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a  b  s  t  r  a  c  t

This  work  studies  the  effect  of a low-frequency  rotating  distributor  on the  motion  of a  large  object
immersed  in  a bubbling  fluidized  bed. The  object  size  and  density  differ  from those  of  the  inert  solids
that  conform  the  bed. Examples  of  objects  moving  in  a bubbling  fluidized  bed  include  passive  particles,
catalysts  and  reactants.  The  rotation  modifies  the  bed  dynamics  in  the  surroundings  of the  distributor
and  affects  the  motion  of  the object  within  the  bed.

A  set  of experiments  was carried  out  in a lab-scale  cylindrical  bed,  equipped  with  a perforated  plate
distributor  that  can  rotate  at around  1  Hz,  for different  bed  aspect  ratios,  gas  velocities,  and  object  char-
acteristics.  Sizes  were  far larger  than  that  of  the  solids  of  the  dense  phase  and  densities  ranged  from  half
istributor
ead-zone
bject motion
irculation time

the bed  density  to  values  around  it. The  experiments  were  video  recorded,  capturing  the  surface  of  the
bed  from  above.

As  have  often  been  noted,  objects  might  remain  in  stagnant  regions  near  the  distributor  and  be  “lost”  or
precluded  to  circulate.  This  can  be  avoided  in  most  practical  cases  forcing  the distributor  to  rotate.  Also,
the effect  of  rotation  on  the  circulation  time  of  the  objects  is  presented,  showing  a general  reduction  of

large  circulation  times.

. Introduction

Bubbling Fluidized Beds (BFB) are used for a variety of applica-
ions and in a wide range of scales, from small chemical reactors
o large coal combustors. Their main advantages are a good mix-
ng and a large surface area available for chemical reaction or heat
xchange. Examples of applications include drying processes, ther-
al  conversion of solid fuels, and coating of particles. In most

ases, the presence of large objects within a bed of fine particles
s required or happens during the processing, such objects being
uel particles, catalysts, reactants, or agglomerates. Object motion
atterns and their ability to move throughout the bed may  thus
rove to be a key factor in the performance of the bed.

Different measurement techniques have been used both in 2-D
nd 3-D beds to analyze the motion of objects immersed in the bed.
n some of these studies [1–6] the object had a similar density and
ize to the bed material. These works were intended to characterize
he motion of the dense phase. Kunii and Levenspiel [7] reviewed
he first studies focused on the motion of large objects in a bed. Rios

t al. [8] studied the motion of large objects in 2-D and 3-D beds
nd discussed the sinking and rising processes. Concerning the ris-
ng process, Rios et al. [8] found that the rising motion of objects was
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not a monotonic ascending motion, but the object was lifted small
distances by a succession of passing bubbles, rising in a series of
small jumps. The relation between the rising velocity of the object
and the bubble velocity is complex due to the multiple jumps effect
observed by Rios et al. [8] and the relative motion between bub-
ble and object, which are far more important than those between
object and dense phase in the sinking process. Nevertheless, the
object rising velocity is roughly between 10% and 30% of the mean
bubble velocity along the bed, according to the experimental works
of Nienow et al. [9],  Lim and Agarwal [10], and Rees et al. [11]. Sev-
eral authors have studied the sinking process. Lim and Agarwal [10]
found that the sinking velocity of a large object in a 2-D bed was
in good agreement with the Kunii and Levenspiel [7] correlation
for the velocity of the dense phase for density ratios around 1. The
net buoyant force on an object immersed in a fluidized bed might
differ from what would be expected based on its density due to a
de-fluidized hood of bed material that appears on top of the object,
as stated by Nguyen and Grace [12] and Rees et al. [11]. For large
density ratios, Tanimoto et al. [13] and Hoffmann et al. [14] studied
the relative motion of sinking objects and dense phase and obtained
a linear relation with the density and a potential relation (exponent
1/3) with the diameter, but their results cannot be directly extrap-

olated to the present study since they focused on the motion of
binary mixtures, rather than on the motion of a single large object.

