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Catalyst attrition has often been a major obstacle in the de®elopment of new flu-
idized-bed processes and it is still of concern for existing processes whene®er the catalyst
is changed. The main consequence of attrition is the generation of fines and the result-
ing loss of ®aluable material. In this work the attrition of FCC catalysts in a fluidized-bed
system consisting of a bubbling bed, cyclone gas cleaning, and external solids recircula-
tion is studied. An approach de®eloped describes the attrition-induced o®erall solids loss
based on the main attrition sources: grid jet attrition, bubble-induced attrition, and
attrition in the cyclone. Their respecti®e contributions to the o®erall attrition rate are
calculated from separately deri®ed model equations that take into account the design of
the system, the operating conditions, and the material properties of the catalysts. The
solids entrainment from the bed into the cyclone is shown to ha®e a strong effect on the
attrition-induced loss rate and must therefore be taken into account for an a-priori
prediction.

Introduction
Efficient gas�solid contacting, good bed-to-wall heat trans-

fer, and excellent temperature homogeneity are well-known
characteristics of fluidized-bed reactors. These beneficial
properties are all related to the mobility of the particles in
the fluidized state. But the particle motion also causes a ma-
jor drawback, namely catalyst attrition due to interparticle
collisions and bed-to-wall impacts. Catalyst attrition has of-
ten been a major obstacle in the development of new flu-
idized-bed processes and is still of concern for existing proc-
esses whenever the catalyst is changed.

The main consequence of attrition is the generation of
fines, which are finally passing through the dust recovery sys-
tem, resulting in a loss of valuable material. In addition to

Žthe entailed costs some authors such as Kraft et al., 1956; de
.Vries et al., 1972; Pell and Jordan, 1988 report on a second

drawback of the loss of fines, namely that the considered bed
particle-size distribution gets too coarse. In practice, the ad-
dition of fresh makeup catalyst is therefore necessary to keep
the system at a required level of fines. An opposite effect,
however, may occur when the attrition-produced fines are
kept inside the system. The bed particle-size distribution may

Ž .then get too fine such as Braca and Fried, 1956 .
A lot of work has been done in the field of catalyst attri-

tion. The majority of it deals with the catalysts’ degradation
in standardized attrition tests, as, for example, submerged jet
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Ž .tests such as Forsythe and Hertwig, 1949; Gwyn, 1969 , or
ŽGrace-Davison jet-cup tests such as Weeks and Dumbill,

.1990 . These tests are primarily intended to rank different
candidate catalysts with respect to their propensity to attri-
tion. But they cannot predict the quantitative extent of attri-
tion that will occur with the tested materials in a fluidized-bed
process. They cannot even guarantee that the ratio of the
attrition rates of two catalysts will be the same in the test and
in the process. The main reason for this limited applicability
is that the prevailing stress mechanism in a test differs from
that prevailing in the process.

A quantitative prediction of the attrition effect in a given
process requires a detailed understanding of the basic attri-
tion mechanisms. Unfortunately, there is still a lack of physi-
cally sound explanations for the observed attrition phenom-

Ž .ena. This has been demonstrated by Ghadiri et al. 1992 ,
who revealed strong discrepancies in the previously published
literature with respect to the influence of the superficial gas
velocity on the attrition-induced loss rate of a fluidized-bed

Ž .system. Some workers such as Seville et al., 1992 relate their
Ž .experimental results to uyu , others assume the attritionm f

rate to be proportional to un, where the exponent varies from
Ž . Ž .ns1 Patel et al., 1986 to ns5.8 Blinichev et al., 1968 .

The strong differences in the experimental findings are at-
tributed to strong differences in the systems and the solids
that have been considered.

In a systematic investigation of the attrition phenomena
the particular effects of solids and system must be taken into
account. One key point is the distinction between the differ-
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Ž .ent attrition modes Pell, 1990 . The mode of attrition may
vary from pure abrasion to a total fragmentation of the parti-
cles. Abrasion implies that exclusively asperities are removed
from the particle surface. It thus produces a lot of elutriable
fines, whereas the particle-size distribution of the mother
particles is hardly changed. In contrast to this, fragmentation
is a process of particle breakage into similarly sized pieces.
There are various attrition modes that can be regarded as
somehow lying in between these two extremes, as, for exam-
ple, the surface fragmentation of catalyst particles that was

Ž .observed by Reppenhagen and Werther 1998a . All of these
modes are based on different mechanisms and must there-
fore be investigated separately.

