table A1. 

2.2.2. Scirocco Impact Test (SIT) 

Scirocco is the dry disperser unit of Malvern Mastersizer 2000. Particles are fed and dispersed 

by an eductor using a high pressure nozzle operating in the range of 0.1 to 4 barg. Given the 

‘L’-shape bend of the eductor, particles impact and experience stress causing attrition. 

Following passage through the disperser the particles are presented to the laser diffraction 

instrument for size measurement. They are then recovered downstream of the instrument by a 

plastic, axial cyclonic dust collector. The material is eventually collected and the extent of 

breakage characterised. The shift in PSD due to attrition can be obtained by both laser 

diffraction and gravimetric analysis. Given the design of the axial cyclone, the particles can 

avoid high velocity impacts at the entry. For this reason, its contribution to attrition is assumed 

to be far less than that caused by the high impact velocities achieved by SIT. 

. Varying the nozzle pressure from 0.1 to 4 barg for CLC particles, it is possible to achieve a 

range of impact velocity in Scirocco from 18 to 62 m/s, depending on their size. The 

experiments are performed on W F-CLC with the test details given in Table 2. 

The particle velocity at the first impact in the Scirocco is calculated knowing the particle size, 

density and nozzle pressure, based on the correlation developed by Ali et al. [15], who simulated 

the gas-solid behaviour in Scirocco using Lagrangian particle tracking for the discrete phase 

and the Eulerian approach for the fluid.  

Table 2. Particle impact velocity as a function of size and pressure in the Scirocco disperser  

 Washed CLC particle velocity (W F-CLC) m/s 

Particle Size [µm] 
P [barg] 

0.1 1 2 3 4 
355-400 18.8  27.7  36.1 m/s 43.6 m/s 50.4 m/s 
300-355 19.6 28.9 37.6 m/s 45.4 m/s 52.5 m/s 
250-280 20.6 30.5 39.6 m/s 47.8 m/s 55.3 m/s 
212-250 21.3 31.5 40.5 m/s 49.4 m/s 57.1 m/s 
180-212 22.9 33.7 43.7 m/s 53.0 m/s 61.3 m/s 
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2.3. CFD-DEM Simulation of a Cyclone 

 

Figure 6. Dimensions of the cyclone 

The CFD-DEM simulation of a cyclone is carried out by coupling ANSYS-Fluent with 

EDEMTM. DEM modelling is at the individual particle level, while the fluid flow by CFD is at 

the computational cell level. The four-way coupling allows the fluid forces to act on particles, 

particles interact with each other and react to and influence the fluid motion. At each time step, 

DEM gives the information such as velocities and positions of individual particles, for the 

evaluation of porosity and volumetric fluid–particles interaction forces in a computational cell. 

CFD uses them to determine the fluid flow field, which then yields the fluid forces acting on 

individual particles. The resulting forces are then incorporated into DEM, and individual 

particle motion is calculated in the next time step. The particle motion in turn affects the fluid 

phase, so that Newton’s third law of motion is satisfied [16]. In this case, the fluid flow field is 

recalculated every 25 time steps of the DEM.  A small scale Stairmand cyclone with tangential 

inlet style is used as the reference geometry in the simulation [17]. The dimensions, according 

to Figure 6, are reported in Table 3. 
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Table 3. Dimensions of the cyclone in mm 

Inlet 

duct 

length 

Inlet 

depth 

Inlet 

width 

Cyclone 

diameter 

Dust 

outlet 

Cyclone 

height 

Cone 

height 

Vortex 

finder 

diameter 

Vortex 

finder 

depth 

 a b D Bc Ht Ht-h Dx S 

100 20 10 40 10 160 80 20 30 

 

The computational fluid domain contains 90,793 tetrahedron cells of average length of 1.35 

mm. The Reynolds Stress Model (RSM) is used to solve the fluid-dynamics of the system as it 

gives the best agreement with experimental measurements [16, 17, 18]. The boundary 

conditions are set for the fluid entry and exit. Air enters the cyclone at 40 m/s while atmospheric 

pressure is set for both top and bottom outlets. The drag model for a single sphere is used. The 

particles are spheres of 755 µm diameter and a density of 3300 kg/m3. It should be noted that 

the particle size is not the actual one of the test material for which the experimental breakage 

data have been obtained. The use of such large particle size reduces the simulation time.  

