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Bubble characteristics in a three-dimension gas-fluidized bed (FB) have been measured using noninvasive ultrafast elec-
tron beam X-ray tomography. The measurements are compared with predictions by a two-fluid model (TFM) based on
kinetic theory of granular flow. The effect of bed material (glass, alumina, and low linear density polyethylene (LLDPE),
d, ~1 mm), inlet gas velocity, and initial particle bed height on the bubble behavior is investigated in a cylindrical col-
umn of 0.1-m diameter. The bubble rise velocity is determined by cross correlation of images from dual horizontal
planes. The bubble characteristics depend highly upon the particle collisional properties. The bubble sizes obtained
from experiments and simulations show good agreement. The LLDPE particles show high gas hold-up and higher bub-
ble rise velocity than predicted on basis of literature correlations. The bed expansion is relatively high for LLDPE par-
ticles. The X-ray tomography and TFM results provide in-depth understanding of bubble behavior in FBs containing

different granular material types. © 2014 American Institute of Chemical Engineers AIChE J, 60: 1632-1644, 2014
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Introduction

Gas-fluidized beds (FBs) are used extensively in process
industries because of their excellent mixing, heat and mass
transfer characteristics. They are currently used in separation,
classification, drying and mixing of particles, chemical reac-
tions, and regeneration processes." The performance of a FB
is majorly governed by the formation of gas bubbles and their
distribution, facilitating rapid solids mixing, and high heat
transfer rates to immersed surfaces. Therefore, understanding
of the formation and propagation of gas bubbles is the key to
scale-up of gas—solid FB reactors. Conversely, lack of under-
standing of the fundamentals of dense gas-particle flows in
general has led to several difficulties in the design and scale-
up of these reactors.” Although computational fluid dynamics
(CFD) tools are more and more used to gain a detailed under-
standing of flow structures inside the FBs, validation of such
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simulation models using advanced and detailed experiments is
crucial. Unfortunately, due to the opaqueness of FBs, flow
visualization and measurements are difficult to perform. Ear-
lier invasive probes were used for measurements in FBs,3’4
with the obvious limitation of altering the flow structure in
their surroundings.” Noninvasive measurement techniques are
therefore preferred. Various tomographic imaging techniques
have been developed for multiphase flow measurements,”
including electrical impedance tomography, electrical resist-
ance tomography, electrical capacitance tomography (ECT),
ultrasonic computed tomography, computed tomography den-
sitometry, X-ray computed tomography, positron emission
tomography, neutron emission tomography, and magnetic res-
onance imaging. Among these, ECT is widely used to study
local gas and solid distribution inside the FBs due to the inex-
pensive and easy handling of the technique.®® In ECT, the
number of independent capacitors is usually limited, leading
to an underdetermined problem for reconstruction of the
tomographic images. These images are, therefore, highly sen-
sitive with respect to the choice of reconstruction algorithm.
Also, due to its relatively poor resolution, ECT fails to resolve
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Figure 1. Schematic representation of the experimental X-ray tomography setup for FB system.

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

the flow structure inside dense beds.® X-ray tomography tech-
niques can achieve much higher resolution and are gaining
more attention in the research for flow visualization. It can
provide planar solid distribution profiles in a FB without dis-
turbing the internal flow. The X-ray system needs to be very
fast to acquire high temporal and spatial resolution data in a
FB. Rescarchers'® studied bubble characteristics and gas
holdup, respectively, using X-ray fluoroscopy techniques.
Recently, Bieberle et al.'' and Brouwer et al.'> showed the
large potential of the X-ray tomographic technique to study
gas—solids flow. The ultrafast electron beam X-ray tomogra-
phy technique developed by Hampel and coworkers is emerg-
ing as a powerful technique, which can provide high temporal
(up to 7000 fps) and spatial (~1 mm) resolution. !>,

