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Abstract

Modern day tomographs enable the research community to investigate the internal flow behaviour of a fluidized bed by non
invasive methods that partially overcome the opaque nature of a dense bubbling bed. Each tomographic modality has its own
limitations and advantages and in the present study two modern day tomographic systems were evaluated with respect to their
performance on a cold dense fluidized bed. The two tomographs investigated are an Electrical Capacitance Tomography (ECT)
tomograph and a time-resolved X-ray tomography tomograph. The study was performed on spherical glass particles with various
particle size distributions that could mainly be classified as Geldart B or D particles. Two experimental towers were employed, one
with a diameter of 10.4cm and the other 23.8cm while compressed air was used as fluidizing fluid during all of the experiments.

Results obtained with both systems are provided in comprehensive figures and tables and some first results are obtained with the
time-resolved X-ray tomography system. The bubble size measurements of both tomographs are compared with several theoretical
correlations via the root mean square error of the predictions (RMSEP). With the results it was also concluded that a small amount
of small particles can noticeably alter the fluidization hydrodynamics of a powder. The bubble frequencies are also presented to
aid in understanding the hydrodynamic behaviour of the powders investigated. A comprehensive summary of the two tomographic
modalities is also provided.
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1. Introduction

Fluidization engineering has the potential to play an impor-
tant role in a sustainable future with applications in chemical
looping combustion (carbon capture), recovery of valuable ma-
terials from waste streams and biomass gasification [1]. Be-
ing such a promising technology for a greener tomorrow it is
important to understand these reactors with the highest possi-
ble degree of accuracy. With this aim, different measurement
systems have been utilised during the history of fluidized beds
[2, 3]. Positive features of fluidized beds include temperature
uniformity, moderate pressure drops and the possibility of con-
tinuously adding and removing particles [1].

The main challenge faced with measuring flow behaviour in
dense fluidized beds, is their opaque nature. Measurement tech-
niques related to fluidized beds can be divided in two general
categories according to Karimipour and Pugsley [4], namely:
probes and photography/imaging. Probes have received criti-
cism because they tend to interfere with the internal flow be-
haviour of the bed. This interference decreases with a decreas-
ing probe size [4].

Bubbles behave differently in 2D and 3D beds according
to Geldart [4] and thus 3D measurement techniques are needed.
For accurate measurements, 3D information is important to fully
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and accurately describe the flow behaviour (such as bubble co-
alescence) of the bed [4]. The development of Computational
Fluid Dynamics (CFD) over the last century has aided signifi-
cantly in understanding the complex flow behaviour of fluidized
bed reactors but these simulations still requires verification via
reliable experimental methods.

A measurement technique that is probably better known for
its medical applications is the use of tomography. Some of the
tomography systems (tomographs) currently available are γ-ray
transmission tomography [3], Electrical Capacitance Tomogra-
phy (ECT) [5], Electrical Resistance Tomography (ERT) [6],
Magnetic Resonance Imaging (MRI) [7] and X-ray tomogra-
phy [8]. A tomographic image (tomogram) can be generated
via a variety of methods and they all produce some form of two
dimensional sliced image through the investigated object. The
slices can then be placed together to form a three dimensional
temporal or spatial image. In Figure 1 an example is illustrated
where a 3D spatial image is produced. This data were obtained
using a Magnetic Resonance Imaging (MRI) system.

An example of temporal tomographic images is given in
Figure 2 where several measurements taken with an Electri-
cal Capacitance Tomography (ECT) tomograph are illustrated.
These images are separated by time and if they are stacked they
will form a temporal 3D image. Such images can be converted
into spatial images with the use of velocity information.

Three dimensional information can also be obtain from the
viewpoint of a single particle using techniques such as Positron
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Figure 1: Spatial 3D MRI image of the human brain. This image was produced
using the commercial software MATLAB and the MRI data was obtained from
the MATLAB-examples data base.

Emission Particle Tracing (PEPT) systems [9, 10]. The present
study will only focus on tomographs. The two tomographs
investigated in the present study are the ECT and the time-
resolved X-ray tomography system.

