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This work sets forth the development of a novel, dynamic bubble detection algorithm for use with electrical
capacitance volume tomography (ECVT) sensors for bubbling fluidized beds. Starting with an in-depth review of
existing bubble detection methods, the novel phase detection method was developed to address the shortcomings
of the other published methods by more fully utilizing the three-dimensional capability of the sensors. After the
sensor parameters were optimized to verify capability of bubble detection, measurements were made with glass
beads and quartz sand. A range of air velocities in a 10 cm diameter bubbling fluidized bed were used. The results
largely agree with the fundamentals of bubbling fluidization and results from publications with similar experi-
mental setups. Within each measurement the bubble dimensions, velocities and frequencies over the axial and
radial position could be evaluated. Due to the three-dimensional nature of the novel bubble detection technique,
insight into the directional tendencies of detected bubbles was gained. For example, bubble migration toward the
radial center of the bed, radial and axial bubble coalescence, and splitting are more evident from the trends that

are producible with this method.

1. Introduction

Detailed knowledge of the dimensions and velocities of bubbles in
fluidized beds is invaluable for the development and validation of cor-
relations and models of particles in fluidized bed systems. There are
various experimental techniques for non-invasive measurement of
bubbles in fluidized beds, like particle image velocimetry (PIV) and X-
ray fluoroscopy, which work by taking series of two-dimensional images
[1-4]. In both cases, very limited information about the three-
dimensional shape of bubbles can be obtained. As such, information
about the behavior of bubbles at the wall zone is the primary outcome of
experiments using these techniques. Furthermore, for PIV experiments,
rectangular pseudo-2D fluidized beds plants with large width-to-depth
ratios are often used to increase the visibility of the bubbles. This
further increases the effect of the wall zone on the particle flow. More
complex methods like positron emission particle tracking (PEPT) [5],
magnetic resonance imaging (MRI), radioactive particle tracking (RPT)
or X-ray tomography can give a three-dimensional image of a fluidized
bed, but these costly systems cannot be universally used with every
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particle type [6].

Electrical capacitance measurements were used in this study to
determine the solid fractions within the fluidized beds. The working
principle of this measurement method is the change in the dielectric
constant due to the change of solid concentration in an electric field
between two electrodes. Electrical capacitance tomography (ECT) in-
volves the use of multiple pairs of electrodes typically arranged in a
circular configuration on the exterior of the fluidized bed. By alternating
which electrodes are paired throughout the measurement time, tomo-
grams (two-dimensional images) can be developed. These provide a
simpler, non-invasive method of identifying areas of low and high solids
concentration in fluidized beds. By using only the tomograms from ECT,
dimensions and velocities of rising bubbles in bubbling fluidized beds
(BFBs) can be measured. However, by implementing ECT in multiple
layers, three-dimensional images of rising bubbles can be approximated.
This method is known as 3D ECT. The spatial resolution of this method
in the axial direction can be increased by also pairing electrodes together
such that capacitance plates that span several axial ECT layers are
yielded. This method is known as electrical capacitance volume to-
mography (ECVT). Unlike 3D ECT, ECVT can measure the solids
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Nomenclature

Latin letters

Cy el relative solid volume fraction (-)

(:'V.’rel first derivative of relative solid volume fraction (frame™)
Dyped column diameter (cm)

dy radial diameter of bubble [17] (cm)

dsauter mean Sauter diameter (um)

Hpeq fixed bed height (cm)

hy axial bubble length (cm)

h, height of voxel (cm)

L,, L upper/lower fluxion limit (frame™)

Lo mean temporal volume fraction (-)

L/0 mean temporal value of ¢, , (frame™)

n number of dense phases and dilute phases (-)
t time (s)

U, superficial fluidization air velocity (cm/s)
Upnt minimum fluidization velocity (cm/s)

Upubble bubble rise velocity (cm/s)

Greek letters

Eped bed porosity (-)
o standard deviation of temporal volume fraction (-)
o standard deviation of ¢, (frame™)

Pp bulk density (g/cm®)

Ps particle density (g/cm®)

® emulsion phase width in multiples of ¢ (-)
o emulsion phase width in multiples of ¢ (-)

Ywa sphericity (-)

Indices

0 mean-phase (emulsion phase)

f frame (frame number)

rel relative

Abbreviations

3D ECT three-dimensional electrical capacitance tomography

3D NN-MOIRT 3D neural network MOIRT
BFB bubbling fluidized bed

ECT electrical capacitance tomography

ECVT electrical capacitance volume tomography

LBP linear back projection

MOIRT multicriterion optimization image reconstruction
technique

MRI magnetic resonance imaging

PIV particle image velocimetry

Pol distinct mass unit of phase of interest

XRF X-ray fluoroscopy

concentrations at several axial positions exceeding the number of elec-
trode plate layers without the need for interpolation. This results in
increased spatial resolution, which can be very useful in the detection
and dimensioning of phases of interest, such as bubbles [7,8].

For ECT and ECVT, the capacitance measurements can be recon-
structed into images via several methods. For each pair of source and
detector electrodes, the measured capacitance can be expressed via
integration of the Poisson equation [9]. This equation directly shows the
dependency of the measured capacitance on the permittivity of the
substances within the sensor, which is inversely proportional to the
dielectric constant. Therefore, by solving for the permittivity distribu-
tions, the solid volume fraction distributions can also be calculated. The
most effective way of solving this equation for the permittivity distri-
bution is with linearization techniques [7]. Unlike analytical or nu-
merical methods, the linearization techniques result in smooth
reconstructed images on the boundaries of sharp objects. However, this
effect can be mitigated with increased iteration.

Common methods for image reconstruction are linear back projec-
tion (LBP) [10], Landweber (or iterative LBP) [11], and multicriterion
optimization image reconstruction technique (MOIRT) [12]. All of these
methods use the same general linearization technique, the sensitivity
model [7]. In this technique, the volume enclosed by the ECT or ECVT
sensor is subdivided into volume elements known as voxels. With
changes in permittivity within single voxels, the response of the sensor
changes accordingly. The sum of the responses from each voxel and
every combination of electrodes is used to solve for the permittivity
within each voxel. The global MOIRT objective function is most
commonly solved via the Hopfield neural network model [13], yielding
the 3D NN-MOIRT technique, introduced by Warsito et al. [7]. The
method will be used in this study and is recommended for measurement
with room temperature air and particles similar in density and size.

The focus of this study is the development of an improved method for
detecting and measuring the size and velocity of phases of interest, like
bubbles or slugs, in fluidized beds. The novel bubble detection method
was developed to build off of the successes of studies from recent bubble
sizing and velocity publications, while also addressing some of the
perceived shortcomings of their applied methods. The various methods

for bubble detection and velocity-measuring, reported in literature, as
well as those developed in this work, are outlined in the following sec-
tions. These include nomenclature proposals for the different ap-
proaches. Portions of the following explanation of bubble detection and
rise velocity methods are also applicable to measurements made with
any tomographic technique that generates three-dimensional data, such
as MRI. The bubble detection method is then used for experiments with
glass beads and quartz sand for three gas velocities, to evaluate the solid
volume fraction, radial diameter, axial length, residence time, rise ve-
locity and frequency of bubbles in fluidized beds.

