This is the accept manuscript of the following article that appeared in final form in
Journal of the Taiwan Institute of Chemical Engineers 123: 1-10 (2021),
which has been published in final form at https://doi.org/10.1016/].jtice.2021.05.043.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. under CC BY-NC-ND licence (https://

creativecommons.org/licenses/by-nc-nd/4.0/)

Effect of operating conditions on the hydrodynamics in
fountain confined conical spouted beds

Mikel Tellabide*, Idoia Estiati, Aitor Atxutegi, Haritz Altzibar, Martin
Olazar

Department of Chemical Engineering, University of the Basque Country UPV/EHU,
P.O. Bozx 644, E4/8080 Bilbao (Spain).

Abstract

Spouted bed stability and operation is greatly affected by particle fea-
tures. Accordingly, the hydrodynamic behaviour of conical spouted beds has
been studied for fine particles differing in size and density in a wide range
of inlet air flow rates. This knowledge is essential for a successful scaling
up and industrial implementation of the spouted bed. Therefore, the ef-
fect air velocity and solid properties (density and size) have on local solid
velocity has been ascertained in a fountain confined conical spouted bed us-
ing a borescope technique (Particle Tracking Velocimetry, PT'V') applied to
several bed configurations. The results show a close relationship between
the inlet air velocity and the local solid velocity, with the gas-solid contact
being especially vigorous in the configurations without draft tube and with
the open-sided draft tube. The solid circulation flow rate is lowest when a

nonporous draft tube is used due to the low solid vertical velocities in the
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annulus, even at high air flow rates. Nevertheless, vertical velocities in the
annular zone increase when particle size and density are increased, although
these velocities are lower in the spout and fountain regions due to the higher

momentum exchange required for their acceleration.
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1. Introduction

The spouted bed is a well-known gas-solid contact regime for the treat-
ment of coarse and granular particles (greater than 1mm), for which flu-
idized beds provide unsatisfactory results. Its main characteristic feature is
the cyclic movement of the particles in the bed, which differs from any other
gas-solid contact regime. Nevertheless, one of the main drawbacks of this
technology lies in the problems involving scaling up [I, 2], which is due to
the non-linear nature of parameters governing spouted bed performance.

In order to address this issue, different spouted bed variants have been
proposed in the literature, as are conical [3], cylindrical [4], mechanical [5],
two-dimensional [6] and rectangular [7] spouted beds. Despite the great
variety of geometries, none of them have entirely solved the problem of scaling
up. The conical spouted bed is one of the most interesting designs, as it
combines the features of cylindrical spouted beds (low operating pressure

drop) [8] with the conical shape that ensures operation stability in a wide



range of gas flow rates and configurations [9].

Conical spouted beds have proven to perform successfully in many appli-
cations, such as steam gasification [10], coating [I1], drying [12], combustion
[13] or pyrolysis [14]. Usually, these applications involve the use of a bed
made up of inert particles, apart from the active bed (catalyst or any other
material), in order attain stable spouting and efficient heat transfer. In most
of the cases, the overall hydrodynamic behaviour of the bed is heavily influ-
enced by these inert particles. Nevertheless, the main operating limitations
in spouted beds are related to the ratio of inlet diameter to particle diameter,
Dy/d,, which cannot be higher than 20 — 30, and the maximum spoutable
bed height [I]. Olazar et al. [2] noted that, although the mentioned Dy/d,
range bed may be extended to 60 under certain operating conditions, these
limitations also apply to conical spouted beds.

The common solution to operate with fine particles without inlet restric-
tions (Dy/d, > 20—30) lies in the use of draft tubes [I5]. This type of inter-
nal device ensures spouting regime, but reduces gas-solid contact [8] [16], and
therefore the efficiency of the technology. Recently, a novel internal device
called fountain confiner was proposed [17], which allows operating with fine
and ultrafine particles without any draft tube. Furthermore, it ensures stable
operation for Dy/d,, ratios of up to 1000 [18, 19, 20]. As reported in a previous
paper [19], the characteristic curves (AP vs.u) obtained operating with fine
particles and fountain confiner differ considerably from conventional ones. In

fact, new spouting regimes are observed as the air velocity is increased and



so the gas-solid contact time is changed.

