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a b s t r a c t

The effect of draft tubes and fountain confiner on the gas and solids mixing behavior is studied in conical
spouted beds. Accordingly, the bed porosity has been determined in different hydrodynamic regimes of
1:1;1:25 and 1:5 u=ums , with beds equipped with draft tubes of 0%;56% and 100% opening ratio. These
devices significantly affect the gas residence time and particle cycle time distributions, which are further
improved by using a fountain confiner, specially when high inlet gas flow rates are desired. The addition
of this device was found to remove stagnant gas pockets over the annular zone, while reducing the par-
ticle cycle time by 15% with the OSDT configuration at 1:5 u=ums. This reduction heavily depends on the
distance between the bed surface and the fountain confiner. By including draft tubes, the expected par-
ticle cycle time can be more than doubled due to the reduced annular-spot solids circulation. Therefore, it
was found that a combination of internal devices and operating flow rate present a promising strategy to
control the gas flow pattern, while keeping the distribution of particles cycle times required for each
application.
� 2023 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
1. Introduction

Mixing is a highly relevant issue in gas–solid contact systems
due to the influence of turbulence and phase interactions on the
bed performance, and therefore on the properties of the final prod-
uct. Although fluidized beds are a well for contacting gas and solid
phases, spouted beds are increasingly used for the treatment of
particles that are difficult to handle in a conventional reactor, as
is the case of coarse particles and those with highly irregular shape,
wide size distribution and/or cohesive nature. The study of these
contactors involves certain complexities due to the heterogeneous
structure in the bed, comprising distinctive regions: as are a central
spout, a fountain and an annular zone, Fig. 1. These regions vary in
size and shape depending on the operating conditions and the
presence of internal devices, such as draft tubes [1,2]. The latter
are specifically used to increase the operational range and spouting
stability. Furthermore the knowledge about the size and features of
each region, most applications (either physical or chemical) rely on
the information about the flow patterns of the gas and solid phases
in order to properly design a system that is tailored to the process
requirements. For example, milliseconds are required for fast or
ultrafast pyrolysis [3,4], a few seconds for cracking reactions [5]
and longer reaction times for combustion or gasification [6,7].

The gas flow pattern is generally characterized by the study of
the residence time distribution (RTD) [8], from which the degree
of mixing and gas pockets can be identified. RTD curves have been
obtained in spouted beds for a few configurations and gas flow
rates [9,10], and they are the evidence of a poor understanding of
the effect that operating conditions, internal devices and particle
shape have on the fluid pattern in the bed. Nevertheless, this infor-
mation is essential for the application of this technology in both
chemical and physical processes. Concerning the solid phase, given
that spouted beds have generally been used in batch mode in lab
scale reactors, the cycle time is used to characterize the overall
bed circulation [11]. This information is of great relevance in both
batch and continuous operation in order to predict heat and mass
transfer homogeneity of the gas–solid contact in the bed, and is of
uttermost significance in certain processes, such as coating and
granulation. Studies have been conducted in conical spouted beds
to obtain this information in certain configurations, but, given the
number of data points required for a significant statistical infer-
ence, it has only been obtained for hydrodynamic conditions close
to the minimum spouting velocity [12]. Particle tracking in the
fountain through the transparent wall is difficult due to the high
sampling frequency required and the difficulties to identify the
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Nomenclature

a Void fraction field, -
u Fluid velocity, m s�1

h Transported scalar, -
l Molecular viscosity, Pa s
q Density, kg m�3

C Tracer concentration, mol m�3

FðtÞ Cumulative residence time distribution function, -
EðtÞ Residence time distribution function, -
t Time, s
H Dimensionless time, -
Vr Contactor volume, m3

Qi Volumentric flow rate, m3 s�1

tc Particle cycle time, s
Ho Static bed height, m

Do Inlet diameter, m
c Contactor angle, o

xH Leg width, m
xT Draft tube operture ratio, -
LH Draft tube entrainment height, m
Ar Archimedes number, -
tc Particle cycle time, s
HC Conical section height, m
Hi Measuring height, m
Di Contactor base diameter, m
Do Contactor inlet diameter, m
DT Draft tube diameter, m
LT Draft tube length, m

Fig. 1. Description of the different spouted bed regions, with color coded annular,
spout and fountain zones.
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traced particle. However, most real systems do not operate in this
hydrodynamic regime, as it provides a low solid circulation flow
rate, and therefore a high risk of clogging and collapsing the spout.