However, as the effect of particle size is known from the impact breakage model, the extent of 

breakage for 755 µm is used in the calculations. Other DEM parameters, i.e. the shear modulus, 

Poisson’s ratio and coefficients of restitution, sliding friction and rolling friction are 0.1 GPa 

and 0.25 and 0.5, 0.5, 0.01, respectively. It should be noted that these are not the actual values 

for this specific material at hand, but rather typical values which are realistic.  The number of 

particles generated per second at the inlet pipe is 4000, with an initial velocity of 1 m/s, which 

results in a mass flow rate of 2.97 g s-1 and a solids to fluid mass ratio (solids loading) of 0.31 

kgsolids/kgair. The DEM integration time step is 1.5x10-6 s for a total simulation time of 4 s. 
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3. RESULTS AND DISCUSSIONS 

3.1. Impact breakage analysis results of Single Particle Impact Test (SPIT) and 

Scirocco Impact Test (SIT) 

Recalling the model of Ghadiri and Zhang [12], the experimental results, in terms of extent of 

breakage, are plotted versus ȡpdpvp
2 in order to work out 

2
c

H

KG&Z
΅ . If a unification of the data 

points is achieved on a straight line, then 
2

c

H

KG&Z
΅ is the slope of the line.  It is regarded as a 

lumped parameter that takes account of the mechanical properties and represents the breakage 

propensity and is often referred to as ‘breakability index’[12]. It allows a direct comparison of 

the breakability of different materials upon impact. For F-CLC particles the extents of breakage 

R+, R*, R- for all tested size cuts are reported in Figure 7,  while the average value Ravg is shown 

in Figure 8. Extent of breakage Ravg for F-CLC particles by the SPIT for all particle sizes plotted 

against ȡpdpvp
2 

 

Figure 7. Extents of breakage R+, R* and R- for F-CLC particles by the SPIT for all sizes plotted against ȡpdpvp
2.  
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Figure 8. Extent of breakage Ravg for F-CLC particles by the SPIT for all particle sizes plotted against ȡpdpvp
2  

 
A good unification of the data points is achieved confirming the model takes proper account of 

particle size and impact velocity. It should also be noted that the maximum extent of breakage 

is around 4%, which is well below Rmax, supporting that observational evidence that particles 

undergo chipping. Further analysis on the effect of the angle of impact, ɽ, indicates a simple 

linear dependency of the extent of breakage with the sinɽ, as shown in Figure 9. Remarkably, 

all the data points at normal and inclined impact lie on the same straight line. The model of 

Ghadiri and Zhang [12] is then modified to take account of the angle of impact empirically, as 

shown below: 

2

2
G&Z G&Z p p p

c

H
R =Į ȡ d v sin

K
           (8) 

where 
2G&Z

c F CLC

HĮ
K 

is equal to 4.0×10-5.   

The transition impact velocity for a given particle size below which there is little/no breakage, 

vp0, can be calculated considering the intercept of the fitted line with abscissa, i.e. the coordinate 

point (ʌdpvp0
2, 0). In this case ȡdpvp0

2 is negative and equal to -3.81/0.40.  This would return a 

y = 4.00E-05x + 3.81E-04
R² = 0.95
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negative value of the square of transition velocity, which is not physically possible but is a sign 

that the breakage of non-washed material is a little overestimated, as the adhered dust comes 

off the particles too. 

