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Bed symmetry has been analysed in fountain confined conical spouted beds operating with fine particles. Thus,
vertical particle velocities and the spout shape have been determined in a wide range of spouting air velocities
and bed configurations. Bed symmetry is widely accepted in the spouted beds without draft tubes or with non-
porous ones, but this is not the case when open-sided draft tubes are used. Thus, radial particle velocity profiles
differ depending on the cross-sectional angular plane considered in the open-sided draft tubes. The spout ex-
pands preferentially along the tube opened surface, and is wider as spouting air velocity and aperture ratio are
increased. The literature correlations proposed for the average spout diameter have been analysed and no one
is valid for estimating this parameter in the whole range of spouting air velocities and configurations analysed
in these systems operating with fine particles.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The spouted bed regime has proven to be a promising gas-solid con-
tact method to overcome the limitations involving other technologies,
as are those concerning stable operation with coarse particles (greater
than 1 mm) in a fluidization regime. Nevertheless, the main present
limitation of the spouted bed technology concerns its scaling to indus-
trial level, especially in processes involving fine particle operation
[1,2]. Although tools like CFD modelling [3] and artificial neural net-
works [4] have been used to delve into the understanding of complex
and highly non linear systems, as are spouted beds, the gas-solid inter-
action and fluid motion in these beds are still unraveled.

In order to attain a suitable operation and optimal design of the
spouted bed in relevant applications, such as drying [5], combustion
[6], pyrolysis [7] or steam gasification [8], knowledge of particle circula-
tion rate and particle velocity distribution is required for understanding
and controlling the operation and maximizing product yield. Unfortu-
nately, the aforementioned computational tools depend on the avail-
ability of experimental data about these systems, which may exhibit
highly unsteady and complex hydrodynamic behaviour [9].

Spouted bed hydrodynamic characterization has been improved in
recent years by monitoring detailed flow structures inside the reactor,
apart from the overall system pressure drop data. Thus, there is an
).

. This is an open access article under
extensive variety of particle tracking methods in the literature, which
are commonly classified into intrusive and non-intrusive methods.
The former account for the older ones, such as those based on piezoelec-
tric [10] or optical fiber probes [11]. These techniques require the inser-
tion of the probe to the measuring point, which may cause a local
disturbance of the solid movement [12–14]. Accordingly, a variety of
non-intrusive particle tracking methods have been developed and
tuned, such as radioactive particle tracking [15], particle image
velocimetry [16] or X-ray computed tomography [17], which may
provide full-field flow measurements. Nevertheless, non-intrusive
methods are generally more complex and expensive than intrusive
ones, and involve additional complexity in the experimentation, as
they may involve special safety procedures [18] and interference in
the measurements [19].

Intrusivemethodsmake it possible tomeasure spouted bed features,
such as the spout evolution form the bottom to the surface of the bed or
the local solid oscillatory movement. Information about the spout zone
size and shape is of high relevance for a better understanding of the
spouted beds technology, since it accounts for a significant fraction of
the bed volume and has a crucial influence on the solid and gasflowpat-
terns [20]. The first spout measurements were based on visual observa-
tion through the transparent wall in half-column or two-dimensional
contactors [10,21–23]. Thus,Mikhailik et al. [10]measured the spout di-
ameter at different bed levels in half and full cylindrical columns, using a
piezoelectric technique in the the latter, and reported that both spout
shapes were quite similar. Nevertheless, Benkrid et al. [24] and He
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2021.11.055&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.powtec.2021.11.055
mailto:mikel.tellabide@ehu.eus
https://doi.org/10.1016/j.powtec.2021.11.055
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/powtec


M. Tellabide, I. Estiati, A. Atxutegi et al. Powder Technology 399 (2022) 117011
et al. [25] measured the spout diameter using an optical fiber probe and
stated that the wall effect significantly distorts the spout shape.

