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Abstract: - In this study, attrition of spherical materials (glass and alumina) and non-spherical materials
(dolomite particles) in a spouted bed was evaluated through experimental and numerical results. The
experiments were carried out using a cone-cylinder spouted bed. The operating conditions used were: air inlet
velocity of 1.10 and 1.20 u/up,s and operating time of 2250 minutes. Two mathematical models were applied to
describe the attrition of the materials used. The experimental results showed that attrition reduced the mass and
size of the alumina spheres and dolomite particles. The increased air inlet velocity promoted greater attrition of
the alumina spheres. Regarding the fluid dynamic performance, attrition had an influence on the parameters:
minimum spouting velocity and maximum pressure drop. Only one of the proposed models presented
predictions consistent with and close to the experimental data obtained in this work.
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I INTRODUCTION

The spouted bed has been widely used in various physical and chemical applications involving solid-
fluid contact, such as drying [1,2], coating [3], granulation [4], gasification [5,6], combustion [7] and pyrolysis
[8,9]. This is due to the high mass and heat transfer rates that are reached during the cyclical movement, which
is responsible for the achievement of an efficient degree of fluid-particle contact, especially if coarse particulate
materials (dp > 1mm) are used [10-13].The cyclical movement starts when a fluid, usually an air current, is
injected through an orifice located at the lower end of the conical region at a flow rate that is sufficient to
promote the upward motion of the particles, forming a channel in the center of the conical region (spout region).
The particles reach a maximum height (the fountain region) and return close to the wall of the spouted bed in the
countercurrent direction (annular region). The particulate matter can return to the spout region through the
spout-annulus interface; however, the highest incidence is verified at the base of the spouted bed. Therefore, the
particulate material reverses its moving direction and is, again, transported upwards [10-13].

The particulate material is subjected to intense contact by the air flow rate, especially when it is moving
through the spout and fountain regions [10]. In these regions, collisions happen more frequently than in the
annular region of the bed [14], which may lead to attrition of the particulate material and, thus, to the reduction
of its size and to the emission of “fine” particles, which need to be separated at the end of the process most of
the time [15]. The literature has shown that attrition mostly occurs in the spout region due to the high velocity
reached by the particulate material, promoting intense collisions between particles and of particles against the
solid wall which forms the spout channel. In the fountain region, besides collisions, there is also the impact of
particles against the wall of the spouted bed [14]. Attrition depends on a number of factors such as the properties
of the solid material (porosity, specific surface area, mass, shape, etc.) and operating conditions (air inlet
velocity, temperature, etc) [14,15].

Several studies have investigated the effects of attrition and of what may influence it during the
processing of solid materials in the spouted bed. Mathur and Epstein [10] reported that performance parameters
such as cone angle, bed depth and inlet gas velocity are factors which have a significant influence on attrition.
Flamant et al. [17] observed that the amount of fine materials of calcite collected at the exit of the cyclone
increased with an increased air inlet velocity; Massarani et al. [18] found that the production rate of annatto
powder obtained from attrition increased when greater bed heights were used; Al-Senawi et al. [19] noticed that
by increasing the diameter of the inlet nozzle of the bed, attrition of the polymers used in the experiments also
increased; Fernandez-Akarregui et al. [14] showed, through experimental data, that attrition was responsible for
reducing the mass and size of the grains of sand, as well as influencing the dynamics of the bed.

Despite the studies performed, the literature still lacks information on attrition in a spouted bed, once
there are a variety of particulate materials with quite distinct specific properties and different morphological
structures available for use. Moreover, the spouted bed may have several configurations and dimensions; thus,
each spouted bed has a specific range of operating conditions as a function of its configuration. This difficulty
also refers to the numerical approach, since most mathematical models have been applied to predict the attrition
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of solid materials in fluidized beds [20,21]. In light of this context, this study aimed to analyze the attrition of
spherical and non-spherical materials from experimental data and correlation as a function of time and also of
air inlet velocity in a spouted bed. Regarding the correlation data, the models used were those proposed by
Gwyn [21] and Lee et al. [20], which take mass loss throughout time into consideration.

1. MATERIALS AND METHODS

2.1 MATERIALS AND EQUIPMENT
Table 1 shows particulate materials, physical properties and techniques of measurements.

Table 1 - Particulate materials, physical properties and techniques of measurements.

