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Featured Application: The depicted tomographic technique, Electrical Tomography, is a
non-invasive and remotely operated imaging system that makes it possible to obtain valuable
information about multiphase system flow behaviours: The 2D/3D images obtained are of
extreme importance not only in the development of prediction models, but also in their real-time
monitoring and control. It has high applicability in several industrial environments, such as
chemistry, paper, petroleum, water and wastes industries, just to mention some.

Abstract: Understanding the behaviour of suspension flows continues to be a subject of great interest
considering its industrial relevance, regardless of the long time and effort dedicated to it by the
scientific and industrial communities. Information about several flow characteristics, such as flow
regimen, relative velocity between phases, and spatial distribution of the phases, are essential for the
development of exact models for description of processes involving pulp suspension. Among the
diverse non-invasive techniques for flow characterisation that have been reported in the literature for
obtaining experimental data about suspension flow in different processes, Electrical Tomography is
one of the most interesting, since it presents perhaps the best compromise among cost, portability,
and, above all, safety of handling (indeed there is no need to use radiation, which requires special
care when using it). In this paper, a brief review and comparison between existing technologies for
pulp suspension flow monitoring will be presented, together with their strengths and weaknesses.
Emphasis is given to Electrical Tomography, because it offers the above-mentioned compromise and
thus was the strategy adopted by the authors to characterise different flow processes (solid–liquid,
liquid–liquid, fibres, etc.). The produced portable EIT system is described, and examples of results of
its use for pulp suspension flow characterisation are reported and discussed.

Keywords: fibre suspensions flow; electrical tomography; complex flows; disperse phase distribution;
velocity evaluation

1. Introduction

For the obtention of tomographic information, different measurement methods can be followed
with respect to the sensing procedure: intrusive, non-intrusive, invasive, and non-invasive. The choice
of an approach is the result of a wise choice made by the users. By ‘invasive’ is meant that the sensor
surface is parallel to the inner zone of the wall of the channel under study, while the term ‘intrusive’
is used when the sensor itself interacts with the flow being visualised. In opposition non-invasive
refers to cases in which the sensor is located on the outside of the wall, without crossing it, while
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non-intrusive indicates cases in which the sensor placement forces the pipe wall to be crossed, but
without disturbing the flow under inspection [1]. In recent years, non-invasive procedures have shown
a high degree of potential growth in many areas, such as in the chemical industry. When compared with
non-intrusive procedures, non-invasive approaches bring benefits to the above-mentioned industry
sectors, such as reduction of hazards due to operation of corrosive or radioactive materials, increase in
operator safety, etc. Consequently, the non-invasive approach is the imaging strategy most commonly
used in process plants.

For hard-field tomography, the case must be considered in which there the measured parameter
distribution and the sensitivity of the imaged media in the entire 3D domain are independent of
one another [2]; optical, ultrasonic and X-ray are examples of this type of tomography. On the other
hand, soft-field tomography refers to cases in which a dependency is found, over the entire volume,
between the medium sensitivity and the distribution of the measures of the desired variable [3].
Electrical tomography is the most relevant member of this class, but it presents an important effort
regarding the resolution of the inverse problem on the domain under observation.

2. Pulp Suspensions Imaging Overview

Pulp suspensions are characterised as being opaque and intricate mixtures that exhibit a quite
heterogeneous distribution of fibres under flow, presenting areas in which flocs are present (the term
flocs refers to a high concentration of fibres). In addition, along the entire pulp suspension and above
certain concentrations, as a function of the observed shear rates, a continuous fibre network forms.
For the purposes of process control nowadays, knowledge regarding flow characteristics is essential,
once the suspensions have been subjected to high shear forces. The numbers regarding turnover in
the pulp and paper industry confirm the importance of this knowledge, as in some countries they
exceed the return from other industrial areas, as is the case in Sweden and Canada. Understanding
and controlling the manufacturing process enables the development of newer products with a high
innovation content. Additionally, obtaining precise values for the velocity profiles associated with
a certain shear rate in a pulp suspension is also of high importance for optimising the flow and,
consequently, the energy consumption; for the later, however, there is scarce information reported in
the literature.

Diverse flow imaging methods, along with particle following velocimetry approaches, have
been described in the literature; however, most of these need to be experimentally trained, with
data acquisition procedures thus usually lasting quite a long time, and they can typically only be
used in non-opaque suspensions. Consequently, it is not possible to use them in pulp suspension
flows not belonging to the dilute range. For data collection in pulp suspensions, among the more
promising techniques can be found Laser Doppler Anemometry (LDA) (Optomet GmbH, Darmstadt,
Germany) [4], Magnetic Resonance Imaging (MRI) (National Institute of Biomedical Imaging and
Bioengineering, Bethesda, MD, USA) [5], Ultrasonic Velocity Profiling (UVP) (MET-FLOW S.A.,
Lausanne, Switzerland) [6], Optical Coherence Tomography (OCT) (PHOENIX TECHNOLOGY
GROUP, Pleasanton, CA, USA) [7], Particle Image Velocimetry (PIV) (DANTEC DYNAMICS, Skovlunde,
Denmark) [8], X-ray tomography (Department of Physics P.O., University of Jyväskylä, Jyväskylän
yliopisto, Finland) [9], Gamma ray densitometry [10], and Electrical Tomography (ET) (PASI SRL,
Torino, Italy) [11].

Magnetic Resonance Imaging is a tomographic technology with a high spatial resolution that can
supply information regarding the behaviour of the protons present in a system, which are typically
contained in the 1H nuclei of water. MRI can be used, among other applications, to image the motion
of water, e.g., expressed in the form of velocity profiles. The major limitations of MRI are the types of
particles and the size of the system that can be studied, together with the size, weight and cost of the
instrumentation. Only particles containing MR-sensitive nuclei, such as 1H, can be detected [12,13].
The maximum diameter of the system is bounded by the inner diameter of the coil in the magnet.
Thus, MRI experiments are typically limited to laboratory-scale fluidised beds or pipes with small
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diameters [14]. In summary, the strength of MRI is in studying centimetre-scale systems at spatial
resolutions of ~100 µm. Time-averaged velocity profiles of diluted pulp suspension have been obtained
using MRI with fibre concentrations of up to 0.86% (w/w) [15–20]. However, when compared with
LDA and UPV, MRI presents some disadvantages, such as longer observation times and equipment
cost. Arola et al. [20] were able, to gather information about the suspension velocity profiles of 0.5%
fibres diluted in water (w/w) using MRI in a matter of milliseconds. Also using MRI, under steady
flow conditions, and for pulp suspensions with concentrations above 3% (w/w), Seymour et al. [21]
were able to measure time-averaged velocity profiles. Despite these lab trials that have taken place
around the world, wide MRI usage in industry is not expected in the coming years.

Laser Doppler Anemometry (LDA) is an optical technique used to investigate velocity and
turbulence in gas, liquid, and mixed fluids, among other applications [22]. The basic idea underlying
LDA is to measure the velocity of tiny particles transported by the flow. If these particles are small
enough, their velocity is assumed to be that of the liquid stream, and LDA thus provides a measure of
the local instantaneous velocity, the mean velocity, and the turbulent quantities. Laser anemometers
offer unique advantages in comparison with other fluid flow instrumentation [22]: (1) Non-contact
optical measurement—LDA probes the flow with focused laser beams and can determine the velocity
without disturbing the flow; (2) Well-defined directional response—the quantity measured by LDA is
the projection of the velocity vector in the measuring direction defined by the optical system; (3) High
spatial and temporal resolution—the optics of the laser anemometer are able to define a very small
measuring volume, thus providing good spatial resolution and allowing for local measurement of
velocity; (4) Multi-component and multi-directional measurements—combinations of laser anemometer
systems with component separation based on colour, polarisation or frequency shift allow one-, two-,
or three-component LDA systems to be put together based on common optical modules. So indeed,
LDA has a lot of advantages, but some compromise has to be made when selecting and setting up laser
anemometer systems; indeed, among the disadvantages of LDA are the high cost of the equipment,
the need for a transparent flow through which the light beams can pass (usually corresponding to
a low concentration of the disperse phase), and the fact that they do not give continuous velocity
signals. Nevertheless, the special properties of the gas lasers (such as high energy, spatial and temporal
coherence, and stability) make this method applicable for solving a large number of problems. LDA has
been used to examine low concentrated pulp suspensions containing air bulbs by Ek et al. [23]; carry
out a study of 0.5% fibre suspensions in water (w/w) by Kerekes et al. [24]; study pulp suspension flow
at concentrations between 1.2 and 12 g per litre of water, using transparent model systems, based on
the refractive index matching of the liquid and the fibres by Steen [25,26]; and, using the same model
system presented by Steen, performing measurements in a stirred tank with fibre concentrations in the
range 3–20% (w/w) by both Andersson et al. [27] and by Pettersson and Rasmussen [28,29].