The relationship between air velocity and pressure drop provides basic
information about the global behaviour of the system, and therefore allows
monitoring the spouting regimes. However, detail information about local
properties is required in order to understand the gas and solid flow patterns
in the bed. Thus, the acquisition of these data has been proposed based
on a number of particle tracking techniques, which are classified as intrusive
and non-intrusive methods. In the former, fiber-optic methods [2I] are most
commonly used to measure particle velocity and bed voidage [22]. Neverthe-
less, some authors are skeptical about the use of intrusive methods stating
that these types of probes disturb the local flow. Thus, a great variety of
non-intrusive methods, such as gamma-ray computed tomography [23], mag-
netic resonance tomography [24] or particle image velocimetry (PIV) [25]
have been reported in the literature. PIV technique is a very useful mea-
surement method due its simplicity, but half-column contactors must been
used. Therefore, an intrusive PTV technique was proposed by our research
group in a previous study, in which it was demonstrated that it is a suitable
measuring technique due to the high accuracy of the results (an error lower
than 10%) [26] and flexibility of the set-up.

The minimum spouting velocity (u,,s) is a relevant operating parameter,
but most applications operate at higher velocities than the minimum one.
Furthermore, gas velocity highly affects the hydrodynamics of spouted beds,

as changes in this parameter may lead to modification in gas and solid flow



patterns in the bed. Therefore, the main aim of this study is to monitor and
analyze particle velocities in fine particle beds. The study covers different
configurations of fountain confined conical spouted beds, in which operation
has been carried out in a wide rage of air velocities (or spouting regimes)

and using solids differing in size and density.

2. Experimental

2.1. Equipment

Experimental runs have been carried out in a pilot plant consisting of a
blower, flow meter, pressure drop gauge, filter and cyclone, which are de-
scribed in detail in a previous paper [19]. A contactor made of polyethylene
terephthalate has been used (Figure|lp) with the following geometric factors:
column diameter (D¢), 0.36 m; contactor angle (), 36°; height of the conical
section (H¢), 0.45m; and base diameter (D;), 0.06 m. The static bed height
(Hp) and the gas inlet diameter (Dy) used in all the runs are 0.20m and

0.04 m, respectively.

2.2. Draft tubes

This contactor is designed to fit different draft tubes at the inlet of the
conical section. Thus, three different configurations have been used, as are
the one without draft tube, and those equipped with open-sided and non-
porous draft tubes. All the tubes are made of stainless steel, Figures

and [Lf, with the main dimensions been as follows: length of the tube (Lr),
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Figure 1: Geometric factors of the (a) conical contactor, (b) open-sided draft tube, (c)
nonporous draft tube, and (d) fountain confiner.

0.20 m; entrainment height (L), i.e., distance between the gas inlet nozzle
and the lower end of the tube, 0.07m; diameter of the tube (D), 0.04m;
and aperture ratio (AR), i.e., the fraction of the lateral surface area opened
for gas and solid cross flow, with its values being 57% for the open-sided

draft tube and 0% for the nonporous one.

2.3. Fountain confiner

Fine particle operation require the use of a fountain confiner (Figure
1) in order to attain stable spouting and avoid particle entrainment. This
internal device is a cylindrical pipe made of polyethylene terephthalate with
the upper end closed to avoid gas and solids leaving the contactor through its
top. It has a cone shaped cap on the top to avoid deposition of solids on the

outside of the device. The diameter (Dg) and length (Lg) of the fountain



confiner are 0.20 and 0.50 m, respectively. Furthermore, the distance between

the bed surface and the lower end of the device (Hp) is 0.06 m, Figure [Id.

2.4. Materials

In order to study the effect of particle size, two fractions of siliceous sand
were used, and the effect of particle density was explored by spouting pine
sawdust of the same size as the coarse sand. The particle size distribution
and average sizes were obtained in a CISA RP 200 N sieve shaker using
mesh sizes of 100, 200 and 300 um and confirmed through laser diffraction
in a Mastersizer 2000. Thus, the average size values are 0.155 and 0.246 mm
for sand, and 0.244 mm for sawdust. The densities of sand and sawdust par-
ticles, obtained in an Autopore 9220 mercury porosimeter (Micromeritics),

are 2390 kg m~2 and 496 kg m 3, respectively.