In a previous work [15], the motion of a large object in a 2-D bed
was studied, and the cycles described by the object, sinking from the

dx.doi.org/10.1016/j.cep.2011.05.004
http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:ulpiano@ing.uc3m.es
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Fig. 1. Schematic diagra

urface of the bed and rising back to it, were characterized. Sinking
nd rising velocities of the object and its circulation time, which is
he time spent in a cycle, were measured. The circulation time was
ound to depend on the sinking and rising velocities and on two
ther main parameters: the number of jumps per cycle and the
aximum depth attained. The relative frequency of cycles with a

ertain number of jumps decreases exponentially with the number
f jumps, a result that suggests that the ability of a bubble to raise
n object to the surface is roughly constant, independent of the
ubble size. On the other hand, the relative frequency to attain a
ertain depth was parabolic, with a minimum at medium depths.
his is due to the fact that the object usually sinks in the sides of the
ed and at medium depths bubbles seldom appear in such zones.

Finally, most of the authors [8,9,12,15,16] noticed that the
bject, quite regardless of its density, may  stop circulating within
he bed and be captured in stagnant zones over the distributor.
anderson and Rhodes [15] showed that the reappearance of a
tagnant object was possible increasing the gas velocity over 3Umf.
lso, by analyzing experimental data for various 3-D bed sizes, they
howed that the motion of objects inside the bed was a scalable phe-
omenon, following hydrodynamic similarity criteria for bubbling
eds.

In this paper, a comparison of the results obtained in a standard
ubbling fluidized bed (BFB) and in a “forced” BFB is presented.
everal works have proposed the use of different actuators, with
he aim of modifying the dynamics of the BFB. Passive or active
ontrol tools are motivated by general drawbacks of BFB, such as
oor radial mixing, large bubbles and gas by-pass, or agglomerates
nd the incidence of heterogeneous fluidization. Proposed solu-
ions include pulsed gas flow ([17,18]), vibrating beds [19,20], and
he use of advanced distributor designs, including spiral [21,22],

wirl [23] and rotating distributors [24,25].

Sobrino et al. [24], using a similar experimental setup to the one
sed in the present experiments, showed that a rotating distrib-
tor may  affect global bed parameters. For instance, they showed
he experimental set-up.

that, as a consequence of rotation, bubble diameter is affected, and
become more homogeneous along the bed and minimum fluidiza-
tion velocity decreases.

This work studies the effect on the bed dynamics of allowing
the bed distributor to rotate, by means of studying its effect on the
motion of an object submerged in the bed. The experimental tests
were performed on a lab-scale cylindrical BFB, equipped with a
perforated plate distributor that can either remain static or rotate,
at a low frequency around 1 Hz. Also, the influence of gas velocity,
bed height, and the density and shape of the object was analyzed
throughout the experiments for both the static and the rotating
distributor configurations.

2. Experimental setup

The experimental setup consists of a lab-scale cylindrical BFB,
an electrical motor that allows the distributor to rotate and an
image acquisition system to capture the freeboard. The bed per-
formance was characterised by means of pressure measurements.
Fig. 1 shows a schematic diagram of the experimental setup with
the main components.

The cylindrical vessel for the bed is a transparent tube with an
inner diameter (D) of 0.192 m and 1 m in height. The fixed bed
height (hb) was varied throughout the experiments between 0.25D
and 0.75D. The minimum fluidization velocity was  measured to be
0.31 m/s  for the rotating distributor bed and 0.33 m/s for the static
one, thus the minimum fluidization velocity slightly decreases with
the rotation, in agreement with Sobrino et al. [24].

Sand with a measured density of 2,632.5 kg/m3 and a parti-
cle size distribution as shown in Fig. 2 was used as bed material.

According to Geldart’s classification [36], these particles are type B.
The bulk density of the fixed bed was  measured to be 1630 kg/m3,
which gave the void fraction of the packed bed, εpacked = 0.38. The
diameter of the cylindrical object (DO) was 6.4 mm while its den-
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Table 1
Density (�o) and length (LO) of the cylindrical objects used in the experiments.
Diameter (DO) was  always 6.4 mm.

Density, �o (kg/m3) Length, LO (mm)

a 1380 6.4
b 1380 19.2
c 1380 32.0
d 840 19.2
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Table 2
Experimental parameters. Nominal case is in bold format.

