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The effect of elevating the spout on the dynamics of a spout-fluidized bed, both numerically and experimentally is studied.
The experiments were conducted in a pseudo-two-dimensional (2-D) and a cylindrical three dimensional (3-D) spout-
fluidized bed, where positron emission particle tracking (PEPT) and particle image velocimetry (PIV) were applied to the
pseudo-2-D bed, and PEPT and electrical capacitance tomography (ECT) to the cylindrical 3-D bed. A discrete particle
model (DPM) was used to perform full 3-D simulations of the bed dynamics. Several cases were studied, that is, beds with
spout heights of 0, 2, and 4 cm. In the pseudo-2-D bed, the spout-fluidization and jet-in-fluidized-bed regime, were
considered first, and it was shown that in the spout—fluidization regime, the expected dead zones appear in the annulus near
the bottom of the bed as the spout is elevated. However, in the jet-in-fluidized-bed regime, the circulation pattern of the
particles is affected, without the development of stagnant zones. The jet-in-fluidized-bed regime was further investigated,
and additionally the experimental results obtained with PIV and PEPT were compared with the DPM simulation results.
The experimental results obtained with PIV and PEPT agreed mutually very well, and in addition agreed well wtih the DPM
results, although the velocities in the annulus region were slightly over predicted. The latter is probably due to the particle-
wall effects that are more dominant in pseudo-2-D systems compared with 3-D systems. In the jet-in-fluidized-bed regime,
the background gas velocity is relatively high, producing bubbles in the annulus that interact with the spout channel. In the
case of a non elevated spout, this interaction occurs near the bottom of the bed. As the spout is elevated, this interaction is
shifted upwards in the bed, which allows the bubbles to remain undisturbed providing the motion of the particles in the
annulus near the bottom of the bed. As a result, no dead zones are created and additionally, circulation patterns are
vertically stretched. These findings were also obtained for the cylindrical 3-D bed; although, the effects were less
pronounced. In the cylindrical 3-D bed the PEPT results show that the effect on the bed dynamics starts at hg,,,, = 4 cm,
which is confirmed by the ECT results. Additionally, ECT measurements were conducted for h,,,, = 6 cm to verify if indeed
the effect happens at larger spout heights. The root mean square of the particle volume fraction slightly increased at hy,,,
= 2 cm, whereas a larger increase is found at hg,,, 4 and 6 cm, showing that indeed more bubbles are formed.
The presented results have not been reported so far and form valuable input information for improving industrial
granulators. © 2011 American Institute of Chemical Engineers AIChE J, 58: 2524-2535, 2012
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Introduction

Spout-fluidized beds combine the favorable properties of

~ Correspondence concerning this article should be addressed to N. G. Deen at both spouted and fluidized beds and are frequently used for
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the production of granules or particles through granulation,

© 2011 American Institute of Chemical Engineers which is widely applied, for example, in the production of
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detergents, pharmaceuticals, food, and fertilizers. Spout-fluid-
ized beds have a number of advantageous properties, such as
high mobility of the particles preventing undesired agglomera-
tion and enabling excellent heat transfer control.' As typically
large (type Geldart D) particles are involved and a relatively
small spout nozzle, the ratio between the inlet nozzle and par-
ticle diameter is quite small by which the spout channel is
formed by the ratio of spout gas and background fluidization
velocity.z’3 This feature provides good mixing and thus highly
influences the performance of the granulator. In industry, the
spout is slightly elevated from the bottom of the bed to enable
efficient spraying of liquid. However, research has so far
mainly been focused on non elevated spouts. Related research
has been done on spouted beds with draft or Wurster tubes,
showing that the degree of mixing is influenced by the dimen-
sions and position of the draft tube.*® In these types of beds,
the effect of the spout channel is physically imposed by a
draft tube, whereas in spout-fluidized beds, the spout channel
arises from the ratio of the spout gas and background fluidiza-
tion gas velocity. Although it has been demonstrated that draft
tubes highly influence the circulation patterns inside spouted
beds, the effect of an elevated spout in spout-fluidized beds is
not known, and is therefore, the topic of this work. Both
experiments and simulations were conducted. The experiments
were carried out on a pseudo-two dimensional (2-D) and a cy-
lindrical three dimensional (3-D) bed, where positron emission
particle tracking (PEPT) and particle image velocimetry (PIV)
were applied to the pseudo-2-D bed, and PEPT and electrical
capacitance tomography (ECT) to the cylindrical 3-D bed.
The simulations were conducted with a full 3-D discrete parti-
cle model (DPM), originally developed by Hoomans et al.’
and further developed by Link et al.® With PIV, the particle
flow field in a pseudo 2-D spout-fluidized bed can be
obtained. Several workers applied PIV to study 2-D granular
flows, such as gas-fluidized beds.”!° spout-fluidized beds,!!
spouted beds,'? but also vibrated granular beds,'** rotating
drums,'® and silos or hoppers.'®!” Through these applications,
PIV has become a powerful tool for flow field measurements
in granular media.

