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Abstract

Cyclones are commonly used in the process industry to separate entrained pamticles f
gas streams. Particles entering a cyclone are subjected to a centrifughéfdrckiving
them to the cyclone walls, where they experience collisional and rapid shearingsstress
Consequently, particle attrition and erosion of the cyclone walls odepending on the

mechanical properties of the particles and cyclone walls.

In this work, the attrition of manganese oxide particles, intendedstoin 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 toseantig

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

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

The impact breakage due to chipping is evaluated experimentally first as a furiction o
particle size and impact angle and velocity. The data are fitted to thenchippidel 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 particléiattrby

chipping. For surface wear the model of Archard is used to account for particléyvear


https://www.linkedin.com/vsearch/p?f_G=fr%3A5203&trk=prof-0-ovw-location
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shearing against the walls. The outcome of the work pesaidnethodology for describing

the extent of attrition in different regions of the cyclone.
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NOMENCLATURE
Symbol Description Unit measure
Latin letters

ACC Accumulation of particles in the cyclone -
b intercept with the abscissa -
do initial particle size pm
Om mother particle size pm
dm min mother particle size at\Rx pm
dp particle size pm
ds sieve mesh size pm
Fn normal compressive force acting on a particle during slit mN
H particle hardness Pa
IN Inlet particles flow rate in the cyclone st
Kc particle fracture toughness Pam??®
Mo initial particle mass kg
Mm mother particle mass kg
Mde debris particle mass kg
Mioss material loss kg
Mde, max debris particle mass at& kg
Mm,min mother particle mass atg kg
Ne frequency of collisions st
Ne/p number of collisions per particle -
Np number of particles -
Np net flow of number of particles st
Npo net flow of number of particles at the inlet of the cyclone st
n number of regions of interest in the cyclone -
ouT Outlet particles flow rate from the cyclone st
R extent of breakage when losses are attributed to m -
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particles

extent of breakage when losses are attributed to d
particles

extent of breakage when losses are ignored

extent of breakage when losses are attributed to mothe
debris particles. average of &d R

maximum extent of breakage attributable to chipping
cumulative extent of breakage

attrition rate

Particle impact relative velocity

particle impact velocity

particle transition velocityrbm no breakage to breakage
Greek letters

Archard fitting constant

Ghadiri & Zhang fitting constant

Collision efficiency factor

particle density
angle of impact
sliding distance
residence time

Abbreviation
Chemical Looping Combustion
Fresh CLC particles
refers to particle-particle interactions
refers to particle-wall interactions
Washed fresh CLC particles
Single particle impact test
Scirocco impact test
Ghadiri & Zhang
Archard
refers to a region
refers to the impact region

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 attritamthe gas distributor jets, bubbling bed, cyclones

and bendsHe 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 affezted by
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 velociti¢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 cycloneés by surface abrasion/chipping, but whenever a
certain threshold velocity is exceeded then fragmentation can also take place. Werth@r et al.
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 duehéo ‘cushioning effect.
Reppenhagen e&il. [5] examined the validity of the model by testing nine different cyclone
geometries. Their model is based on pure abrasion but, adaydtéerther et al. [6], if the inlet

velocity is increased and/or the particle loading deeckagsarticles will undergo severe



chipping and/or fragmentation especially in case of fresh catalysts, which very oftesoimaeve
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 okriparticle and particle-wall interactions, the latter being
dominant for particle loading less than 0.5dsgkgair. 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 loadindactors that contribute to cyclone attrition are the cyclone fluid
dynamics, which dictates the particle velocity and residéinoe 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 tramulate tis 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



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 thé.C processAn impact breakage modesl developed for a wide

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

test method [1Q}hereafter referred to as ‘SHT’, 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 whiellenibted as

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

shapeis irregular as shown n Figuré 1. The particle envelope density is 3308. RgyenPSD

is evaluated gravimetrically by sieving using German standard DIN 4188 sieves. The five most
representative se 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 pawt&ashed by wet sieving using

water, which does not dissolve manganese oxide, and later on dried in an oven. Later



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 correlatedtaithpact 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. Moreovére theoretical model of Ghadiri and Zhang [12] for
chipping of semi-brittle materials is used to model the experimental data. Further single particle
impaa tests are carried out on the ‘non-washetpowder, 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
EDEM™ and ANSYS Fluent software packages (DEM Solutions, Edinburgh) to evaluate the

fluid-particle interactions therein.