Properties Glass | Alumina Dolomite
d, (mm) 3.2 3.0 6.22

(a) (a) (b)
pap (kg/m®) - 1501 -

(c)

p (kg/m3) 2500 | 2482 2819

(d) (c) (c)
@ (-) 1 1 0.85

(e) (e) (b)

(@)
Sieving, (b) Image analysis, (c) Pycnometry gas, (d) Pycnometry liquid and
(e) Narimatsu [23].

The schematic diagram of the experimental apparatus used to collect the attrition data is shown in
Figure 1. The spouted bed is composed of a conical base (internal angle 60°) of height of 0.20 m, inlet orifice
diameter of 0.03 m, a cylindrical column with height of 1.20 m and diameter of 0.30 m. For all tests, the mass of
these particulate materials added into the conical base is fixed at 2.6 kg. The pressure data were collected using
two pressure transducers, one to measure the air velocity in the orifice and the other to measure the bed pressure
drop. Data of pressure was collected every 30 seconds by the acquisition system; 1024 points at a frequency of
500 Hz are captured. These data were then addressed, filtered and processed using a microcomputer data
acquisition system including signal conditioning, data acquisition modules and LabVIEW® software.

o

Figure 1: Schematic diagram of the experimental apparatus. Details: 1 — blower; 2 — by pass system;
3 —valves; 4 — venture; 5 — computer; 6 — data acquisition boader; 7 — signal conditioner; 8 — pressure
transducers; 9 — spouted bed; 10 - cyclone.

2.2 EXPERIMENTAL PROCEDURE
The particle size distribution was determined by sieving and the Sauter average diameter was
calculated according with the Equation 1.
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Pressure drop curves as a function of increased and decreased air surface velocity were built by using
the methodology proposed by Mathur and Epstein [10]. For the attrition trials, air velocity was kept constant for
an operating condition at a given time interval. At the end of experiments, the valve of the excess air discharge
pipe was fully open and the blower was turned off. With the system completely off, the particulate materials
were removed through the conical region of the spouted bed and, then, they were weighed on a digital scale with
an accuracy of 0.001g. When it comes to the alumina spheres, it was necessary to dry them in a forced
convection oven for 24 hours, due to rapid adsorption of moisture during the operation. Attrition was quantified

by mass loss (X,) according to Equation 2, where M; is the mass of the solid at time (t) and M is the initial mass
of the solid.

sl
X =|1-—-]|100
M. )

The models used to predict attrition were the ones from Gwyn [21] and Lee et al. [20], which consist of
equations 3 and 4 shown in Table 2.

Table 2: Mathematical models proposed by Gwyn [21] and Lee et al. [20]

Rt = kp m LYY Gwyn [21]
®)
We :(W ~W )e ka‘_’_W . Lee et al. [20]
0 min min (4)

In relation to the model proposed by Lee et al. [20], the constant k, was obtained through the method
adopted by Fernandez-Akarregui [14], which considers the minimum spout velocity as shown in Equation 5.

—kq/ug (Uug-upmg )
k =k (5)
The model parameters were estimated based on computer routines developed in the Matlab® software.
In order to do so, the criterion used was the minimizing of squared deviations between experimental data and
data predicted by the models.

1. RESULTS AND DISCUSSION
Figure 2 shows the particle size distribution curves for the glass beads under conditions of stable spout
(u/ums =1.10 and u/uy,s = 1.20) for the time of 2250 minutes. For the operating conditions employed, attrition of
the glass beads was not verified, since the mass of the particulate bed remained the same until the end of the
experimental trials. The mean diameter calculated before and after the time of 2250 minutes was 3.17 mm.
Therefore, for the time employed, there was no wear of the particles used.
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Figure 2: Particle size distribution curves of glass spheres at the beginning and end of the test attrition.
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3.1 EFFECT OF POROSITY AND AIR VELOCITY

Figure 3 shows the data related to mass reduction and attrition evolution as a function of time for the
alumina spheres for u/u,s = 1.10 and 1.20 at the attrition period of 2250 minutes. It is observed that the mass of
alumina spheres decreased with increased time from 2.6 kg to 1.85 kg using the lowest air velocity and from 2.6
to 1.95 (u/uys =1.20) for the highest condition. For both situations, this reduction can be considered significant,
taking into consideration the amount of mass of alumina spheres used in the beginning of the experiments (2.6
kg). This can be observed in Figure 3, since the attrition data (X;) are, approximately, 28% for u/uys =1.10 and
24% for u/u,s =1.20.