In this article, we take advantage of the combined avail-
ability of modern X-ray facilities, computational power, and
sophisticated CFD algorithms to make a one-to-one compari-
son between experiments and simulations of a three-
dimension (3-D) cylindrical gas FB. This will allow us to
gain detailed understanding of the flow structure. At the
same time, this will allow us to validate the CFD models.
The ultrafast electron beam X-ray scanner, developed at
Helmholtz-Zentrum Dresden-Rossendorf, was used for the
experimental measurements. Simulations were performed
using the two-fluid model (TFM) based on the kinetic theory
of granular flow (KTGF). In this model, the gas and solid
phases are treated as interpenetrating continua, where the
KTGF is used to provide closures for representation of the
particle—particle interactions. Although the TFM has been
extensively used and validated in the open literature'>~' this
has been mainly done for two-dimension (2-D) systems. A
detailed 3-D validation was lacking until now. So far, the
flow characteristics obtained for 3-D FBs were mostly com-
pared with 2-D or axis-symmetric simulations,”® but the
validity of these simulations can be questioned. As Geldart®'
reported, in a 2-D bed bubbles are restrained by the walls in
one-dimension, becoming slugs when viewed from the side
of the bed, contributing to a greater bed expansion and lead-
ing to considerable differences in particle and bubble charac-
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teristics. Chandrasekaran et al.* report a combined
experimental and simulation study of a 3-D FB for low lin-
ear density polyethylene (LLDPE) particles on a very coarse
grid simulation using MFIX. To the best of our knowledge,
no any other detailed parametric combined experimental and
simulation study has been reported in the literature.

In this work, we report on experimental and simulation
investigations of a 0.1-m diameter cylindrical FB. The X-ray
scanner performs dual plane measurements, where two cross-
sectional planes, separated by 11-mm vertical distance, are
measured simultaneously. Dual plane measurements allow us
to investigate the cross-correlation between the two planes to
obtain the bubble rise velocity. Measurements have been per-
formed at different heights from the bottom of the gas dis-
tributor. A highly efficient TFM for 3-D cylindrical
geometries, presented in Verma et al.>> has been used for the
simulations. We study the effect of different granular mate-
rial types, different superficial gas velocities, and different
bed aspect ratios on bubble characteristics such as bubble
size, bubble velocity, bubble size distribution, and porosity
distribution. To make a fair comparison, we use nearly iden-
tical postprocessing approaches to both the experimental and
simulation data.

This article is organized as follows. We first provide the
essential details of the experimental setup, the TFM model,
and postprocessing of the data, respectively, followed by
results and discussion and finally our conclusions.

Experimental Setup

A schematic representation of the experimental setup is
shown in Figure 1. A cylindrical column made of a polycar-
bonate tube with inner diameter of 0.1 m and height of 1.4
m was used. This dimension of the column has been chosen
due to space limitations in the X-ray scanner, which can
scan a column of maximum diameter 12 cm. Details of the
ultrafast electron beam X-ray scanner have been reported by
Fischer and Hampel.24 A 25-mA beam current was used to
produce X-rays at a circular metal target. Because of the fast
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Table 1. TFM Governing Equations
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operation of the X-ray scanner, the image processing is done
offline after the measurements. The raw images obtained
from the measurement were reconstructed with the help of
in-house developed reconstruction software using a filtered
back projection method. In this work, dual plane measure-
ments were performed for a total duration of 20 s at an
expected spatial resolution of 1 mm, and a temporal resolu-
tion of 1000 cross-sectional images per second. In total,
20,000 images were obtained for each plane in a single mea-
surement. These images have a format of 128 X 128 pixels,
with each pixel size approximately 0.78 mm. Each pixel
value represents the local linear X-ray attenuation, correlat-
ing with local material density. This results in differences in
gray-level in the images for the gas and solid phases in FBs.
Spherical LLDPE particles, alumina particles, and glass par-
ticles were used for this investigation, where all diameters
were in the approximate range of 1 mm. LLDPE and alu-
mina particles of this size can definitely be classified as Gel-
dart B type particles, whereas the glass particles lie on the
border between Geldart B and D classification. The choice
of these materials has been made on the basis of difference
in attenuation of X-rays. Glass particles, with a higher den-
sity, exhibit more attenuation compared to LLDPE and alu-
mina particles. The particles also differ in their collisional
properties, with nearly ideal glass particle collisions, and alu-
mina and LLDPE particles prevailing toward nonideal colli-
sions. Measurements were performed for (static) bed aspect
ratios of 0.5 (measurement height 5 cm), 1.0 (measurement
height 5 and 10 cm), and 2.0 (measurement height 5, 10,

and 20 cm). Four superficial gas velocities of 1.25Uy,
1.50U s, 2.0U,¢, and 3.0U,,¢ have been studied, except for
glass for which 3.0U,s was not considered. Experiments
were conducted at ambient conditions with air as fluidizing
medium. Pressurized air was fed through the bottom of the
column. The air was supplied by a two stage side channel
blower, with a maximum capacity of 205 m3/h, and a power
of 4 kW. The air flow rate was controlled by a frequency
controller. To prevent any electrostatic charge buildup during
fluidization, the air was passed through a humidifier before it
was led to the FB. Despite this, the LLDPE particles still
exhibited electrostatic charging with the internal walls of the
column. Therefore, the internal wall was partly covered with
very thin aluminum tape grounded to the earth, to prevent
electrostatic wall effects.

