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Abstract

Purpose — Crystallization is the process widely used for components separation and solids purification. The systems for crystallization process
evaluation applied so far, involve numerous non-invasive tomographic measurement techniques which suffers from some reported problems. The
purpose of this paper is to show the abilities of three-dimensional Electrical Capacitance Tomography (3D ECT) in the context of non-invasive and
non-intrusive visualization of crystallization processes. Multiple aspects and problems of ECT imaging, as well as the computer model design to work
with the high relative permittivity liquids, have been pointed out.

Design/methodology/approach — To design the most efficient (from a mechanical and electrical point of view) 3D ECT sensor structure, the high-
precise impedance meter was applied. The three types of sensor were designed, built, and tested. To meet the new concept requirements, the
dedicated ECT device has been constructed.

Findings — It has been shown that the ECT technique can be applied to the diagnosis of crystallization. The crystals distribution can be identified
using this technique. The achieved measurement resolution allows detecting the localization of crystals. The usage of stabilized electrodes improves
the sensitivity of the sensor and provides the images better suitable for further analysis.

Originality/value — The dedicated 3D ECT sensor construction has been proposed to increase its sensitivity in the border area, where the crystals
grow. Regarding this feature, some new algorithms for the potential field distribution and the sensitivity matrix calculation have been developed.

The adaptation of the iterative 3D image reconstruction process has also been described.
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1. Introduction

Crystallization is the process by which a solution component
goes from liquid to solid in a frame of crystals. It is widely used
as an industrial method for components separation (Li ez al.,
2004; Mullin, 2001). It is because of its additional advantage
that apart of separation offers solids purification. Nowadays,
when the industry touches the high pressure on optimization of
energy and time consumption in parallel to the high production
quality, the crystallization process, known for over 100 years,
can meet these requirements. It is an integral part of
productions’ lines in many areas of industry as food production
(sucrose) (Rozsa, 1996; Rdzsa er al., 2016; Temerk ez al., 2014;
Villanueva er al., 2015), pharmacy (drugs) (Besenhard et al.,
2014; Gao er al., 2017; Shekunov and York, 2000) but also in
chemical flows (limescale in pipelines) (Butler er al, 2006;
Georgiou et al., 2018), nanoparticles and polymerization
(Hierzenberger et al., 2010; Ohta er al., 2005). That is why
many research teams are dealing with the task of developing
new methods for diagnosis, modeling, and control of

The current issue and full text archive of this journal is available on Emerald
Insight at: https://www.emerald.com/insight/0260-2288.htm

Sensor Review

41/1 (2021) 35-45

Emerald Publishing Limited [ISSN 0260-2288]
[DOI 10.1108/SR-10-2019-0254]

crystallization processes (Fujiwara ez al., 2005; Gao et al., 2017,
Jhaeral.,2017; Winn and Doherty, 2000).

Efficient process control ensures its correct performance.
This, in turn, has an impact on crystals’ purity, size, shape and
distribution (Winn and Doherty, 2000). Besides these
mentioned, for the crystallization process assessment, other
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properties are also defined as the rate of crystals growth and
nucleation, a polymorphic form of the crystals. Understanding
all of them allows maintaining the process to be efficient and
obtaining high quality of the product.

The aspects described so far concern mostly the diagnostic
part. However, the efficiency of the process depends also on the
reactors (crystallizers) design and manufacturing. Many
problems are associated with this issue as described in (Barrett
etal., 2005; Correa er al., 2012). The designing stage should be
supported with modeling of the crystallization phenomenon.
For this task, the methods based on the inverse problem for
population balance equations (Barrett ez al., 2005; Correa et al.,
2012; Villanueva er al.,, 2015) or the saturation variance in
images (Kawabata, 2011) are commonly applied. The solution
also allows developing the model-based algorithm for control,
which would be helpful in the prediction of the facility and
working conditions.

Unfortunately, many industrial solutions still involve the visual
assessment of the technicians (i.e. a process expert’s observation)
and their response to the adverse states. This treatment would
not work in case of quick thermodynamic, kinetic changes,
sudden pollutions or neglectful mixing etc. Then, it seems to be
natural to work out an accurate, relatively inexpensive and either
non-invasive, non-intrusive diagnostic system.