2 1z
) 3

’ 8 euums=1.10 Buums=1.20
= Owums=1.10 Ouums=1.20 30
0 )
26 d
a‘ " ‘..: M ( 75
=24 % e O 25
| N (0]
§22 [N A
= J 20 &
g - S
g & 4;\_. =2 \‘\\ Y s
218 O g g R:=0995-@® 15 &
» 5
p< B—» O -
Z16 o) s~ 10
- o o e
14 > o
oo - e 5
121 8 R:=0.987>
0
10 0
0 250 500 750 1000 1250 1500 1750 2000 2250
Time (min)

Figure 3: Experimental data for mass reduction of the alumina spheres as a function of time and
evolution attrition.

In Figure 3, except for the three initial points, it can be considered that there was a linear reduction,
once the value of R? for the experimental data obtained was 0.99. The behavior observed in the initial moment
suggests that it is a specific characteristic of moving beds, especially in the case of fluidized and spouted beds.
This is due to wear that happens because of surface abrasion, which is one of the ways attrition can occur, and
not due to the breaking in smaller particle sizes (fragmentation).

According to Fernandez-Akarregui [14], it is widely accepted that the attrition of particulate materials
be evidenced by successive collisions between particles and the physical boundaries within the spouted bed.
Surface abrasion is higher in the spout region, especially because, in this region, the velocity of solid materials
and the contact between particles and the wall formed by the spout-annulus interface are high. On the other
hand, collisions are more frequent in the fountain region and occur when the contact among particles and
between particles and the wall of the spouted bed happens. In this case, impact intensity depends on many
factors, especially on the number of collisions, surface area of the particulate material and particle velocity. The
specific properties of the solid materials also have to be taken into consideration.

In the specific case of the alumina spheres, it can be observed that, due to the fact that it is a porous
material, probably, resistance to friction was lower and, because of that, attrition was very considerable.
According to Bemrose and Bridgwater [16], this happens as a result of surface abrasion, which means the
breaking of the surface of solids, which is exposed to contact, into very “fine” particles. Therefore, as the
particle surface is worn, it becomes smaller compared to its original size, and its weight also decreases. This
helps explain the reason why the glass beads resisted to friction inside the spouted bed, making it possible to
infer that the operating conditions employed in the experimental trials, as well as the fact that it is a non-porous
material, contributed to the non-occurrence of attrition.

Another detail lies in the time used for the experimental trials in this study. It was not possible to
evaluate if the mass decrease would continue to be linear for periods of time over 2250 minutes. Despite the
porosity of the alumina spheres, it was expected that attrition would not be significant from a given time interval
to the point of considering mass to be constant for the operating conditions used. This was verified by Lee et al.
[20], who analyzed attrition of a type of porous adsorbent. These authors observed that the mass of adsorbent
did not show significant decrease after 15 hours of operation. Longer periods of time were reached with grains
of sand, in which case over 200 hours, depending on the air velocity used in the experimental trials, as observed
in the study performed by Fernandez-Akarregui [14]. For this reason, it is believed that the linear mass
reductions observed in Figure 3 may be associated with the time employed in the experimental trials, which was
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not enough for the steady state to be reached. Nonetheless, for the drying of pastes in a spouted bed, 2250
minutes were enough.

When it comes to air velocity, it can be verified that for the highest air inlet velocity (u/uys = 1.20),
mass reduction is more pronounced. It can be noticed that there is a significant difference between the points
which correspond to the highest and lowest velocities used in the experiments. This effect is due to the amount
of kinetic energy that is transferred from the air drag force to the alumina spheres, which becomes higher when
air inlet velocity increases. Once the kinetic energy of the alumina spheres increased, the interparticle collisions
and the impact with the wall of the equipment became more frequent; consequently, attrition increased during
the cyclical movement of the particulate material inside the spouted bed; hence, mass losses were evidenced.

Figure 4 presents the particle size distribution for the alumina spheres showing that the size of the
material decreased, since the mean diameter found previously corresponded to 3.42 mm, whereas at the end of
attrition it was 3.09 mm.

It is also observed that the larger particles tend to become smaller when compared to smaller-sized
particles. A possible explanation for this situation is related to the particle size, once, according to Fernandez-
Akarregui [20], the probability of small particles to wear is lower, since small particles have few structural flaws
or imperfections when compared to larger particles, thus, they are more resistant to friction; therefore, attrition
becomes lower.
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Figure 4: Particle size distribution curves of alumina spheres at the beginning and end of the test
attrition.