Bed aspect ratio H/D (0.25; 0.5; 0.75)
Excess air ratio U/Umf (1.26; 1.44; 1.63)
Object aspect ratio LO/DO (1; 3; 5)

lighted in bold type in Table 2. Whereas one parameter was varied
e 1010 19.2
f  1750 19.2

ity and length was varied throughout the experiments, as shown
n Table 1. These values are typical for a biomass pellet.

Therefore, objects a to e are flotsam particles (buoyant) within
he fluidized bed, while object f is a jetsam particle.

The distributor is a 6 mm width perforated plate with 275
oles of 2 mm diameter, distributed in a triangular mess of 11 mm
itch. According to Karri and Werther [26] and Kunii and Leven-
piel [7] the pressure drop along the distributor should be larger
han 30% of the pressure drop along the bed for an homogeneous
uidization; in the present work, the pressure drop along the dis-
ributor (�Pdist = 5200[Pa/(m/s)2] U2) is 30% of the pressure drop
long the bed for an air velocity of 1.25 times the minimum fluidiza-
ion velocity and a bed aspect ratio of 0.75. Therefore throughout
he experiments (velocities larger than 1.25Umf and/or bed aspect
atios smaller than 0.75) the condition is always fulfilled. Moreover,
he pitch was selected to minimize the existence of dead zones near
he distributor, following the study of Geldart and Baeyens [27].

ore recently, Rees et al. [28] presented a new criteria related to the
et diameter, which they calculate using magnetic resonance. Fol-
owing their study and correlations, in the present work the pitch
hat minimizes the dead zones should be of around 8 mm  (with a
mall variation for the different experimental conditions), a result
n fair agreement with our selection, which follows the standard
rocedure. The distributor might be forced to rotate at a maximum
onstant velocity of 100 rpm by an electrical motor.

Pressure fluctuations inside the bed were measured through a
 mm internal diameter and 50 mm long steel tube connected to

 piezo-electric pressure transducer (Kistler type 5015). The signal
rom the piezo-electric sensor was amplified by a Kistler ampli-
er. The response of this kind of probe and transducer is in good
greement with the model of Bergh and Tijdeman [29], as stated
y van Ommen et al. [30]. This model predicts the first resonance
requency to occur at 670 Hz, which is far away from typical char-
cteristic frequencies in fluidized beds (in the 1–5 Hz range). The

ampling frequency was 200 Hz and 12,032 samples per test were
ecorded. The amplifier acts as a high-pass filter with a frequency
f 0.16 Hz, in order to obtain the pressure fluctuations relative to
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Fig. 2. Particle size distribution of the bed material.
Bed–object density ratio (�b − �o)/�b (−0.07; 0.15; 0.38; 0.48)
Rotating angular velocity n (rpm) (0; 100)

the local average pressure. The signal was also low-pass filtered at
the Nyquist frequency by the amplifier.

The characteristic frequency of the fluidized bed was  deter-
mined by a frequency domain analysis for the nominal case. Fig. 3
shows the power spectra using the Welch [31] method, with all
sub-spectra based on 4096 samples. Considering the sampling
frequency, these power spectra have a frequency resolution of
0.049 Hz, which is a common and accepted value [32].

The power spectra show that the fluidized bed characteris-
tic frequency (3.61 Hz) is not affected by the rotating distributor,
but the signal energy is almost doubled when the distributor
rotates.

During all the tests, the fluidized bed freeboard was video
recorded during 10 min  with a recording speed of 30 frames per sec-
ond. The resolution of the camera was 480 × 640 pixels. The videos
were post-processed using Matlab®. Both the object positions while
on the bed surface and the time periods of disappearance from
it (the circulation time of the sinking–rising global cycle) were
obtained from the videos. The experimental results are based on
number of cycles and circulation time measurements. The object
radial and azimuthal motion in the freeboard was  also studied,
giving little relevant results. Concerning the radial motion, it was
observed that the object was more prone to appear at the cen-
tre of the bed (by the action of bubbles) and sank at the sides
(following the dense phase), in accordance with previous works
on bubble or object paths [33–35].  Concerning the azimuthal
motion, no relevant pattern was  observed throughout the experi-
ments.

