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Abstract

Experimental work with Geldart groups A and C powders was carried out in a 6.4-cm i.d. column fluidized batchwise at superficial
velocities between 0.24 and 0.6 m sy1. A new model was proposed to account for elutriation and attrition based on the assumption that
the generation of fines by attrition is a nonlinear function of time and depends on the percentage of agglomerated fines. Elutriation rate
constants and attrition rates were evaluated at various particle mixing ratios and it could be observed that the entrainment rate at low air
velocities was affected by interparticles adhesion forces. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The understanding of the elutriation process of solid
particles has become increasingly important in recent years
not only owing to the increasing use of fluidized bed
techniques in industrial plant operations but also because
of the convenience of this process as a method of particle
generation used for the proper design of separation equip-
ment such as cyclones, granular filters, scrubbers, ceramic

w xfilters and others 1 .
Several investigators have made important contributions

to the understanding of the mechanism of elutriation.
w xInitial results were presented in Refs. 2–4 . These investi-

gators studied the rate of elutriation from beds of two
different particle sizes. System variables such as the gas
velocity, particle size and concentration of fines, solid and
gas properties, etc., were empirically related to the elutria-
tion constant.

Other relevant research in this field has been carried out
w x w xby Kunii and Levenspiel 5 , Geldart et al. 6 , Wen and

w x w x w xChen 7 and Yates and Newton 8 . Later, Geldart et al. 9
w xand Baeyens et al. 10 presented results on the elutriation

from beds of fine powders, where interparticles adhesion

) Corresponding author. Tel.: q34-928-45-1900; Fax: q34-928-45-
1846; E-mail: amacias@cicei.ulpgc.es

1 On leave from University of Salamanca, Spain.

forces are shown to have an important influence on the
elutriation rate.

w xGeldart et al. 9 considered that the addition of a small
Žquantity of Geldart-C particles cohesive difficult-to-flui-

.dize caused a decrease in elutriation due to fines adhering
to the large particles, working together instead of working
independently. On the contrary, if a large quantity of
Geldart-C particles were added, the bed would become
cohesive, thus, decreasing in bubbling and increasing in
formation of channels.

w xSmolders and Baeyens 11 conducted studies of en-
trainment of Geldart groups A and C powders showing
that the entrainment rate at low velocities was strongly
reduced by interparticles adhesion forces when a vibrating
bed and different freeboard geometries were used.

w xJaraiz et al. 12 used the vibration of the fluidized bed
and showed vibration is useful in fluidized beds with very
small particles, smaller than about 30 mm, because rela-
tively strong interparticles forces develop which lead to
particle agglomeration with channelling of gas and mini-
mum fluidizing velocities much higher than predicted by
theory. Fortunately, vibration of the fluidized bed over-
comes this poor contacting by helping to break up those
agglomerates. Channelling diminishes or disappears, and a
higher pressure drop across the bed is observed indicating
better gasrsolid contacting and more complete suspension
of the particles.

Whether breakage of particles in a fluidized bed occurs
by abrasion or fragmentation depends upon a wide range

0032-5910r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
Ž .PII: S0032-5910 99 00057-1
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of factors which include particle morphology and particle
strength as well as fluid-dynamic-induced forces exerted

w xon the particles in suspension 13 . Ayazi Shamlou et al.
w x14 indicate that the breakage of bed material can occur
by purely hydrodynamic effects in the bed and Arena et al.
w x15 indicate that the attrition during the fluidized combus-
tion of a bituminous coal depends on fluidizing velocity
and size of sand and coal in the bed.

In this paper, the attrition term is used to define the
process in which small particles adhered to bigger ones
and small particle agglomerates are dispersed due to the
action of hydrodynamic forces. The particles are later
found in the bed in the form of free fines.

w xBortzmeyer and Goimard 16 have investigated the
relationship between the attrition tendency of agglomerates
and their mechanical behaviour and evaluated the influ-
ence of the particle characteristics. They used three CaCO3

powders of different shapes and sizes one of which exhib-
ited a far higher attrition rate than others. It was found that
this behaviour was related to the surface properties of the
agglomerates.

w xYadav et al. 17 showed that increase in fines, found in
Geldart group C, affects both elutriation and fluidization
characteristics, being observed that the agglomerations of
fines with coarse particles or among them depended on the
percentage of fines in the bed.

w x w xArena et al. 15 , Chirone et al. 18 and Liu and
w xKimura 19 observed that the fine particles generated by

attrition in beds of mixtures of fine and coarse particles
controlled elutriation.