2.5. Operating conditions

Table [1] shows the regimes and air velocities used with the configurations
and particles studied. As observed, sand particles of d, = 0.246 mm have
been taken as the base case and certain runs changing particle size and
density have been conducted in order to analyze their influence. In the case
of the configuration without tube, given the narrow stability range, only a
couple of air velocities were chosen, as are one corresponding to the minimum
spouting and the other one to the minimum for full spouting. Once internal
devices were added this range was considerably widened, allowing for more

than one air velocity to be used in the full spouting regime. Finally, in



order to analyze the effect of solid properties on particle velocity, a finer
sand (d, = 0.155mm) and sawdust with a similar size (d, = 0.244mm) as
the base case were used. These runs were carried out in the configuration
with the open-sided tube at the minimum spouting velocity, as it is the
one ensuring steady spouting and suitable solid flow in a wide range. The
minimum spouting velocities corresponding to the three runs differing in size
and density are 3.42, 2.21 and 1.43m s~ ! for the sands of d, = 0.246 and

0.155mm and the sawdust of d,, = 0.244 mm, respectively.

2.6. FExperimental procedure

A high speed camera fitted to a borescopic system (Figure has been
used to track particles inside the spouted bed and measure their velocity. The
camera is an AOS S-PRI (AOS Technologies AG) with a maximum recording
resolution of 900 x 700 pixels and a maximum frame rate of 16500 fps with
reduced resolution. Furthermore, a continuous light source connected to
the borescope through an optical fibre is used to light the recording zone.
The optical set-up is displaced by a set of sliders (Figure , which enable
positioning the borescope measuring tip anywhere in the contactor. More
details about the optical and borescopic systems are provided in a previous
paper [26].

Particle velocity profiles have been determined, with the axial one corre-
sponding to the axis along the spout and fountain core, and the radial ones

to several bed levels, in which solid velocity changes from positive (spout



Table 1: Regimes and air velocities analysed in the configurations studied.

Air velocity (ms™')
Sand Sand Sawdust
0.246 mm 0.155mm 0.244 mm

Configuration Regime

Spouting (?;'86) — —

Full spouting <31§18£ ) —

Without tube

3.42 2.21 1.43
(Unms) (Unms) (Unms)
8.06

Full spouting  (2.35u,s)

21.93
(6.40Uy,s)

Spouting
Open-sided tube

Spouting (i 54) — —

Nonporous tube 5.08

(2Upns)
Full spouting 763
(3ums)
21.86
(8.60Uys)
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Figure 2: Experimental set-up of (a) the borescope assembly and (b) the optical system.

and fountain core regions) to negative values (annular and fountain periph-
ery regions). It should be noted that all the velocities measured correspond
to the vertical component. This technique has been designed to take the
measurements in front of the borescope tip, where there is no disturbance in
the bed, as any perturbation would occur behind the device.

The radial measurements have been carried out at four levels in the spout
and annulus, and four levels in the fountain region. Thus, the bed levels anal-
ysed from the bed bottom to the fountain top are as follows: 0.03, 0.11, 0.15,
0.20, 0.24, 0.30, 0.53 and 0.73m, for a static bed height (Hy) of 0.20m.
The tip of the borescope is placed at the first measuring point (contactor
or confiner wall, depending on the level to be analysed) and four record-
ings are carried out at different times. Then, the borescope tip is displaced

step-by-step along the radial direction to the next measuring points (every
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centimetre) until the axis of the contactor is reached. This procedure has

been repeated at all the bed levels.