It is well-established in the literature that solid flow in the annulus is
axisymmetric [17,26], and particle velocities are therefore measured at
a single radial plane [25]. Accordingly, although the diameter of the
spout varies from the bed bottom to the surface, its cross-sectional
shape is assumed to be circular [9]. The only studies dealing with non-
axisymmetric flow patterns are those involving half-columns [24,25]
and vortex generators [27].

The open-sided draft tubes are interesting devices because they
greatly improve the gas-solid contact due to their lateral opened surface
[28], as well as ensure spouting stabilization. Moreover, the fraction of
the gas that percolates from the spout into the annulus enhances the
overall solid circulation in the annulus, especially close to the opened
surface of the draft tube. This fact suggests that, at a given bed level,
the particle velocity profile from the spout axis to the bed wall depends
on the angular coordinate. On the onehand, there is a continuous profile
along the angular coordinate passing through the opened fraction of the
draft tube and, on the other hand, there is a discontinuity at the draft
tube wall in the profile along the angular coordinate passing through
the closed fraction of the draft tube.

Therefore, the aim of this work is to analyze bed and spout symme-
try in fountain confined conical spouted beds operating with fine parti-
cles. Accordingly, vertical particle velocities have been measured using
Particle Tracking Velocimetry (PTV), and the radial profiles of particle
velocity, aswell as the shape and size of both the spout and the fountain
core, have been determined. Moreover, average spout diameters
have been calculated for different configurations and air velocities,
and compared with the theoretical values determined using literature
correlations.

2. Experimental

2.1. Equipment and materials

Fig. 1 shows the pilot plant used in this study, which is composed of a
blower, flowmeter, pressure drop gauge, contactor, filter and cyclone,
and has been detailed in a previous paper [29]. A conical contactor
Fig. 1. Diagram of the
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(Fig. 2a) made of polyethylene terephthalate has been usedwith the fol-
lowing dimensions: column diameter (DC), 0.36 m; contactor angle (γ),
36°; height of the conical section (HC), 0.45 m; base diameter (Di),
0.062 m. Moreover, the static bed height (H0) and inlet diameter (D0)
used are 0.20 m and 0.04 m, respectively.

Stable operation with fine particles requires the use of a fountain
confiner (Fig. 2a), which is placed above the bed and confines the parti-
cles in the fountain. This internal device is a cylindrical tube made of
polyethylene terephthalate with the upper end closed to avoid gas
and solid leaving the contactor through the top of the confiner. Further-
more, it is provided with a cone shaped cap on the outer top surface to
avoid solid deposition. The main dimensions of the fountain confiner
are as follows: length of the confiner cylindrical body (LF), 0.50 m;
internal diameter of the confiner (DF), 0.20 m; distance between the
lower end of the device and the bed surface (HF), 0.06 m.

Different draft tubes of cylindrical shape have been used. These de-
vices are made of stainless steel and are fitted to the inlet of the conical
section and placed along the contactor axis. Two types of draft tubes
have been used, namely, open-sided (Fig. 2b) and nonporous (Fig. 2c)
ones. Their main characteristic factors are as follows: length of the
tube (LT), 0.20 m; height of the entrainment zone (distance between
the gas inlet nozzle and the lower end of the tube) (LH), 0.07 m; and
aperture ratio (AR), i.e., the fraction of the lateral surface area opened
for gas and solid interchange, 42, 57 and 78%.

All the runs have been carried out operating with fine siliceous sand
particles of 0.246 mm average particle diameter and 2390 kgm−3 solid
density. The former has been determined usingmesh sizes of 0.2 and0.3
mm in a CISA RP 200 N sieve shaker, and has been confirmed by laser
diffraction particle size analysis in a Mastersizer 2000. The solid density
has been determined in an Autopore 9220 mercury porosimeter from
Micromeritics.

2.2. Experimental procedure

An optical set-up composed of a high speed camera (AOS S–PRI, AOS
Technologies AG) and a borescopic system has been used to obtain ver-
tical particle velocities. The camera provides a maximum recording res-
olution of 900 × 700 pixels with a speed of 16500 frames per second at
pilot scale plant.



