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Abstract

In most industrial products, granular materials are often required to flow under gravity in various kinds of silo shapes and
usually through an outlet in the bottom. There are several interrelated parameters which affect the flow, such as internal fric-
tion, bulk and packing density, hopper geometry, and material type. Due to the low-spatial resolution of electrical capacitance
tomography or scanning speed limitation of standard X-ray CT systems, it is extremely challenging to measure the flow
velocity and possible centrifugal effects of granular materials flow effectively. However, ROFEX (ROssendorf Fast Electron
beam X-ray tomography) opens new avenues of granular flow investigation due to its very high temporal resolution. This
paper aims to track particle movements and evaluate the local grain velocity during silo discharging process in the case of
mass flow. The study has considered the use of the Seramis material, which can also serve as a type of tracer particles after
impregnation, due to its porous nature. The presented novel image processing and analysis approach allows satisfyingly
measuring individual particle velocities but also tracking their lateral movement and three-dimensional rotations.

1 Introduction

Granular materials play an important role in many indus-
tries, like in mining, agriculture, civil engineering, and
pharmaceutical manufacturing. They are ubiquitous in our
daily lives, displaying extremely complex behaviour (Jaeger
and Nagel 1992; Duran and Behringer 2001). In most of
the above-mentioned industries, silos are commonly used
to store, protect and load for bulk materials into process
machinery (Qiu et al. 2009; Chaniecki et al. 2014). It is gen-
erally agreed that there are two main types of silo discharg-
ing process. The first one is the so-called funnel flow, in
which granulates are flowing only in the center of the silo,
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while in the rest is creating a stagnant zone of materials at
the wall of the container (Schulze 2008). The second type
of flow is called mass flow, which this paper focuses on and
operates as the first material filled in will flow first out at the
bottom as well with a uniform discharging velocity across
the entire cross-section area (Drescher 1992; Schulze 2008).
The way the material is discharged through the outlet
of the silo and the related dynamic effects of the flow are
important questions, which are still not completely under-
stood because they can have multiple causes. There are sev-
eral interrelated parameters which can affect the discharging
process of granulates, such as the internal friction, packing
density, particle size distribution, hopper geometry, material
type and inherent properties. These have direct influences on
unwanted phenomena such as arching or ratholing, which are
the most common problems for funnel flow (Michalowski
1984; Qiu et al. 2009; Wilde et al. 2010). Segregation is also
an undesirable phenomenon when a homogeneous mixture is
required, for example, in metallurgical and pharmaceutical
industries (Ketterhagen et al. 2007). Mass flow is the desir-
able outcome when handling segregation-prone materials,
as it highly reduces or eliminates the effects of sifting and
dusting segregation mentioned above (Qiu et al. 2009).
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Because granular materials are usually made of a very
large number of individual cohesion-less elements, the pre-
diction of their individual behaviour is also a very challeng-
ing task that can be difficult to support with experimental
data. For instance, one can mention various numerical pre-
dictions, such as discrete element method (DEM) to predict
global granular material flow behaviors, for instance dis-
charging rate (Anand et al. 2008; Ketterhagen et al. 2007),
flow mode prediction (Ketterhagen et al. 2009) or outflow or
mean discharging velocity (Balevicius et al. 2011). However,
the comparison between experiment and simulation for local
measurements, such as local grain velocity prediction, has
been rarely investigated (Ketterhagen et al. 2009). Hence,
this study aims to provide trustful local non-invasive meas-
urements of flow dynamics, with a focus on particles bed
moving down through cylindrical silo model.

For the last decades, the silo discharging process has been
studied using different imaging techniques, for instance,
X-ray radiography or computed tomography (CT) (Babout
et al. 2013; Chen et al. 2016; Grantham and Forsberg 2004),
electrical capacitance tomography (ECT) (Garbaa et al.
2016; Grudzien et al. 2012a, b; Grudzien 2017; Grudzien
et al. 2017) and high-speed cameras (Drescher and Ferjani
2004; Steingart and Evans 2005). However, due to the scan-
ning speed limitation of CT and low resolution of ECT as
compared to X-ray or lack of visualizing the interior flow
part in the case of a high-speed camera, the local velocity
and centrifugal effects of granular material flow were not
measured effectively.