PEPT finds its origin in the commonly used medical diag-
nostic technique of positron emission tomography PET and
was developed at the University of Birmingham. A single
active particle is tracked, making it a non intrusive measure-
ment technique with the additional advantage that it can be
applied to 3-D systems which are not optically accessible. As
a single particle is tracked, the disadvantage is, however, that
long measurement times are necessary to obtain statistically
reliable results. Nevertheless, PEPT has proven to be a rather
precise technique, and several workers have used it for vari-
ous applications. Seville et al.'® summarized examples of
such applications in several types of solids processing equip-
ment Top spray fluidization was investigated by Depypere
et al.'"” and circulating fluidized beds were studied using
PEPT by Chian et al.”® and van Velden et al.?! PEPT was
applied to fluidized beds,”*>> where Laverman et al. were the
first who compared experimental PIV results with PEPT.
Link et al. used PEPT to study spout-fluidized beds and com-
pared their results with DPM simulations.”® In this work,
PEPT is applied to a pseudo-2-D and a cylindrical 3-D bed,
where for the pseudo-2-D bed, the PEPT results will be com-
pared with results obtained with PIV and DPM simulations.
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ECT is based on the difference in permittivity of two non
conductive materials inside a system, which has been com-
pared with other advanced measurement techniques by
Mudde.”” An image is obtained that represents the particle
volume fraction in a 2-D slice of the cross-sectional area of
the bed. It is a low cost technique, with high temporal but
low spatial resolution. The measurement rate is up to 100 Hz,
which makes it suitable for online monitoring and control.
However, the image quality depends on the interaction of the
probing field and the materials present in the measurement
volume (i.e., soft field effects) and on the image reconstruc-
tion that is used.”® As a result, the development and improve-
ment of reconstruction techniques are often topic of research.
Isaksen et al.?’ outlines and Yang and Peng’ assesses various
algorithms for the reconstruction, and Li and Yang®'
improved the conventional Landweber algorithm, while Lei
et al.*? improved the Tikhonov algorithm. Several workers
applied ECT to study gas—solid flows, such as circulating flu-
idized beds™** and fluidized beds.”>” In this work, ECT is
applied to a cylindrical 3-D spout-fluidized bed yielding valu-
able results (despite its low spatial resolution) in particular in
combination with the PEPT technique.

The objective of this work is to both experimentally and
numerically study the effect of an elevated spout on the bed
dynamics in a pseudo-2-D and cylindrical 3-D spout-fluidized
bed. The organization of this article is as follows: first, the
numerical model is described. Then, the experimental set-ups
and the experimental techniques are explained. Two’s, flow-
regimes in the pseudo-2-D bed will be studied using PIV,
which will be shown first, followed by one-flow regime that
is compared with PEPT and DPM results. Finally, the experi-
mental results obtained by PEPT and ECT of the same flow
regime in the cylindrical 3-D bed is shown.

Numerical Model

The simulations were conducted with a full 3-D DPM
that describes the dynamics of the continuous gas phase
and particles. The momentum transfer between the gas
phase and particles is accounted for as well as particle—
particle and particle-wall collisions, which are described
with a soft sphere model. In this approach, the particles
are assumed to undergo deformation during their contact,
where the contact forces are calculated from a simple me-
chanical analog involving a spring, a dash-pot, and a
slider. This allows for energy dissipation due to non ideal
particle interaction by means of the empirical coefficients
of normal and tangential restitution, and the coefficient of
friction. In case a particle is in contact with several other
particles, the net contact force follows from the addition
of all binary contributions. This approach was originally
proposed by Cundal and Strack®® for granular matter. For
further details on the collision model, the interested reader
is referred to the work of Hoomans et al.” and Deen
et al.* The motion of each individual particle present in
the system is calculated from the Newtonian equations of
motion:
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Figure 1. Schematic overview of the experimental
pseudo-2-D (a) and cylindrical 3-D (b) spout-
fluidized bed, with dimensions in mm.

where the moment of inertia is defined as

2
I, = gmpr; 3)
and f represents the inter phase momentum transfer coefficient
due to drag, which is calculated using a drag relation proposed
by Koch and Hill* based on lattice-Boltzmann simulations
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The gas phase flow field is computed from the volume-
averaged Navier—Stokes equations given by:

0
g (epp) + V- (erppur) =0 ®)

0
% (erppur) + V- (epppupur) = —&rVp — V- (e7¢) — Sp + &8
9

where the fluid density, py, is determined using the ideal gas
law and the viscous stress tensor, 7y is assumed to obey the
general form for a Newtonian fluid*!

= — Kﬂyf - %uf> (V- up)l + uf((Vuf) + (Vuf)T)] (10)

Two-way coupling is achieved via the sink term, S,
which is computed from

1 Vi
Sp = — ﬂ(Uf—Vi)D(r—ri) (11)
Veen Viceell P
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The distribution function, D, distributes the reaction force
acting on the gas phase to the velocity nodes in the stag-
gered Eulerian grid.