Since Acoustic Doppler devices achieved easy handling and low cost, their use has experienced a
high rate of growth in recent years. Doppler effect-based echography equipment allows the fabrication
of systems that are able to measure velocity profiles nearly instantaneously [30]. The Ultrasonic
Velocity Profile (UVP) technique was initially limited to the inspection of non-transparent fluids [31],
and to measurements through pipe walls in small-scale systems [32]. In the UVP technique, a probe,
acting firstly as an emitter, produces an ultrasound signal that travels along a certain direction, usually
the suspension direction, and later, acting as a receiver, senses the reflexions originated by particles
present in the suspension; the time, as well as the Doppler frequency shift between emission and
reflections, is measured. Using the value of sound velocity in the fluid, the distance and velocity of
the particles originating the echoes (the reflexions), along the suspension direction, are calculated.
UVP was originally established for 1D measurements; however, promising 2D velocity profiles
have recently been published [30]. The UVP technique has been used extensively in recent years to
obtain instantaneous velocity profiles, but very few studies on pulp suspensions can be found in
the literature. Hirsimäki [33] used an early ultrasonic profiling technique to obtain radial velocity
profiles in pulp suspensions with concentrations up to 1% (w/w). Karema and his co-workers [34,35]
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characterised velocity fluctuations and studied paper formation by fluidisation and reflocculation of
wood pulp suspensions with concentrations up to 1% (w/w) using UVP. Wiklund et al. [31,36] obtained
instantaneous velocity profiles in a steady laminar flow of 0.5–3% (w/w) and later up to 7.8% (w/w)
cellulose pulp suspensions using UVP. Claesson and her co-workers [37] used UVP to characterise
pulp fibre suspensions through a sudden expansion at two different concentrations, 1.8% and 2.8%
(w/w), and at diverse velocities, from 1 up to 2.2 m/s: They were able to instantaneously obtain velocity
profiles as well as axial real mean square velocity fluctuations in the evaluated semi-concentrated flows
just after the expansion. To enable improved flow information for higher concentrations, Kotzé et
al. [38] tested a pulsed velocimetry-based system to measure velocity profiles of cellulose flows for two
different concentrations, 6.9% and 8% (w/w), in three different pipe diameters (16, 22.5 and 52.8 mm).
Also using a pulsed approach, Hanjiang and colleagues [39] obtained velocity profiles of fibre flows in
a rectangular channel, and investigated the influence of fibre concentration and Reynolds number on
the shape of the measured profiles; they used natural wood fibres (with an average length and diameter
of 2.3 and 35 µm, respectively), and the tests were conducted with varying average flow velocities of
between 0.16 and 7.0 m/s, and different fibres concentrations between 0.05% and 1.0% (w/w).

Optical Coherence Tomography (OCT) is a recent technique that allows the internal structure and
the motion behaviour of opaque suspensions to be measured simultaneously and with high spatial
resolution. Depending on the technology used in the OCT construction, the axial scan rates can go up
to hundreds of kHz [7]. OCT operating modus is quite similar to ultrasound imaging, with the main
difference being its operating frequency; while OCT operates in the light frequency band, ultrasound
uses the sound band. The depth of the obtained images depends to a large extent on the optical
properties of the domain; consequently, its distance from the wall can vary between micrometres and
some millimetres [40]. This technique was used by Kataja et al. [41] to characterise the boundary layer
of micro-fibrillated cellulose flowing in a straight pipe, for consistencies in the range 0.4–1.6% (w/w).
However, in the case of ultrasound systems, which usually operate in the MHz frequency band, the
waves are readily transmitted to the domain, making it easy to obtain images of significant depth:
nevertheless, at those frequencies they can also suffer from high attenuation, limiting then the used
frequencies. Furthermore, it is much more difficult to focus sound waves than light waves [42].

Particle Image Velocimetry (PIV) is a laser measuring technique, as is LDA, which measures
the velocity by means of tracking tracers in the suspension. However, PIV measures the velocity by
cross-correlation algorithms, allowing the velocity 3D-components or the velocity gradient tensor in the
measuring plane to be obtained [43]. PIV has the advantage of not being a single point measurement
technique, and consequently is attracting increasing interest in the evaluation of complex and turbulent
flows. The main disadvantage of this technique is the limitation it presents when more opaque domains
are the object of visualisation. Sorokin and his co-researchers used PIV to estimate sets of 2D pulp
flow velocity vectors [8]. With recent improvements in digital imaging, PIV also makes it possible to
obtain information about the orientation of the fibres, as in Fan et al. [44]. In the experiments, they
used synthetic fibres with diverse aspect ratios (18.8, 25.0 and 37.5) in two different concentrations,
0.1% and 0.2%. They obtained important information about the influence of the impeller speed, fibre
aspect ratio and concentration on the field velocity and orientation. Fock and colleagues [45] used
PIV combined with LDA to further understand the mechanisms of plug flow and near-wall behaviour
in fibre flow through a pipe at concentrations of up to 4.7% (w/w) with a flow rate of 0.003 m3/s; the
obtained results showed that the pulp suspension flow in the plug regime can be very inhomogeneous
in the region near the pipe wall, particularly at low flow velocities, becoming more structured with an
increase in flow velocity.

Among the difficult field techniques, X-ray computed tomography is the safest one; it has excellent
spatial resolution and image reconstruction is easy, but due to the source and construction of detection
components, its operation is slow [9]. X-ray usage for fibre flow characterisation has rarely been
reported in the literature; however, flash X-ray radiography has been used to characterise pulp flows
similar to those that can be found in the paper industry. Flash X-ray is an X-ray radiography method
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that uses an intense burst of radiation that is produced for a short time period, making it possible to
capture images of high-speed events that are hidden by, for instance, dust, smoke or light [9]. Farrington
used Flash X-ray [46] in order to image tungsten fibres with a median diameter of 25 µm (acting as
tracers) in a wood fibre suspension with a concentration of 2% (w/w). He was able to asses fibre
mass distribution, confirming that this technique could be used for pulp flow characterisation. Later,
Heidel and co-workers [47,48] used Flash X-ray to characterise and quantify gas behaviour in several
suspensions containing fibres; they used it to visualise air flow in diverse systems, particularly in one
composed of air/water/wood fibres, with fibre consistencies of 0.5%, 1% and 1.5% (w/w), while varying
the average injection velocity of the air between 0.1 and 12.5 cm/s and maintaining the remaining
mixture injection velocity at a constant rate in the pipe.

Gamma ray has also been tried for inspection of pulp suspensions, particularly for acquiring
density/void fraction information [49]. Gamma ray densitometry [10] uses Gamma radiation, which
is an electromagnetic radiation similar to X-rays, but which is produced by the natural decay of
radionuclides. It is reliable for the determination of densities, it is inexpensive, and it is portable;
however, it does not allow local information to be obtained (the collimated beam of the Gamma ray
produces a line averaged value and local information in points of the chord cannot be obtained) [50].
Also, Gamma rays’ intensities in the domain are quite dependent on the thickness of the pipe wall,
and their accuracy depends on the radiation reaching the detector, which is affected by the material
and thickness of the pipe wall [50]. Xie et al. [51] combined Flash X-ray tomography with Gamma
ray densitometry to study flow structures, gas holdup, and the geometry of the gas bubbles in a
gas–pulp–liquid system; in their work, low-fibre suspension consistencies were used—up to 1.5%
(w/w)—and superficial flow velocities of gas and liquid/pulp suspensions in the ranges 0–26 and 21–51
cm/s, respectively.

The study of larger-scale systems can be addressed by Electrical Impedance Tomography (EIT),
which makes it possible to obtain good images of the distribution of gas–liquid–solid mixtures [52].
Low cost, portability and ease of upscaling are some of the advantages of EIT. However, its
spatial resolution is lower than that of other tomographic techniques. This is mainly due to the
number of matchless conductivity measurements that can be obtained, which is strongly tied to the
current injection-voltage acquisition system protocol and to the number of measuring electrodes [53].
The reconstruction procedure is poorly conditioned and non-linear [53]. Consequently, the amount
of fibres or particles present in the suspension cannot be precisely calculated, with the obtained
tomographic images representing the distribution of variation in conductance/impedance, rather than
absolute values. To maximise the EIT conductivity distribution images resulting from the reconstruction
process, the conductivity difference between the two phases to be distinguished should be large, with
larger conductivity differences providing better distinguishability and measurement accuracy. In the
pulp and paper industry, EIT has recently been used in applications including the measurement of
mixing quality, flow uniformity, and velocity, just to mention a few [11,54–56].