The second key point for a systematic investigation of the
attrition phenomena in fluidized-bed systems is a distinction
between the different regions, which apply different mechan-

Ž .ical stress to the solids such as Vaux and Keairns, 1980 . A
first approach to find these individual sources of attrition was

Ž . Ž .made by Zenz 1971 and Zenz and Kelleher 1980 . They
revealed the necessity of studying each of these sources in
isolation in order to get detailed information about the re-
spective attrition mechanisms. They suggested investigating
the vicinity of a multihole gas distributor, the bubbling flu-
idized bed, the cyclones, the conveying lines, and solids feed-
ing devices as separate regions where the attrition mecha-
nisms are different.

In the present work the attrition of FCC catalysts in a
cold-model fluidized-bed system with external solids recircu-
lation is considered. An approach is developed that describes
the attrition-induced overall solids loss rate on the basis of
the main attrition sources. The corresponding individual at-
trition rates are calculated from separately derived model
equations that take into account the design of the system, the
operating conditions and the material properties of the cata-
lysts. Furthermore, the solids transport from the bed into the
cyclone is found to have a strong effect on the attrition-in-
duced loss rate and must therefore be taken into account for
an a priori modeling.

Theory
With respect to the attrition-induced loss rate a fluidized

bed with external solids recirculation appears as shown in
Figure 1. Three regions can be identified as main attrition
sources, namely the grid jets, the bubbling bed itself, and the
cyclone section. With respect to the latter source the extent
of attrition is affected by the solids transport in the free-
board. The entrainment determines the solids flow into the
cyclone and thus the amount and the particle-size distribu-
tion of the material that is subjected to attrition in the cy-
clone.

Catalyst particles are often produced in spray-drying proc-
esses. When such a catalyst is used in an industrial fluidized-
bed process the weak agglomerates may in an initial phase
undergo fragmentation. But after this first phase the particles
will be abraded rather than broken unless a critical mechani-
cal stress is exceeded. Since the respective threshold is usu-
ally beyond the stress that is prevailing in a fluidized-bed

Ž .reactor cf. Reppenhagen and Werther, 1998b , the present
work deals with pure abrasion only. Based on this idea the
following approach is made.

Figure 1. Relevant mechanisms with respect to the at-
trition-induced loss rate of the fluidized-bed
system.

Since the abrasion-produced fines are rather small, that is,
typically smaller than about 1 to 3 microns, the respective
grade efficiency of the cyclones is distinctly smaller than unity.
Therefore, it can be assumed that the fines are immediately
lost after their production, even if they are produced in the
jetting region or in the bubbling bed. In contrast to this, it
can be assumed that after an initial phase where the original
elutriable material is sifted off, the mother particles are en-
tirely kept inside the system. Due to the mode of pure abra-
sion, the change in their particle size is negligible, as is their
contribution to the loss rate. Hence, some kind of steady state
can be assumed where the production of fines, which origi-
nate from the almost unchanged mother particles, is bal-
anced by the loss rate of fines. The resulting quasi-stationary
loss rate can therefore be written as the sum of the fines
generation in the individual attrition sources

m sm qm qm 1Ž .˙ ˙ ˙ ˙loss, tot loss, j loss , b loss , c

where m , m and m are the masses of elutriable˙ ˙ ˙loss, j loss, b loss, c
fines that are produced per unit time by attrition in the jet-
ting region, the bubbling bed, and the cyclone, respectively.
With this division of the total loss rate the different mecha-
nisms that contribute to the abrasion-induced loss rate are
explained. They must be described individually before they
are again combined in an overall description of the total
process. A modeling of the individual attrition sources re-
quires their prior investigation in isolation. For the particular
attrition sources that are considered in the present work, this
has already been done in previous work of the authors.

Ž .Grid jet attrition has been studied by Werther and Xi 1993
on the basis of a comprehensive experimental program. Con-
sidering the energy utilization of the abrasion process they
derived the following relationship for the grid-induced attri-
tion rate:

m sn � K �� � d2 � u3 , 2Ž .˙ loss, j or j f or or

where n is the number of orifices in the distributor, � isor f
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the density of the jet gas, d is the diameter of the orifices,or
u is the jet gas velocity inside an orifice, and K is a con-or j
stant that characterizes the solids’ susceptibility to abrasion.

