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The experimental characterization of particle dynamics in fluidized beds is of great importance in foster-
ing an understanding of solid phase motion and its effect on particle properties in granulation processes.
Commonly used techniques such as particle image velocimetry rely on the cross-correlation of illumina-
tion intensity and averaging procedures. It is not possible to obtain single particle velocities with such
techniques. Moreover, the estimated velocities may not accurately represent the local particle velocities
in regions with high velocity gradients. Consequently, there is a need for devices and methods that are
capable of acquiring individual particle velocities. This paper describes how particle tracking velocimetry
can be adapted to dense particulate flows. The approach presented in this paper couples high-speed imag-
ing with an innovative segmentation algorithm for particle detection, and employs the Voronoi method
to solve the assignment problem usually encountered in densely seeded flows. Lagrangian particle tracks
are obtained as primary information, and these serve as the basis for calculating sophisticated quantities
such as the solid-phase flow field, granular temperature, and solid volume fraction. We show that the
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consistency of individual trajectories is sufficient to recognize collision events.
© 2014 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of

Sciences. Published by Elsevier B.V. All rights reserved.

Introduction

In granular systems, knowledge of the individual particle
and particle cluster velocities is essential for a model-based
description of particulate processes. For instance, the classical two-
compartment modeling approach of granulation processes used
by Bérner, Peglow, and Tsotsas (2013) relies on particle velocities.
These are used to determine residence times within two character-
istic zones, and the solid mass fluxes between them, under spraying
and drying processes. This topic was addressed numerically by
Fries, Antonyuk, Heinrich, and Palzer (2011), and a recent exper-
imental treatment was reported by Borner, Hagemeier, Ganzer,
Peglow, and Tsotsas (2014). Therefore, an accurate quantification
of particle velocities within the process chamber is of enormous
value to modern macroscopic modeling approaches.

There are numerous methods of gathering information concern-
ing particle velocities in fluidized beds (Bhusarapu, Al-Dahhan, &
Dudukovic, 2006). Various measurement devices can be used, such
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as fiber optical probe, laser-Doppler velocimetry, or particle image
velocimetry, as summarized by Werther (1999). Each technique has
advantages and limitations. In this paper, we apply particle track-
ing velocimetry (PTV) to dense particulate flows in a pseudo-2D
fluidized bed. To date, the PTV technique has been used to measure
particle velocities in vibrating beds, Couette flows in shear cells,
rotating drums, or during hopper discharge. These contributions
considerably improved the application of PTV in the field of gran-
ular flows. However, to the best of our knowledge, PTV has not
previously been applied to the complex flows found in fluidized
beds, where densely packed particle clusters exist alongside loose
particles in large gas bubbles. An additional layer of complexity
arises from particle trajectories in opposing directions, as well as
through inter-particle and particle-wall collisions. These aspects
have not been captured by other measurement devices for larger
particle systems. Therefore, the objectives of this communication
are to: (i) report the use of PTV for dense gas-solid two-phase flows
in bubbling fluidized beds, and (ii) describe the particle trajectories
measured by this method.

This proof-of-concept study is structured as follows. “Particle
tracking velocimetry” section gives a general introduction to the
methodology of particle tracking velocimetry, and discusses two
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Nomenclature

dp particle diameter, m

fr frame rate, Hz

S¢ scale factor, pixel/mm

t, At time, time step size, s

XY,z coordinates, pixel or m

I interrogation area, m2

Lo images 1 and 2

Sij Voronoi star i, j

Teran granular temperature, m2/s2
Upnf minimum fluidization velocity, m/s
Greek symbols

&p solid volume fraction,-

1% fluid viscosity, kg/(m s)

Op particle density, kg/m3

o standard deviation of particle velocity, m/s
T trajectory lifetime, s

Tcorr corrected trajectory lifetime, s
Tc collision time, s

Ty particle response time, s
Abbreviations

FOV field of view

PIV particle image velocimetry
PTV particle tracking velocimetry

approaches applicable to dense two-phase flows. In “Proposed
PTV algorithm” section, we describe the PTV algorithm used in
our investigations, including information on particle segmentation,
tracking, and post-processing. “Experimental setup” section gives
the experimental setup, with all operating conditions and hard-
ware parameters, and “Results and discussion” section presents the
resulting particle trajectories and derived quantities. More detailed
results in the form of time series are given in Appendix A and
as supplementary material (video sequences) online. In “Conclu-
sions” section, we draw together some significant conclusions, and
mention several open questions and ideas for future work.