3. Electrical Tomography Principles and Applications

3.1. Electrical Tomography

Due to its low cost, portability and handling safety (because no harmful radiation is used),
Electrical Impedance Tomography exhibits strong potential for use in several academic/industrial
areas. It has a simple setup, and offers quick and easy operation, making it robust enough to be
used in many industrial situations. As has already been mentioned, its main drawback is its low
spatial resolution, which is usually confined to between 6% and 20% of the pipe radius [53]. However,
with the development of more advanced algorithms for inverse problem resolution, there have been
significant improvements with respect to increasing the achievable spatial resolution. With Electrical
Tomography, both quantitative and qualitative data regarding multiphase systems can be obtained for
modelling purposes.
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Non-invasive collection of data by electrical tomography enables the reconstruction of cross-section
images, providing material distribution profiles in a suspension flowing through a pipe, or information
about possible transient events taking place. The resulting conclusions can then be used in processes
redesign or control. In some cases of the real-time imaging of industrial processes, electrical tomography
is the most appealing technique, due to its simplicity and low cost. Electrical tomography can be
divided in two procedures: Electrical Impedance Tomography, EIT (note that Electrical Resistance
Tomography, ERT, can be seen has a particular case of EIT), and Electrical Capacitance Tomography,
ECT. They both allow the generation of images that reflect the variation of the conductivity/resistivity
or permittivity along the under-observation domain; due to its simplicity of implementation, ERT,
which is ideal for pure resistive domains, is the most used [57].

When systems are heterogeneous, and composed of materials possessing diverse electrical
characteristics, EIT and ECT can be used in the observation of changing processes; pneumatic and
hydraulic transportation, mixing, cyclones, and fluidised beds are only some examples. The number of
images generated by time interval is variable: it depends mainly on the electronics and structure of the
acquisition system, on the measurement protocol used to gather the data, and on the reconstruction
algorithm used for image building. Typically, increasing the data gathering speed would make it
possible to obtain data about faster process, but consequently with a higher noise level and reduced
image quality of the distribution profiles. Electrical tomography can be used on-line or off-line.
For on-line measurements, poor spatial resolution images are usually obtained, consequence of the
need to use either fast acquisition procedures or data processing algorithms that only require a short
time. Conversely, for off-line measurements, the acquisition times can be customised to adapt to the
changes taking place in the flow process, while the processing algorithms can be optimised to the
highest spatial resolution possible, because the processing time can be longer.

In addition to the reconstruction algorithm used, other features determine the quality of the
obtained images, mainly physical ones, such as the number of electrodes, electrode diameter and
material, spacing between them, etc. Because in some applications the aim is to obtain information
about average quantities, such as void fraction or mean velocity, the developed model’s validation
requires images with high spatial resolution.

In the following sections, the authors start by addressing the basic principles and operation of
Electrical Impedance Tomography, followed by a short review of the use of Electrical Tomography
for industrial/process monitoring purposes, with an emphasis on the pulp and paper area. Finally,
a succinct description of the authors’ approach to developing high spatial resolution portable EIT
equipment is presented; the authors’ EIT system makes it possible not only to inspect media with
high conductivity, as are typically found in industry, as well as using a reconstruction procedure that
makes it possible to obtain sharper impedance distribution images. The results obtained with this new
system using fibre suspensions on a laboratory level pilot rig will be presented. Finally, the incoming
challenges for Electrical Tomography are addressed.

3.2. Fundamentals of Electrical Tomography

Maxwell [58] was the first to present a theoretical model connecting the permittivity/conductivity
of a two-phase mixture to the volume fraction of one the compounds present in the mixture dispersed
in the second. For his calculations, he used small spheres of a certain material possessing equal
but small size when compared with the distance between them; additionally, he presumed that
in a certain domain, the spheres were distributed in a uniform way along the continuous phase
of a second material, and that consequently their presence disturbs a homogeneous electrical field
passing through the domain. Extrapolating, by measuring quantities such as conductance/capacitance,
between a pair of electrodes placed around the pipe wall, the particle distribution inside that pipe
can be obtained by means of the distribution of the electrical properties and through the usage of an
adequate mathematic procedure: this mathematic algorithm links the measurements with the particle
distribution. The relation between the homogeneity of a multiphase flow and this idea has been



Appl. Sci. 2020, 10, 2355 7 of 30

used for some time to observe different systems, such as liquid–solid and gas–liquid. For instance,
to quantify localised amounts of solids in a gas flow, small capacitive probes have been used [59,60].
In the gas and oil industry, similar probes have been used with analogous objectives [61]. Typically,
in electrical tomography, the excitation sources, either a voltage or a current source, operate at low
frequencies (below 5 MHz). Consequently, the systems in which these types of sources are used
are described by the governing equations of the electrostatic field. When the flux (or current) lines
encounter an interface with different permittivity or conductivity, it gets deflected. In order to allow the
mining of the maximum amount of information about the process, the electrodes are usually mounted
over the periphery of the pipe at intervals of equal distance. In the case of capacitive systems, the
measuring electrodes are installed outside of the process vessel or pipe which is made of a dielectric
material (i.e., they are mounted in a non-invasive way). Furthermore, the electrode area must be high,
making it possible to detect a large range of capacitance changes. For system measuring Resistivity
changes, the sensing electrodes are quite small when compared to those used in capacitive systems.
They will typically be in contact with the flow under inspection, mounted level along the inner side of
the pipe wall.

3.2.1. Capacitance Tomography

The purpose of ECT it to obtain a reconstruction of the dielectric characteristics of a system,
using measures of capacitance taken between all existing electrode pairs. In Figure 1, a schematic of
a cross-section representation of an ECT system possessing eight electrodes can be seen. If the pipe
where the suspension is flowing is made of a conductive material, then the electrodes are internally
mounted. If, conversely, the pipe is made of an insulating material, then the electrodes will be located
externally. External electrodes are easily conceived, assembled and maintained; additionally, once
they have been directly exposed to extreme turbulence, pressures and temperatures, their electrical
behaviour remains unchanged for a longer time (contamination by the materials flowing in the tube is
not encountered, either). Their greatest disadvantage is that they possess non-linear characteristics;
however, the use of adequate correction factors allows them to display almost linear characteristics.
The design of internal electrodes is harder and more intricate, because they are exposed as described
above to extreme conditions, and may also suffer from corrosion; however, the capacitance changes
observed with internal electrodes can be assumed to be directly proportional to the permittivity
changes occurring inside the pipe. In ECT, all electrodes are stimulated, one at a time, and all pairs
of capacitances between the stimulated electrode and the remaining ones are measured; for an N
electrodes system, this produces N(N-1)/2 independent measurements, once capacitance Ci,j = Cj,i
and Ci,i, i.e., the self-capacitance, are all ignored. In summary, the measuring protocol operates in a
similar way to the source-detector movement in computerised tomography in medical imaging; in
ECT, the electrical field rotates around the pipe cross-section in steps, with a step angle of 360◦/N.
The number N of electrodes is chosen based on a balance between the desired spatial resolution and
acquisition rate of the images (acquisition rates around 100 frames per second are frequent). Maxwell
equations make it possible to establish a relationship between the measured capacitances and the
actual spatial distribution of the permittivity. In ECT, only one electrode is stimulated at one time,
while the remaining are at a virtual earth potential. Consequently, over tall electrode surfaces, the
total electric flux is equal to zero. The capacitance measures can be easily influenced by external
parasite capacitances (usually greater than the measured ones), such as earth capacitance, because
the inter-electrode capacitance is quite small. To prevent this perturbation, electrode shielding is
implemented. With respect to the excitation signal frequency, a value of around 1 MHz is common; for
this order of magnitude, the signal wavelength is of some hundreds of meters, greatly exceeding the
sensor size by many orders of magnitude. In summary, electrostatic field theory can be described by
the electrical potential distribution inside the medium under inspection.
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Figure 1. Schematic representation of the measurement principle of an ECT system (reproduced with
permission from Hansen et al. [62]).

ERT sensing arrays are less complex than those required by ECT, and the difficulty in their
conception arises when the domains present high conductivity [63,64]. Consequently, it can be stated
that it is quite adequate for the inspection of non-conductive mixtures containing diverse permittivity’s.
ECT produces low-resolution images, but, when dealing with disperse system flows, offers good
accuracy with respect to volume fraction estimation [65]. If in ECT a dual plane system is used, then
cross correlating the cross-section average time series enables the evaluation of a particle’s velocity [65].