The systems for crystallization process evaluation, applied so
far, involve numerous tomographic measurement techniques
using various physical properties as X-rays, optics, ultrasound
and finally electric and magnetic field. Some examples of
Computed X-ray Tomography (CT) applications can be found
in (Bischof ez al., 2007; Carlson and Denison, 1992). In the
case of both, the authors proved the high abilities for crystals
detection. Nevertheless, they mentioned some problems,
especially with the inhomogeneous sensitivity of the
measurements in the different areas. It must also be noted that
the usage of X-rays meets the high requirements for hard-field
radiation relating to working security and building adaptation.

Relatively less demanding is the optical tomography (Abbas
et al., 2002), which is also suitable for the crystals size
evaluation. Similarly, in the case of the research described in
(Hierzenberger er al., 2010), the Optical Coherence
Tomography was successfully applied to identify polymer
crystallization. The measurement resolution in the range of
micrometers was obtained thanks to the optical dispersing
medium, the light beam of wavelength close to infrared and the
waves interference phenomenon. Therefore, the multilayer
crystals growth detection was possible according to the depth
scanning and time-changing registration. The disadvantage of
the optical-based techniques is a necessity of building
transparent tanks. This condition, unluckily, is difficult to meet
especially in the case of crystals growing on the wall’s surface.

The measurement techniques based on ultrasound or
electric phenomena are free from this restriction. The authors
of (Mougin ez al., 2003) built the Ultrasound Spectroscopy
system and obtained a reasonable sensitivity of measurements.
Unfortunately, they observed undesirable crystals breakage.
Next, the application of the electrical impedance spectroscopy
in the crystallization process diagnosis has been presented in
(Zhao and Hammond, 2011). In this case in turn, the authors
pointed out the negative impact of changing process conditions
on the measurement stability. It was observed the significant
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phase angle shift regarding the changing process temperature,
which is crucial in crystals growth rate control.

Concerning the tomography based on the electric field, mostly
two properties are measured: conductivity and permittivity. In a
frame of the work described in (Primrose, 2008), the Electrical
Resistance Tomography (ERT) was used to measure the
conductivity distribution of the solution under different
conditions. It can be read that ERT is an appropriate technique
to evaluate the saturation level within the different regions.
Unfortunately, the authors did not discuss the noticeable
problem of crystals’ growth on the resistance electrodes surface.
There is a high risk of losing the connection between the thin
electrodes and the solution that is the basis of ERT.

The authors of (Harada er al., 2018; Ohta et al., 2005)
proposed the capacitance measurement system based on the
electric circuit that involves the RL.C meter and only one pair of
electrodes. Such a strategy provides a simple information in the
form of IS or NOT. It does not meet the requirements
of capacitance tomography conception, where the set of
electrodes is located around the process. Then, the sequence of
capacitance measurements between all the possible electrode
pairs can be collected. Next, applying sophisticated algorithms,
the image of permittivity distribution in the process interior can
be reconstructed. The image, finally, corresponds to the
density of the components.

The problems listed above, regarding the developed tools for
the crystallization process identification, suffer from different
disadvantages. Some of them offer the diagnostic signal with
significant measurement uncertainty, i.e. the general presence
of crystals but without any details about them. There are
methods, in turn, which provides a precise knowledge about the
process, but the application requirements are too challenging to
meet in the industrial conditions. Basically, in the state-of-the-
art, the application of 3D Electrical Capacitance Tomography
(ECT) in the context of crystallization process diagnosis cannot
be found. Hence, this study will show the ability of ECT.

Table 1 summarizes the applied so far diagnostics systems for
crystallization purposes.