Because published correlations on entrainment relate
mainly to systems of large particles in which interparticle
forces have a minimal effect, they do not adequately

w xpredict the entrainment of very fine particles 11 and
because these correlations do not take into account particle

w xagglomeration in the bed 20 . There is a need for a
modelling approach.

Clearly, what is needed initially is the adoption of an
approach that shows that attrition is closely related to the
percentage of particles agglomerated in the bed, and that
the generation of fines by attrition is not independent of
the percentage of fines agglomerated in the bed and equal

w xto a constant as some researchers assert 19,21,22 .
w xIn a pioneer paper, Leva 3 used an equation similar to

the first order chemical reaction equation in order to model
the elutriation process in fluidized beds where the decrease
in the concentration of fines in the bed is proportional to
the concentration of fines remaining in the bed. Then, Wen

w xand Hashinger 23 used the former model but they sug-
gested that the decrease in fines could be considered
proportional to the concentration of fines remaining in the
bed and inversely proportional to the bed height, where the
proportionality constant is the elutriation rate constant
which is independent of the bed cross-sectional area.

w xAfter that, Colakyan et al. 21 integrated fines genera-
Ž .tion process in the bed attrition into the first order

equation, supposing that attrition rate constant or fines
generation constant would be constant with time. Finally,

w xLiu and Kimura 19 used this later model, dividing the
Žfines remaining in the bed into three states freely moving

fines, fines attached to large particles and fines agglomera-
.tions .

In literature, there are other models which are not based
on the first order equation. These models also try to be
near to elutriation and attrition process in fluidized beds, in
which a division in the states of fines remaining in the bed
is made, being distinguished freely moving fines and ag-

w xglomerates 17,20 .
The aim of this investigation was to determine a model

that describes the carryover of fines from mixtures where
attrition is related to the percentage of particles agglomer-
ated in the bed, verifying that modelling of the attrition

w xprocess is due to purely hydrodynamic forces 14 , and
recognising that the reduction of agglomerated fines in the
bed by attrition is not a linear function but exhibit an
exponential decay with time.

Experimental data are reported which allows us to test
the model experimentally. Theoretical expressions are de-
veloped for the elutriation rate constants and its relation-
ship which depends on the percentage of particles agglom-
erated in the bed. The applicability of the governing
equations is discussed in the light of the experimental data
obtained in this work and as reported by others.

2. Modelling of elutriation

A number of models have been proposed on the basis of
a first order equation to describe elutriation from a flu-

w x w xidized bed 3,19,21,23 . Colakyan et al. 21 have pre-
sented a model which accounts for attrition in addition to
elutriation. Their model reads:

dW Wi i
y sk A yR 1Ž .i b id t Wb

dW We , i i
sk A 2Ž .i bd t Wb

where W is the mass of particles size i remaining in thei

bed at time t, W is the total mass of solids in the bed, Ab b

is the cross-sectional area of the bed, k is the elutriationi

rate constant for particles of size i, W is the weight ofe, i

particles of size i which have been elutriated from the bed
at time t and R is the rate of attrition for particles of sizei

i and this parameter is assumed to be constant.
Ž . Ž .Integrating Eqs. 1 and 2 with the initial conditions:

W s0 and W sW at ts0, we obtain:e, i i b, i

RU
Ui Uyk tiW s W y 1ye qR t 3Ž . Ž .e , i b , i iUž /ki
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where W is the initial mass of particles size i in the bedb, i

and where

k Ai bUk s 4Ž .i Wb

RiUR s 5Ž .i Wb

A variation of this model is given by Liu and Kimura
w x19 where the elutriation rate constant and attrition rates
were evaluated at various particles mixing ratios and gas
velocities.