To overcome the above technological limitations, the
ultrafast electron beam X-ray CT scanner from Helmholtz-
Zentrum Dresden-Rossendorf is a possible solution. It offers
a very high-temporal resolution and adequate spatial resolu-
tion to track specific translational and rotational motions of
objects. It is originally developed to scan liquid—gas flow
(Fischer et al. 2008; Fischer and Hampel 2010). This paper
presents the first attempt for investigating granular material
flow. Particularly, it focuses on the case of mass flow, with
the main objective of validating the usage of ROFEX to
obtain meaningful imaging information for extracting flow
characteristics related to particle trajectory movement esti-
mations. Additionally, as the CT scanner comes with two
measurement planes, it gives information to determine the
axial velocity of particles (Fischer et al. 2008; Fischer and
Hampel 2010; Bieberle and Barthel 2016).

The paper is structured as follows: the part following
this introduction presents the experimental set-up associ-
ated with silo design, granular material selection as well
as ROFEX description. Then, data processing and analy-
sis is presented with experimental results. Afterwards, the
sensitivity analysis of applied methods and performance of
the proposed algorithm have been discussed. Concluding
remarks and work perspectives are enumerated at the end.
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2 Experimental set-ups
2.1 Silo model and granular material

The experiments have been carried out using a cylindrical
silo model having 100 mm inner diameter, a bin height
of 1500 mm, as shown in Fig. 2a. The hopper used for
this study has a cone shape with a vertical slant angle of
45° and an outlet diameter of 25 mm, which is adapted
to generate silo discharging with the mass flow type. An
especially designed shutter disk controls opening and clos-
ing of the silo outlet remotely. Before acquiring the images
used for analysis, the shutter is opened and steady state
flow evolves. Note, previous studies have proved that there
is no much difference between the continuous and time-
lapse study of discharge, as far as particle rearrangement
and flow dynamics are concerned (Babout et al. 2013; Ket-
terhagen et al. 2007).

For the entire experiment, around 6.7 1 of Seramis™ is
used as a granular material with an average grain size of
5 mm and estimated density of 1.6 mg/mm? (dry clay).
However, for tracking purpose and to fulfill the CT scanner
requirement (4 to 5 times larger than spatial resolution),
larger grain size tracer Seramis particles were selected
and previously infiltrated with NaOH, which gave them
a higher X-ray absorption and yet having similar size and
density with overall particles. Seramis is a highly porous,
processed, particulate clay composed of kaolinite, illite,
and quartz, which has very high water retention qualities
(Jaronski 2014). Seramis granulate particles have been
considered as a suitable material to fulfill ROFEX require-
ments, due to their adapted size and low density that suit
ROFEX spatial resolution and X-ray beam energy, respec-
tively. The total height of the Seramis inside the silo model
was around 1000 mm. Figure 2b shows 20 tracer particles
set in a spiral pattern at height of 900 mm above the hop-
per level for tracking purpose (plus on the top covered with
a 100 mm clean Seramis to involve the interrelated effects
of particles movement such as packing density, pressure,
and friction from the top side).

®5

2.2 Ultrafast electron beam X-ray tomography
system

The ultrafast electron beam X-ray CT scanner is a non-
invasive imaging technique mainly dedicated to the fast
measurement of multiphase flows (Fischer and Hampel
2010). The X-ray generator of ROFEX is based on a free
electron beam, which is deflected by electron optics on a
semi-circular target surrounding the investigated object
and generating a very fast rotating X-ray source. The radia-
tion is attenuated while penetrating the studied object and
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is acquired by a fast static multi-channel detector. The During the experiment, the ROFEX scanner delivers
ROFEX system is typically operated with 150 kV high-  cross-sectional images of flowing material with an in-plane
voltage supply. By using the well-known filtered back pro-  spatial resolution of about 1 mm and, in the present experi-

jection algorithm, series of cross-sectional images of the =~ ment, a time-resolution of 500 us. As shown in Fig. 1, the
object of interest are reconstructed.

Fig. 1 Principle of ultrafast
electron beam X-ray CT scanner
with cylindrical silo model
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Fig.2 a Cylindrical silo model, (a)
red arrows show three scanning
heights (800, 500, and 200 mm)
where the measurement was ) 10 cm
taken. b Top view of 20 tracer
particles set in a spiral pattern =~ e s
inside the silo
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CT scanner comes with two measurement planes along a
geometric distance of 11 mm to perform velocimetry.