Computer simulations, and especially CFD-DEM modeling, have
enabled the simulation of spouted beds of various contactor [13]
geometries and configurations [14] by tracking every single parti-
cle in the domain [15,16]. The overall draft tube effect in spouted
bed circulation has already been studied by other researchers
[17,15]. However, the use of a purely spherical solid description
becomes really limited, taking into account that in most industrial
scale applications non-spherical particles are employed. Thus,
other authors [18,19] and this group [20] have striven to simulate
no-spherical particles through the superquadric description
described by

x
rx

����
����
n2

þ y
ry

����
����
n2� �n1=n2

þ z
rz

����
����
n1

¼ 1 ð1Þ

where x; y and z describe a given point in local coordinates,n1 and n2

are the blockiness values and rx; ry and rz are the shape parameters
in each dimension, respectively. This description was first described
by [21] and has been subsequently implemented in LIGGGHTS [22]
and other simulation tools. Liu et al. [23] described the effect of par-
ticle shape in the overall time averaged velocity behaviour with a
clear analysis of in increase fountain instability as the particle
aspect ratio is increased. Wang et al. [19] and Gao et al. [18] also
performed spouting simulations of irregular particles by using the
2

superquadric approach with a focus in the solid velocity profiles,
particle mixing index and particle orientation. Mahmoodi et al.
[24] performed CFD-DEM simulations of fine sand, assuming spher-
ical particle, with the use of draft tubes. Feng et al. [25] and Wang
et al. [26] focused on the simulation of spouted fluidized-bed and
the relative particle mixing times where analyzed for a number of
flow-rates along with particle velocity and pressure drop fluctua-
tions under different inlet gas velocities. However, most of these
studies are focused on short time simulations where the solid veloc-
ity field is left to stabilize and the local velocity values are compared
against velocimetry [27] or tomographic [28] data. Thus, these sim-
ulations are not run for long times in order to infer the influence of
parameters such as particle shape, size and the addition of new
devices such as draft tubes and fountain confiners, on the overall
solid residence time. The residence times of both, solid and gas,
phases in spouted bed are a critical factor for the reactor control
and design. Questions such as the minimum distance between con-
finer and surface bed or the expected increased residence time of
the gas phase arise when trying to include a new device. This work
aims to answer these questions by running CFD-DEM simulations
through relatively long times in order to infer the influence of pro-
cess parameters, particle shape and internal devices on the solid
and gas residence time distribution in conical spouted beds.
2. Materials and procedure

The experimental equipment has been extensively described in
previous publications [29,30], and so a brief outline of the config-
urations is provided here. The geometric parameters of the conical
spouted bed, Fig. 2, are as follows: upper cylindrical diameter, DC ,
of 36 cm, contactor angle, c, of 36�, conical section height, HC , of
45 cm, base diameter, Di, of 6:2 cm and inlet diameter, Do, of 5 cm.

Two draft tube types have been used in the simulations, i.e., the
solid draft tube (SDT) and the open-sided draft tube (OSDT), Fig. 2b,
in order to study the effect of the opening ratio on the gaseous
phase residence times and packing properties. The OSDT has a
length, LT , of 22 cm, a tube diameter, DT , of 5:5 cm and an opening
ratio, xT , of 56%, whereas the SDT has the same length and diam-
eter but an entrainment height, LH , of 7:5 cm. Thus, the configura-
tion without draft tube (WDT) is in fact a fully opened draft tube
(xT ¼ 1), whereas the SDT corresponds to a fully closed tube
(xT ¼ 0). Simulations have been run for each configuration, with
glass beads of 2 mm and 4 mm in diameter, and lentils and pellets
of 3:4 mm and 1:2 mm in equivalent volume diameter, respec-
tively. For each configuration and material, the effect of all these



Fig. 2. Main parameters of (a) the contactor and (b) the solid draft tube (left) and open-sided draft tube (right).
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parameters on the hydrodynamic regime has been studied by
running simulations at 1:1;1:25 and 1:5 times the minimum spout-
ing velocity (1:1 ums;1:25 ums and 1:5 ums).
2.1. CFD-DEM simulation of superquadric particles

The simulation of the spouted bed was accomplished by using a
custom branch of the CFDEMCoupling which provides for a good
interface to couple OpenFOAM (CFD) for the simulation of the fluid
phase and LIGGGHTS for the simulation of the discrete phase
(DEM). Given the open source nature of the code, it allows for cus-
tom modifications depending on the requirements of the user. In
this case, the code was modified in order to allow for a range of
drag models for irregular materials, the implementation and vali-
dation of which, where deeply explained in a previous work [20].
As a summary, the internal solid velocity field was experimentally
obtained through particle tracking velocimetry (PTV) and com-
pared against CFD-DEM simulations of superquadrics with differ-
ent materials and under varying hydrodynamic conditions.
Superquadric representation following Eq. 1 allowed for the simu-
lation of a wide range of particle shapes under a single implemen-
tation. Table A.1 shows the main governing equation of CFD-DEM,
while Table B.3 in the Appendix show the main simulation param-
eters that where chosen for these simulations. From previous stud-
ies the Sanjeevi et al. [31] drag model was selected as the best
suited to represent the gas–solid momentum exchange while a
divided void fraction model was selected for the simulation of
the correct void fraction field and subsequent exchange terms, as
otherwise clipped void fraction values or unreasonably high drag
values are calculated [20]. Particle volume (VP) to CFD cell volume
(VC) was kept around 3 (Appendix Table B.2) in order to run the
CFD� DEM in an unresolved manner. For those regions where
the CFD cell is required to be of smaller, a satellite point approach
similar to that of [18,19] was used in order to divide the particle
volume among the neighboring cells. This implementation and
explanation can be found in the already mentioned previous work,
resulting in a smoother void fraction field.
3