Ž .Xi 1993 has shown that this constant again can be divided
into a product of the surface mean diameter d of the bedpb
solids and a particle-size independent material-specific con-
stant C , that is, the solids susceptibility to abrasion increasesj
linearly with its surface mean diameter

K sC � d . 3Ž .j j pb

For a consideration of the overall process in the fluidized
bed the orifice velocity can be substituted by the superficial
gas velocity

D2
t

u su � , 4Ž .or 2n � dor or

where D is the diameter of the fluidized-bed column. Witht
Eqs. 3 and 4, Eq. 2 can finally be transformed to

D6
t 3m sC � d �� � � u . 5Ž .˙ loss, j j pb f 4 2d � nor or

Ž .More recently, Reppenhagen and Werther 1998a,b,c in-
vestigated the abrasion-induced fines production in the
cyclone. Considering again the energy utilization of the abra-
sion process, they derived the following model equation for
cyclones, which was found to be valid for all cyclones with a
tangential inlet, regardless of size and geometry

u2
c , in

m sm � C � d � . 6Ž .˙ ˙loss, c c , in c pc
�' c

In Eq. 6 m is the solids mass flow rate entering the cy-˙ c, in
clone, d is the respective surface mean diameter, u ispc c, in
the gas velocity at the cyclone inlet, and � is the solids load-c
ing, which is defined as

m m˙ ˙c, in c , in
� s s , 7Ž .c m � � u � A˙ f f c, in c , in

where A is the cross-sectional area of the cyclone inlet. Inc, in
Eq. 6, C is again a particle-size independent constant thatc
characterizes the material’s attritability. For a consideration
of the overall process the cyclone inlet velocity can be substi-
tuted by an expression of the superficial gas velocity

At
u su � . 8Ž .c, in Ac, in

In the case of several equal-sized cyclones arranged in par-
allel, A is the sum of their inlet areas. With Eqs. 7 and 8,c, in
Eq. 6 can now be written as

2.5At 2.5m sC � d � m � � � � u . 9Ž .'˙ ˙ 'loss, c c pc c , in f 2Ac, in

The mechanisms of bubble-induced attrition are not quite
Ž .clear Werther and Reppenhagen, 1999 . There are various

theoretical and empirical approaches that can be summa-
rized as

m sK � mn� uyu , 10Ž . Ž .˙ loss, b b b min

where m is the bed mass, its exponent varying between 1b
and 2. In the case of ns1, it is implied that the attrition
stress does not change with the bed height, there being sim-
ply a linear increase with the amount of treated material. In
contrast to this an exponent n�1 implies an increase of the
attrition stress with the bed height. The velocity u is re-min
garded as a threshold velocity above which the bubble-in-
duced attrition occurs. Its value varied from u su tomin m f
u �u . Therefore, a further study of this source is re-min m f
quired before Eq. 10 can be applied.

Hence, in Eq. 1 only the terms for jet-induced and cyclone
attrition can be substituted by Eqs. 5 and 9, respectively,
which leads to the following provisional expression for the
total loss rate of the system

D6
t 3m sC � d �� � � u˙ loss, tot j pb f 4 2d � nor or

q ṁloss, b

2.5At 2.5qC � d � m � � � � u . 11Ž .'˙ 'c pc c, in f 2Ac, in

Experimental Studies
Fluidized-bed system with external solids circulation

The experiments, which focused on the overall system be-
havior, were carried out in a cold-model fluidized-bed unit
that is shown in Figure 2. It mainly consists of a cylindrical
column 0.2 m in diameter and 2.1 m in height. The fluidizing

Figure 2. Experimental setup for the investigation of the
attrition-induced loss rate from a fluidized-bed
system.
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gas is provided by a compressed-air supply at a rate up to 0.1
m3rs. Two different types were used as a gas distributor; on
the one hand, a porous plate, and on the other hand, a perfo-
rated plate with n s640 orifices of d s0.0007 m in diam-or or
eter. In the column, the particles are held in a fluidized state
by the upflowing gas stream. Some of them are entrained
into the freeboard above the fluidized bed, where they are
accelerated and carried upward by the gas. These particles
leave the main column through an abrupt exit into the 0.13-
m-ID cyclone. The rectangular cross section of the column
exit is identical to that of the cyclone inlet, that is, A sc, in
1.06�10y3 m2. The particles that are separated from the gas
descend in the 0.025-m-ID return line until they are finally
fed back to the fluidized bed. The solids circulating rate, and
with it the approximate solids mass flow into the cyclone, is
measured by temporarily closing a valve in the return line
and timing the mass accumulation of solids above the closed
valve. The inventory of the solid particles in the lower part of
the return line guarantees that steady state feeding into the
bed is not interrupted during this measurement. The cyclone
overflow is connected to a filter that collects the elutriated
material. At steady-state attrition the quasi-stationary loss
rate can then be obtained from an increase in the filter weight
per unit time. Furthermore, sample ports are installed in the
return line and in the fluidizing column at a height of 0.05 m
above the distributor.