3.2.2. Resistivity/Impedance Tomography

The impedance variation distribution of a mixture is the focus of EIT. In EIT, the stimulus used is a
sinusoidal electrical signal (current or voltage) with a certain frequency and amplitude. Then, the real
and imaginary parts of the impedances are calculated using phase sensitivity measurements [66,67].
The resistive component is obtained by an in-phase measurement with the stimulus signal, while the
capacitive component is found by a quadrature of phase measurement with the excitation signal [53].

The invention credit for EIT is given to John G. Webster, who reported it in a 1978 publication [68].
Still, the first known experimental application of EIT took place in 1984, for which the authors
were Barber and Brown [69]. For investigating processes where the continuous phase is electrically
conductive, either ERT or EIT can be used. Specifically, when the inspected medium is purely resistive,
then ERT should be used. Similarly to ECT, in ERT/EIT an electrical current is injected through a pair of
electrodes that are placed along the boundary of the domain under study. Consequently, the resulting
electrical field distribution in the domain will be conditioned by the material distribution within it [70].

The potential voltage differences between all pairs of electrodes placed around the domain
perimeter, apart from the pair used for exciting the domain, are measured, and used to nourish a
non-linear algorithm. This algorithm solves the inverse problem described above and permits the
calculation of the unknown conductivity/resistivity distribution along the domain. However, the
procedure only ends when all electrodes are used for stimulating the domain, and thus a full cycle has
as many projections as the number of electrodes comprising the sensing system (see Figure 2) [71].
Therefore, in summary, for estimating the material distribution in the domain, an electrical field
distribution characterisation is used. In ERT, which is easier to implement [67,72], the aim is to obtain
a conductivity/resistivity distribution along the domain. The working principle used in ERT to obtain
the data related to a full set of projections, is identical to that described for EIT (requiring the use
of all electrodes to introduce the electrical excitation signal in the domain, and to measure all the
potential voltage differences between the remaining ones). The single difference is that in ERT, the
electrical signal used as stimulus is a continuous current. Therefore, for EIT, the data acquisition cycle
only ends when a full rotation of the applied electric field excitation is complete. Consequently, for
both EIT and ERT, if the sensing system is composed of N electrodes, the number of independent
differential voltage measurements is N(N−3)/2. Typical values for the frequencies used in EIT systems
lie in the range 20–150 kHz, so quasi-static conditions can be assumed when a full rotation data is
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acquired. In recent years, efforts have been directed towards the development of acquisition systems
and to the conception of sensors (materials used in their fabrication, dimensions and location of the
sensors, etc.). The use of a discretised electrode system is restricted to based flows with constant
conductance [73]. When large bubbles are present in the fluid, those bubbles can cause electrodes to
lose contact with the fluid, and consequently, the obtained images of the conductance distribution will
be inconsistent. When faced with this type of suspension, one possible solution would be the use of
continuous electrode rings instead of a discrete electrode sensing system [73]. An additional limitation
of using discrete electrodes mounted in the pipe wall, the surface of which is parallel to the inner
pipe wall (as required by resistive/impedance tomography), is their surface modification over time,
particularly when used for evaluation processes that operate under extreme conditions. Temperature
is one example of such conditions: temperature changes can dramatically cause fluid conductivity to
alter, and consequently fluid temperature compensation mechanisms have to be applied to “correct”
current/voltage measurements.
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Figure 2. EIT/ERT adjacent injection and measurement protocol for the first (A) and second (B)
projections (reproduced with permission from Malmivuo et al. [71]).

Looking now to the evolution of acquisition systems, recent developments in the electronics field
have made it possible to achieve frame acquisition speeds of 1000 frames/s [73,74]. In acquisition
systems, a good excitation strategy is also vital, and these are typically current-based ones. However,
the use of voltage-based excitation strategies, where a voltage-controlled source (typically with low
output impedance) combined with an equal width pulse synthesiser, generates a subset of waveforms
used for exciting the domain and to implement demodulation, have attracted increasing attention, since
they produce less noisy data [73]. The use of voltage-controlled sources in the domain excitation causes
electrical currents inside the domain that increase with the increase in suspension fluid conductivity;
this fact is very important for highly conductive suspensions, above 2 S/m, which are quite typical of
industrial processes [67,74].

In addition to the shape and size of the electrodes, and the material from which they are made,
when using ERT/EIT, other characteristics must be considered, such as the spacing between electrodes,
and for EIT the frequency of the electrical excitation signal. Altogether, these characteristics condition
the electric field distribution along the domain and determine the true measuring volume and overall
sensitivity [74,75]. However, some of the negative effects of these characteristics can be overcome;
for instance, the effect of the electrode dimensions can be reduced by using appropriate calibration
procedures [76]. EIT, similar to ECT, can also be used to obtain disperse phase velocity by using a
pair of data acquisition planes and applying cross-correlation algorithms to the acquired data [77,78].
However, to properly estimate velocity, a minimum frame rate acquisition of 100 frames per second is
needed [78]. Demodulation has to be performed through software to overcome the problem of the low
settling time of the low-pass filters.
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The way electrodes are combined to introduce the electrical signal into the domain is designated
by the Injection Protocol. Thorough studies on injection and measurement protocols or patterns can
be found in the literature. The most common strategy is referred to as the four-electrode method,
where the signal is injected through some electrodes and the voltages are measured from the remaining
electrodes. Different patterns for using this strategy can be found in the literature [79,80]: (a) Adjacent
Pattern: where the signal is injected through neighbouring or adjacent electrodes and the resulting
electrical potential differences are measured in the remaining pairs of electrodes, in a similar adjacent
combination; (b) Opposite Pattern: In this pattern, the signal is injected through opposite electrodes
and the electrical potential is measured with respect to one reference electrode adjacent to the injecting
electrode. In addition to the above-mentioned strategies, which are the most frequently used, others
have been employed, such as the Cross or Diagonal Pattern [80], which is a combination of the two
described above, and the Trigonometric or Adaptive Pattern [81].

3.2.3. Image Reconstruction

For all electrical tomography techniques, the performed measures are sensitive inside a certain
volume; this sensitivity is non-constant along the section of interest contained within the volume,
and for any given position inside this section, it is also dependent on the spatial resolution of
the physical parameter that is being imaged along the entire section of interest. This non-linear
behaviour makes obtaining images for the processes under evaluation quite difficult. All electrical
tomographic procedures are governed by analogous partial differential equations, and consequently
the reconstruction algorithms used share many similarities. Using the data measured, capacitances
and potential voltages differences in ECT and ERT/EIT, respectively, in order to construct an image of
the domain under evaluation is called inverse problem solving; conversely, inferring the values that
will be measured based on a known image of the domain is called forward problem resolution (it is
a question of mapping a set of hypothetical parameters onto a set of experimental measurements).
For ECT, forward problem-solving means calculating the capacitance values in the domain for a given
dielectric permittivity inside the same domain, and this problem has a unique solution.

With respect to inverse problem solving, aside from being a non-linear problem, it is also ill-posed
and ill-conditioned; mathematically speaking, its solution is based on a matrix inversion approach
(in ECT, this corresponds to the determination of the material distribution in the domain by means
of capacitance data values). Inverse problem solving is also referred to as a reconstruction problem.
Mathematically, the objective is to calculate the reciprocal of the operator F, which describes the original
distribution of the dielectric characteristics in the domain, ε = ε(r), using the measured capacitance
data values C∗:

ε(r) = F−1[C∗] (1)

Due to its non-linearity, there is no analytical answer to this reconstruction problem. The number
of variables that are unknown is higher than the collected measurements, and consequently an
infinite number of solutions exists matching the measured capacitances. The best solution will be the
constructed permittivity distribution that best fits the measured capacitance values.

The forward and reconstruction problem solving using EIT follow analogous approaches. In the
forward or direct problem, an approximation of the electrical potentials in the boundary of the domain
is calculated using the initially estimated conductivity/resistivity distribution. On the other hand, in
the reconstruction problem, the conductivity/resistivity distribution in the domain is estimated using
the values of the electrical potentials measured along the domain boundary, using an appropriate
mathematical algorithm. In the direct problem, and using Maxwell laws [58], a model of the electric
field distribution in the domain is constructed. In any case, before addressing the reconstruction
problem, it is necessary to calculate the solution for the forward one, which will be performed
using a calibration tool. Typically, Finite Element Methods (FEM) are used to solve the forward
problem, i.e., to calculate the voltages/capacitances at the boundary of the domains for a known
permittivity/conductivity distribution inside the same domain. A sensitivity matrix is obtained from the



Appl. Sci. 2020, 10, 2355 11 of 30

measured capacitances/electrical potential differences values. The direct problem solution obtained is
then fed into the inverse problem algorithm, together with the measured capacitances/electrical potential
differences values, which calculates the permittivity/conductivity distribution. The interpretation of
the observed permittivity/conductivity distribution is carried out using the sensitivity matrix and the
measured data along the boundary.