2. Phase detection methods

Several different phases can be defined for a given fluidized bed
under a given set of parameters. For gas-solid fluidized beds, the
simplest phases to define are the gas phase (e.g., air) and solid phase
(particles). Dependent upon the operational parameters being used or
the physical phenomena being studied, however, it may be more bene-
ficial to define different phases that exist between these two. By
attributing observed fluidization behavior of distinct units of mass
within a fluidized bed to their assigned phases, correlations between
said behavior, operational parameters, particle-gas-wall interactions,
and unit operation designs can be more easily developed. Several bubble
tracking methods have been published and used. Due to the lack of
unified terminology amongst the relevant literature, Table 1 has been
developed to categorize the methods found in literature and the ones
developed in this study based on their relationship to time (t), radial
position (x & y), axial position (z), bubble diameter (dp ad), and solid
volume fraction from the previous frame (cy 5.1).

The two main bubble detection categories are the thresholding
methods and the fluxion methods. The thresholding methods define
limits for the solid volume fraction beneath which a bubble is defined,
while the fluxion methods set limits on the rate of change of the solid
volume fraction. The thresholding methods are split into the invariant
and variant categories. In the former category, the solid volume fraction
thresholds are global. They do not change with respect to any of the
variables shown in Table 1. While the invariant methods are used by
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Comparison of bubble detection methods with respect to direct (D) and indirect (I) relationships to the measurement variables, t : time, 2 : axial position, r : radial
position as a function of the position on the x-axis (x) and y-axis (y), dp,raq: measured radial bubble diameter, and ¢y ,.1: the solid volume fraction from the previous

frame.

Relationship to:

Volume fraction bubble detection method Sources
t z r X y b rad Cyn-1
Invariant - - - - - - various [2,4,14-16]
Axial no.rtl-itetr.ative i ]? - - - D - ione -
Threshold iterative - - - - grawal
Variant Radial - - D 1 1 - - none
2D - D D I I - - none
3D - D I D I - - none
Flusion Axial I D - - - - D none
3D I D I D - D current study

many groups, very few variant methods have been developed. As such,
the methods without any sources listed exist only in theory. However,
Agrawal, et al. [17] successfully implemented the iterative axial
threshold method. Therefore, this method is explained in more detail in
the following sections. The invariant thresholds have various direct and
indirect relationships to the variables listed in Table 1. All of these,
however, are not discussed in detail within this work.

The 3D fluxion method was developed in this work to build off of the
proven success of the iterative axial threshold method and the hypoth-
esized potential of the entire variant group of thresholding methods. It is
the only of all the listed methods that is directly dependent on four
different variables, those being the solid volume fraction values from the
previous frame and the x—, y—, and z—position. A review of the defining
characteristics of the most relevant methods from Table 1 is given in the
following sections.

2.1. Invariant threshold method

By far, the invariant threshold method is the most commonly
employed method in the literature [2,4,14-16]. With this method, a
lower limit for bubbles is defined for the solid volume fraction. For any
given measurement, regardless of the position within the fluidized bed,
if the limit is exceeded, the distinct unit of material within the mea-
surement volume is defined as a cluster or a bubble, respectively. If the
limit is not exceeded, that material is defined as emulsion phase (al-
ternatives: bulk phase or mean phase). Although this method yields
thresholds that are invariant with respect to the variables listed in
Table 1, the values for the thresholds can vary with respect to experi-
mental conditions, such as the type and mass of particles used and the
properties and flowrate of the fluidization gas.

The values for these thresholds can come from literature for similar
gas—solid systems, or they can be determined by measuring the mean
and standard deviation of the solid volume fraction over a period of
time. To calculate these upper and lower thresholds for any number of
defined phases, the following equations can be used:

O

L= Lo+ 20 6))
2

L, =L —GTO’“ )

with Ly being the mean temporal solid volume fraction, ¢ the standard
deviation of the temporal solid volume fraction, ® the width of the
emulsion phase in multiples of 6, and n the number of dense phases and
dilute phases.

2.2. Iterative axial threshold method

Unlike the invariant threshold methods, the thresholds used with the
variant methods can be directly dependent on the positions of the

measurements or the measured size of the bubbles. The addition of the
location dependencies to the threshold calculations may help to account
for differing phase compositions as a function of physical position. It
may also aid in dampening any loss of accuracy due to position within
the sensor [7]. Studies with invariant threshold methods have failed to
identify smaller bubbles, which leads to inaccuracies in bubble size
estimation, but Agrawal, et al. [17] developed a method that accounts
for this by calculating a solid volume fraction threshold for bubble
detection for each measured axial position within the sensor. A method
such as this would be labelled a non-iterative axial threshold method,
which results in varying solid volume fraction thresholds across the axial
length of the sensor. However, the Agrawal group chose to not only
account for axial differences in solid volume threshold, but also to vary
the threshold based on the measured size of the bubbles. This led to an
iterative axial thresholding method, in which the threshold values
differed from one measurement frame to the next as a function of
measured bubble size.

The Agrawal iterative axial threshold method is based on the
development of optimum threshold equations via the repeated mea-
surement of glass beakers with known diameters. Beakers of four
different diameters were partially submerged into the bed of sand par-
ticles. The beakers were inserted individually and left stationary until a
measurement with the ECVT sensor had been taken. Measurements were
taken with the beakers placed at several different axial and radial po-
sitions. The solid volume fraction results were then used to determine
the diameters of the beakers at the different locations. For this step,
threshold values were required to designate each voxel as being filled
with either sand particles or the empty beaker. By repeating this beaker
size measurement with a range of threshold values, the optimum
threshold value for each beaker size used was determined. These opti-
mum values were the ones that led to measured beaker sizes that
differed from the actual beaker diameters by the least amount. By using
a polynomial fit, an equation for the optimum threshold value as a
function of beaker size was obtained. The result from the fitted data is
shown in Equation (3), where & is the averaged optimum threshold and
dy, the bubble diameter:

g, = 0.0054d; — 0.0755d; + 0.5829 3

This equation was then used as an approximation for the radial diameter
of the measured bubbles. Although the exact amount by which the glass
beaker affects the ECVT measurement is not known, the equation was
still used in the algorithm shown in Fig. 1 to iteratively adjust the solid
volume fraction thresholds for each axial position and measurement
frame [17]. Via this algorithm, the optimum solid volume fraction
thresholds and bubble diameters are iteratively solved for. For each axial
position within the sensor, an initial guess is made for the optimum
threshold value. Using this threshold, the bubble diameter is calculated
with two different methods. The first method uses the solid volume
fraction data from the ECVT measurement. The second method simply
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Fig. 1. Bubble diameter algorithm of iterative axial phase-thresholding method (modification from [17]).

back-calculates the bubble size that corresponds to the threshold used
via the beaker-fit equation. The bubble diameters obtained via these two
methods are then compared to each other. If they differ by more than the
width of a single voxel, then a new threshold value is used, and the di-
ameters are recalculated. This iteration continues until the diameters
differ by no more than the width of a single voxel, at which point the
mean of the two diameters is reported as the width of the bubble at that
axial position. This same procedure is carried out for every measured
axial position and frame. This results in solid volume fraction thresholds
that vary not only from one axial position to the next, but also from one
frame to the next. Due to the iterative algorithm converging at a single
solid volume fraction threshold value per frame, it is not possible for this
method to simultaneously detect two bubbles at the same axial position.