Particle tracking velocimetry

PTV is an image-based measurement technique to quantify flow
velocities. It is mainly applied in the field of fluid mechanics, in par-
ticular to liquid flows (Adrian, 1991; Lloyd, Ball, & Standsby, 1995).
However, some researchers have also described PTV measurements
in particulate multiphase flows. Capart, Young, and Zech (2002)
identified three aspects of granular flows that restrict an out-of-
the-box application of PTV. These challenges arise because granular
flows are: (i) highly dense particulate systems, with (ii) fluctuat-
ing particle motions due to particle-particle collisions, resulting in
discontinuous path lines, and (iii) sharp velocity gradients. Con-
sequently, the methodology of PTV cannot be applied to dense
particulate flows, such as in fluidized beds, without suitable mod-
ifications. First, the particle system has to be accessible for the
high-speed camera and the illumination source. These two devices
observe and illuminate the scene through a transparent wall. The
opaqueness of the particle system restricts the application of PTV
to pseudo-2D configurations. Moreover, the high particle density
leads to correspondence problems within the tracking algorithm.
To avoid erroneous results, particles need to be identifiable. This
can be achieved in two ways. The moving particle bed could be
seeded with particles that have a different optical property to the

majority of particles. This would involve tracer particles being col-
ored using paint or a fluorescent dye (e.g., Natarajan, Hunt, & Taylor,
1995), which is also a common way to improve the PTV technique
for gas flows (Bendicks et al., 2011). A standard tracking algorithm
could then be applied, because the concentration of tracer particles
is low enough to identify the same tracer particle on subsequent
images. The second technique uses a specialized imaging method in
which the particles are segmented and a certain type of bed struc-
ture can be identified. In particular, the Voronoi imaging method
is used to generate a net of connection lines between neighbor-
ing particles, yielding a specific pattern in the particle bed. Particle
assignment and tracking is linked to the properties of the Voronoi
diagram. Jesuthasan, Baliga, and Savage (2006) provided a compre-
hensive review of PTV techniques together with the principles of
PIV applied to granular flows. They also indicated the use of pat-
tern matching algorithms to solve the correspondence problem in
granular or densely seeded flows.

PTV with colored tracers

Colored tracers are commonly applied in PTV to enable parti-
cle identification in dense particulate flows. The dilute and dense
regions of discrete multiphase flows, such as the gas-solid two-
phase flows typically found in pneumatic conveying or fluidized
beds, can be distinguished on the basis of a time scale analysis.
If the collision time t. is larger than the particle response time Ty,
particles have enough time to adapt to the flow velocity before they
come into contact with another particle. Hence, the two-phase flow
can be described as a dilute system when 7y /7. <1. When 7/t > 1,
the collision time is smaller than the particle response time. This is
characteristic of a flow that is dominated by particle interactions,
and is consequently described as a dense multiphase flow.

Both the response time and collision time are functions of mate-
rial properties such as the solid and fluid densities, fluid viscosity,
and particle size. However, an explicit expression for the response
time 7y is only available for the Stokes flow regime (low particle
Reynolds number).

= M (1)

18
In contrast, the collision time is the inverse of the collision fre-
quency 7. =1/f., where f; is a function of the particle diameter,
relative velocity, and particle number density of one size class.
This quantity is commonly estimated on the basis of collision mod-
els, as by Sommerfeld (2001). More details on phase properties
and phase interactions are given in various textbooks (e.g., Crowe,
2006; Crowe, Sommerfeld, & Tsuji, 1998). Hsiau and Jang (1998)
measured particle velocity fluctuations in a Couette flow using 2%
colored tracer particles among a majority of equally sized non-
colored particles. They observed the particle motion while shearing
the powder, and found anisotropic velocity fluctuation distribu-
tions. This contradicts the general assumption of the kinetic theory
of granular flow, according to which fluctuations are random and
isotropic (Lun, Savage, Jeffrey, & Chepurniy, 1984). Moreover, the
overall particle motion should be almost deterministic, with no
spontaneous changes of direction observed. Natarajan et al. (1995)
used colored tracer particles to observe granular flow behavior in
a hopper. They also used 2% (by weight) black tracer particles to
seed the flow.

Colored tracer particles were used by Chung, Hsiau, Liao, and
Ooi (2010) to estimate the translational and rotational velocities
of non-spherical particles (two bonded spheres of identical size)
in a vibrating bed. They used a cross-correlation algorithm that
accounts for particle rotation and translation by shifting and rotat-
ing a control window in two consecutive images. The method was

Tv
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shown to be quite efficient, and yielded a broad range of quantita-
tive data, including fluctuation velocities, granular temperatures,
diffusion coefficients, and convection flow rates. In the literature,
the amount of colored tracer particles is always below 8% of the
total particle mass. This value was experimentally identified as
the upper limit for the tracer concentration by Hsiau and Jang
(1998).

