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An ultra-fast X-ray tomographic scanner is applied to study the hydrodynamics in a bubbling fluidized
bed with and without vertical internals (e.g., heat exchanger tubes). The objective of this study is to
understand the influence of vertical internals on hydrodynamic properties such as bubble volume, size
and velocity and to provide measurement data for the design and scale-up of catalytic bubbling fluidized
bed reactors with vertical internals. With these new measurements, correlations of bubble properties can
be developed to reliably scale-up bubbling fluidized beds with vertical internals. For the investigated
reactor with Geldart A/B particles, no relation between bubble size and velocity was observed for
individual bubbles, i.e.; smaller bubbles tend to rise with higher velocities. A significant reduction in bub-
ble size and sharpening of the bubble size distribution was generally obtained for a bed with vertical
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Introduction

Conversion and yield in catalytic bubbling fluidized bed reac-
tors are often controlled by the mass transfer between the bubble
and dense phase Beetstra et al. (2009). To design and reliably
scale-up this type of reactor or to improve the computer models
that describe it, the hydrodynamic properties with and without
immersed vertical internals (e.g., heat exchanger tubes) must be
measured and understood.

In the literature, a large amount of measurement data and cor-
relations are available that describe the hydrodynamics of bub-
bling fluidized beds without vertical internals Clift and Grace
(1972), Davidson and Harrison (1963), and Karimipour and
Pugsley (2011). Those correlations generally provide mean values
of bubble size, velocity and hold-up and are used for the develop-
ment of computer models, such as the two-phase model Toomey
and Johnstone (1952) and Kopyscinski et al. (2011). To describe
the hydrodynamic properties of bubbling fluidized bed reactors
with vertical internals, none of the existing correlations seem
appropriate, and reliable data is rarely found in the open literature
Riidisiili et al. (2012b). Additionally, because these bubble
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correlations are frequently used to validate complex computa-
tional fluid dynamic models, a more quantitative and critical
assessment would be of great value.

X-ray tomography can be applied to accommodate the need of
more quantitative results with high-resolution measurements.
Both spatial and temporal resolution of these systems have
improved in recent years. Today, the flow within different fluidized
beds can be visualized with high spatial resolution, as shown by
Hampel et al. (2005), Bieberle et al. (2007), Fischer et al. (2008),
and Verma et al. (2014). Another measurement technique suitable
to visualize the flow within fluidized beds is the magnetic reso-
nance imaging (MRI) technique Miiller et al. (2006), Rees et al.
(2006), Holland et al. (2008), Miiller et al. (2010), and Walker
et al. (2014). In this study, absorption contrast X-ray tomography
combined with optical probe measurements is used to collect
reliable hydrodynamic information of a single bubbling fluidized
bed reactor with and without vertical internals; consult
Mudde (2011) for more information about the X-ray setup. In the
past, several other fluidized bed columns or similar systems have
been successfully investigated using the same X-ray setup
Brouwer et al. (2012), Saayman et al. (2013), and Rautenbach
et al. (2013).

Correlations of bubble volume, size and rise velocity are devel-
oped. The aim is to report detailed measurement data for designing
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catalytic bubbling fluidized bed reactors with vertical heat
exchanger tubes of different scales.

Experimental
Fluidized bed column and particles

Parts of the experimental design and image reconstruction have
already been described in Maurer et al. (2015). Hydrodynamic
experiments are conducted in a lab-scale bubbling fluidized bed
reactor located in the center of an ultra-fast X-ray setup Mudde
et al. (2008).

The settled bed height of the bubbling fluidized bed reactor is
51 cm and the reactor has an inner diameter of 14 cm with 16
removable vertical internals, four of which have a 1 cm outer diam-
eter while the remaining 12 have a 2 cm outer diameter. The tube
spacing is 1 cm, which results in a space of about 1.2 cm between
the tubes and the reactor wall. The configuration of the internals is
shown in Fig. 1(a) (top-view); the four 1 cm internals must be
applied to ensure no gas bypass occurs near the reactor wall and
to keep the hydraulic diameter approximately constant at all posi-
tions in the reactor. The configuration of the tube sizing and spac-
ing of the internals was determined by maximizing the heat
transfer area by maintaining proper fluidization as well as by eco-
nomic considerations. Additionally, the pressure drop within the
heat exchanger tubes has to be within an acceptable limit, which
is the case for tubes with diameters of 2 cm. The reactor and inter-
nals are made of acrylic glass.