2.3. Three-dimensional fluxion method

As part of this study, a new method for phase detection was devel-
oped. The original intention was to use the 3D threshold method
described in Table 1. However, as will be shown in this section, there are
several potential benefits of using a fluxion limit method instead of a
threshold method. Unlike the standard phase threshold methods, the 3D
fluxion method does not rely simply on the solid volume fraction for the
development of the phase thresholds. The 3D fluxion bubble detection
method relies on the rate of change in the solid volume fraction from
frame to frame. The first and second derivatives, or fluxions, of the
relative solid volume fractions are used to develop detection limits. By
doing so, this method allows for more general application of the
developed phase limits. This method may allow for the same algorithm
parameters to be applied to datasets acquired from experiments with a
range of different operational parameters as well as across different raw
material systems. Another potential advantage of using the 3D fluxion
detection method is its potential to be also used for detection of particle
clusters in a riser of a circulating fluidized bed. Fig. 2 shows the solid
volume fraction trend for a single voxel during a bubbling fluidized bed
experiment. Examples of the dense and dilute phase thresholds, L.; and
L_; are shown by the orange lines. These limits are calculated via
Equations (1) and (2).

VNN O
IR

AT M
LR \UILH" \"Hk

o
o

o
v

Possible limits with 7
threshold method

Solidvolume fraction (-)
o
B

o
w
T

Ug/Upe<2 |

0 20 40 60 80 100 120 140 160 180
Time (s)

Fig. 2. Temporal solid volume fraction for single voxel with examples of phase
thresholds for 180 s measurement.

This fluidized bed was operated under slugging conditions, which
resulted in relatively long times between each of the major drops in
relative solid volume fraction. As such, the use of Equation (2) results in
only eleven bubbles being detected. Furthermore, these detected bub-
bles are air gaps due to slugging. However, because the mean value, Lo,
is greatly affected by the major drops caused by the slugging behavior,
the bubble phase threshold, L_1, is set much too low to allow for normal,
smaller bubbles to be detected. By taking the first derivative of the
relative solid volume fraction with respect to the frame number (or time)
via Equation (4), the distribution is transformed into a Gaussian distri-
bution of the adjusted dataset:

Cyyreli; — Cvyel
Cord = i+1 i (4)
o Nfg o — Diyg

with c’v,rcl as the first derivative of the relative solid volume fraction, ¢y re|
the relative solid volume fraction and ny, the frame number. A standard
Gaussian distribution is now a much better approximation of the data,
thereby justifying the use of the standard deviation. Egs. (1) and (2) can
now be modified for the calculation of fluxion limits rather than phase
thresholds, as shown in Egs. (5) and (6):

L, =L +T 5)
, oo
L.=1Ly *7 (6)

with Ly being the mean temporal value of the derivative of the solid
volume fraction, ¢’ the standard deviation of that derivative value, and
® the width of the emulsion phase in multiples of ¢'.

A relatively high positive value for the first derivative corresponds to
frames in which the bubble is exiting the voxel, since this would result in
a rapid increase in the solid content within that voxel. Likewise, a
relatively low negative value corresponds to frames in which a bubble is
entering the voxel. If the derivative of relative solid volume fraction of
the voxel is between L_ and L., then the voxel is occupied by either
emulsion phase or a bubble that has not yet started to exit the voxel.

Fig. 3 shows a closer perspective of the bubble from Fig. 2, which was
detected just before 80 s. Also plotted on this figure are the first and

"

second derivatives, c;,7re1 and c,, which have been scaled up from a
mean value of zero to one for visualization purposes. The bubble exit
and bubble entry limits, L, and L_ define the bubble boundaries. From
65 s to 71 s, this voxel was occupied only by the emulsion phase. The
relative solid volume fraction changed from frame to frame, but not by
so much that the bubble entry limit was exceeded. Around 71 s, this limit
was exceeded. This triggered the “steep decline” portion of the algo-
rithm. Until the remaining four conditions A, B, C, and D were
sequentially met, this voxel was designated as containing only bubble
phase. As the bubble continued to enter the voxel, the relative solid
volume fraction dropped until it reached a minimum value at around 73
s. At this point, when the first derivative switched from negative to
positive, the “incline starts” portion of the algorithm was triggered. This
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Fig. 3. Fluxion trends of detected bubble with labelled algorithm triggers and steps
fluxion limits are plotted for a 180 s measurement with ®" = 0.5.

Table 2

. The relative solid volume fraction, ¢y e, its first and second derivatives, and the

Comparison of bubble rise velocity methods. The methods are compared based on their relation to bubble definitions, radial velocity component, and bubble-surface

velocity profiles.

Method Utilizes existing bubble definition? Radial velocity Velocity profile Study

component? across bubble surface?
Minimum solid volume fraction NO NO NO Agrawal et al. 2018 [17]
Maximum bubble diameter YES NO NO McKeen & Pugsley 2003 [1]
Centroid-tracking method YES YES NO Weber & Mei 2013 [16]
Direct axial method YES NO YES current study

is the point at which the bubble started to exit the voxel. Shortly after,
the second condition for bubble exit was met when the first derivative
exceeded the bubble exit limit, L. This triggered the “steep incline”
portion of the algorithm. This incline in the relative solid volume frac-
tion continued for another short time before it started slowing down.
This resulted in the second derivative going from a positive to a negative
value, which triggered the “incline slows” portion of the algorithm.
Whenever the first derivative of the relative solid volume fraction
dropped back below the bubble exit limit, L, , the bubble was considered
to have completely exited the voxel. This triggered the “leveling off”
portion of the algorithm, which caused all successive frames for this
voxel to be designated as containing emulsion phase. The yellow high-
lighted S-curve of the derivative with a start and end just outside of the
bubble entry and exit limits is a defining characteristic for any detected
bubbles.

In summary, the steps of a bubble rising through a voxel are listed
below with descriptions of the respective algorithm triggers that are also
shown in Fig. 3:

(1) Bubble detected: c/v‘re] <L_
(2) Bubble “peak”: ¢, >0
(3) Steep incline: c/v_rel >L,
(4) Incline slows: C:/,re

<Ly

, <0

(5) Leveling off: ¢

v,rel
3. Bubble rise velocity detection methods

There are several methods that are commonly used to estimate the
rise velocity of bubbles. A summary of these methods is shown in
Table 2. The first of the three groups of these methods are the time series
methods. This group of methods is the only one that has been completely

utilized for bubble rise velocity estimation in literature. Unlike the
centroid-tracking and direct axial groups of methods, the time series
methods can sometimes use completely different bubble definitions for
bubble sizing and bubble velocity estimation. This creates a lack of
uniformity in the resulting data. The centroid-tracking method not only
accounts for this, but it also allows for the determination of radial ve-
locity components. The method developed in this study, the direct axial
method, does not easily allow for the calculation of these radial com-
ponents, but it does allow for the measurement of the rise velocity at
multiple spots on the upper and lower surfaces of the bubbles. In the
following sections, the steps required for each of these methods are
explained in greater detail.

3.1. Time series bubble rise velocity methods

The time series group of rise velocity methods includes all methods
that use the minima and maxima of one or more temporal trends to
estimate the rise velocities of bubbles. These methods require the cor-
relation of these trends at two different axial positions with known
vertical separation. By estimating the amount of time that passes be-
tween two correlated events at these axial positions, the velocity of the
bubbles rising between these two axial positions can be estimated. Since
this group of methods only requires measurements at two positions, it
can also be used with one-dimensional capacitance probes [18] or fiber
optic probes [19], which makes validation measurements for these
methods especially simple.

3.1.1. Minimum solid volume fraction bubble rise velocity method

The first time series method does not require the bubbles to have
been previously identified. Although not found in the literature, this
could even allow this method to take the place of a phase thresholding
method for bubble detection. The method requires the solid volume
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fraction at two different axial positions to be measured over time. These
trends could originate from single points from a one-dimensional
capacitance probe, from individual voxels within an ECVT sensor, or
from radially averaged data from an ECT cross-section. Of prime
importance is only that the distance between the two axial positions is
known and that the bubbles being measured are present and measurable
at these two positions. Due to the latter point, great distances between
the two axial positions may yield erroneous results. Furthermore, using
cross-sectionally averaged data from fluidized beds with large diameters
may lead to bubbles not being detected. The Agrawal group used cross-
sectionally-averaged data for their measurements with a 20 cm diameter
fluidized bed [17].