2.3 Experimental protocol

Because of computational constraints, the ROFEX systems
is limited to roughly a data acquisition of about 25-30 s,
even though recent improvements have been published
to increase the buffer capabilities of the data acquisition
unit (Bieberle et al. 2017). Based on the acquisition fre-
quency and usage of dual-plane, around 20,000 frames were
recorded for each scan. Instead of positioning the ROFEX
system at a fixed position along the silo, for instance near
the hopper-bin transition, and acquire the entire discharging
with a series or acquiring blocks of 20 s, the flow process has
been investigated at three different positions, i.e., 800, 500
and 200 mm above the hopper level, as illustrated in Fig. 2a.

Preliminary studies have indicated that in the case of mass
flow, the Seramis granular material moves with a downward
speed of 10 mm/s. Consequently, it has been estimated that
roughly 200 mm of packed material height can be scanned
during one buffer acquisition. Therefore, during material fill-
ing, it has been checked that ROFEX acquisition planes are
located 100 mm below the plane where tracer particles have
been positioned. As mentioned above, the X-ray acquisition
finishes when the free surface, which is above the tracer par-
ticle plane, has passed through the acquisition planes. Of
course, it is assumed that the upper surface does not have its
shape changed drastically during mass flow process and these
conditions have held for the three chosen scanning positions.

Prior to filling the silo with the material, white (i.e.,
empty tube and X-ray ON) and black (i.e., X-ray OFF) ref-
erences have been acquired to calibrate the reconstructed
images of the granular material. After the scanning is per-
formed at a specific silo height, the CT scan detector data is
downloaded and finally reconstructed using the filtered back
projection algorithm (Bieberle et al. 2017). Before starting
any image analysis, all reconstructed raw images are re-cen-
tered at all scanning heights to make sure that the center of
the tube matches with the center of the image.

3 Data processing and analysis

Efficient segmentation of the tracer particles is a crucial
step before starting any particle tracking analysis. Up to
now, there are many effective segmentation algorithms
proposed by researchers. However, besides the noise on
the original raw images, each tracer particle characterizes
a different irregular size and slightly uneven infiltration of
Sodium hydroxide, which gives different X-ray absorption
and images brightness level. Additionally, the intensity ratio
between tracer particles to the background particles (i.e.,
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undoped) is tiny (in average 0.83), which causes the image
binarization method a very challenging task. Algorithms like
Otsu (Otsu 1979) will tend to be poor and even fail to seg-
ment tracer particles effectively.

Hence, to obtain segmented images with a clear and solid
particle shape, a more sophisticated method is necessary
than using general image threshold methods. The proposed
approach is inspired and slightly adapted from deoxyribonu-
cleic acid (DNA) microarray image processing techniques,
which is commonly used to measure mass gene expressions
(Hirata et al. 2001; Le Brese and Zou 2009).

The previous investigation of this study has shown that
the flow analysis inside the silo model was characterized by a
quasi-steady flow and particles did not change their position
within few milliseconds (Waktola et al. 2016). As a result, each
tracer particle can be segmented individually within its own
bounding area, which also helps to apply different local thresh-
old value depending on the brightness level of the particles.

The entire proposed algorithm, named IGLOS (Irregular
Grid for Local Otsu Segmentation) consists of three major
steps:

3.1 Manual threshold (image-A)

This step is for finding the projection area of each tracer par-
ticles and to make sure that all tracer particles are identi-
fied. Maximum intensity projection (MIP), average intensity
projection (AIP) and minimum intensity projection (MinIP)
are volume-rendering techniques used to define the region of
interest on the two-dimensional CT image dataset. In the case
of MIP, it produced high-contrast between tracer particles
and surrounding undoped particles. As a result, all the 20
tracing particles were detected as shown in Fig. 3c. In com-
parison, the AIP technique was able to identify only 8 out of
20 tracing particles. As the original raw images contain air
(outside the cylinder represented by zero intensity), MinIP
displayed totally a blank image. Based on the MIP technique,
first, all raw image frames (for i=1, 2,..., N, where N is the
total number of frames to be analysed) is rendered. Second,
this rendered image is segmented by simply applying manu-
ally set threshold value so as to satisfyingly reveal all tracer
particles. This first step is illustrated in Fig. 3.