The aim of the study is to present these two tomographic
modalities in such a way that researchers can make an informed
choice when it comes to choosing a tomograph. The bubble
size data from both tomographs are also compared to existing
correlations to evaluate which correlations agree most with the
obtained data.

Figure 2: Four tomograms capture with a 12 electrode Electrical Capacitance
Tomography (ECT) system. The images indicate a bubble rising in a gas-solid
fluidized bed with the scale indicating solid fraction.

2. Overview of the ECT system

A two plane ECT tomograph was used in the present study.
It consists of two arrays of electrodes, each array containing 12
electrodes. In Figure 3 a schematic drawing of the ECT sensor

is given. The location and size of the electrodes were designed
by Process Tomography Ltd. [11]. As the sensor works with a
soft field, it is very susceptible to external interference and thus
the sensor is covered by a grounded screen to protect the elec-
trodes from external noise. The non-intrusive design of the sen-
sor can be observed in Figure 3. The electrodes are placed on
the circumference of the 10.4cm diameter experimental tower
and do not influence the flow behaviour.

The ECT tomograph produces a cross-sectional image show-
ing the distribution of electrical permitivities of the content of
the experimental tower from measurements taken at the bound-
ary of the vessel [5]. The capacitance reading is taken between
each set of electrodes and produces E(E − 1)/2 different read-
ings for one image that is reconstructed. E represents the num-
ber of electrodes used in the ECT sensor [11]. These readings
are interpreted and illustrated as a colourful image using a Lin-
ear Back Projection (LBP) reconstruction algorithm. An ex-
ample of such an image is provided in Figure 3 via a virtual
magnification of the computer screen. The resolution of the im-
age is usually relatively low (due to soft field distortions) but
can be sampled at high sample rates (low spacial resolution but
high temporal resolution [2]). The quality of the image can be
improved by off-line iterative LBP image reconstruction algo-
rithms [12].

By comparing the diameter of known phantom objects with
the diameter reconstructed via ECT of the same objects, McK-
een and Pugsley [13] found errors between 4% and 10%, de-
pending on the amount of iterations used in the off-line algo-
rithm. In the present study only on-line measurements were
used and the obtained data should approximately be valid as
semi-quantitative results [12]. These semi-quantitative results
have been confirmed by fibre optic probes in a study done by
Pugsley et al. [12] by using off-line reconstruction iterations of
the data collected from an 8 electrode ECT tomograph.

Both of the systems require thresholding in their obtained
data. A threshold defines the void fraction that will indicate
the boundary of a bubble. Each tomograph produces results
using different measurements and also different reconstruction
techniques. Hence each system will have a different thresh-
old that will produce the most reliable results. In the work
done by Gidaspow [20] they defined a bubble as a region where
their computational simulations produced a solid fraction less
than 0.2. It is a non-trivial task to decide exactly what void
fraction values should be defined as a bubble as some bubbles
might have a cloud surrounding it (as described by the David-
son model [21]). This cloud is associated with fast bubbles
(ubr > u f = um f /ǫm f ) and some researchers have even defined
it as an independent phase since mixing across a cloud can only
occur via slow molecular diffusion [20].

In another study the ECT tomograph used in the present
work was utilised to measure the diameter of a standard ping-
pong ball falling through the measuring planes [14]. The ball
was filled with glass particles and was dropped through the
empty bed. The ping-pong ball had a diameter of 2cm and after
averaging the results from 7 runs and adjusting the threshold
value, the ECT system measured a diameter of 2.12cm [14].
Adjusting the threshold value in the obtained data may improve
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Figure 3: A schematical drawing of the 12 electrode ECT tomograph utilised in the present study together with and example of a typical cross-sectional 2D image
(tomogram) obtained at a particular time instance.

the measurement accuracy of a single object passing through
the ECT tomograph but will not aid in distinguishing multi-
ple objects passing through the measuring planes. To effec-
tively improve the measurement accuracy off-line reconstruc-
tions must be employed [12].

