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Abstract—We analyzed modified spouted bed configurations incorporating three different types of mechanical stir-
rer, in comparison to a conventional spouted bed. Straight-blade, inclined-blade, and helical screw agitators were used
with different types of inert particles. The behavior of the fluid dynamic curves was qualitatively similar for the sys-
tems with agitators and the conventional design, except for the screw-type agitator. For the straight-blade and inclined-
blade agitators, increase of the rotation speed had a positive effect on the fluid dynamic parameters, reducing the air
flow and the pressure drop in the bed. The effects of rotation speed and blade inclination on the fluid dynamics were
minimized at 240 rpm, although the mass of particles could influence these parameters. The inclined-blade stirrer per-
formed the best, reducing airflow between 40 and 66% compared to the conventional spouted bed. For the screw-type
stirrer, the reduction was around 27% in some of the experiments. The rotation speed of the stirrer and the air flow to
agitate the bed affect the average cycle time of the process, with a stronger effect on the rotation speed. Overall, the use
of the stirrers in the bed provided significant improvement, with reduction of both the air flow, the pressure drop and

average cycle time, as well as greater stability of the bed.
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INTRODUCTION

The spouted bed is an excellent option for industrial applications
requiring a high degree of fluid-solid contact, due to the high par-
ticle circulation rate, which provides a homogeneous bed of parti-
cles and high rates of heat and mass transfer [1-3]. Spouted beds are
used in coating processes [4,5], granulation [6], solids feeding [7],
and in chemical, electrochemical, and pyrolysis reactors [8-12], in
addition to being used for drying solid materials, pastes, and solu-
tions [2,13-16].

Although intense movement of the particles is an advantage in
most operations performed with this equipment, in some situations
it may be a disadvantage. For example, Brito et al. [15] reported the
negative effect of intense particle movement on the germination
capacity of grains, due to the many collisions among the particles
and the walls of the equipment. In studies of the drying of pastes
and solutions, operational problems were observed, due to agglom-
eration and accumulation of the product in the bed [14,17,18]. In
such cases, lack of control of the movement of the particles can pre-
judice the process, consequently decreasing the quality of the final
product.

In a spouted bed, circulation of the particles occurs due to the
high air flow required for motion of the particles in the bed and
maintenance of stability in the system, with a large part of this flow
not being used for the drying itself, but instead to move the parti-
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cles in the bed [19,20]. Furthermore, the higher air flow increases
energy consumption, especially in drying processes, which can hin-
der use of these systems in industrial applications. Therefore, spouted
beds have been modified with the aim of minimizing the negative
effects caused by high air flow, including use of agitated fluidized
beds [21-24], conical spouted beds [25,26], spouted beds with inter-
nal devices (draft tubes and fountain confiners) [27-30], and spouted
beds with mechanical stirrers [19,31-35].

The spouted bed equipped with a mechanical stirrer is a prom-
ising system that offers advantages over other configurations. Its first
version was developed in the mid-1970s by a group of researchers
at the Hungary Research Institute, employing a helical screw type
stirrer [33,34,36,37]. The equipment was defined as a mechanical
spouted bed (MSB), with the main difference, compared to a con-
ventional system, being the installation of a helical screw along the
vertical axis of the spouted bed, with the air feed supplied laterally,
at a tangent to the bed. Reyes and Vidal [31] modified the MSB,
changing the type of stirrer (conical) and the air feed (ascending, as
in the conical spouted bed - CSB). This new version was denoted
a mechanically stirred spouted bed (MSSB). Sousa et al. [38] also
described a modified version of the MSB with ascending feed, but
maintaining the screw-type stirrer, which was denoted a modified
mechanical spouted bed (MMSB). Despite these modifications, oper-
ational problems in the bed were observed, such as particle agglom-
eration and dead zones, because the diameter of the bed cylinder
was much larger than the diameter of the stirrer. To resolve these
problems, Barros et al. [32] used a new type of stirrer (paddle shape)
to improve movement of the particles in the bed, which gave bet-
ter results compared to conventional equipment. This system was
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denoted a modified mechanical stirring spouted bed (MMSSB).

The various modifications of the spouted bed with mechanical
agitation have their own peculiarities, although in all cases the use
of mechanical agitation in the bed has been shown to provide advan-
tages, compared to conventional equipment. The main benefits
include reduction of internal pressure peaks [32,34], lower energy
consumption, due to the lower air flow required to operate the
equipment [37,39], improved bed stability, and increased maxi-
mum drying capacity, as well as avoidance of particle agglomera-
tion and product accumulation in the equipment [23,31]. An im-
portant feature is the ability to control the stirrer rotation speed,
enabling finer adjustment of the particle circulation rate [35], because
the particles are mainly moved by the action of the stirrer, rather
than by the air flow as in the case of conventional equipment. For
optimization of operations using mechanically agitated beds, it is
essential to consider the geometry of the stirrer and the way that it
affects the process parameters.