Experiments were run for a range of gas velocities, bed heights
and object characteristics and for both the static and the rotating
distributor configurations of the BFB. Test parameters are shown in
Table 2, where hb is the total bed height and D is the bed diameter,
U and Umf are the air velocity and the minimum fluidization veloc-
ity, LO and DO are the object length and diameter �b and �o are the
(packed) bed density and the object density and n is the rotating
angular velocity. The nominal case selected for comparison is high-
in the experiments, the rest of them were kept as in the nominal
case.

0 2 4 6 8 10
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Fig. 3. Power spectra for the rotating and static distributor configurations. Nominal
case  (U/Umf = 1.44, hb/D = 0.5).
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. Results

The experimental results are grouped in two sections. In the
rst one, the process of object stagnation is studied. In the second,

 general study of the circulation time distribution is presented.

.1. Object stagnation

The first key point observed was that the object did not appear
t the freeboard after a determined time when operating with
he static distributor. Every time the object disappeared, the bed

aterial was extracted in order to find its position. It was always
ound to be settled in a stagnant position at the bottom of the
ed, placed on the small dead zones between the holes of the dis-
ributor (a triangular mess of 11 mm pitch, with object diameter
.4 mm and lengths ranging from 6.4 to 32 mm).  As stated in Sec-
ion 1, this behaviour has been often reported in the literature as a
ypical drawback of non-porous (non-homogeneous) distributors.
lthough special care was taken in the design of the distributor,
bject stagnations happened for almost all the tests (with the static
istributor). Only for very light objects and large bed aspect ratios
he stagnant probability of the object could be considered negligi-
le.

Nevertheless, when operating with the rotating distributor,
hose object stagnations were completely inexistent. Moreover, if
he distributor was forced to rotate after the object was stagnated
n a static distributor configuration, it reappeared almost immedi-
tely, in a 3–5 s lapse. This time lapse should not be considered as
he time needed for the object to arrive to the top, because also a
ertain starting time is needed for the electrical motor to acquire
he operating frequency. The fact that the rotating distributor is
ven capable of maintaining in circulation an object denser than
he bed (object f) is significant. Far denser objects (around the dense
hase density) did not circulate, independently of the distributor,
nd were immediately stagnated. If the incidence of object stag-
ations should be avoided, the distributor rotation may  prove a
etter methodology to “activate” the circulation of stagnant objects
ith intermediate densities than increasing the gas velocity, as sug-

ested by Sanderson and Rhodes [15], since the loss of fines will
e avoided. Obviously, the feasibility of a rotating distributor will
trongly depend on the bed geometry and dimensions and it will
e generally restricted to small scale applications.

Object stagnation is of course a bottom zone mechanism. That
one is characterized by the distributor geometry, and will show
oth air jets and de-fluidized zones (minimized by the pitch selec-
ion), as shown by Geldart and Baeyens [27] and Rees et al. [28].
he rotation of the distributor: (i) varies the jet location, and (ii)
s able to move the bottom bed material, producing a 3 cm shear
ayer (rough estimation, observed by visual inspection) in the de-
uidized particles. These two superposed effects completely avoid
he formation of stagnant regions and are able to immediately
estore the object into circulation.

This effect of preventing object stagnations is the main result of
hese experiments. Some results of the incidence of object stag-
ations in static distributor beds follows. The main interest of
hese results is to state in which cases the preventing effect of
he rotating distributor is more relevant. With such a purpose, ten
ests of 10 min  were video recorded and post-processed for each
xperimental condition in order to determine the stagnation cycle
robability and time needed for the object to be stagnant in each
onfiguration with the static distributor. Ten is not a statistically
ignificant number to guarantee the repeatability of the results,

ut the aim of this analysis is only qualitative. The stagnation cycle
robability is presented in Eq. (1).  This parameter is a more reliable
actor than the time till the object sinks for the last time. It seems
easonable to consider each cycle of the object independent of the
g and Processing 50 (2011) 859– 868

previous history, and the time till the object sinks for the last time
will of course be influenced by the circulation time of the previ-
ous cycles of the object, which distribution will be discussed in the
following section.