2.7. Particle tracking technique

Based on the optical system described, solid velocities are calculated
through the detection of the solid optical flow. Nevertheless, the packing
condition in the different regions in the spouted bed is very different, and
this is evidenced on the images captured. Accordingly, the particle identifica-
tion method must be adapted to account for these differences in voidage from
dense (annulus) to dilute (spout and fountain) zones. In the former, parti-
cles descend in a moving bed and individual particle rotations are negligible.
Therefore, the Farneback pyramidal algorithm [27] from OpenCV has been
found to be especially suitable to measure the average edge movement. In
the dilute regions (spout and fountain), once dynamic histogram equalization
and canny edge detection have been applied, closed regions are identified as
individual particles in consecutive frames. Finally, minimization of the total
solid displacement allows pairing particles in consecutive frames and calcu-
lating the optical displacement. Considering that spouted beds have mainly
vertical solid displacement in the annulus, spout and most of the fountain
region, this optical displacement has been related to the solid velocity based

on pixel distance and recording frame rate.

3. Results
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3.1. Particle flow pattern in the annular zone

As stated in a previous paper [28], the flow pattern of fine particles in
fountain confined conical spouted beds is characterized by oscillatory move-
ments. This trend is observed in the three regions of the spouted bed, but is
in the annulus where it is most evident. Figures [Ba-c show the evolution of
particle velocity with time under different air velocities in each configuration.

As shown in Figures [Bh-c, particles move downwards along the annulus
following an oscillatory trend. This applies to the three configurations and
all the inlet air velocities analyzed. Nevertheless, there are great differences
in the oscillations depending on the configuration [28]. Thus, the particles
oscillate from upward to downward velocities in the configurations without
tube and with open-sided tube (Figures and ), whereas they oscillate
from zero to a maximum downward velocity in the configuration with non-
porous tube, Figure 3. Furthermore, the effect of the inlet air flow rate on
the particle velocity oscillation is different depending on the configuration.

In the case of the configuration without tube (Figure[3a), the amplitude of
the signal oscillation increases as air velocity is increased, which is explained
by the higher percolation of the air into the annulus. Therefore, particle
movement is more vigorous in the annulus and they travel longer distances
(upwards and downwards) as the inlet air velocity is increased, which is clear
evidence of an improvement in the gas-solid contact in this zone and so in
heat and mass transfer rates.

A similar trend is observed in the open-sided configuration (Figure )
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Figure 3: Vertical particle velocities vs. time in the annulus of the configurations (a)
without tube and with (b) open-sided and (c) nonporous tubes, and their corresponding
power spectral densities vs. frequency, (d), (e) and (f), respectively. Measurements under
different air velocities at /R = 0.84 and bed level of H = 0.20m.
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within a given range from the minimum spouting velocity, although less
pronounced than in the configuration without tube. Thus, an increase in air
velocity to 2.35 times the minimum one favors the oscillatory movement, but
a further increase to 6.40 u,,s leads to a decrease in the oscillation amplitude,
especially in the downward side. This is again explained by the high air
percolation from the spout into the annulus for high inlet air flow rates, which
in this case may hinder the downwards solid circulation. These results are
consistent with the hydrodynamic curves obtained in a previous paper [19],
since 2.35 times the minimum spouting velocity corresponds to the beginning
of the full spouting regime, which is evidenced with a peak in pressure drop
value in the characteristic curve. When the inlet air velocity is increased
much further, the pressure drop decreases, which is related to a reduction in
solid circulation due to the preferential air flow through the spout. Therefore,
the beginning of this regime (full spouting) corresponds to the most vigorous
gas-solid contact in the whole operational curve.

Finally, the nonporous tube configuration (Figure ) only shows down-
ward movement in the annular region, i.e., particles travel all the time down-
wards according to oscillations involving acceleration/deceleration/stagnation
[6]. In this configuration, the central tube directs the inlet air through the
spout and only a small fraction diverts into the annulus through the entrain-
ment zone, which leads to a poorer gas-solid contact and low solid circulation
than in the other configurations. When the inlet air flow rate is double the

minimum spouting one, the amplitude of the particle velocity signal is ap-
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proximately double. Nevertheless, as velocity is increased above this point
the amplitude decreases. In fact, there is hardly any oscillation in the annu-
lus particle velocity for an inlet velocity of 8.60 w,,s, which is because most
of the air is directed through the spout, resulting in a very packed annular
region [29].