Despite the advances described above, there have been few de-
tailed studies of the influence of different stirrers on the behavior
of the particles inside spouted beds equipped with mechanical stir-
rers. Therefore, the aim of the present work was to perform a fluid
dynamic characterization of the MMSSB with different configura-
tions of stirrers, analyzing the effect of rotation speed on the fluid
dynamic parameters. To compare the different stirrer configura-
tions, the air velocity profile and the average cycle time of the par-
ticles in the bed were analyzed. For the purpose of comparison of
the MMSSB with other configurations, the same experiments were
also performed with the CSB. Different groups of particles were
used, with analysis of particle diameter, density, sphericity, geome-
try, and bed mass. Inert particles are commonly used in drying
operations [2,14,38,40], providing representative parameters appli-
cable to various particulate systems. The results provide a better
understanding of the effects of different stirrers in beds of particles,
assisting in identification of the stirrer that is most suitable, consid-
ering the operational parameters of the equipment.

MATERIALS AND METHODS

The experiments employed a conical-cylindrical spouted bed con-
structed of stainless steel with an external angle of 60°. The stirrer
was inserted in this conventional equipment, converting it to an
MMSSB. The specifications for the stirrer with straight blades are
shown in Fig. 1(a). The same configuration was used for the stir-
rer with inclined blades, only changing the blade angle to 45°. The
helical screw stirrer (Fig. 1(b)) was the same model used in the work
of Sousa et al. [38]. A perforated air distributor was placed on the
conical base of the bed to provide a more homogeneous distribu-
tion of the air flow and support the stirrer, which ensured the sta-
bility of the system (avoiding vibrations), as demonstrated in pre-
liminary tests. This distributor was only used for the experiments
employing the MMSSB. However, due to the experimental meth-
odology, which was originally developed by Mathur and Epstein
(1974) for the conventional spouted bed, there was little influence
from the air distributor. Additional details of the experimental unit,
data acquisition, storage procedure and stirrer design can be found
in previous reports [14,32].
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Fig. 1. Dimensions (in cm) of the straight-blade stirrer (a) and the
helical screw stirrer (b). Representative illustration of the three
agitators used (c). Fig. 1(b) adapted from Sousa et al. [38].

The solids used in this study were particles of glass, alumina, and
polyethylene, defined as group D, according to the Geldart classifi-
cation [41]. These particles have been used in other studies and are
considered suitable for experiments that involve particle movement
[19,32,35] and for use as a support medium for the drying of pastes
and solutions [14,38]. Details of the particles and the assays used
are provided in Table 1.

Characterization of the fluid dynamics of the conventional spouted
bed follows the procedure described by Mathur and Epstein [42],
based on a graph of the pressure drop in the bed according to in-
creasing or decreasing air flow. This graph can be used to obtain
information including the minimum spouting air flow (Q,,,), the
maximum pressure drop (AP,,..), and the stable pressure drop (AP,).
For the modified mechanically stirred spouted bed, a similar pro-
cedure was used to obtain fluid dynamic parameters including the
minimum air flow for stirring of the bed (Q,,) and the operational
pressure drop for stirring of the bed (AP,,). Further details of this
procedure can be found in a previous study [32].

For equipment with mechanical agitation, assays were performed
using rotation speeds of 0, 12, 21, 60, 90, 120, 198, 240, 291, and
330 rpm. In addition to this parameter, the effects of the types of
stirrer and particles were investigated. All the assays were performed
in triplicate.

The relative reduction parameter (RR) was used to estimate the
increase or decrease of the air flow for each configuration, compared
to the conventional equipment, with Eq. (1).

(Qms - st)
————100
Qs

A hot wire anemometer (AKSD-AK833) was inserted trans-

RR (%)= 1)
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Table 1. Particle properties and experimental conditions used for the mechanically stirred and conventional spouted beds

Assay Material 0, (kg m?) d, (m) ¢ & Bed mass (kg)

E1l 2

E2 0.0022 1.0 0.424+0.001 3

E3 4

E4 Glass 2,500 3

E5 0.0044 1.0 0.434+0.003 3

E6 4

E7 2

E8 Alumina 1,501 0.0037 1.0 0.501+0.006 3

E9 4

E10 2

El1 Polyethylene 930 0.0037 0.93 0.435+0.005 3

E12 4

E13 2

E14 Polyethylene 930 0.0038 0.37 0.514+0.002 3

E15 4
versely 0.05m above the base of the cylindrical column, for mea- 3500 SO
surement of the air velocity as a function of the radius, in position 1 vi e Stc::l\gh gg& de
z (Fig. 1). The measurements were made (in triplicate) during 10s 3000 Yf o & Inclined-blade
in several radial and angular positions, at a sampling rate of 1.25 ] X —v— CSB