Widlth = 6587 min

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

In the post-processing analysis tirme-averaged values of the frequency of particle-wall and
particle-particle collisions, velocity and angle of collisions, the number of collision per patrticle,
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



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-CL{S evaluated by mechanical sieving and reported in

Figure 4. 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.
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Figure 2. Particle Size Distribution of fresh CLC particles by mechanical sievingp@stdepresentative 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 pm.
2.2.Breakage Analysis

Erosive and abrasive wear are two mechanisms of small-scale surface material removal. The



former results from particle collisions, and the latter from patrticle sliding or rolling. The patrticle
collisional breakage is analysed experimentally for F-CLC and W F-CLC particles by two
different techniquesSPIT (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, gnis equal to:

m, =m, + Mg+ M, (1)

where m is the collected mass of mother particlegs isthe collected mass of debris angsm

is the mass loss.

Ghadiri and Zhang [10] define the extents of breaked&, 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 uncertainsdeaged on

the collected material after the impact test.

R- - mde (2)
mO
R* = mor;]mm (3)
0
* m
R =—_d (4)
mde + mm

In practice Ris close to Rand 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 Rand R, denoted as &, 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 patrticle size; e.g. tee debri



originating from breakage of particles of sieve cgt3%5-400 um, is sepaegtusinga sieve

with a mesh size ofsd300 um. 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 d

decreases to a critical siz@ @h, which is equal to the size of the sieve openiof the sieve

used for separating the debris from the mother particles as shiown in Higure 3.

d,

Figure 3. Schematic representation of the limit of the separation betweesr patticles and debris

The extent of breakage under these conditions is referred t@aaarf@, considering spherical

particles, can be calculated as follow:

m m,— m m d ’ d.)’
R — de,max — 0 m,min: 1_ m,min: 1_[ m,mirj —1_ [_SJ (5)
mo mO mO dO dO

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 heemlaliso 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..R«is shown ip Table|l for all the size cuts used in this work.

1C



Table 1. Cut-off sieve sizes used for mother particles-debris separatieiCioC

CLC[Z';? CUtS | 355.400| 300-355| 250-280| 212-250| 180-212
°“t'°f{usr'ne]"e SIz€ 300 250 212 180 150
Run [] 039 | 042 | 039 | 038 | 042

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.

R:aHd2 (6)

G&z G&Z KC2 pp pr

where o, is a proportionality constant, H and: ire respectively hardness and fracture

Z
toughnessyp is the particle densitypds the particle size ang 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 breakbYg,, to the hardness of the particle H, its
sliding distance\s, normal compressive force acting on i, &hd a proportionality constant

Oy -

F As

RAr =y nT (7)

As 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

. . .- . FAs
data are available for wear due to particle slidiBg, considering the scale of the gre‘.ﬁ&

, the proportionality constant, is chosen to have a value t)Gsuch thatR,, is comparable

in magnitude wittR_.,. This is obviously arbitrary, but the main focus here is on the

11



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].

Manual feeding 1

Glass tube —> - Photodiode
Vacuum line

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

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

monitored. The tests are carried out at impact velocities of about/4 (ree fall), 8, 14, 20
and 26 m/s. In order to shed light on the effect of impact @gielined targets with angles

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

N
o 9,

-
N

“r;b
&

R
23

A
A 90°-6

Figure 5. Angle of Impact

F-CLC and W F-CLC particles are both used to characterise the extent of braskagaction
of size and impact velocity, while F-CLC of 355-4(ith size cut is also furthilgr used to
analyse the effect of impact angle. The following impact velocities are used testall 2, 8,

14, 20, 26 m/s.
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A scheme of this experimental work is reported in the appendix in Table Al.
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 &gk 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 aclig®d.