 

Figure 9. Extent of breakage R for F-CLC particles by the SPIT for all sizes and angles of impact plotted against 
ȡpdpvp

2sinș  

 
Therefore the transition velocity is calculated instead from the results obtained for the ‘washed’ 

particles (W F-CLC). The results of W-F-CLC from SPIT and SIT are reported separately for 

all size cuts in terms of R+, R*, R- in Figure 10 and Figure 11, respectively.  They are also put 

together and shown in Figure 12, where a remarkable unification is obtained. 
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Figure 10. Extents of breakage R+, R* and R- for W F-CLC particles by the SPIT for all the sizes plotted against 
ȡpdpvp

2. 

 

Figure 11. Extents of breakage R+, R* and R- for W F-CLC particles by SIT for all sizes plotted against ȡpdpvp
2 
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Figure 12. Extent of breakage R for W F-CLC particles by SPIT and SIT for each size plotted against ȡpdpvp
2 

For the washed material 
2G&Z

c W F CLC

HĮ
K 

is equal to 2.68×10-5. The transition velocity can be 

evaluated as a function of the breakability index, particle size and density as explained 

previously and according to the equation (9):  

5

p0

G&Z p p2
c

2.32 10
v

H
d

K




 
         (9) 

By extension, the dependency on the angle of impact is implemented in the model for the 

‘washed’ material, defining the extent of breakage as RW F-CLC: 

2

2
W F-CLC G&Z p p p

c W F CLC

p p0

H
R Į d v sin

K

v v



  


 

       (10) 

 
The values of the transition velocities for the studied size cuts and the particle size used for the 

simulation, for a normal impact, are reported in Table 4. 
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Table 4. Transition velocities at normal impact for different particle sizes, vp0, for given breakability index, 
2
c

H

K
  

and intercept with the abscissa, ȡdpvp0
2 (extent of breakage =0), for W F-CLC. 

 W F-CLC 

Particle size [µm] 
2
c

H

K
  ȡdpvp0

2 

2.68×10-5 0.86 

0pv [m/s] 

755 (used for the simulation) 0.59 
355-400 0.83 
300-355 0.89 
250-280 0.99 
212-250 1.07 
180-212 1.16 

 

The impact of several particles of W F-CLC at free fall velocity (about 1.5 m/s) is analysed by 

using a high-speed camera, confirming that breakage occurs at such low impact velocities. A 

sequence of photos is reported below, showing breakage upon impact of a particle of 355-400 

µm (Figure 13).  A comparison of extents of breakage of F-CLC and W F-CLC is shown in the 

Appendix in Figure A1. 

 

 

Figure 13. A W F-CLC particle breaking upon impact at 1.5 m/s 

 
 

3.2. CFD-DEM Simulation of a Cyclone 

A steady state CFD study of the fluid dynamics without particles is initially performed and 

compared with one obtained from the CFD-DEM simulation, where particles are also simulated. 



 22 

The axial, radial and tangential velocities for both cases are reported in Figure 14 for the y-

plane containing the diameter with the coordinate system shown in the figure. The simulation 

time of 4 s corresponds to four times the average particle residence time. 

  a)         b)   

Figure 14. (a): axial, radial and tangential fluid velocities in the case of a steady state CFD simulation; (b): in the 
case of a transient CFD-DEM simulation at 4 s  

 

The fluid pattern is influenced by the presence of the solids phase. The tangential velocity is 

substantially decreased. This occurrence is confirmed experimentally by Yuu et al. [19]. The 

particle flow pattern at 4 s is shown in Figure 15. It is rather irregular, the more common strand 

regime is not reached as also shown by Wei et al. [20] for solid loadings less than 0.72 

kgsolids/kgair.  Particles are accelerated to a maximum velocity of 3-4 m/s, in the inlet channel 

before entering the actual cyclone. They are then decelerated and start spiralling along the body 

of the cyclone, gradually descending towards the bottom outlet. 
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Figure 15. Solid pattern in the cyclone 

