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The results of a combined experimental and simulation study on the flow regimes that
can be encountered during spout-fluid bed operation are reported. A regime map for a
three-dimensional (3D) spout-fluid bed was composed, employing spectral analysis of
pressure drop fluctuations and fast video recordings. In addition, 3D Euler-Lagrangian
computations were performed to assess the capability of the model to reproduce the
experimentally observed flow regimes. Spectral analysis of pressure drop fluctuations
revealed that for most investigated regimes the model is able to predict the appropriate
regime. The frequency at which the largest power is found is overpredicted by the model
in most cases. The remaining differences between the simulated and the experimentally
observed bed behavior are most probably related to the representation of the effective
fluid—particle interaction in the model, which relies on local spatial homogeneity. The
simulation results were compared with velocity maps determined from particle trajectories
acquired using positron emission particle tracking. The model accurately reproduces
measured particle velocities, including their root mean square, for all investigated condi-
tions and is therefore able to capture the details of the particle flow in various flow
regimes. © 2008 American Institute of Chemical Engineers AICKE J, 54: 1189-1202, 2008
Keywords: particle technology, particulate flows, computational fluid dynamics (CFD),
fluidization

Introduction

Spout-fluid beds are used for a variety of processes involv-
ing particulate solids, such as coating, drying, granulation
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(e.g., of fertilizer pellets), and pyrolysis. The spout-fluid bed
combines a number of favorable properties of both spouted
and fluidized beds, such as efficient contacting between par-
ticles and a gas and fluidization of Geldart D powders with-
out slug formation.

Understanding of the particle behavior inside spout-fluid
beds is crucial for their successful application and has a sen-
sitive dependence upon the operating conditions. A detailed
understanding of the particle behavior observed in spout-fluid
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beds is lacking. Detailed hydrodynamic models can be used
to obtain information on the flow regime, which is difficult,
if not impossible, to obtain otherwise.

In early modeling studies (for example, Ref. 1) only the
overall behavior of the bed was considered, neglecting the
details of particle motion. Kawaguchi et al.? and Link et al.?
used discrete particle models (DPM) to carry out detailed
studies of the particle motion in, respectively, a spouted bed
and a spout-fluid bed. They solved the volume-averaged
Navier—Stokes equations for the gas phase, taking two-way
coupling into account. Newton’s laws were applied to com-
pute the motion of each individual particle.

To be able to take full advantage of the detailed informa-
tion provided by the model, its ability to predict the behavior
of the particles in a real system needs to be assessed. This
can be achieved by comparing the predictions of the model
with the results of nonintrusive techniques for measuring the
particle motion, such as positron emission particle tracking
(PEPT). PEPT tracks the motion of a single activated particle
in a given system over a period of time of order 1 h. Seville
et al.* summarizes the past work on application of PEPT to
the study of engineering equipment, while Stein et al.>® and
Hoomans et al.” applied PEPT to fluidized beds.

PEPT can be seen as a member of nonintrusive particle
tracking techniques. The technique Computer Automated Ra-
dioactive Particle Tracking (CARPT) tracks an individual
particle in a somewhat similar way to PEPT.*? However, it
has the disadvantage that tagging the particle with radioac-
tive material, whilst maintaining the physical properties of
the particle is very difficult. Optical techniques like particle
image velocimetry'® and particle tracking velocimetry have
the disadvantage that they can only be used in systems that
are optically accessible, which is clearly not the case for a
fully three-dimensional (3D) spout fluidized bed.

Several papers have been published which compare the ex-
perimental and numerical results obtained in spouted beds,
i.e.,, in the absence of background fluidization air, 21114
When compared with spout fluidized beds, the dynamics of
the system are considerably different. To the best of our
knowledge, this is the first work that makes an extensive ex-
perimental/numerical comparison for the case of spout-fluid-
ized beds.

The organization of this paper is as follows: a brief
description of the theoretical model will be given first, fol-
lowed by a description of the applied experimental techni-
ques used. Subsequently, the experimental procedure will be
briefly discussed. Then the operating conditions that facilitate
the validation of the model for different regimes are pre-
sented, which are selected based on flow regime maps.
Finally, the experimental and simulation results are presented
and discussed.