3.2 Automatic global gridding (image-B)

This step intends to create a non-regular grid for image-A
(Fig. 3c), with the aim of having in each grid cell one seg-
mented particle with an optimal background space. To do
so, the grid creation is divided into six sub-steps: we are
looking for a regular grid of spots so we start by looking at
the mean intensity for each column of the image. This will
help to identify where the centers of the spots are and where
the gaps between the spots can be found.
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Fig.3 Illustration of step A. a
Representation of time series

of 2D frames, b corresponding
MIP and c its manual segmenta-
tion

Intensity
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Fig.4 Mean horizontal profile of segmented image (Fig. 3c) with
identified peaks in a red triangle (ten black triangles at the bottom,
shows positions where intensity value is zero)

1.

2.

Creating a mean horizontal profile This step is used to
determine the center of each cell by plotting the mean
intensity of each 256 columns of image-A (image-A is
256 by 256-pixel size, see Fig. 3c). As shown in Fig. 4,
the original horizontal profile is irregular and it creates
several peaks. If those peaks are used to estimate the
gap between each cell, it will generate tiny cell space
and a poor local segmentation result. Thus, there is need
to enhance the profile by applying an auto-correlation
method, which is detailed in the next step.

Applying auto-correlation and estimate cell spacing To
find the peaks and estimate a solid cell to cell gap, it

(a)

Intensity

(b)

0.4
0.2
0
. . . . . . . .
50 100 150 200 250 300 350 400 450 500
Pixel value

Fig.5 Identified peaks in red triangle based on the left and right
slopes of the auto-correlated profile

is necessary to enhance the self-similarity of the mean
profile by using auto-correlation, which estimates the
auto-covariance sequence of the profile. A typical result
applied on the mean intensity profile which is shown in
the above figure (Fig. 4) is presented in Fig. 5, where the
peaks are identified by red triangles based on the left and
right slopes of the auto-correlated profile. In that case,
the estimation of the cell spacing value can be found by
calculating the mean difference of maxima.

Applying top-hat filter To enhance the mean profile, a
morphological top-hat filtering is applied to the profile
with a linear structuring element of length equal to the
obtained estimated cell spacing value (in the present
case, the length is equal to 33 pixels). One can see in
Fig. 6 the effect of such filtering on the original mean

@ Springer
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Fig.6 Enhanced mean horizontal profile (red triangles shows posi-
tions where intensity value is zero at the edges of each peak)
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Fig.7 Enhanced mean horizontal profile with a centroid between
adjacent-labeled peaks in red circle
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Fig.8 Vertical lines between median positions of labeled peaks

profile shown in Fig. 4. The number of triangles, which
depicts the edges of zero-intensity value regions, but
also intensity peaks, has increased.

4. Applying automatic threshold and locating the cen-
troid between adjacent-labeled peaks At this stage, a
better separation of the peaks is obtained, hence it is
possible to segment and label each peak region using
Otsu’s method. Then, one can easily calculate its median
position between each adjacent-labeled peak, where the
intensity value is zero, as illustrated by the red circle in
Fig. 7.

5. Getting vertical lines of the grid between the adjacent-
labeled peaks The midpoint between the adjacent center
of each label peak provides locations of the vertical lines
of the final grid, as illustrated in Fig. 8.

6. Transposing image-A and repeating steps 1-5 This is
the final step to retrieve the horizontal grid lines. The
final result of the non-regular grid is shown in Fig. 9.
Note that particles can be cut by grid lines and portions
of more than one particle can occur in the same grid
cell.
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Fig.9 Final grid lines superimposed on the segmented MIP image
shown on Fig. 3¢

3.3 Segmentation using local threshold

First, the non-regular grid is used to set a 3D grid of size
RXx Cx1 cells, where R is the number of horizontal parti-
tion, C the number of vertical partition and one partition
concerns the full height of tomographic frame compilation.
Finally, for individual segmentation of tracer particles,
it is possible to use each grid cell to increase the contrast of
the original raw image and determine its own local thresh-
old level automatically using the Otsu method. In another
word, the automatic local threshold level and the contrast
value is set depending on the brightness of each tracer par-
ticles with the corresponding 3D grid cell. A final result is
shown in Fig. 10b, c illustrates the poor segmented result
after global Otsu segmentation (GOS) method was applied
for a given cross-section. This naturally shows less seg-
mented particles than in the case of the MIP (maximum
intensity projection), since all tracer particles are not exactly
located in the same plane. The performance of the proposed
algorithm and sensitivity analysis of applied methods has
been discussed in Sect. 4.5. The overall segmentation algo-
rithm is summarized in the flowchart shown in Fig. 11.