Nevertheless, in the present study a cylindrical hollow pa-
perboard tube (known as a phantom object) with a diameter
of 4.5cm was used to estimate the threshold value. With the
threshold equal to 10% that of the unfluidized bed solid frac-
tion the diameter of the phantom object was reconstructed with
near 99% accuracy. This does however not imply that the bub-
ble sizes will be obtained with the same degree of accuracy as
the paperboard wall of the phantom object might produce dis-
tortions in the recorded permitivity values.

High-performance ECT tomographs are also being devel-
oped with a 500 f rame/s sample frequency with both image re-
construction and visualisation [15]. With this system direct re-
construction algorithms like the LBP, filtered LBP (FLBP) and
Tikhonov regularization can be employed for on-line measure-
ments. These images are usually blurred due to the soft field
and the number of independent measurements [15]. Iterative
methods are generally slow but much more accurate [15]

The obtained image consists of pixels and each represents
an average solid fraction value. The average is taken over a
rectangular volume equal to 1.1cm3 [5] and is directly associ-
ated with the physical dimensions of the electrodes used in the
ECT sensor. The bigger the electrodes are the bigger this aver-
aging volume will become and the image resolution produced
by the ECT system will go down. A 32×32 pixel image is pro-
duced and the pixels that fall outside the circular tower will
assume zero solid fraction values (refer to Figure 2 and 3). The-
oretically, the more electrodes used, the smaller the electrodes
become and the more dominant the background noise can be-
come. Thus a balance has to be kept so that the electrodes are

not too small but also not too big. The system used, with the
twelve electrodes, can capture up to a hundred 32×32 matrix
maps of solid fractions per second and increasing to two hun-
dred frames per second for an 8 electrode sensor [5]. Practically
between 6 and 16 electrodes are normally used [11].

This system also requires calibration. First the tower is left
empty so that just air is present. The ECT software then cali-
brates this as the low permitivity material (the blue colour in the
images used, as illustrated in Figure 2 and 3). Then the tower
is filled with the particular particles and the ECT software cali-
brates this as the high permitivity material (the red colour in the
images used as illustrated in Figure 2 and 3) [11]. This provides
the reconstruction algorithm the necessary data points to repre-
sent the permitivities in-between these two extreme values.

The measuring planes are located at two different locations.
One at a height of 15.65cm and the other at a height of 28.65cm
above the porous plate distributor. The lower plane will be
called plane one and the upper plane, plane two. Even though
the ECT tomograph calculates average solid fraction values the
data that are obtained are viewed as a slice through the bed at
the center of each electrode. Due to the reconstruction pro-
gram the measurements are also most accurate close to the cen-
ter plane of the electrodes. Plane one and plane two are thus
located at the center position of the electrodes (refer to Figure
3).

The two plane ECT tomograph is typically employed to
measure the speed of bubbles in fluidized beds. If one bub-
ble can be traced from one plane to the next, the time it takes
for the bubble to traverse from one plane to the other, can be
obtained. Using the distance between the two sensing planes
the speed of a particular bubble can be determined.

Research done by Makkawi et al revealed that using ECT
to measure dynamic parameters such as the standard deviation
of the average solid fraction fluctuation and the bubble veloc-
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ity or frequency, a minimum measuring span of 60s must be
implemented [5]. Thus using a sampling rate of 100Hz and
an experimental span of 60s, 6000 images can be produced.
Up to 8000 images can be produced in one experimental span
(depending on the number of electrodes, computing power and
speed of the reconstruction algorithm) [5]. For the rest of this
study a measuring span of 60s was implemented.

3. Overview of the time-resolved X-ray tomography system

In the X-ray measurement system used in the present study
three X-ray sources were used that each created a fan beam
through the fluidized bed. Each fan beam fell onto two array
detector consisting of 32 CdWO4 detectors [8]. The set-up used
in the present study is illustrated in Figure 4.