Hz. Throughout the measurement period, the air temperature re-
mained at 29.7+0.8 °C. The average cycle time was analyzed with
alumina particles (E8), two of them of different colors (red and
blue) placed on the surface of the bed. By filming the free surface
of the bed, the time taken for the particle to reemerge at the top of
the bed was measured, thus determining the average cycle time of
the particles. A similar procedure was adopted by Szentmarjay et
al. [35]. The average number of measurements was approximately
110+30 points for each experiment performed. Thus, after filming
the bed surface, the images were digitally processed with reduced
playback speed to measure the return time of each particle to the
surface. The effect of average cycle time in the process was analyzed
for each mechanical stirrer configuration. The parameters analyzed
were rotation speed and air flow to stir bed (Q). To analyze the
effect of process variables, it used different rotational speeds from
90, 120, and 240 rpm and air flow to stir the bed 1.00 Qg, 1.25 Qy,
and 1.50 Q,,

RESULTS AND DISCUSSION

1. Characteristic Fluid Dynamics of Spouted Bed with and
without Mechanical Stirring

Fig. 2 shows the characteristic fluid dynamic curves (pressure
drop as a function of air flow rate) for the CSB and for the MMSSB
with different stirrers. A rotation speed of 60 rpm was used for the
configurations with stirrers. The behavior for the inclined-blade and
straight-blade stirrers was qualitatively similar to that of the con-
ventional equipment. The inclined-blade stirrer provided greater
reduction of the maximum and stable regime (operational) pres-
sure drops, compared to the straight-blade stirrer. In addition, the
operational pressure drop for the inclined-blade stirrer was lower
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Fig. 2. Pressure drop, as a function of air flow rate, for the conven-
tional spouted bed and the systems with different mechanical
stirrer configurations. Conditions: Glass particles (d,=2.2 mm
and load of 3 kg) and rotation speed of 60 rpm.

than obtained for the conventional spouted bed, even at a rotation
speed of 60 rpm. This was due to the inclination of the blades, which
favored upward movement of the particles, consequently improv-
ing their motion in the bed. These results were in agreement with
previous work showing that the use of inclined-blade stirrers can
provide better improvement of the pressure drop, compared to other
configurations [22].

The method used to determine the air flow required to agitate
the bed (Q,,) was as described by Barros et al [32]. The air flow for
the inclined-blade stirrer (Qy, ,) was around 32% lower than for
the straight-blade stirrer (Q, ;) and 38% lower than for the con-
ventional equipment (Q,,,,), indicating that better performance could
be achieved using blades with some degree of inclination. It was
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Fig. 3. Pressure drop according to air flow for the spouted bed with
a helical screw mechanical stirrer, operated at 120 rpm with
2.2 mm glass particles. Regions (a), (b), (c), and (d) are delim-
ited based on the curve for load of 3 kg of particles.

=]

not possible to use the same method to determine the air flow for
the screw-type stirrer, because the fluid dynamic behavior (Fig. 2)
differed significantly from that of the other configurations. Hence,
a different procedure was used to estimate the air flow required for
stirring of the bed using the helical screw (Qy, 5), as shown in Fig, 3.

The characteristic fluid dynamic curves for different particle
masses had four regions with different slopes, shown as regions A,
B, C, and D in Fig. 3. The intersections between the regions were
determined for the experiment with 3 kg of particles, but the same
procedure could have been done for the other operating condi-
tions with the screw-type stirrer. The steepest slopes in region A
indicated compaction of the particles in the bed, with rapid linear

increase of the pressure drop as the air flow increased. Nonethe-
less, the slopes were lower than obtained using the other stirrers
and the conventional spouted bed (Fig. 2), reflecting the influence
of the type of stirrer employed. In region A, the effect of the parti-
cle mass was not significant. However, the effect of mass was sig-
nificant in region B, with greater mass leading to a higher pressure
drop with increase of the flow. In region C, the pressure drops re-
mained almost constant with variation of the air flow.

It can be seen (Fig. 3) that the slope of the line in region B is
lower than in region A. This could be explained by the effect of
bed expansion, for which there was a limit indicated by the maxi-
mum value of the pressure drop observed between regions B and
C. At the interface between these two regions, it was possible to
estimate the air flow required to stir the bed (Qy, ;) and the opera-
tional pressure drop, which was equal to the maximum pressure
drop, as shown in Fig. 3. Reyes and Vidal [31] for an MSSB used a
similar procedure with conical stirrer, where a pseudo-fluidized con-
dition of the bed was observed from a fluid dynamic curve analo-
gous to those shown in Fig, 3.

In region C, increase of the air flow did not alter the pressure
drop, because the average porosity of the bed had reached a maxi-
mum value that remained constant with increase of the air flow,
under stable spouting operational conditions. After region C, the
air velocity approached the terminal velocity of the particles, leading
to their entrainment. Hence, region D was delimited by instability
caused by the high air flow; in some cases presenting the bubbling
bed phenomenon.