The methodologies used for solving the inverse problem, and consequently to obtain the 2D
cross-sections of the domains, can be classified into three categories: linear; non-linear iterative, and
heuristic multivariate methods.

• Linear methods (single-step and iterative methods): In this approach, images are generated by
simply multiplying the measurements by a pre-calculated matrix, and consequently they are
quite fast in terms of computational effort. Among the linear methods, Linear back-projection
(LBP) is the most widely used (the used matrix is the transpose of an estimated solution of the
forward problem [82]). Nevertheless, they are usually non-iterative methods. Images obtained by
means of LBP are low-resolution, heavily smoothed ones, because the transpose of the forward
problem solution is a poor estimate of the solution to the inverse problem. To circumvent some
of these limitations, an iterative back projection algorithm was proposed by Yang et al. [83].
Linear methods have been improved by including approaches based on ridge-regression and
eigenanalysis [84].

• Non-linear methods: in this approach, numerical forward solvers that predict the measurements,
together with sensitivity maps that make it possible to calculate the measurement residuals,
are used to estimate the image. Then, in a second stage, that image is updated via a
non-linear iterative scheme, such as the modified Newton Raphson (NR) [85] or adaptive
mesh regenerating techniques [86]. However, because NR can introduce artificial errors into the
solution, regularisation procedures, such as the Marquard and the Tikhonov procedures, are
applied to obtain a better approximation at each iteration [73]. In cases where direct inverse
solution algorithms are used, there is a search for the minimised residual vector, making it possible
to obtain images with improved accuracy [73,74]. In cases where higher measurement flexibility
is desired, non-linear iterative methods are to be recommended; however, the considerable
computational effort makes image reconstruction difficult and too slow. Real-time reconstruction
of images using non-linear iterative methods is their major drawback, although this may change
through a combination of efficient algorithms [87] (Molinari et al. [88] decreased the time needed to
reconstruct images using an adaptive mesh grouping method based on a fuzzy genetic algorithm).
The increase in computing performance will also help to decrease the time required for image
reconstruction. In FEM methods (Finite Element Methods), which are mesh-based reconstruction
algorithms, in order to obtain higher-resolution images, mesh optimisation is also of major
importance [74].

• Heuristic methods: these methods can be linear or non-linear, and they model empirically the
relationship between calibration sets of images and measured ones. Methods making use of
multiple linear regressions [89] belong in the linear sub-class. Self-organised maps and artificial
neural networks [90] are examples of methods belonging to the non-linear sub-class. Heuristic
models also allow the mathematical relations between the measurements and other variables of
interest to be obtained [91]. In many cases, image reconstruction in process applications is just an
intermediate stage towards the calculus of other variables.

4. Electrical Tomography Applications

4.1. Examples of Applications of Electrical Tomography to Chemical Engineering Processes

Many and diverse applications of ET can be found in the literature. The authors present a
non-exhaustive overview of the applications, media, and purposes that can be found in the literature.
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4.1.1. Operating Apparatus

Pipes, storage and mixing systems are among the most common devices described in the literature
in which Electrical Tomography has been applied. The possession of multidimensional information
about flow features and settings in fluid (either liquids or gases) transportation systems (which would
require being able to see inside the pipes) composed of pipes and piping machinery would provide
numerous benefits in process design, monitoring and control. This is why the Electrical Tomography
applications described in the literature have without doubt focused on diverse pipes situations.
Vertical, horizontal, and inclined straight pipes, helical pipes, and so on are Among the various
reported configurations that can be found in the literature. When the focus was on vertical straight
pipes, diameters between 50 and 125 mm have been investigated [92,93]. There are more numerous
publications of case studies using horizontal straight pipes addressing diverse flow regimes than for
any other configuration, with pipe diameter varying in the range 35 to 85 mm [74,94–96]. Reports on
studies using ERT in inclined pipes with different inclination angles [97] are scarce; the same can said
for its application in studies with helicoidal pipes [70]. In contrast, storage and mixing containers,
which can be found in industrial processes in large number, and which vary with respect to their size,
purpose, etc., are the second most studied application area using ET. In particular, researchers have
focused on stirred containers possessing various baffles and mixing characteristics with diameters in
the interval 15–40 cm [98,99], and on plant-scale containers with diameters of around 150 cm [100,101].

4.1.2. Type of Media Conditioning

Diverse media have been studied, independent of the pipe or container characteristics to which
the electrical tomography is applied. Aqueous phase–non-conductive particles, aqueous phase–air,
and aqueous phase–oil mixtures, among others, are some of the case studies that can be found in the
literature. As already mentioned, a high contrast between the phases present in the media is desirable,
once electrical tomography measurements use the conductivity differences to distinguish them.

For instance, if ET is used in a medium consisting of non-conductive particles suspended in a
conductive liquid phase, which is a highly common situation in industry, it would be expected to
provide valuable information about that media flowing behaviour. Many liquid phases have been
used in conducted studies: however, in the majority of them, the chosen medium has been some type
of brine or water. In particular, water has been used on a large scale as an aqueous phase medium [56].
However, because water itself has low conductivity, it may not be the most suitable liquid phase in
some situations; increasing its conductivity by the adding a salt (e.g., NaCl, KCl) can provide better
measurement accuracy [74,96,102–104]. With respect to the non-conductive phase, several types of
particles have been used in the works reported in the literature: among these are studies using glass,
nylon or plastic beads [102,105], lava rock [106], quartzite particles [102], sand [107], and silica [108].

Another widely addressed, two-phase system using electrical tomography, and which is common
in many processes, is liquid–air medium. In the conducted works, water has generally been used
as liquid phase, while air bubbles, distributed through it, act as non-conductive particles [109,110].
However, understanding the aptitude of electrical tomography for detecting the air bubbles and
understanding the relation between the size and location of sensing electrodes and the minimum
detectable bubble size are still important areas of study, even if there have already been several reports
in the literature about these issues.

Two-phase systems in which both phases are liquids with different conductivities also comprise
an important research area, particularly when one of them is an oil. In the literature, there are
mentions of the use of linseed oil [111], shell sol D70 [97], sunflower oil [108], and paraffin oil [112,113],
among others. In the food industry domain, the dairy industry also presents great potential for the
application of electrical tomography. Successful application of ET measurements to yogurt using either
water or a salted plug of yogurt to obtain the conductivity difference [114,115] has been achieved.
In another situation, electrical tomography measurements on whole and skim milk solutions of various
concentrations were performed by Sharifi et al. [116]; as the second phase, and to assure the required
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conductivity difference, they used either another milk solution with a different concentration, cream,
or water.

4.1.3. General Applications of ET

There are many application areas to which electrical tomography can be applied, including
phase distribution analysis and mixing quality analysis. When several sensing electrode planes are
distributed along the pipe (and where their distance from one another is known), images of the flow
behaviour throughout a time period can be obtained for each plane; the cross-section correlation of the
images permits the estimation of information related to, for instance, velocity distribution flow rate,
multi-dimensional flow monitoring, flow regime identification, and jet mixing investigation.

Additionally, through the cross-correlation of images obtained from consecutive sensing electrode
planes for the passage of a conductivity modification (for instance, a second phase in a two-phase
system), estimation of flow velocity distribution can be achieved. Several approaches have been
used for cross-correlation; the most commonly used have been the best-correlated pixel, in the case
of flow rate measurements [117], and pixel–pixel correlation, in the case of velocity distribution
measurement [56].

When the measurements needed for electrical tomography application are performed in mixing
containers, in a similar way to flow processes, the obtained multidimensional conductivity data can
be used in the investigation of various aspects of the mixing system, such as mixing time and mixer
performance. These aspects have typically been the ones to which more attention has been devoted,
because they are critical for the analysis of diverse processes and reactions in the Chemical Engineering
field; in fact, information about mixing time and performance makes it possible to evaluate, for example,
the degree of homogeneity [75,118].

Void fraction is also a very important characteristic in multi-phase systems, because it makes it
possible to better understand the observed flow patterns. Several investigations have been carried out
using electrical tomography for the measurement of gas phase hold-up or void fraction in multiphase
mixtures [119,120]. A few researchers, taking advantage of the capacity possessed by electrical
tomography to detect conductivity changes in the flow, have used it with the aim of monitoring diverse
precipitation processes [101,121]. Electrical tomography has also been used in other domains, such as
in the identification of faults or damage, and stresses and pathologies; examples of the latter have been
reported by Sharifi et al. [116], who applied ERT for the detection of milk mixing process pathologies,
and by Vlaev et al. [122], who used ET to detect and filter cake pathologies in solid–liquid filtration.