Fig. 2. Geometric factors of (a) the conical contactor and fountain confiner, and (b) open-sided and (c) nonporous draft tubes.
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reduced resolution. The borescope is connected to a continuous light
source to brighten the front area of the borescope tip, and thewhole op-
tical set-up is displaced by a set of sliders in order to position the bore-
scope tip at any point inside the contactor. All the recordings by the
optical set-up are taken in front of the borescope tip, which reduces
solid flow disturbances at the measuring point, as perturbations may
only be due to the stem of the boroscope. A detailed description of the
optical set-up can be found in a previous paper [30].

Measurements have been carried out by positioning the borescope
tip at the contactor or confiner wall and displacing it step-by-step in
the radial direction every centimetre up to the contactor axis. The radial
particle velocity profiles attained at different measuring heights show
negative and positive values. The former correspond to the annular
and fountain periphery, and the latter to the spout and fountain core.
(a)

Fig. 3. Delimitation of the interface based on the particle velocity profile. (a) Spout
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Thus, as shown in Fig. 3, the radial points where particle velocity is
zero correspond to the spout-annulus interface in the bed (Fig. 3a)
and core-periphery interface in the fountain (Fig. 3b). Given that
the position of both interfaces highly depends on the inlet air flow
rate, the study has been carried out at the minimum spouting velocity
and air velocities well above the minimum one. Thus, the spouting
regimes analyzed in each configuration correspond to the follow-
ing spouting velocities: ums (3.86 m s−1) and 3.31ums without tube;
ums (3.42 m s−1), 2.35ums and 6.40ums when open-sided tubes are
used; and ums (2.54 m s−1), 2ums, 3ums and 8.60ums when the
nonporous draft tube is used.

When open-sided tubes are used, both gas percolation from the
spout into the annulus and solid cross-flow from the annulus into the
spout depend on the opened fraction of the tube surface. Accordingly,
(b)

-annulus interface in the bed and (b) core-periphery interface in the fountain.



M. Tellabide, I. Estiati, A. Atxutegi et al. Powder Technology 399 (2022) 117011
open-sided tubes differing in the aperture ratio (AR)have been used in a
wide range of air velocities, from theminimumone to 22m s−1, in order
tomeasure the spout expansion and its shape (symmetry). Radial parti-
cle velocity profiles have been been obtained for each configuration at
the three angular coordinates shown in Fig. 4. One along the angular co-
ordinate from the axis to the wall passing through the midpoint of the
draft tube aperture (line corresponding to 0°, Fig. 4), another one
along the angular coordinate touching the edge of the draft tube wall
(lines corresponding to 48°, 36° and 30° for the aperture ratios of 78,
57 and 42%, respectively, Fig. 4), and the third one for the angular coor-
dinate from the axis to the wall passing through the midpoint of the
draft tubewall (line corresponding to 60°, Fig. 4). Therefore, the angular
coordinates through themidpoint of the aperture and through themid-
point of the draft tube wall are the same in all the configurations. Nev-
ertheless, the angular coordinate touching the edge of wall differs
depending on the aperture ratio. In order to simplify the experimental
procedure, the cross-sectional spout shape has been delineated by poly-
nomial interpolation between the three points mentioned above. This
assumption has been verified with a few measurements carried out in
themidwaypositions between the three points. Velocitymeasurements
at different radial positions have been carried out at four bed levels from
the bottom to the surface of the bed, which are 0.03, 0.11, 0.15 and 0.20
m. Furthermore, symmetry is accepted in the fountain zone, so mea-
surements have been conducted along a single angular coordinate at
four levels from the bottom to the top in this zone, which are 0.24,
0.30, 0.53 and 0.73 m.