The data shown in Fig. 3 were obtained for a fixed rotation speed
of 120 rpm, since the effect of this parameter had been previously
evaluated in initial tests showing that there were no significant dif-
ferences between the fluid dynamic curves for different rotation
speeds, in agreement with the literature [38]. Hence, the air velocity
and pressure drop values remained constant as the rotation speed
increased. This could be analyzed according to the fluid dynamic

Table 2. Fluid dynamic parameters for the different stirrers in assay E2 performed using 3 kg of glass particles (d,=2.2 mm)

Q (rpm) Stirrers u, (ms™) AP, (Pa) AP,,.. (Pa)
Without stirre CSB’ 21.7+0.5 1,140.0+10.0 3,200.0+60.0
Straight-blade 20.7+0.4™" 1,400.0+40.0° 2,300+200="
60 Inclined-blade 15.740.1 1,040.0+10.0°* 1,680.0+20.0"
Screw-type 27.0+2.0* 1,300.0+200.0"* 1,300.0+200.0"*
Straight-blade 19.0+1.0°¢ 1,400.0+10.0° 2,150.0+70.0"
90 Inclined-blade 15.0+1.0% 1,150.0+£3.0 1,700.0+100.0°°
Screw-type 26.0+1.0* 1,260.0+20.0° 1,260.0+20.0°*
Straight-blade 18.3+0.1 1,430.0+40.0° 2,100.0+50.0°®
120 Inclined-blade 14.6+0.8" 1,110.0+40.0 1,700.0+60.0™
Screw-type 26.0+1.0 1,250.0+70.0°* 1,250.0+70.0°
Straight-blade 14.8+02 1,090.0+60.0°* 1,400.0+200.0**
240 Inclined-blade 13.0+1.0" 900.0+7.0" 1,260.0+40.0*
Screw-type 252404 1,220+60.0* 1,220+60.0*

*For the conventional spouted bed, the minimum spouting velocity (u,,) was used.

** ANOVA and Tukeyss test for the three stirrers operated at a fixed rotation speed (lowercase letters) and at different rotation speeds for the
same type of stirrer (uppercase letters).
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parameters for the same particle group and load (Table 2).

The same pressure drop was measured for both the increase and
decrease of the airflow rate, as can be seen in Fig. 3 by the super-
position of the experimental data. This is due to the geometry of
the helical screw type mechanical stirrer with a smaller diameter
than other stirrers, which allows the screw-type stirrer to be placed
between the air distributor and the bed surface, modifying the move-
ment of the particles. In this way, there is no fixed bed between the
air distributor and the beginning of the stirring system, contrary to
what happens with other stirrers. Therefore, the screw-type mechani-
cal stirrer reduced the maximum pressure drop even at low rota-
tion speeds, unlike other stirrers. This was because the screw-type
stirrer did not generate a thin fixed bed in the space between the
air distributor and the beginning of the stirrer (Table 2). This effect
was investigated previously by Barros et al. [32] for the straight-
blade stirrer [32].

For the three stirrers operated at the same rotation speed (low-
ercase letters in the Tukey test), the best uy, results were obtained
using the inclined-blade stirrer, while the screw-type stirrer was
the least favorable. The subsequent replacement of the helical screw
with the inclined-blade stirrer decreased the uy, of approximately
42, 42, 44 and 48% to 60, 90, 120 and 240 rpm, respectively. The
maximum pressure drop was highest for the straight-blade stirrer
under all conditions, except for a rotation speed of 240 rpm, at which
this parameter showed no difference among the three stirrers.

Experimental data from u,, and uy, are essential not only for the
design, modeling and simulation of spouted beds, but also to set
the operating conditions and to control spouting stability. Some
authors have developed mathematical models for these variables
that strongly depend on the characteristics of the particles, in addi-
tion to the configuration and geometry of the spouted bed [1,31,
32,35].

The inclined-blade stirrer showed no significant alteration of uy,
with increase of the rotation speed, although the lowest average
value was obtained at 240 rpm (shown by the uppercase letters in
Table 2). In contrast, the straight-blade stirrer showed the lowest
u,, value at 240 rpm, with higher rotation speeds not affecting this
parameter [32]. These results indicate that the inclined-blade stir-
rer could be operated at a lower rotation speed, with a lower value
of ug, enabling a reduction of energy consumption. Despite this
behavior, the two stirrers showed similar results for ug, at a rota-
tion speed of 240 rpm, indicating that the effect of the type of stir-
rer was smaller at high rotation speeds.

Compared to the conventional spouted bed, the air velocity de-
creased at stirrer speeds above 60 rpm, with the exception of the
screw-type stirrer. The latter showed a reduction of pressure peaks,
compared to the CSB, even at low speeds, which could be attributed
to a more homogeneous distribution of the air flow within the bed,
irrespective of the rotation speed. This behavior is shown in Fig. 4
for the air velocity as a function of radial position.