Ž . w xObserving Eq. 3 for t40 21 illustrates how this
equation approaches an asymptotic equation which how-
ever is linear with time:

RU
i UW s W y qR t 6Ž .e , i b , i iUž /ki

Ž . Ž .For ts`, Eq. 3 or Eq. 6 result in:

lim W s` 7Ž .e , i
t™`

This limit must however be W , the initial weight ofb, i

particle size i in the bed since only the weight of charged
particles can be elutriated from the bed.

This is due to the fact that the generation of fines by
w xattrition in 19,21 is independent of the mass of charged

particles in the bed. However, according to Ayazi Shamlou
w xet al. 14 , the fine particles generation by attrition in the

bed is a function of the percentage of the agglomerated
particles which remain in the bed. Therefore, the genera-
tion of fines by attrition is not independent of the mass of

w xcharged particles as is said in Refs. 19,21 .
Attrition increases the number of the free flowing parti-

cles and reduces the agglomerated fines. Knowing the
particle population is essential in the assessment of the bed

w xperformance and particle entrainment or elutriation 7,24 .
Therefore, a fluidized bed with agglomerate materials

can not be designed appropriately until the attrition activity
w xis quantified 13 . In this work, attrition refers to the

process of removal fines from the surface of the parent
material so that there is only a gradual decrease in the
percentage of agglomerated fines in the bed. Also, it has
been known that experimental data obtained in the attrition
process suggest a nonlinear rate of increase in the mass of

w xfines generated as a function of operating time 14 . Simi-
w xlar findings are given in Ref. 13 where the particle

attrition phenomenon in a fluidized bed indicates that
freshly ground particles usually have an initial period of
rapid attrition before the attrition pace slows down to a
certain steady level.

Studies on mixing of fine powders with large particles
in a fluidized bed recognise that the fine powder not only

w xforms agglomerates 14,17,23–25 but also coats or at-
w xtaches to the large particles 9,26 . It has also been

prospected that the majority of fine particles in the bed
agglomerated in large clusters which are easily fluidized
and a small fraction of fine particles remain as free fines
w x19 . Other relevant investigation on the attrition process
and its relation with time have been carried out by and

w xBortzmeyer and Goimard 16 , based on Johnson–Mehl’s
equation. On the basis of these findings, one may make the
following assumptions to describe the fluidization and
elutriation process:
Ø The attrition is a process of removal fines from the

surface of a parent material andror clusters dispersion.
Ø The generation of fines by attrition is a nonlinear

function of time and depends on the percentage of
agglomerated fines.

Ž .Ø The attrition of the large particles bed material is
negligible.

Ø Fine particles in the bed are in one of the following
forms.

–elutriable freely moving fines
–agglomerates of fines and fines attached to large
particles

Then, our model reads:

dW W Wf , i f , i a , i
y sk A yR 8Ž .i b id t W Wb b

dW Wa , i a , i
y sR 9Ž .id t Wb

dW We , i f , i
sk A 10Ž .i bd t Wb

where W is the mass of elutriable freely moving fines off, i

size i, W is the mass of agglomerated fines of size i, thata, i

remain in the bed at time t, W is the cumulative mass ofe, i

fine particles of size i carried out of the bed, A is theb

cross-sectional area of the bed and W is the total mass ofb

particles which are initially charged in the bed. R is thei

rate of attrition for particles of size i and k is thei

elutriation rate constant for particles of size i.
At this moment, it must be taken into account some

important aspects from the later three equations. The mass
of free fines which remain in the bed decreases by elutria-
tion and increases by the production of fines from the

Ž .breaking of agglomerates as describe in Eq. 8 . The left
Ž .side of Eq. 9 is the rate of decrease in agglomerates or

the rate of free fines generation by attrition, free fines
generation follows a first order equation used to model the

w xattrition in fluidized beds in bubble regime 27 and for
w xfluidized beds in slugging regime 28 . It is important to

notice the attrition rate constant that regulates the mass
transfer from agglomerated fines to free fines.

Ž Ž ..The elutriation rate left side of Eq. 10 is proportional
to the percentage of free fines in the bed, to the elutriation

w xrate constant and to the cross-sectional area of the bed 29 .
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On the other hand, it is important to point out that the
reduction of agglomerate particles by attrition is not linear
but an exponential decay.