2.2. Simulation of the gas residence time

The gas residence time is characterized by conducting a step
tracer injection to a passive scalar, h, at the inlet of the contactor,
which is transported through the simulation domain as follows:

@h
@t

þr � ðuhÞ � r2 lf

qf
h

 !
¼ 0 ð2Þ

where lf and qf are the effective fluid viscosity and fluid density,
respectively. This passive scalar needs to be transported in a realistic
fluid simulation, which has been performed using the j-xSST turbu-
lence model [32] for given inlet flow rates. Once the step injection has
been done, the tracer concentration has been tracked at the outlet in
order to obtain cumulative residence time distribution (F curve), as
well as the residence time distribution (E curve), as follows:

FðtÞ ¼ CðtÞ
C0

¼
Z t

0
EðtÞdt ð3Þ

Considering that each combination of configuration and solid type
has a given minimum spouting velocity, ums, the mixing degrees
have been compared at the hydrodynamic regimes of 1:1;1:25
and 1:5 ums to ascertain the influence of flow rate on the RTD curves.
In order to compare curves corresponding to different time scales, a
dimensionless residence time, H, has been defined:

H ¼ tVr

Qi
ð4Þ

where t is the time after injection, Vr is the contactor volume and Qi

is the inlet volume flow rate. This way, the effect of different inlet
flow rates is removed and an effective comparison of the overall
gas dispersion can be done.

2.3. Simulation of the solid cycle time

The particle cycle time is defined as the time each particle takes
to travel through the three bed zones, i.e, spout, annulus, and foun-
tain. When experimental measurements are conducted, the cycle
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time is assumed to be the time that a particle stays in the annular
zone [33], as this is the region, where particles stay most of the
time (lowest velocity). Nevertheless, the simulations do not
involve this limitation, as every particle is tracked in each time
step. Thus, the cycle time may account for the time spent by the
particle to cross the three zones; that is, the time spent by the par-
ticle leaving the spout through the upper side of the draft tube,
Hi ¼ 24 cm, to return again to this position. In order to get a repre-
sentative simulation of the cycle times, once stable spouting has
been reached, it has been maintained for 2s, and the simulation
has been then run until every particle in the domain has completed
at least two cycles. This way, the solid cycle time distribution gets
stabilized and average, maximum, and minimum cycle times can
be inferred for each configuration and flow rate. It should be noted
that, each time the flow rate is changed in a given configuration, all
the cycle times are reset and another 2s are provided for the new
hydrodynamic regime to settle and stabilize the system.

3. Results

The gas–solid mixing is first described based on the void frac-
tion profiles and the influence of particle shape and internal
devices on these profiles. Then, an analysis of the gas phase resi-
dence time distribution and solid cycle times is performed to
design a spouted bed with the required operational features.

3.1. Void fraction

In multiphase reactors, such as conical spouted beds, the mixing
between phases is generally characterized by the void fraction
field, which, in turn, is heavily affected by the internal devices.
To analyze this effect, Fig. 3 shows the void fraction profiles along
the spout axis obtained for each configuration and flow rate. As
Fig. 3. Void fraction profiles along the spout axis for �dp=4 mm glass beads at
different flow rates in (a) WDT, (b) OSDT and (c) SDT configurations; (b) radial void
fraction view at a given cross-sectional cut in the OSDT configuration.
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expected, the void fraction along the axis sharply decreases in a
stretch from the bed inlet to a certain location in the spout. This
applies for all configurations and flow rates analyzed, and is a con-
sequence of solid cross-flow from the annulus into the spout.
Moreover, the type of internal device is highly influential regard-
less of the flow rate.

When no internal device is used (WDT configuration), Fig. 3a,
the void fraction values are lower than in the other configurations
studied, suggesting a more packed spout due to particle freely flow
from the annulus into the spout. An increase in the flow rate
increases the dilution of the spout and also the resulting fountain
height. When an open-sided draft tube is used (OSDT configura-
tion), Fig. 3b, the minimum void fraction is attained at lower loca-
tion in the spout axis. Furthermore, this inverse peak is lower as
the flow-rates is increased due to particle dilution. When analyzing
the cross-section view shown in Fig. 3b for the height of Hi ¼ 22
cm, the void fraction field is significantly affected by the presence
of draft tube wall and opened areas, with a lower void fraction clo-
ser to the wall as solid circulation is neglected and higher void frac-
tions in the open areas in a characteristic star pattern already
mentioned in the literature [27]. The solid draft tube, Fig. 3c, leads
a characteristic void fraction field with the minimum value located
just below the entrainment height (LH ¼ 7:5 cm) and a reasonably
steady value inside the draft tube (7:5 < Hi < 22cm), which is con-
sequence of the undisturbed particles in the spout, as they are pro-
tected by a fully closed draft tube.