4 Results

4.1 Tracking the lateral movement of tracer
particles

After obtaining well-segmented tracer particles using the
IGLOS method, each identified object is represented by a
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Fig. 10 a Global grid masked with original image at scanning height of 800 mm discharging time of 11.6 s. b After local Otsu segmentation
applied on an irregular grid (IGLOS). ¢ After global Otsu segmentation without gridding step (GOS)

Fig. 11 Full flowchart of the
segmentation algorithm

Original raw image
1,(x.y.2)

v

Get max in z-dimension
1,(x,y) = I (max in z-dim)

v

Manual thresholding
15(x.y)

Transpose image
=1

5-pixel radius marker placed on its centroid to simplify its
tracking analysis, as shown in Fig. 12.

The above steps are repeated for all frames in a time win-
dow until all tracer particles passed through each measuring
plane. Figure 13 a and b presents the cross-sectional centroid

Create mean horizontal
profile

Mask the global grid — B
on each original image
frames - |,

v

v

Apply auto-correlation
and estimate cell spacing

Form a region of interest by
using pairs of neighbouring
grid points

v

v

Apply top-hat filter to
enhance the mean profile

Increase contrast and
apply local thresholding
for each individual cells

v

v

Threshold and locate
centroid between each
labelled peaks

Get segmented tracer
particles

v

Get vertical lines of the grid
between adjacent labelled
peaks

Is image
transposed?

positions of all identified particles by changing their marked
color over discharging time as they pass through the two
measurement planes.

To detect if there was any lateral movement of tracer par-
ticles during silo discharging, the average centroid positions
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Fig. 12 Marking tracer particles with 5-pixel radius red circle placed
on their centroid

of all identified particles have been taken from the two meas-
urement planes and the three different scanning heights
(example: for scanning height 800 mm, see Fig. 13c). Then,
all average positions of identified particles in the three dif-
ferent scanning heights are superimposed together with dif-
ferent RGB colours (red for 800 mm, green for 500 mm and
blue for 200 mm). As Fig. 14a shows, positions where the
RGB intersection yield white color indicate that the particles
were flowing in a quite identical position throughout all the
three scanned heights. This concerns most of the detected
particles. Moreover, they keep a position which does match
with the initial one prior to discharging (Fig. 14b).

It is fair to say that very few particles could not be found
in the three scanning positions, which results in other super-
position colors (e.g., yellow). As the particles are irregular
in shape, the trajectory of their centroid in different scanning
heights and the same projecting plane is not enough to detect
if they possess any rotational movements. However, this
does not alter the fact that no special lateral movement was
observed during discharging, as it could have been guessed
for such type of flow (i.e., mass flow). To investigate the rota-
tional movements in x-, y-, and z-direction, the velocity of the
particles should be calculated and their individual pixel size
should also be evaluated to perform further angular momen-
tum analysis, which is presented in the following sections.

4.2 Axial particle velocity during mass flow

The ROFEX scanner comes with two measurement planes,
which gives an ability to determine the axial velocity of par-
ticles. The axial velocity of tracer particle was calculated
based on the residence time of a particle in a CT plane,
which is the statistical analysis of successive frames or dis-
charging time of tracer particles while passing both measure-
ment planes. The distance d between the two measurement
planes is 11 mm, as already mentioned earlier. Hence, the
axial velocity V,,;,; can show the tracer particle movement
rate in the axial direction, which is calculated as:

d

V s
=1

axial —

ey

where £, and ¢, are the time detection of the same tracer parti-
cle in the upper and lower measurement planes respectively.
In general, the velocity calculations considered when the
particles enter the scanning planes.

Fig. 13 Identified tracer particles positions at scanning height of
800 mm. a First measurement plane—color changes from green to
blue over discharging time (9-10 s). b Second measurement plane—
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color changes from red to green over discharging time (10-11 s). ¢
Average centroid positions of tracer particles between discharging
time of 9-11 s
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Fig. 14 a Overlay of average (a)
positions of tracer particles at

each scanning height 800, 500
and 200 mm. b Overlay of a on
the top of tracer particles photo
taken before discharging during
the experiment

Zone 1
Zone 2
Zone 3

Fig. 15 Three different zones for calculating their corresponding par-
ticle velocity

The mean axial velocity of 12 different tracer particles
had been analysed in different scanning heights in three dif-
ferent circular zones as shown in Fig. 15 (zone 1: center of

the silo, zone 2: central ring, and zone 3: outer ring-close to
the wall of the silo).