Ž . Ž .Integrating Eqs. 6 – 8 with the following initial condi-
tions at ts0:

W sWf , i f ,0 i

W sW sW yWa , i a ,0 i b , i f ,0 i

W s0e, i

we obtain:

W yWU Ub , i f ,0 i Uyk t yk ti iW sW 1ye q R 1yeŽ . Ž .Že , i f ,0 i iU UR yki i

ykU 1yeyR i
U t , 12Ž . Ž ..i

U U Ž . Ž .where k and R are defined in Eqs. 4 and 5 , respec-i i

tively.
Ž .We can limit Eq. 12 when t™`, since only the fines

particles added to the bed can be elutriated:

lim W sW 13Ž .e , i b , i
t™`

The previous initial conditions are only true if the
process is due to the removal of cluster fines or larger
particles. When this model is used with a different type of
attrition, due to the breaking of asperities of larger parti-
cles or due to fragmentation, it is necessary to use it
cautiously because the weight of fine which are finally
elutriated can be unknown.

In order to determine the model constants, a simple
w xNewton–Ralston algorithm 30 was used to minimize the

function:
n

2
f s W t yW t 14Ž . Ž . Ž .Ž .Ýerr cal mod

ts1

And the expression of the rate of overall attrition, elutria-
tion and initial mass of elutriable freely moving fines will
be:

n

W s W 15Ž .Ýf ,0 f ,0 i
is1

n Wf ,0 i
ks k 16Ž .Ý i Wf ,0is1

n Wa ,0 i
Rs R 17Ž .Ý i Wa ,0is1

Ž .Eq. 12 is identical to the one obtained by Colakyan et
w xal. 21 when attrition and formation of fines is negligible

Ž . Ž .W s0 . Eq. 12 is then reduced in terms of weight ofa, i

particles of size i which have elutriated from the bed:

W sW 1yeyk i
U t 18Ž . Ž .e , i b , i

3. Experimental

The equipment used is shown schematically in Fig. 1.
The fluidized bed of 6.4 cm i.d. and 1 m height was fitted

Fig. 1. Schematic diagram of experimental apparatus.
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Table 1
Relevant properties of powders used in the experiments

Density Sauter mean Geldart
y3Ž . Ž .kg m mm group

Al O 3650 48.03 A2 3

TiO 3900 0.72 C2

CaCO 2500 5.10 C3

Sand 2670 397.31 B

with a distributor consisting of a nylon mesh screen be-
tween two perforated plates.

The top of the bed was tapered so that an abrupt
increase in gas velocity was avoided. This part of the
column was connected with the filters by means of an
anti-static tube to prevent static deposition of the elutria-
tion dust before filtration. The effluent dust concentrations
were determined by weighing particles collected by a
Whatman filter paper No. 1.

Various powders were used and Table 1 lists their
major properties. The powders were tested at several ve-
locities ranging from 0.24 to 0.61 m sy1. The flow rate of
fluidizing gas was adjusted by a control valve at prescribed
values with two rotameters so that the superficial gas
velocities were determined.

The total pressure drop through the bed was measured
with a pressure transducer, Setra C-264 which was capable
of measuring pressure differences in the range of 0–6350
Pa. All measured pressure data were treated with a data
acquisition system which was connected to a computer.

4. Experimental procedures

Prior to each elutriation experiment, the fluidized bed
was started with sand only working at high fluidization
velocities in order to remove the finer sand particles.

It was observed that there was no attrition of the sand
from measurements in the rank of velocities used in the
test, to the low velocity of the fluid in the orifices of the

w xdistributor 31 .
Various tests were done at different velocities, verifying

that the mass of sand elutriated process was zero and
during the generation of particles in the different test only

Ž .dust particles CaCO , TiO and Al O were obtained.3 2 2 3

The experiment was started and allowed to run at
minimum fluidization velocities until the dust particles,
which would be added between 2.5 and 5% of the bed
weight, reached a good degree of mixing with the bulk
Ž .sand bed material but being observed that the carryover
of particles in the bed did not occur.

The run was started, increasing the gas velocity. The
test duration varied from 60 to 90 min for superficial gas
velocities of 0.24 to 0.61 m sy1, respectively. To avoid
adherence of fines to the wall of the unit, the freeboard
section was constantly vibrated gently.