The red lines represent the path of radiation detected by
each detector respectively. The fluidized bed is located in the
middle of the set-up, surrounded by the detectors and sources.
The diameter of the bed was 23.8cm. The X-ray system can
have a sampling frequency of 2500 f rames/s but due to some
inherent noise in the X-ray sources the obtained data had to be
averaged. This was done by averaging over ten measurements
which in turn lowered the sampling frequency to 250 f rames/s.
The averaged data can be converted to a line-averaged solid
fraction value by using calibration curves [8].

Figure 4: Three X-ray sources that simultaneously radiate an X-ray fan beam
through the experimental fluidized bed tower or reactor. Two sets of 32 detec-
tors have been allocated to each source.

The TU Delft X-ray tomography system consists of two ar-
rays of detectors 4cm apart and both consisting of 32 detectors
for each of the 3 sources. The distance from the center of the
bed to the detector arrays was 85.8cm and the distance from the
center of the bed to the sources was 71.6cm. All of the X-ray
beams originate from an approximate point source and diverges
from there. Thus the effective distance between the measuring
planes in the bed, can be shown to be equal to 1.86cm. With the
two measuring planes it was possible to determine the bubble
rise velocity. Bubble size and velocity are crucial in determin-
ing factor such as the particle residence time, particle entrain-
ment and heat and mass transfer in a fluidized bed [4]. Thus to

be able to determine the bubble shape, size and velocity is im-
portant and the X-ray tomographic system allows researchers
to do exactly that.

Each detector measures the attenuation of a small cone shaped
beam coming from the X-ray source located on the opposite
side of the fluidized bed. This small cone is approximated as a
line and treated as such in the reconstruction [8]. For a mono-
energetic source a two point calibration would be sufficient.
This would be calibration much like that of an ECT system
with an empty tower and a full tower of particles. Most X-ray
sources produce a wide spectrum of X-ray energies and thus a
two point calibration is not adequate [8]. This implies that the
absorption coefficient is a function of the photon energy. Non-
linearity is also obtained due to the fact that the low energy pho-
tos are absorbed much faster than high energy photons. Hence,
R (measured number of photons) does not follow the Lambert-
Beer law [8]. During calibration the effect of ’beam hardening’
has to be accounted for. Beam hardening occurs as an increas-
ing amount of powder is present on a particular X-ray beam
and the relative number of high-energy photos increases [8]. To
account for this effect each detector is calibrated individually
with several quantities of powder. Seven calibration points are
usually used in total including an empty and full tower as the
two extreme values [8]. In the current study a five point calibra-
tion has been used due to the high attenuation of glass particles
in comparison to that of polystyrene particles. If seven points
were used, including an empty bed, the radiation would have
been to low to get meaningful measurements. In the present
study calibration thus entailed the center beams passing through
1/3, 1/2, 2/3, 5/6 of a full bed and a full bed. Using these cal-
ibration points the radiation level could be set high enough as
to obtain meaningful measurements but also low enough as to
not over expose the detector and thus avoid the detector from
clipping. These criteria were chosen under the assumption that
there won’t be any bubbles with an effective diameter much
greater than 2/3 of the tower diameter.

Before the actual measurements were made a segment of
data were taken where no bubbles were present and it was then
compared to the full undisturbed bed data obtained from cal-
ibration. In theory the ratio of these averaged detectors mea-
sured attenuations should be equal to 1 if the calibration is
working properly. In Figure 5 (a) it is clear that this was not
the case.

From Figure 5 (a) it is clear that for each of the three detec-
tor arrays a near parabolic-shaped discrepancy is obtained. This
might be due to the motion of particles in the fluidized bed after
fluidization and the consequent redistribution of particles. The
powder used in the present study has a large range of particle
sizes and thus a heterogeneous solid fraction distribution can
be expected and was observed in the actual experiments. The
correction factors obtained in Figure 5 (a) were used to correct
all the collected data to account for these effects associated with
the fluidization of the bed. These corrections were done twice
to account for drift that can possibly occur within the experi-
mental set-up. The second set of corrections were made from
data captured 5 days later. In Figure 5 (a) it can be observed that
one of the top detector arrays drifted the most. In Figure 5 (a)
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Figure 5: (a) Two sets of correction factors calculated from data captured at separate times for all of the detectors (3×32 detectors) before and after applying the
correction factor. (b) The ray-sum of the path lengths of the X-ray beams travelling through the particulate phase in a fluidized bed containing a spherical phantom.

the same ratios are also shown after it has been corrected with
the correction factors and thus the drift have been accounted for
in all the data collected during the current experiments.