The required gas volume flow for minimum fluidization velocity
(umy) is measured for the reactor without vertical internals and is
calculated from the reduction of the cross-sectional area for the
measurement with vertical internals. The distributor plate of the
reactor has a pore size of 20 um and has 5mm in thickness
(THOMAPOR®  Sinterplatte, 12150, Reichelt Chemietechnik
GmbH). The Sauter mean diameter of the y-aluminum oxide parti-
cles (Puralox NWa155, 580131, Sasol Germany GmbH) was deter-
mined by a sieve analysis and laser diffraction measurements to be
289 um (D10 =50 um and D90 = 405 pm), the particle density is
1350 kg/m?>. The particles are in the intermediate range between
Geldart A/B Geldart (1972) and Geldart (1973). A detailed particle
characterization has been previously reported Riidisiili (2012).
Compressed air is used for the fluidization. All experiments are
conducted at room temperature and pressure.

X-ray setup and calibration

The applied X-ray tomographic scanner consists of three point
sources (e.g., tube 1, 2 and 3) and three horizontal detector arrays
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in two rows above each other; see Fig. 1(b) (top-view). The detec-
tor array rows are separated by 40 mm vertically, indicating that
the measurement planes through the column are 10.7 mm apart
on average (8.4 mm when they enter the column, 13.1 mm at the
other side, Fig. 1(c). Each of the six detector arrays is equipped with
32 detectors, resulting in a theoretical spatial resolution of 4.4 mm.
The attenuation of the X-rays is measured with a frequency of
2500 Hz. Each measurement was conducted for two minutes,
which commonly resulted in a statistically significant amount of
data and a small standard error of the mean. The standard error
of the mean is calculated by dividing the standard deviation by
the square root of the sample size (i.e., the number of bubbles).

For calibration, seven segments are filled sequentially until the
reactor is filled with bed particles (Fig. 2a). Performed in the three
directions of the X-ray sources, this procedure links the measured
intensity of every detector and the corresponding fraction of
particles in each direction. The calibration is performed without
vertical internals. The seven-point calibration helps to avoid
beam-hardening effects of the polychromatic radiation Alles and
Mudde (2007). Thus, the attenuation of the X-ray can be converted
into a path-length of existing cavities (i.e., bubbles).

Image reconstruction

The simultaneous algebraic reconstruction technique (SART),
which was already applied by Mudde (2011), is used for 2D image
reconstruction. For the reconstruction the mean of 10 measure-
ments was taken, which results in an effective time resolution of
250 Hz. For the measurement shown in Fig. 2(b) and (c), two empty
thin-walled acrylic glass tubes with diameters of 2.2 cm and
5.2 cm were inserted into the setup to evaluate the technique’s
accuracy. In Fig. 2(b), the raw data have been converted into the
path-length of the cavities using the calibration data set; in
Fig. 2(c), the resulting reconstructed image is presented. It can be
seen that the diameters in the reconstructed 2D image are approx-
imately equal to the diameters of the acrylic glass tubes; however,
a bubble diameter of 2 cm is the minimum size that can be reliably
reconstructed. This limitation can also be observed later in the
measurement results. The consequence of a maximum spatial res-
olution of about 4.4 mm is that the diameter of a bubble with 2 cm
outer diameter can be determined with a maximum accuracy of
about +25%, whereas for a larger bubble of 10 cm outer diameter
the accuracy is about +5%.

With the internals used, we made use of the known positions
and diameters of the internals in the reconstruction algorithm; in
every loop of the iterative code, the bubble hold-up at the positions
of the internals was set to zero, which enabled sharp edges and rel-
atively well defined bubbles near the internals. Further, as soon as
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Fig. 1. (a) Top-view of the cross-section of the column with the vertical internals used; (b) top-view of the X-ray tomographic scanner with the column in the center; (c) side-
view of the column with one X-ray source and the corresponding detector arrays as well as the optical probes being depicted (without vertical tubes).
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