PTV based on the Voronoi method

Particle tracking based on the Voronoi imaging method assumes
that patterns formed by the particles within the fluidized bed exist
over a certain period of time. A Voronoi diagram is a fragmentation
of an area (in this case, the image taken by the high-speed camera)
into a number of polygons (Aurenhammer, 1991). Each polygonal
area is located around a centroid, with the restriction that each
point within a polygon should be closer to its own centroid than to
any other centroid. The connection of one centroid with all neigh-
boring centroids is called a Voronoi star, and plays a key role in the
evaluation procedure. A comprehensive description of the Voronoi
method for granular flows is given by Capart et al. (2002), and will
be summarized “Proposed PTV algorithm” in section.

The method can be applied to 2D and 3D flows, although near-
wall regions may present difficulties in the case of dense particle
packing. Stereoscopic images can be obtained using one camera to
capture two perspectives in one image through a complex mirror
arrangement, or by two synchronized cameras (Spinewine, Capart,
Larcher, & Zech, 2003). The 3D approach enables the investiga-
tion of all three velocity components, as well as an estimation
of the volumetric solid concentration. This requires special treat-
ment to resolve the particle positions and overcome occlusion
effects.

Luchnikov, Medvedev, Oger, and Troadec (1999) suggested a
generalization of the Voronoi-Delaunay analysis to include non-
spherical particles. Despite the fact that they did not couple their
approach to a particle tracking algorithm, the authors proved the
applicability of Voronoi-based PTV techniques to non-spherical
particle shapes.

Another application was proposed by Chou and Lee (2009), who
analyzed the flow behavior of dry particles in rotating drums. The
resulting flow regimes were captured via high-speed imaging. The
images were then processed by means of a PTV-Voronoi algorithm
adopted from the work of Capart et al. (2002). As a result, Chou
and Lee (2009) proposed a unique dimensionless flow parameter
that accounts for the combined effects of gravity, particle velocity,
particle size, and filling level.

Aleixo, Soares-Frazdo, and Zech (2011) applied the PTV-Voronoi
technique to a system of coated seeding particles to investigate
velocity profiles in a dam-break situation. This contribution does
not describe a granular flow, but provides an example of the poten-
tial for this methodology to be used for various applications.

To capture the whole region of interest while simultaneously
resolving the particles, Spinewine and Zech (2001) used two syn-
chronized cameras. They reported results for granular hopper flow
based on the PTV-Voronoi method, and emphasized the importance
of precise image stitching for accurate flow-field representation,
showing that meaningful information can be obtained by divid-
ing the region of interest into smaller sub-domains for individual
evaluation. This method allowed the particle track properties to be
described statistically and the derivation of averaged results.

These contributions show the potential of PTV combined with
Voronoi mapping in the field of granular flows. However, hardware
limitations mean that no application has yet considered the com-
plex, transient, and dense flow in fluidized beds. In the following,
an extended PTV algorithm for this situation is described in detail.

Proposed PTV algorithm

The PTV algorithm used in our study consists of several
sequential steps, including particle segmentation, particle assign-
ment using Voronoi cell matching, filter operations, and further
post-processing. All raw images are corrected in advance for homo-
geneous intensity by subtracting a background image.

Particle segmentation

In contrast to other segmentation approaches, we do not use
a gray level threshold or gradient to identify individual particles.
Particles are identified by correlating a sample particle image with
every raw image of the actual series. The sample particle image
is a manually chosen section of the first image in a corresponding
image sequence, as shown in Fig. 1. It is bounded so that the sample
particle is captured completely in the image, but most of the back-
ground is excluded. The particle image is 28 x 28 pixel, and the raw
image is 1024 x 1024 pixel. The sample particle image size ensures
the complete enclosure of the sample particle owing to geometrical
calibration with a calibration factor of sf=14.43 pixel/mm. There-
fore, each pixel represents 70 wm. With this in mind, each particle
(dp=1.8 mm)was resolved at approximately 27 pixel per diameter.
A detailed description of the technical and operational parameters
is given in “Experimental setup” section.

Individual particles are recognized by correlating the sample
image with image sections of the same size. Shifting the sample
image pixel by pixel, the whole image is scanned and correla-
tion coefficients are obtained. Correlation maxima are assigned
to particle centroids, using a standard peak-finder. The thresh-
old value for the correlation coefficient has been set to 0.6. This
value ensures reasonable particle detection in terms of number of
detected particles (872 particles in the exemplary image of Fig. 2)
and quality. The latter means that particle overlap is almost com-
pletely excluded for a correlation coefficient of 0.6 or higher. The
number of detected particles as a function of the threshold value
is shown in Fig. 2. The chosen correlation coefficient is indepen-
dent of the material properties. It can be applied to particles of
different sizes, as long as the spatial resolution (27 pixel per diam-
eter) is retained. This means larger particles can be captured in
a larger field of view, whereas smaller particles require smaller
fields of view. Consequently, the maximum number of particles in
one image does not change. Increasing the total number of parti-
cles in a system increases the number of measurement locations
required to capture all particles in the apparatus. All particle cen-
ters (x- and y-positions) are stored for further use in the tracking
step.