3.2 ATTRITION IN NOM-SPHERICAL PARTICLES

Figure 5 show the data obtained for the bed mass and for evolution of attrition as a function of time for
the dolomite particles. It can be verified that from the initial load of solids, 2.6 kg, there was a decrease in mass
of the dolomite particles with time until the mass of 1.60 Kg was reached at the end of attrition. However, it can
be seen that the attrition of the dolomite particles and the decrease in mass are inverse behaviors, being the value
of 37.5% reached.
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Figure 5: Experimental data for mass reduction of the dolomite particles as a function of time and
evolution attrition.
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The behavior observed in Figure 5 was similar to what was observed for the alumina spheres shown in
Figure 3. The same can be said in relation to the tendency followed by the first three points of each curve that
shows a non-linear mass decrease when compared to the other points. This fact contributes to confirm what was
previously suggested, where it was stated that there is intense contribution of the operating conditions and of the
properties of the material, especially the irregular shape of particles. For this type of material, morphological
structure should be taken into consideration, once they are solid materials formed by peaks or edges which,
when subjected to impact, wear out quickly tending to become rounded, as shown in Figure 6, justifying why
attrition was so severe exceeding 35% of the initial mass value.

Before

Figure 6: Images of dolomite particles before and after attrition

3.3 EFFECT OF ATTRITION IN FLUID DYNAMIC BEHAVIOR SPOUTED BED

Figures 7 and 8 show the data for pressure drop as a function of air inlet velocity. Figures 7a, 7b, 7c
and 7d show the characteristic curves for the alumina spheres for different periods of time in the process of
attrition: 0, 210, 690 and 2250 minutes, respectively. It can be stated that data are reproducible, since the
deviations for the beginning and end of the experiments are within the range of experimental error (< 5%).
Based on the behavior presented, it was determined that all characteristic curves exhibit the typical behavior of a
conventional spouted bed as proposed by Mathur and Epstein [10].
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Figure 7: Pressure drop as a function of air velocity (alumina spheres in the time: (a) 0 minute; (b) 210
minutes; (c) 690 minutes e (d) 2250 minutes).

Table 3 shows maximum pressure drop (APna), minimum spouting velocity, (Unys), time and attrition
quantified in percentage terms. Through the data presented in this table, it was observed that significant decrease
in the minimum spouting velocity occurred after attrition, approximately 17% compared to the value of velocity

att=0.
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Table 3: Data for maximum pressure drop, minimum spouting velocity, mass alumina spheres and attrition.

Figure | Time (min) AP« (KPa) Ups (M/S) Mass (kg) Xa (%0)
a 0 2.14 54,91 2.58 0

b 210 2.35 53.24 2.46 4.57

c 690 2.16 49.46 2.28 11.62
d 2250 2.07 44.80 1.75 32.07

For the dolomite particles, the curves presented behaviors similar to what was observed for the alumina
spheres. For this reason, Figures 8a and 8b only show the characteristic bed curves for the dolomite particles
referring to the beginning and end of attrition (0 and 2250 minutes, respectively).
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Figure 8: Pressure drop as a function of air velocity (dolomite particles in the time: (a) 0 minute and

(b) 2250 minutes).
The values of maximum pressure drop (APma), minimum spouting velocity (Uys), mass and time of

attrition are shown in Table 4.

Table 4: Data for maximum pressure drop, minimum spouting velocity, mass of dolomite particles and attrition.
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Figure | Time (min) AP o (kPa) Upms (M/S) Mass (kg) Xa (%0)
a 0 2.98 63.50 2.58 0
b 2250 2.71 48.60 1.61 37.4

By analyzing the results shown in Table 4, it can be observed that the behavior of dolomite is similar to
what was noticed for the alumina spheres; that is, a decrease was verified in both the minimum spouting velocity
and mass of the dolomite particles as a function of time.

According to German [22], the morphological particle structure may alter the packing condition of
solid materials, since the further a particle is from the spherical shape, the lower is its porosity as well as is the
packing density of a distribution that contains it. Since the dolomite particle is a solid material of irregular
shape, theoretically, porosity is low for a bed which is composed of non-spherical particles. For this reason, the
minimum spouting velocity, condition which is necessary to keep the spouting stable, becomes lower at the end
of attrition, where particles are more rounded.