Experimental Set-Up

The pseudo 2-D and cylindrical 3-D bed used in this work
are schematically presented in Figure 1. Background fluidiza-
tion air was supplied by a two-stage side channel blower, hav-
ing a maximum capacity of 312 m’h, a maximum supply
pressure of 580 mbar, and a power of 7.5 kW. To prevent
electrostatic charging of the particles, the background fluidiza-
tion air was humidified till ~50% relative humidity with the
aid of a spray tower. The spout air was supplied by a second
two-stage side channel blower, with a maximum capacity of
205 m°/h, a maximum supply pressure of 500 mbar, and a
power of 4.0 kW. The flow rates of both background and
spout sections were controlled by two frequency controllers
and were measured by two turbine flowmeters.

The depth of the pseudo-2-D bed was assumed to be suffi-
ciently small to display pseudo-2-D behavior and large
enough to avoid extreme particle—wall interaction. The front
and back walls of the bed consisted of a Lexan plate to ena-
ble visual detection of the particle motion, and the side walls
of the bed were made of aluminium strips. The fluidization
section was covered with a 3-mm-thick porous plate with an
average pore size of 100 um and the spout section was cov-
ered with a 2.0 mm gauze.

The column of the cylindrical 3-D bed consisted of a PVC
tube, whereas the bottom section was made of either metal
for the PEPT measurements or plastic for the ECT measure-
ments. The latter is done to avoid problems with the ECT
measurements. The distributor plate of the fluidization sec-
tion contained 1.0 mm holes to limit the pressure drop.
However, due to this low-pressure drop the distribution of
the background fluidization air was slightly non uniform.
The spout tube was covered with a 2.0 mm gauze for the
metal section, and in the ECT measurements the plastic
spout tube was covered with the same distributor plate as the
plastic fluidization section.

For the PIV measurements on the pseudo-2-D bed, digital
images were recorded with a high speed camera (LaVision
Imager Pro) equipped with a 50 mm lens. The aperture of
the camera was set to f6 and the exposure time was fixed at
0.4 ms. The recorded images consisted of 608 x 1280 pixels
and were stored in the memory of the camera. After all the
images for one experiment were recorded, the 12-bit images
were transferred to the hard disk of the PC. As shown in
Figure 2, the pseudo-2-D bed was illuminated by two 500 W
halogen lamps that were positioned in such a way that the
bed was illuminated under a small angle (<45°), preventing
undesired reflections. The lamps were fed by a direct current
supply to minimize temporal variation in the illumination.
The back wall was painted black to provide better contrast
between particles and gas.

To carry out PEPT measurements, the spout-fluidized bed
(either pseudo-2-D or cylindrical 3-D) was positioned in
between the two PEPT detectors, as shown in Figure 3. The
detectors covered a measurement height of 0.50 m and a
width of 0.40 m.

In Figure 4, a schematic illustration of the ECT set-up is
presented. The ECT measurements were conducted in a
cylindrical 3-D bed, for which a special column was prepared

August 2012 Vol. 58, No. 8 AIChE Journal



Humidity
meter

e
Adjustable
camera setup
Pseudo 2D
spout fluidized bed
Lights
High speed S| ] Water vessel
camera
Mass flow
controllers.
gt
\ 20\
/100
~Q’mlg}

PIV Computer

Figure 2. Experimental
technique for
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

set-up of PIV measurement
pseudo-2-D spout-fluidized

containing the ECT sensor that was mounted around the col-
umn circumference. An earthed screen was mounted around
the sensor and shielded cables were used to connect the sen-
sor to the data acquisition unit (Figure 4). The ECT sensor
was self-designed and constructed, whereas commercial ECT
computer hardware and software were supplied by Process
Tomography. It consisted of two measurement planes, each
with 12 measurement electrodes. To prevent the electrical
field from being diverted to earth at the ends of the measure-
ment electrodes, guard electrodes surround the measurement
electrodes as shown in Figure 5. The first and second mea-
surement planes were located 5 and 15 cm above the bottom
plate, respectively. The measurements lasted 5 min, using a
frequency of 100 Hz and a pixel resolution of 32 x 32 to rep-
resent the sensor cross-sectional area, which makes a total of
1024 permittivity values per image (pixel area: 0.18 cm?).
The sensor was calibrated before each measurement and to
assure that the capacitances remained constant during a mea-

Spout fluidized
bed

Figure 3. Experimental set-up of PEPT measurement
technique including the radio-actively labeled
particle emitting back-to-back y-rays (repre-
sented by <).

Note that the pseudo-2-D bed is presented, and that the
cylindrical 3-D bed is placed in between the detectors as
well.
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Figure 4. Experimental set-up of ECT measurement on
the cylindrical 3-D spout-fluidized bed.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

surement; the capacitance of a static bed were measured
before and after each measurement. If the measured volume
fraction of the static bed remained constant, no shift in capac-
itance occurred during the fluidization measurement. The
Landweber iteration method was used for the image recon-
struction, for which the number of iterations and a relaxation
parameter were set to, respectively, 110 and 0.01.