Theoretical model

A 3D hard-sphere DPM was used to simulate the behavior
of a spout-fluid bed. This model is described in detail in
Link et al.'> and is based on the model originally developed
by Hoomans et al.'® A short description of the model is
given in this section.

In the hard-sphere collision model, rigid particles are
assumed to interact through binary, instantaneous colli-
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Table 1. Particle Properties

Property Value Unit
Material Glass -
d, 4.04 £ 0.02 mm
Op 2526 + 1 kg/m?
Umnf 1.77 = 0.03 m/s
€n p<—p 0.97* -
en, p < w, glass 097’< —
€n, p < w, polycarbonate 097* -
en, p < w, aluminum 0.97* —
Hp —p 0.10%* —
up «— w, glass 010* —
Hp — w, polycarbonate 0.10* —
:up < w, aluminum 0.10%* —
Bo.p —p 0.33% -
ﬁ(), p < w, glass 033* —
ﬁO, p < w, polycarbonate 0.33%* -
ﬁO, p < w, aluminum 0.33%* —

*Estimated values based on the experimentally determined collision proper-
ties of 2.5 particles; see Kharaz et al.

sions. Particle collision dynamics are described by collision
laws, which account for energy dissipation due to nonideal
particle—particle and particle-wall interaction by means of
the empirical coefficients of normal and tangential restitu-
tion, and the coefficient of friction. For systems that are
not too dense, the hard-sphere model is considerably faster
than soft-sphere models. Unlike soft-sphere models, the
hard-sphere model cannot account for the possible occur-
rence of multiple collisions at the same instant. However,
it has been shown that this does not lead to any serious dis-
crepancies, as both models statistically give the same
results for dense fluidized beds, provided that there are no
stagnant zones in the bed.'® For further details on the colli-
sion model the interested reader is referred to the work of
Hoomans et al.'®

The particle collision parameters play an important role in
the overall bed behavior as reported by Goldschmidt et al.'®
For this reason the collision parameters, for both particle-par-
ticle and particle-wall collisions, were accurately determined
by separate impact experiments and subsequently used in the
simulations. An overview of the particle properties including
the collision parameters is given in Table 1.

The motion of each individual particle present in the sys-
tem is calculated from the Newtonian equation of motion:

dv V,
mPT::*VPVPJFSLf(“f*Vp)erPg (1)

where f represents the interphase momentum transfer coeffi-
cient due to drag, which is calculated using a drag relation
proposed by Koch and Hill*® based on lattice-Boltzmann
simulations:

18te,

Brocheminn = Pz (Fo(ep) + %F3(5p)R€p) (2)
P

where & = 1 — &, and Re,, is given by

_ éeprlur — vpldy
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? H

3
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and with

143 %"—I—%ep In(ep) + 16.14s,

if &, < 0.4
Fo(e) — 4 1+0.681s, — 8.485 +8.16¢;
105 if &, > 0.4
3
&
)
0.0232
F3(gy) = 0.0673 +0.212¢, 4 ——— ©)

&
The gas phase flow field is computed from the volume-

averaged Navier—Stokes equations given by

0
o (eepr) + V- (erppur) =0 (6)

0
o (erppug) + V- (epppusug) = —&Vp — V- (g1p) — Sp
+eeprg (7)

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

TP = — K/lf - %,uf) (Vup)l + ,uf<(Vuf) + (VUf)T):| (8)

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

1 Vip
Ve

S —

(uf — v;)D(r —rj) 9)
ell iccan &p

The distribution function, D, distributes the reaction force
acting on the gas phase to the velocity nodes in the (stag-
gered) Eulerian grid.

Experimental technique

PEPT* takes advantage of a particular class of radioiso-
topes, which decay through the emission of positrons. When
the positrons encounter electrons, they are annihilated, each
annihilation converting matter into two back-to-back 511
keV gamma rays. These gamma rays are simultaneously
detected by a pair of detectors. The position of the particle

f-ray pair 2

/" Particle -

y-ray pair 1

Detector Detector
Figure 1. lllustration of the detection of a particle
based on successive back-to-back 7y-ray

pairs emerging from a particle.
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Figure 2. Schematic representation of the geometry of
the 3D spout-fluid bed; dimensions are given
in millimeters.

emitting the positrons is reconstructed by calculating the
point of intersection of several pairs of gamma rays, which is
illustrated in Figure 1. This technique was used to determine
the solids motion in the spout-fluid bed, as discussed below.