Ž .A fresh fluidized cracking catalyst material ‘‘97-G fresh ’’
was used as bed material. In order to meet the model as-
sumption of completely unentrainable mother-particles the
original powder was screened on an 80-�m sieve prior to the
experiments. The resulting particle-size distribution is shown
in Figure 3. Because of the grade efficiency curve of the sieve
and the irregular shape of the particles, the test material still
contains particles smaller than 80 �m, that is, the particle-size
distribution starts at approximately 30 �m. But from the
comparison with the theoretical grade efficiency curve of the
cyclone it is obvious that this minimum particle size is still
coarse enough to ensure 100% collection of the mother parti-
cles. The grade efficiency curve in Figure 3 has been calcu-

Ž .lated from Trefz and Muschelknautz 1993 for the worst

Figure 3. Particle size distribution of the test material
after sieving procedure and cyclone’s grade
efficiency.

Figure 4. Test facility for the investigation of bubble-
induced attrition.

separation conditions that were chosen in the course of the
present work, or u s18 mrs, � s0.2. Nevertheless, it be-c, in c
comes unity at approximately 7.5 �m, which is distinctly
smaller than the minimum particle size of 30 �m of the test
material.

Bubble-induced attrition test
The material’s susceptibility to bubble-induced attrition was

studied in the 0.2-m-ID fluidized bed shown in Figure 4. The
fluidizing gas is again provided by a compressed-air supply.
In order to avoid jet attrition a porous plate is used as the
gas distributor, and instead of a cyclone the column diameter
is enlarged to a 0.6-m-ID gravity separator starting at a height
of 1.5 m above the distributor. The loss rate of the system,
which is at steady-state attrition identical to bubble-induced
mass of fines produced per unit time, is determined by means
of a subsequent filter.

Jet-induced attrition testrrrrrsubmerged jet test
A material’s sensitivity against jet attrition should be inves-

tigated in a so-called submerged jet test where the bed height
is higher than the jet penetration length. The maximum attri-

Žtion effect of the jets is measured in such a test cf. Werther
.and Xi, 1993 . However, jet-induced attrition cannot be in-

vestigated in isolation, because there is always some addi-
tional attrition of the surrounding bubbling bed. In order to
get direct insights into the mechanisms of jet attrition it is
necessary to separate the jet contribution from the overall
attrition extent.

In the present work this has been realized by using the
apparatus shown in Figure 5. It consists of a 1-m-high 0.05-
m-ID column with a 0.15-m-ID gravity separator on top. The
mass of fines produced per unit time is again measured by
means of a subsequent filter. The key point of the test appa-
ratus is the gas distributor. A separately fed nozzle is inte-
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Figure 5. Test facility for the investigation of jet attri-
tion.

grated into the center of the porous plate, which is also aer-
ated to prefluidize the bed and to keep the bubble-induced
attrition constant. In this way the bubble attrition must be
determined only once even if the jet gas velocity is varied.
This is conveniently done without any jet gas prior to the true
experiment without any jet gas.

Cyclone attrition test
The experimental setup for evaluating the material suscep-

tibility to cyclone attrition is shown in Figure 6. It mainly
consists of a 0.09-m-ID cyclone that is operated in the suc-
tion mode. The solids are introduced via a vibrating feeder
into a 0.3-m-long inlet tube. After a test run the underflow of

Figure 6. Experimental setup for the investigation of cy-
clone attrition.

Figure 7. Results of the bubble attrition tests plotted
according to Eq. 10.

the cyclone is used as a starting material for the next run.
The cyclone loss for each pass is collected in a filter.

Results and Discussion
In©estigation of bubble-induced attrition

In order to study the mechanisms of bubble-induced attri-
tion, the fluidized bed test apparatus shown in Figure 4 was
operated with 5.75 kg of initial material at various superficial
gas velocities. Figure 7 shows the results, which are plotted as
a function of the gas velocity. In agreement with Eq. 10, they
can be described by the product of an attrition constant K b
s43�10y9 my1, and the difference between the superficial
gas velocity and a threshold velocity u s0.35 mrs, which ismin
distinctly larger than the minimum fluidization velocity of the
material, or u s0.005 mrs. However, the measured datam f
are also sufficiently described by the power-law dependence
on the excess gas velocity. A least-squares regression yields
an exponent of 2.89, which can be rounded up to 3, as is
shown in Figure 8. It can thus be written

