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ABSTRACT

Today’s process industry faces many challenges due to several fac-
tors. Examples are environmental acts and increased expectations
of economical profits. For the process industry, these mean in-
creased process efficiency for improved sustainability and competi-
tiveness, leading to process optimization, continuous process mon-
itoring and control of processes.

Mixing is one of the basic processes in many industrial fields.
The quality of mixing greatly affects the process outputs and end
products. Common features for mixing phenomena are that they
are fast, mixed process materials are usually opaque, and mixing is
a volumetric process.

Information on industrial mixing processes is usually based on
offline laboratory tests, in situ measurements, or computational
fluid dynamics (CFD). The requirements for online measurement
methods of mixing processes are that they have to be non-invasive,
fast enough with respect to the process time span and capable of
producing information about the whole mixing volume. The first
two requirements can usually be met. However, these techniques,
both in laboratory and plant scales, are usually point-wise measure-
ments; this means that they only give local information about the
mixing. Therefore, there is a need for new measurement techniques
which meet all three requirements.

In this thesis, the feasibility of three-dimensional Electrical Re-
sistance Tomography (ERT) for monitoring certain selected mixing
processes in the pulp and paper and mineral industries is studied.
ERT is an imaging method in which alternating electrical currents
and measured voltages from the boundary of the object aid in the
estimation of the real valued conductivity distribution within the
object.

In this study, a multifunctional, modular ERT system was de-
veloped and optimized for imaging industrial mixing processes.
This system was used for monitoring the mixing of two miscible
liquids in a turbulent flow using two mixing systems of papermak-



ing chemicals and additives. The system was also used to study
mixing phenomena in a medium-consistency mixer in the pulp in-
dustry. Finally, this ERT technique was used to characterize the
three-dimensional gas holdup distribution in a mechanical labora-
tory flotation cell.

The results show that the chosen mixing processes can be stud-
ied successfully with the ERT system developed. The tomographic
technology developed can be used in designing and optimizing
mixing devices in the mineral and pulp and paper industries.

Universal Decimal Classification: 537.31, 622.795, 658.562.44, 676.024.17,
676.026
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1 Introduction

Today’s process industry faces many challenges posed by, for ex-
ample, environmental acts and increased expectations of economi-
cal profits. For the process industry, these mean increased process
efficiency for improved sustainability and competitiveness, leading
to process optimization, continuous process monitoring and control
of processes.

Mixing is one of the basic processes in many industrial fields.
The quality of mixing greatly affects the process outputs and end
products, making understanding of mixing a very crucial issue [1-
3]. There are several mixing phenomena which are not yet very
well known. Mixing phenomena are commonly fast, mixed process
materials are usually opaque, and mixing is a volumetric process.

Information on industrial mixing processes is usually based on
laboratory tests, in situ measurements, or computational fluid dy-
namics (CFD) [2]. The requirements for measurement methods are
that they have to be non-invasive, fast enough with respect to the
process time span and capable of producing information about the
whole mixing volume [4-7]. The first two requirements are usually
met. However, many measurement methods both in laboratory and
plant scales are point-wise measurements, which means that they
only give local information about the mixing [8-14]. In this the-
sis, the feasibility of the three-dimensional electrical tomography
method for the monitoring of volumetric mixing processes in the
pulp and paper and mineral industries is studied.

Electrical Impedance Tomography (EIT) is an imaging method
in which, with the aid of alternating electrical currents and mea-
sured voltages from the boundary of the object, the complex val-
ued conductivity, i.e., admittivity distribution within the object, is
estimated [15-18]. It is common that instead of the admittivity dis-
tribution, the real valued conductivity distribution is estimated. In
this case, the method is called Electrical Resistance Tomography

Dissertations in Forestry and Natural Sciences No 166 1
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(ERT); this thesis uses this method.

Imaging of mixing processes with the ERT approach is based on
the assumption that the ingredients of the process substance have
different conductivities. Fortunately, this is true in many mixing
applications. If this is not the case, it is also possible to use various
tracers to study the mixing process with ERT. A tracer has to have
a different conductivity compared to the surrounding material.

Mathematically speaking, the conductivity distribution estima-
tion (image reconstruction) in ERT is a nonlinear, ill-posed inverse
problem [7,19]. In such a problem, small errors in the data can pro-
duce large errors in the estimation of the conductivity distribution.
Moreover, the solution of the problem is not necessarily unique [7].
There are several methods to solve the ERT image reconstruction
problem, such as the backprojection algorithm [20] and the sensitiv-
ity of coefficient method [21]. In this thesis, the statistical inversion
method based on Bayesian probability theory is used [22].

The past two decades have witnessed active development of im-
age reconstruction methods. At the same time, the computational
capacity of computers has dramatically increased. These develop-
ments have helped the implementation of ERT for real applications,
both in the medical and industrial fields [4,23-25]. In the med-
ical field, ERT has been used, for example, in the monitoring of
lung ventilation and the brain as well as in breast cancer detec-
tion [18,19,26-28]. Also, in the pharmaceutical industry and in-
dustry in general, there exist several applications in which ERT
can be utilized [23-25,29-48]. In addition, ERT has been used in
geophysics, for example, in monitoring subsurface water distribu-
tion [49,50].