4.2. Applications of ET in the Pulp Suspensions Domain

As already mentioned, due to low cost and ease of transport, and despite their low resolution in
comparison with other tomographic techniques, ET has been used in pulp suspensions analysis. In the
next paragraphs, a review of some of applications found in the literature is carried out.

Yenjaichon et al. [123] defined a gas mixing index derived from the standard deviation of
cross-sectional local gas holdup obtained from electrical resistance tomography and used it to
investigate the dispersion of gas into pulp-suspension horizontal flow downstream of 90◦ tees as
affected by the fibre mass concentrations in the range 0–3.0% (w/w), superficial liquid/pulp velocities
(0.5–5.0 m/s) and superficial gas velocities (0.11–0.44 m/s). The mixing in the turbulent flow of
dilute pulp suspensions was similar to that for water but differed significantly at higher suspension
concentrations. Mixing worsened with increasing fibre mass concentration for the bubble flow regime,
which was likely due to a dense plug of fibres in the core of the pipe causing bubbles to congregate near
the wall. When buoyancy was significant, gas uniformity improved with increasing pulp concentration,
since robust fibre networks caused liquid/pulp slugs to flow at the top of the pipe, whereas stratified
flow was approached at lower concentrations. Mixing was less dependent on superficial liquid/pulp
velocity at higher pulp concentrations, due to there being less variation in flow regimes.
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Using the same modified mixing index and electrical resistance tomography, Yenjaichon et al. [54]
pursued their research and presented results about the quality of liquid mixing into the mainstream
for an in-line mechanical mixer. The experiments were conducted in a pilot-scale flow loop facility,
consisting of two 4000 L tanks, a 40 HP centrifugal pump and a 40 m length of 76.2 mm PVC pipe; the
acrylic test section, 1.88 m in length, included eight ERT sensor planes spaced at 250 mm intervals.
The first sensor plane was located 67 mm upstream of the side-stream injection, and the impeller
was 104 mm downstream of the injection point. The mechanical mixer system consisted of a 0.5 HP
motor, a 1.41 N·m rotating torque sensor with an integral optical encoder, a 12.7-mm-diameter stainless
steel shaft, and a 63.5-mm-wide octagonal impeller with a 38.1-mm-diameter hole in the middle to
prevent excessive force on the impeller when it was perpendicular to the flow. In the experiments
were used: aqueous pulp suspensions with concentrations in the range 0–3.0% (w/w); jet velocities
ranging from 3.8 to 12.6 m/s; main-stream velocities in between 0.5–3.0 m/s; rotational speeds of 0 to
800 rpm. Some examples of images obtained in this study are presented in Figure 3. It was observed
for all evaluated pulp concentrations that the mixing quality diminished when the jet was far from
the wall of the pipe. For higher impeller speeds, the effect of the water flow on the residence time
of the mixing was significant. When using the impeller, the quality of the mixed pulp suspensions
improved noticeably; it was found that the quality was analogous to the situation in which water
flow approaches a turbulent regime, but with a much smaller main-stream velocity needed for the
mixing when compared to the case where only the tee mixer is used. For higher pulp concentrations,
however, the supplied energy to the process, even when the highest main-stream velocity and impeller
speed were used, was not enough to equal the turbulence level attained in water. Improvements
on the mixing quality were observed to occur in the high-shear zone around the impeller when the
impeller speed increased; however, it was simultaneously observed that turbulence decayed rapidly
downstream due also to reflocculation.

ERT was used by Kourunen et al. [124] to evaluate the performance of a pilot-scale
medium-consistency mixer: Additionally, they compared the obtained results with those from
temperature measurements. A 10% (wt/wt) softwood pulp suspension mixture, flowing at a mean
velocity of ~2.1 m/s, was again quantified based on the mixing index (quotient between the standard
deviation of the conductivity distribution and the mean value of the distribution of an image data
set). When a tracer was used (air, steam or cold water) and added to the mixture, and by the use of
ERT, the observed mixing quality decreases; however, when the mixer was on, the mixing quality was
enhanced, and the observed results were quite similar to those obtained from temperature profiling.
Nevertheless, having performed some trials, the results were not totally conclusive.

Based on Electrical Impedance Tomography (EIT), Zhou et al. [125] described a low-cost system
to measure the consistency profile in pulp flow. A 16-electrode sensor was used to acquire the
cross-sectional data. Data acquisition was controlled by a single-chip computer, which received
commands from a host computer, initialised hardware, acquired data and sent them to the host
computer via a serial port. All the measurement parameters such as the amplitude and frequency of
the injected current could be set by software in host computer. The consistency profile images were
reconstructed by the modified Newton-Raphson algorithm. EIT system was used to measure pulp
suspensions in a shallow flow. Experiments were conducted on a laboratory-scale flow rig that was
constructed to simulate the spreading of pulp from a headbox. EIT measurements were acquired from
a set of linear array electrodes flush-mounted to the base of the slice opening located at the bottom of
the headbox. The EIT measurements were derived from a ‘sliding’ measurement protocol that involved
selectively scanning subsets of the electrode array while using the standard adjacent measurement
protocol. The results of the experiments showed that EIT could resolve pulp consistency down to 0.1%
(wt/wt) with a spatial resolution that was less than 1 cm.
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Figure 3. Softwood pulp suspension electrical tomography for Up = 0.5 m/s (main stream velocity), Cm
= 2.0% and Dr = 0.05 (the injection tube length-to-diameter ratio), using sequential sensing planes (the
location of the planes P1–P8 is from left to right in the flow direction, with P1 located before the injection
point and the impeller), with (a) R = 12.2 (velocity ratio between main stream velocity and jet velocity)
and N = 403 rpm (rotation speed); (b) R = 16.5 and N = 410 rpm. In all the images the injected tracer is
represented by the high-conductivity region in red and yellow, whereas the mainstream is represented
by the low conductivity blue region. (Reproduced with permission from Yenjaichon et al. [54]).

Vlaev et al. [55] studied the ability to create uniform liquor flow in the counter-current zones of
a lab-scale continuous digester using a 40 L model digester equipped with an eight-plane electrical
resistance tomography (ERT) sensor array. Conductively tagged fluid flows were visualised moving
through a stationary bed of uncooked wood chips for a range of process flow conditions. Tests were
conducted for a range of flow conditions (QA/QR = 0.5 to 2.0, with QA being the axial up flow and QR
being the radial or screen-circulation flow) and liquor fluxes (QA and QR to a maximum of 250 mL/s).
To create distinct concentration zones within a chip column with liquid flows configured as in a
continuous digester the ratio between the axial up flowing liquor and the radial down comer-screen
liquor circulation should be less than or equal to one. As the intensity of the down comer screen flow,
QR, increased, the zones became more distinct as more of the rising liquor was diluted and withdrawn
prior to exiting the screens. While the intensity of the circulation flow does not significantly alter the
uniformity of the zones when QA ≤ QR, it may be significant in determining the radial uniformity
of temperature and liquor concentration in an operating digester. The flow conditions modelled for
two industrial digesters showed formation of distinct and uniform zones above and below the screen
region, indicating that they were operating with potential good uniformity.