Two-fluid Model

The two-fluid continuum model describes both the gas
phase and the solids phase as fully interpenetrating continua
using a generalized form of the Navier—Stokes equations.”>*°
To describe the solids phase, the KTGF*"?® is used. The con-
servation equations are given in Tables 1 and 2. Here, the
subscripts “g” and ‘“s” represent the gas and solids phase,
respectively. The numerical method that we use to solve the
governing equations is based on a finite difference technique.
The pressure gradients and viscous terms have been discre-
tized by standard central differencing, whereas the convection
terms have been evaluated by a deferred correction using a

Table 2. KTGF Closures for TFM
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(a) (b)
Figure 2. Examples of different bubble shapes observed experimentally in cross-sectional planes during fluidiza-
tion.

(c) (A

(a) spherical bubbles, (b) arcs (wakes), (c) irregular bubbles, and (d) splitting bubbles.

total variation diminishing scheme. The normal derivatives of
the viscous terms and the upwind part of the convection term
have been treated in an implicit manner to improve stability
and reduce calculation time. For more details on the actual
discretization and implementation, the reader is referred to
Ref. 23. In this work, the gas-particle drag force correlation
developed by Van der Hoef et al.”® has been used. In regions
of dense solid packing, friction stresses for the solids phase
have been used, as described in Ref. 30.

Postprocessing

As already mentioned, different gray-levels in the X-ray
images distinguish the solids and gas phase. As the spatial
resolution is approximately in the range of a single particle
size, individual particles are not easy to distinguish. However,
gas bubbles are easily captured due to the different local
attenuation of X-rays in the emulsion and gas phase. High
and low contrast in the images is associated with high and
low density of particles, respectively, where glass particles
(high density) show higher contrast and LLDPE particles (low
density) show lower contrast. Selected reconstructed images
are shown in Figure 2. This figure clearly shows the range of
different detected bubble shapes, from regular to irregular.

Bubble size

Experiments. The reconstructed images (as shown in Fig-
ure 2) were used to detect and calculate the size of the bub-
bles. The image processing tool box of MATLAB was used
to calculate the equivalent bubble diameter from individual
images. The different steps for image processing included: (a)
removing noise and enhancing the contrast for low contrast
images; (b) binarizing image data, with a threshold level
detected from individual images using the Otsu method®'; (c)
extracting the circular region of interest (square images were
obtained from the measurements); (d) applying an edge detec-
tion method to detect sharp bubble boundaries in the binary

image; (e) smoothening of the bubble boundary, deleting par-
ticle shade, and very small voids near the bubble boundary;
(f) calculating the detected bubble area, and the effective bub-
ble diameter from this area using Eq. 1. The number of bub-
bles detected was used to obtain the number averaged bubble
diameter, the so-called equivalent bubble diameter (from Eq.
2) at each measurement height

_[4Ay
Dy;= — 9]
1
D.=— Dy 2
e Nb; b,i ()

Simulations. Very similar steps as used in the experi-
ments were involved in calculating the equivalent bubble
diameter from the simulation data. The simulations provide
porosity values in each computational cell. These porosity
values are used to define bubbles. The threshold value to
define bubble in the simulations plays an important role. To
calculate an accurate threshold value from simulations, the
Otsu method®! used in step (b) above has been used here as
well. Testing different sets of data, the best choice for the
threshold value turns out to be a porosity value of 0.7.
Indeed, visualization of porosity plots revealed that a poros-
ity greater than 0.7 should be attributed to a bubble. A linear
interpolation technique was used to calculate the precise sub-
grid position of the boundary in the sharp gradient between
bubble and emulsion phase. Number averaging is performed
to obtain the equivalent bubble diameter.

The measured and the predicted equivalent bubble diameters
are compared with the correlations of Darton et al.**> and Wer-
ther.™® Expressions for these correlations are given in Table 3.

Cross-correlation function

The dual plane measurements allow us to calculate cross
correlations between the signals from two planes, separated

Table 3. Equivalent Bubble Size Correlations Compared in this Work

Author(s) Correlation

Uo = Uns (m/s) Bed Size (m)

Darton et al.*?

Werther™

De=0.54(Ug—Upy )™ (H+4v/Ag)"" 702

De=dy[1+27(Uy—Ups )] (1+6.4H) 12!