Zhang and Tang® and Link et al.'> showed that valuable
information about the dynamics of the particle behavior
inside a spout-fluid bed can be obtained from spectral analy-
sis of the pressure drop fluctuations. The flow regime can be
determined based on the characteristic frequency peaks that
are present in the frequency spectrum resulting from the Fou-
rier transformation.

The 3D spout-fluid bed setup used in this work consists of
the gas-fluidized bed schematically represented in Figure 2.
The side walls of the bed are made of aluminum, whereas the
front and back walls are made of polycarbonate. Pressurized
air was fed to the bed through three separate sections, to
ensure uniform gas distribution. A 2-mm-thick porous plate
with an average pore size of 100 um provided a homogene-
ous gas distribution over the two fluidization sections. Figure
2 shows that the bed contains a spout section, which is cov-
ered by a 0.5-mm metal gauze and located on the border
between the two fluidization sections at the geometrical cen-
ter of the bottom plate. A monodisperse size distribution con-
sisting of 4.48 X 10* particles was used.

55 Spout with Aeration | _
0]
50 -
45 Intermediate %
C
F40 =
) Spout- o B34
$3| .\ Flidization B =
-30 ";‘L ) o
25 >3
@
- o«'%c
| s Slugging Bed
0.0 0.5 1.0 1.5 20
Ubg/Umf[-]

Figure 3. Flow regime map of the investigated 3D
spout-fluid bed.

DOI 10.1002/aic 1191



Table 2. Test Cases for the 3D Spout-Fluid Bed

Ipar (8)

Upg Upg/Unnf Usp Ugp/Unng Usup Ugup/Um Lsim tpEpPT
Case Flow Regime (m/s) (-) (m/s) (-) (m/s) (-) (s) (s) UK NL
Bl Intermediate/spout-fluidization 2.5 1.4 60 34 3.7 2.1 20 3600 119 51
B2 Spouting-with-aeration 2.5 14 90 51 4.3 24 20 3600 119 68
B3 Jet-in-fluidized-bed 35 2.0 65 37 4.8 2.7 20 3600 120 60

The properties of the particles that were used are given in
Table 1.

During all experiments, the fluctuations in the bed pressure
drop (excluding the gas distributor) were recorded using a
high-frequency pressure probe (Kulite XT-190M-0.35BAR
VG) at a frequency of 100 Hz. The pressure probe was posi-
tioned in the middle of the back wall of the bed about 0.01
m above the porous plate. The pressure drop fluctuations
were recorded over a period of at least 1 min.

During the PEPT measurements, the bed was placed
between the detectors, covering a height of 0.47 m. Depend-
ing on the amount of radiation emitted by the single tracer
particle, the space between the detectors and the bed was
varied. The tracer particle was produced by exposing one of
the particles used in the experiments to a “He beam gener-
ated by a cyclotron, so as to produce the positron emitter '°F
from some of the '°O in the glass. The position of the tracer
particle was recorded over a period of 1 h 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 data produced from the PEPT measure-
ments consist of the particle positions in three dimensions as a
function of time. Depending on the position with respect to the
detectors, the output contains a variable amount of noise. The
noise is most severe in the horizontal plane near the bottom of
the bed, which is close to the edge of the PEPT detectors.
Near the bottom of the detectors the differences in the slopes
of the intersecting y-ray pairs in the x and y direction are
small. Therefore, the accuracy of the point of intersection, rep-
resenting the location of the tracer particle, in those directions
will be reduced, increasing the amount of noise. To suppress
the noise, a cubic smoothing spline was applied to the PEPT
output data. Occasionally, the tracer particle left the detectable
range, because the PEPT detectors only covered the lowest
0.47 m of the bed. In that case, the readings directly before
exit and after return of the particle were discarded.

To diminish the effect of the remaining noise on the time-
averaged velocities, all velocities are calculated using the
average velocity over six subsequent particle locations. The
velocity is subsequently assigned to the cell containing the
average over six particle locations.