Experimental Techniques
Particle image velocimetry

PIV is an optical, nonintrusive measurement technique
that produces instantaneous 2-D velocity data for a whole
plane in a 3-D flow field. It was originally developed in the
field of experimental fluid dynamics to study the flow of sin-
gle phase fluids.** In this work, PIV has been applied to
study the particle flow in a pseudo-2-D spout-fluidized bed.
The front view of the bed is recorded using the equipment

37.34

Guard Guard Guard Guard Guard 50
Electrode 11 | | Electrode 12 || Electrode 1 Electrode 2 Electrode 3

Measurement | | Measurement | | Measurement | | Measurement | | Measurement 50

Electrode 11 | | Electrode 12 || Electrode 1 Electrode 2 Electrode 3
Y
Guard Guard Guard Guard Guard 50
Electrode 11 | | Electrode 12 || Electrode 1 Electrode Electrode 3

Figure 5. Schematic drawing of five (out of 12) mea-
surement electrodes and guard electrodes
for one measurement plane, with dimensions
in mm.
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shown in Figure 2. Two subsequent images of the flow, sep-
arated by a short time delay, Az, are divided into small inter-
rogation areas. Cross-correlation analysis is used to deter-
mine the volume-averaged displacement, s,(x,f), of the parti-
cle images between the interrogation areas in the first and
second image. The velocity within the interrogation area is
then easily determined by dividing the measured displace-
ment by image magnification, M, and the time delay

vx,1) = 20 (12)

provided that At is sufficiently small. For further details of this
technique, the interested reader is referred to the work of
Westerweel.*> A multi-pass correlation algorithm with a final
interrogation size of 32 pixel and an overlap of 50% was used
to obtain the final velocity field. The particle density in most
regions is well above the recommended value of 10,42 that is,
much higher than one would have with conventional PIV that
uses seeding particles. We used a standard median filter for
postprocessing the vector fields, yielding less than 2% outliers.
We used 200 vector fields to compute the time-averaged
results, leading to a small random error in the time-averaged
velocity fields (i.e., <1%). Unfortunately, the time-averaged
PIV data also contain a systematic bias error. This error arises
when we calculate the time-averaged flow fields, where we are
forced to assume that the number of particles is constant in the
interrogation areas (which is not the case in reality). It would
be better to weigh the instantaneous velocities with the number
of particles that are associated.*? By comparing the
(unweighted) PIV results with those obtained from PEPT,
the systematic bias error is estimated to be about 20%.

Positron emission particle tracking

In PEPT, a radioactively labeled particle is detected at
high speed by a positron camera. The glass bead (used in
this work) is labeled by direct irradiation with a 3 He beam,
which is generated from a cyclotron, yielding a glass bead
that contains the radionuclide '8 F with half-life of 110 min.
The labeled particle decays with the emission of a positron,
and each positron rapidly annihilates with an electron, result-
ing in an almost exactly back-to-back emisison of a pair of
511 keV y-rays, which is nonintrusively detected by the two
detectors. These detectors define a line of response (LOR)
passing close to the active particle. The intersection of sev-
eral LORs determines the location of the particle in 3-D. In
Figure 3, only two LORs are shown.

The position of the tracer particle was recorded over a
period of 1.5 h for the pseudo-2-D and 3 h for the cylindri-
cal 3-D bed at a frequency ranging from 100 to 300 Hz
depending on the amount of radiation emitted by the single
tracer particle and the location of the detectors. The instan-
taneous particle position is subject to a variable amount of
noise, as the detectors are less accurate at the borders of
the detectors, and in the horizontal plane, the point of inter-
section is more difficult to determine due to the small dif-
ferences in the slopes of the LORs. To obtain accurate
results near the bottom of the bed, the spout-fluidized bed
is placed at 0.10 m from the lowest border of the detectors,
and the noise is furthermore suppressed by applying a cubic
spline to the PEPT output data.”® Because of the (limited)
dimensions of the PEPT detectors, the tracer particle occa-
sionally moves out of the detectable area, which is
accounted for by leaving out the readings just before exit
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and after return of the particle in the measurement area.
The remaining noise on the time-averaged velocities is
diminished by calculating the velocity of the six subsequent
particle positions and is subsequently assigned to the cell
containing the average over six particle locations. The par-
ticle velocity is determined with linear regression, where
the least squares method is used to minimize the deviation
of the fit to the measurement data

n Zz"lzl (Z‘X) B Z;?:l t27:1 X (13)
noou2 n 2
nyi X = (%)

Vp(x,1) =

Typical errors in instantaneous PEPT velocity measure-
ment samples are about 10%. For each time-averaged veloc-
ity O (100) velocity samples are used, yielding an random
error in the time averaged velocities of O (1%).