Particle assignment using the Voronoi method

Particle tracking is carried out by identifying the same par-
ticle in two consecutive images. As this is a serious problem in
dense particle systems, we use the Voronoi method proposed
by Capart et al. (2002). They pointed out the advantages of the
geometric, kinematic, and computational properties of Voronoi
diagrams, and described the use of this information for parti-
cle assignment. The processing always runs with two consecutive
images, which we call I1 and I,. The individual steps of the algo-
rithm are now introduced, and the overall process is visualized in
Fig. 3.

1. To generate Voronoi tessellations for both images based on pre-
viously detected particle centroids. The resulting polygons are
stable in terms of shape and neighbors over several time steps,
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Fig. 1. An intensity corrected raw image (left) and the extracted sample particle image (right).
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Fig. 2. Matrix of correlation coefficients (top, left), assigned particle centroids at a threshold value of 0.6 (top, right), number of detected particles as a function of threshold
value (bottom).

as can be seen in Fig. 3. This step is carried out once for each pair
of consecutive images. The following steps are repeated for each
particle found in I;.

. For each centroid in I;, the distance to all centroids in I, is cal-

culated, and the three nearest neighbors are identified based
on their distance. The Voronoi cell properties of these nearest
neighbors are compared to identify the best match for each cen-
troid of I; in I,.

. The mostimportant feature of the Voronoi cells is represented by

the Voronoi star S. Voronoi stars are made up of all connections
between a centroid and its neighboring centroids, computed for
the three nearest neighbors (called S;j;_3), as well as for the cen-
troid in I (called S;;).

. To evaluate the matching, the stars are translated so that their

centroids coincide. Furthermore, irrespective of the number of

branches in the individual stars, the minimum distance from
each extremity of S;; to the nearest extremities of Sj;_3 are
calculated and stored in a vector.

. The median values of these vectors yield information about the

quality of the matching. The minimal median corresponds to the
best match and, when it does not exceed a threshold value, the
medianis used to assign the relevant particle in I, to each particle
in I;. The threshold value is set to dp/2.5 pixel, which corre-
sponds to a displacement of all neighboring particles of less than
one particle radius. This value was found to almost completely
exclude mismatches.

. The displacement § between two corresponding centroids in I

and I, is measured, and the particle velocity computed, by com-
bining the displacement with the frame rate f; used during the
image acquisition process.
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Matching of Voronoi stars

Minimal median
corresponds to
particle centroid in
image |,.

— 3 nearest neighbor distances

== Voronoi star of centroid S;; in I, S

= = Voronoi stars of corresponding 270N -~
nearest neighbors (S;,5) in |, . /s -s

Fig. 3. Schematic of the steps in the Voronoi algorithm, including Voronoi tessel-
lations for two time steps t; (blue) and t; + At (red), search for nearest neighbors,
calculation of Voronoi stars S; ; and Sj 1-3, and evaluation of Voronoi star matching by
computing the median of extremity distances. (For interpretation of the references
to color in figure legend, the reader is referred to the web version of the article.)

Additional filter operations have been applied to exclude the
double allocation of particles to the same particle in the next image
I>, and to avoid unrealistic particle velocities. The double alloca-
tion of particles might occur in the case of degeneration of Voronoi
cells. If a particle in I, is assigned twice, the Voronoi stars are
re-evaluated by repeating Steps 4 and 5 of the algorithm. The min-
imum median value determines which particle centroid in I; is
assigned to the centroid in I, while the other one is deleted from
the list of assignments. To prevent unrealistic particle velocities, we
define the maximum allowable particle displacement as one par-
ticle radius per time step. This is reasonable based on the manual
tracking of colored tracer particles, which never moved farther than
this maximum value, even for fast particle motion within rising
bubbles.

Experimental setup

Experiments were conducted using Geldart class D y-alumina
particles of diameter dp = 1.8 mm and density pp = 1040 kg/m?>. The
solid (totaling 0.5 kg) was fluidized in the pseudo-2D bed illustrated
in Fig. 4. We use the term “pseudo-2D" because the macroscopic
appearance of the equipment suggests the 2D flow behavior of the
particles. However, the detailed measurements show that particles
move in all three dimensions, particularly in dilute particle-laden
regions of gas bubbles and the freeboard. The process chamber
measures 300 mm (width) x 1000 mm (height) x 20 mm (depth).
The front and back are made of shatterproof glass, and the side
walls are aluminum.

The planar PTV approach used in this study measured the
vertical and horizontal velocity components of particles detected
close to the transparent front wall. This boundary was cov-
ered with a thin plastic sheet to prevent abrasion. Friction
effects were also reduced by the smooth surface of the plastic
film. However, the particle velocities were assumed to decrease
slightly when the particles were in direct contact with the front
wall.