Table 1 summarizes the mean velocity and standard
deviation of particles at three different zones and three dis-
tant scanning heights. The velocities of every particle are
calculated independently inside each zone and their mean
value was taken as shown in Table 1. The standard devia-
tion was calculated to specify the uniformity and spread of
the mean velocity: the smaller the number, the more uni-
form the velocity. One can notice that, in average, particle
velocity tends to increase slightly as the particles flow down.
Nevertheless, the overall axial mean velocity was quite uni-
form across the three selected zones, which was around
9.373 mm/s, based on the fact that the velocity variations
along the three zones are within the range of uncertainties
(i.e. around 0.1-0.5 mm/s). This, again, confirms the quasi-
steady state nature of the mass flow, even though, measure-
ments have been carried out relatively far from the outlet
where a steep increase in velocity is normally observed.
Besides the potential of accurately measure velocities, this
knowledge is also an important parameter to reconstruct
particle volume, as it is mentioned in the following section.

In addition, by placing tracer particles very close to the
wall of the silo model, which was not done in this study, it
would be useful to analyse if there is retardation in a bound-
ary layer. Future work could consider conducting such

Table 1 Mean velocity and

) Scanning height
standard deviation of tracer

Zone-1 mean velocity
(mm/s)/standard deviation

Zone-3 mean veloc-
ity (mm/s)/standard

Zone-2 mean velocity
(mm/s)/standard deviation

S . (mm)
particles in different scanning
heights and three circular zones
800 9.244/0.089
500 9.289/0.292
200 9.242/0.088

deviation
9.304/0.351 9.170/0.1922
9.444/0.367 9.332/0.5224
9.472/0.470 9.357/0.435
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experiments to verify if experimental results are in line
with DES (detached eddy simulation) prediction of velocity
deficit for spherical particles (Spalart et al. 1997; Liu et al.
2015).

4.3 Three-dimensional visualization of segmented
tracer particles

To visualize and represent the real size of tracer particles in
3D, first, it needs to convert the time frames of segmented
images into voxel size along the z-dimension (note that the
z-dimension represents time in milliseconds). Since the
mean axial velocity V,;, of each tracer particle has been
evaluated and the acquisition rate f and the spatial resolution
SR of the X-ray system are known parameters, it is possible
to estimate the average number of frames of an image N,
that corresponds to the same pixel size of the reconstructed
cross-section as follows:

lf (SR)J
|

axial

N, =

v @)

The segmented frames of tracer particles can now be
separated into stacks of NV, frames at most that are averaged
to allow the space conversion.

Figures 16a and 17 present, the isosurface of the rebuilt
3D tracer particles at the three different scanning heights
along the silo. It is worth mentioning that all particles could
not be reconstructed since, from the original 20 tracer parti-
cles, 15 of them were well segmented and shown in the 3D
visualizations. Figure 16b presents the matching of rebuilt

100

150

200

250

0 50

100 150
Pixel value

200 250

Pixel value

particles at position 800 mm with a photo taken at height
900 mm before discharging. Some discrepancy does occur
but attributed to possible particle rearrangement during the
filling of the last 100 mm layer of clean Seramis particles
mentioned in Sect. 2. Moreover, the qualitative comparison
of the positions of the tracer particles at the three differ-
ent scanning heights confirms the previous results shown
in Sect. 3.2. For a better visualization of identified tracer
particles, the silo tube is also included in the below three-
dimensional image views.

4.4 Investigation of three-dimensional rotation
of the particles during mass flow

The previous sections have mainly considered the lateral
positioning of the particles during discharging. The 3D
reconstruction of the tracer particles enables the investi-
gation of their possible three-dimensional rotation in any
directions. Calculating the moment of inertia of a single
tracer particle can determine its orbital motion during
mass flow at different scanning height. Moment of inertia
I is defined as the ratio of the angular momentum L of a
system to its angular velocity w around a principal axis
(Winn 2010; Fullerton 2011):

I=—.
0

3

In general for a three-dimensional rigid body, it is
always possible to find three mutually orthogonal axes (x,
y, z coordinate system) for which the products of inertia are

100
Pixel value

150

Fig. 16 a 3D view of segmented tracer particles at scanning height of 800 mm. b Top view photo was taken before discharging during the exper-

iment at silo height of 900 mm superimposed with a
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(b)

Fig. 17 a 3D view of segmented tracer particles at scanning height of 500 mm. b 3D view of segmented tracer particles at scanning height of

200 mm

zero, and the inertia matrix takes a diagonal form. These
axes are special because when the body rotates about one
of them, the angular momentum vector L becomes parallel
to the angular velocity vector w.