A total of four recordings (replicates) were carried out at each mea-
suring point and the whole process was repeated at least twice in order
to obtain reliable results. The recorded images were introduced into a
solid detection algorithm where particles were located and paired in
consecutive frames. Spouted bed systems are characterized by severe
spatial gradients in both particle velocity and voidage [31], which
leads to great differences in the images captured in the dense (annulus)
and dilute zones (spout/fountain). In the images obtained in the dense
zone, single particle detection is no feasible because they descend in a
moving bed. Nevertheless, a previous study proved that Farneback py-
ramidal algorithm [32] from OpenCVmay accurately detect overall par-
ticle edges. In the case of thedilute zone, the imagewas treated applying
a dynamic histogram equalization and a canny edge detector. Therefore,
particles are identified as close regions and their centroid positions are
calculated. This routine was repeated for each frame and particles
were paired in consecutive frames minimizing the total solid displace-
ment. Based on this procedure, single and overall particle velocities
are calculated for each frame, which allow determining the average
vertical particle velocity at each measuring point with an error below
10%. [30].
AR=42%AR=0%
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3. Results

3.1. Radial profiles of particle velocity in the configurations with open-sided
draft tube

Fig. 5 shows the radial profiles of particle velocity along the angular
coordinates analysed at the bed level of H0 = 0.20 m when spouting
was carried out by feeding two inlet flow rates (minimum and 6.40
times the minimum one) in the configuration with an open-sided
draft tube of 57% aperture ratio (AR).

As shown in Fig. 5, the trend of the radial profile of particle velocity
varies depending on the angular coordinate in the radial plane. Thus, in-
dependently of the inlet flow rate, particles moving downwards in the
annulus along the angular coordinate passing trough the midpoint of
the draft tube opened fraction (0°) have similar profiles to those re-
ported in the literature [33–36], i.e., downward velocity peaks (inverse
peak) at an intermediate position in the annulus. Although some au-
thors stated that the peak position is close to the spout-annulus inter-
face, it depends on the operational conditions and reactor geometric
parameters. A very interesting fact is the great spout expansion along
this angular plane passing through the middle of the draft tube opened
space, especially when operation is carried out at high air velocity. Thus,
as observed in Fig. 5b, the spout diameter ranges from the axis to the
radial position corresponding to zero particle velocity (approximately
r/R = 0.6), i.e., the size of the spout in this angular plane is approxi-
mately three times the tube diameter. Furthermore, the highest down-
ward particle velocities in the annulus half on the wall side are those
corresponding to the angular coordinate passing though the midpoint
of the opened slot of the draft tube (0° coordinate).

Similar profiles to thosementioned above are obtained for the angu-
lar coordinate passing through the edge of the draft tube wall (36°),
even though the decrease in particle velocity near the tube is smoother
at theminimum spouting velocity due to the lower gas percolation from
the spout into the annulus along this radial plane. However, at high air
velocity (Fig. 5b), gas percolation is higher than when operating at ums

and similar profiles as those obtained along the 0° angular coordinate
are obtained. Furthermore, the great expansion of the spout is also
noteworthy. Finally, similar profiles are observed along the 60°
angular coordinate (from the wall of the draft tube to the wall of the
contactor) when operation is carried with either low or high air
velocity. In these cases, the downward particle velocity decreases to a
given value in the vicinity of the tube (peak), it then increases and
peaks (inverse peak) at an intermediate position in the annulus, and
finally decreases towards the contactor wall. The peaks are more
pronounced at the minimum spouting velocity (Fig. 5a), whereas the
overall particles velocities are much higher at the higher flow rate
AR=78%AR=57%

Tube

wall

48o
60o

0o

60o
36o

0o

0o

w, and the angular coordinates along which vertical velocities were measured.



Fig. 5.Radial profiles of particle velocity along different angular coordinates at the bed level ofH0=0.20m in the annulus of a spouted bed providedwith anopen-sided tube of 57%AR and
operating at (a) the minimum spouting velocity (ums) and (b) 6.40 times the minimum one.
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(Fig. 5b). The spout expansion in the opened fraction of the tube ismuch
more pronounced for the higher flow rate.