2. Three-dimensional electrical capacitance
tomography (3 D ECT)

ECT (Kryszyn er al., 2014, 2017; Rashid ez al., 2016) is a non-
invasive measurement technique and regarding the mentioned ERT
constraints does not require continuous electric contact with the
solution. Depends on the measurement concept and the
arrangement of the electrodes, ECT can provide 2D (cross-section)
or 3D imaging of the process interior (Kowalska er al, 2019;
Mazurkiewicz et al., 2005; Rymarczyk, 2016; Smolik ez al., 2017;
Soleimani, 2006; Wang et al., 2010). So far, there are many
successful applications of ECT for numerous industrial processes
monitoring as two-phase gas-liquid flows (Fiderek er al., 2017;
Rzasa, 2009), solids pneumatic conveying (Romanowski er al,
2017), silo discharging (Garbaa et al., 2016; Grudzien ez al., 2010,
2012), flames (Wang er al, 2010) and concrete beams studies
(Grudzien et al., 2016) and many others.

In this study, solely the 3D case has been considered. In this
form, the ECT can reflect the spatial nature of the process in a
more reliable way. One needs to be noted. The 3D imaging is
more demanding from the computational power point of view,
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Table 1 Summary of measurement systems applied so far for crystals growth diagnosis
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Diagnosis method
(reference)

Accuracy,
measurement resolution

Measurement frequency

Comments

X-ray tomography
(Bischof et al., 2007;
Carlson and Denison, 1992)

Optical tomography
(Abbas et al., 2002)

Optical Coherence
Tomography
(Hierzenberger et al., 2010)

Ultrasound spectroscopy
(Mougin et al., 2003)

Electrical Resistance
Tomography (Primrose,

high abilities of detection,
high resolution

high resolution

high resolution of several
hundred microns

high resolution (single crystals
detection)

low resolution (crystals
regions’ detection)

60-180 min/image

few frames/ second

few frames/ second

few frames/ second

up to 100 frames per second
for 12 electrodes sensors

inhomogeneous sensitivity,

hard-field radiation safety
requirements

transparent medium and tank
required

partially transparent medium
acceptable,

transparent tank required

invasive for (L) -Glutamic Acid
Crystals growth

connection with the process,
crystals growth on electrodes,

2008)

» high conductivity medium,
+ possible 3D imaging

Electrical Capacitance « low resolution, up to 100 frames per second + no contact with a medium,
measurement (Al Hosani « crystals regions’ for 12 electrodes sensors « low medium conductivity
etal., 2015) detection, recommended,
. for limescale + possible 3 D imaging
detection

because of the significantly bigger size of the reconstructed
images. This has an impact on the sensitivity matrix complexity
used for both reconstruction algorithms and Finite Elements
Method (FEM) calculation (Rymarczyk, Tchorzewski and
Sikora, 2017). To consider the 3D ECT imaging as a real-time
(on-line) diagnostic system saving the reasonable image quality
at the same time, the massive-parallel computation GPU
techniques were involved (Banasiak ez al., 2014; Kapusta ez al.,
2012).

Some flaws of ECT measurement of liquids with a high value of
relative electrical permittivity

The most common ECT sensor design considers the
electrodes mounted on the outer side of the pipeline (here
reactor). From the crystallization point of view, this is quite a
favorable approach that protects the surface of the electrode
from the process. Unfortunately, in the case of liquid with a
high value of relative electrical permittivity distribution, as
sucrose solution, the following problem may be noticed. The
electric field insufficiently penetrates the examined process.
This phenomenon will be explained in detail within the next
section, together with the FEM simulation results. Therefore,
undesirable inter-electrodes measurement values can be
obtained. For the neighboring electrodes and the sensor filled
with the solution, the measured capacitance value can be lower
than the same measurement for a sensor with air.