As shown in Fig. 4(a), the straight-blade and screw-type stirrers
presented flattened air velocity profiles, in agreement with litera-
ture data for these stirrers [32,33]. The profile for the inclined-blade
stirrer is similar to that for the conventional spouted bed, but with
lower velocity in the spout region. It is known that the conventional
system presents low air velocity in the annular region, with a peak
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Fig. 4. Air velocity as a function of radius for the conventional and
mechanically stirred spouted beds. Conditions: glass particles
(d,=2.2 mm and load of 3kg), Q=0.88 m’-min "' and z=0.05
m. (a) 60 rpm; (b) 120 rpm.

in the center of the bed, in the spout source region [1,43]. Similar
regions are observed in the MMSSB, where the centripetal force
caused by rotation of the stirrer throws the particles towards the
equipment wall, forming an annular region with a higher concen-
tration of solids. Consequently, a region of low solids concentra-
tion occurs in the center of the bed, forming a preferential channel,
resulting in a functional alteration in the spout region, known as a
“mechanical jet” [32,33,36]. In this region, the rotation speed and
the type of stirrer affect the velocity profile, as shown in Fig. 4(b)
for the 120 rpm rotation speed. Increase of the rotation speed acts
to increase the size of the channel formed in the center of the bed,
further facilitating passage of the air flow, as observed previously
for straight-blade stirrers [32].

For the inclined-blade stirrer, the air velocity profile in the cen-
tral region of the bed was similar to that for the conventional equip-
ment, while there was a slight decrease in the annular region (Fig.
4(Db)). This could be attributed to slow movement of particles near
the wall, where there was no direct contact with the stirrer, so the
air flow was restricted. In the case of the straight-blade stirrer, the
air velocity in the center of the bed was lower, in comparison to
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the inclined-blade stirrer and conventional systems. However, this
profile changed in the annular region, due to widening of the chan-
nel produced by the stirrer in the center of the bed, as observed
previously by Barros et al. [32].

Despite the higher rotation speeds of the screw-type stirrer, it did
not present a different air velocity profile, although the velocity was
slightly higher near the wall compared to the other stirrers, (Figs.
4(a) and 4(b)). In other work using a screw-type stirrer, the gas
velocity profile was found to be affected by the rotation speed [35].
2. Relative Reduction of Air Flow - RR (%)

The results discussed above clearly evidence differences between
the spouted beds with and without mechanical stirring, for both
the fluid dynamic curve and the air velocity profile. In industrial
applications, it is important that the inclusion of a stirrer should
enable reduction of the air flow. This was evaluated using the dimen-
sionless relative reduction (RR) parameter, calculated according to
Eq. (1). Fig. 5 shows the results for RR as a function of rotation
speed for the different stirrers.
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Fig. 5. Relative reduction (RR) of the air flow, as a function of stir-
rer rotation speed, for different stirrers, in comparison to the
conventional equipment, using (a) 2kg (assay E1) and (b)
4kg (assay E3) of glass particles (d,=2.2 mm).

Increase of the rotation speed led to higher RR, due to the greater
movement of particles in the bed. At a rotation speed of 21 rpm,
the inclined-blade stirrer showed zero relative reduction (Fig. 5(a)),
with the air flows being the same for the MMSSB and the CSB
(Q4=Q,.»)> as indicated by the dotted line parallel to the rotation
speed axis. In comparison with this stirrer, the straight-blade stir-
rer only reached the same RR at 90 and 120 rpm, while the screw-
type stirrer presented lower values (—35%). These results indicate
that the inclined-blade stirrer provides the best performance in
terms of moving the particles in the bed.

Increase of the rotation speed had two main results. At around
240 rpm, there was no significant difference between RR for the
straight-blade and inclined-blade stirrers. However, for the 4 kg
load (Fig. 5(b)), the inclined-blade stirrer showed better performance,
even at a rotation speed of 330 rpm. The maximum RR values were
28% and 53% for the 2 and 4 kg loads, respectively. The second
observation was that constant RR could be obtained near 240 rpm,
consequently decreasing the influence of the rotation speed (Figs.
5(a) and 5(b)). This could have been due to the size of the prefer-
ential channel formed in the center of the bed, which is a charac-
teristic of blade-type stirrers.

Poorer RR results were obtained for the screw-type stirrer com-
pared to the other systems, with no influence of the rotation speed.
This result could be explained by the method used to determine
the air flow required to agitate the bed (Q, 5), as indicated previ-
ously in Fig. 3. Although this method was based on fluid dynam-
ics and information available in the literature, it is likely that it
would be possible to use an air flow equal to that for the CSB, or
even lower. Previous work showed that under the same opera-
tional drying conditions, there was no difference between the CSB
and the MMSB in terms of kinetic parameters [39]. However, in
the case of the specific energy consumption, the MMSB presented
a reduction of 10%, despite problems such as particle agglomeration
and the formation of dead zones [38,39]. These problems, which
occurred close to the equipment wall, were due to the fact that the
stirrer diameter was significantly smaller than that of the bed cyl-
inder. This difficulty could be avoided using stirrers with sufficiently
large diameter to “scrape” the equipment wall, increasing the region
of direct movement of the particles, as in the case of the straight-
blade and inclined-blade stirrers used in this study.

Despite the poor results for the screw-type agitator (Fig. 5), dif-
ferent behavior was expected for other groups of particles. Table 3
presents the data for the fluid dynamic parameters and RR for
assays E2, E5, E8, E11, and E14, performed using the same parti-
cle mass and stirrer rotation speed.