Overall, downward particle velocities in the annulus half closer to
the wall are the highest along the 0° angular coordinate, but no clear
trend is observed at low r/R values. Nevertheless, as shown in Fig. 5, a
great spout expansion occurs along the opened surface of the tube, es-
pecially at high air velocities.

Fig. 6 shows the radial profiles of particle velocity along the different
angular coordinates for the spouted beds equipped with open-sided
draft tubes of 78% and 42% aperture ratios operated at high air velocity.

Unlike the different trends obtained with the tube of 57% AR
(Fig. 5b), the radial profiles along all the angular coordinates follow
the same trend when the tube of highest AR, i.e., 78%, is used (Fig. 6a).
This result means that, at high air velocity, the spout expands out of
the tube limits at all the angular planes. In fact, the tube has been
swallowed by the spout. Furthermore, the extension of the annular
zone in front of the opened surface of the tube (0° coordinate) decreases
significantly. Thus, the length of the annulus on the bed surface only ac-
counts for 20% of the total bed surface radius, i.e., from r/R = 0.8 to 1,
Fig. 6a. Concerning downward particle velocities in this configuration,
they are similar along the angular coordinates of 48° and 60°, which in
turn are much higher than those along 0° coordinate. This is a conse-
quence of the spout expansion and air percolation from the spout into
the annulus through the opened area of the tube, which leads to an
overall decrease in the downward particle velocity in the annulus.
Fig. 6. Radial profiles of particle velocity along the angular coordinates analyzed at the bed level
sided draft tubes of (a) 78% and (b) 42% aperture ratios.
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A decrease in the opened fraction of the draft tube to 42%, Fig. 6b,
leads to similar trends as those mentioned for 57% aperture ratio,
Fig. 5b, i.e., the spout does not expand beyond the non-opened fraction
of the tube. Furthermore, the inverse peaks observed for the angular co-
ordinates through the opened fraction (0° and 30°) are less pronounced
than those obtained with 57%. Accordingly, the tube with 42% AR leads
to the lowest symmetry in the spout shape among the three open-sided
tubes studied.

3.2. Cross-sectional spout geometry

As reported inapreviouspaper [36], a three-pointed star spout shape
is observedwhen theopen-sideddraft tubeof 57%AR is used at themin-
imum spouting velocity, which is consistent with the profiles shown
above (Figs. 5 and 6). Fig. 7 shows the cross-sectional spout shapes ob-
tained using open-sided draft tubes of different aperture ratio andwith-
out draft tube at high air velocity, 22 m s−1 and 12.78 m s−1,
respectively.

As previouslymentioned, bed axisymmetry has been assumedwhen
the operation has been carried out without draft tube. Nevertheless, the
use of an open-sided tube leads to partial axisymmetry, in which the
shape changes depending on the aperture ratio and operating condi-
tions. Thus, as shown in Fig. 7a, a circular spout shape is observed for
the configuration without tube, with its diameter being larger as the
the longitudinal position is higher. Castellana et al. [37] reported that
ofH0= 0.20m in the annulus of a spouted operated at high velocity (6.40ums) with open-



Fig. 7. Cross-sectional spout shape at high air velocity for the configurations (a) without draft tube (100% AR), and with open-sided tubes of (b) 78%, (c) 57% and (d) 42% AR.
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spout diameter increases slightly from the inlet to the top of the bed,
whilst Olazar et al. [38] stated that the diameter on the upper surface
of the bed may be up to three times the contactor inlet diameter. The
spout expansion measured in this study is intermediate between
those reported by the previous authors (2.3 times the inlet diameter),
which confirms that the spout shape and width depend on the operat-
ing conditions and contactor geometric factors.

However, when open-sided draft tubes are used, the spout expands
out of the draft tube through the opened face (Figs. 7b-7d), with the ex-
pansionbeingproportional to the aperture ratio. As shown in Fig. 7b, the
open-sided tube of highest AR leads to a great spout expansion. In fact,
on the bed surface the spout swallows the tube, with its shape being tri-
angular. Furthermore, the spout expands significantly all over the bed
length, except in the zones where the draft tube is not opened.