A sintered metal plate of 3 mm thickness served as the gas dis-
tributor, and a mass flow controller yielded the desired air flow
rate. Tests for this feasibility study were conducted with an air
flow rate of 20 kg/h, which corresponds to 1.4 times the minimum
fluidization velocity (uy,s=0.56 m/s).

300 mm
shatterproof glass
(front/back)
aluminum side walls
E
Y =
=)
L, ®
X
sintered metal
mass flow controller 20 mm,/

XN EEES
EEERNEE

airflow/‘\ @ @
A\

Fig. 4. Sketch of the pseudo-2D fluidized bed apparatus with dimensions, controls,
and instruments; the field of view is represented by the red box. (For interpretation
of the references to color in figure legend, the reader is referred to the web version
of the article.)

The main component of our high-speed imaging system was
a 1024 x 1024 pixel Photron high-speed camera with a CMOS
chip. The camera was installed on a solid mounting frame in
front of the process chamber, together with two 1100 W halo-
gen lamps. It was operated at full resolution with a frame rate
of 1000 fps, an exposure time of 1/31,000s, and a dynamic
range of 10 bits. To give the minimum depth of field and maxi-
mum light exposure, an objective lens with a 60 mm focal length
and f-number of 4 was employed. The system was controlled
using the DaVis image acquisition software (LaVision GmbH,
Germany).

Images of size 71mm x 71 mm were captured. Therefore,
approximately one quarter of the chamber width was resolved with
every image. The field of view (FOV) was localized in the upper third
of the particle bed (approximately 120 mm above the bottom) and
aligned with the left wall of the chamber. Two significant features
of bubbling fluidized beds can be observed in this region, namely
the upward transport of particles due to rising gas bubbles and
particles sliding down the chamber wall.

Tests with lower resolutions and larger FOVs were conducted,
but yielded worse particle segmentation behavior in terms of quan-
tity and quality. An improved resolution with smaller FOV would
result in even better particle segmentation. However, the rather
small FOV does not reproduce the particle dynamics in a consider-
able part of the chamber, but yields only local particle information.
Consequently, the image size serves as a compromise between
required particle resolution and desired FOV for the current hard-
ware.

Only a few images were required to assess whether PTV based
on the Voronoi method could be applied to particles in bubbling
fluidized beds. Finally, 200 images were captured and processed,
corresponding to 0.2 s process time.

Results and discussion

The primary data delivered by PTV are the trajectories of indi-
vidual particles as a Lagrangian representation of particle motion.
An example of the particle tracks is shown in Fig. 5. The trajec-
tories in the figure have been limited in length to 20 time steps
(At=0.02s) to improve readability. The color coding represents
the local and instantaneous magnitude of the particle velocity. An
even better representation of the particle trajectories is given by



44 T. Hagemeier et al. / Particuology 22 (2015) 39-51

= 1.000 m/s
7066 F0-020s
N /
il \
(R W 0.750 mis
Vi z k
4710/
—_ X b L
3 il -0.500 mis
> 3
]
2.355|; )
{ v
vy
- 0.250 m/s
;
0.000/:14!
#:000 -0.000 m/s

Fig. 5. Particle trajectories over the first 20 time steps, colored according to
local/instantaneous particle velocity magnitude. (For interpretation of the refer-
ences to color in figure legend, the reader is referred to the web version of the
article.)

analyzing the time series, as shown in Appendix A (Fig. A1) and the
video sequences in the supplementary material.

We also evaluated the length of individual trajectories. In Fig. 6,
the distribution of the lifetime of individual trajectories shows how
many trajectories have been observed. The total of 9585 trajectories
corresponds to the absolute number of initiated trajectories, 872
of which were started directly with the first image-pair. Obviously,
the lifetime of trajectories that commenced near to the end of the
image sequence is limited by the length of the image sequence. The
overall lifetimes (see right-hand side plot in Fig. 6) range from 1 ms
(trajectory only visible on one image-pair) to 200 ms, which means
that the particle was tracked over the complete image sequence.
The average lifetime of all trajectories, indicated as a dotted line
in Fig. 6, is T=13.23 ms. A corrected lifetime of Tcorr =15.97 ms can
be obtained by considering the limitation imposed by the limited
length of the image sequence. Consequently, only the first 7000
trajectories have been evaluated—those that seem to be unaffected
by the length of the sequence, based on a visual inspection of the
lifetime cut-off. The cut-off is represented by the constant rate
at which the trajectory lifetimes decrease to zero with increasing
trajectory ID (identity number). Both the average and corrected
lifetimes appear rather short compared to the total sequence time
(tiotal =200 ms), but one must bear in mind that the total number of
trajectories includes disconnected trajectories for the same parti-
cle. The reconstruction of trajectories is the main task for future
work, and has not been considered up to now. Connecting the
correct trajectories is a complex operation because of particle col-
lisions and associated discontinuous movements.