. Varying the nozzle pressure from 0.1 to 4 barg for CLC particles, it is possible to achieve a
range of impact velocity in Sciroccvom 18 to 62 m/s, depending on itheize. The

experiments are performed on W F-CLC with the test details m{ ivéable 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 thecBdisperser

Washed CLC particle velociyV F-CLC) m/s
. : P [barg]

Particle Size [um] 01 1 5 3 7
355400 18.8 27.7 36.1m/s 43.6 m/s 50.4 m/s
300355 19.6 28.9 37.6m/s 454 m/s 52.5m/s
250280 206 30.5 39.6m/s 47.8m/s 55.3 m/s
212-250 21.3 315 405m/s 49.4m/s 57.1m/s
180212 229 33.7 43.7m/s 53.0m/s 61.3m/s
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2.3. CFD-DEM Simulation of a Cyclone

S

Figure 6 Dimensions of the cyclone

The CFD-DEM simulation of a cyclone is carried out by coupling ANSYS-Fluent with
EDEM™. 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 fluiplarticles interaction forces in a computational cell.
CFD uses them to determine ttheid 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
phaseso 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 sgtalemand cyclone with tangential

inlet styleis 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 Vortex Vortex
Inlet Inlet Cyclone Dust Cyclone Cone
duct finder finder
depth width diameter  outlet height height
length diameter  depth
a b D Bc Hy He-h D« 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)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 pm diameter and a density of 3308 kgghould 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 sirtnulation
However, as the effect of particle size is known from the impact breakage model, the extent of
breakage for 755 pum 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 tkatteenot the actual values

for this specific material at hand, but rather typical values which are realistic. The number of
particles generated per secatdhe inlet pipe is 4000, with an initial velocity of 1 m/s, which
results in a mass flow rate of 2.97 §and a solids to fluid mass ratio (solids loading) of 0.31

Kgsoliddkgair. The DEM integration time step is ¥1®° s for a total simulation time ofgl

15



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

. H .
breakage, are plotted versus ppdpVp” in order to work outx ., K If a unification of the data
Cc

points is achieved on a straight line, thep, , H

c

is the slope of the line. It is regardedaas

2

lumped parameter that takes account of the mechanical properties and represents the breakage
propensity and is often referreelas ‘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 Figureviile the average valuesgis shown

in|Figure 8. Extent of breakagaJgfor F-CLC particles by the SPIT for all particle sizes plojted

against ppdpVp*
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Figure 7 Extents of breakage R+, R* and R- for F-CLC particles by the &Rl sizes plotted against ppdpVp?.
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Figure 8. Extent of breakagegfor F-CLC particles by the SPIT for all particle sipdstted against ppdpVp?

A good unification of the data points is achieved confirming the model takes proper account of
particle size and impact velocity. It should atenoted that the maximum extent of breakage
is around 4%, which is well belowsg, supporting that observational evidence that particles

undergo chipping. Further analysis on the effect of the angle of infhangicates a simple

linear dependency of the extent of breakage with th& as shown if Figure[9. Remarkably,

all the data points at normal and inclined impaeih 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:

H .
Rear =Vcgs Fppdpvf) sin© ®)
H . )
where g, — is equal to 4.0x18,
¢ Ir-cLc

The transition impact velocity for a given particle size below which there is little/no breakage,
Vpo, can be calculated considering the intercept of the fitted line with abscissa, i.e. the coordinate

point (dyvpc?, 0). In this casedyvpd is negative and equal to -3.81/0.40. This would return a

17



negative value of the square of transition velocity, which is not physically possiblealsigms

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

off the particles too.