Figure 6: Typical image produced with the time-resolved X-ray tomography
system illustrated in grey-scale. In the top left corner the size of a single pixel
is illustrated.

A calibration curve was produced for each detector of all
three double plane detector arrays. The calibration effectively
produced a relationship between the measured attenuation and
the distance the X-ray beam has to travel though the particu-
late phase. This concept is illustrated in Figure 5 (b) where the
ray-sum (effective length of powder on the path of the beam) is
provided for each detector. This image was created using the
simulation program developed by Mudde and co-workers and
simulates measurements taken with a spherical phantom (plas-
tic rod) inserted into the bed. Each parabola represent one of
the source-detector array pair and the disruption in the parabolic
shape is due to the phantom. Hence the effect of a phantom or
a bubble will be equivalent to having less powder in the path

of particular beams. With this path length information tomo-
graphic images can be created. For more detailed information
about the calibration of a X-ray tomography system refer to
work done by Mudde [8] and Rautenbach et al. [16]. In Fig-
ure 6 an example is provided of a typical time-resolved X-ray
tomogram.

The images reconstructed with the time-resolved X-ray to-
mography system in the present study consisted of 3025 pixels
(55×55 pixel image). The number of pixels used is an indepen-
dent parameter and can be selected [8]. The Simultaneous Al-
gebraic Reconstruction Technique (SART) is used that simulta-
neously applies the average of the corrections generated by all
rays to a pixel instead of sequentially updating the pixel on a
ray-by-ray basis [8]. The reconstructions are off-line, iterative
and belongs to the algebraic technique class [8]. Some other
reconstruction techniques that exist is the Back Projection al-
gorithms, like those used with the ECT system, and they are
significantly faster. Though these techniques are faster, they do
present some limitations with regards to limited data sets [8].

A 5cm phantom object (plastic rod) was used to investigate
the quantitative nature of the images produced by the system.
Similar to the work done by McKeen and Pugsley [13] the ac-
tual diameter of the phantom was compared to the diameter
given by the reconstructed X-ray tomograms. Errors between
6% and 25% was obtained depending on the location of the
phantom. Nuclear based techniques are know for medium to
high spacial resolution and the relatively high error obtained
with the quantitative phantom study might be caused by the
plastic walls of the phantom as the attenuation of plastic will
be different to that of glass [12]. With this in mind the time-
resolved X-ray tomography system should also be able to pro-
duce semi-quantitative results. In previous research done by
Rautenbach et al. [16] they used the most accurate correlations,
a literature study presented by S. Karimipour and T. Pugsley
[4], to determine a threshold value for the presently obtained
data. Therefore a threshold value of 0.465 was used for the
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X-ray experiments in the present study in accordance with pre-
vious research [16].

Similar to the work done by Makkawi and Wright [5] the
influence of the experimental span of time resolved X-ray to-
mography on the dynamic parameters in a fluidized bed was
investigated by Rautenbach et al. [16]. For the time-resolved
X-ray tomography system investigated, different results were
obtained for various dynamic parameters. By using a single
jet it was found that a measuring span of 40s produced reli-
able results for the bubble rise velocity. In the case of the av-
erage bubble volume and bubble frequency a 20s experiment
produced reliable results when using the single jet. In using the
porous plate distributor a measuring span of 45s was adequate
for determining the bubble rise velocity while 25s was accurate
enough for the average bubble volume and bubble frequency.
In the present study an experimental span of 50s were used for
all the dynamic parameters recorded with the X-ray tomogra-
phy system and according to Rautenbach et al. [16] this should
present reliable results when using the current X-ray system.