0.005-0.2 0.3 X 0.3
0.3 X 0.2
0.61 X 0.61
1.0
0.05-0.3 0.45

1.0
Geldart A, dy=0.00620 m
Geldart B, dy =0.00853 m
Geldart D, dy=0.0123 m
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Figure 3. Example data of intensity plot of tomographic

images.

(a) Mean intensity plot against time. (b) Normalized inten-
sity plot against time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

by a vertical distance of 11 mm. A bubble rising in a FB
will first cross the lower measurement plane, and some time
later the upper measurement plane. This rapid event creates
a phase shift in the top plane compared to the bottom plane,
representing the time delay between the two signals and
attributed to the bubble passage. The phase shift can be
determined with a cross-correlation function (CCF). This
function seeks the best overlapping fit of the two functions
by shifting one in time. Figure 3a shows the mean intensity
plot of the original images, where a lower value represents
the occurrence of a bubble. The differences in height and
width of the peaks clearly represent differences in bubble
characteristics, where stronger signals represent larger bub-
bles and weaker signals smaller bubbles. As a consequence,
when cross correlating these signals, bubbles get different
weighted on different scales. This may lead to a signal that
is biased toward larger bubbles and correspondingly toward
the larger bubble velocities. Therefore, weak and strong sig-
nals should first be filtered to weigh them equally. This can
be performed by normalizing the pixel intensity value
between 0 and 1 with local maxima and local minima from
Eq. 3. Local maxima and minima (/,,;, and /,,,) in Eq. 3
can be obtained in the neighborhood of each peak, with a
choice of filter length of approximately 500-700 frames.
This choice has to be made so that at least a pair of smaller
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and larger bubbles peaks lies in the same filter length. For
example, the dashed line in Figure 3a that encloses the solid
line represents the local maxima (red) and the local minima
(blue). Figure 3b shows the same signal as in 3a, but small
and large bubbles peaks are approximately on the same scale
now. Thus, preprocessing of the signal is performed to
obtain a normalized intensity before calculating the CCF
I1-1 min
Inorm Imax _Imin (3)
In our work, we applied a CCF for each individual pixel
using the normalized intensity value. The individual pixel
correlation allows us to find the spatial time delay (Eq. 4) as
well as averaging it for the whole cross-sectional plane (Eq.
5) to find the average time delay. Once the time delay is cal-
culated from the number of shifted frames, the bubble rise
velocity can be obtained from Eq. 6

1 N,—n ) )
R(nyp):ﬁzlhnorm (P;l) '12,n0rm (P,H'n) (4)
ri=1

i

_ 1
R(”):]WZR(",P) 5
P
_ A
vb=’;—DZ ©6)

In Eq. 4, I} norm and 15 jorm are the normalized intensity of
a pixel in the lower and upper frame, respectively, at the
location (pixel number) p. N, is the total number of frames
and N,, is the total number of pixel in the cross-section mea-
surement area. The index i indicates a frame number, and n
is the number of frames over which the function is shifted.
The CCF (Eq. 5) shows a maximum for a certain value of n,
which we denote as np. The measured shift value np can be
used to calculate the average bubble velocity (V,), given
vertical distance (Az= 11 mm) and measurement frequency
(f =1000 fps). Figure 4 shows an example of the CCF,
showing a peak at np = 24 frames, corresponding to a time
shift of 0.024 s and bubble velocity of 0.46 m/s.

To make a one-to-one comparison, a similar CCF has
been determined in the simulation data, where the porosity

0.36 -

0.34 -

0.32 4

R[]

0.30 +

0.28 4

0.26

Number of frames shifted [-]

Figure 4. Example of normalized intensity CCF

obtained from experiments.
The peak value at nj is a measure for the average bub-

ble rise velocity. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table 4. Literature Correlation for Bubble Velocity for Geldart B Type Particles

Author(s) Correlation Uy — Uy (m/s) Bed Size (m)
Hilligardt and Werther** 1y =0.2v/D 0.71/g Dy +(Up—Unr ) 0.05-0.3 0.3 X 2.0
0.67 AR < 1.7 0.5 X 0.5
y={ 0.51V/AR 17<AR <4 Lo 10
1 AR >4

values were weighted by the area of the cells. This is neces-
sary because the area of a computational cell varies from the
central axis to the circumference of the cylinder (using a
cylindrical coordinate system). So Eq. 4 is rewritten as

Ni—n

1
R(n»p):ﬁzAp 'Sg,1<p’i) 'Eg.z(]%l""n) @)
ti=1

where ¢, is the local porosity (gas fraction) and A, is the
area of cell p. When averaging over all cells, we again apply
Eq. 5 with N;, equal to the total cross-sectional area. The
vertical distance between two measurement planes in the
simulations was 10 mm (five grid cells). A spline method
was used to find an accurate correlation peak position in
between integer frame numbers.