Electrical capacitance tomography

ECT is based on the measurement of the permittivity distri-
bution (using several electrodes) of two nonconductive materi-
als (in this work air and glass beads), to determine the particle
volume fraction. Each electrode is subsequently charged and
the capacitance is measured between each electrode pair. The
medium (air or glass beads) in between the electrode pairs
influences the value of the capacitance, from which the per-
mittivity and thus the particle distribution is reconstructed.
The particle distribution in the sensor cross-sectional area is
presented on a 32 x 32 pixel square grid. The sensor is cali-
brated by measuring the capacitances of an empty bed (lower
permittivity material) and of a bed filled with particles (higher
permittivity material). Additionally, these values are used to
normalize the measured capacitances. The capacitance mea-
surement between the electrode pairs depends on the electrical
field lines that appear when one electrode is charged. Because
of the varying distances of one electrode to the others, differ-
ent field lines are present, which result in different capaci-
tance values. This means that the detection of an object
depends on its location, that is, the capacitance measured of
an object in the center of the bed is different compared with
the capacitance of an object near the wall. To account for this
variation, the sensitivity at every (pixel) location in the cross-
sectional area is determined for each electrode pair and stored
in a sensitivity matrix. The sensitivity matrix and the meas-
ured capacitance values determine the permittivity at every
(pixel) location in the cross-sectional area

Ch=S5-K (14)

C, is a vector containing 66 measured interelectrode-pair
capacitances, K is a vector with permittivity values at the 1024
pixels and S is the sensitivity matrix with dimensions of 66 x
1024. The permittivity distribution K can be obtained from:

K=S8"-¢C, (15)

where S™! is the inverse of matrix S. However, as S is a
nonsquare matrix its inverse matrix does not exist, which is the
mathematical consequence of trying to obtain permittivity
values for 1024 pixels from 66 capacitance measurements.
Because of the limited number of electrode-pair capacitance
measurements, insufficient information is available to accu-
rately calculate the permittitivity at every pixel location.
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Table 1. Particle Properties

Property Value Unit
Material Glass -

o 3.0 mm
Pp 2505 kg/m 3
Cnpep 0.97 -
Cnposw 0.97 _
€ipp 0.33 -
Crpew 0.33 _
Upp 0.10 -
Hp o 030 -
Ut 1.90%;176" m/s

* = in pseudo-2D bed.
" = in cylindrical 3D bed.

Therefore, the best possible approximate solution to the
problem (i.e., $™') should be found. This so-called inverse
problem can be solved with different reconstruction techni-
ques, such as the linear back-projection (LBP), iterative LBP,
Tikhonov regularization, and the Landweber iteration method,
as described by Yang and Peng.*® In this work, the Landweber
iteration method is used. The particle volume fraction is
calculated using the inverted Maxwell concentration model®’

2I(EN . errm + KEN
? 7 3Kperm + Kix — Kin - K (16)
perm EN EN perm

with Kperm = % as the permittivity ratio, where Kj is the
permittivity of air, whereas Ky is the permittivity of the bed

filled with particles, defined as

Ky = Epacked = €glass * O + &air - (] - OC) 7

where &g, is the relative permittivity of glass, e, the relative
permittivity of air and o the volume fraction of a packed bed
(~0.6). Equation 17 shows that the high permittivity value is a
mixture of particles and air, and thus depends on the packing
fraction.

Ky is the normalized permittivity value, given by

7KH'8p +KL(1 —Sp) —KL
B Kn — Ky

Ken (18)

The number of iterations and the relaxation parameter for
the Landweber reconstruction technique are chosen by find-

ing the smallest capacitance residual®
C,—K -S
Cres = 07 x 100% (19)

n

where C..s is the capacitance residual, C, the normalized
measured capacitance, S the sensitivity matrix and Kiecop 1S the
reconstructed permittivity. K...o, - S is the capacitance that
appears from the reconstructed permittivity and sensitivity
matrix, and the capacitance residual is thus a measure for the

Table 2. Gas Velocities

System Flow Regime Upg (M/s) ugp, (M/s)
Pseudo-2-D Spout-fluidization 2.20 43.40 + 0.50
Jet-in-fluidized-bed*  4.15 £ 0.15 37.25 £ 0.25
Cylindrical ~ Jet-in-fluidized-bed**  3.80 + 0.10 67.15 + 1.5
3-D Jet-in-fluidized-bed*** 3.60 48.80 + 0.4
T = PpIV.
* = PIV & PEPT & DEM.
#* — PEPT.
#xk — ECT.
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performance of the reconstruction. By minimizing this value,
the optimal reconstruction is obtained. It should be kept in
mind that the resulting particle volume fraction satisfies 0 <,
< 0.6. Therefore, the choice of the number of iterations and
the relaxation parameter is a compromise of achieving the
lowest capacitance residual and obtaining realistic values of ¢,.

Test Cases

In this work, three spout heights were used, that is 0, 2
and 4 cm above the bottom plate. Additionally, for the cylin-
drical 3-D bed, a spout height of 6 cm was studied as well
as using ECT. The static bed height was kept constant at 10
cm above the spout by increasing the amount of particles, as
the spout height increases. In this way, the spout air faces
similar resistance to break through the bed for each spout
height. The spout gas velocity for ECT measurements in the
cylindrical 3-D bed could not be set equal to the spout gas
velocity used for the PEPT measurements, due to pressure
drop limitations for the plastic bottom section. Nevertheless,
the bed dynamics still displayed characteristics of the jet-in-
fluidized bed regime, enabling comparison with the PEPT
measurements. For details of the flow regimes in a similar 3-
D and pseudo-2-D spout-fluidized bed, the reader is referred
to the work of Link et al.***> The minimum fluidization ve-
locity was determined experimentally for both the pseudo-2-
D and the cylindrical 3-D bed. It appears that the value in
the pseudo-2-D bed is higher than in the cylindrical 3-D
bed, which is most probable due to the more pronounced
particle-wall effect in pseudo-2-D systems. In Tables 1-3,
the particle properties, applied gas velocities, and the set-
tings for the numerical simulations are listed.