 
The CFD-DEM simulation reveals the necessity of evaluating attrition locally as the particles 

experience high velocity impacts, mostly at the entrance, as well as shear thereafter. Attrition 

should therefore be analysed locally based on the current state of the particles, given by 

EDEMTM as the geometry of the cyclone is partitioned into 10 regions of interest, as shown in 

Figure 16. The information obtained by the software such as particle velocity, number of 

particles, particle displacement and normal compressive force are then used to work out the 

particle attrition occurring in each region. 
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Figure 16. Regions of interest of the cyclone  

Referring to Figure 16, the ‘Inlet’ is the region that corresponds to the feeding pipeline. In this 

region attrition is neglected as a result of minimum, perhaps null, inter-particle and wall-particle 

interaction.  

In the region called ‘Impact’ particles collide at the highest velocity mainly against the wall of 

the cyclone. The particle attrition here, for both particle-wall and particle-particle collisions, is 

evaluated applying the model of chipping of Ghadiri and Zhang [12], RG&Z, fitted to the 

experimental data.  The regions “Shear 1” to “Shear 8” are all the same z-length as 20 mm. 

Here, attrition is evaluated applying the abrasive wear model of Archard [9], RAr, given the 

tendency of particles shearing along the wall of the cyclone. In “Shear 1” collisional attrition is 

also evaluated, being a transition region. 

3.3. Cyclone attrition analysis 

Particle attrition is evaluated under steady state condition, i.e. the inlet solids flow rate is equal 

to outlet solids flow rate. This occurs after a time equal to the particle residence time; its time-

averaged value is equal to 1.35 s, implying a plug flow behaviour, while the time-averaged 
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number of particles inside the cyclone is 5424, as shown in Figure 17. 

 

Figure 17. Cumulative number of particles versus time: INLET in red, OUTLET in blue and 
ACCUMULATION=IN-OUT in green 

At steady state, the simulation returns the following time-averaged parameters per region ‘i’: 

the number of particles Npi, the net flow of number of particles
ipN , the number of particle-

wall collisions Nci, the particle relative impact velocity ǻvpi and the particle velocity vpi, the 

compressive normal force Fni and the angle of impact și., the last only for the “Impact” area. 

The extent of particle attrition (mass fraction of debris produced) in the “Impact” region, RImpact, 

is evaluated as the summation of two contributions arising from particle-wall and particle-

particle collisions, where the latter is calculated considering that an impact between two 

particles leads to the same breakage as of one particle impacting against a fixed target at their 

relative impact velocity: 

Impact W F-CLC c/pR R N          (11) 
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PW PPPW
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R R N R

2
         (12) 

 
According to equation (11) Rw F-CLC is the impact breakage model for W F-CLC particles 
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computed using the relative particle-wall or particle-particle velocity and angle of impact, c/pN

is the number of collisions per particle and c  is the collision efficiency factor (it takes into 

account the fact that some collision might not occur above the transition velocity). 

c/pN is calculated according to equation (12), as the ratio of the frequency of collision with the 

flow rate of number particles entering the “Impact” region; at steady state this is equal to that 

entering the cyclone (4000 s-1) : 

Im pact Im pact

Im pact 0

c c

c/p
p p

N N
N

N N
            (13) 

The frequency of collision in the “Impact” region is calculated as the total number of collisions, 

having an impact velocity above the transition velocity, divided by the total time of observation, 

as shown in equation (13): 

Impact

Impact

c

c

N
N

t



          (14) 

 
while c  is calculated according to equation (14) as the ratio of number of collisions above the 

transition velocity over the total number of collisions: 

Im pact
p p0

Im pact

c
v v

c
c

N

N

 
            (14) 

Collisional attrition is furthermore evaluated for the region “Shear 1” being a transition region 

between a collision dominant mechanism to surface abrasion. 