The measured and the predicted bubble velocities are
compared with the correlation of Hilligardt and Werther.**
The expression for their correlation is given in Table 4.

Porosity distribution

The porosity distribution function (PDF) quantifies the rel-
ative occurrence of porosities in the emulsion phase and the
bubble phase. To obtain the PDF from the experimental
results, the first step is to convert intensity values of the
images into porosity. For this a random maximum packing
of the bed is assumed, with a linear relation between poros-
ity and normalized intensity values

£ =1—0.64356/,orm ®)

Here, I,om 1s given by Eq. 3, where in this case /., and
Imax are the minimum and maximum intensity values of the
entire measurement series. These values are obtained from
hand-selected images of the measurement series, which have
clear large bubbles and a clear dense emulsion phase. The
selection ensures that the correct minimum and maximum

Table 5. Simulations and Experimental Setting

intensity is obtained from the measurement, which is espe-
cially important if the contrast of the images is low, such as
for low density particles. The final step involves the con-
struction of a histogram of all pixels over all time steps. We
choose a relatively small porosity bin size of 0.04, which is
why a sufficient number of images are required to obtain a
smooth distribution. For the simulation results, the PDF was
constructed from the final step using porosity values, again
taking into account the variable cell size.

Results and Discussion

We will now investigate the effects of bed material,
superficial inlet gas velocity, and bed aspect ratio on bub-
ble characteristics such as bubble size, bubble distribution,
porosity distribution, and bubble velocity. The experimen-
tal and simulation settings are presented in Table 5. Details
of the particles are given in Table 6. For the comparison
with experiments, the initial 1 s of the simulation data
have been discarded to exclude startup effects from our
measurements.

Bubble size distribution

Different bubble shapes were detected, ranging from approx-
imately spherical to very irregular shapes (see Figure 2). Coa-
lescence and breakup was observed in the image sequences as
well as in the simulations. Chaotic motion of bubbles was
observed both in the experiments and the simulations, as can
be seen from the contour plots in Figures 5 and 6. Figure 5
shows the shape of bubbles reconstructed from pixel intensity
values with time, where the vertical axis represents a bubble
passage for a total time of 1 s. Note that the vertical axis can-
not be transformed unambiguously to a length scale because
different sized bubbles have different velocities. A noticeable
difference could be observed between bubbles in the lower
and upper plane. The actual shape and size of the bubbles can
be obtained from the simulation contours shown in Figure 6.
This figure shows that small bubbles emerge near the column
wall and move toward the center due to a lower resistance in

Property Values . X
Simulations  Experiments Units the center, leading to the formation of larger bubbles. All these
Radial length (cells) 0.05 (32) 0.05 ) o observatlons. ar? in good agreement with the theory of Kunii
Azimuthal angle (cells) 21 (32) 27 (-) radian and I-,ev.elsplel.. . o
Net height of the 0.36 (180) 1.4 () m It is interesting to compute the bubble size distribution at
column (cells) different heights and for different inlet gas velocities.
Particle bed height 0.05 0.05 m
(AR =0.5) . .
Particle bed height 0.10 0.10 m Table 6. Particle Properties
(AR = 1.0) X
Particle bed height 0.20 0.20 m . Diameter (mm) Unn¢ (m/s)
(AR =2.0) '?jmlgy o . .
Time step 104 _ S Type (kg/m’) Simulations Experiments Sim./Exp. e, (-)
Total time 20 20 S LLDPE 800 1.1 1.0*=0.3 0.26/0.24  0.69
Size of pores in gas - 0.7 mm Alumina 1040 1.0 1.0+ 0.05 0.33/0.32  0.74
distributor Glass 2526 1.0 1.0 +0.05 0.68/0.67  0.86
AIChE Journal May 2014 Vol. 60, No. 5§ Published on behalf of the AIChE DOI 10.1002/aic 1637
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Figure 5. Quasi 3-D bubble shape reconstructed from tomographic images at 3.0 U,,; for LLDPE particles at a
height of (a) 39 mm, (b) 50 mm, (c) 89 mm, and (d) 100 mm.