0.04

0.035 | y =3.92E-05x + 3.1304
R2=0.95

O F-CLC SPIT

o
o
@
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¢F-CLC SPIT
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extent of breakage, R [-]

0.005

0 200 400 600 800 1000
ppd, vp2sing [kg s7]

Figure 9. Extent of breakage R for F-CLC particles by the SPIT for all sizearayles of impact plotted against
ppdepZSine

Therefore the transition velocity is calculated insteash fit@: results obtained for the ‘washed

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

all size cuts in terms of RR’, R in|Figure 10 and Figure 11, respectiveljhey are also put

together and shown in Figure 12, where a remarkable unification is obtained.
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Figure12. Extent of breakage R for W F-CLC particles by SPIT afdf& each size plotted against ppdpVp?

is equal to 2.68x18 The transition velocity can be
W F-CLC

] H
For the washed material;g, —

c

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

previously and according to the equaﬁn

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-R.c:

Pp dpvzpsin 0

Rwecic = %caz K2
¢ lw F-cLC

@0

V2V,

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 Talle 4.
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Table 4 Transition velocities at normal impact for different particle sizgsfor given breakability indexai
2

[

and intercept with the abscisgdyvyo® (extent of breakage =0), for W F-CLC.

W F-CLC
H
OLF pdpVpe?
Particle size [m] ¢
2.68x10° 0.86
2 [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

pm (Figure 18).A comparison of extents of breakage of F-CLC and W F-CLC is shown in the

Appendix in FiguréAl

g ’

Figure13. AW 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 partislesitially performed and

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

21



The axial, radial and tangential velocities for both cases are repofted in Figure 14yfor the

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)

Figurel4. (a): axial, radial and tangential fluid velociti@sthe case of a steady state CFD simulation;iithe
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 shownWei et al. [20] for solid loadings less than 0.72
kgsoiddKgair. 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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Figurel5. 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 thekétation

should th

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

EDEM™ as the geometry of the cyclone is partitioived 10 regions of interest, as shown in

Figure 16

). The information obtained by the software such as particle velocity, humber 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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Figure16. Regions of interest of the cyclone

Referring tTFigure 16, thelnlet’ 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 calledimpact 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 [124z,Ritted to the
experimental dataThe regions‘Shear 1” to “Shear 8” are all the same z-lengds 20 mm.

Here, attritionis evaluated applying the abrasive wear model of Archard [9], diven the
tendency of particles shearing along the wall of the cyclori&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, whilemeeveraed
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number of particles inside the cyclone is 5424, as shoﬁrg'me 17.

17500
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Figurel7. Cumulative number of particles versus time: INLET in red, OUTLET ie bhd
ACCUMULATION=IN-OUT in green

At steady state, the simulation returns the following time-averaged parameters peritegion
the number of particles g\l the net flow of number of particléd p, » the number of particle-

wall collisions N, the particle relative impact velocityp and the particle velocitypy the
compressive normal forceifand the angle of impaét,the-last-enlyforthémpact-area.

The extent of particle attrition (mass fraction of debris produced) ifirtifgact’ region, Rmpact

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/p \—1_]9

Nc/p

lepact: RwrccN c/J n i +Ryrac———" LPP (12

PW PW 2

According to equation (11) WRr-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 infpact,

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

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

N, 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 (4000Hs:

N _ Cim pact __ Cim pact

clp — N N

Pim pact Po

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):

N _ Nclmpacl 14
Cimpact - At ( )

while n, 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
AVp>Vpg

Ne=—ro— (14)

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

between a collision dominant mechanism to surface abrasion.

On the other hand, particle attrition for the shearing regrRps,, ; is evaluateds

R (15

shear,i: R Ar,i
Recalling the definition of Achard’s model, the particle sliding distance against the yvad|,

is calculated as:
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As =7V, 156)

wherert; is the mother particle residence time per region, given by

T =P 167)

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

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

30 0.40

{ 035
{1 0.30
{ 0.25
{1 0.20E&
{ 015
{ 0.10

1 0.05

0.00

Figure18. Compressive force per particle and sliding distance per region

All the values mentioned above are repoitethe Appendix in Tabldl|along with the extent

of breakage per region &d the cumulative extent of breakagg,, ;, which is defined as

Rcum,i = 1_ﬁ (1_ Ri )D i R 178)
i=0 i=0

where‘n’ is the number of regions.