Results and Discussion

Pseudo-2-D bed: jet-in-fluidized-bed and spout-
Sfluidization regime

PIV measurements were conducted for the jet-in-fluidized-
bed and spout-fluidization regime, the results of which are
shown in Figure 6. For the spout-fluidization regime, elevation
of the spout leads to dead zones in the annulus, but for the jet-
in-fluidized bed regime particles in the annulus still move and
the vortices are vertically more stretched. In the spout-fluidiza-
tion regime, the spout gas provides motion of particles by
dragging the particles into the spout channel, supported by the
background gas. However, in case of an elevated spout, the
spout gas influences the particles near the bottom of the bed to
a lesser extent and the background velocity is not large enough
to compensate for that, causing dead zones in the annulus
region. In the jet-in-fluidized bed regime, the background ve-
locity supplies enough air to move the particles in the annulus
as the spout height is increased, leading to unexpected particle
behavior. Therefore, this regime is further investigated.

Table 3. Numerical Settings for Pseudo-2-D Spout Fluidized
Bed Simulation

Property Value Unit
N\ 29 -
N, 2 -
N. 250 -
At 10°* s
tond 20 S
N, 1.2 10% 1.4 - 10% 1.7 - 10* -
ky, 10* N/m
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Figure 6. Time-averaged particle velocity fields in the
pseudo-2-D bed for hypout = 0 cm (left), hgpout
= 2 cm (center), and hgpout = 4 cm (right)
obtained from PIV measurements for the
spout-fluidization regime (u,y = 2.2 m/s and
usp = 43.8 m/s) (a) and jet-in-fluidized-bed re-
gime (upg = 4.0 m/s and ug, = 37.0 m/s) (b).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Pseudo-2-D bed: jet-in-fluidized-bed regime

Besides PIV measurements, also PEPT measurements and
DPM simulations have been conducted for the pseudo-2-D
spout-fluidized bed for the jet-in-fluidized-bed regime. As
shown in Figure 7, both experimental techniques and the
DPM simulations display the same effect of the spout height.

The velocity profiles in the central xz-plane at z = 0.10 m
above the spout, as plotted in Figure 8, reveal that the
velocity profiles obtained from PIV and PEPT agree very
well. Moreover, the DPM simulation results agree well with
the experimental data in the spout channel. However, in the
annulus region, the DPM slightly overpredicts the downward
velocity. In pseudo-2-D beds, the particle-wall effect is
more dominant compared with 3-D beds, causing a stronger
(but yet small) overprediction in the annulus region. Never-
theless, the overall velocity field is quite well predicted and
therefore, the DPM simulations are used to study the bed
behavior in more detail.

In Figure 9 the contour plot of the time-averaged horizon-
tal particle velocity obtained from DPM simulations is
shown. As the spout height increases, the profiles of the hor-
izontal particle velocity stretch vertically in the bed, whereas
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the horizontal particle velocity near the bottom boundary
slightly decreases. For /o, = 2 cm the velocity profile
shifts accordingly, but for iy, = 4 cm, the velocity profile
shifts higher up in the bed than the spout elevation. This is
most likely due to the bubbles in the annulus region that
remain undisturbed near the bottom, as the interaction with
the spout occurs at a higher location in the bed. As a result,
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Figure 7. Time-averaged particle velocity fields in the
pseudo-2-D bed for jet-in-fluidized-bed re-
gime for hgpour = 0 cm (top), Aspour = 2 cmM
(center), and hgpout = 4 cm (bottom) obtained
from PIV (left), PEPT (center) experiments,
and DPM simulations (right).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Profiles of the time-averaged vertical particle
velocity for the jet-in-fluidized-bed regime in
the pseudo-2-D bed obtained from PIV and
PEPT measurements and from DPM simula-
tions, in the central xz-plane at z = 0.10 m
above the spout.

This is done to compare the velocity in the same region
inside the bed.

the particles in the annulus near the bottom of the bed are
still able to move and are dragged higher up in the bed. The
bubble formation with increasing spout height is also shown
in Figure 10, where the particle volume fraction near the
bottom of the bed decreases and the more dense region is
located higher up in the bed. Near the spout tube, the parti-
cle volume fraction is slightly higher.

Cylindrical 3-D bed: jet-in-fluidized-bed

PEPT and ECT were used to study the cylindrical 3-D
spout-fluidized bed. For the PEPT measurements, the particle
velocity is determined in axisymmetrical cylinder coordi-
nates. Consequently, the velocity data are mirrored to visual-
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Figure 9. Contour plot of the time-averaged horizontal
particle velocity for the jet-in-fluidized-bed
regime in the pseudo-2-D bed for hgpou: = 0
cm (left), hspout = 2 cm (center), and hgpour =
4 cm (right), obtained from DPM simulations.