4. Summary of the advantages and limitations of the two
tomographic modalities

These tomographic measurement system clearly hold some
advantages but they also present some disadvantages or limita-
tions (as with most measurement techniques). These strengths
and weaknesses have to be considered for each particular appli-
cation to find the measurement technique that is most suited for
the application. For convenience these advantages and disad-
vantages associated with each measurement technique are sum-
marised and presented in Table 1.

5. Experimental set-up

Glass particles with an approximate density of 2485kg/m3

are used in the experiments. Most of the powders utilised in the
present study are classified as Geldart B or D particles. Only the
powder utilised in the X-ray experiments were on the boarder
between Geldart A and B and might thus exhibit characteris-
tics from both groups. These powders all consisted of spherical
particles and were chosen because of their ability to produce
a bubbling bed without phenomena like spouts or channelling.
Doing experiments with this ’well behaved’ powders enabled
the present study to focus on bubbling behaviour and illustrated
the use of the two tomographic modalities without being dis-
tracted with complex phenomena like channelling.

The parameters of the two experimental set-ups are pre-
sented in Table 2 with dsv the surface-volume mean diameter, d
the arithmetic mean and um f the minimum fluidization velocity.
Various particle size distributions were used during the ECT
experiments. These different particle size distributions formed
part of previous studies performed by Rautenbach et al. [19]
and will be used in the present study to evaluate the perfor-
mance of the ECT tomograph compared to that of the X-ray
tomograph. The particle mixtures will be referred to as mix 1
and mix 2, as indicated in Table 2. In both sets of experiments

plexiglass towers were used and compressed air at room tem-
perature was used as fluidizing gas. The experimental tower had
a diameter of 10.4cm in the ECT experiments and a diameter of
23.8cm in the time-resolved X-ray tomography experiments.

With the ECT tomograph the sensor was fixed in one loca-
tion for the duration of the experiments. The sensor has two
measuring planes, as depicted in Figure 3, and thus data was
obtained at two distinct heights, 15.7cm and 28.7cm above the
air distributor. With the time-resolved X-ray tomography tomo-
graph measurements were taken at 24.0cm, 34.0cm and 46.2cm
from the air distributor to the height where the X-ray beams
left the source. This system also has 2 measuring planes but
much closer together than those of the ECT tomograph and the
information from these two planes are usually averaged (for ex-
ample, the average bubble volume is the average of the bubble
volume at the first and second plane). The averaging of the
information from the two planes was not done with the ECT
experiments as the sensors were too far apart.

6. Comparison between ECT and time-resolved X-ray to-
mography results

In Figure 7 the average bubble volume measured with the
two tomographs are given as functions of the superficial ve-
locity, u0. In the case of the ECT measurements bubble rise
velocities could not be measured. The centers of the electrodes
were 13cm apart and thus bubbles will coalesce as the bubbles
traverse from one measuring plane to the next. Thus bubble ve-
locity correlations were used to create a spatial 3D image from
the collected temporal tomographic data [19].

The dependence of the minimum fluidization velocity on
the particle size distribution is clearly illustrated in Figure 7. To
be able to compare the results in a more direct manner Figure
8 is provided where the average bubble volume were plotted
against a dimensionless coefficient (DC) expressed as

DC =
u0 − um f√

gd
, (1)

where g is gravitational acceleration and d is the particular mean
particle size presented in Table 2. The dimensionless coeffi-
cient takes into account most of the effects of the mean par-
ticle size and thus allows the data to be viewed together in a
more comparative way. From both Figure 7 and 8 it is clear
that the bubbles become larger as they move upward through
the bed. Interesting result are given by the mixed particle size
distributions. In Figure 7 and 8 the 100 − 200µm powder be-
haves similar to the mix 1 powder at both plane 1 and plane 2.
The most interesting result is obtained with the mix 2 powder.
For the same values of the dimensionless coefficient in Figure
8, the mix 2 powder reviled much smaller bubbles compared to
the other powders. With the mix 2 powder the measurements at
plane 2 suggest that a maximum bubble size has been reached
as the bubble volume does not increase monotonously. This is
an interesting result as the powder can still be classified as a
Geldart D powder but exhibits behaviour that is typical for Gal-
dart A particles [21]. Thus a small amount of small particles
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Table 2: Relevant parameters of the powders and experimental towers used in the present study.