In addition, Figures BJd-f show the dominant frequency when each con-
figuration is operated at different air velocities. In the systems without
tube (Figure [3d) and with the open-sided one (Figure [Bg), the dominant
frequency increases slightly as the inlet air velocity is increased. Several au-
thors [0, 29, 30] reported a similar trend, in which the oscillations in the
spout propagate from the bottom to the surface of the bed. Moreover, they
state that a solid preferential incorporation into the spout occurs in the neck
of this zone [6], in which particles incorporate massively as clusters. Never-
theless, Gao et al. [31] report a decrease in frequency when air flow rate is
increased, which they relate to bubble eruption frequency. In our systems
operated with fine particles, the oscillation frequency increases as air velocity
is increased, independently of the oscillation amplitude. It seems that this
increase in the dominant oscillation frequency is related to the decrease in
the clustering behavior of the particles in the bed as the inlet air velocity is
increased.

In the case of the nonporous configuration, a similar dominant frequency
value is obtained up to three times the minimum spouting velocity (Figure

[3f), but sharply increases at high air velocities (8.6u,,,). The decrease in
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the amplitude of the signal, together with the increase in the dominant fre-
quency, are evidence of low particle clustering at these high flow rates. Visual
observation of the particles in the fountain also suggest a higher solid fluidity
at higher air flow rates.

Figure {4] shows the evolution of particle velocity in the annulus and the
dominant frequency for different particle sizes and materials when the open-
sided draft tube configuration is used. As shown in Figure [dh, all types of
particles show an oscillatory velocity pattern with downward and upward
velocities. Nevertheless, the biggest sand fraction shows the highest particle
velocity values, i.e., oscillation amplitude is closely related to particle size,
and therefore to the overall downward particle flow. Regarding the domi-
nant frequency, Figure @b shows no influence of particle size, but a lighter
material, such as sawdust, leads to a significantly increase in the oscillation
frequency. This result suggests that oscillatory patterns with fine particles
depend mostly on solid density. Studies in the literature [29] B0] reported
that the dominant frequency reduces as the particle size is increased, but
they correspond to coarse particles, for which the clustering process hardly

applies.

3.2. Radial particle velocity profiles

Average particle velocities have been calculated from the particle veloc-
ity fluctuation data at different radial positions and they have been plot-

ted against the dimensionless radius (radius of the measuring point divided
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Figure 4: (a) Vertical particle velocity vs. time and (b) power spectral density vs. fre-
quency in the annulus at r/R = 0.84 and bed level of H = 0.20m in an open-sided draft
tube operated with particles differing in size and density.

by the total radius on the measuring plane). Thus, radial particle velocity
profiles have been obtained at different heights for the three configurations

studied. Figure [5| shows the profiles at the different spouted bed regions and

air velocities for the configurations studied.

17



]!

5000

ums
4000 - -+ 331u,
== A
2 3000 \\
>, 2000 | N
> A
\
1000 - »
\
(a) \
Op---- STttt Pl Rt
00 01 02 03 04 05
/R
5000
ums
i
4000 |- AN 2.35u,,
\
\ - 6.40u
% 3000 9 ms
g
E N
~ L \
~ 2000 .
\
\
1000 ‘\
(b S
0p--- |""'|""|'""|""|"'
00 01 02 03 04 05 06
/R
5000
ums 2]’1mS
4000 fm .~ 3u_ . - 8.60u,
-
% 3000 - S<
=, 2000 | *- =
> ~
\\
N
1000 - ‘e
(c)
1
Op---- et ettt Tl ettt

0.00 0.05 0.10 0.15 0.20 0.25

/R

vg (mm/s)

Vg (mm/s)

Vg (mm/s)

0 1
1
\
10 |
A
\
\
-20 - A
\
\
\
-30 - A\
( ) \ A
a \
2 £/
-40 1 1 1 1 1
00 02 04 06 08 10
/R
0
|
\
\ »
10| ! hd
‘ /
\ /
\
20 F « 4
\\ )
\ //
-30 v,
L 4
(by)
40 1 1 1 1 1
00 02 04 06 08 1.0
/R
0 -
NS »
2+ Ve .,i’
> -—a ‘/
-4 \ »
¥ /
6L \’,‘
8+
10k
121 (cy)
14 1 1 1 1 1
00 02 04 06 08 10
/R