For the screw-type stirrer, assay E2 (Glass-2.2 mm) showed a
negative RR value of —18%, while assays E5 (Glass-4.4 mm) and E8
(Alumina-3.7 mm) showed positive values of around 20%. In the
other assays, the values were close to zero. The results indicated that
better performance of the screw-type stirrer was obtained with parti-
dles of glass (4.4 mm) and alumina. Nonetheless, for polyethylene
particles (assays E11 and E14), it was still advantageous to use the
equipment with mechanical agitation, in order to avoid instability
in the bed and reduce pressure peaks [31,32,34].

For the inclined-blade stirrer, the lowest RR was observed with
glass particles (E2), while the highest RR was with polyethylene

Korean J. Chem. Eng.(Vol. 39, No. 11)
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Table 3. Fluid dynamic parameters for the different stirrers, obtained using 3 kg of particles and a rotation speed of 240 rpm

Assay Stirrers u, (ms™) AP, (Pa) AP, (Pa) RR (%)
CSB 21.8+0.5 1,140.0+10.0® 3,200.0+£60.0a

- Straight-blade 14.8+0.3° 1,090.0+60.0° 1,400.0+200.0° 32.0+1.0°
Inclined-blade 13.0£1.0° 900.0+7.0° 1,260.0+40.0° 40.0+5.0°
Screw-type 26.0+1.0° 1,220.0+60.0° 1,220.0+60.0° —~18.0+6.0°
CSB 42.0+1.0% 1,150.0+10.0® 3,150.0+20.0°

- Straight-blade 23.0+1.0° 1,190.0+20.0° 1,280.0+30.0° 46.0+3.0°
Inclined-blade 19.0+1.0° 1,010.0+£30.0° 1,160.0+20.0° 54.0+3.0°
Screw-type 33.0+4.0° 1,090.0+50.0° 1,090.0+50.0° 22.0+8.0°
CSB 37.5+0.1° 940.0+8.0° 2,480.0+10.0°

B8 Straight-blade 21.0+4.0% 1,080.0+60.0° 1,110.0+40.0° 44.0+8.0"
Inclined-blade 16.0+1.0° 680.0+20.0° 800.0+30.0° 58.0+2.0°
Screw-type 27.0+4.0° 910.0+40.0° 910.0+40.0° 27.0+8.0°
CSB 31.8+0.1° 680.0+7.0° 2,170.0+40.0°

Ll Straight-blade 20.0+2.0° 950.0+40.0° 2,600.0+60.0° 37.0+6.0°
Inclined-blade 11.8+0.3° 520.0+20.0° 7,40.0+30.0° 62.9+0.7*
Screw-type 33.0+0.4° 900.0+20.0° 900.0+20.0° —40+1.0°
CSB 33.0+1.0° 540.0+10° 2,100.0+200°

El4 Straight-blade 29.0+2.0° 900.0+60.0° 2,600.0+300° 14.0+5.0°
Inclined-blade 11.4+02° 490.0+3.0° 660.0+20.0° 65.8+0.5"
Screw-type 32.9+0.9° 1,400.0+200° 1,400.0+200° 1.0+2.0°

*Means followed by a different letter in a given column for each run (E2, E5, E8, E11, and E14) are significantly different at p<0.05 (Tukey's test).

particles (E14), obtaining values of around 40 and 66%, respectively.
These results could be explained by the properties of the particles,
as well as the greater static bed height for the polyethylene parti-
cles. When it is more difficult to move the particles and maintain
a stable spout, the minimum spouting velocity (u,,) is higher, so
RR is also higher. This reveals an advantage of the MMSSB, since
the movement of the particles is predominantly generated by the
stirrer, requiring a lower air velocity and avoiding the “spout col-
lapse” that can occur in conventional equipment. These results were
corroborated by the fact that the uy, values were always lower than
u,,, for all conditions using the inclined-blade and straight-blade
stirrers.

The inclined-blade and straight-blade stirrers showed no signif-
icant differences in terms of RR and uy, (Table 3), with the excep-
tion of assays E11 (¢=0.93) and E14 (¢=0.37) which could be
attributed to instability in the equipment caused by greater static
bed heights, resulting in bubbling or piston effects in the bed [32],
leading to variation of the pressure drop. Consequently, the CSB
presented a lower maximum pressure drop in the E14 assays, com-
pared to the straight-blade system.

The poorest results were found for the straight-blade stirrer, be-
cause movement of the particles occurred mainly in the conical
part of the bed, where there was direct contact with the stirrer. In
the cylindrical part, the movement occurred indirectly by momen-
tum transfer in the bed. For the inclined-blade stirrer, this phe-
nomenon was minimized due to the angle of the blades, which
assisted particle movement, favoring the formation of a channel in
the center of the bed and facilitating the air flow.

Given the problems caused by a high bed height, the MMSSB
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design was altered, increasing the number of stirrer blades in order
to reduce the air flow and improve the stability of the bed. The addi-
tion of another two blades (totaling five blades) provided agitation
in the cylindrical part, rather than only in the conical base (obtained
using three blades). This modification increased the height of the
bed directly impacted by the stirrer blades. These assays were per-
formed with the straight-blade stirrer, using particles of alumina
(assays E7 and E8) and polyethylene (assays E10 and E11) (Fig. 6).