To explain the problem, the sequence of the three following
measurement vectors is presented in Figure 1. The measured
capacitances, obtained for the sensor filled with the sucrose
solution, were normalized according to the procedure
described e.g. in (Loser e al., 2001) —eq. (1). All the measured
values, in this case, should be very close to 1. Unfortunately, for
some of the neighbored pairs of electrodes, the significant
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Figure 1 Instabilities of normalized measured capacitance values for
ECT sensor filled with sucrose solution

instability can be observed. Let’s consider one measurement
value highlighted in red. In the first set, its value is lower than 1.
In the next, it is greater than 1, but in the last, it is in range 0—1.
On the right side of the measurement vectors, the reconstructed
3D images of normalized permittivity distributions are
presented. The red color and value 1 mean the sucrose
solutions, blue color and 0 correspond with sucrose crystals
concentration. The images reflect the instabilities in the form of
chaotic artifacts instead of the homogenous solution. It is also
caused by the arduous way of emptying the wet sensor for the
normalization procedure. Anytime, some drops of the solution
remain on the reactor’s wall. The drops are random and have a
significant impact on the reference measurement vector being
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processed in normalization. In the laboratory set-up, it is
possible to dry the wall, but in the industrial conditions, this
may be a severe obstacle.

Within the next sections, the ECT sensor with the electrodes
mounted on the inner sensor side will be considered. Additionally,
this study involves the conception of so-called stabilizing electrodes
used for the first time in (Rzasa ez al., 2007) only in 2D case for the
counter-current  gas-liquid flow monitoring. The designed
electrodes structure caused a sensitivity increase in the border area
of the sensor. In the case of the crystallization process, it is essential
to have stabilization electrodes because the crystals mostly grow on
the sensor’s wall. The obtained results of experiments presented in
this article show that the application of stabilization electrodes allows
getting a higher precision in crystallization ECT diagnosis.

3. Research setup

This study considers the applicability of the 3D ECT technique
to monitor the distribution of the crystals. To design the most
efficient (from a mechanical and electrical point of view) sensor
structure, the high-precise impedance meter (Agilent E4980A)
was applied. The ECT sensor properties (i.e. electrodes layout,
their shapes and geometrical dimensions, horizontal and
vertical gaps, the width of the inner-electrodes rings, boundary
screens and finally the thickness of the isolation) were
determined according to the measuring sensitivity abilities of
the hardware unit and to the dielectric properties of the sucrose
solution. The beet juice has a relative electrical permittivity
value higher than e.g. tap water.

The following three types of sensor construction were
designed, built and tested (see models depicted in Figure 2).
Each sensor consists of 32 electrodes located around the
reactor in 4 layers. Below and above the electrodes’ layers, the
axial shields are designed, which, together with the radial shield
surrounding the sensor, protect against the outer electrostatic
field. The radial shield is distanced from the sensor by the
polyurethane (PU) foam with a width of 1 cm. The model (a)
has the capacitance electrodes mounted outside the reactor’s
PVC wall. In the next (b) model in Figure 2, the electrodes are
mounted on the inner side of the reactor’s wall. Similarly, in the
model (c) the electrodes are inside the reactor, but also between
the measuring electrodes, the set of thin electrodes can be seen.
These thin electrodes are called stabilizing electrodes.

In the case of models (a) and (b), the set of capacitances C, is
measured between all possible electrodes pairs including
electrodes from different layers. During the single
measurement, the positive potential I is set on one electrode
(called as excited) and the rest are grounded. Now,
the capacitances of all electrodes being in pair with the excited
one can be measured. Then, the next electrode can be
considered as excited. For one excited electrode, one
simulation with different boundary conditions needs to be
performed. The measurement strategy in the model (c)
considers 64 electrodes in total (32 measuring and 32
stabilizing). Here, during the single measurement (for instance,
1-5 where the 1*'is excited) the 10 times lower potential value,
then 1/, is set only on two stabilizing electrodes neighboring
with the measuring (here the 5% electrode. The rest of them
are grounded. For the next electrodes pair (i.e. 1-6) the
different stabilizing electrodes get the potential. As it can be
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seen for one excited electrode 31 simulations with the different
boundary conditions need to be solved.