The use of irregular particles requires the implementation of a
divided void fraction model for superquadric particles [34] and this
feature results in more oscillatory void fraction fields, Fig. 4, for all
configuration and particle shapes.

A comparison of Fig. 4a with Fig. 3a shows that the void fraction
profile along the axial direction is less influenced by the flow rate
when irregular particles are spouted. This feature is consistent
Fig. 4. Void fraction profiles along the contactor axis at the three spouting velocities
for beds of lentils in (a)WDT, (b) OSDT and (c) SDT configurations, and (d) for beds of
pellets in the OSDT configuration.
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with the fact that irregular particles do not roll, and hence the
opening of the spout from the static bed is much more abrupt than
with spherical particles. Thus, an increase in the flow rate does not
significantly affect the overall solid packing, as each grain tends to
be intertwined with its neighbors. Overall, the WDT configuration
leads to a progressive decrease in the void fraction, as particles
are incorporated into the spout at any bed level. Once the bed sur-
face is reached, Ho ¼ 22 cm, the void fraction along the fountain
axis increases due to particle diversion in this zone. When internal
devices are used, Figs. 4, the solid incorporation is limited accord-
ing to the opening ratio of the draft tube. Thus, there is a less pro-
nounced decrease when the OSDT configuration is used than when
the WDT configuration is used, whereas only a sharp decrease in
the void fraction along the entrainment height, LH ¼ 7:5 cm, is
observed for the SDT configuration. The latter is explained by the
fact that the entrainment zone in the SDT configuration is the only
spout section, where particles may incorporate into the spout. All
these trends apply to ellipsoidal particles (lentils), but cylindrical
pellets in the OSDT configuration lead to clearly different trends.
Thus, Fig. 4d shows that these beds attain much lower void fraction
values at all flow rates, and therefore particle assemblies are more
densely packed, which may significantly affect the gas–solid mix-
ing and mass transfer rates in any physical or chemical processes.
However, as the flow rate is increased, the axial profile resembles
those in Fig. 4b for lentils in the OSDT configuration.
Fig. 5. RTD evolution in the WDT configuration with (a) �dp=4 mm and (b) �dp=2 mm
glass beads, and in (c) OSDT and (d) SDT configurations with �dp=4 mm glass beads,
in a conical spouted bed at different flow rates.
3.2. Gas residence time distribution

The gas residence time in spouted beds has already been stud-
ied by other authors, who noted a very short residence time in the
spout, which is influenced by the configuration and flow rates used
[35]. Therefore, this study deals with the RTD in conical spouted
beds in order to determine the most suitable mixing pattern for
a given application and detect inefficiencies in the gas flow distri-
bution. Based on the dimensionless residence time,H, it is possible
to compare the RTD curves obtained under different flow rates and
configurations. Each simulation is run for 5H in order to let the gas
phase flow through the reactor completely.

Fig. 5 shows the evolution of RTD curves when spherical parti-
cles are spouted in beds of different configurations and at each
flow rate. When the WDT configuration is used with �dp = 4 mm
glass beads, Fig. 5a, E and F curves undergo significant changes
when the flow rate is increased from 1:1 ums to 1:5 ums, with the
latter leading to a significantly longer tail, even though the mean
residence time, �tg , is slightly shorter than for the lower rates of
1:1 ums and 1:25 ums, which is evidence of a fluid element popula-
tion corresponding to gas back mixing. When the same configura-
tion is used with glass beads of �dp = 2 mm, Fig. 5b, this second
population is also present at 1:5 ums, albeit the tail in the E curve
is shorter. In view of Fig. 5, the type of configuration has great
influence on the gas flow pattern in the reactor. Thus, a comparison
of Fig. 5c with Fig. 5a clearly shows that the OSDT configuration
creates significantly longer tails, which is evidence of more back-
flow and dead zones. At the highest flow rate analyzed of 1:5 ums,
the F curve does not reach the inlet concentration of 1 at the outlet,
even for the longest residence time considered (5H). This behavior
gets more pronounced when using the SDT configuration, Fig. 5d,
with none of the flow rates reaching the inlet concentration. In fact,
the outlet concentration is lower as the flow rate is increased. This
configuration allows attaining a very short average residence time
( �tg), which is explained by a big fraction of the gas phase by-
passing most of the reactor volume, i.e., it mainly goes through
the spout zone. It seems that an increase in the flow rate together
with internal devices create high shear forces in the spout zone,
which hinders radial dispersion of the air flow. Furthermore, the
5

tracer leaving the annulus on the upper surface of the bed is
diluted by the flow that has bypassed the bed through the spout,
which results in long times for the withdrawal of the tracer from
the contactor.