In|Figure 19 the extent of breakage per regipand the cumulative extent of breakagg,,

are plotted showing that thenpact region along with théShear 1region provide the largest
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contribution to attrition, about 81% of the total breakage.

Moreover the particle size at each regio,id calculated as:

A

dp,i = dO (1_ Rcum

0.10%

0.08% [

extent of breakage [%]

0.02% |

0.00%

0.06% |

0.04%

—@— Rc
—@—R

Figurel9. Local, R, and cumulativd.um, extent of breakage per region

and finally the breakage rate per regignisraccording to the equation (21):

h=m, Np,i Ri

The patrticle size and the breakage rate at each region are repdfigaré2(.
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Figure20. Particle size and attrition rate per region

The figure shows an abrupt reduction in particle size related to the passagé€lmpghet’

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 particldattrition
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 tn754.8 um).

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

Table § in order to elucidate the underlying mechanism of attrition.
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Figure21. Extents of breakage, R, and collision efficiency faatgrof the regions "Impact” (in grepand
"Shear 1" (in orange) as a result of surface abrasion, particle-wall and paatibtéepollisions

Table 5. Frequency of collisiol’i\IC , number of collisions per particd_,_, angle of impac8 , relative impact

clp?
veIocityAVp, collisioral efficiency factom, extent of breakag® and rational contribution to the regional

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

Impact Shear 1
Surface

PW PP Abrasion PW PP
NC [s] 7387.81 1119.35 - 37034.40 3857.34
N, [ 1.85 0.27 - 9.26 0.96
9 [ 27 34 - 26 13
Av, [ms'] 2.69 274 - 0.61 2.32
N, [%] 9225 93.4 - 0.00 0.36
R [%] 0.038 0.014 0.020 0.00 0.00
R/R [%] 72.21 27.79 99.73 0 0.27

At first, it can be concluded that the region “Shear 17, where there is the transition from
collisional attrition to surface abrasion by shear, attrition is caused by surface abragjon onl
although there is still a number of particle-wall collisions per particle. Practicalieall

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 abovéet “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 relatistevetgaaty

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 repgrted in [Bable 5

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 cycloneislesig at low

solids loading, whe the particle-wall interactions causing attrition are dominant. When the
particles enter the cyclone at a high velocity they experience an initial bragx@agempact

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 fitdte breakage

data of CLC particles, measured using two types of single particle impact tests. Arcicdel

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 ofiddSliameter and the same density

as CLC particles, with a solid loading of 0.31%dsgkga.ir 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 describedassinction 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
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FigureAl. Comparison between non-washed (F-CLC) and washed materialQUCFin terms of extent of
breakage R plotted against ppdpvp2sind, obtained by SPIT
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TableAl. Output of the simulations and calculated parameters

Infet Impact Shear Shear  Shear Shear Shear  Shear Shear Shear
1 2 3 4 5 6 7 8

® Np 158 22 86 956 1077 780 982 579 486 315
% N p [s] 4000 3947 3936 3894 3928 3720 3708 2929 3877 5488
Zl- Vp[m Sl] 2.50 2.71 1.85 1.30 0.85 0.77 0.63 0.53 0.52 0.51
o Fn_p [uN] - - 25.96 1.34 0.49 0.53 0.36 0.52 0.67 1.37
T [s] 0.04 0.01 0.02 0.25 0.27 0.21 0.26 0.20 0.13 0.06

8 As [m] - - 0.04 0.32 0.36 0.16 0.17 0.11 0.07 0.03
E; Rix10*[-] - 0524 0.202 0.083 0.034 0.017 0.011 0.011 0.009 0.08
(_é Reum x10° [-] 0 0.524 0.726 0.808 0.842 0.859 0870 0.881 0.889 0.897
rx103[g Sl] 0 1537 0.592 0.239 0.099 0.046 0.031 0.023 0.025 0.031
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