Flow regime map and case selection

The objective of this work is to study the behavior of a
3D spout-fluid bed and, more importantly, to assess the capa-
bility of the model to predict the experimentally observed
behavior. To ensure that the main flow regimes encountered
in a spout-fluid bed were considered, a flow regime map has
been assembled from which suitable operating conditions
were selected. More information about flow regimes and
flow regime maps can be found in Zhang and Tang®* and
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Link et al.'> To obtain a comprehensive flow regime map for
the 3D spout-fluid bed, pressure drop fluctuations were meas-
ured over a wide range of operating conditions. The back-
ground velocity was varied from O to 3.5 m/s with incre-
ments of 0.5 m/s and the spout velocity was varied from 40
to 95 m/s with increments of 5 m/s. Because of limitations
of the setup, it was not possible to use spout velocities below
40 m/s. Consequently, the only spout velocity that was used
below 40 m/s was 0 m/s.

Figure 3 shows the flow regime map that was recorded for
the system under investigation. The operating conditions that
were selected are marked in the flow regime maps and pre-
sented in Table 2, along with the details of the experiments
and simulations. The background fluidization velocity
exceeded the minimum fluidization velocity for all cases to
avoid stagnant areas, which cannot be simulated efficiently
with the hard sphere DPM.

All simulations were carried out on a computational grid
consisting of 21 X 14 X 100 cells (width X depth X
height).

Results

In this section, the spectral analyses of measured and com-
puted pressure drop fluctuations will be presented, along with
computed isosurface solids volume fraction plots and com-
puted and measured particle velocity profiles.

The measured pressure drop fluctuations, which reflect the
dynamic behavior of the bed, are used for both model valida-
tion, and to check for similar behavior in the separate experi-
ments conducted at the two universities.

During the experiments, the pressure drop was recorded at
a frequency of 100 Hz during periods of about 1 min and 1
h, at the University of Twente in The Netherlands (NL) and
at the University of Birmingham in the United Kingdom
(UK), respectively. The exact periods can be found in Table
2. In the numerical simulations, the computed pressure drop
fluctuations were recorded at a frequency of 1000 Hz for a
period of 20 s. Note that in the latter case, the first 3 s of the
simulations were excluded from the spectral analysis to pre-
vent start-up effects from influencing the results.

The amplitude of the pressure drop fluctuations is repre-
sented in terms of the root mean square (RMS) and is given
in Table 3.

Table 3. Root Mean Square of the Measured and Computed
Pressure Drop Fluctuations (Pa)

Case Bl B2 B3
Experiment-NL 209 166 795
Experiment-UK 241 84 763
Simulation 226 34 463
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Figure 4. Schematic representation of central xz-plane
in the geometry of the 3D bed.

To illustrate the behavior of the various flow regimes
observed in a spout-fluid bed, and its relation to the pressure
drop fluctuations, the computed bubble behavior is visualized
using solids volume fraction isosurface plots at a solids vol-
ume fraction of 0.3. This value is used, because it is halfway
between the solids volume fraction for the dense (~0.6) and
dilute areas (~0.0).

The particle velocities resulting from the PEPT measure-
ments are used to validate the more detailed aspects of the
model results. The results of the PEPT measurements con-
sisted of a particle trajectory from which a particle velocity
history was derived. Consequently, for each time step the
particle velocity was only known at a single location. To
obtain a time-averaged velocity field the results from a mea-
surement over a longer period of time were combined.
Because information about the particle velocity in a certain

005
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0 0.08 0 D(? 0.08

%00 0.000™ Boo 000" %
y [m] x[m] y [m] x[m]
case B2 case BF
Figure 5. Plot of the simulated isosurface at a solids
volume fraction of 0.3 for case B2, the spout-
ing-with-aeration regime.
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Figure 6. Frequency spectra of the measured and com-
puted pressure drop fluctuations of case B2,
the spouting-with-aeration regime.

area, or cell, can only be obtained when a particle is present,
the time-average was obtained by averaging all particle
velocities that were obtained within each cell:

N,
1)
(Vijx) ';VP where 0=1 Vpeijk (10)
ijk :Ty _ V ik
&5 =0 Vpd&i,J
i=1

where p represents a particle in cell 7, j, k£ and N, is the num-
ber of time steps.