Figure 8. Results of the bubble attrition tests plotted
according to Eq. 12.
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3�m sK � m � uyu , 12Ž . Ž .˙ loss, b b b m f

where K �s45�10y9 s2rm3 is again an attrition constant.b
Equation 12 is used in the following to describe the bubble-
induced attrition in the entire fluidized-bed system. In com-
parison to Eq. 10, which is as empirical, it describes the mea-
sured data equally well, but requires one parameter only. It
should be noted that the present work is not primarily in-
tended to study in detail the mechanisms of bubble-induced
attrition, but rather to provide a systematic procedure to
identify and to summarize the relevant mechanisms of the
overall attrition phenomena. For this purpose Eq. 12 may be
taken as sufficient, even though it does not take into account
the influence of the particular flow regime and is thus not
based on physical explanations. In particular, since the flu-
idized-bed system shown in Figure 2 has the same bed geom-
etry as the bubble attrition test unit, Eq. 12 can be intro-
duced into model Eq. 11

D6
t 3m sC � d �� � � u˙ loss, tot j pb f 4 2d � nor or

3�qK � m � uyuŽ .b b m f

2.5At 2.5qC � d � m � � � � u . 13Ž .'˙ 'c pc c, in f 2Ac, in

E©aluation of the material’s susceptibility to cyclone
attrition

In order to determine the particle-size-independent cy-
clone attrition rate constant C of the test material accu-c
rately, the previously screened initial material was further di-
vided into various fractions of different particle size. For each

Ž .fraction, cyclone attrition tests cf. Figure 6 were carried out
in order to evaluate its respective attritiability, which is ex-
pressed by the particle-size-dependent cyclone attrition con-
stant

K sC � d . 14Ž .c c pc

Figure 9. Particle-size-dependent cyclone attrition con-
stant K for the entire material fraction on thec
basis of cyclone attrition tests.

Figure 10. Particle-size-independent cyclone attrition
constant C from the particle-size-depen-c
dent constants K of several individual-sizec
fractions.

As an example, Figure 9 shows the experimental results
obtained for the entire initial particle-size distribution. The
material was passed through the cyclone at different operat-
ing conditions as long as the lost mass per single pass reached
a constant value, that is, the quasi-stationary cyclone attrition
was reached. According to Eq. 6, the respective quasi-sta-
tionary loss rates are plotted as a function of the ratio of the
square of the inlet velocity to the square-root of the solids
loading. The rate constant K is then identified as the slopec
of the regression line.

For the individual size fractions the respective values of K c
were obtained analogously and plotted as a function of the

Ž .respective surface mean diameter cf. Figure 10 . According
to Eq. 14, the particle-size-independent attrition constant is
now identical to the slope of the regression line, or C s1.22c
�10y3 s2m3.

Comparison of jet attrition and cyclone attrition
Before the fluidized-bed system was considered as a whole,

a comparison was made between the two attrition sources
that already can be described on the basis of physically sound
equations, namely jet attrition by Eq. 5 and cyclone attrition
by Eq. 6. For this purpose, another six FCC catalysts were
subjected to both jet attrition tests and cyclone attrition tests
in order to determine the respective particle-size-indepen-
dent attrition rate constants C and C . The latter were ob-j c
tained as in the previous section. The values for the jet attri-
tion constants were obtained by a similar procedure: the ma-
terials were again divided into fractions with different parti-
cle sizes. Approximately 300 g of these material fractions were
then subjected to jet attrition tests in the apparatus that is
shown in Figure 5. In these tests both the orifice velocity uor
and the orifice diameter d were varied. The respective par-or
ticle-size-dependent attrition constant K was derived fromc
the steady-state loss rates, according to Eq. 2. The attrition
constants of the various fractions were then used to obtain
the particle-size-independent attrition constant C , as illus-c

Ž .trated in Figure 11 for the 85-A e-cat catalyst.
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Figure 11. Particle-size-independent jet attrition con-
stant C from the particle-size-dependentj
constants K of several individual-size frac-j
tions.

Figure 12 compares the attrition rate constants for the six
considered catalysts. For illustration purposes the values for
C and C are related to the respective values of the mostj c

Ž .attrition-resistant catalyst type, the 97-A e-cat . Although
Figure 12 basically shows material properties only, the dia-
gram may be regarded as a plot of attrition rates of the cata-

Ž .lysts relative to the 97-A e-cat , provided that the particle-size
distributions and the operating conditions are kept the same.
The catalysts are arranged in ascending order with respect to
the value of the jet attrition. Obviously, the ranking of the
catalysts would be slightly different if it was done with re-

Ž . Ž .spect to cyclone attrition, that is, 94-K fresh and 85-A e-cat
would change positions. Apart from this partly different
ranking of the catalysts by the different sources, it is in any
case impossible to derive the ratio of the cyclone attrition
constants of two materials from the ratio of the jet attrition
constants and vice versa.