Ruzinsky et al. [126] investigated digesters (digesters for chemical pulping are pressurised reactors
that create a flow of process liquors relative to wood chips to delignify the wood and produce kraft
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pulp) and observed that as their size increased to accommodate higher production rates, operating
problems related to liquor flow increased (as defined by the authors, liquor flow is the relative flow of
liquor through the chip mass). Among the different problems, they found decreased counter current
washing efficiency, accelerated corrosion, increased pulp non-uniformity and problems with chip
movement. In a column arranged to operate as the wash section of a continuous digester, they used
ERT to obtain images of the flow properties. For the tests carried, the packed bed was modelled using
HDPE pellets of high-density polyethylene, having diameters of around 4.44 mm and thickness of
around 1.91 mm. Regarding the liquid phase, a split between liquor flows was made to obtain ratios
of axial (up flow in all cases), QA, to radial flow, QR, of 0.5, 1.0 and 2.0. The tests with wood chips
showed that liquid flow adjacent to the vessel wall was significantly greater than at the centre of the
vessel. This difference was not as significant for the HDPE disks for which the wall-affected zone is
much smaller and below the spatial resolution of the ERT system. When a tracer was isokinetically
added, ERT reconstructed images below the down comer showed that the entire trace leaved the
down comer when QR was twice the value of QA; nevertheless, for a 1:1 flow ratio, some tracer was
detected above the screen level. Figure 4 presents some images of the measurements conducted.
Lee et al. [56] used Electrical resistance tomography (ERT) to evaluate the uniformity of liquor flow
through a porous media in a laboratory model digester under scaled industrial conditions: a 1:15
geometrically scaled vessel, a vessel to particle diameter ratio of 93:1 to minimise wall effects, and close
approximation of liquor superficial velocity and pore Reynolds number (pore Reynolds number is
based on the capillary model of flow through packed beds and accounts for the porosity, ε, tortuosity,
τ, and specific surface area presented to the flow). Their motivation departed from the literature,
where the extent of delignification in batch digesters varied as a function of chip location in the vessel.
This non-uniformity may be exacerbated by several factors but is commonly attributed to poor and/or
non-uniform liquor flow through the reactor. Local interstitial flow velocities were measured using
pixel-pixel cross correlation techniques. Tests were conducted to cover the range of typical liquor
splits, QT/QB (the liquor volumetric flow ratio between the top and bottom of the digester) found
in industrial units: 0.5, 1.0, and 2.0. The results showed that creation of uniform zones was readily
achieved, although a certain flow rate was needed in the upper section to establish uniformity due to
asymmetric liquor addition to the vessel. A mixing region was observed at the screen elevation in the
outflow zone from the digester. The location of this interaction zone moved, depending on the relative
liquor flux to the top and bottom of the vessel. When local flow velocities were measured using the
tomographic data (equal liquor fluxes to the top and bottom circulation zones) no flow crossed the
screen level. Thus, a stagnation point existed at the centre of the vessel near the plane of the extraction
screens. However, by forcing liquor to pass through the screen plane (by directing the flow from the
top to the bottom of the digester and bypassing the circulation screens, or vice versa) during part of the
cook, the spatial dependence of kappa number (related to the degree of cooking) should be reduced.

Hui and co-workers [127] studied the effect of non-Newtonian rheology, including the presence of
yield stress, characteristic of pulp fibre in mixing operations, where regions of active motion around the
impellers can be created with the cavern size affecting the quality of mixing attained. A scaled version
of a commercial axial flow impeller was used in a standard side-entering configuration. Measured
cavern diameters were compared against model predictions available in the literature. Since the studied
pulp suspensions were opaque, cavern size had to be imaged using indirect techniques for which two
methods were used, being ERT one of them (the other was ultrasonic Doppler velocimetry, UDV): ERT
was the preferred one due to the marked decrease in the time required to acquire data. The shape of
the cavern was best approximated as a truncated right-circular cylinder and, as expected, increasing
the impeller speed increased the cavern volume. However, the development of the cavern volume
with increasing impeller speed was not uniform, which was attributed to the interaction between the
cavern and the vessel walls. A model was developed for predicting cavern development in yield stress
fluids which included interaction with vessel boundaries. The proposed model predicts well the trend



Appl. Sci. 2020, 10, 2355 17 of 30

in cavern volume change with increasing impeller speed although the absolute cavern volume is only
predicted to within 13%.
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Figure 4. Tomographic images of a liquid with a certain concentration, a liquor, flowing through a
packed bed of HDPE pellets at steady flow conditions, obtained using a set of sensing electrode rings
located sequentially along a pipe (the planes are numbered from the bottom, starting with number 1).
A step reduction in liquid conductivity was made in the flow exiting the down comer. Images display
the liquid concentration distribution at steady-state flow ratios of QA/QR of 0.5, 1.0 and 2.0. A total
liquid flux of 75 mL/s was used for QA/QR of 0.5 and 2.0, and of 50 mL/s for QA/QR equal to 1.0. In the
tomographic diagrams, low conductivity regions are coloured blue and high conductivity regions are
coloured red (Reproduced with permission from Ruzinsky et al. [126]).

4.3. Pulp Suspensions Characterisation Using ET: The Authors’ Approach

4.3.1. Overview of the Developed EIT System and of the Experimental Setup

The authors of this paper have also been working on the improvement of a proprietary EIT system
used in data acquisition of two-phase flows (solid/liquid). The reconstructed images aim to validate
the CFD developed model [74,112,128], particularly when applied to the flow characterisation of pulp
suspensions. To obtain improved sensitivity, the developed EIT system determines the differences
in both the real and imaginary parts of the impedance over the domain. It is a portable device;
consequently, it can be used in any location where 16 or 32 electrode planes have been installed on
pipes. To avoid the cost and difficulties inherent in the construction of a current source, a voltage source
was projected instead, a choice different from what is typical when designing electrical tomography
apparatus. Jia et al. [67], demonstrated that the use of a potential voltage difference instead of current in
the domain excitation procedure made it possible to surpass the limitations found when studying more
conductive media. The developed EIT system has already been described previously [74]; nevertheless,
together with a block diagram of the system architecture and its main modules, presented in Figure 5, a
brief description is given here. A set of input/output boards with USB ports (DAQ boards) are used for
interfacing the EIT system with a personal computer (PC). Using the analogue input channels of the
DAQ boards, the electrical potentials, resulting from each applied stimulus, are read. The developed
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EIT system can acquire data at a rate that allows an image reconstruction rate of up to 4000 or 1000
frames per second, depending on the number of electrodes composing the sensing rings, either 16
or 32. To obtain the desired excitation signals, with the desired output amplitude and frequency (up
to 25 MHz for this system), a programmable frequency voltage waveform was used. The authors
also adopted an excitation strategy based on a voltage signal instead of a current, as has already
been mentioned, as the use of this approach resulted in less noisy data [73]. In parallel with the
generation of the stimulus signal, two others were also created, both with unitary magnitude, but
where one is in phase with the excitation signal and the other is 90 degrees out of phase. To demodulate
the read electrical potentials, each of them is multiplied simultaneously by both in phase and out
of phase unitary produced signals; the signals outputted by the multipliers go through low pass
filters, enabling only the constant terms to be extracted from them, which are the terms needed to
calculate the impedance distribution in the domains. A set of analogue bidirectional multiplexers are
used for routing of all signals: the excitation is directed to the desired electrode pair, and the read
electric potentials to the multipliers. The digital outputs of the DAQ boards are used to address the
multiplexers. This EIT system was used to characterise pulp suspensions in flow tests conducted in
a pilot rig described elsewhere [129] and schematically shown in Figure 6. In short, the test section
consisted of a horizontal PVC pipe, 7.5 m in length and 100 mm internal diameter.Appl. Sci. 2020, 10, x FOR PEER REVIEW 18 of 31 
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The flow rate could be regulated through the manipulation of two valves located after the pump
and was measured by an electromagnetic flow meter. Appropriate lengths were inserted before and
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after the test section to account for entrance and exit effects. The EIT electrodes rings (constructed in
Teflon), see Figure 7, consisted of 32 Titanium-based electrodes (each with a diameter of 5 mm which
was previously optimised experimentally), circumferentially and equally spaced, and mounted in a
Perspex tube inserted in the rig between the measuring pressure taps. For all tests reported here, an
excitation frequency of 10 kHz with 2Vpp amplitude was imposed, and opposite injection and adjacent
measuring protocols were used. For image reconstruction, the open-source software EIDORS [130],
considering direct differential measured voltages and using a structured Mesh consisting of 2304 linear
elements and 1201 nodes, was used. EIDORS implements a non-linear back projection method using a
regularised algorithm (Tikhonov regularisation). To solve the forward problem the Complete Electrode
model (CEM) was chosen [131]. In the reconstructed images of the conductivity distribution in the
pipe cross-section, electrode number 1 corresponds to the top position in the cross-section of the tube; a
darker blue colour corresponds to a lower conductivity region, where the concentration of the fibres is
higher, while yellow or red colours identify higher conductivities regions, where the fibres are present
in lower concentrations.Appl. Sci. 2020, 10, x FOR PEER REVIEW 19 of 31 
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4.3.2. Overview of the Pulp Suspension Flow Imaging

For the tests depicted in this section, industrial pulp suspensions of Pine and Eucalyptus fibres,
both collected in a local paper mill, were firstly squeezed and washed in water, and the fibres were
then resuspended in tap water doped with NaCl with adjusted electrical conductivity.

The behaviours of Eucalyptus pulp suspensions (average Fibre length of 0.706 mm) and of Pine
pulp suspensions (average Fibre length of 2.18 mm) were compared, as in Figure 8, under the conditions
listed in Table 1.

Table 1. Table of concentrations and flow velocities tested.