0.1

ize the full picture in the vector velocity field, as shown in
Figure 11.

It seems that the effect of spout elevation in the cylindri-
cal 3-D bed is smaller compared with the pseudo-2-D bed,
which is due to the less dominant particle—wall effect in 3-D
systems. The bubbles in the annulus region are less affected
as the spout elevates, causing the vortices in the annulus
being less vertically stretched. This is also shown in
Figure 12, where the time-averaged radial particle velocity is
shown in a contour plot. In this plot, the profiles also stretch
vertically as the spout height increases, but to lesser extent

<€“>xml I-1

0.5 T T 0.5 T T 0.5 T T 0.6

0.1 0.05 0.1 0.05 0.1
x [m] X [m] X [m]

Figure 10. Contour plot of the time-averaged particle
volume fraction for the jet-in-fluidized-bed
regime in the pseudo-2-D bed for hspou: = 0
cm (left), hspout = 2 cm (center), and hgpout
= 4 cm (right), obtained from DPM simula-
tions.
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Figure 11. Time-averaged particle velocity field in the
cylindrical 3-D bed for hgpoue = 0 cm (left),
hspout = 2 cm (center), and hgpout = 4 CM
(right) obtained with PEPT measurements
for the jet-in-fluidized-bed regime.
Note that only every second vector in each direction is
shown for the sake of clarity. [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com.]

compared with the pseudo-2-D bed. Both figures display that
the particle velocity near the bottom of the bed is much
smaller.

As a single particle is tracked in the PEPT technique, the
occupancy, that is the time that a particle spends in a grid
cell, can be determined using Eq. 20. The time a particle is
in the cell depends on the total number of cells that is used.
The larger the number of cells, the smaller the occupancy in
each cell. Therefore, the occupancy is normalized to the

<v S [mys]
o

z [m]

-0.2

4 -0.05 0 0.05

r[m] r[m] r[m]

Figure 12. Contour plot of the time-averaged radial
particle velocity for the jet-in-fluidized-bed
regime in the cylindrical 3-D bed for hgpout =
0 cm (left), hgpour = 2 cm (center), and hgpout
= 4 cm (right), obtained with PEPT measure-
ments.
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number of cells (N..;). A value of 1 for the occupancy, thus
implies that the time a particle spends in each cell is equal.

>on AtV r, Nx

- Nee 20
S A I (20)

a(x) =

As shown in Figure 13, the occupancy near the bottom is
quite low implying that the particle does not reach the bot-
tom often, which is in accordance with the low velocity
shown in Figures 11 and 12. The area, where the particle is
most, is located in the upper region in the annulus, where
the particle apparently is dragged into the spout channel and
arrives after raining down. This location with the maximum
occupancy shifts linearly with the spout elevation. The maxi-
mum occupancy at figpo, = 4 cm has decreased, which
means that the time the particle is in that region had
decreased. This could be due to the presence of more bub-
bles, causing more mixing, and thus more motion of the par-
ticles in the annulus region. It seems that at this spout
height, the bubbles originating from the background gas still
exist and are (just as in pseudo-2-D) affected by the spout
gas at a higher location in the bed. Although the bubbles
exist longer when the spout is elevated, spout channel is still
present indicating that the features of spout-fluidized beds
still prevail. Consequently, the effect of spout elevation in
the cylindrical 3-D bed starts at /g, = 4 cm instead of 2
cm, and therefore, complementary ECT measurements were
conducted at spout heights of Agp, = 0, 2, 4, and also 6
cm, to verify if indeed more bubbles are present in the annu-
lus as the spout is elevated further.

The presence of bubbles causes fluctuations in the bed, and
hence in the particle volume fraction, which is shown in terms
of the root mean square (RMS) in Figure 14. As evident from
Figures 14a and b, the RMS of the volume fraction does not
change much with a spout elevation from 0 to 2 cm. How-
ever, the RMS of the volume fraction at Ay, = 4 and 6 cm
increases in the annulus region, which is clearly seen in the
central profile that is shown in Figure 15. Elevation of the
spout at 2 cm does not influence the bubble formation much,

occupancy
35

z[m]

0
r[m]

Figure 13. Contour plot of the time-averaged occu-
pancy for the jet-in-fluidized-bed regime in
the cylindrical 3-D bed hgpout = 0 cm (left),
hspout = 2 cm (center), and hgpout = 4 €M
(right), obtained with PEPT measurements.
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whereas the elevations at 4 and 6 cm clearly have an effect.
These ECT results, thus confirm that an elevated spout also
influences the dynamics in a cylindrical 3-D bed, which
occurs at a higher spout height than in the pseudo-2-D bed.