PSC = 1
Nap + 1

(1)

The stagnation cycle probability defined in Eq. (1) represents the
probability for an object to be precluded to circulate. This means
that an object which is settled over the distributor after appearing
at the freeboard twice, would define a stagnation cycle probability
of 0.33, meaning that the object experienced three sinking paths
and two  rising paths or, in other words, that a particle following
this behaviour will have, when starting to sink, a 67% probability of
returning to the surface and a 33% probability of reaching a stag-
nant position and remaining in it for a large period of time, being
precluded to circulate.

Results for the stagnation cycle probability in a static distributor
configuration are shown in Fig. 4. The mean value and the max-
imum and minimum values (± interval) of the stagnation cycle
probability are plotted as a function of the experiment varying
parameters. The nominal case (highlighted) is plotted in all the
graphs for comparison. According to the definition of stagnation
cycle probability, the results have been presented with a log scale in
the probability axis. The four graphs of Fig. 4 present the separated
effects of bed aspect ratio and gas velocity, object density and object
aspect ratio on the stagnation cycle probability. It is not straight-
forward to compare these results with those observed using the
rotating distributor configuration, as in those cases no stagnations
were observed (and the probability will then be 0). Nevertheless,
the experiments were performed during a determined period of
time, sufficiently large to ensure that at least 100 cycles were com-
pleted for each rotating distributor case. Therefore, the stagnation
cycle probability for any static distributor configuration can be said
to be at least smaller than 0.01 and this can serve, in compari-
son with the data in Fig. 4, to elucidate the effect of the rotating
distribution.

Fig. 4(a) and (b) presents the influence of the BFB dynamics,
and Fig. 4(c) and (d) that of the object characteristics. As explained
above, the results can only be considered as qualitative information,
so minor changes will not be discussed. With such a consider-
ation, three different behaviours can be disregarded. First, those
configurations in which the object rapidly stopped circulating, cor-
responding to values of the stagnant cycle probability between
1 and 0.1, meaning according to Eq. (1) that the object appeared
between 0 and 9 times at the bed surface before stagnation. Such
cases include the nominal case and those for a shallow bed, a denser
object or a larger one. Here the effect of the rotating distributor
is extremely remarkable, since there is a high probability for the
object to settle over the distributor when operating with the static
distributor while the object never reached the stagnant zones when
operating with the rotating distributor. Next, the configurations in
which the object stopped circulating after a rather large number
of cycles can be consider. They show values of the stagnation cycle
probability between 0.1 and 0.01, meaning 10–100 object cycles
before being stagnant. Such cases correspond to smaller or larger
gas velocities, a lighter object or a smaller one. Here the effect of
the rotating distributor is still important.

Last, there are those configurations in which the object did not
stop circulating during the 10 min  test for both static and rotating
distributor configurations. In such cases, as explained previously for
the rotating cases, the experimental value of the stagnation cycle

probability is zero or, more precisely, it is at least smaller than one
over the number of cycles that the object has performed during
those 10 min. Those cases are for a deep bed (hb/D = 0.75) and for
a low density object (840 kg/m3, which gives a bed–object density
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ig. 4. Object stagnation probability with the static distributor. Variation with: (a) b
spect  ratio.

atio of 0.48). In the graphs they are represented by a dot and an
rrow, meaning that their probability is at least smaller than the
iven value. Here the rotation of the distributor is of no use as far as
he stagnant cycle probability is concerned. In both cases, it is clear
hat the ability of the object to reach the bottom zone is reduced.
irst by a larger depth and thus a need of a larger residence time in
he dense phase, and also because of the existence of larger bubbles
ear the freeboard, with increasing probability to interact with the
bject. And second by a lower density, and thus buoyant forces
ecoming more important and precluding the object to sink deep.
his last case is not really relevant, as the object merely stayed in the
ed surface and did not circulate homogeneously throughout the
ed. On the contrary, the restriction for shallow beds is important,
nd the effect of the distributor rotation is slight for deep beds,
here object stagnations seldom appear.