Pairs of image (a) and (b) are from the same measurement series obtained from lower and upper plane, respectively. Similarly for
(c) and (d). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

According to the two-phase theory of FBs,*>3 a gas velocity

above the minimum fluidization velocity U, contributes to
bubble formation. Therefore, at a constant inlet gas velocity
higher than U, bubbles are formed and grow in size pre-
dominantly due to coalescence of small bubbles. This is con-
firmed in Figure 7, where at a height of 10 cm, a significant
number of small bubbles and fewer larger bubbles are pre-
dicted, whereas at a height of 20 cm, the number of smaller
bubbles decreases and the number of larger bubbles increases
significantly. Figure 8 shows that with an increase in inlet
gas velocity, the occurrence of larger bubbles increases,
which is a well-known fact from two-phase theory. We note
that in Figure 8 the simulations predict many smaller bub-
bles compared to experimental observations. A detailed dis-
cussion on this behavior will be presented in a later part of
this article, when we compare bubble sizes from experiments
and simulations.

The PDF plot of the porosity in Figure 9 shows a bubble
peak (porosity close to 1), which increases with increased
height due to the higher volume fraction of gas present in
the top section of the bed. Figure 9 also reveals that with
increasing height, the emulsion phase gets denser, that is,
bubbles are extracting gas from the emulsion phase. This
reveals that the bubble size does not only increase due to
coalescence but also due to extraction of gas by the bubble
from the surrounding emulsion phase. Please note that in
each of the PDF Figures 9, 10, and 12, graphs of different
color correspond to independent measurement series, which
may have different contrast in the X-ray images. However,
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the height and width of the bubble peak and the dense emul-
sion peak can be compared.

The gas extraction process for different materials can be
compared from pairs of measurements in Figures 10 and 12.
Figure 10 shows that, irrespective of the relatively lower
excess gas velocity for LLDPE particles, the high porosity
regions (bubbles) appear more frequently for the LLDPE
particles than for alumina particles. Similarly, when we com-
pare glass and alumina particles at approximately the same
excess gas velocity in Figures 11 and 12, we find that more
bubbles are predicted for alumina. Generally speaking, par-
ticles with stronger energy dissipation characteristics are
expected to show more vigorous fluidization and larger bub-
bles. In our case, this is especially apparent for LLDPE
particles.

Bubble size

Literature correlations for the bubble size are usually
given as a function of height and excess gas velocity. In this
work, we compare the bubble size with correlations of Dar-
ton et al.*? and Werther.>* For the Darton et al. correlation
the initial bubble size Ay was set to zero, assuming zero bub-
ble size at zero height. Figures 13—16 show the equivalent
bubble diameter as function of height for different materials
and different superficial gas velocities. In all cases, a monot-
onously increasing trend in the equivalent bubble diameter
with height is observed, both experimentally and numeri-
cally. We find that at low superficial gas velocity (Figures
13 and 14) the experiments and simulations follow the
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Figure 6. Snapshot of bubble contours obtained from simulations at time of 2.5 s after initiation of fluidization with

Darton correlation, whereas at high gas velocity (Figures 15
and 16) the trend shifts toward the Werther correlation. The
Darton correlation does not take into account a mechanism
of bubble splitting and breakage. Therefore, the size of an
individual bubble shows a continuously increasing trend.
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Figure 7. Bubble size distribution for LLDPE particles
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an inlet gas velocity of 1.5 U,,; for (a) alumina, (b) LLDPE, and (c) glass.

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

Such a continuous development of bubble size is expected at
low gas velocity, where the bubble does not achieve exces-
sive growth. It is also known that Geldart B and D particles
do not show pronounced breakage or splitting of bubbles.”
However, when we compare the bubble size distributions in
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Figure 8. Bubble size distribution for alumina particles
at a height of 10 cm from the bottom for two
different inlet gas velocities.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. PDF for glass particles fluidizing at 2.0 U,,; at
six heights obtained from three independent
measurement series.

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

Figures 7, 8, and 11, we find that a considerable number of
small bubbles are observed at both high and low gas veloc-
ities, even in the top section of the bed. Occurrence of these
smaller bubbles may be the result of breakage of larger bub-
bles. We also observed that this phenomenon is much more
pronounced for the case of glass particles (see Figure 14 at
the height of 20 cm) than for LLDPE and alumina (Figures
15 and 16). We conjecture that this is due to the difference
in energy dissipation of different particles, where alumina
and LLDPE exhibit more dissipation than glass. Also, note
that the glass particles lie on the boundary between Geldart
B and D classification, and are, therefore, expected to show
grouping characteristics of B and D. The shift from the Dar-
ton correlation to the Werther correlation at very high gas
velocities and higher heights may also be caused by the fact
that the actual size of the bubble cannot be accurately esti-
mated on the basis of measurements in a horizontal cross-
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Figure 10. PDF plots from the experiments for LLDPE
and alumina particles at 2.0 U, ;.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. Bubble size distribution at a height of 10 cm
from the bottom, comparing glass and alu-
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excess gas velocities.