The measured and computed time-averaged particle veloc-
ities are presented through several types of charts. The over-
all flow field is represented by the particle velocity field in

1 1 1 L L L
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Figure 7. Time-averaged particle velocity fields in the
central xz-plane for case B2, the spouting-
with-aeration regime.
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Figure 8. Profiles of the time-averaged vertical particle velocity including the RMS in the central xz-plane and a
surface plot at z = 0.15 m for case B2, the spouting-with-aeration regime.

the central xz-plane, i.e., 0.036 < y < 0.048 m, which is illus-
trated in Figure 4. Two particle velocity profiles in the central
xz-plane are shown; one to illustrate the particle velocities in
the annulus and the spout channel, at z = 0.15 m, and another
to illustrate the particle velocities in the fountain, at z = 0.25
m. At these same levels a profile of the RMS of the particle
velocity in both the horizontal (v, ) and vertical (v,,,) direction
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is displayed. Finally, a surface plot of the velocity field in the
xy-plane at z = 0.15 m is presented.

Spouting-with-aeration regime
In the spouting-with-aeration regime, the spout channel is
stable and continuously penetrates the entire bed as can be

May 2008 Vol. 54, No. 5 AIChE Journal



0.30, 0.30 0.30.
0.25 0.25 025
0.20. 0.20 020
E015 E015 E 015
[ B [ |
0.10 0.10 0.10|
0.05 0.05.| 0.05|
0.00. 0.00.| i 0.00|
. =~ 012 - 01z
008 . 008 0.08 0. |~ 008
i Boo 0.0o0% 050300 u.uoo'o"'
y [m] y [m) (m] y [m] x [m]
t=0.04 s t=0.08s
0.30, 030 030
025 025 025 |
0.20 0.20.. 0.20
E01s Eo015 E015
L] ] L]
0.10 0.10 0.10
0.05 ] 0.05. 0.05.]
0.00 000~ .- 0.00 |
00> 0.8 .- — ppa”™? 00
0.03 “go3 04 003
. 500 000> .
y [m] y [m] x (m] y [m]
t=0.16s
0.30, 0.30
0.25 | 025
020 020
E015 E 015
L L]
0.10 0.10|
0.05 0.05.|
0.00 . 000 L =~
~ 012
0 .. 0. .|~ 008
: 03
00500300 uouo 04 Ugoow Umo.m
y [m] y [m] x[m]
t=000s t=0.04s t=0.08s

Figure 9. Plots of the simulated isosurface at a solids volume fraction of 0.3 for case B1, the intermediate/spout-
fluidization regime.

seen in the solids volume fraction isosurface plots for case
B2, which is presented in Figure 5.

As there is a continuous spout, the particle configuration
itself does not change significantly, so the movement of the
particles hardly affects the bed pressure drop. Consequently,

the frequency spectra of the measured and computed pressure
drop fluctuations, which are given in Figure 6, do not contain
any significant peaks. The computed spectrum does however
display a broad peak with very low power (~100 Pa®) at a
relatively high frequency (6 Hz, respectively, 7 Hz), which
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Figure 10. Frequency spectra of the measured and
computed pressure drop fluctuations of
case B1, the intermediate/spout-fluidization
regime.

corresponds to an intermediate regime. Because the power is
very small, the flow regime is much closer to the spouting-
with-aeration regime than to the spout-fluidization regime.
Apart from the broad peak, the trends in the frequency spec-
tra are similar. Table 3 shows that the amplitude of the pres-
sure drop fluctuations predicted by the DPM is considerably
smaller than the measured value, although it is noted that
both amplitudes are very small compared with the other
cases. The magnitude of the maximum power of the pressure
drop fluctuations, however, is comparable, which indicates
that the pressure drop fluctuations predicted by the model
were a little more regular.

Figures 7 and 8 show that the spouting-with-aeration re-
gime displays a narrow spout channel with high time-aver-
aged particle velocities due to the high gas velocity.

The profiles at a height of 0.15 m show that the RMS and
the time-average of the particle velocities in the annulus are
very small, which corresponds to the slow but continuous
movement of the particles through the annulus toward the
spout channel, which occurs in the spouting-with-aeration re-
gime (see Figure 11). The RMS in the spout channel is much
larger. Its value in the z-direction is approximately constant
over the entire width of the channel. The RMS in the foun-
tain is comparable with the RMS in the spout channel and
approximately constant over the entire width of the bed.