ECT
Particle size Mean particle Solid fraction Tower um f Distributor Geldart
distribution size (dsv) [µm] (ǫs) [-] diameter [m] [m/s] classification
100 − 200µm 153 0.68 0.104 0.02 porous plate B
400 − 600µm 482.9 0.68 0.104 0.21 porous plate B
750 − 1000µm 899.15 0.67 0.104 0.45 porous plate D
mix 1: 50% 100 − 200µm

50% 400 − 600µm 265.58 0.66 0.104 0.04 porous plate B
mix 2: 8.5% 100 − 200µm,

8.5% 400 − 600µm,
83% 750 − 1000µm 800.35 0.7 0.104 0.27 porous plate D

Time-resolved X-ray tomography
Particle size Mean particle Solid fraction Tower um f Distributor Geldart
distribution size (d) [µm] (ǫs) [-] diameter [m] [m/s] classification
79 − 149µm 114 0.66 0.238 0.009 porous plate A/B
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Figure 7: Comparison of the ECT- and Time resolved X-ray tomography average bubble volume data as a function of the superficial velocity, u0.
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can change the hydrodynamic of a powder in a fluidized bed, as
noted before in literature [19, 22].

The 750 − 1000µm powder also indicates a maximum bub-
ble volume but this is probably an indication of the onset of
the slugging regime as the equivalent bubble diameter at the
maximum is 63% of the tower diameter [21]. The powder used
in the Time-resolved X-ray tomography experiments indicated
that the bubbles kept growing as they traversed up through the
bed.

In Table 3 the obtained data from both tomographs are com-
pared to some theoretical correlations. The correlations were
chosen based on the recommendation of Karimipour and Pugs-
ley [4]. They evaluated 25 different bubble size correlations
with data available from the open literature [4]. These correla-
tions were all empirical and different measurement techniques
and powders were used in creating the correlations [4]. Nev-
ertheless they found that the correlation by Cai et al. gave the
best predictions for bubble sizes especially for Geldart A and D
particles [4]. The simple correlation of Mori and Wen [21] pro-
vided the best results for Geldart B particles and the correlation
by Agarwal [4] provided the best correlation for measurements
take with u0 < 10um f . In Table 3 the condition under which
each model is claimed to perform best is also provided.

In the present study the comparison between the theory and
experiments will be made via the root mean square error of
prediction (RMSEP) [23]. The RMSEP is a way to evaluate
the prediction performance of each correlation and can be ex-
pressed as

RMS EP =

√∑n
i=1

(
ŷi − yi

)2

n
, (2)

where ŷi is the predicted values from the correlation, yi is the
experimental data obtained from the tomographs and n in the
number of experimental data points. The RMSEP values are

given in the same unites as ŷi and yi. All of the correlations
presented in Table 3 are expressed in centimetres and thus the
comparisons were done in, and expressed in centimetres [cm].

The correlations gave predictions of the bubble size in terms
of bubble diameter. To be able to compare the average bub-
ble volume data obtained with the tomographs with the corre-
lations, the equivalent diameters of the average bubble volumes
were employed. The equivalent bubble diameter is the diameter
of a sphere which will produce the same volume as a particular
measured bubble.

In Table 3 it is evident that the mixed powders generally
produce the largest discrepancy from the correlations especially
the mix 2 powder at plane 2. The reason for this discrepancy can
be explained via Figure 7 and 8 where it is clear that the mix 2
powder reaches a maximum bubble volume. These correlations
does however not take into account all of the phenomena as-
sociated with wide particle size distributions and thus fail in
accurately predicting the bubble size.