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

sectional plane. Due to the finite size of our system (wall
effect), larger bubbles prefer to get elongated. If a bubble is
elongated in the vertical direction, the equivalent bubble
diameter based on a cross-sectional analysis will be less than
the actual equivalent bubble diameter.

Comparing experiments with simulation results on the
bubble size, we observe that the experiments show larger
bubbles. The same relative difference was observed for all
measurements, irrespective of flow rate and/or measurement
height. The experimental and simulation measurements,
together with literature correlation are given in Figures 13—
16, where the vertical bars represent standard deviations in
the observed bubble size.

To find the reason for the observed difference between
experiments and simulations, let us reconsider the bubble
size distribution at a height of 10 cm inside the bed, where
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Figure 12. PDF plots from the experiments for alumina

and glass particles at approximately same

excess gas velocities.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 13. Equivalent bubble diameter as a function of
height for LLDPE particles at inlet gas
velocity of 1.25 U 4.
Vertical bars represent standard deviations in the meas-
ured bubble sizes. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
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we do not expect much bubble breakage. We found that the
simulations predict a larger fraction of smaller bubbles com-
pared to experiments (Figures 8 and 11). One may speculate
that the X-rays fail to detect smaller bubbles, or the experi-
mental image processing does not detect smaller bubbles.
We can exclude these explanations, because at low inlet gas
velocities, where mainly small bubbles are formed, almost
the same bubble size distribution is observed in both experi-
ments and simulations, see Figure 7. To obtain a detailed
understanding of the bubble size distribution at different gas
flow rates, we have analyzed sequences of X-ray images
with the intermediate image processing steps carried out for
detecting bubbles in the images (in the experiments) and
data (in the simulations). We found that even at high gas
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Figure 14. Equivalent bubble diameter as a function of
height for glass particles at inlet gas veloc-
ity 1.5 Ut
Vertical bars represent standard deviations. [Color fig-

ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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velocity, the X-ray images contain both small and large bub-
bles throughout the measured bed height. During the image
processing, small bubbles are detected if they are alone in
the cross-sectional plane or sufficiently far away from larger
bubbles. However, if the small bubbles occur in the vicinity
of larger bubbles, the small bubbles were not detected indi-
vidually, but merged into the large bubbles during the edge
detection step. On the contrary, in the simulation data proc-
essing this was not the case because the bubbles were
detected based upon a fixed threshold value for the porosity,
and smoothing of bubbles was performed using linear inter-
polation of the porosity in the neighboring cells. If the sharp-
ening steps are excluded from the image and data
processing, the continuously increasing trend of bubble size
with height is changed into a fluctuating trend. Therefore,
we prefer to show the results in the current format and
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Figure 16. Equivalent bubble diameter as a function of
height for glass and alumina particles, at
approximately the same excess gas veloc-
ity.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Solid lines represent experiments, dashed lines repre-
sent simulations. [Color figure can be viewed in the
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Alumina

attribute the difference between simulations and experiments
to image processing of small bubbles.

Bubble velocity

We now focus on the bubble rise velocity. Figure 17 shows
the average bubble rise velocity as a function of radial distance
to the central axis, which has been azimuthally and time-
averaged (as in Eq. 5, but averaged over a subset of the cells in
a radial direction). The figure shows that there is no any signifi-
cant change in bubble rise velocity with radial position. There-
fore, from this point onward we investigate the cross-sectional
average bubble rise velocity on a time-averaged scale.

Figure 18 shows the bubble rise velocity as a function of
excess gas velocity for different materials at different heights.
The bubble rise velocity increases with increasing excess gas
velocity. The experimental measurement and simulation predic-
tions are in good mutual agreement. The bubble rise velocity is
in good agreement with the Hilligardt and Werther®* correlation
for glass and alumina particles. However, for LLDPE particles
a higher bubble rise velocity was observed, most notably at the
heights of 10 and 20 cm. The higher bubble rise velocity for
LLDPE particles could be the result of a larger bubble size than
predicted by the correlations. Although the bubble size as a
function of height in Figures 13 and 15 shows consistency with
the bubble size correlation of Wenher,33 this size is based on
measurements in a horizontal cross-sectional plane, which
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Comparison between experiments, simulations and literature correlation. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