The particle velocity fields displayed in Figure 9 show that
the particles are projected less high into the freeboard in the
measured case than in the computed case. Furthermore, the
measured field shows no velocities in the bottom part of the
spout channel. Despite these differences, the overall flow pat-
tern is the same in both the measured and the computed
result. The plots at z = 0.15 m displayed in Figure 11 illus-
trate that the region with upward flow is much larger in the
simulation, although the shape of the profile is quite similar.
Furthermore, the downward velocity is much more homoge-
neous in the experimental result. Additionally, the RMS is
much larger in the computed result, while the shape of its
profile is quite similar. The computed results are much closer
to the measured results at z = 0.25 m. A comparison

1196 DOI 10.1002/aic

between the velocity fields and the isosurface plots shows
that the positive vertical velocities generally occur in the
dilute regions of the bed.

Spout-fluidization regime

In the spout-fluidization regime, an intermittent spout
channel is present, which is periodically blocked by particles
from the annulus. This behavior can be observed in the series
of solids volume fraction isosurface plots for the case operat-
ing in the intermediate/spout-fluidization regime (case B1),
which is shown in Figure 9. The plot illustrates how the
spout channel grows in the vertical direction until it reaches
the bed surface. Subsequently, a fountain is formed and the
spout channel is closed halfway. The bottom half of the
spout channel will then form the next bubble. It takes ~0.2 s
to complete one cycle, which corresponds to a frequency of
~5 Hz.

The same frequency can also be observed in the frequency
spectrum of the computed pressure drop fluctuations given in
Figure 10. The frequency spectrum displays a narrow peak
with large power (~1 X 10° Pa®) at a relatively high fre-
quency (4—-6 Hz), which is representative of the spout-fluid-
ization regime.15 The trends in the frequency spectrum are
very similar, although the model predicts the largest power
at a higher frequency. Table 3 shows that the amplitude of
the pressure drop fluctuations predicted by the simulations is
in good agreement with the measured value, as is the magni-
tude of the power.

For case Bl1, the frequency spectra resulting from the
measured UK and NL pressure drop fluctuations reveal some
differences. To be able to compare the results, the frequency
spectrum for the UK results is displayed, along with the

Published on behalf of the AIChE
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results for the NL operating conditions closest to the UK
operating condition. These frequency spectra show that the
flow regime shifts from the spout-fluidization regime at a
background velocity of 1.5 m/s to the intermediate regime at
2.0 m/s.

Consequently, a transition of the flow regime occurs
between 1.5 and 2.0 m/s, which will most probably result in

AIChE Journal May 2008 Vol. 54, No. 5
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a less profound frequency peak compared with the extremely
regular spout-fluidization regime. This can be observed in the
measured UK frequency spectrum, which shows a reduced
magnitude of the power.

Figures 11 and 12 show that the spout-fluidization regime
displays a narrow spout channel with high time-averaged par-
ticle velocities due to the high gas velocity. Compared with
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Figure 13. Plots of the simulated isosurface at a solids volume fraction of 0.3 for case B3, the jet-in-fluidized-bed

regime.

the spouting-with-aeration regime this channel is somewhat
wider.

The profiles at a height of 0.15 m show that the RMS and
the time-average of the particle velocities in the annulus are
rather small. The RMS is however considerably larger than
the observed in the spouting-with-aeration regime, indicating
that the particles in the annulus have more opportunity for
random movement. In the spout channel the RMS and the
time-average of the particle velocities are considerably
smaller than in the spouting-with-aeration regime. The RMS
in the z-direction is still approximately constant over the
entire width of the channel. The RMS in the fountain is com-
parable with the RMS in the spout channel and approxi-
mately constant over the entire width of the bed.

The particle velocity fields show that the particles are pro-
jected less high into the freeboard in the measured case than
in the computed case. Furthermore, the measured field shows
smaller velocities in the bottom part of the spout channel.
The measured velocity map shows a small artifact in the
freeboard, which is related to the low number of samples in
this region. Despite these differences, the overall flow pattern
is quantitatively the same in both the measured and the com-
puted result.

1198 DOI 10.1002/aic
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The plots at z = 0.15 m show that the region with upward
flow is much larger in the simulation, although the shape
of the profile is quite similar. Furthermore, the downward

power [Pa2]

frequency [Hz]

Figure 14. Frequency spectra of the measured and
computed pressure drop fluctuations of
case B3, the jet-in-fluidized-bed regime.
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velocity is much more homogeneous in the experimental
result. Additionally, the RMS is much larger in the computed
result, while the shape of its profile is quite similar.
The computed results are much closer to the measured results
at z = 0.25 m.