To find the principal axis of a rigid body, consider
a sample tracer particle body shown in Fig. 18 which
rotates about an unknown principal axis. The total angu-
lar momentum vector is I, in the direction of the princi-
pal axis. For rotation about the principal axis, the angu-
lar momentum and the angular velocity are in the same
direction.

Tracer particles are free to rotate in three dimensions, so
their moments can be described by the following symmetric
3 by 3 matrix /.

I, —Ixy —Ixz
L= =L, I, -I, | )
S I A

zx y

Fig. 18 a Sample tracer particle
before rotation with semi-prin-
cipal diameters labeled a, b, and
c. b After rotation shows six

of the nine possible rotational
angles

With

Mz

(=) + Z 4—(@)

11——Vl 2 .
Ly, = Z (=) + z (y) 5)
i=1 i=
N N
L= (z-) + X (- )
i=1 i=1
where
) =+ Z(x)

i=1
N

0 =1 > ()

i=1

N
1
@ =5 ;(zi)-

(b)

e
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In the previous equations, (x, y, z); correspond to Cartesian
coordinates of p;, which is a member of a set of voxels of size
N that compose a given labeled particle. Afterwards, the three
eigenvalues (the principal moments of inertia /,, I, and I;) and
the eigenvectors (principal axis of inertia) are calculated after
diagonalization of matrix /,.

The tracer particles are irregular in shape but can be repre-
sented by equivalent ellipsoids in a first approximation (that
is an ellipsoid with the same volume as a given segmented
particle, regardless its orientation). For the principal axes, the
matrix of inertia of an ellipsoid is given by:

4 (B + %) 0
I =EHabc 0
0 0o (¥
v [ +2) 0 0
= ?p 0 (az + cz) 0 ,
0 0 (b* +a?)

Q)

where a, b, and c are the semi-principal axes, with a<b<c
and V,, is the volume of the corresponding segmented particle.

By comparing /; after diagonalization and /;;, one can
express the semi-principal axes as a function of the eigen-
values I, I, and I as follows:

A
b= |22 —a
2, a @)
= > —a2.
2V

In general, the semi-principal diameter values and volume
of a specific tracing particle should remain invariant while
the particle is flowing through different scanning heights.
However, the translational and rotational movement could
occur, which can be validated by comparing the obtained
semi-principal diameter value for a specific particle at dif-
ferent scanning heights. It was verified earlier that the lat-
eral movements are not encountered for the chosen tracer
particles.

By taking the angles between the three principal axes of
inertia, respectively, and the x-, y-, and z-axes, it is possible
to compare if there was any angular shift of each identified
tracer particles between two successive scanning heights
(i.e., between 800 and 500, and 200 mm). From this insight
investigation, the angular shift for all identified tracing par-
ticles, while flowing through the three scanning heights was
0°-5° in x-, y-, z-direction, which indicates that there was no
significant amount of angular motion in every axis dimen-
sions during the discharging process of the particles-mass

@ Springer

flow. The work is ongoing to apply a similar approach to
study the funnel flow, where the gradient of velocity and
movements (rotational/translational) will occur, especially
from the stagnant to the flowing zone transition.

Figure 19 presents a comparison between the volume and
the aspect ratios c: a and b: a for 15 different tracer particles
detected at scanning height 800 mm—represented by a red
circle, 500 mm—green rectangle and 200 mm—blue diamond.

The previous analyses of this study have shown that the
concentration of particles slightly decreases as the scanning
position change from top to bottom position (around 3%
changes between measurements at 800 and 500 mm) (Wak-
tola et al. 2016). This is also in line with the fact that particle
velocity tends to increase as the particles flow down (see
Table 1). Accordingly, while the concentration decreases,
the difference between the grey value baselines and the
brightness level of tracer particles inside each grid cells
are getting higher. In other words, there is a more distinct
intensity difference between the tracer particle and the sur-
rounding area. Thus, during segmentation, the voxel sizes of
identified particles are decreased from top to bottom position
as shown in Fig. 19. As a result, the volume and orthogonal
diameter values of a single tracer particle was not 100%
perfectly the same through those three different scanning
heights. From 15 analysed tracer particles; 92.8% in volume
and 98.7% in aspect ratio (c: a and b: a) were matched.