After a run was completed, the powder from the abso-
lute filter was collected, weighed and sampled. The Micro-
trac SRA laser scattering from Leed and Northrup was
used to analyse the particle size distribution.

To measure the extent of experimental error, runs with
the powders were repeated at three velocities under identi-
cal conditions. The difference in elutriation rates was
negligible at low velocities and less than 9% at high
fluidization velocities.

5. Results and discussions

All the experiments were carried out at room tempera-
ture. Two separate runs were made for each mixture of

Ž .solids: a the measurements of pressure drop, minimum
fluidization velocity and minimum bubbling velocity which

w x Ž .allows to characterise the fluidization process 32 ; and b
the analyses of fines carryover.

Fig. 2 shows the observed pressure drop as a function
of the dimensionless index of fluidization varying with gas

w xvelocities. The fluidization index FI 33 is defined as the
ratio of the pressure drop over the bed to the weight of the
bed per unit cross-sectional area, A :b

D PPAb
FIs 19Ž .

W Pgb

where W is the mass of the bed, D P the pressure dropb

across the bed and g is the gravitational constant.
Fig. 2 determines the minimum fluidization velocity,

u , required to fluidize the powder. It is usually deter-mf

mined from the intersection of the two straight lines of the
pressure drop vs. superficial gas velocity, generated at
decreasing gas velocity.

It can be seen in the figure that the minimum fluidiza-
tion velocity is smaller with vibration than without it and
the fluidization index FI is slightly higher with vibration,
indicating that it is very close to unity. However, it can be

Fig. 2. Variation of fluidization index FI with gas velocities.
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Table 2
Effect of the vibration on minimum fluidization velocity and minimum bubbling velocity for the different mixtures used in the experiments

Al O CaCO CaCO TiO TiO2 3 3 3 2 2
Ž . Ž . Ž . Ž . Ž .2.5 wt.% 2.5 wt.% 5 wt.% 2.5 wt.% 5 wt.%

y1Ž .With vibration 5.12 5.40 5.58 6.63 6.89 u cm smf
y1Ž .Without vibration 9.14 9.80 10.27 11.00 11.23 u cm smf
y1Ž .With vibration 5.24 5.62 5.63 6.83 6.91 u cm smb
y1Ž .Without vibration 9.27 9.97 10.38 11.51 11.77 u cm smb

observed that the loss of charge increases with vibration,
thus, indicating a better gasrsolid contacting in the bed
and more complete suspension of the particles. In this way,
the channelling diminishes or disappears. Similar results

w xwere reported by Jaraiz et al. 12 .
The minimum fluidization velocities and the minimum

bubbling velocities for the different materials are shown in
Table 2. The minimum bubbling velocities were calculated
using the variation of the standard deviation of pressure
drop. One may see that the minimum bubbling velocity
u is roughly equal to the minimum fluidization veloci-mb

ties and it is a characteristic of Geldart-B particles which
Ž .still remain in the fluidized bed sand even when they are

Ž .mixed with fine powder CaCO , TiO and Al O .3 2 2 3

In a fluidized bed aerosol generator, the understanding
of the breakage behaviour of the powder material is made
difficult by the interaction and competition between vari-

w xous causes of breakage 14 . In the present investigation
involving fluidization of non-reacting particles, any break-
age of particles can be assumed to be due to purely
hydrodynamic forces within the bed.

Since the fluidization velocities of large particles are
much larger than the terminal velocities of fine particles;
only elutriable fines are entrained by the gas flow. All
these fine particles so entrained were collected by a set of
filters.

Ž .Fig. 3 shows the cumulative mass of CaCO 5%3

powder entrained from the bed. These experimental data
suggest a nonlinear rate of increase in the mass of fines

Ž .Fig. 3. Cumulative mass of entrained powder CaCO , 5 wt.% .3

generated as the function of operating time. The accumula-
tion of mass W of entrained particles starts rapidly ande

then gradually reduces as operation proceeds, becoming
eventually zero if the experiment is carried out for a long
time.