The differences in the effects of the two attrition sources
can be attributed to the quite different attrition mechanisms
they are based on. In the case of jet-induced attrition-inter-
particle impacts are responsible, whereas in the case of cy-
clone attrition, the particle friction and particle impact on

Figure 12. Jet attrition with cyclone attrition for differ-
ent types of catalysts.

Figure 13. Influence of entrainment on local particle-
size distributions in the fluidized-bed sys-
tem.

the cyclone walls can be considered to be responsible. This
comparison adds further evidence to the necessity of consid-
ering and modeling the different attrition sources separately.
There is no way of predicting the attrition caused by the one
source on the basis of the findings for another source.

Local particle-size distributions in the fluidized-bed system
In the experiments with the entire fluidized-bed system,

catalyst samples were taken from the bed and from the re-
turn line as soon as the system had reached the steady state,
that is, a quasi-stationary loss rate was measured. Figure 13
shows the particle-size distributions of samples that were
taken from an experiment with a superficial gas velocity of
0.67 mrs. From a comparison with the initial material it can
be seen that the particle-size distribution in the return line is
distinctly shifted to a smaller particle-size range. As a conse-
quence, the particle-size distribution in the bed is shifted to
the larger particle-size range. But the change in the particle-
size distribution of the bed material is only a very slight one,
and thus can be neglected in the present case.

Attrition-induced o©erall loss rate from a fluidized-bed
system with porous plate distributor

First attrition experiments in the overall system were car-
ried out using a porous plate as a gas distributor in the flu-
idized-bed system. In this particular case, only two attrition
sources must be taken into account, namely the bubbling bed
and the cyclone. With the previously derived information

Žabout the respective catalyst’s attrition characteristics C sc
y3 2 3 � y9 2 3.1.22�10 s rm and K s45�10 s rm , it is now pos-b

sible to calculate the total attrition-induced loss rate of a sys-
tem on the basis of Eq. 13 by simply omitting the term for the
jet-induced attrition.

As an example, the system was operated at a superficial
gas velocity of us0.67 mrs, where a total loss rate of
m s0.318�10y6 kgrs was measured. The essential in-˙ loss, tot
formation about the system design and the operating condi-
tions, including the approximate surface mean diameter of
the entrained material, is summarized in the second column
of Table 1. With these data the individual contributions of

September 1999 Vol. 45, No. 9AIChE Journal 2007



Table 1. Data of the Experiments with the Fluidized-Bed System

System Geometry
D , m 0.2 0.2 0.2 0.2t

2A , m 0.0314 0.0314 0.0314 0.0314t
2 y3 y3 y3 y3A , m 1.06�10 1.06�10 1.06�10 1.06�10c, in

Type of distributor plate Porous Perforated Perforated Perforated
n NrA 640 640 640or
d , m NrA 0.0007 0.0007 0.0007or

Operating Variables
u, mrs 0.67 0.67 0.71 0.74
m ,’kg 5.5 5.5 5.5 5.5b

Measured Quantities
y3m , 10 kgrs 2.5 2.0 2.7 4.0˙ c, in

y6d , 10 m 62 69 71 69pc
y6d , 10 m 105 104 107 107pb

y6m , 10 kgrs 0.318 0.551 0.639 0.827˙ loss, tot

Calculated Attrition Rates
y6m , 10 kgrs � 0.242 0.293 0.332˙ loss, i
y6m , 10 kgrs 0.075 0.075 0.089 0.100˙ loss, b
y6m , 10 kgrs 0.235 0.234 0.330 0.425˙ loss, c
y6m , 10 kgrs 0.310 � 0.712 0.857˙ loss, tot

both the bubble-induced and the cyclone attrition can be cal-
culated and derived for the total loss rate of the system:

3�m sK � m � uyu qC � d � m � �Ž . '˙ ˙ 'loss, tot b b m f c pc c , in f

A2.5
t 2.5� � u2Ac, in

s0.075�10y6 kgrsq0.235�10y6 kgrs

s0.310�10y6 kgrs, 15Ž .

which is very close to the measured value. According to this
example, it is possible to describe the total loss rate of a flu-
idized-bed system as the sum of the contributions of its indi-
vidual sources.

Attrition-induced o©erall loss rate of the fluidized-bed
system with perforated-plate distributor

In order to describe the loss rates in the case of the perfo-
rated-plate distributor an additional attrition characteristic is
required, namely the particle-size-independent jet attrition
constant C . In general, this can be obtained from experi-j
ments like those described earlier. However, this additional
effort is not needed now. The previous section has shown
that the contribution of the other attrition sources can be
described on the basis of the derived model equation. There-
fore, the contribution of the jet-induced attrition, and thus
the jet attrition constant, can be determined from the loss
rate of the system itself. For this purpose, the system was
again operated at a superficial gas velocity of us67 mrs, but
using the perforated-plate distributor instead of the porous
plate. The respective information about the system is given in
the third column of Table 1.