4000
KA
3000 | Y,
A
N
— 2000 .
N
b= A
2 1000 £ .
>m A
[0 R S \'\'« ............
.
N
-2000 1 1 1 1 1
00 02 04 06 08 10
/R
4000
&~
/¥ e
3000 F
\
2000 '
2 ¥
N
£ 1000’— *
E -
=4 (1) 2R ?.\.?.\‘ ......
Te
1000 | ¥
(b3)
3
-2000 1 1 1 1 1
00 02 04 06 08 10
/R
4000
Lt §
N
3000 Fo L]
Ny
2000 X
@ \h\
é 1000 F \::\
|
S I N AT
‘\{
-1000 - () 4o
-2000 1 1 1 1 1
00 02 04 06 08 10
/R

Figure 5: Radial particle velocity profiles in the (a1, b1, ¢1) spout (H = 0.20m), (az, ba, c2) annulus (H = 0.20m) and (as,

bs, c3) fountain (H = 0.30m) for the configurations (a1, as, az) without tube and with (b1, bs, b3) open-sided tube and (¢q,
¢2, c3) nonporous tube at different air velocities.



As shown in Figures [bl1q, b; and ¢, all the radial profiles obtained in the
spout show the same trend, i.e., the particle velocity increases as the axis is
approached. This trend has been reported in the literature by several authors
132, 22,133,134, 35]. In the configurations without draft tube (Figure Bl ) and
open-sided tube (Figure 1), as the air velocity is increased the peak particle
velocity is not located at the axis itself, but close to it, which is related to
a expanding spout at that bed level under the conditions studied. However,
using a nonporous tube (Figure 1), most of the air is directed through the
tube and the spout expansion is limited by the wall of the device. Therefore
the peak particle velocity is located at the axis itself. Furthermore, the
velocity on the inside wall of the tube is not zero, especially for inlet air
velocities higher than the minimum one.

Figures|bas, by and ¢y show the radial particle velocity profiles at different
air velocities in the annular zone for the three configurations studied. In the
configuration without draft tube (Figure [5ju2), a high air velocity led to an
increase in particle velocity near the contactor wall, but the general trend is
very similar for both air velocities [33]. However, due to the great expansion
of the spout at high air velocities, particle velocities close to the spout wall
are lower than those corresponding to the minimum spouting. Thus, as
Djeridane et al. [36] reported, the annular section is reduced as the air
velocity is increased, which leads to higher velocities close to the contactor
wall and lower close to the spout.

A similar trend as that observed for the configuration without draft tube
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is found for the configuration with open-sided tube (Figure [5ps) when air
velocity is increased to 2.35 times the minimum one, i.e., from the minimum
for spouting () to the minimum for full spouting (2.35u,,s). Nevertheless,
this trend undergoes changes when the air velocity is increased to very high
values (6.40 times the minimum one). Thus, the peak is more pronounced and
the downward particle velocity is considerably lower from the peak position
to the wall.

In the configuration with a nonporous draft tube (Figure 2), the radial
profiles in the annulus corresponding to the different air velocities show a
similar trend, i.e., particle velocities increase until a peak is reached, and
they then decrease as particles approach the contactor wall. As mentioned
in Figure [3k, the velocity of particles descending along the annulus increases
as air velocity is increased to 2u,,s, but higher inlet air velocities decrease
particle velocity. A close observation of the fountain allows inferring that
particle clustering is especially evident up to 2u,,s, which is evidence that
particle clusters are incorporation into the spout. Nevertheless, higher inlet
air flow rates lead to a more uniform particle flow. According to Ji et al.
[29], who used fine particles with a nonporous draft tube, as the air velocity
is increased the solid circulation rate decreases due to some particles being
carried back into the annular region (in the entrainment zone) by the sub-
stantial gas percolation, thus creating a more homogeneous and dilute solid
flow inside the draft tube when high velocities are used than when low air

velocities are used.
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Finally, all the radial profiles obtained in the fountain zone follow a simi-
lar parabolic pattern (Figures [blus, b3 and ¢3). In the configurations without
draft tube (Figure 3) and with nonporous tube (Figure 3), the particle
downward velocity in the fountain periphery slightly increases with air veloc-
ity, but the opposite trend is observed for open-sided tubes (Figure 3). The
core of the fountain (particle upward zone) increases in all cases as the inlet
air flow rate is increased, but this is especially evident in the configurations
with the open-sided tube. Although in the configuration with the nonporous
draft tube the spout diameter does not change because is limited by the tube
diameter, the core of the fountain increases slightly as the inlet air flow rate

is increased.