4.5 Sensitivity analysis of applied methods
and performance of proposed algorithm

Sensitivity analyses of the applied methods enable to iden-
tify the effects of uncertainties in parameter values on the
obtained results. In this study, three different image segmen-
tation approaches were applied and compared based on the
number of detected particles and their respective size.

The core part of the image processing algorithm is
strongly related to the selected segmentation procedure, in
which particle under-segmentation or over-segmentation can
play a crucial role in the investigation of particle morphol-
ogy and rotational movements based on moments of inertia
calculation. In that matter, we investigated the effects of grid
generation, automatic/manual and global/local segmentation.

The first approach generates the poorest result using
global Otsu segmentation (GOS). It enabled to only iden-
tify 9 particles out of 20 and 61.8% of the particles volumes
(in voxel) were matched between the three scanning heights.
The next approach considers global manual threshold seg-
mentation (GMTS) by setting the best manual threshold
value (which is 0.62). In that case, the number of detected
tracer particles was 12/20 with 78.9% matching. Both GOS
and GMTS approaches are not using any gridding effect and
they produce after segmentation particle objects with mini-
mum volume of 9 voxels, whereas the minimum grain size of
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Fig. 19 Comparison of 15 tracer
particles based on their aspect
ratio and volume in voxel at
scanning height of 800 mm: red
circle, 500 mm: green rectangle,
200 mm: blue triangle [the
black lines show projections of
the data points to the bottom
plane and the volume over (c:

a) plane]

Volume (voxel)

Table2 Summary of sensitivity

- . Applied segmentation
analysis on the applied

Number of detected

Maximum/minimum particle  Matched particles vol-

. approach particles/total volume in voxel ume/standard deviation
segmentation approaches
IGLOS 15/20 3528/803 92.8%/0.0487
RGLOS 13/20 5868/882 88.0%/0.1297
GMTS 12/20 5533/9 78.9%/0.2625
GOS 9/20 1887/9 61.8%/0.6621

tracer particle was 3 mm in length, which is approximately
equal to 77 pixel size.

The third approach used a regular grid local Otsu seg-
mentation (RGLOS); it considers a fixed square cell size set
manually (best value with 25 pixels cell size) and applies
different local threshold values depending on the baseline
grey value and the brightness level of the particles. Numbers
of detected and matched particles were better than GOS and
GMTS, which was 13/20 with 88.0% of matching, yet it fails
to separate two particles while they are slightly connected to
each other (this case happened at scanning height of 500 mm
around the center of the silo). As a result, it generates a
maximum volume of two connected particles as a single
particle (5868 voxels).

The final approach is IGLOS, which was presented in
details in Sect. 3; as a reminder, it applies a method which
automatically sets a flexible interrogation window size con-
taining at the best one single-tracer particle at a time. IGLOS
helps to apply local segmentation for each tracer particle
independently and detect 15/20 particles with 92.8% match-
ing of identified particle volumes between three scanning
heights. The sensitivity analysis of the applied segmentation
approaches is summarized in Table 2.

5 Conclusions

The ROFEX is a valuable scanning technique to analyse
various granular material flow behaviour. Seramis granu-
late has been considered as a good candidate to fulfill the

scanner requirements, due to their size (4 to 5 times larger
than spatial resolution) and low density. In this study, a novel
unsupervised image-processing approach named IGLOS was
applied to improve the segmentation accuracy of the tracer
particles. It uses an irregular grid generated automatically,
which serves as a region separator for local segmentation.
After segmentation, the time residence of a particle on the
two measurement planes of the CT scanner is used to calcu-
late the axial velocity of tracer particles in different cross-
sectional zones and three different scanning heights. The
calculation shows the particles have a quite similar mean
velocity along all cross-sectional area and at all scanning
heights. Moreover, in order to detect the movement of tracer
particles while flowing through those three scanning heights,
their lateral movement has been tracked and their moment
of inertia has been also analysed. The insight investigation
demonstrates that there was no any special lateral movement
and three-dimensional rotations in x-, y- and z- dimensions.
Work is underway to process the image data in order to cal-
culate the velocity and investigate the rotational and lateral
movements of tracer particles during funnel flow.
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