Conclusions

In this work, the effect of spout elevation on the bed
dynamics has been investigated experimentally and computa-
tionally using, respectively, noninvasive monitoring techni-
ques and full 3-D Euler-Lagrange simulations. In our study,
in both, a pseudo-2-D and a cylindrical 3-D spout-fluidizad
bed, with spout heights of 0, 2, and 4 cm has been used.
First, two flow regimes have been investigated in the
pseudo-2-D bed, from which it was concluded that the
spout-fluidization regime did not show any dependency on
spout height in the sense that increasing the spout height
leads to the creation of dead zones up to the entrance of the
spout, yielding a similar situation as a spout-fluidized bed
where the spout is not elevated. The jet-in-fluidized-bed
regime, however, displayed unexpected particle behavior.
Therefore, the jet-in-fluidized-bed regime was investigated
further in both the pseudo-2-D and cylindrical 3-D bed.

The experimental techniques PIV and PEPT were applied
to the pseudo-2-D bed, showing very good quantitative
agreement in the particle velocity implying that both techni-
ques perform correctly. DPM simulations were also con-
ducted, and the results compared quite well with the experi-
mental data. The downward velocity in the annulus region,
however, was slightly overpredicted by DPM.

The experimental and simulation results show that due to
the elevation of the spout, the bubbles in the annulus remain
undisturbed near the bottom of the bed and interact with the
spout channel at a higher location depending on the spout
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025

foU[—]
)
Figure 14. Contour plot of the xy-plane of the root mean square (RMS) of the particle volume fraction for hgpout =
0 cm with C,.s = 10.8% (a), hspout = 2 cm with Cres = 9.9% (b), hgpout = 4 With Cres = 10.0% cm (c), and

hgpout = 6 cm with C,es = 10.4% (d), obtained with ECT measurements.

height. As a result, the particles still move in the annulus in
contrary to the spout-fluidization regime where the particles
become stagnant. The high background velocity in the jet-in-
fluidized-bed accounts for the enhanced particle motion.

To verity if these phenonema also occur in the cylindrical
3-D spout-fluidized bed, PEPT and ECT measurements were
carried out for the jet-in-fluidized-bed regime. The particle
velocity profiles obtained by PEPT show that the elevation
of the spout influences the bed dynamics to a lesser extent,
which was confirmed by the ECT results. ECT measure-
ments were conducted for spout heights up to 6 cm, and it
was shown that the effect was observable for /g, = 4 and
6 cm. At these spout heights, the fluctuations in the bed
(in terms of the RMS of the particle volume fraction)
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Figure 15. Profile of the root mean square of the parti-
cle volume fraction at the central row of the
xy-plane.
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increased obviously, indicating that more bubbles are present
in the annulus.

Summarizing, it is showed that the particle behavior near
the bottom of the bed is affected differently by the spout ele-
vation for the jet-in-fluidized-bed regime. Instead of creating
more dead zones in the annulus region, particles are fluid-
ized by the bubbles. This has not been reported so far, and
these findings are of great importance for industry, where
the spout is often elevated. This is particularly the case in
granulation processes to enable liquid spray through the
spout.
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Nomenclature
Roman letters

C = capacitance, F
D = diameter, m
D = distribution function
e, = coefficient of normal restitution
e, = coefficient of tangential restitution
F,, = contact force, N
g = gravitational acceleration, m/s2
hspour = spout height, m
I = unit vector
K = permittivity distribution
k, = spring stiffness, N/m
M = image magnification
m,, = particle mass, kg
Neenn = number of grid cells
N, = number of particles
N, = number of timesteps
Ny = number of grid cells x-direction
Ny = number of grid cells y-direction
N, = number of grid cells z-direction
N,, = number of system walls
n = number of particle locations
p = pressure, Pa
r = position, m
Re, = particle Reynolds number
S, = particle drag sink term
S = sensitivity matrix
s = volume-averaged displacement vector, m
t = time, S
T = torque, Nm
At = time delay / time step in simulation, s
u; = gas velocity, m/s
v, = particle velocity, m/s
V = volume, m"
x = coordinate vector, m

Greek letters

o = particle volume fraction of packed bed
B = inter-phase momentum transfer coefficient, kg/m’s
& = volume fraction

¢ = relative permittivity

/p = gas phase bulk viscosity, kg/ms

1 = dynamic friction coefficient

ur = gas phase shear viscosity, kg/ms

p = density, kg/m*

2 = occupancy

7 = gas phase stress tensor, Pa

o = angular velocity, 1/s

Subscripts

bg = background fluidization
coll = collisions
EN = normalized

2534 DOI 10.1002/aic
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end = end of simulation
exp = experimental
f = fluid phase
= high permittivity material
L = low permittivity material
mf = minimum fluidization
n = normal direction/normalized
p = particle
perm = permittivity ratio
r = radial direction
recon = reconstructed
res = residual
sim = simulation

sp = spout
t = tangential direction
w = wall

X = horizontal direction
z = vertical direction

Abbreviations

2-D = two-dimensional
3-D = three-dimensional
DPM = discrete particle model
ECT = electrical capacitance tomography
LOR = line of response
PEPT = positron emission particle tracking
PIV = particle image velocimetry
RMS = root mean square
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