3.1.2. Maximum bubble diameter bubble rise velocity method

The other common time series method is the maximum bubble
diameter method [1]. This method requires the rising bubbles to have
already been detected and measured. This gives this method the
advantage of not having multiple definitions for each phase. All frame-
voxel combinations have already been designated as emulsion- or
bubble-containing. Whereas the minimum volume fraction method used
an approximation for the maximum radial bubble diameter at two
different axial positions, the maximum bubble diameter method mea-
sures this diameter at these two positions. This eliminates the possibility
of using one-dimensional capacitance probes with the measurement
technique. However, this allows for the use of multiple pairs of planes to
track the change in bubble rise velocity as a function of axial position.

3.2. Centroid-tracking bubble rise velocity method

Another method to calculate bubble rise velocity involves the
tracking of bubbles’ approximated centers of gravity in three dimensions
over time. Weber and Mei [16] used centroids in bubbling fluidized beds
to yield information about the shape of rising bubbles. The invariant
thresholding method was first used to determine which voxels were
occupied by bubbles. The center of mass of each bubble was then
calculated under the assumption that every voxel occupied by a bubble
was filled with the same mass of air and particles in dilute phase. By
storing the xyz-coordinate values of the centroid of each bubble from
frame to frame, the approximate location of each bubble can be tracked
over time. This would not only allow for the additional calculation of the
radial components of bubble velocity, but it would also allow for simple
estimation of bubble acceleration. However, this method, just like the
ones before, does not allow for the bubble rise velocity to be measured at
multiple points along the bubbles’ upper or lower surfaces.

3.3. Direct axial bubble rise velocity method

Upubble = ?—Rh = tzf?; 7)
The direct axial method was implemented in this study. This method,
like the centroid-tracking method, requires the bubbles to have already
been identified. Additionally, the axial lengths of the bubbles must have
already been calculated for this method. Fig. 4 shows a visual repre-
sentation of a bubble rising through a voxel. The bubble and voxel have
both been condensed to two-dimensional rectangles for -clarity.
Furthermore, the bubble is represented by a cube of invariant dimension
rather than as a spheroid or other more realistic shape with varying
dimensions from frame to frame. As the bubble rises vertically into and
through the voxel, there is a period of time in which the voxel is
completely filled with the bubble. This time is known as the residence
time tg, and equals the time difference between frames 2 and 3 in the
figure. By dividing the difference between the axial length of the bubble
and the known height of a voxel by the residence time, the bubble rise
velocity can be calculated with Equation (7):
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Fig. 4. Ideal bubble rising through single voxel for four measurement times.
The residence time is the amount of time that the voxel is filled with the bubble
(hy = height of the voxel, h;, = height of the bubble).

4. Experimental setting and methods
4.1. Experimental equipment

The fluidized bed reactor consists of acrylic gas with an inner
diameter of 10 cm and a height of 1 m, with a porous plate gas
distributor. The facility is fluidized with pressurized air, which is
controlled with a rotameter. The fixed bed height was 30 cm. The ECVT
sensor was mounted 6 cm above the gas distributor. A picture of the
lower part of the facility with the ECVT sensor is shown in Fig. 5.

The measuring system consists of an ECVT sensor, Mod-
el 4RD Cold Flow by Tech4Imaging with 24 electrodes (divided into four
axial levels) and the accompanying data acquisition system. The sensor
has a height of 215 mm and an inner diameter of 110 mm. The sensor has
a spatial resolution of 20 x 20 x 20 voxels. The measuring range has a
diameter of 110 mm and a height of 224 mm, meaning that each of the
8000 voxels measures 5.5 mm x 5.5 mm x 11 mm (length, width,
height). This results in a voxel volume of 0.333 cm>. The excitation
frequency can be adjusted between 62.5 kHz and 8000 kHz. The sensor
housing is composed of printed plastic filament and is coated with
electrically conductive nickel paint [20]. It is well known that ECVT is a
soft-field technique, meaning that the magnitude, accuracy, and
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Fig. 5. Picture of lower part BFB plant with mounted ECVT sensor, 6 cm above
gas distributor.
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precision of measurements can differ greatly depending on the exact
spot within the sensor region at which the measurement is taken [17].
For example, due to the decreased number of voxels and the increased
distance from electrode plates, the accuracy and precision of measure-
ments taken at the radial center of the ECVT sensor is lower than it is at
the wall zone [7]. Furthermore, some trends developed in the current
study could also serve as evidence for measurement accuracy being
partly dependent on axial position within the sensor as described in
section 5.2. Overcoming this source of error is the primary objective
behind both the iterative nature of the bubble thresholding method
developed by Agrawal et al. [17] and the time-dependent nature of the
fluxion bubble detection methods developed in the current study.

Two different bed materials were used in this study. Quartz sand and
glass beads are extensively used Geldart B particles and serve as refer-
ence for spheric and coarse particles. Images of the particles taken with a
microscope are shown in Fig. 6. The particle characterization including
the particle size distribution, particle sphericity, bulk density, particle
density, and minimum fluidization velocity, is shown in Table 3. The
cumulative (Qs) distribution from the particle size distribution analysis
for the particles is plotted in Fig. 7.

4.2. Measurement parameters

The ECVT sensor excitation frequency, feyc, is the electrical frequency
at which the electrodes in the capacitance plates operate. The available
excitation frequencies range from 62.5 kHz to 8 MHz. After some pre-
liminary experiments with quartz sand, the measurements obtained with
a 1 MHz excitation frequency were found to be the most distinguishable
from one another. Thus, 1 MHz was chosen as the ECVT excitation fre-
quency for the remainder of the measurements. Regarding the mea-
surement time, Makkawi et al. [21,22] recommend using a
measurement time of at least 10-80 s, depending on the number of
phases measured. For increased measurement accuracy and statistically
meaningful fluxion limits (section 2.3), a measurement time of 180 s was
used for all experiments in this study, far surpassing the recommenda-
tions from literature. In all presented results, the temporal average
across this timeframe will be used. For all experiments, three gas ve-
locities were investigated: 8, 12 and 16 cm/s. This resulted in Ug/Up¢
ratios of 1.1, 1.7, and 2.3 for glass beads and 2.1, 3.2, and 4.2 for quartz
sand, respectively. The results are represented as radial and axial plots.
Radially, all voxels with the same distance from the center are sum-
marized at each respective radial position, which results in 35 data
points from the given 20x20 X-Y coordinate grid. Since 20 voxels are
generated along the Z-axis, 20 data points are used axially. The error
bars in the plots represent the standard deviation between the values for
these different voxels, but not the standard deviation between the
temporal values.

4.3. Reconstruction algorithm and parameters
For the image reconstruction, the MATLAB script provided by

‘L".E A SRR AR

Glass beads

Fig. 6. Glass beads and quartz sand images taken with light microscope at 10x
magnification.
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Table 3
Properties of the used Geldart B particles glass beads and quartz sand.

Property Unit Glass beads Quartz sand
Sauter mean diameter,dgyer pm 263 189
Bulk density, pp g/cm® 1.47 1.37
Particle density, ps g/cm® 2.49 2.60
Bed voidage fraction, epeq - 0.41 0.47
Sphericity,yyy, - 0.94 0.79
Minimum. fluidization velocity,Up,¢ cm/s 7.0 3.8
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Fig. 7. Cumulative particle size distributions (Q3) of quartz sand and
glass beads.