 
On the other hand, particle attrition for the shearing regions shear,iR  is evaluated as 

shear,i Ar,iR R            (15) 

Recalling the definition of Archard’s model, the particle sliding distance against the wall, ǻsi, 

is calculated as: 
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i i pis v              (156) 

 
where Ĳi is the mother particle residence time per region, given by 

i

i

p
i

p

N

N
             (167) 

The time-averaged compressive force per particle and sliding distance are reported below in 

Figure 18, showing the maximum value in regions ‘Shear 1’ and ‘Shear 3’, respectively. 

 

Figure 18. Compressive force per particle and sliding distance per region 

 
All the values mentioned above are reported in the Appendix in Table A1 along with the extent 

of breakage per region Ri and the cumulative extent of breakage cum,iR , which is defined as 

n n

cum,i i i
i 0i 0

R 1 (1 R ) R


            (178) 

 
where ‘n’ is the number of regions. 

 

In Figure 19 the extent of breakage per region Ri and the cumulative extent of breakage cumR

are plotted showing that the ‘Impact’ region along with the ‘Shear 1’ region provide the largest 
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contribution to attrition, about 81% of the total breakage. 

 

Figure 19. Local, R, and cumulative, Rcum, extent of breakage per region 

Moreover the particle size at each region, dpi, is calculated as:  

1/3
p,i 0 cum,id d (1 R )            (19) 

and finally the breakage rate per region, ri, is according to the equation (21): 

i i 1 p,i ir m N R            (180) 

The particle size and the breakage rate at each region are reported in Figure 20.    
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Figure 20. Particle size and attrition rate per region 

The figure shows an abrupt reduction in particle size related to the passage in the “Impact” 

region and the first shearing region, where the particle velocity is more important. Then a more 

gradual reduction as the particles head to the last shear region.  It should be noted that these 

results are based on an arbitrary parameter for the Archard model, therefore no comparison with 

a real system can be made.  However, the trend as well as the magnitude of particle attrition for 

this kind of system appears realistic: after one passage through the cyclone, the diameter of a 

particle is reduced only by 0.03% (from 755 µm to 754.8 µm). 

A more detailed analysis of the regions “Impact” and “Shear 1” is reported in Figure 21 and 

Table 5 in order to elucidate the underlying mechanism of attrition. 
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Figure 21. Extents of breakage, R, and collision efficiency factor, Șc, of the regions "Impact" (in green) and 
"Shear 1" (in orange) as a result of surface abrasion, particle-wall and particle-particle collisions  

Table 5. Frequency of collision cN , number of collisions per particlec/pN , angle of impact , relative impact 

velocity pv , collisional efficiency factor c , extent of breakage R and rational contribution to the regional 

breakage iR / R , for regions “Impact” and “Shear 1”. 

 Impact Shear 1 

 
PW PP 

Surface 

Abrasion PW PP 

cN [s-1] 7387.81 1119.35 - 37034.40 3857.34 

c/pN  [-]  1.85 0.27 - 9.26 0.96 

  [°]  27 34 - 26 13 

pv  [m s-1] 2.69 2.74 - 0.61 2.32 

c [%] 92.5 93.4 - 0.00 0.36 

R [%] 0.038 0.014 0.020 0.00 0.00 

iR / R  [%] 72.21 27.79 99.73 0 0.27 

 

At first, it can be concluded that the region “Shear 1”, where there is the transition from 

collisional attrition to surface abrasion by shear, attrition is caused by surface abrasion only, 

although there is still a number of particle-wall collisions per particle. Practically all the 

collisions in this region occur at velocities lower than the transition velocity. In general, all the 
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collisions occurring from region “Shear 1” downwards are below this limit. 