The other open-sided tubes lead to similar trends, Figs. 7c-7d, with
the spout expansion being lower as the aperture ratio is lower. Further-
more, there is no expansion in the zone in which the tube wall is not
opened. The cross-sectional shape of the spout changes from approxi-
mately a clover shape to a three pointed star as the aperture ratio is
decreased.

3.3. Effect of the air velocity on the spout and fountain core expansion

As shown in Fig. 5, inlet gas velocity greatly affects particle velocity
and spout expansion. Accordingly, the spout-annulus interface, as well
as the core-periphery interface in the fountain, have been delineated
at different air velocities for all the configurations studied (Fig. 8).
These interfaces have been determined by locating the null particle ve-
locity along each radial profile on the different measuring heights in the
bed (spout-annulus) and fountain (core-periphery). It is noteworthy
6

that the spout-annulus interfaces plotted in Fig. 8b correspond to the
maximum expansion through the opened faces (0°) of the open-sided
draft tube.

As shown in Fig. 8, the spout and fountain core shapes vary depend-
ing on the configuration used. Overall, an increase in air inlet velocity
leads to an increase in the size of the spout and fountain core. This
trend has already been reported in the literature, especially for the
spout [25,39–43], but there is hardly anywork dealingwith the fountain
core expansion. To our knowledge, Olazar et al. [44] and San José et al.
[45] are the only authors who reported the effect of the inlet air velocity
on the fountain core expansion. They state that an increase in air veloc-
ity makes the fountain core become elongated.

In the configuration without draft tube, Fig. 8a, the spout shows a
pronounced expansion near the contactor inlet, and a slight and steady
expansion further up in the bed. This steady expansion ismore severe as
the inlet air velocity is increased. Unlike most of the studies reported in
the literature [25,9,38,40,42,46–48], Fig. 8a does not show any neck at
an intermediate bed level in the spout, but the spout shape is similar
to those reported by Djeridane et al. [34] andMukhlenov and Gorshtein
[49]. However, the fountain core shows a neck on its bottom (close to
the bed surface). As air velocity is increased, the expansion of the foun-
tain core is more pronounced and takes almost the whole confiner di-
ameter in the upper half of the device.

When the open-sided tube configuration is used, Fig. 8b, the spout
hardly expands in the lower half of the bed, but the expansion occurs
mainly in the upper half. This fact is explained by the effect of the en-
trainment zone (LH = 0.07 m), where the spout size hardly changes,
but air percolation in this zone makes bed expansion to be significant
in the upper half of the bed above. Nevertheless, an increase in air
velocity hardly changes the spout size. In the case of the fountain, a



Fig. 8. Spout-annulus interface in the bed and core-periphery interface in the fountain at different air inlet velocities for the configurations (a) without tube, (b) with open-sided tube of
57% AR and (c) nonporous one.
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moderate increase in gas velocity (2.35ums) leads to an increase in the
fountain height to the top of the confiner. Furthermore, a very
pronounced neck in the fountain core occurs close to the bed surface
when operation is carried out at both ums and 2.35ums, which is due to
the high amount of particles descending in the fountain periphery at
this height. Although the fountain reaches the top of the confiner
when velocity is increased from the minimum one to 2.35 times the
minimum one, there is a slight contraction in the fountain core at its
top, which is a consequence of the decrease in particle velocity at the
7

upper surface of the confiner. Furthermore, the fountain core expands
greatly when a high air velocity (6.40ums) is used and takes almost
the whole confiner volume.