Type of Pulp Concentration
(wt/wt) Flow Velocities (m/s) Suspension

Conductivity (mS·cm−1)

Eucalypt 2.35 0.5, 1, 1.5, 2, 2.5, 3 1.460
1.5 0.5, 1, 1.5, 2, 2.5, 3 1.150
1 0.5, 1, 1.5, 2, 2.5, 3 1.128

Pine 2.35 0.5, 1, 1.5, 2, 2.5, 3 1.471
1.5 0.5, 1, 1.5, 2, 2.5, 3 1.461
1 0.5, 1, 1.5, 2, 2.5, 3 1.435

Before analysing the obtained suspensions flow images, we must reinforce that the tomography’s
reflect the voltage differences measured. For fibre concentrations of around 2.35%, the fibre distributions
in the cross-pipe section are diverse for the two types of fibres. Concerning the Pine suspension, a plug
type flow behaviour is already visible at the lowest velocity, with an increase in the plug (size and
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intensity of the blue colour) when the velocity increases to 2 m/s (see Figure 8a,c,e). However, a further
increase in the velocity up to 3 m/s leads to breakage of the plug, as in Figure 8g), as was expected for
this type of long and stiff fibre.Appl. Sci. 2020, 10, x FOR PEER REVIEW 20 of 31 
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Figure 8. EIT images obtained with a concentration of �2.35% (w/w) of Pine (left column: (a,c,e,g)) and
Eucalyptus (right column: (b,d,f,h)) fibres with increasing flow velocity (0.5 m/s, 1m/s, 2m/s and 3m/s,
top to bottom).

When analysing the Eucalyptus fibre suspension behaviour, at the lowest velocity the fibres remain
more or less dispersed in the cross-pipe section (see Figure 8b), and the plug only starts to be visible at
the velocity of 1 m/s, becoming denser at 2 m/s (Figure 8d,f).

Similarly to the Pine fibres, a further increase in the Eucalyptus suspension velocity up to 3 m/s leads
to plug breakage (Figure 8h). These differences in the reconstructed EIT images for this concentration
are related to the physical properties of the fibres, in particular the fibre length and stiffness of the two
pulps that originate different interactions between fibres when the suspensions flow in the tube.

For a fibre concentration of around 1% (EIT images depicted in Figure 9), it was not possible
to collect consistent data for the Eucalyptus fibres, and so Figure 9 depicts EIT images only for Pine
fibre suspensions. For these suspensions, and by comparison with Figure 8, it is evident that at lower
concentrations and lower velocities (in this case 0.5 m/s), Pine fibres migrate and become agglomerated
in a central plug, while for a more a more concentrated suspension, the fibres (Figure 8) occupy
a larger region of the pipe cross-section. However, at more diluted suspensions, the strength of
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the interconnection of the fibres is lower and the plug breakage occurs at lower velocities as the
velocity increases.
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Figure 9. EIT images obtained with a concentration of �1% (w/w) of Pine fibres (a–d) for 0.5 m/s, 1 m/s,
1.5 m/s and 2.5 m/s, respectively.

It must be emphasised at this point that environmental factors that were not easily kept under
control may affect the colour mapping of the reconstructed images. In particular, the temperature
changes significantly during continuous testing due to the energy input from the pump. Moreover,
since cooling of the system was performed by passing tap water through a tube immersed in the
suspension tank, the temperature of this cooling water changes significantly with respect to the
seasons, which also affects the temperature in the rig. Changes in the suspension temperature affect
the viscosity, but mainly the electric conductivity of the suspension and, consequently, the colour map
of the reconstructed images is affected.

4.3.3. Fibre Flow Velocity Estimation

By using two EIT planes and cross-correlation, EIT can also be used to determine the velocity
profile in a pipe. For example, Mosorov et al. [132] used a best-correlated pixel method to measure
both axial and radial velocities simultaneously. Independently of the procedure used, a marker is
needed. As a first approach, the introduction of a small fraction of conductive or non-conductive solid
spheres in the flow was used. After several attempts without success to distinguish these markers
in the EIT images, the authors instead decided to use a trace of a highly concentrated NaCl solution
as a marker. For the purpose of introducing this NaCl solution in the flowing fibre suspension, an
injection system was developed and added to the existing pilot rig: it was located around 3 m before
the first EIT electrode ring. This injector was built in such a way that the flow suffered almost no
disturbance. For all the tests reported in this section, two 16 electrode titanium rings A and B were
used, 30 cm apart, with ring A closer to the injector inlet, as shown in Figure 10. The procedure here
reported for estimating velocity was different from those reported in the literature, but, nevertheless,
with some similarities with the one described by Dong et al. [133]. Instead of using the complete set of
EIT projections, the authors only made use of the first projection; first, the potential differences of each
pair of the first projection with no marker injection in the flow were acquired, afterwards, they were
subtracted to the measured voltage differences obtained during the runs with NaCl injection.

Finally, the sum of the module of those differences was computed. For each suspension velocity
and fibre concentration tested, several injection trials were performed to assess the reproducibility of this
approach. The conditions used for the velocity estimation are summarised in Table 2. Some examples of
data obtained with this approach are shown in Figure 11: three sets of NaCl injections for suspensions
containing 1% and 2% of Eucalyptus fibres with a velocity of 0.25 m/s (Figure 11a,b).
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Figure 11. EIT injection test trials for fibre suspension concentrations of 1% and 2%, at the velocity of
0.25 m/s (a,b), and estimated velocity versus measured velocity for all fibre concentrations (c).

In that same figure, a graph showing the estimated velocity versus the measured suspension
velocity is represented (Figure 11c). A quite reasonable estimation is obtained, and so the authors’
approach was validated. Moreover, as fibre concentration increases, the advance of the NaCl front is
slowed due to the presence of more fibres and to the structures that build up among fibres. This can
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be observed between Figure 11a,b, where for the higher fibre concentration, there is a delay in the
detection of the NaCl in the second ring (ring B). Therefore, in the future, it can be used to evaluate
those structures as a function of fibre concentration and flow velocity.

5. Conclusions

Theoretical models developed to describe multiphase flows have been developed that have
different assumptions requiring experimental verification for validation. For example, reliable data
on velocity profiles in concentrated pulp suspensions during pipe flow is scarce in the literature.
A multitude of techniques is now available, but a condition of non-disturbance of the flows is required
in view of the complexity of multiphase systems. Non-invasiveness is therefore beneficial and is
characteristic of some of these techniques. Laser Doppler Anemometry (LDA), Magnetic Resonance
Imaging (MRI), Ultrasonic Velocity Profiling (UVP) and Electrical Tomography were reviewed and
compared for their energy requirements, spatial and temporal resolution, duration of observation times,
spatial and temporal coherence and stability, cost of equipment, and field and scale of applications.
The compromise between the advantages and limitations of these techniques led us to focus on the
Electric Tomographic techniques, the principles behind them, and their application in the visualisation
of pulp suspension flows. Our efforts were directed towards designing proprietary, low-cost, portable
Electric Impedance Tomographic (EIT) hardware. To circumvent the difficulties and costs of designing
a current source that suits the goals of the EIT system being designed, the choice was made to move
from traditional EIT systems and, instead, to design a voltage source. The EIT system depicted here
can be used with 16-electrode or 32-electrode rings. Examples of Eucalyptus and Pine pulp suspension
flows are reported here, demonstrating the influence of fibre concentration and type, as well as flow
velocity, on the distribution of the fibres in the cross-sectional area of a horizontal pipe.

The developed Electrical Impedance Tomography system was used to characterise the behaviour
of pine and eucalyptus fibre suspension flow through a pipe at different fibre concentrations—1%, 1.5%
and 2.35% (w/w)—and at varying flow velocities (between 0.5 and 3 m/s) based on the cross-section
images obtained for totally developed flows. Especially for the pine fibre suspensions, it was clearly
possible to identify a plug formation, which was probably due to the geometry of the pine fibres, which
were longer than the eucalyptus ones. With respect to their usage for the estimation of suspension
velocity, eucalyptus fibre suspensions were used in three different concentrations—1%, 2% and 3%
(w/w)—and at velocities of between 0.25 and 1 m/s. The real suspension velocity measured by a
flowmeter was quite reasonably estimated by the cross correlation of EIT images obtained in two
consecutive electrode rings separated from one another by 300 mm.

The developed EIT system allows 2D image reconstruction rates of up to 4000 or 1000 frames
per second, depending on the number of electrodes used in the acquisition (16 or 32). With respect to
the resolution of the obtained cross-section images, it is much higher than previously reported in the
literature (which is evident by comparing Figure 3 [53] and Figure 8).

Thus far, the authors have used the developed equipment not only in the monitoring of fibre
suspension flow and the estimation of fibre flow velocity, but also with great success in other diverse
two-phase systems (solid–liquid [72], liquid–liquid [111], just to mention two). In the next step, the
objective will be to upgrade the overall system (signal acquisition and image reconstruction algorithms)
to visualise three-phase systems.

Considering the results presented here, the usefulness of this technique and equipment is
demonstrated and clearly justifies its use at an industrial scale, despite its lower spatial resolution
when compared with other tomographic procedures.
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