Jet-in-fluidized-bed regime

In the jet-in-fluidized-bed regime, the bed contains both a
spout channel and bubbles that are interacting with one
another, which is illustrated by the solids volume fraction
isosurface plots for the case in the jet-in-fluidized-bed regime
(B3), displayed in Figure 13. This figure shows a spout chan-
nel that grows in the vertical direction until it reaches the
bed surface, while small bubbles are present in the annulus,
which merge with the spout channel. Subsequently, a foun-
tain is formed and the spout channel is closed halfway up.
Finally, a new bubble is formed in the lower half of the
spout channel.

This process consumes ~0.3 s, which corresponds to the
frequency of ~3.5 Hz, which can be observed in the fre-
quency spectra of the computed pressure drop fluctuations
given in Figure 14. The frequency spectra of the measured
and computed pressure drop fluctuations are in very good
agreement. Both display a relatively narrow peak with very
large power (>1 X 10° Pa®) at an intermediate frequency
(~3.5 Hz), which is typical for the single frequency mode of
this flow regime. The frequency spectra resulting from the
measured UK and NL pressure drop fluctuations are compa-
rable.

Table 3 shows that the amplitude of the pressure drop fluc-
tuations predicted by the DPM is considerably smaller (40%)
than the measured value, which results in a lower magnitude
of the power of the pressure drop fluctuations.

Figures 15 and 16 show that the single frequency mode of
the jet-in-fluidized-bed regime displays a narrow spout chan-
nel with high time-averaged particle velocities due to the
high gas velocity.

The profiles at a height of 0.15 m show that the time-aver-
age of the particle velocities in the annulus is rather small.
The RMS is however only slightly smaller than in the spout
channel and considerably larger than that observed in the
spout-fluidization regime, indicating that the particles in the
annulus have much more opportunity for random movement.
In the spout channel the RMS and the time-average of the
particle velocities are comparable to the spout-fluidization re-
gime. The RMS in the fountain is comparable with the RMS
in the spout channel and approximately constant over the
entire width of the bed.

Discussion
Frequency spectra

Based on the good agreement in the frequency spectra, it
is concluded that the model was able to predict the appropri-
ate flow regime in most cases. Furthermore, the amplitude of
the pressure drop fluctuations predicted by the model was of
the same order as the experimental result, although some dif-
ferences were observed. The frequency at which the largest
power was found was generally overpredicted by the model.
For a number of cases, the fluctuations predicted by the
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Figure 15. Time-averaged particle velocity fields in the
central xz-plane for case B3, the jet-in-fluid-
ized-bed regime.

model were more regular than the measured fluctuations.
When the predictive capabilities of the model are evaluated,
it can be concluded that the model accurately predicts the
flow regimes.

The differences that were observed between the measured
and simulated bed behavior can in principle be attributed to
the representation of gas—particle and/or particle—particle
interaction. A sensitivity study with respect to the values of
the collision parameters for both particle—particle and parti-
cle-wall interaction revealed that the observed differences
could not be reduced significantly by using different values
for these parameters.'” This leaves the representation of the
fluid—particle interaction as a probable cause for most of the
observed discrepancies. Although the fluid—particle drag
obtained from lattice Boltzmann simulations is believed to be
reasonably accurate, it is obtained for systems in which the
particles are homogeneously distributed in space. Heteroge-
neity in void fraction is known to exist in dense gas—particle
flows, especially around gas bubbles. The effect of this heter-
ogeneity on effective fluid—particle drag is largely unex-
plored, but it can in principle be resolved from detailed lat-
tice Boltzmann simulations.

Particle velocities

The measured and computed time-averaged particle veloc-
ity fields generally display good agreement. The particle flow
patterns are very similar, although the simulations show par-
ticles being projected higher into the freeboard. This may be
a statistical issue, because the total amount of data collected
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using PEPT (1 h/particle X 1 particle ~ 1 h) is rather less
than the total amount of data obtained from the simulation
[16 s/particle X (4.5 X 104) particles ~ 200 h]. It is also the
case that very rapid accelerations can result in underestima-
tion of velocities measured using PEPT, because of the six-
point velocity determination method usually employed.