Further meaningful information concerning the solid volume
fraction, granular temperature, and Eulerian particle velocity field
can be derived from the PTV results by averaging on the basis of
interrogation areas. We applied an interrogation area of 128 x 128
pixel with a 75% overlap to compute the corresponding field data.
The overlap was chosen to obtain a finer resolution of the field
data.

Solid volume fraction

The solid volume fraction &, was obtained from the number of
particles detected in each interrogation area. Based on the assump-
tion that particles are segmented only if they exist in the first layer
at the front glass wall, the detection volume can be defined as the
product of the interrogation area I and the particle diameter dp.

Relating the total volume of n segmented particles to the detection
volume yields the local solid volume fraction

(/6)> d3

s (2)

Ep =

The solid volume fraction at the instant that the previous parti-
cle trajectories started is shown in Fig. 7. The complete time series
can be found in Appendix A (see Fig. A2). The particle distributions
agree fairly well with the estimated volume fraction magnitudes.
This method relies solely on discrete particle detection, and no
additional calibration of light intensity is necessary. Therefore, the
approach is advantageous compared to other optical methods used
for volume fraction measurements, such as the digital image anal-
ysis described by Van Buijtenen et al. (2011). Nevertheless, minor
errors occur because particles are detected even if they are blurred,
or are not detected if they are visible only in fractions, i.e., along the
edges. The volume fraction estimation is then less accurate, and an
overall correction on the basis of the total bed mass is not possible,
as we are capturing only a portion of the particles. Nonetheless,
reasonable maximum values for the solid volume fraction (¢ = 0.6
for a randomly packed static bed of mono-sized spheres) can
be obtained, together with good qualitative agreement between
the computed ep and the particle appearances in the raw
images.

Granular temperature

Following Gidaspow (1994), the collision frequency of particles
in granular flows can be described on the basis of the kinetic theory
of granular flow. Analogous to the kinetic theory of gases, where
the collision frequency is proportional to the gas temperature, the
kinetic theory of granular flow associates the random velocity fluc-
tuations of the particles to a “temperature” value, the so-called
granular temperature. Consequently, the granular temperature is
a measure for the particle collision rate. Specifically, the granu-
lar temperature Tgran can be derived from the fluctuations in the
particle velocity (velocity variance o7 and o7 in the corresponding
directions). If more than one particle is found in the interrogation
area, the local velocity variance can be computed, and the granular
temperature is given by

1
Tgran = 5(03 + 0’}%) (3)

To capture the large range of granular temperatures, Fig. 8 shows
the logarithm of the instantaneous granular temperature. White
spots denote regions with one or no particles detected, correspond-
ing to a velocity variance of zero. Similar to the previous results, the
complete time series is shown in Appendix A (Fig. A3).

Particle collisions are not estimated quantitatively. Neverthe-
less, regions with high granular temperatures are often associated
with high particle collision rates. This phenomenon was observed
in our experiments. Increased collision rates can often be observed
along the boundary of larger particle assemblies. For instance, the
particles sliding down the left wall are separated from the free-
board by a region of increased granular temperature. The same can
be observed in later time steps, when a new bubble enters the FOV
and transports particles upwards. At the same time, particles that
are falling down collide with the rising particles (see lower-right
corner of the images in Fig. A3). Thus, the granular temperature
appears to be a measure of the collision frequency in larger-scale
particle motion.
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Eulerian description of particle motion

Moreover, the Eulerian description of particle motion can be
approximated by averaging the individual particle velocity com-
ponents. Following Miozzi and Querzoli (1996), a representative
velocity vector can be derived for each interrogation area. The cor-
responding velocity field in the first time step is shown in the
left-hand side image of Fig. 9 (complete time series shown in
Fig. A4). Additionally, the Eulerian velocity field obtained from
individual particle tracks has been compared with the results of
standard PIV processing (Fig. 9, right-hand side image). The agree-
ment between the images in Fig. 9 is reasonably good, with only

(&5

Log of granular temperature @ t=0.001 s

Vertical direction [pixel]
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800

minor deviations in velocity magnitude and the location of flow
structures, for instance the vortex center (middle-left). Neverthe-
less, a good approximation of the solid phase velocity field is
provided by averaging the PTV data. From this rough evaluation and
comparison, it can be concluded that the PTV approach yields both
a Lagrangian and Eulerian description of the particle dynamics.

More sophisticated analysis of the two flow fields is possible,
e.g., using proper orthogonal decomposition, which is a common
approach for complex, unsteady flows (Aranyi, Janiga, Zdhringer,
& Thévenin, 2013). In future work, we will use proper orthogonal
decomposition to assess the proposed PTV approach in comparison
with the established PIV method.
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Solid-phase velocity field @ t=0.001 s
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Furthermore, we will consider the influence of the FOV on the
results that can be obtained. At present, the results appear to be sig-
nificantand representative of the whole particle system. This can be
concluded from just 200 images, based on the temporal evolution
of the number of detected particles. As shown in Fig. 10, the curve
progresses steadily over more than half the period of a frequency of
approximately 3 Hz. This corresponds to the typical bubble forma-
tion frequency at a fluidization velocity of 1.4 u¢ for Geldart class
D particles (He et al., 2014).