As discussed above the “Impact” region is the main source of attrition in the cyclone. In 

particular, particle-wall collisions are the main cause leading to 72% of attrition of the region 

and 42% of the overall cyclone attrition. The particle-wall and particle-particle impacts occur 

in both cases at very steep angles, respectively at 27° for and 34° with a relative impact velocity 

of about 2.7 m/s. The collision efficiency in both cases is high and nearly equal to 93%.  All 

the previous features being comparable, the number of collisions per particle is accountable for 

the difference in terms of attrition between the two cases. In fact, as reported in Table 5 a 

particle in the “Impact” region collides about 1.9 times with the wall but only 0.2 times with 

another particle. This occurrence is expected from a low solid loading case like ours. 

More case studies at different solids loading and inlet velocity are required to elucidate the 

interplay between the attrition caused by particle-wall and particle-particle collisional and 

surface abrasion.  

4. CONCLUSIONS 

Particle attrition in a cyclone has been analysed by the CFD-DEM method using single particle 

breakage models of impact and shear. A conventional Stairmand cyclone design is used at low 

solids loading, where the particle-wall interactions causing attrition are dominant. When the 

particles enter the cyclone at a high velocity they experience an initial breakage upon impact 

on the cyclone walls. Subsequently they flow spirally downwards and experience abrasive wear 

due to sliding along the walls. The chipping model of Ghadiri & Zhang is fitted to the breakage 

data of CLC particles, measured using two types of single particle impact tests. Archard’s model 

of abrasive wear is used to simulate the abrasive wear caused by particle shear against the walls. 

The CFD-DEM simulation is performed using spheres of 755 µm diameter and the same density 

as CLC particles, with a solid loading of 0.31 kgsolid/kgair and an inlet air velocity of 40 m/s. 
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The simulation quantified the relative contributions of the particle collisional and sliding 

behaviour in the cyclone. The breakage models are then coupled with the information obtained 

from the simulation in terms of particle dynamics. The overall attrition extent in the cyclone is 

then calculated and described as a function of the particle mechanical properties and process 

conditions. The major contributors to attrition are the entrance region and the initial sliding 

region, contributing around 81% of the total attrition where both collisions and sliding are 

dominant, as compared to further downstream regions. The overall cyclone attrition is therefore 

shared between particle-wall collisions, 42%, particle-particle collisions 16% and surface 

abrasion by shearing 42%. A methodology is therefore presented for identifying the relative 

importance of various regions in the cyclone in causing attrition and predicting the extent of 

attrition based on the mechanical properties of the particles and the dynamics of particle flow 

in cyclones.  

5.  APPENDIX 

 

 

Figure A1. Comparison between non-washed (F-CLC) and washed material (W F-CLC) in terms of extent of 
breakage R plotted against ȡpdpvp

2sinș, obtained by SPIT 
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Table A1. Output of the simulations and calculated parameters 

  
Inlet Impact 

Shear 

 1 

Shear 

2 

Shear 

3 

Shear 

4 

Shear 

5 

Shear 

6 

Shear 

7 

Shear 

 8 

O
ut

pu
t o

f t
he

 pN  158 22 86 956 1077 780 982 579 486 315 

pN [s-1] 4000 3947 3936 3894 3928 3720 3708 2929 3877 5488 

vp [m s-1] 2.50 2.71 1.85 1.30 0.85 0.77 0.63 0.53 0.52 0.51 

Fn_p [µN] - - 25.96 1.34 0.49 0.53 0.36 0.52 0.67 1.37 

ca
lc

ul
at

ed
 

Ĳ [s] 0.04 0.01 0.02 0.25 0.27 0.21 0.26 0.20 0.13 0.06 

ǻs [m] - - 0.04 0.32 0.36 0.16 0.17 0.11 0.07 0.03 

Ri x103 [-] - 0.524 0.202 0.083 0.034 0.017 0.011 0.011 0.009 0.08 

Rcum x103 [-] 0 0.524 0.726 0.808 0.842 0.859 0.870 0.881 0.889 0.897 

r x103 [g s-1] 0 1.537 0.592 0.239 0.099 0.046 0.031 0.023 0.025 0.031 
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