Tech4Imaging was used. The image reconstruction generates 4D arrays
(x-axis, y-axis, z-axis, and time) of the solid concentration from the
measured data. As mentioned in the introduction the 3D NN-MOIRT
technique introduced by Warsito et al. [7,13]. was used in this study.
Two parameters within this script can be altered to increase the per-
formance of the image reconstruction. The first is the number of itera-
tions, nye. This is simply the number of iterations the script is allowed
for the convergence solution of the inverse image problem. By increasing
the number of iterations, the images yielded become more accurate, but
the evaluation time is increased. A value of 300 iterations was chosen for
this study. The other parameter in the image reconstruction script is the
alpha value, 6. This value affects the sharpness of the reconstructed
images. For measurements with disperse boundaries, such as bubbles,
the manufacturer recommends a low value near 15. Hence, a value of 15
was used for all measurements in this study. The reconstructed mea-
surement data is then fed into the scripts for phase analysis.

In the 3D fluxion phase detection script, a mean fluxion phase width
®', of 0.5 was used for all measurements. As described in section 2.3, a
higher " would lead to smaller detected bubbles. With this value,
acceptable results could be generated. Via comparisons with other
tomographic methods, like MRI this parameter can be optimized in the
future to match experimental data.

4.4. Scripts for phase analysis

This section is a detailed explanation of the scripts used for phase
detection, sizing, and velocity estimation. In the start of this section, an
overview of the master script is given. The three subsequent subsections
contain more specific details about each of the minor scripts for phase
detection, residence time, and dimensioning.

All phase analysis scripts were written in MATLAB 2021a. An over-
view of the master script’s functionality is shown as a flowchart in Fig. 8.
The primary input for the script is the 4D array of solid volume fractions.
The values in this array are first smoothed ten times across ten frames
(0.06 s) to reduce the effect of measurement noise on the analysis. After
the data has been smoothed, the distinct mass units of the Phase of in-
terest (Poi) are detected. For the current study, the only phases of in-
terest are bubbles. As such, for all following figures, Poi refers to
individual bubbles. If accurate experimental data is available, the script
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4-D reconstructed image array of
solid volume fraction

v

Smooth values across several frames

v

Determine which frames and voxels contain bubbles

v v

Measure bubble
residence times
(per voxel)

Measure bubble
dimensions

Calculate bubble rise
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(per voxel)

4_‘

[ Report velocities ] [ Report dimensions ]

Fig. 8. Flowchart of bubble detection and analysis script.

would also be able to analyze e.g., particle clusters in a circulating flu-
idized bed. The method used in this study, the 3D fluxion phase detec-
tion method, is described in detail in section 2.3. After the algorithm
detects the bubbles from one set of data, the residence times and di-
mensions of each bubble are measured. The dimensions are reported,
while the residence times is to calculate the rise velocities of the bubbles
with the direct axial method (section 3.3), which are subsequently re-
ported. The script further generates a 4D phase-detected array, which is
also used to create the videos and pictures of bubbles rising through the
sensor region. The 4D arrays of the dimensions and residence times are
used to create 3D, time-averaged arrays, as well as 2D radially- or
axially- averaged arrays, all of which are used extensively to produce the
figures shown in the results.

4.4.1. Phase detection script

The flowchart for the phase detection script is shown in Fig. 9. This
script implements the newly developed 3D fluxion phase detection. The
smoothed 4D solid volume fraction arrays are the primary input. If
cluster detection is desired instead of bubble detection, then these values
are first converted from solid volume fractions to gas volume fractions.
Following this step, the first and second derivative of these values is
calculated for every frame for a single voxel. The upper and lower
fluxion detection limits, L_ and L, respectively, are then calculated for
this voxel with the use of Equations (4). For this step, the width of the
emulsion phase, ®, in multiples of the standard deviation of the calcu-
lated first derivatives of the measured volume fractions is required. All
these derivative values and the limits are required for the algorithm to
check for each of the triggers that indicate the steps of bubble progres-
sion vertically through a voxel. After the limits have been calculated,
each voxel is analyzed frame-by-frame for the presence of bubbles or
clusters. As shown in Fig. 3, a bubble entry into a voxel is defined as the
frame during which the first derivative of the relative volume fraction
drops below the lower fluxion limit, corresponding to a rapid drop in
either solid or gas content, respectively. As such, a bubble is first
detected by the algorithm when the first derivative is less than the lower
limit, L_.

After the entry of the bubble is detected, the four different steps
shown in Fig. 3 must occur sequentially for the exit to be detected. This
prevents signal noise from causing the early detection of the exits of
bubbles. However, this also eliminates the possibility of distinguishing
very small bubbles from one another, since the voxel must be occupied
for at least three frames for the exit of the bubble or cluster to be
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Fig. 9. Flowchart of phase detection script with algorithm triggers from Fig. 3:
(Poi = Phase of interest: bubble or cluster).

detected. As such, if the entry of a real bubble that exists within a voxel
for fewer than three frames is detected, then its exit will not be detected.
The exit of the following bubble will be detected and the two will be
treated as a single bubble.

As shown in Fig. 9, the first and second conditions for bubble or
cluster exit are triggered whenever the first derivative of the relative
volume fraction exceeds zero and the upper fluxion limit, respectively.
These occur only once the volume fraction for the voxel starts
increasing, indicating the start of the bubble or cluster exit from the
voxel. For the second condition to be triggered, this increase must be
rapid. The third condition for bubble or cluster exit is triggered when-
ever this rapid increase starts to slow down, which is indicated by the
second derivative of the relative volume fraction decreasing from a
positive value to a negative value. This corresponds to a relative
maximum in the first derivative trend of the relative volume fraction.
Once this derivative drops back beneath the upper fluxion limit, the final
condition for bubble or cluster exit is fulfilled. This indicates that the
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solid volume fraction is still increasing, but at such a low rate that the
voxel is considered to now contain only the emulsion phase. Once these
four conditions necessary for exit detection have been fulfilled, the exit
is detected, and this process is repeated until all frames have been
analyzed. Once all frames have been analyzed, the same process is
repeated until all voxels have been analyzed. This results in a 4D array,
in which every combination of voxel and frame number has been
designated as either bubble phase or emulsion phase.

4.4.2. Residence time script

After the bubbles have been detected, the residence times of each one
can be measured. The flowchart for the residence time script is shown in
Fig. 10. The 4D array from the phase detection script is the primary
input. Starting with the first voxel, the presence of bubbles is monitored
on a frame-by-frame basis. Once a frame containing a bubble is found,
the frame counter begins. The script then continues monitoring the
subsequent frames for this voxel until the emulsion phase is detected
again. This triggers the frame counter to stop. The resulting frame count
for the bubble is used elsewhere in the script to calculate the residence
time of this specific bubble within this voxel. This process is repeated
until the final frame has been evaluated. The script then proceeds to the
next voxel and the entire process is repeated until all voxels have been
evaluated. The resultant 4D array contains the residence times for every
bubble or cluster that passed through every voxel.

4.4.3. Dimensioning script
The dimensioning is also based on the 4D array of detected bubbles.
The flowchart for this script is shown in Fig. 11. The phase-detected

[ 4-D "Poi-or-not" array ]

Voxel filled with

Poi phase? Move to next frame

A

[ Start frame counter ]

v

Move to next frame

Voxel filled with

YES Poi phase?