As can be seen from Table 1, the measured loss rate of
m s0.551�10y6 kgrs is distinctly higher than the one˙ loss, tot
previously measured with the porous-plate distributor. How-
ever, the difference cannot be directly assigned to the distrib-
utor attrition, because the particle-size distributions of the

respective initial materials, and thus the mass flow rate and
the particle-size distribution of the entrained material, were
different. Consequently, the contribution of the cyclone attri-
tion must be newly calculated by Eq. 9, which leads to ṁloss, c

y6 (s0.234�10 kgrs Note: Despite the 20% decrease in the
system’s entrainment rate the cyclone attrition is almost iden-
tical to the previous experiment. The reason is the compensa-
tion by the 15% increase in the mean surface diameter of the

.entrained material. The contribution of the jet attrition can
now be calculated from the overall loss rate by subtracting
the contributions of bubble-induced and cyclone attrition

m sm ym ym˙ ˙ ˙ ˙loss, j loss , tot loss , b loss , c

s0.551�10y6 kgrsy0.075�10y6 kgrs

y0.234�10y6 kgrs

s0.242�10y6 kgrs. 16Ž .

The required particle-size-independent jet attrition con-
stant C can now be obtained from a simple transformationj
of Eq. 5:

d4 � n2
or or

C sm �˙j loss , j 6 3d �� � D � upb f t

s9.9�10y6 s2rm3. 17Ž .

With the derived value of C the required informationj
about the material’s susceptibility to abrasion is complete.
Equation 13 can now be applied to calculate the total loss
rates of the fluidized-bed system at various gas velocities. This
is demonstrated on the basis of two additional experiments
carried out at us0.71 mrs and us0.74 mrs. Again, both
the essential information for the calculation and the calcula-
tion results are summarized by Table 1. As can be seen from
this table, even a slight change in the superficial gas velocity
leads to a significant increase in the measured total loss rate.
This phenomenon is well described by the model, Eq. 13.
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Furthermore, from the respective calculations of the individ-
ual contributions of attrition sources, it is obvious that the
cyclone attrition is most significantly affected by a change in
the gas velocity, even though the respective attrition mecha-
nism has the lowest sensitivity against the gas velocity, that is,

2.5 Ž .3m Au in contrast to m A uyu and m A˙ ˙ ˙loss, c loss, b m f loss, j
u3. This effect can be mainly attributed to the increase in the
entrainment rate, because according to Eq. 9, cyclone attri-
tion increases with the square root of the entrained mass flow
rate. However, the entrainment rate itself of the system in-
creases with un, with the exponent being in the ns2 to ns4

Ž .range such as Geldart, 1986 . Hence, the true sensitivity of
the cyclone attrition against the gas velocity is much higher in
a fluidized-bed system than in an isolated configuration. It
may range from m Au3.5 to m Au4.5, and this is con-˙ ˙loss, c loss, c
sequently higher than the sensitivity of the other sources.

A-Priori Modeling
The model Eq. 13 requires knowledge of the mean surface

diameter and the mass flow rate of the entrained material.
Both values change with the operating conditions, and espe-
cially significant are the effects of changes in the mass flow
rate on the cyclone attrition, as was shown in the previous
section. It is, therefore, necessary to take these effects into
account. This can be either done by measurements if an exist-
ing process is considered, or by an entrainmentrelutriation
model in the case where a-priori modeling of attrition is re-
quired. In general it can be written

m s A � G s A � G˙ Ýc, in t s t s i
i

s A � w � K � , 18Ž .Ýt i i
i

where G is the total solids elutriation rate from the bed, Gs si
is the fractional elutriation rate for the size interval i, w isi
the weight fraction of the size interval i in the bed material,
and K � is the respective elutriation rate constant. There arei

Figure 14. Influence of the superficial gas velocity on
the extent of attrition in the individual re-
gions and the overall fluidized-bed system.