1642 DOI 10.1002/aic

Published on behalf of the AIChE

May 2014 Vol. 60, No. 5 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

06

0.5 o

—=a— Alumina, 2.0U_, H = 139 mm e
- o - Alumina, 2.0U_, H =150 mm AW
—4—LLDPE, 2.0U,, H=139 mm

- -LLDPE, 2.0U,, H=150 mm [

0.4

- [
& 0.3 4 N \ R
a ! :
a ] p
7,
0.2 J, % tl -
Y, A4 \
2 \ \
0.1+ £ SV N\
7 i ol S 2 _ = ' \* \
*, / AN
00 f—or—ape et — e = e o =/
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Porosity [-]
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[Color figure can be viewed in the online issue, which
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ignores possible elongation of bubbles in the vertical direction,
as we explained before. Furthermore, when we measure the
PDF at 5 cm above the initial particle bed height (in the free-
board region) at 2.0 U, inlet gas velocity, we observe almost
no emulsion phase in the case of alumina particles, as shown in
Figure 19. However, in the case of LLDPE particles, almost
equal fractions of emulsion phase and bubble phase are
observed at this height, showing that the bed expansion is much
higher for LLDPE particles. According to the PDF plot in Fig-
ure 10, this higher bed expansion could partly be explained by a
higher net gas holdup for the highly inelastic LLDPE particles.
This indicates that bubbles were rising much faster in an
expanded emulsion phase. Similar very high bubble rise veloc-
ities were also observed by Godlieb et al.” at an operating pres-
sure of 1 bar when they studied similar LLDPE particles in a
30-cm diameter bed. Therefore, we are convinced that the high
bubble rise velocity is a true property of a FB of LLDPE par-
ticles. This could be caused by the lowered effective viscosity
of the expanded emulsion phase.

Effect of aspect ratio of the bed

Three different initial particle bed heights were investi-
gated, with a bed aspect ratio of 0.5, 1, and 2. No significant
differences in bubble characteristics could be observed. This
observation is consistent throughout the measurements, irre-
spective of the material and/or inlet gas velocity.

Conclusions

We investigated the bubble characteristics in a 3-D gas—
solid FB using ultrafast electron beam X-ray tomography and
compared them with numerical results from TFM simulations.
We studied the effects of parameters such as bed material,
inlet gas velocity, and initial particle bed height on the equiv-
alent bubble diameter, the bubble rise velocity, bubble size
distribution, and the porosity distribution. Very small bubbles
in the vicinity of larger bubbles were difficult to detect from
the tomographic images, leading to a significantly lower
amount of small bubbles in the experiments compared to sim-
ulation predictions. As a consequence, the equivalent bubble
diameter predicted from simulations is lower than experi-
ments. Also, because the effective bubble diameter is calcu-
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lated without taking into account the actual 3-D volume of
the bubble, care should be taken when obtaining bubble diam-
eters from horizontal cross-sections. These examples show
that one should carefully choose the methodology to postpro-
cess 3-D experiments and simulation data. The bubble rise
velocities obtained from simulations are in reasonable agree-
ment with experimental measurements. Our results on bubble
rise velocity are in good agreement with the correlation of
Hilligardt and Werther for the case of glass and alumina par-
ticles. For the case of LLDPE particles, the bubble rise veloc-
ity did not match with this correlation. The porosity
distribution plot signifies that gas holdup is higher for LLDPE
particles resulting in higher bed expansion and high bubble
rise velocity. This shows that bubble characteristics depend
highly upon the collisional properties of the particles. From
our combined analysis on equivalent bubble size, PDF plots
and porosity distribution plots, we find that the bubbles in
LLDPE particles show unique behavior when compared with
bubbles in glass and alumina particles. We can conclude that
TFM simulations can be used to extract detailed insight in the
bubbles and solids flow characteristics in 3-D FBs.
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Notation

fluctuation particle velocity, m/s
gravitational acceleration, m/s?
unit tensor
pressure, Pa
kinetic fluctuation energy, kg/s
velocity, m/s
time, s
coefficient of restitution—
minimum fluidization velocity, m/s
Ap area of bubble, m?
D. = equivalent bubble diameter, m

H = height from the bottom/distributor, m

~=2TRT ~n O

€n

Umf

Greek letters

p = interphase momentum transfer coefficient, kg/m3/s

y = dissipation due to inelastic particles collisions, kg/m/s’®
&= volume fraction—

p = density, kg/m’
O = pseudo particle temperature, m?/s

T = stress tensor, Pa

1 = shear viscosity, kg/(m s)

Subscripts

s = solid phase

g = gas phase
p = particle
b = bubble

mf = minimum fluidization
e = equivalent
max = maximum
min = minimum
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