3.3. Auxial particle velocity profiles

Figure[6]shows the particle velocity profiles along the axis of the contactor
for the three configurations studied under different hydrodynamic conditions;
that is, different inlet air flow rates based on the minimum one.

As shown in Figure [0, a general trend is observed in all the profiles, i.e.,
particles accelerate in the spout up to a peak velocity, and subsequently de-
celerate in the fountain core. Moreover, another general trend observed in
Figure[6]is that particle velocities are higher as the inlet air velocity is higher
[6, 30, 33]. However, it is noteworthy that high air velocities (3.31u,,s, corre-
sponding to the full spouting regime) in the configuration without draft tube

(Figure @a) lead to particle acceleration up to the bottom of the confiner
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(0.10m above the bed surface), and they then are decelerate as they move
upwards along the confiner. Furthermore, high particle velocities are regis-
tered at the top of the confiner (around 2m s™!). The peak velocity in this
configuration shifts to higher positions as the inlet air velocity is increased,
which has been explained in the literature by the high drag force of the air
[36]. However, in the configuration with the nonporous tube operated at the
minimum spouting velocity, particles begin to decelerate in the upper half of
the bed (above 0.15m) due to the low air velocity required to open the spout
in this configuration [28]. When open-sided draft tubes are used (Figure[Gb),
particles accelerate up to bed surface at all air velocities studied. Neverthe-
less, it is noteworthy that it is the only configuration in which the fountain
does not reach the upper wall of the confiner at the minimum spouting veloc-
ity. This is because open-sided tubes confer high stability upon the system
with a great solid circulation, with the minimum air flow rate required for
spouting being lower than in the configuration without draft tube.

Finally, as shown in Figure [6c, a local minimum particle velocity is ob-
served in the longitudinal particle velocity profile (H = 0.24 m) when oper-
ating in the configuration with the nonporous tube and air velocities above
the minimum one. These minima are located in the gap beteween the bed
surface and the lower end of the confiner, and might be a consequence of
particles leaving the confiner interfering with particles ascending through
the spout. As the air flow rate is increased, this interference is reduced, as

the gas retains enough momentum to push particles through this stretch.
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Figure 7: Radial particle velocity profiles in the (a) spout (H = 0.15m), (b) annulus
(H = 0.15m) and (c) fountain (H = 0.24m); and (d) particle velocity profiles along the

axis for sand beds differing in size and a sawdust bed, in the configuration with open-sided
draft tube at the minimum spouting velocity.

3.4. Effect of particle properties

The effect of solid properties has been analysed using particles differing in
size and density. Figure[7]shows the radial and longitudinal particle velocity

profiles of two sand beds differing in particle size and one sawdust bed.

As shown in Figure [7] similar particle velocity profiles as those shown in

Figures have been obtained when beds made up of particles differing in

size and density have been used. Regarding the spout (Figure Ela), sawdust
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particles rise much faster (1.5 — 2 times) than sand ones [37], especially
in positions near the axis. A comparison of the profiles obtained for beds
differing in size shows that its influence is smaller than that of density [38],
i.e., the smaller particles (dp = 0.155 mm) have slightly higher velocities than
the bigger ones (dp = 0.255mm) near the spout axis [39, 32], but similar or
slightly lower velocities in positions near the spout wall. These results are
mainly explained by the lower particle density of sawdust and the higher
air-particle momentum exchange with the smaller particles.

The opposite trend is observed in the annular zone (Figure mb), i.e., sand
particles tend to move faster than sawdust ones due to their bigger mass.
However, the trends of the profiles are similar in all cases, except that the
peak particle velocity is located closer to the spout wall as the particle density
is increased.