A significant difference in the RR values was only observed for

Il : Blades-60rpm
[ 5 Blades-60rpm
I 3 Blades-198rpm
[ 5 Blades-198rpm|
I 3 Blades-291rpm
I 5 Blades-291rpm|

Relative reduction of air flow - RR (%)
o = T T Y - |
(e [« [« (e [« [« [« [« [« [«
1 PR | n 1 n 1 L | - 1 1 1 1 P | 1 1

T T
E10 E11
Fig. 6. Relative reduction of the air flow; as a function of rotation

speed, for the straight-blade stirrer configurations with dif-
ferent numbers of blades (assays E7, E8, E10, and E11).

T T T
E7 ES8
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Fig. 7. Particle cycle time for straight-blade stirrer. (a) Qg for each
rotation speed; (b) Rotation speed of 120 rpm.

a rotation speed of 60 rpm, suggesting that the effect of the num-
ber of stirrer blades was not significant at higher rotation speeds
(198 and 291 rpm). At 60 rpm, increase of the number of blades
from three to five had a positive effect, with differences of RR of
approximately 18, 43, 3, and 57% for assays E7 (Alumina-2 kg), E8
(3kg), E10 (Polyethylene-2 kg), and E11 (3 kg), respectively. This
showed that increasing the number of blades enabled the use of
lower air flow rates at lower rotation speed, consequently reducing
the energy cost. In addition, internal observation of the bed showed
improvement in its stability, with bubbling bed formation being
avoided when a stirrer with five blades was used. For the pressure
drop in the bed, improved values of AP,,, were obtained in the
assays at 60 rpm. However, AP,, increased when five blades were
used, because the additional stirrer blades caused greater resistance
to the air flow.

3. Average Cycle Time of Particles

The average cycle time was evaluated for the different configu-
rations of the mechanical stirrers. The results of the maximum (tc,,,,,),
average (tc,,) and minimum (tc,,,,) cycle time are shown in Figs. 7,
8 and 9 for straight-blade, inclined-blade and screw-type.

It is shown in Fig. 7(a) that the rotation speed decreases the
cycle time of the particles, although the airflow for 240 rpm is lower
than for 90 rpm as it is based on the Q. This shows that the cycle
time of the particles depends more on the rotation speed than on
the air flow. Thus, the average cycle time decreases by approximately
37% (90 to 120 rpm) and 68% (120 to 240 rpm). The maximum
and minimum cycle time also decreases with increasing rotational
speed. When analyzing the effect of air flow alone (Fig. 7(b)), there
was a reduction of 16% between 1.00 Q,, and 1.25 Q, and of 21%
between 1.25 Qq, and 1.50 Qg Thus, these results show that there
appears to be a combined effect of these two variables, at different
levels.

In Fig. 8, the inclined-blade stirrer decreased the average cycle
time by about 16% (90 to 120 rpm) and by 64% (120 to 240 rpm),
the latter being higher than the process with straight-blade. The
reduction was of 20% (1.00 Qy, to 1.25 Qy,) and of 24% (1.25 Q,,
to 1.50 Q) for air flow; which were slightly higher than those of
the straight-blade agitator. For the screw-type stirrer shown in Fig.

350 450
300 400
350
250
. 300
N z
g 200 E 250
5 150 5 200
S S
Q Q

@
3

(=3
(=]

w
(=]

Air flow rate

Fig. 8. Particle cycle time for inclined-blade stirrer. (a) Q,, for each
rotation speed; (b) Rotation speed of 120 rpm.
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Fig. 9. Particle cycle time for screw-type stirrer. (a) Q,, for each
rotation speed; (b) Rotation speed of 120 rpm.

9, the maximum, average, and minimum cycle times decreased
almost linearly with increasing rotation. The reduction was of ap-
proximately 35% (90 to 120 rpm) and 58% (120 to 240 rpm). Cycle
time values as a function of rotational speed are in agreement with
the literature [33-36]. Reyes et al. [23] showed that there was a de-
crease in the average residence time value with mechanical stirring
in the particle bed.

As mentioned, the effect of each stirrer on the spouted bed de-
pends on Q, rotational velocity and fluid dynamic behavior. There-
fore, it is difficult to compare the different agitators, since the experi-
ments shown in Figs. 7-9 were done for different operating con-
ditions. Thus, experiments were carried out with different agitators
for the same rotation speed of 120 rpm and an air flow rate of 1.18
(Fig. 10(a)) and 1.41 m’-min" (Fig. 10(b)).