The effect of bed aspect ratio and object density on the stagna-
ion cycle probability seems quite straightforward. Above a certain
eight, the probability for an object to reach the bottom zone
apidly diminishes for the reasons suggested in the previous para-
raph. Decreasing the object density and thus increasing the related
uoyant forces also decrease the probability of the object travelling
o the bottom. Therefore, in both cases, losses are prevented. The
nfluence of air velocity and object aspect ratio on the stagnation
ycle probability was not so straightforward. The results in Fig. 4
b) suggest the existence of competing mechanisms when the gas
elocity changes. Decreasing stagnant probabilities for increasing
as velocity was the expected result, as the intensity of the fluidiza-
ion is improved [37], and both the rising and sinking velocities
re increased. The low probability datum for the lower gas veloc-

ty might be related to a change in the bed structure, that is, the
as velocity might be too low for establishing the typical 2-vortex
onfiguration, as shown by Pallarès and Johnsson [35], with a pref-
rential path for bubbles at the middle of the bed. Finally, Fig. 4(d)
ect ratio, (b) dimensionless gas velocity, (c) bed–object density ratio, and (d) object

shows that the incidence of object stagnations decreases for smaller
objects, while no difference is observed between the two  larger
objects (aspect ratios 3 and 5). It seems reasonable that objects
with larger aspect ratios (which means larger objects, as the diam-
eter of the cylindrical objects is constant) could not be easily raised
by bubbles due to their larger inertia. In contrast, smaller objects
could be easily raised. Nevertheless, this is in fact beyond the pur-
pose of this work, which is focused in establishing the effects of the
rotating distributor.

Industrial applications often rely on the very good vertical mix-
ing associated with fluidized beds, so that the ability of large objects
to move through all zones within the bed (including the bottom
zone) is envisaged. Therefore, object stagnation may  occur and
might cause minor or severe problems, depending on the appli-
cation, including reactant loss, hot spots, agglomeration, corrosion,
etc. A method of re-releasing the objects is therefore necessary,
and an actuator applied to the distributor, such as a low frequency
rotation, may  be a more efficient tool than increasing the gas veloc-
ity for small scale applications. The rotation of the distributor can
be used in applications such as coating reactors, where the effi-
ciency depends on the appearance of all the particles to be coated at
the freeboard, small dryers where the motion of aggregates should
be enhanced to improve the fluidization quality, or small reactors
where a homogenous temperature is intended.

3.2. Circulation time distribution

The distribution of circulation times for the object was also
considered in this study to characterize the effect of the rotating

distributor. The circulation time datasets were obtained performing
10 min  tests for all the experimental configurations. The number of
cycles was always beyond 100, which can be considered an ade-
quate number for statistical analysis. Fig. 5 shows the histograms
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object from such a zone. This is in accordance with the results pre-
ig. 5. Histograms of the circulation time for the object to return to the bed surface:
a)  rotating distributor, (b) static distributor. Nominal case (U/Umf = 1.44, hb/D = 0.5).

f the circulation times for both the rotating and the static dis-
ributor configurations. In both cases, the experiments were run
or the nominal experimental conditions (U/Umf = 1.44, hb/D = 0.5
nd nominal object parameters). Time intervals in the histograms
ere chosen to give a sufficient number of appearances in each

ar (>5), for all the experimental conditions. For the static distrib-
tor, the object stagnations are taken into account in the t > 8.5 s

nterval.
Chi-square tests of population homogeneity were performed,

s a first step to establish that different datasets correspond to
ifferent dynamics, and thus the effect of the rotation on the circu-

ation times is beyond statistical uncertainty. The Chi-square test
f population homogeneity between the histograms of the two
atasets gives a p-value, and values smaller than 0.05 mean that
here is sufficient statistical evidence to guarantee that the two
atasets are different. Chi-square tests of population homogeneity
ere performed between static and rotating distributor measure-
ents maintaining all other conditions identical. The result for the

ominal case showed a p-value of 0.012, so the two sets can be con-
idered different, and a certain effect due to the rotation did exist.
ut, of course, the mechanisms related to object stagnations have
lready been shown to be extremely different with and without
otation. This mechanism affected the data for large times, although
t is not the only cause for large circulation times. Repeating the Chi-
quare test disregarding the t > 8.5 s data for both the static and the
otating distributor cases gives a new p-value of 0.27, so there is

o statistical evidence to guarantee that these two datasets corre-
pond to different dynamics. Therefore, the effect of the rotating
istributor is only evident for cycles of large circulation time. This
g and Processing 50 (2011) 859– 868

means that the rotation only affects the bottom of the bed, and not
the regions above that zone. Chi-square tests were performed for
all the experimental conditions defined in Table 2, giving similar
evidence in all the cases.