The measured and computed particle velocity profiles
show good agreement. At a height of 0.15 m, the shape of
the computed profile differs slightly from the measured pro-
file in all cases. The simulations show positive velocities in
large regions of the bed, which is compensated by more neg-
ative velocities close to the wall. At a height of 0.25 m, the
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agreement is very good, except for case B1, the intermediate/
spout-fluidization regime, and B2, the spouting-with-aeration
regime, where the particle velocity in the center of the bed is
slightly overpredicted by the model.

The particle velocity field at z = 0.15 m shows that
the velocity peak in the center of the bed is generally nar-
rower in the experiments. This necessarily leads to a lower
than predicted downward velocity in the downflowing
regions.

Conclusions

In this article, the capability of the DPM was assessed to
reproduce several of the important flow regimes observed in
a 3D spout-fluid bed. For all cases, the model successfully
predicted the flow regime, although some (small) differences
with the experimental results were observed. In most cases,
the frequency, at which the largest power is found is overpre-
dicted by the model. Furthermore, the fluctuations predicted
by the model are generally more regular than the measured
fluctuations.

The remaining differences between the computed and
experimentally observed bed behavior are most probably
related to the representation of the effective fluid—particle
interaction in the DPM, which relies on a homogeneous dis-
tribution of the particles on the length scale that is used to
calculate the fluid—particle drag. The effect of heterogeneity
on the fluid—particle interaction, which arises, for example,
around gas bubbles, should be investigated. Lattice Boltz-
mann simulations would be well suited for this purpose.

The particle velocity for a monodisperse system was inves-
tigated with the use of the model and PEPT. The computed
results were compared with velocity maps determined from
particle trajectories acquired using PEPT.

The DPM accurately reproduces measured time-averaged
particle velocities for all investigated conditions and is there-
fore able to capture the details of the particle flow in various
flow regimes. Plots of the particle velocity in the z-direction
in a cross section of the column do however show that the
width of the spout channel, i.e. the region where upward par-
ticle velocities are encountered, is larger in the simulations.
At the border between the spout channel and the annulus, the
same type of heterogeneity in the solids volume fraction is
present, which was already described in the discussion of the
results for the pressure drop fluctuations. This supports the
recommendation to study the effect of heterogeneity on the
fluid—particle drag in more detail.

The computed RMS of the particle velocity was in reason-
able agreement with the measured values, especially when
the various disturbances present in the experiments are taken
into account.

The RMS of the particle velocities in the vertical direction
is about twice as large as that in the horizontal direction.

Overall, the model predicts the correct dynamics and quan-
titative particle velocities in a spout-fluid bed. There is how-
ever still room for improvement, especially regarding the
treatment of the drag force at the boundary between dense
and dilute areas around bubbles. Nevertheless, these results
confirm the suitability of the DPM to study processes involv-
ing spout-fluid beds. This enables detailed studies of systems
that are difficult if not impossible to study experimentally,
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such as the growth rate of each individual particle as a func-
tion of its location in a spout-fluid bed granulator.

Notation

d = diameter, m

D = distribution function

e, = coefficient of normal restitution
g = gravitational acceleration, m/s”
I = unit vector

m,, = particle mass, kg

N, =number of time steps
p = pressure, Pa
r = position, m

Re,, = particle Reynolds number

S, = particle drag sink term, N/m?
t=time, s
u = gas velocity, m/s

v, = particle velocity, m/s
V = volume, m

Abbreviations

3D = three-dimensional
DPM = discrete particle model
NL = at the University of Twente in The Netherlands
PEPT = positron emission particle tracking
RMS = root mean square
UK = at the University of Birmingham in the United Kingdom

Greek letters

S = interphase momentum transfer coefficient, kg/(m® s)
Po = coefficient of tangential restitution
&= volume fraction
A = gas phase bulk viscosity, kg/(m s)
1g = gas phase shear viscosity, kg/(m s)
1= dynamic friction coefficient
p = density, kg/m3
7¢ = gas phase stress tensor, Pa
O = particle flux, kg/(m2 s)

Subscripts

bg = background fluidization
exp = experimental
f = fluid phase
mf = minimum fluidization
p = particle
pdf = pressure drop fluctuations
sim = simulation
sp = spout fluidization
sup = superficial
w = wall
x = horizontal direction
z = vertical direction
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