Finally, Fig. 8c shows the spout and fountain core evolution for dif-
ferent air velocities when the nonporous draft tube is used. In this
case, a similar spout evolution along the bed height is observed for all
air velocities. There is a slight spout expansion at the bed bottom, and
the air runs then through the nonporous draft tube. Thus, almost the
whole spout interface (except along the entrainment zone) is delimited
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by the tube wall for all air velocities. Nevertheless, a very pronounced
fountain core expansion occurs just above the bed surface or upper
end of the draft tube, which may be due to the increase in the cross-
sectional area available for the air. The fountain core expands slightly
until approximately the middle section in the confiner, and it then un-
dergoes a slight contraction until the top of the confiner. This trend in
the confiner is slightly more pronounced as air velocity is increased.
Similarly as in the configuration with the open-sided draft tube, most
of the confiner volume is taken by the fountain core when high air ve-
locities are used.

3.4. Average spout diameter

As shown in Figs. 7 and 8, the spout shape and size are conditioned
by the configuration and inlet air velocity used. Accordingly, average
spout diameters have been calculated for different configurations and
air velocities, and have been compared with the literature correlations.
Nevertheless, in the configuration with the nonporous tube there is
hardly any expansion and the spout diameter is the inlet diameter itself.

As reported in a previous work [36], most of the literature correla-
tionshave beendeveloped for coarseparticles operated at theminimum
spouting velocity and they under-predict the average spout diameter for
fine particle beds operated with fountain confiner. Only those reported
by San José et al. [47] and Volpicelli et al. [50] provide reasonable results
(error below 10%). Table 1 shows the correlations in the literature
allowing reasonable predictions under certain conditions.

Table 1 evidences the lack of a suitable literature correlation for
predicting the average spout diameter of fine particle beds in the
range of air velocities and configurations of practical interest. Thus, al-
though there are correlations relating the spout diameterwith air veloc-
ity, the results obtained in this study reveal that they were built for
simple configurations and not well parameterized, especially for high
air velocities.

The correlations by San José et al. [47] and Volpicelli et al. [50]
provide reasonable estimations for all the configurations at the
Table 1
Comparison of the experimental average spout diameters with those predicted by
different correlations.

Correlation Configuration AR
(%)

Air velocity
(m/s)

�Ds

(m)

�Ds ,exp

(m)

Error
(%)

San José et al. [47] Without tube 100 3.86 0.050 0.061 18.03
100 12.82 0.158 0.075 110.1

Open-sided
tube

78 21.88 0.278 0.069 300.93
57 3.42 0.049 0.045 8.88
57 8.07 0.111 0.053 111.11
57 21.88 0.291 0.055 423.03
42 21.88 0.347 0.048 622.11

Volpicelli et al.
[50]

Without tube 100 3.86 0.055 0.061 9.83
100 12.82 0.100 0.075 33.34

Open-sided
tube

78 21.88 0.131 0.069 89.22
57 3.42 0.052 0.045 15.55
57 8.07 0.080 0.053 50.71
57 21.88 0.131 0.055 135.18
42 21.88 0.131 0.048 173.12

Green and
Bridgwater [51]

Without tube 100 3.86 0.025 0.061 59.01
100 12.82 0.045 0.075 40.75

Open-sided
tube

78 21.88 0.058 0.069 16.38
57 3.42 0.023 0.045 48.88
57 8.07 0.036 0.053 32.73
57 21.88 0.058 0.055 3.93
42 21.88 0.058 0.048 20.07

McNab et al. [23] Without tube 100 3.86 0.023 0.061 62.29
100 12.82 0.041 0.075 45.64

Open-sided
tube

78 21.88 0.053 0.069 23.28
57 3.42 0.021 0.045 53.33
57 8.07 0.033 0.053 38.28
57 21.88 0.053 0.055 4.65
42 21.88 0.053 0.048 10.73
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minimum spouting velocity, but the error increases significantly when
air velocity is increased. San José et al. [47] used a similar spouted bed
configuration to that studied in this work, and they stated that the
spout does not undergo a great change when air velocity is increased.
This fact is explained by the narrow range of air velocities used in
their study, as they used a maximum value of 1.3ums, while in the
current study this range has been widened to 2 − 8.6ums. Volpicelli
et al. [50] found a spout shape with two necks and two expansion
zones, and the predictions of their correlation are better for the
configuration without draft tube than for those with open-sided draft
tubes, with deviations being 33% and 50 − 173% respectively.