Fig. 6 shows that beds of irregular particles, specifically lentils,
behave similarly to those of regular ones. Thus, theWDT configura-
tion, Fig. 6a, leads to a reasonable radial gas diversion (a final value
of 1 in the F curves), which is not the case when internal devices
are used, either open-sided (OSDT configuration), Fig. 6b, or solid
tubes (SDT configuration), Fig. 6c. The latter configuration provides
the shortest residence time for any inlet flow rate, as most of the
gas is driven through the center of the spouted bed without having
the chance to radially divert, as is the case in the OSDT
configuration.

Therefore, in these cases, in which the gas phase cannot radially
divert, a fraction of the reactor volume is underused, which leads
to low process efficiency and inefficient use of the energy supplied
to the system [36,37]. As an example of this poor radial diversion,
Fig. 7 shows the distribution of the tracer in the contactor at a
given time for a configuration with the open-sided draft tube. In
order to avoid this undesirable effect, the insertion of a fountain
confiner [38] is proposed, as it is a passive mixing device that
may contribute to correcting this problem without a significant
increase in cost or system complexity.
3.2.1. Fountain confiner as a gas mixing device
It is well known that the use of a fountain confiner above the

bed surface, Fig. 8b, modifies the flow pattern of the solid phase
from that corresponding to a free fountain, such as the one in
Fig. 8a, a, to one that does not oscillate or leads to the formation
of a crater, as happens with irregular particles.

This device not only changes the solid flow pattern, but it also
modifies the gas flow distribution. Thus, a comparison of Fig. 6b,



Fig. 6. Evolution of E and F curves for the gas in (a) WDT, (b) OSDT and (c) SDT
configurations with lentils in a conical spouted bed at varying flow rates.

Fig. 7. Tracer distribution in the OSDT configuration at 1:5ums showing the presence
of gas dead zones, especially around the fountain core above the bed surface.

Fig. 8. Upper surface of the bed (a) without confiner and (b) with confiner.

Fig. 9. F and E curves for the OSDT configuration with fountain confiner at various
flow rates.
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corresponding to the previous configuration without confiner, with
Fig. 9 for the system with confiner, shows that the tracer concen-
tration at the outlet stream reaches that of the inlet in a reasonable
time, for the three inlet flow rates analyzed. Furthermore, the E
curves are closer to a plug flow regime than in the absence of con-
finer, with a flow pattern that is hardly affected by the flow rate,
which is a highly desirable fact given the use of the flow rate as
an actuation parameter in control loops [39].

However, the use of such device is likely to have a significant
effect on the particle cycle time, which is a key parameter when
6

the solid is the material of interest. Accordingly, attention must
be paid to all these effects on the solid phase.

3.3. Solid phase cycle times

Many operations in the spouted beds, such as drying, coating
and granulation, involve the use of the solid phase in batch mode.
Thus, the solid phase is contained within the contactor for the
whole duration of the process, and there is therefore no residence
time distribution [11]. Nevertheless, the solid phase performance is
characterized through the solid cycle time, which is defined as the
time particles take to travel through the three regions in the bed, i.
e, annulus, spout and fountain [40]. This parameter determines the
solid circulation rate and, in the case the catalyst undergoes deac-
tivation, the cycles a particle may complete before it is replaced. In
addition to the average cycle time, the maximum and minimum
cycle times provide information, as they are related to the cycles
completed along the contactor wall and those close to the surface
of the bed, respectively [41]. Given the significance of these param-
eters, a number of correlations have been proposed [40,12] to pre-
dict the average cycle time in conical spouted beds of different
configurations. For a WDT configuration, the following correlation
has been proposed:

�tc ¼ 33:51Ar�0:12 HO

DO

� �0:13

tanðcÞ0:78 ð5Þ

where Ar is the Archimedes dimensionless number, Ho is the static
bed height, DO is the inlet diameter and c is the contactor angle.
Eq. 5 describes the cycle time for only the WDT configuration, as
the addition of any internal device requires the inclusion of
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dimensionless modules accounting for their geometry, i.e., the aper-
ture ratio, xH , for the OSDT and the entrainment height, LH , for the
SDT configurations. The correlations corresponding to these config-
urations are as follows:

�tc ¼ 101:82Ar�0:18 HO

DO

� �0:48 xH

DO

� �0:31

tanðcÞ0:87 ð6Þ
Fig. 11. Cycle time distributions at 1:1ums with 4mm glass beads for the
configurations of (a) WDT, (b) OSDT and (c) SDT.
�tc ¼ 4:08Ar�0:06 HO