In Figure 9 the bubble frequency of each set of experiments
are provided as a function of the superficial velocity. With the
powders investigated with the ECT tomograph it is interesting
to note that all of the powders, except the mix 2 powder, had
frequency values that increased with a low gradient at plane 2.
This is a clear indication of some slugging characteristics as
slugs are characterised as big periodic bubbles. All of the pow-
ders investigated with the ECT tomograph produced sharply in-
creasing frequency values at plane 1 except the 750 − 1000µm
powder that also has a decreasing frequency at high superfi-
cial velocities (thus indicating the onset of slugs at plane 1).
The mix 2 powder was the only powder that produced sharply
increasing frequency values at plane 2 that again point to the
splitting and coalescence of bubbles in the powders much like a
Geldart A powder. A small amount of small particles can thus
be added to a slug prone powder, like the 750 − 1000µm pow-
der, to make the powder less prone to slugging and to lower the
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Table 3: Comparison between equivalent bubble diameter data and well established correlations. The prediction performance is done via the root mean square error
of prediction (RMSEP) [23].

RMSEP values for the ECT experiments [cm]
Particle size Mori and Wen [21, 4] Werther [21, 4] Agarwal [4] Cai et al. [4]
distribution (Gekdart B and D) (Geldart A, B and D) (u0 < 10um f ) (Geldart A and D)
Plane 1
100 − 200µm 0.65 0.91 0.51 0.71
750 − 1000µm 0.64 1.33 0.39 0.88
mix 1: 50% 100 − 200µm,

50% 400 − 600µm. 1.77 1.88 1.39 1.64
mix 2: 8.5% 100 − 200µm,

8.5% 400 − 600µm,
83% 750 − 1000µm. 2.03 2.86 1.61 1.5

Plane 2
100 − 200µm 0.41 1.05 1.28 0.62
750 − 1000µm 1.33 2.39 1.02 0.65
mix 1: 50% 100 − 200µm,

50% 400 − 600µm. 0.76 1.41 1.48 0.97
mix 2: 8.5% 100 − 200µm,

8.5% 400 − 600µm,
83% 750 − 1000µm. 3.33 4.75 2.43 2.86

RMSEP values for the Time-resolved X-ray tomography experiments [cm]
Particle size Mori and Wen [21, 4] Werther [21, 4] Agarwal [4] Cai et al. [4]
distribution (Gekdart B and D) (Geldart A, B and D) (u0 < 10um f ) (Geldart A and D)
Measuring plane height = 24cm
79 − 149µm 0.73 0.84 0.99 0.72
Measuring plane height = 34cm
79 − 149µm 0.79 0.92 1.02 0.59
Measuring plane height = 46.2cm
79 − 149µm 1.15 1.63 1.2 0.85
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Figure 9: Bubble frequency as a function of the superficial velocity for all the experiments conducted in the present study.
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minimum fluidization velocity.
The powder used in the Time resolved X-ray tomography

experiments indicated that the highest frequency was observed
at the second highest measuring height. The 79−149µm powder
is on the boarder between Geldart A and B particles and this
high frequency at the second highest measuring plane might
indicate that the bubbles split and re-coalesce in this powder as
well.

7. Conclusion

The present study compared two tomographic measurement
systems. The two systems used were a Electrical Capacitance
Tomography (ECT) and time-resolved X-ray tomography to-
mograph. Both tomographs record relevant data on a non-intrusive
manner and provided 3D data that could readily be employed to
studying hydrodynamic effects in a fluidized bed. Each system
has advantages and limitations and depending on the applica-
tion a choice should be made which system is most fitting.

The results obtained from both tomographs were compared
with some established bubble size correlations from the open
literature. Relatively good agreement was found between the
theory and experiments. The powder with the widest particle
size distribution (mix 2) had the largest discrepancy with the
theory. The conclusion was that the correlations could not ac-
count for all of the hydrodynamic effects associated with a wide
particle size distribution. These conclusions were also sup-
ported by the bubble frequency data presented in the present
study.
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