However, the correlations proposed by McNab et al. [23] and Green
and Bridgwater [51] allow better predictions (error <45%) at high air
velocities than those aforementioned, but they greatly underestimate
the average spout diameter at the minimum spouting velocity. These
authors used granular materials, such as wheat and millet, which are
bigger than sand, and so they need more drag force to expand the
spout. Furthermore, open-sided tubes avoid great spout expansion at
high air velocities, which explains the better predictions of their corre-
lations for these configurations than those without tube.

Overall, Table 1 shows that every average spout diameter correlation
depends on the operating conditions and contactor geometry. More-
over, all these correlations have been proposed based on the assump-
tion of axisymmetry in the spout shape, i.e., operating only with the
configuration without draft tube. Nevertheless, this study shows that
the spout shape and size are highly dependent on the aperture ratio,
which is a parameter that will have to be considered in any correlation
for the prediction of the average spout diameter in the configurations
with open-sided tube.

4. Conclusions

Spouted beds are commonly considered to be axisymmetric for
modelling and simulation purposes. Nevertheless, open-sided tubes
allow gas and solid exchange through the opened surface of the tube,
which significantly increases aeration in the annular zone close to the
opened surface, as well as the solid cross-flow from the annulus into
the spout in this zone.

Therefore, the particles on the annulus wall in front of the opened
surface have greater downward velocity than those on the wall in
front of the closed surface, but the opposite trend is observed close to
the interface, i.e., particles have greater velocity on the outside of the
closed fraction of the draft tube than on the opened fraction. Moreover,
these trends aremore pronounced as air velocity is increased. Neverthe-
less, when high aperture ratios are used the bed tends to become ho-
mogenized.

Axisymmetric spout shapes are obtained for the configuration with-
out draft tube, but partially asymmetric shapes are observed in the con-
figurations with open-sided tubes due to the spout expansion through
the opened surfaces. Overall, a clover shaped spout is obtained at high
spouting velocities, whereas a three-pointed star spout shape is ob-
served at low velocities. It is noteworthy that a triangular spout shape
is observed in the upper zone of the bed when open-sided tubes of
high aperture ratio are used.

In the configurationswithout draft tube, the spout expands as air ve-
locity is increased, with its shape keeping axisymmetry. The same ap-
plies for the configuration with the nonporous tube, with expansion
being almost negligible (only in the entrainment zone). Nevertheless,
when open-sided tubes are used, the spout does not expand following
axisymmetry, but it is more pronounced in the opened area of the
draft tube. Furthermore, as air velocity is increased the fountain core ex-
pands all over the length of the fountain, and takes almost the whole
volume of the confiner at high air velocity.

Open-sided draft tubes have proven to be an essential internal de-
vice for the scaling up of spouted beds, since they confer great stability
upon the system and, furthermore, provide additional gas-solid contact
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in the fountain compared to that obtained in the configuration without
tube. Nevertheless, they lead to changes in the spout-annulus interface
in the bed and in the core-periphery interface in the fountain, which
must be considered in any rigorousmodelling of these gas-solid contact
methods.

Nomenclature
AR Aperture ratio, %
D0 Gas inlet diameter, m
DC Column diameter, m
DF Diameter of the fountain confiner, m
Di Contactor base diameter, m
dp Average particle diameter, mm
DT Diameter of the draft tube, m
H Measuring height, m
H0 Static bed height, m
HC Height of the conical section, m
HF Distance between the bed surface and the lower end of the

device, m
LF Length of the fountain confiner, m
LH Height of the entrainment zone of the draft tube, m
LT Height of the draft tube, m
r Radius, m
r/R Dimensionless radius
u Velocity of the fluid, m s−1

ums Minimum spouting velocity at the inlet section, m s−1

vs Solid velocity, m s−1

Greek letter
γ Contactor angle, °
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