We have observed a relatively high formation of fines
during the initial period of fluidization due to the removal
of sharp corners and edges of the attriting particles. Similar
observations have been reported previously by Ayazi

w x w xShamlou et al. 14 and Santana et al. 34 .
In general, it is seen that the accumulation of mass We

of entrained particles increases with increasing the gas
velocity. Fig. 3 illustrates that for a gas velocity of 0.24 m
sy1 the breakage of fine particles, which is expected to be
by attrition, is smaller than for other velocities, thus,
showing the importance of pure hydrodynamic forces
within the bed.

In Fig. 3, our modelling has been applied to the experi-
mental conditions and compared with experimental results
Ž .CaCO , 5% . The figure illustrates the predicted value of3

the cumulative mass with the experimental measurements
of CaCO from different operating conditions. The results3

demonstrate favourable agreement between the experimen-
tal data and model predictions.

Ž .Fig. 4 shows the cumulative mass of Al O 2.5 wt.%2 3

powder entrained from the bed. It can be seen that the
cumulative mass of entrained particles starts rapidly and

Ž .almost the initial mass of fine particles 7.5 g are en-
trained by gas flow in a few minutes, this indicates the

Ž .Fig. 4. Cumulative mass of entrained powder Al O , 2.5 wt.% .2 3
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poor cohesiveness of Al O This poor cohesiveness of2 3

Al O is considered to have led to higher values of the2 3

elutriation rate constant and attrition rate constant.
Fig. 5 shows the cumulative mass of large silicon

particles with 15% of fine silicon particles vs. time for
w xvarious gas velocities obtained by Liu and Kimura 19 .

This experimental data has been compared with the sug-
gested model that describes the entrainment comprising
elutriation and attrition in a fluidized bed which incorpo-
rates the following assumptions to describe the elutriation
and attrition process:
Ø The generation of fines by attrition is a nonlinear

function of time.
Ø Fine particles in the bed are in one of the following

forms.
–elutriable freely moving fines
–agglomerates of fines and fines attached to large
particles

Confirming that we have a favourable agreement be-
tween the experimental data obtained in this work as well

w xas those reported by Liu and Kimura 19 and predicted
values by the model.

Fig. 6 compares the percentage of the initial mass of
elutriable fine particles in the bed at different gas veloci-
ties for the various powders tested. In this figure, an
increase in the percentage of free fines when the fluidiza-
tion velocities increase can be observed. There are great

Ždifferences between the three compounds studied CaCO ,3
.TiO and Al O with respect to their fluidization be-2 2 3

haviour.
These differences are mainly due to the fact that the

percentage of the initial mass of elutriable fine particles
Ž .W rW for the group C powder TiO is markedlyf,0 b,f 2
Žlower at low superficial gas velocities effect of interparti-

.cle adhesion forces , whereas at high velocities this per-
centage increases up to 15%.

In the case of CaCO , it can be observed that for high3

velocities, the percentage of free fines is about 50%. This

Fig. 5. Cumulative mass of entrained powder from 10 wt.% silicon
w xfinesrsilicon larges from Ref. 19 .

Fig. 6. Percentage of initial mass of elutriable fine particles vs. gas
velocity.

is due to the fact that in the group C powders the interpar-
ticle forces are substantially larger than the hydrodynamic
forces and the gas can not readily separate the powder

Ž .from the larger particles in the bed sand . A clear differ-
ence is noticed for group A powders, represented by
Al O confirming that the percentage of free fines is2 3

practically constant and independent of the fluidization
velocity, keeping this as about 90%. Therefore, its poor
cohesiveness is obvious because the interparticle forces in
group A powders are small compared with the hydrody-
namic forces acting in the fluidized bed.

Fig. 7 compares the overall elutriation rate constant at
different gas velocities for various materials. The overall
elutriation rate constant k, increases with gas velocities,
and is larger for Al O than for TiO , confirming that2 3 2

higher gas velocities generate more elutriable fines. For
gas velocities larger than about 0.35 m sy1 the overall
elutriation rate constant has a noticeable increase with the
fluidization velocity, specially for Al O .2 3

Fig. 7. Elutriation rate constant vs. gas velocity.
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Fig. 8 shows values of the overall attrition rates, R,
with gas velocities which presents a similar feature to that
of the overall elutriation rate constant shown in Fig. 7. The
overall attrition rate is quite independent of the fluidization
velocity except for Al O as higher velocities. Due to an2 3

increasing velocity, the kinetic energy transferred from the
gas to the bed increases. It can also be observed that the
slope of the overall attrition constant increases from the