The circulation time was  calculated for all the experimental con-
ditions as the time lapse between consecutive appearances of the
object at the bed surface. The medians of all the circulation time
distributions are shown in the graphs of Fig. 6 for comparison with
the rest of conditions, varying object and bed parameters, and with
and without rotation.

There is an absence of data in three experimental conditions
corresponding to the static distributor configuration. In those cases
the object was  stagnated in the different experiments after a small
number of cycles, so there was not enough data for a proper esti-
mation. Those cases are for a shallow bed (hb/D = 0.25), for a high
density object (1750 kg/m3, higher than the bed density, which
gives a negative bed–object density ratio of −0.07), and for an object
of high aspect ratio (LO = 32 mm,  which gives an object aspect ratio
of 5). In all these cases, the object seldom appeared back in the
freeboard throughout the experiments. This was also the case for
the nominal conditions, but in that case a far larger number of
experiments were performed in order to obtain a sufficiently large
dataset.

The results for the median show just a slight reduction when
using the rotating distributor. Therefore, there is no relevant effect
of the distributor rotation, apart from the cases where the absence
of data for the static distributor shows the ability of the rotating
distributor to maintain the object in circulation. This was rather
expected, as it has been shown that only large circulation times
were modified and the median is a parameter that remains quite
unaffected with such variations.

On the other hand, the results in Fig. 6 show the effect of the
varying parameters on the circulation time. As has been done pre-
viously, a first step is to establish that the different datasets shown
in each graph correspond to different dynamics, and thus that the
differences are beyond statistical uncertainty. For such a purpose
the Chi-square tests were employed. Therefore, tests of population
homogeneity were carried out between the datasets for each exper-
imental condition and the nominal cases. Chi-square tests showed
p-values always smaller than 0.05 for all the combinations. Thus,
the influence of the different parameters (bed aspect ratio, dimen-
sionless gas velocity, object density and size, and rotation) on the
circulation of the objects can be considered as well established.

The results showed an increase of the median value of the circu-
lation time for increasing bed aspect ratios and a slight increase for
increasing gas velocities. The first effect could be attributed to the
average depth attained in a cycle, a parameter that will reasonably
increase for larger bed depths. The effect of the gas velocity is not so
straightforward. It would seem reasonable to expect a reduction of
the circulation time for increasing gas velocities. Such an increase
will produce higher sinking and rising velocities, according to the
well established correlations for the bubble and dense phase veloc-
ities [7,34].  No definitive explanation is given, as the effect is not
very pronounced and it is less evident for the whole dataset, as will
be seen in Fig. 8.

When varying object parameters, the median value decreased
for increasing object aspect ratios and bed–object density ratios,
although in this last case, the large difference between the flot-
sam objects and the jetsam object was the main feature. This might
be explained by the fact that the jetsam object reached the bottom
zone in practically every cycle. Therefore, its dynamics were associ-
ated with the rotation and the related mechanisms that released the
sented in the object stagnations section. On the other hand, most of
the flotsam objects cycles will be restricted to the upper layer, and
the median represents these cycles. The effect of the object aspect
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spect  ratio.

atio might be attributed to the higher buoyant forces suffered by
 larger object.

For a deeper analysis of the distributor effect, the information
f the median is not sufficient. To give information of the larger
irculation times, box plots were used rather than histograms, as
hey give the information in a more compact form. Box plots are
ommonly used for a brief understanding of a statistical dataset.
n a box plot, the information is reduced to the median, the lower
nd upper quartiles (representing 25% and 75% of the population),

 confidence interval (defined by the two experimental data that
re further away from the median but inside a maximum interval of

1.5 times the inter-quartile range from the quartiles), and outliers

that lie out of such a confidence interval). Fig. 7 shows the box plots
f the data given in Fig. 5. There is a significant difference concern-

Rotating distributor Static distributor
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T
im
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ig. 7. Box plots of the circulation time distributions in Fig. 5. Nominal case
U/Umf = 1.44, hb/D = 0.5).
t ratio, (b) dimensionless gas velocity, (c) bed–object density ratio, and (d) object

ing outliers. The stagnant object data for the static distributor were
included in the calculation of median and intervals, although they
were not shown as outliers. Not considering these stagnant objects
would lead to miscalculations of the statistical values presented
in the boxplot. Note that for the median and intervals calculation
the only important fact is that they represent large times, but it is
unimportant to know how large (as is the case for the calculation of
the mean or the standard deviation). They were not pointed as out-
liers because the time required to rise to the freeboard is unknown,
although at least larger than the experiment runtime.