The electrical field inside an ECT sensor can be simulated
with the usage of the Laplace’s equation (assuming no source
charge) (Sikora, 2007):

V2 =V (e(xX)Ve(¥,1)) =0 (1)
where V? is the Laplace’s operator, ¢ (?, t) is the electrical
potential, and (%) is the electrical permittivity. The vectors %
are the coordinates in the sensor volume. The ECT
measurement unit applied during the experiments generates an
alternating current at the fixed frequency. If the potential field
¢ (%) is known, the induced charge Qg at the receiver
electrode can be determined using the Gauss’s law:

— —

Or = $s,cEdS 2)
where S'is the area of the electrode and E is the electric field. In
the case of the model (¢) the capacitance vector will be the sum
of the results from the three different simulations with different
boundary conditions. The boundary condition on the excited
electrode is defined as ¢ = IV and next on the thin stabilizing
electrodes near the receiver as ¢ = I710. Only those mentioned
electrodes are held with a positive voltage. The others stay
grounded. The result capacitance is then given as:

Oxpr n Ox1r n Ox2r

Cy =
X Uxpr

=Cxp+ Cx1 +Cx2

3

Uxir  Uxzr

The voltages Ux,r, Uxir and Ux,p are the electrical potentials
between the receiver electrode R and the excited electrode Xp
and thin electrodes X1 and X2 respectively (see electrodes’
symbols in Figure 2(c) with blue labels) where the following
charges Ox,r, Ox1r Qx2r Were induced.

To meet the new concept requirements, the dedicated ECT
device has been constructed, which can freely manage the
strategy of electrodes’ potentials definition. The measurement
complex system [presented in Figure 3(b)] consists of the
mentioned RLC meter and the box with a set of configurable
relays managed by RPi3 module. The dedicated software has
been implemented to manage the measurement procedure.

In Figure 3(a) the research facility is presented. It consists of
the batch-reactor to study the crystallization process and the
remote GUI-based software system to monitor and control the
reactor’s functioning. The logic of the control module works in
a cloud as a back-end web-application providing for its clients a
front-end GUI (mobile) control panel. The reactor with a
diameter 14,2cm and a high 20 cm (~3 L of volume for sucrose
solution) is equipped with the copper coil and with the motor
stirrer. The copper coil is electrically connected with axial and
radial shields and warms up the solution by the heating liquid.
The following numbers listed in Figure 3(a) indicates (1)
reactor, (2) control unit managed by RPi3 module, (3) GUI-
based software of control panel, (4) boiler, (5) pump, (6) stirrer
motor, (7) stirrer and (8) copper coil. Two thermo-couples
have been connected to the control unit to measure and control
the temperatures in the boiler and the reactor.

The crystallization is a long-term process. The stage of
preparation of the saturated sucrose solution takes about
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Figure 2 Three types of ECT sensor modelsNotes: (a) with external electrodes, (b) with internal electrodes, (c) with additional thin stabilizing

electrodes.

PVC

A e

(

axial shield

measuring
electrodes stabilizing

electrodes

PU
Cx Cxp /
radial shield
a) (b) ©

Notes: (a) With external electrodes; (b) with internal electrodes; (c) with additional

thin stabilizing electrodes

Figure 3 Photos of the research facility and the multi-switching ECT measurement system

8 hours in the research facility. The sucrose portion of 320 g is
dissolved in each 100 mL of water according to the solubility
curve in the function of temperature given in (Rézsa, 1996;
Temerk er al., 2014). Water is a good solvent for sucrose
because there is a significant difference in its solubility
depending on the temperature changes. Finally, the solution
was warm up to 70°C and mixed until a total sucrose
dissolution. Next, the stirrer was removed, and the capacitance
normalization process was performed. Then, the solution was
left for cooling down. Note, that in the industrial installations,
the crystallization proceeds based on water evaporation in the
temperature about 95°C. It is much faster and efficient, but
such conditions impose to use different high-temperature-
resistant materials. In the laboratory, the crystals’ growth on
the basis of cooling was sufficient enough for this study.