Move to next voxel [—

[ Report 4-D array of residence times for each Poi ]

Fig. 10. Flowchart of residence time script (Poi = Phase of interest: bubble
or cluster).
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Fig. 11. Flowchart of dimensioning script (Poi = Phase of interest: bubble
or cluster).

arrays are analyzed on a voxel-by-voxel basis for a single frame. Start-
ing with the first voxel, the script counts the number of adjacent voxels
that are occupied by the phase of interest in the x-, y-, and z-directions. It
does so by adding the length of one physical voxel to the length value
from the previous voxel, if and only if said voxel contains the phase of
interest. If it does not, then the length for that voxel remains zero. This
process independently accumulates the measured length along all three
axes. Once this has been done for every voxel of a single frame, a few
steps must be taken before proceeding to the next frame. First, the length
values from the previous frame at the top cross-section of the sensor are
replaced by the values from the preceding frame. This helps to prevent
the false detection of very small bubbles or clusters at the superior re-
gion of the sensor by assuming that their dimensions do not change after
rising vertically out of the sensor. A similar correction is then performed
for the lower cross-section. Here the length values from the previous
frame are replaced by those from the current frame. This also helps to
prevent the false detection of very small bubbles or clusters at the
inferior region of the sensor by assuming that their dimensions did not
change while rising vertically into the sensor. After the values at these
two boundaries have been adjusted, the values for the bubble di-
mensions are rounded up to the maximum values found within that
bubble. This step backfills all the lower, intermediate values that were
produced during the length accumulation step. After these values have
been backfilled, the next frame is analyzed. The entire process is
repeated until all frames have been analyzed. This results in three 4D
arrays with bubble dimensions, one for each axis (x, y, and z).

5. Results

In this chapter, the experimental results from the 3D fluxion bubble
detection and tracking algorithm for the bubbling fluidized bed exper-
iments with glass beads and quartz sand are shown. In the first subsec-
tion, a summary of the preliminary work for confirmation of the
algorithm functionality is given. This is followed by a detailed discussion
of the observed fluidization behavior of the different particles with
respect to the ECVT measurements and accompanying bubble detection
script results. Where applicable, the results are compared with results
from publications with similar experimental setups.
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5.1. Validation of algorithm

To confirm the functionality of the developed 3D fluxion bubble
detection script, first an initial functionality test was conducted with a
hollow plastic ball as a bubble substitute. In a second step, several sets of
synthetic data were fed to the script as virtual bubbles with predefined
shapes and sizes, which is used to validate of the method.

5.1.1. Bubble substitute

A single hollow ball of 3.4 cm diameter was placed on the distributor
plate, as shown in Fig. 12. The pipe was then filled with glass beads up to
an axial position five centimeters above the top of the ECVT sensor. After
starting the ECVT measurement, the fluidization air was increased to the
minimum fluidization velocity of the glass beads, which led to the slow
rise of the ball up through the ECVT sensor to the top of the bed.

After image reconstruction, the 3D fluxion bubble detection algo-
rithm was used to identify the ball rising through the bed. Fig. 13 shows
three frames of the detected bubble/ball. In this figure, voxels occupied
by a detected bubble are colored red with different colored edges to
better differentiate between the shapes. Voxels occupied by detected
emulsion phase are transparent. In the shown frames, the ball is detected
as a single, round bubble. Since the voxels are either defined as emulsion
or bubble phase at a specific time point, the data is not perfectly smooth.
The presence of the ball in the fluidized bed may have allowed for rising
air to flow around the ball by moving against the plastic, which could
also explain the non-spheric shape. Furthermore, this test may have also
been affected by the difference in permittivity between the air and the
material of the ball. Although the plastic ball does not resemble the
behavior of an air bubble, the test serves as a functionality confirmation
for the 3D fluxion bubble detection algorithm with data from the ECVT
sensor. The algorithm is able to detect moving, air filled objects in a
fluidized bed from just the rate of change in the solid volume fraction
from frame to frame and not simply from the solid volume fraction for
the development of the phase thresholds.

5.1.2. Virtual bubbles

As validation step, synthetic data of an ideal fluidized bed with
different sized bubbles, depicted as step functions, was fed into the 3D
fluxion algorithm. Each voxel occupied by a virtual bubble has a value of
zero for the relative solid volume fraction. The emulsion phase around
the bubbles was generated by a 20x20x20 voxel matrix, corresponding
to the ECVT measurement data with values of one for the relative solid
volume fraction, which is the same than a fixed bed. Lower values,
which would better represent the bed expansion at a gas velocity just
under the minimum fluidization velocity do not change the results, since
the algorithm works with the rate of change in the solid volume fraction
from frame to frame. Furthermore, several types of random noise at the
same magnitude as the variation of a fixed bed measurement were
tested. Since the noise does not pass the five conditions in the 3D fluxion

Hollow Fixed bed of Fluidized bed
plasticball ™~ @ glass beads of glass beads
\ AN
Empty
BFB

ECVT
sensor

- -~
Fluidization air (Ug = Uyy)
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Fig. 12. Rising ball test steps. The plastic ball is placed on the distributor plate
before the BFB is filled with glass beads. The ECVT measurement is then started
before the fluidization is initiated.
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Fig. 13. Rising ball test-bubble detection results. The transparent voxels were

not detected as bubbles. All colored voxels were detected as containing a
bubble. The color scale is used to better differentiate between the shapes.

algorithm to be designated as bubble phase (see section 2.3) it is not
detected as a bubble.

As an example, two virtual bubbles with a width of 5x5 voxel (center
bubble) and 1x1 voxel (corner bubble) and a height of 4 voxels rose up
with a speed of 1.1 cm/s (one voxel per second) until they exited
through the top of the sensor region. The 4D matrix of the reconstructed
images of the relative solid volume fractions was then fed to the bubble
detection algorithm. Fig. 14 shows three frames of what the algorithm
detected as bubbles. The detected virtual bubbles are clearly defined,
rising from the bottom of the sensor to the top. Exemplarily, the radial
bubble diameters plotted over radial position are shown in Fig. 15. The
resulting calculated radial bubble diameters match the x and y voxel size
of the synthetic data. Additionally, the axial bubble length and bubble
rise velocity were calculated correctly. This proves the capability of the
algorithm to simultaneously detect multiple bubbles at the same radial
position with different sizes. More than ten different cases with virtual
bubbles were tested, with either just one bubble, more than five bubbles,
different shaped bubbles, or different sized bubbles. Also, a delay be-
tween the bubbles entering the virtual measurement region matrix was
used. Ultimately, all were detected. If three-dimensional input data has
defined differences between the bubble and suspension phase, the
phases will be detected by the algorithm.
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sensor region
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Detected virtual
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t e
v 0 N —— %g\
\ Q
10 cm

Fig. 14. Two virtual rising bubbles detected with 3D Fluxion script. The
transparent voxels were not detected as bubbles. All colored voxels were
detected as containing a bubble. The color scale is only for motion visualization.
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Fig. 15. Radial bubble diameter over radial position of two virtual bubbles.

5.2. Solid volume fraction

As an exemplary result, Fig. 16 shows the solid volume fraction
trends for glass beads at Ug/Upysof 1.1 and 2.3 from a 180 s measure-
ment. The plots on the left show the radial dependency of the solid
volume fraction for three different axial positions in the fluidized bed.
The right column shows the axial trends for three radial positions in the
bed: center region (0.4 cm), near the wall (4.0 cm), and between these
positions (2.8 cm). The values on the radial trends are not only the
temporal mean values, but also the radial mean values for all voxels that
are equidistant from the radial center of the column. This results in 35
data points for all shown radial trends from the 20x20 measurement grid
at each axial position. As such, the error bars represent the standard
deviation between the values for these different voxels, but not the
standard deviation between the temporal values.