Ž .Fluidized-bed facility from Figure 2, 97-G fresh catalyst,
bed mass 5.5 kg.

various correlations suggested in the literature to calculate a
material’s elutriation rate constants. In the present work, the

Ž .correlation suggested by Tasirin and Geldart 1998 is cho-
sen, which was derived from experiments with FCC catalysts
in a similarly sized fluidized-bed system

uti� 2.5K s14.5 �� � u �exp y5.4 , 19Ž .i f ž /u

where u is the terminal velocity of the size interval i. Thet i
entrained mass flow rate into the cyclone can be calculated
by the insertion of Eq. 19 into Eq. 18. The respective surface
mean diameter can be estimated from

G Gs s
d u s s , 20Ž . Ž .�pc G w � Ksi i iÝ Ýx xi ii i

where x is the mean diameter of the size interval i. Withi
Eqs. 18, 19, and 20 the model Eq. 13 can now be written as

D6
t 3m sC � d �� � � u˙ loss, tot j pb f 4 2d � nor or

3�qK � m � uyuŽ .b b m f

A3
t

q3.81 � C � d u �� �Ž .c pc f 2Ac, in

uti 3.75� w �exp y5.4 � u . 21Ž .Ý i ž /( ui

On the basis of Eq. 21 the total loss rate and the contribu-
tions of the individual sources of a given system now can be
calculated a priori, depending on the superficial gas velocity.
Using the same values for the material’s attrition rate con-
stants and the system design as in the previous section, this is
demonstrated in Figure 14, where the respective values are
plotted as a function of the gas velocity. This once more illus-
trates the strong sensitivity of the cyclone attrition inside a
fluidized-bed system to the superficial gas velocity. It is sig-
nificantly higher than the sensitivities of jet- or bubble-in-
duced attrition, respectively.

Moreover, it is obvious that due to these different depend-
encies the role of the main attrition source changes with the
gas velocity. In the lower velocity range�in this particular
example, u�0.55 mrs�the gas distributor is the main attri-
tion source, whereas at higher velocities cyclone attrition is
dominant. If the loss rate of a given process must be mini-
mized, such a consideration provides strong support for the
previous cost-benefit analysis, because the measures should
naturally be first applied to the main attrition source. It
should be noted in this context, however, that in practice a
system operating at the higher superficial gas velocities should
under all circumstances be designed to avoid loss rates that
fall on the steep section of the total loss curve in Figure 14.
This can be achieved by designing the grid holes and the cy-
clone to operate at sufficiently low velocities.
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Conclusions
The attrition-induced material loss of a fluidized-bed sys-

tem is found to originate from various sources with quite dif-
ferent attrition mechanisms. In the present system grid, jet
attrition, bubble-induced attrition, and cyclone attrition have
been identified as the main attrition sources. The overall loss
rate of the system can be described as the sum of these indi-
vidual contributions, which have been modeled separately.
The equations used for calculation take into account the de-
sign of the system, the operating conditions, and the material
properties of the solids. The latter can be determined from
attrition tests using for each source a particularly designed
experimental setup that simulates the respective attrition
stress.

From a comparison of jet and cyclone attrition tests with
various catalyst materials, it has been found that the different
attrition mechanisms in the individual regions do not allow
conclusions to be drawn from a material’s attrition character-
istics with respect to one attrition source as opposed to an-
other source. Even the ranking of different materials with
respect to their attrition resistance cannot be transferred from
one source to another. Hence, the individual attrition sources
for each material must be studied in isolation in order to
obtain the respective attrition characteristics.

The simulation of the fluidized-bed system revealed that
the relative contributions of the individual sources to the sys-
tem’s total attrition-induced loss rate are different for differ-
ent fluidizing velocities. At smaller superficial velocities the
perforated-plate distributor turns out to be the main attrition
source, though after exceeding a critical gas velocity, the cy-
clone attrition becomes predominant, which can be mainly
attributed to the entrainment from the bed. With increasing
gas velocity the entrainment rate increases, as does the mate-
rial mass that is subjected to cyclone attrition per unit time.
Furthermore, the material that enters the cyclone becomes
coarser as the gas velocity increases, which also increases the
extent of the cyclone attrition. Hence, taking the entrainment
phenomenon into account, the cyclone attrition is most sig-
nificantly affected by a change in the gas velocity.

In order to obtain an a priori modeling of the attrition-
induced loss rate from the whole system, a description of both
attrition rates caused by the individual sources and the ef-
fects of the entrainment is included in the present model,
which can now be used to find the main attrition source in
order to minimize the overall extent of attrition, or to esti-
mate the effects of changes in the operating conditions of a
given system. Furthermore, this procedure can be applied in
the design of a new process in order to find the optimum
combination of system design and operating conditions with
respect to attrition.

Notation
A scross-sectional area of the fluidized bed column, m2

t
d smean surface diameter, mp
Ž .d u smean surface diameter of the elutriated material defined bypc

Eq. 20, m
K srate constant of bubble-induced attrition defined by Eq. 10,b

my1 �kgyn

m smass flow of the fluid, kgrs˙ f
u sminimum fluidization velocity, mrsm f
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