The next day, on the reactor’s wall and the solution’s surface,
the sucrose crystals were observed. The first photo (a) in
Figure 4 presents the sensor with a stirrer (1), cover (2) and
outer ECT sensor’s screen (3). Next, the photo (b) presents the
reactor interior with crystals (4) grown on the wall. The ECT
measurements were continuously collected with a frequency of
1 h since the saturated solution was ready.

high precision

multi-switching
controlable device
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RLC meter

4. Computer model and image reconstruction

The mathematical basis of the electrostatic field phenomenon
inside the ECT sensor as well as the principles of ECT image
reconstruction process has been considered, so far, in many
papers (Banasiak ez al., 2010; Cui et al., 2016; Isaksen, 1996;
Panczyk and Sikora, 2016; Rymarczyk, Tchorzewski,
Adamkiewicz, er al., 2017; Yang and Peng, 2003). In this
section, the differences in processing depending on the sensor
model (see Figure 2) (i.e. electrodes layouts and measurement
strategy) will be explained.

For purposes of the image reconstruction process, the author
used his software for comprehensive processing and
visualization of 3D electrical tomography data (Banasiak ez al.,
2017). Apart from the reconstruction algorithms, the software
has implemented modules for mesh generation, electrodes
layouts definition, electric field and capacitances calculation,
sensor sensitivity distribution analysis, and finally tomography
device connection and configuration.

The first step of the image reconstruction process is to build
the computer model. It consists of the mesh of tetrahedrons
(voxels) and the definition of electrodes layout (i.e. mapping of
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Figure 4 Working batch crystallization reactor with 3D ECT sensor (a)
and the sucrose crystalized on the reactor’s internal wall (b)

(2) (b)

electrodes surfaces onto triangular sides of tetrahedrons). The
computer model is a fundamental part of two stages of iterative
reconstruction: forward and inverse processing. The first one
aims to calculate the electric field distribution and then to
determine the sensor sensitivities distribution, which defines
the influence of the permittivity change in a particular voxel on
a change of measured capacitance. During the inversion, in
turn, the image of spatial permittivity distribution is
reconstructed in the voxels of the 3D mesh. The calculation of
the electric field distribution may be completed by the
implementation of the Finite Element Method and definition
of first-order boundary conditions — Dirichlet (potentials values
in nodes which correspond to the surfaces of the electrodes)
and of the second-order — Neumann (permittivity values in
voxels). However, to clearly show the differences between the
three ECT sensors presented in Figure 2, the complete sensor
model has been introduced, which considers not only the inner
sensor volume but also the construction’s elements as PVC
pipe (reactor), PU foam and copper shields. In Figure 5 the
three-dimensional mesh adopted to the computer model
construction is depicted. On the left in the cross-sectional view
of the mesh can be seen together with the distinction of PU,
PVC materials. Mesh is constructed using growing rings
starting from the sensor’s center. In the middle, some details
about their radius and elements density are listed. The
elements density is given as a distance between two nodes on a
ring. So, decreasing the value, the denser mesh is expected.

Volume 41 - Number 1 - 2021 - 35-45

The mesh, in the part of inner sensor volume, is not
homogenous as usually. It is denser in the border areas because
the most changes in permittivity distribution (i.e. crystals) and
also the rapid changes in the potentials’ distribution (.e.
stabilizing electrodes in the model (c)) are expected right there.

The three different computer models for each sensor from
Figure 2 have been created. The electric field (Figure 6) and
sensitivity models (Figure 7) have been determined. The
following images in Figure 6 show the normalized potentials
values distributions and the equipotential lines. The
visualization has been limited to the sensor interior including
only the reactor wall and electrodes layout to explain some
observed dependencies better. In the case of the model (a),
where the electrodes were mounted outside the reactor wall, the
insufficient penetration of the electric field into the examined
process can be observed. When the electric field has on its path
(between the excited and measuring electrodes) a closed area
with a significantly higher permittivity value (as sucrose
solution in contrast to the PVC reactor’s wall), to reach the aim,
it tries to find another way not to get across this area. The
equipotential lines are mainly focused in the area of the
reactor’s wall (see the sample in the magnifier). This
phenomenon mostly has an impact on the measurements for
neighboring electrodes pairs, as shown in Figure 1. Model (b)
considers the electrodes mounted inside the reactor. Here, by
following the equipotential lines, the electric field is much more
efficient to spread to the volume. However, in the case of the
Model (c) where the additional stabilizing electrodes were
involved, the results of the electric field calculation are most
promising. The area of higher potentials values penetrates the
volume center what goes hand in hand with the higher field
energy in the border areas.