Conclusions

We have reported the application of a combined PTV and
Voronoi method to the motion of particles in a fluidized bed. Con-
trary to previous applications in Couette shear cells, hoppers, and
vibrating beds, this is the first time that large numbers of individual
particles have been tracked under the fluctuating flow conditions
of a bubbling fluidized bed.

Coupling high-speed imaging with an innovative segmentation
approach and the Voronoi algorithm, we acquired particle veloc-
ities in densely packed bed regions as well as in dilute regions of
rising bubbles. The varied particle dynamics that are usually found
in rising bubbles or dense particle beds can be captured, regardless
of the direction of particle motion or velocity magnitude.

Applying a local averaging procedure over interrogation areas,
further evaluation of the Lagrangian information (particle trajec-
tories) yielded instantaneous granular temperature fields and the

spatial distribution of the solid volume fraction. The latter assumes
that the observation is restricted to a depth of field of one parti-
cle diameter. The limited quality of this simplified approach could
be overcome in future work by using stereoscopic imaging, as
described by Spinewine, Capart, and Zech (2002).

The solid-phase velocity fields (Eulerian description) can also
be obtained. We observed good agreement between the approxi-
mated velocity field and that obtained by a standard PIV approach,
with only minor deviations in velocity magnitudes and flow field
structures. However, such deviations seem to be insignificant, sug-
gesting the proposed PTV method is comparable to the established
technique of PIV.

The possibility to detect particle collisions makes the proposed
approach particularly attractive. Although this paper has only eval-
uated particle collisions in a qualitative manner, further research
should provide quantitative information on the particle-particle
and particle-wall collision frequencies.

Technical hardware developments will improve our ability to
observe larger areas with more and smaller particles. This is
expected to greatly enhance the validation and improvement of
macroscopic models for particle formulation processes.
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Appendix A. Time series data

The temporal evolution of particle positions and the visual-
ization of corresponding quantities confirm the potential of the
PTV technique to analyze granular flows. In particular, the time
series of the estimated quantities (shown in this section and video
sequences available online) can be used to conduct a detailed anal-
ysis of the particle dynamics. The results are highly resolved in
time and space, and are therefore an appropriate source for the
sophisticated validation of numerical simulations such as cou-
pled CFD-DEM simulations. This appendix presents the time series
results for particle trajectories in Fig. A1, solid volume fraction in
Fig. A2, granular temperature in Fig. A3, and Eulerian solid-phase
flow field in Fig. A4.
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Log of granular temperature @ t=0.020 s

Vertical direction [pixel]

200 400 600
Horizontal direction [pixel]

Log of granular temperature @ t=0.080 s

Vertical direction [pixel]

200

400 600
Horizontal direction [pixel]

Log of granular temperature @ t=0.140 s

@
=]
=}

Vertical direction [pixel]

200 400 600 800
Horizontal direction [pixel]

T. Hagemeier et al. / Particuology 22 (2015) 39-51

Log of granular temperature @ t=0.040 s

Vertical direction [pixel]

200 400 600 800
Horizontal direction [pixel]

Log of granular temperature @ t=0.100 s

10
100 e
200 8
300 | 7

400 8

600

Vertical direction [pixel]
©o @ ~ W
o o o o
=] o =] (=]
N |

200 400 600 800
Horizontal direction [pixel]

Log of granular temperature @ t=0.160 s

Vertical direction [pixel]

|
200 400
Horizontal direction [pixel]

Log of granular temperature @ t=0.200 s

Vertical direction [pixel]

400 600
Horizontal direction [pixel]

Vertical direction [pixel]
wn
o
=]

200
300
400
500
600

Vertical direction [pixel]

200

W
=]
=]

B
1=}
=]

)
o
=]

Vertical direction [pixel]
~ w
o o
=] =]

Log of granular temperature @ t=0.060 s

10
9
e

8

E) Il 44
1T I i
1

0

200 400 600 800
Horizontal direction [pixel]

Log of granular temperature @ t=0.120 s

200 400 600 800
Horizontal direction [pixel]

Log of granular temperature @ t=0.180 s

200 400 600 800
Horizontal direction [pixel]

Fig. A3. False color plots of the logarithm of instantaneous granular temperature Tgra, as time series with At=20ms.

49



0.060 s

Solid-phase velocity field @ t

T. Hagemeier et al. / Particuology 22 (2015) 39-51

50

1000

800
20 ms, with 1 m/s reference vector given in red in the lower-left corner.