Ž .most cohesive material TiO to the least cohesive2
Ž .Al O : slope is a clear indicator of the cohesiveness of2 3

the tested materials. Fig. 8 compares the overall attrition
rate of the three powders and clearly, the Al O powder2 3

shows a distinct behaviour. This phenomenon probably
corresponds to the progressive abrasion of surface asperi-
ties and also because the energy causes the attrition to
depend upon the efficiency of energy exchange between
the fluid and the particles in the bed and on the surface
cohesion force of single particles.

This finding is in line with the previous results given by
w x w xRay et al. 13 , Ayazi Shamlou et al. 14 where, according

to the model, the least cohesive dust will be the one with a
higher attrition rate constant. These results were obtained
in test in which an increase in the percentage of binder
produced a reduction of the attrition constant, so the forces
of adhesion of fines changed and Smolders and Baeyens
w x11 where it is important to stress the fluid-dynamic-in-
duced forces acting on the particles and the importance of
the adhesion effects on fine particles.

w xFinally, according to Ray et al. 13 , various attrition
studies are contradictory about the effect of the particle

w xattrition rate. Ayazi Shamlou et al. 14 consider that it is
important to research the particle breakage as results of
particle to particle or particle to wall interaction. Future
experimental work will be aimed towards identifying what
causes particle agglomeration. We have observed that the
entrainment of smaller particles at low air velocities needs
further investigations due to the adhesion effects.

Fig. 8. Attrition rate vs. gas velocity.

6. Conclusions

Experimental results are presented on the elutriation of
Geldart A and C particles of various densities, fluidized
batchwise at air velocities between 0.14 and 0.61 m sy1.
The attrition rate and elutriation rate constant increase with
gas velocities and this effect is much more noticeable in

Ž .the case of Geldart group A Al O powders.2 3

A new model was proposed to describe the entrainment
comprising elutriation and attrition as a nonlinear function
of time considering that the modelling of the attrition
process due to purely hydrodynamic forces assumes that

Ž .the fine particles are in the following forms: a elutriable
Ž .freely moving fines, b agglomerates of fines and fines

attached to large particles. The applicability of this model
has been verified with the experimental data obtained in
this work and as reported by others.

The new model presented herein is preferable to other
literature because it more realistically represents the actual
physical elutriation process in a fluidized bed.

The entrainment rate at low air velocities is strongly
reduced by interparticle adhesion forces. These adhesion
effects and a more accurate prediction of particle agglom-
eration need further investigation.

7. List of symbols

Ž 2 .A cross-sectional area of a fluidized bed mb
Ž .d particle diameter mmi

Ž .d Sauter mean diameter mmp
Ž 2 .f objective function kgerr

FI fluidization index
Ž y2 .g gravity acceleration m s

Ž y2 y1.k overall elutriation rate constant kg m s
k elutriation rate constant for particles of size ii

Ž y2 y1.kg m s
kU elutriation velocity constant for particles of sizei

Ž y1 .i s
Ž .t time s

Ž y1 .u superficial velocity of fluidizing gas m s
Ž y1 .u minimum bubbling velocity m smb

Ž y1 .u minimum fluidization velocity m smf
Ž y1 .R overall attrition rate constant kg s

ŽR attrition rate constant for particles of size i kgi
y1 .s

U Ž y1 .R attrition velocity for particles of size i si

W mass of agglomerates fines of size i remaininga, i
Ž .in the bed at any time kg

Ž .W initial mass of agglomerates fines of size i kga,0 i
Ž .W initial mass particles in the bed kgb

Ž .W initial mass of fine particles in the bed kgb,f
Ž .pW initial mass of particles size i in the bed kgb, i

W cumulative mass of fine particles carried out ofe, i
Ž .the bed kg
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W mass of elutriable freely moving fines of size if, i
Ž .remaining in the bed at any time kg

W initial mass of elutriable freely moving fines off,0 i
Ž .size i kg

W mass of fine particles of size i remaining in thei
Ž .bed at any time kg
Ž .D P apressure drop Pa
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