DO

� �1:71 LH
DO

� ��0:79

tanðcÞ0:94 ð7Þ

Fig. 10a compares the average solid cycle times obtained with
the simulations and those with the correlations in the literature
for the configurations analyzed. As observed, the results obtained
by both procedures are consistent for both particle sizes ( �dp =
2 mm and �dp = 4 mm glass beads). The highest deviation is
obtained for the SDT configuration with a maximum deviation of
12%. It should be noted that, even though the current system cor-
responds to the geometry for which the cycle time correlations
where obtained [40], the design of the solid draft tube has been
slightly changed, with the narrower legs in the current design
being partially responsible for a lower cycle time estimation. One
of the main constrains of these correlations is that they are limited
to a regime close to the minimum spouting velocity. Nevertheless,
the current model allows exploring the evolution of the average
particle cycle time at higher flow rates, Fig. 10b.

Cycle time studies are usually limited to a hydrodynamic
regime close to the minimum spouting velocity due to the high
number of reliable data points required (in the order of hundreds)
for a clear definition of the cycle time distribution and the fact that
it becomes increasingly complicated to visually measure particle
cycle times as the circulation rate increases. Nevertheless, this
information together with the gas flow distribution is crucial to
ascertain the efficiency of the gas–solid contact and even to design
the best locations for feeding the solid into the bed. Thus, taking
advantage of the fact that numerical simulations do are not
restrained in terms of flow-rate or particle occlusion the particle
cycle time distributions have been determined by simulation for
each configuration, Fig. 11. As observed, there is a clear influence
of the type of internal device used on the distribution of cycle
times, albeit their average cycle time being similar.

When the WDT configuration is used, Fig. 11a, there is a small
fraction of particles describing very short cycles (below 1 s), i.e.,
they do not descend along the wall, but complete the cycle in a
zone around the spout on the bed surface, and therefore by-pass
most of the annular zone. Nevertheless, the vast majority of the
Fig. 10. Comparison of (a) simulated cycle times with those obtained using the
correlations by Estiati et al. [12] and (b) the evolution of the average cycle time with
flow rate predicte.d by simulation.

7

particles have a skewed cycle distribution corresponding to the
bulk of the annular zone. Finally, there is a considerable fraction
completing long cycles (above 10 s in Fig. 11a) corresponding to
the particles descending along the wall to the bottom. They have
the longest cycle times due to particle–wall friction along with
the longer distance they have to travel in the bed. In the case of
the OSDT configuration, Fig. 12b, the population with long cycles
along the wall is also evident. However, the main bulk of particles
is distributed into two main populations, which is evidence of two
preferential zones in which there is solid cross-flow from the annu-
lus into the spout through the apertures of the draft tube. The dis-
tribution with the longer cycle times corresponds to the
preferential solid cross-flow in the lower section of the draft tube
and the one with the shorter cycles in the upper section. It is note-
worthy that, although the draft tube is partially opened, the non-
opened fraction of the tube in the OSDT configuration leads to
longer cycles than in the absence of draft tube (WDT configura-
tion). Furthermore, a lower minimum spouting velocity is required
when an open-sided draft tube is used, which leads to lower turbu-
lence, and therefore to increasing cycle times. When a solid draft
tube is used (SDT configuration), Fig. 11c, the particle cycle time
distribution has a similar shape as the one shown in Fig. 11a for
the WDT configuration, but in this case the distribution is shifted
towards higher cycle times, as all particles require a minimum
time to travel from the top of the bed to the entrainment region.
Fig. 12 shows the distributions for beds of lentils operated at the
three flow rates analyzed in the three configurations studied.

As observed in Fig. 12a, corresponding to lentils operated in the
WDT configuration at 1:1 ums, spouting of irregular particles leads
to a cycle time distribution skewed to long cycle times. As the flow
rate is increased, the cycle time distribution shifts towards shorter
cycles. However, moderate and high flow rates still show a signif-
icant tail due to the friction with the wall. In the OSDT configura-
tion, the tail corresponding to the slowest particles along the



Fig. 12. Solid cycle time distributions under different flow rates for lentils used in
the configurations (a) WDT, (b) OSDT, (c) SDT, and (d) pellets in the OSDT
configuration.