The eight graphs of Fig. 8 present the box plots of the circulation
time datasets as a function of bed aspect ratio and dimensionless
gas velocity (note the change of scale for this plot), object den-
sity and object shape, considering both the static and the rotating
distributor configurations. The nominal case shown in Fig. 7 is high-
lighted in the eight graphs.

Once again, the effect of maintaining the object in circulation
when rotation is applied to the distributor is observed in those
graphs where the data for the static configuration is missing. Apart
from that, the effect of the distributor in the incidence of large circu-
lation times can be observed in most cases, the distributor rotation
being a mechanism to shorten those times. This is probably due to
its effect in releasing the object from the quasi-stagnant regions
near the distributor plate. Such an effect is evident, and probably
enhanced, for varying object size or density.

The results presented in this work show a clear effect of the
rotation on the object motion parameters. This can be explained
in a mechanistic way. The rotation of the distributor affects the

dynamics at the bottom of the bed. The rotation varies the lay-
out of gas jets and moves the bottom bed material, generating a
shear layer of about 3 cm over the distributor. When the object is at
the bottom of the bed, the distributor rotation and the centrifugal
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orce derived from it produce an azimuthal and radial motion. This
otion increases its probability to interact with a jet. The object

as thus a higher probability to rise to the bed surface. If the dis-
ributor is static, the object does not have this motion, reducing its
robability to move out of stagnant regions to the surroundings of

 gas jet. Consequently, the circulation times are larger when oper-
ting with the static distributor. Of course, the power consumption
eeded to rotate the distributor and the inherent complications of

mposing rotation on a large distributor will generally condition its
pplicability to small scale.

. Conclusions

The motion of a large object within a lab-scale BFB was ana-
yzed, operating with a rotating distributor or in a static distributor
onventional bed. Several tests were carried out for a range of bed
haracteristics (bed height and gas velocity) and object parameters
density and size).

During the operation with the static distributor, after a num-
er of cycles out and back to the surface of the bed, the object
nded motionless in the small dead zones between holes over the
istributor, for almost all test configurations. This effect has often
een referred in the literature but was not the case for the rotat-

ng configuration, where no object stagnations were reported. In
ome cases, for large and dense objects, or operating in a shallow
ed, and even for the nominal conditions of the experiments, the
otation of the distributor permitted the continuous motion within
he bed of objects that were immediately stagnated and did not
irculate at all with the static configuration. Moreover, when an
bject was stagnated in a static configuration it could be recovered
lmost immediately, by forcing the distributor to rotate. The rota-
ion breaks the layout of gas jets and stagnant zones just above the
istributor, improving the radial and axial mixing at the bottom of
he bed.

The circulation time distribution was presented for the differ-
nt configurations and varying parameters. A statistical analysis of
he data was performed, showing a slight effect of rotation in large
irculation times. The distribution shows that most of the results
re confined in a small interval (around 0–5 s for most configura-
ions), and then there is a series of outliers (going up to 40 s) that
escribe the physics of multiple-jump rising and bottom bed phe-
omena. The rotation was found to strongly affect the dynamics of
uch cycles.

Therefore, rotation of the distributor (either continuous or
pplied at given intervals) might prove useful when the circulation
f objects throughout the bed is envisaged and object stagnations
r large circulation times should be prevented.
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ppendix A. Nomenclature

 bed diameter
O object diameter

frequency

b characteristic frequency of the bed

 vessel height
b bed height
O object length

[

[

g and Processing 50 (2011) 859– 868 867

n rotating angular velocity
Nap number of appearances of the object at the bed surface
P pressure
PSC stagnation cycle probability
U air velocity
Umf minimum fluidization velocity
�Pdist pressure drop across the distributor
εpacked void fraction of the packed bed
�b packed bed density
�o object density
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