While the radial and axial trends of the solid volume fraction at Ug/
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Uns of 1.1 were mostly alike, the trends for Ug/Upys of 2.3 clearly show
that the solid volume fraction at the wall is higher than in the center.
With increasing axial position, this difference is even higher, which in-
dicates that the bubbles near the distributor are migrating laterally to-
ward the radial center of the column and coalescing with other bubbles
along the way. This migration results in an area of low solid content at
the wall near the distributor and at the radial center far away from the
distributor. This behavior is also confirmed by the axial trends, wherein
only the solid volume fraction at the center decreases with increasing
axial position.

A comparison of the solid volume fraction of the glass beads and
quartz sand is shown in Fig. 17. Unlike the previous figure, the values
shown in the radial trends were averaged across all axial positions.
Likewise, the values of each axial trend have been averaged across all
radial positions. This results in trends that do not fully reveal the
movement of the bubbles that was detailed in the previous passage, but
it does allow for more intuitive comparison of the bubble properties for
different bed materials at different fluidization air velocities. The radial
and axial trends of the solid volume fractions now show more clearly
that an average axial dependence is nearly non-existent, while the radial
dependence grows with increasing fluidization air velocity. Although
the general solid volume fraction trends of glass beads and quartz sand
are the same, the difference between the values at the radial center and
the wall zone is increased for the quartz sand measurements. This is
likely primarily due to the lower sphericity of quartz sand, leading to
stronger particle-particle and particle-wall forces. The lower average
solid volume fractions at the center are due to the increased size of the
bubbles, most of which move and coalesce laterally toward the radial
center of the column.
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Fig. 16. Radial and axial trends of solid volume fraction of glass beads for Ug/Upn¢ = 1.1 and 2.3. Values were averaged temporally and plotted for three axial
positions above the distributor (left) and three radial positions (distance from center of bed) (right).
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Fig. 17. Radial and axial trends of solid volume fraction for glass beads, quartz sand for three gas velocities.

Among these most similarly shaped solid volume fraction trends, the
greatest difference in shape may be a function of sensor sensitivity in the
axial direction. This is most noticeable in the quartz sand axial trends of
solid volume fraction. Since the solid volume fraction is used for every
other calculation of bubble properties, the bubble length, bubble ve-
locity and bubble frequency will show particularly strong dependence
on the sensor height. In each of these trends, there exist either four
distinct minima or maxima, all occurring at approximate axial positions
of 7, 14, 20, and 27 cm. Since these relative extrema are nearly equi-
distant from each other and span the entire axial length of the ECVT
sensor, this is an indication that the measured values are somewhat
dependent on the axial positioning of the sensor. The former axial po-
sition is nearly level with one of the four rows of electrode plates in the
ECVT sensor and the two latter positions are nearly at the axial midpoint

of two rows of electrode plates. This indicates that the measured signal is
an indirect function of the axial separation from the nearest row of
electrode plates. Nevertheless, the trends are still comparable with re-
sults from other materials and literature.

The results of this study were compared to the ECVT studies, re-
ported by Agrawal et al. [17] (H = 35 c¢cm, Dpeg = 20 cm, bed material:
quartz sand, ds = 320 pm, detection method: iterative axial threshold)
and by Weber and Mei [16] (H = 26.2 cm, Dpeg = 10 cm, bed material:
glass beads, ds = 185 pm, detection method: invariant threshold). Fig. 18
shows the relationship between solid volume fraction and dimensionless
radius, r/R for glass beds and quartz sand from this work, in comparison
to the results of Agrawal et al. [17] and Weber and Mei [16] at two gas
velocities each. For a better overview the data points of the comparative
works are connected with lines. Fig. 18 does not show error bars due to
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Fig. 18. Solid volume fraction results from Agrawal et al. [17] and Weber at. [16] compared with the glass beads and quartz sand from the current study (Mea-
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the unavailability in the sources and for an easier comparison of the
trends. Regarding the differences in bed material and bubbling bed di-
mensions though, the radial trends and trends with increasing gas ve-
locity are similar. In the Agrawal and Weber trends, the solid volume
fraction decreases slightly at the wall zone for all measured velocities.
This could be an indication of bubbles hugging against the wall to rise up
through the bed with less resistance. However, this dip in the solid
volume fraction was not observed in the results of the current study. A
reason for this could be a different gas distributor design. The difference
of the solid fractions from the quartz sand plots are due to different
particles sizes and sphericities.

5.3. Radial bubble diameter

Fig. 19 shows the radial and axial trends of bubble diameters of
quartz sand and glass beads. At all three fluidization air velocities, the
greatest radial bubble diameters were measured at the radial center of
the column. This is most likely due to lateral bubble coalescence in this
direction. At 8 cm/s for quartz sand and 16 cm/s for glass beads both
materials have a similar Ug/Up ratio of roughly 2.2, where the same
bubble diameter was determined. Furthermore, at this condition the
maximum radial bubble diameter for both materials is located at
approximately 20 cm from the distributor plate. This is indicative of a
maximum bubble size being reached, beyond which bubble splitting
leads to a decrease in bubble size. The axial position of this maximum
radial bubble diameter decreases with increasing fluidization air ve-
locity, which serves as evidence of the maximum bubble size being
reached closer to the distributor at higher fluidization air velocities. The
radial bubble diameters increase also with increasing fluidization air
velocities. This is expected, since larger bubbles are usually formed with
increased airflows instead of a leaner emulsion phase [23] (p. 116). This
phenomenon has also been studied extensively by Shen et al. [24],
though the equivalent bubble diameter was measured instead of the
radial bubble diameter. The ECVT study of Agrawal et al. [17] came to a
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similar conclusion, where the maximum bubble diameter was detected
in a similar bed height. A suggested reason for this behavior is the
segregation of fines to the top of the bed, which influences bubbles
properties at different bed heights.

In comparison, the empirical correlations by Werther [25], Geldart
[26], and Choi et al. [27], Kato & Wen [28] and Mori & Wen [29] all
describe a linear or near-linear bubble growth with increasing axial
position, as seen in Fig. 20 a. Thus, bubble splitting may be under-
estimated in these correlations. At lower and middle bed heights, the
bubble diameters from the correlations were smaller than the measured
ones. At the top of the bed, the correlations mostly agreed with the
experimental data. Out of the used correlations, only the one by Mori
and Wen [29] includes the bed diameter, where the bubble diameter
increases, with decreasing bed diameters. Since bubbles are closer in
smaller diameter beds, they reach each other faster to form larger
bubbles [30]. Furthermore, none of the correlations includes the fixed
bed height. The exclusion of these parameter might lead to some dis-
crepancies between the experimental data and correlations. It is also
very likely, that the main control parameters in the 3D fluxion script, the
bubble exit and bubble entry limits, L, and L. (as described in section
2.3) can be further optimized. This could lead to bubble diameters,
closer to the ones from correlations and literature. For a better valida-
tion, comparisons with other accurate tomographic methods, like MRI
would be necessary.