Fig. 13. Effect of the confiner on the solid cycle time in a conical spouted bed
equipped with an OSDT, operating (a) at various flow rates with a confiner-to-bed
distance of Hf = 7 cm and (b) at 1:5ums with a confiner-to-bed distance of Hf =
14 cm.
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wall is evident for the lowest flow rate. Nevertheless, as the flow
rate is increased, the cycle times are shorter and there is hardly
any tail corresponding to the wall particles, which is consequence
of the higher solid circulation. The SDT configuration is the one
with the smallest change in the cycle time distribution with flow
rate. The cycle time is hardly reduced by increasing the air flow
rate, which is explained by the low solid circulation when a solid
draft tube used (independently of the flow rate), as well as the
low minimum spouting velocity required with this type of tube.
These facts lead to a marginal decrease in the cycle time with con-
siderable increase in air flow rate. When ABS pellets are spouted
instead of lentils in a OSDT configuration, Fig. 12b, the more com-
pact packing of these particles leads to a decrease in the cycle
times at all flow rates. Nevertheless, there is hardly any difference
between those corresponding to 1:1ums and 1:25ums, and they are
lower when the flow rate is increased to 1:50ums, which is evidence
that turbulence is not attained with these types of particles until
moderate flow rates (1:50ums) are used.

Based on the results mentioned, particle cycle time is affected
by both solid properties and internal devices. Thus, the fountain
confiner (FC), which is commonly used for either correcting spout
oscillations or improving gas distribution, has a significant effect
on the particle cycle time. In order to study the effect the confiner
has on the spouted bed dynamics, a bed-to-confiner distance, Hf , of
0:07 cm has been taken, which was reported by Tellabide et al. [42]
as the optimum for bed stabilization, and also for allowing the air
stream to get into the confiner and leave it through this gap (no
confiner pressurization neither slugging bed). The confiner used
in this simulation is of 15 cm in diameter, and has been inserted
in the conical spouted bed together with an open-sided draft tube,
i.e., the OSDT configuration has been used, Fig. 13a.
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As expected, when low flow rates are used (1:1ums), the solid
cycle time is shortened with the addition of the fountain confiner
(FC). Furthermore, the use of this device also creates a new solid
population with short cycles (< 2 s), as particles coming from the
confiner are directly fed into the inner zone on the annulus surface.
When the flow rate is increased to 1:25ums, although the distribu-
tion is slightly wider with the confiner, there is hardly any differ-
ence in the average cycle time with and without confiner. Finally,
when the highest flow rate is used (1:5ums), the average cycle time
increases slightly with the presence of the fountain confiner. This is
explained by the higher horizontal component of the gas velocity
in the gap between the confiner and the bed surface (Hf ), which
in this case is 7 cm. This radial gas velocity at the top of the bed
makes a significant amount of particles coming down from the
confiner to be thrown against the contactor wall, thus balancing
the shortening effect the fountain confiner has on the particle cycle
time. In case this effect is not desired, it may be avoided by rising
the fountain confiner, i.e., increasing Hf . Thus, Fig. 13b shows the
effect of placing the confiner at Hf = 14 cm on the cycle time. As
observed, high flow rates do not have any influence on the cycle
time when the confiner is placed sufficiently high. This is due to
the increased cross sectional area available for the air to leave
the confiner, resulting in lower horizontal components of gas and
solid velocities, which would otherwise drag some particles in
the horizontal direction in the fountain section between the con-
finer and the bed surface.
4. Conclusions

CFD-DEM simulations have been run for various draft tube con-
figurations, solid types and flow rates. The distribution of void frac-
tion undergoes significant changes when a draft tube is used. Thus,
the configuration without draft tube (WDT) leads to a decrease in
bed voidage as the bed level in the spout is higher, which is
explained by the solid cross-flow from the annulus into the spout
at every location in the spout-annulus interface. The use of an
internal device smoothens the decrease in bed voidage, as it
reduces the solid transfer from the annulus into the spout.

The residence time of the gas is greatly influenced by the inter-
nal device and the flow rate for both regular and irregular particle
beds. Thus, a high excess in flow rate and/or close draft tube do not
allow for radial diversion of the gas phase, resulting in gas by-
passing most of the reactor volume, which must be avoided in
order to increase the gas–solid contact in the bed and make use
of the whole contactor volume. To that end, the use of a fountain
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confiner has proven to avoid gas by-passing, by forcing the radial
diversion of the air leaving the spout, as well a better homogeniza-
tion of the gas flow.

Internal devices influence the solid cycle time. The presence of a
draft tube moves the cycle time distribution towards higher times,
whereas the shape of the distribution is affected by the flow rate
and the use of a fountain confiner. Furthermore, the latter shortens
the average particle cycle time, with this shortening being heavily
affected by the bed-to-confiner distance. Therefore, the residence
time of the gas and the cycle time of the particles may be con-
trolled by acting on the gas flow rate and bed-to-confiner distance.
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Table A.1
Governing equations of CFD-DEM simulations.

CFD

continuity equation

momentum equation

exchange term

DEM
linear momentum

angular momentum

normal force
tangential force

CFD� DEM C
Drag coefficient

Drag force

Tangential coefficient

Tangential force

Tangential force direction

Table B.2
Mesh size comparison for the different configurations in the conical spouted bed.