In the analysis of the different stirrers, it is observed that the
stirrers blades have excelled compared to the helical screw of inde-
pendent airflow employed. Compared to the screw; the inclined-
blade stirrer showed a reduction of 53, 63 and 77% (Fig. 7(a)) for
tCpa tC,, and tc,,,;, respectively. For Fig. 7(b) the values were 32, 62
and 85%. In addition to these results, it is observed that an increase
of 84% in the air flow (1.18 to 1.41 m*-min™") caused a reduction in
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the average cycle time close to 82, 80 and 85% for the screw-type
agitator, straight-blades and inclined-blades, respectively. This result
suggests that there is a relationship between the increase in air flow
and the reduction in the cycle time of the particles inside the bed.
Such results are consistent with the literature since the increase in
air flow provides a better mixing in the bed [44], which reduces
the cycle time of the particles. In addition to air flow, other pro-
cess parameters can affect the circulation time of particles inside
the bed. Studies with internal devices such as draft tubes and foun-
tain confiners have already indicated that the cycle time depends
on the configuration used in the process [29]. Another study with
Estiati et al. [45] pointed out that the increase in the angle, the
height of the static bed, and the width of the sides of the draft tube
lead to an increase in the average cycle times. In addition to geo-
metric factors, Estiati et al. [45] reported that when operating con-
ditions and cycle times are of the same order, drying time does

250
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A A Inclined-blade - Experimental data
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Fig. 11. Average cycle time of particles as a function of rotational
speed for different stirrers based on Q. Experimental data
(points); Simulated data (lines).
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not change significantly when scaling up.

In view of the results previously shown and the dependence of
the process conditions on the cycle time, an empirical model was
developed based on the speed of rotation and air flow; in addition
to the characteristics of the particles and the stirrer. A general model
was derived with a numerical value for each stirrer (St), 2, 4 and 6
for the screw-type, straight-blade and inclined-blade stirrers, respec-
tively. The remaining variables of the model were given in the Inter-
national Measurement System. The adjusted model is given by Eq.
(2), with quadratic regression coefficient (R”) of 0.927. Experimen-
tal and simulated data are shown in Fig. 11.

0.655
_ _ _ H
tc, =1.265 2 1,482Q 0.808¢ 0.9940% @
Mdp

CONCLUSIONS

The use of stirrers in the particle bed led to improvement in the
operational conditions of the equipment, with greater stability of
the bed, reduction of the pressure drop, and lower air flow. The
main conclusions of this work are the following:

« For straight-blade and inclined-blade agitators, the higher the

rotation speed, the smaller the air flow required.

o The effect of blade inclination on fluid dynamics was smaller
for 240 rpmy;

« For the inclined-blade stirrer there was a relative reduction
between 40-66% while the straight-blade was between 14-46%
at 240 rpm.

« For the screw type agitator, there was a maximum relative
reduction of 27%, depending on the characteristics of the parti-
cle and the load, although negative values were found in some
of the experiments.

o For the screw type agitator, fluid dynamic parameters were
not a function of the rotation speed.

o The decrease in airflow and pressure drop was greater for the
inclined-blade stirrer.

o When compared to the conventional spouted bed, the setup
with mechanical stirring system reduced the nominal and maxi-
mum pressure drop.

« For low rotational speeds, stirrers are not recommended because
in this case the conventional spouted bed is more suitable.

o Increasing the number of stirrer blades can lead to a greater
relative reduction in airflow; except at rotational speeds above
60 rpm.

« For the operational conditions of this work, the greater the
number of blades, the better the stability of the spout, prevent-
ing against undesirable phenomena such as bubbling bed.

« The increase in airflow and especially in rotational speed led
to a decrease in the average cycle time.

o The use of different groups of particles affected the operational
parameters.

The addition of a stirrer in the bed provided significant opera-
tional advantages, offering the potential to increase the scale of indus-
trial applications. Problems such as high pressure drop, bed instability,
particle agglomeration, and accumulation of product in the bed
can be minimized, while the lower air flow required to operate the
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equipment can reduce operating costs. The findings presented here
should encourage further studies of stirred particle beds, espe-
cially when these systems are used for particle coating, the drying
of solids and pastes, and other applications requiring better con-
trol of particle movement.
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NOMENCLATURE

CSB : conical spouted bed [-]

d,  :diameter of the particles [m]

FCC :face-centered central composite design [-]
H  :static bed height [m]

M  :bed mass [kg]

MMSB : modified mechanical spouted bed [-]
MMSSB : modified mechanical stirring spouted bed [-]
MSB : mechanical spouted bed [-]

MSSB : mechanically stirred spouted bed [-]

Q  :air flow [m*min™']

Q. :air flow to stir the bed [m*-min™]

Q,. :minimum spout flow rate [m’-min "]

RR :relative reduction of the air flow [%]

St :type of stirrer (2-screw; 4-straight-blade; 6-incline-blade)
tc, :average cycle time [s]

tCpe - Maximum cycle time [s]

tC,; : minimum cycle time [s]

u,  :speed to stir the bed [m-s ']

U, :speed minimum spouting [m-s ']

p,  :particle density [kg:m™]

&  :porosity of the bed [-]

¢ :sphericity of the particles [-]

£ :rotation speed [rpm]

APy :pressure drop in the bed [Pa]

AP, : maximum pressure drop [Pa]

AP, :stable spout pressure drop [Pa]

APy, :pressure drop of the stirred bed [Pa]
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