These considerations can also be observed while sensitivities
distribution analysis. For the classical ECT sensor geometry
and having the energy of the potential field, the elements of the
sensitivity matrix can be calculated using the following
equation (Yang and Peng, 2003):

Ex;Eg; .
Sz(XR)] /7j Vs Vi dj )

where Ex;and Eg; are the values of the electric field in voxel j
when on the electrodes X (excited) and R (receiver) the

Figure 5 Three-dimensional mesh adopted to the computer models construction
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Figure 6 Images of normalized potentials distributions for three sensors models

Figure 7 Normalized sensitivity maps for considered three sensors
models

opposite electrodes

contiguous electrodes

potentials Vx and Vi were set respectively, ;- is the volume of
the j voxel in the mesh.The considered electrodes’ pair X - R is
the /th measurement. In the next step, such sensitivity matrices
should be determined for each electrode from the set (one
measured and two stabilizing) according to equation (3). Then,
as a result, the final sensitivity matrix is calculated as a sum of
three components:

Sx = Sx1+Sx2 +Sxp )
where the indexes X1, X2 and Xp have the same meaning as in
the case of the equation (3).

For the three sensor models, the sensitivity matrices were
determined, normalized, and depicted in Figure 7 as sensitivity
maps for opposite and neighboring electrodes pairs.

In model (a) in the border areas, the increased normalized
sensitivity values and rapid gradient can be noticed (especially
next to the surfaces of the electrodes). This reflects the high
gradient of potentials in these areas. The arrows point the
location between neighboring electrodes where the most
significant gradient of sensitivities occurred. It suffers from the
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random artifacts in images (see reconstructed images in
Figure 1). It is difficult to distinguish them as crystals or not.
Because the electric field more efficiently penetrates the process
in models (b) and (c), the sensor is more sensitive to electrical
permittivity changes between the center and border area.
Additionally, in the model (c), the applied stabilizing electrodes
induce the sensitivities gradient reduction just next to the
surface of the electrode. It can be especially seen in the case of
neighboring electrodes pair. The thin electrodes push the
electric field into the reactor’s volume.

5. Results and discussion

The research strategy considers three separate experiments
with the three sensors (one by one) presented in Figure 2. Each
sensor was mounted around the separate batch-reactor (photo
(a) in Figure 4), then connected to the measurement unit
[Figure 3(b)]. In each reactor, a similar crystallization process
was conducted maintaining the same conditions i.e. the sucrose
solution’s composition, temperature, and time of heating and
cooling. The ECT measurements were collected keeping the
same time regimes and then finally normalized. The 3D image
reconstruction of the normalized permittivity distribution was
performed. The results are presented in Figure 8 and classified
regarding the sensor model (a) — (c¢). Under the same
reconstruction conditions (i.e. total iterations number 100,
relaxation parameter 0.1), the truncated Landweber algorithm
was applied in each case.

Only in models (b) and (c) the area of crystallized sucrose
can be distinguished. Moreover, the model (c) allows
determining the differences in crystals distribution. It is
possible there to point the condensed areas [see arrows Figure 8
©].

Only in the case of the model (a) to obtain a reasonable
image, one of the features of the multi-switching device was
used. The measurements for neighboring electrodes pairs were
neglected. This surely produced the image without artifacts but
also induced the minor changes regarding the distribution of
the crystals. Such an approach cannot be accepted in case of
further image processing and analysis.
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The presented in Figure 8 images have been reconstructed
from the tomographic measurements performed for the real
crystallization process. Therefore, to analyze the images’
quality, none of the standard criteria like the normalized mean
square error or the Pearson’s linear correlation coefficient
(Yang and Peng, 2003) could be applied.