Configuration Material Cell Number

WDT Glass 4mm 74018
OSDT 75627
SDT 77956
WDT Glass 2mm 530581
OSDT 556270
SDT 601023
WDT Pellet 74154
OSDT 79042
SDT 81147
WDT Lentil 74018
OSDT 77922
SDT 79042
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Appendix A. Governing equations

The CFD-DEM coupling is attained by connecting LIGGGHTS for
the simulation of DEM and OpenFOAM (v:8) for the modeling of
the fluid field by using CFDEM-Coupling. In Table A.1 a summary
of the main governing equation for CFD-DEM are given. The solver
is a custom adaptation of the standard cfdemSolverPiso in order to
be able to handle superquadric particles including the correspond-
ing drag and torque force already outlined in a previous work [20].

In order to communicate the required information between CFD
and DEM fields the communication scheme Few2Few outlined in
[43] has been used in order to reduce the inter-processor commu-
nication and only exchange data of neighboring processors,
increasing simulation performance and reducing memory
requirements.

Appendix B. Domain meshing and simulation setting

The current study is conducted through unresolved CFD-DEM.
Thus, the cell size needs to be bigger than the particle size. The
general rule of thumb is to target a VC=Vp of 3 for the whole
domain. However, in some regions where small opening or sharp
@af qf

@t þr � ðafqfuf Þ ¼ 0
af qf uf

@t þr � ðafqfufuf Þ ¼ �af 4 p� Ksf ðuf � usÞ
þr � ðaf sÞ þ afqfgþ f

Ksf ¼ af j
P

jFd j
VC juf�us j

mdus
dt ¼ mgþ fs;s þ fs;w þ fs;f

Ii
dxi
dt þxi � Iixi ¼ si

fn ¼ �ðkndnni;j � cnun;i;jÞ
ft ¼ �kt;i;jdt ti;j � ctut;i;j jfct;i;jj 6 lsjfcn;i;jj

�lsjfcn;i;jjti;j jfct;i;jj > lsjfcn;i;jj
�

oupling

CD;k ¼ CD;k¼0o þ ðCD;k¼90o � CD;k¼0o Þsin2k

FD ¼ 1
8CDpqf d

2
p�

2
g juf � vsjðuf � vsÞ��vg

CT;k ¼ c1
Rec2 þ c3

Rec4

� �
sink 1þc5Re

c6ð Þcosk 1þc7Re
c8ð Þ

FT ¼ 1
16pCTqf jurj2d3

eq

T ¼j FT j ður �eoÞ
kur �eok

ður�eoÞ
kur�eok

VC=Vp

Min Mean Max
0:77 3:06 4:72
0:84 2:85 4:87
0:49 2:94 4:98
0:65 3:42 4:87
0:45 3:13 5:17
0:41 3:73 4:97
1:31 4:09 7:56
1:25 4:52 7:73
1:04 4:36 7:8
0:91 3:52 5:57
0:97 3:36 5:75
0:58 3:24 5:52



Table B.3
DEM input frictional parameters for each material.

Parameter Glass Beads Lentils Pellets

dp;eq [mm] 4:0 2:0 3:72 3:12

qp [kg/m3] 2500 2500 850 1120

E [Pa] 7:5�8 7:5�8 3�8 4�6
DtDEM [s] 1 � 10�5 2 � 10�6 5:1 � 10�6 2:5 � 10�6

DtCFD [s] 2 � 10�3 2 � 10�3 2 � 10�3 2 � 10�3

Number of particles 55875 430100 100329 200317
Geldart type D D D D
Restitution coefficient, jp;p [-] 0:98 0:94 0:91 0:9
Restitution coefficient, jp;w [-] 0:85 0:95 0:95 0:92
Frictional coefficient, cp;p [-] 0:185 0:17 0:31 0:36
Frictional coefficient, cp;w [-] 0:45 0:45 0:4 0:45
Rolling friction, lrp;p [-] 0:1 0:07 0:05 0:06

Rolling friction, lrp;w [-] 0:1 0:07 0:1 0:1

Rolling damping coefficient, cr;f [-] 0:15 0:15 0:1 0:1
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turns of the container wall are present it is not possible to use big
CFD cells while keeping a good quality mesh. As a result, a cell
count and cell size distribution like the one shown in Table B.2 is
present, where some cells fall well below this target value. If left
unattended, this cells would give unreasonable exchange terms
(Ksl) as the the void fraction field (�s) would give completely unre-
alistic values. Thus, the general procedure is to use a divided void
fraction model, like the one shown for regular materials in
LIGGGHTS, where each particle is split into 29 equivolumetric
regions and each sub-volume is assigned to the surrounding CFD
cells resulting in a more accurate and smooth void fraction field.
For superquadrics, a similar approach was used following the satel-
lite point method [18] and assigning each point with the corre-
sponding weight to the neighboring cells.
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