600

400

Horizontal direction [pixel]

T Sy L\ Y 7777 8 [EEISEERN AN 8
18 B e Ll A 18 |1.||||111||1o|:/7 AR S
=] Ll timmnt s ot PP s | D e o bl CRNNANNY] -
- L R B Y A A A it D e o~ L~ o s s SSNNNNN
P AR Y el o
711 A o T VS stV PPV PP PSS @
\\\ o ~ RITTITITTT L NI e | o = &
v oal-5 O R s v » o st S 2SS S PSP LS P %H. o wn,
\\ ® L I P ettt ] 4 m
pavae 7 x < DISTRINIITTSSTNTIILLILLLLLLLLL | X X
NSy = @ RIIT]|aALITSTSIIITIL LIS | B ® £
N o5 T ——lY 3 g8
LR 123 & NSNS By e g3
S o
NINNNN , 1 |©8 & Pl e B 2 o
NI wiisiss| 2 3 A T D S =
AN N Py NN S Sg ] =3
PRI Ny |3 PENNNNNANNN == S5 v §5
NN NS [ 2 AN = S| T O 9 S
A e 5 @ // SRR Seee| o 4 5
””ﬁﬁ// N | T 5 = S| O £ 5
ettty
R g - N g z =H
// //”/HII.I&T'?!!.’; 8\ NN = 3 S S <
N /// ~~ AN SN RN S =
NN T AN o
NNNNS e o = o
o © © 9O © O 9o o o (=] o o [=] (=] (=3 o (=] o o o o o o o o O o
§ 83 3R B8 8 S8BT B3R 33 8 2R 883 83R 88 m
[1exid] uonoaup [eoruep [1exid] uonoauip [eoIaA [1lexid] uonoauip |eaaA
8 [ =S 8
et & . S £ 111 S e e e ] S
e N o F A = PRy -
@ [Femmer——sasss o - \\\ 55 » i piyey g
ot \ o 72N 8. °
R R e —
- Rrostnasamde e 5] FN o e o =] S
2 e ”” S, b WA AA I P g = 9
eSS s oS N L n 7717421°2 L ] T
P oo \ 5 = AN ® 2 L
e NHIR o e 3 5 3
= £ o -
e | N gs 3 85 d S5 3
& |2 707 N 8% & 8% 2 82 ko
2z |2 74 N 2 > o 2 2 >
] N = £ 1 = = £
o “\ 7 &m“ M m 5 m s 3
o | b= o o8 [ o8 ]
> Y1) Qc H <] s =] 2
@ 7 ] 5 Qs
@ "l N 9 S @ ] @
] " 5 @ ] & 8 @
s mhh of 5 2 5 = 2 s
) v & b g ) _ g z e
8 \&.\\,\\“*R K ~ = NS & N _—
i ’ - N
e e
i o = =
o o o o o o o 9 2 2 389 8 8 8 8 8 8 S o 0 o oS © o o o
2 & 8 & 3 8 SR8 IB RIS 2 89 B8R I35 3
[19x1d] uonoaup |eoman [1ex1d] uonoaup |edtap [1lexid] uonoauip [eomaA
T — - i 3 . e — 8
et i 3 it — S e 8
e AN " SRR =) -2 e
[} ecessesaamamsintmp i) /”/ o Y adass B v =22 e
S e EEE sty M”” o 8 P e = TITIIIEI ST
S e N E= 3 gttt o_, = b= —t s s |
8 [ W8~ < [l by 33 = ka2 .- — -
I Sssss-ss oIS NN I b Vi = L 7z [
@ T oo o220 20 - SNNNAW| B ® NN S ® s &
s NN ] o NN = i =
O | A S S 85§ T NN o0 o i~ |9§
O (i S 38 2 AN SE @ S8y -1
Qs A 3 AN 8% e NIGE:]
2 |77 L A @ - N\ 2 > N o
g ez 7 5 3 NN 5 3 R 2| B
QA 4 SE ® m// of 3 oS
s % | W g5 : 8%
§ 77 / g W 5 N
£ 17000007 7 9 s £ NS R S
AR 7 g I - S NN RS =
S (179177177 7 <] e N =] NN NS o
8 19949947 ’ o S TR b 2 NN N ]
@ |y : * N S RS
AN N
W\ ’ uuun/////,ff//v» N = :
vai N ]
t o SSSmSS SRt
o o o o o o o o o o o o o (=] o o (=] (=] (=] (=] o o
e SR B®IBBRIS S 2 8888 8R 88 8
[18x1d] uonoaup [edIPaA [19xid] uonoauip |eatap [18xid] uonoauip |eoiap

200

g. A4. Approximated, instantaneous solid-phase velocity fields as time series with At



T. Hagemeier et al. / Particuology 22 (2015) 39-51 51

Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j-partic.2014.08.004.
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