However, to provide the reader a tool for self-assessment of the
3D ECT images’ quality and the usefulness of the new 3D ECT
sensor’s concept, the two charts with normalized values of phases
density have been depicted in Figure 9. The values have been
transferred from the reconstructed images for sensors (a), (b) and
(c) (Figure 8). They have been scanned from the image’s points
located on a path determined between the centers of selected
opposite electrodes pairs i.e. 9-13 and 19-23. The given electrodes
pairs belong to the different electrodes layers i.e. are located on the
different height of the reactor. The horizontal axis of the charts
corresponds with the reactor’s diameter. The normalized values of
phases density have been plotted together with the real crystals
which grew next to the centers of the specified electrodes and were
determined by a metric measurement of their size. The measured
size has varied in range (0,4 — 0,9) mm. Next, the presence of
crystals has been marked on the charts as the normalized density
value 0. The value 1 goes for the sucrose solution.

It has been confirmed that using the sensor (a), it is not
possible to detect the regions of crystals. The relative electrical
permittivity of the sucrose solution is too high in contrast to
both the reactor’s border and crystals to distinguish them. In
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the case of the sensor (b), the grown crystals are noticeable on
the reconstructed image. Nevertheless, the paths of normalized
density values on both charts express a significantly lower
detection ability than for the sensor (c). The reconstructed
normalized density values are expected to be close to 1 but the
sensor (b) provides no higher than 0,83 and similarly for
crystals at least 0,28 instead of 0. Even if the image is optically
correct, it does not provide valuable information for further
analysis. The paths for the sensor (c) in most reliable way reflect
the positions of the real crystals in terms of their size as well as
the density. It is because the sensor (c) with the stabilized
electrodes has a higher sensitivity in a border area than the
sensor (b).

However, it is worth noting that in the case of ECT sensors,
the measurement is performed with the entire electrode’s
surface, not one image point, as it was considered in the case of
the charts. The ECT technique is not able to distinguish the
singular crystals. The diagnostic information is averaged and
produces the error in crystals’ size reconstruction. This can be
seen on the chart for 19-23 on the right side. Taking the above
into consideration, the measurement resolution of 3D ECT
allows detecting the localization of crystals (limescale). The
application of stabilized electrodes improves the sensitivity of
the sensor and provides the images better suitable for further
analysis. However, we should keep in mind that other non-
invasive techniques can penetrate the reactor’s interior and
distinguish single crystals (size, shape and position). But as

Figure 8 Three dimensional images of normalized sucrose crystals distribution, where the value of normalized density 1 means solution and 0 crystals

Figure 9 Normalized values of phases density in the crystallization reactor for three ECT sensors
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usual, the quality does not go hand in hand with the quantity.
The high measurement frequency of electrical tomography
systems recompenses the poor detection abilities. Therefore,
they are still commonly applied in diagnostic systems of
dynamic flow processes. Moreover, the ECT in comparison to
the ERT is resistant to the electrodes’ overgrowth with the
crystals (limescale) as it happens for instance in the sucrose
industry.

6. Conclusions and future works

In this work, the ability of the 3D ECT technique for
crystallization process monitoring has been studied. The
dedicated sensor construction has been proposed to increase its
sensitivity in the border area, where the crystals grow. The 3D
image reconstruction process for ECT has been described.
Many aspects of computer models designing have been pointed
out. The potential field distribution and behavior, as well as the
sensitivities model of ECT sensor, have been analyzed. Finally,
it has been shown that the ECT technique can be applied to the
diagnosis of crystallization. The crystals distribution can be
identified. Thanks to the electrical isolation, ECT is resistant to
the crystals’ overgrowth. Despite the benefits of applied
stabilizing electrodes, some disadvantages must be listed. Note
that in the new sensor construction, the total electrodes count is
doubled. Additionally, the specificity of the measurement
strategy imposes the specialist instrument usage. The multi-
switching device, used in these experiments, is slow.
Nevertheless, the crystallization processed by cooling in the
laboratory reactor is luckily also slow. It was possible, therefore,
to meet the diagnostic requirements and point the next research
directions. That is why the future works will strongly consider
the measurement instrument optimization (speed up) and the
development of image analysis algorithms to identify
crystallization parameters in the context of crystals concertation
and pipeline’s limescale evaluation in the industrial conditions.
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