The bubble diameters from the present study were also compared
with the ECVT studies by Agrawal et al. [17] and Weber and Mei [16] at
similar Ug/Upy¢ ratios (Fig. 20 b). In comparison to the two studies, the
bubble diameter, determined with the 3D fluxion method is the largest.
In all three cases, the maximum diameter was detected at a bed height of
around 20 cm. As the only one of the works, the bubble diameters of
Weber and Mei didn’t show a clear decrease after reaching a maximum
value. A reason for this might be a lack of data at bed heights above 23
cm.
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Fig. 19. Radial and axial trends of radial bubble diameter for glass beads and quartz sand for three gas velocities.
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5.4. Axial bubble length

Fig. 21 shows the radial and axial trends of the axial bubble length
for glass beads and quartz sand. For glass beads, the axial bubble length
changed only slightly across the width of the column, which indicates a
low wall effect due to the high sphericity of glass beads. The axial
lengths of the bubbles near the wall in the quartz sand experiments were
greater and less consistent than the lengths at the center. The difference
increased with increasing fluidization air velocity, which indicates that
more axially elongated bubbles formed at the wall zone in the experi-
ments with quartz sand than in those with glass beads. An explanation
for this could be that the lower sphericity of the quartz sand particles
allowed for increased channeling at the low-resistance wall zone. This
may be favorable over increased bubbling at the radial center, where the
interactions between the rough particles provide greater resistance to
fluidization. With increasing axial positions, detected bubbles become
increasingly elongated as they rise to the upper surface of the fluidized
bed. The axial bubble length trends for quartz sand seem to show a
dependence on the sensor position, which would explain the minima
and maxima, as discussed in section 5.2. By comparison of the bubble
lengths with the diameters, it can be concluded that bubble splitting in
the bed occurs more radially than it does axially. Generally, like the

14
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bubble diameter the bubble length increases with higher gas velocities.
The obtained axial bubble lengths are assumed to be overestimated,
since they often reach values as high as the bed diameter. Nevertheless,
since the relative trends with increasing fluidization velocities are so
clear, the observed tendencies are still deemed valid and worthy of
comparison with other works.

5.5. Bubble residence time

The residence times shown in Fig. 22 are equal to the average
amount of time that a single voxel (1.1 cm x 0.55 cm x 0.55 cm) is
occupied by a bubble. The difference between the bubble residence
times at different fluidization air velocities is very small. The radial
trend of the bubble residence time for glass beads shows that there is no
significant change with respect to radial position. The axial trend,
however, shows that the residence time increases with increasing axial
position. Since the residence time is directly related to the axial bubble
length, this near-linear dependence on axial position is expected. For
quartz sand, the increased axial length at the wall zone also causes the
bubble residence time to be slightly higher at the wall zone. This, in turn,
indirectly contributes to the lower bubble frequencies observed near the
wall, as shown in section 5.7.

5.6. Bubble rise velocity

The bubble rise velocity is calculated using the axial bubble length
and the bubble residence time. Fig. 23 shows the radial and axial trends
of the bubble rise velocities for glass beads and quartz sand. Overall, a
direct dependency of the bubble rise velocity and gas velocity can be
determined axially and radially. However, closer to the wall, no strong
dependence on the bubble rise velocity can be seen from the trends.
There is a noticeable axial dependence of the bubble rise velocity,
though. The bubbles rise at greater speeds as they travel axially toward
the upper surface of the fluidized bed. The axial bubble rise velocity
trends also appear to show a dependence on the sensor position, which
would explain the minima and maxima, as discussed earlier in section
5.2. Due to the aforementioned tendency of excess air to travel through
fluidized bed as bubbles rather than within the emulsion phase, an in-
crease in fluidization air velocity will always increase the bubble rise
velocity until the slugging regime is reached. After the diameter of the
bubbles reaches approximately 60 % of the diameter of the column,
slugs may start to form, at which point the linear dependency of the
bubble rise velocity on the bubble size will dissipate. This leads to a
decrease in bubble rise velocity dependence on axial position [23]
(p. 149), as it is observed in this work. The ECVT study of Agrawal et al.
[17] yielded a similar result, where the bubble rise velocity was between
55 and 65 cm/s in a 10 — 25 cm axial position range for quartz sand at
1.85 Ug/Upyy. Although a column with a greater diameter and a higher
Hped/Dped ratio were used, the results are still similar.

5.7. Bubble frequency

Fig. 24 shows the radial and axial trends of the bubble frequency for
glass beads and quartz sand. These values are equal to the average
number of bubbles that pass through a single voxel per second. Like the
bubble rise velocity, this property is related to the axial bubble length
and the bubble residence time. Unlike the bubble rise velocity, however,
this dependency is indirect since the time between the exit of one bubble
and the entry of another has also a great effect on the measured bubble
frequency.

Like the residence time, the measured bubble frequencies are almost
independent of the gas velocity. For glass beads the bubble frequencies
only slightly depend on the radial position. The reason for this might be
the high sphericity, leading to a more uniform bubble distribution.
Additionally, since glass beads were fluidized at gas velocities, much
closer to Upy, the wall effect is also expected to be smaller. At the two
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Fig. 22. Radial and axial trends of bubble residence time for glass beads and quartz sand.
highest fluidization velocities, the frequency is increased at the radial the radial position is seen. The highest bubble frequencies were
center of the column. This is likely due to lateral bubble movement from observed at the center of the column, while the lowest were close to the
the wall to the center. Contrarily, for quartz sand, a strong influence on wall. This can be attributed the lower sphericity of quartz sand, leading
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Fig. 24. Radial and axial trends of bubble frequency for glass beads and quartz sand for three gas velocities.
to stronger particle—particle and particle-wall forces. Thus, at the col- axial position. As the bubbles rise axially to the upper surface of the
umn center, a greater quantity of bubbles was detected. fluidized bed, they coalesce, which leads to fewer bubbles. Since these
A strong dependence exists between the bubble frequency and the larger, newly formed bubbles will not rise with lower velocity through
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the bed, the total bubble count per unit time must decrease. This results
in a steady decrease in bubble frequency as a function of axial position.
For quartz sand the axial bubble frequency trends also appear to show a
dependence on the sensor position, which would explain the observed
minima and maxima, as discussed before in section 5.2.

Similar results were reported by Agrawal et al. [17]. The bubble
frequencies from the Agrawal study with quartz sand were measured for
the entire radial cross-section, while the values from the current study
were measured for each voxel and averaged across the entire radial
cross—section. The iterative axial bubble threshold method used in the
Agrawal study does not allow for multiple bubbles to be detected at a
single axial position for a given frame. These two differences may
contribute to discrepancies between the ranges of results. Nevertheless,
the results from both studies are very similar, with the frequency
dropping from 3.0 to 3.5 Hz at an axial position of 7 cm in this work to
2.5—3.25 Hz at 27 cm axial position in the Agrawal dataset. Further-
more, the frequency decreased nearly linearly across the measured axial
ranges.

6. Conclusion

A novel method for detection and sizing of bubbles in fluidized beds
was developed to more fully utilize the potential of ECVT. It detects
bubbles by measuring the rate of change of the solid volume fraction for
every voxel and frame. The results indicate that the detected bubble
boundaries are similar, to those detected via methods with a single
global threshold value for the bubble detection limit, like Agrawal et al.
[17]. and Weber and Mei [16]. The detection method can potentially be
used with other measurement techniques that produce four-dimensional
arrays of solid volume fractions like MRI.

The phase detection method was tested with glass beads and quartz
sand in a bubbling fluidized bed (D = 10 cm, Hpeq/Dped = 3) at three
fluidization velocities. For both particle systems, significant similarities
with results from publications with similar experimental setups were
found. This includes radial and axial trends for solid volume fraction,
radial bubble diameter, bubble frequency, and bubble rise velocity.
Furthermore, due to the three-dimensional nature of the novel bubble
detection technique, insight into the directional tendencies of detected
bubbles was gained. For example, bubble migration toward the radial
center of the bed, as well as radial and axial bubble coalescence and
splitting, are more clearly evident from the trends, produced with this
method.
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