The radial particle velocity profiles in the fountain (Figure ) are similar
to those shown in Figures [5lus, b3 and c3. A more detailed analysis shows
that sawdust particles have the greatest particle velocity in the fountain core
and the lowest one in the periphery. However, sand beds differing in size
show similar radial particle velocity profiles in the fountain core (Figure ),
as was the case in the spout (Figure ) Furthermore, there is only a slight
difference between the velocity values corresponding to the smaller and bigger
sand particles, except in the fountain periphery close to the contactor wall
(in the gap between the bed surface and the lower end of the confiner). As

previously explained for the spout (Figure [Th), the upward particle velocity
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in the fountain core increases as the particle size is smaller due to the high
gas-solid momentum exchange with small particles. The opposite trend is
observed in the fountain periphery due to the greater gravitational force
of the bigger particles. Moreover, as determined in a previous paper [20],
the effect of solid density is more influential than that of particle size on
the minimum spouting velocity, and the same applies to particle velocities,
i.e., density is more influential than size, when both are changed in a ratio
of approximately two. Accordingly, for similar hydrodynamic conditions, a
greater spout and fountain core expansion is observed for the sawdust bed
than for sand beds.

Figure shows the particle velocity profile along the axis for particles
differing in size and density. The velocity profiles for all the different parti-
cles show the same trend, i.e., the particles accelerate along the spout, they
then decelerate in the fountain until they reach null velocity, and finally start
descending in the fountain periphery. Moreover, as shown in Figures [6] and
[7d, the maximum acceleration is observed at the bottom of the cone. Con-
cerning the effect of particles properties, all the facts mentioned for the radial

profiles, Figures [Th and [T, apply to the profiles along the axis.

4. Conclusion

This study shows that air velocity and solid properties significantly affect
particle velocity, and therefore spouted bed hydrodynamics. Accordingly,

detailed information concerning their influence is essential for the scaling up
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of this technology.

In the case of the configuration without draft tube, an increase in the in-
let air velocity over the minimum one favours solid circulation and gas-solid
contact. Nevertheless, high air flow rates lead to mixed regimes rather than
spouting ones. This problem is solved by the insertion of a draft tube, but,
even in this case, excessively high air velocities over the minimum one lead
to a decrease in solid circulation. For the configurations with the open-sided
draft tube, the optimum operating conditions correspond to the beginning of
full spouting regime (2.35 times the corresponding minimum spouting veloc-
ity), and for the configuration with the nonporous draft tube the optimum
point is achieved using twice the minimum spouting velocity. Moreover, a
decrease in particle velocity and solid circulation is evident when very high
air velocities are used, especially in the latter configuration. Therefore, use
of an intermediate air velocity (2 — 3 times the minimum one) is suggested
in those processes where a high gas-solid contact is required, since operation
close to the minimum one or use of high air flow rates leads to a decrease in
particle velocities and system vigorousness.

In the operation with fine particles in conical spouted beds, there is a
significant increase in particle velocity in the annular zone as density and/or
size are increased. Furthermore, light particles oscillate with the highest
frequency in this zone, ensuring great vigorousness and so high heat and mass
transfer rates in the system. This knowledge is essential for the tuning of gas

and solid flow patterns, and therefore for the scaling up of this technology.
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Nomenclature

AR Aperture ratio, %

Dy Gas inlet diameter, m

D¢e Column diameter, m

Dr  Diameter of the fountain confiner, m
D, Contactor base diameter, m
Average particle diameter, mm

Dy Diameter of the draft tube, m

H Measuring height, m

H,  Static bed height, m

Hs  Height of the conical section, m

Hr  Distance between the bed surface and the lower end of the confiner,

m
Lr  Length of the fountain confiner, m

Ly Height of the entrainment zone of the draft tube, m
Ly Height of the draft tube, m
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R Total radius, m
r Measuring point radius, m

r/R  Dimensionless radius

u velocity of the fluid at the inlet section, m s=*

Ums ~ Minimum spouting velocity at the inlet section, m s~}

Vs Solid velocity, m s™!

Greek letters

AP Bed pressure drop, Pa

v Contactor angle, °
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