Concerning the maximum pressure drop, an increase in this parameter up to a certain point followed by
a decrease, which corresponds to the end of attrition, were noticed for both types of particulate materials used as
can be seen in Tables 3 and 4. It is believed that this behavior is related to a joint action of two factors, mainly
for the dolomite particles. These factors are the way the particles settle in the conical region and the mass
concentration of particles in the spouted bed, and they are affected by attrition and by the cyclical movement of
the particulate bed inside the spouted bed.

It is also observed that the maximum pressure drop of the dolomite particles is larger in comparison
with the data obtained for the alumina spheres. A possible explanation for this fact is the physical properties of
materials, which are very distinct, especially specific mass. Thus, for a higher specific mass, the pressure drop
became higher.

3.4 MODEL PREDICTIONS

The results obtained by the attrition models adjusted to the experimental data are shown in Figure 09
for the alumina spheres under operating conditions of initial mass load of 2.6 kg and u/uys = 1.10 and 1.2.
Figure 10 shows the results for the dolomite particles under operating conditions of initial mass load of 2.6 kg
and u/uys = 1.10.

2.6
1 ® Experimental data u/u_ =1.10
25 _ —— Model Gwyn, (1969)
24 —— Model Lee et al., (1993)
o v Experimental data u/u__ = 1.20
2.3 —— Model Gwyn, (1969)
_ — Model Lee et al., (1993)
g 2.2
2 |
< 2.14
=
2.0
1.9 H
1.8 1
— 1 1 L — 1 LI LI
0 250 500 750 1000 1250 1500 1750 2000 2250

Time (min)

Figure 9: Mass reduction alumina spheres as a function of time. (Points: experimental data; lines:
calculated).
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Figure 10: Mass reduction dolomite particles as a function of time. (Points: experimental data; lines:
calculated).

As shown in Figure 09, the model proposed by Gwyn [21], provided the best adjustment to the
experimental data for both alumina spheres and dolomite particles. Table 5 shows the values of the m and k
parameters estimated in the attrition of alumina spheres and dolomite particles.

Table 5: Parameters m e k, (model Gwyn [21]).

Materials U/Ups m () ko (s™

Alumina spheres 1.10 0.91 3.61x107% s™
Alumina spheres 1.20 0.86 9.01x10* g™
Dolomite particles 1.10 0.82 8.43x107" s™

Although the model proposed by Lee et al. [20] did not present satisfactory results between
experimental and predicted data, the phenomenological behavior is consistent with attrition kinetics, as seen in
the literature. In this case, it is observed that the particulate material mass decreases exponentially with time.
Table 6 shows the kg and k; parameters estimated to determine the k, constant of the model.

Table 6: Parameters Kk, e k; (model Lee et al. [20]).

Materials Ko (s7) Ky (m%/s?)
Alumina spheres 5.56x10™ -4.42
Dolomite particles 1.0x10° 4.42

V. CONCLUSIONS

It can be concluded that it was possible to analyze attrition of glass beads and dolomite particles in a
cone-cylinder spouted bed through both experimental trials and the numerical models used. Regarding the glass
beads, it can be stated that, for the operating conditions employed in the experiments, this material resisted
attrition and, thus, its diameter size did not decrease. The alumina spheres and dolomite particles presented
linear decreases in mass as a function of time. Besides that, it was observed that decrease in size of the alumina
spheres was more pronounced when the highest air inlet velocity was used.Attrition of both materials had an
influence on the fluid dynamic performance of the spouted bed, altering fluid dynamic parameters, mainly the
minimum spouting velocity.The mathematical models used showed consistent results, contributing to the
understanding of attrition in a spouted bed; however, the model proposed by Gwyn [21] provided acceptable
predictions in relation to the results observed in this paper.
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Attrition of particulate materials in a conventional spouted bed

NOMENCLATURE
d, Sauter average diameter (mm)
P Average pressure (kg/ms?)
d, Particle diameter (mm)
ko Kinect constant (sh
Ky Kinect constant (m?/s?)
Ka Attrition rate constant Lee’s model (sh
Ko Constant model Gwyn (s™
M Mass of the bed (kg)
m Exponent for time dependence of | (-)

attrition

P Pressure (kg/ms?)
Rt Attrition rate (kg/s)
t Tempo (s)
u Air velocity (mls)
W Mass of particulate materials (kg)
Xa attrition ()
Xi Mass fraction ()
p Particle density (kg/m®)
Greek symbols
) Sphericity
A Difference
Subscript
ap apparent
0 Initial
t tempo
ms Minimum spouting
max maximum
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