Apart from ERT image reconstruction, the role of the ERT mea-
surement system is important; hence, the ongoing development of
ERT measurement systems. There are many ERT systems around
the world that have been designed for specific applications and pur-
poses, both in the medical and industrial fields. ERT systems can
roughly be divided into two categories, semi-paraller [51-54] and
paraller [55-57]. The measurements can also be performed either in

2 Dissertations in Forestry and Natural Sciences No 166
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two dimensions (2D) or three dimensions (3D). In the 2D case the
measurements are performed on a 2D plane and 2D reconstructions
are utilized [54,58-60]. The measurements performed in 3D can be
used to estimate 3D conductivity distributions.

In many cases, EIT systems are designed and produced one item
at a time, which means that the development time of the system is
long and expensive [61]. In the late 1990s, National Instruments
introduced the PXI platform (PCI eXtension for Instrumentation)
for virtual instrumentation. In virtual instrumentation, the user
can vary the functionality of the system with the software [62].
It has been shown that the PXI platform is suitable and reliable
for incorporation into an electrical capacitance tomography (ECT)
system [61]. It has also been shown that the construction time of
the ECT system has decreased because many components are com-
mercially available. These results indicate that an EIT system con-
structed using mainly PXI platform components can be developed.

Aims of the thesis

In this thesis, the main aim was to develop and study ERT in the
imaging of mixing in certain selected mixing processes. More de-
tailed aims of the thesis are summarized as follows:

1. In the first study (Publication I), the aim was to examine the
performance of multifunctional, modular and effective ERT
systems based mainly on commercially available components.
The system developed was used in the applications studied in
the last part of the thesis.

2. In the second study (Publication II), the aim was to apply
ERT to the monitoring of the mixing of two miscible liquids
in a turbulent flow using two mixing systems of papermaking
chemicals and additives.

3. In the third study (Publication III), the aim was to investi-
gate mixing phenomena in a medium-consistency mixer in
the pulp industry with the aid of ERT.

Dissertations in Forestry and Natural Sciences No 166 3
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4. In the fourth study (Publication IV), the aim was to character-
ize three-dimensional gas holdup distribution in a mechanical
laboratory flotation cell.

The structure of this thesis is as follows. Chapter 2 reviews
the processes studied. A short introduction to different electrical
impedance tomography systems, measurement protocols and im-
age reconstruction is given in Chapter 3. Chapter 4 reviews the
results of the studies. Chapter 5 is a summary and conclusion sec-
tion.

4 Dissertations in Forestry and Natural Sciences No 166



2 Mixing in the process in-
dustry

This chapter introduces an important subprocess, mixing, used in
many industrial processes. It concentrates on mixing processes in
the pulp and paper and mineral industries.

Mixing is an important process in many industrial applications.
Mixing is defined as follows: “We define mixing as the reduction of
inhomogeneity in order to achieve a desired process result. The inhomo-
geneity can be one of concentration, phase, or temperature. Secondary
effects, such as mass transfer, reaction, and product properties are usually
the critical objectives” [2].

In the pulp and paper industry, mixing has a very important
role in all stages of the paper-making process. Mixing is used, for
example, in wet-end processing, bleaching and repulping. In phar-
maceutical processes, for example in tablet manufacturing, the mix-
ing of different drug powders homogenously is extremely impor-
tant in order to assure the high quality of the end product (tablet).
In the refinery processes of the petroleum industry, mixing plays
an important role in the desalting process of crude oil. In the min-
eral industry, the mixing of reagents and gas into the slurry in the
froth flotation process has an important role, affecting the efficiency
of the flotation. In this thesis, gas-liquid and liquid-liquid mixing
processes in two specific pulp and paper processes and in one min-
eral industry process are studied with the aid of ERT. In the next
section, these processes are briefly reviewed.

2.1 SELECTED MIXING PROCESSES

In this section, the mixing processes studied as part of the thesis
work are briefly reviewed. The three different mixing processes

Dissertations in Forestry and Natural Sciences No 166 5
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are the following: 1) in the pulp and paper industry, the injection
and mixing of retention aid additives before the headbox, 2) in the
pulp bleaching process, the mixing of chemicals and gases and 3)
in the mineral industry, the mixing of air into the slurry in the froth
flotation process.

2.1.1 Mixing of wet-end additives

In the paper industry, retention aid additives are used to increase
the size of fiber flocks, that is, to increase the amount of fine and
filler materials in the fiber web. Good mixing of retention aid addi-
tives improves short circulation, decreases the loss of raw materials
and results in more homogenous paper [63-65]. The retention aids
are normally water-soluble polymers. When long chain polymers
are used, the best result is obtained when they are injected to the
fiber, filler and fines flow after the pressure filters, that is, before
the headbox; see Figure 2.1. Since the reaction time of the retention
aid is usually very short, at maximum two seconds, the effective
mixing of retention aid additives to the pulp flow is very important
for obtaining optimal results [63—-65].

To PM headbox

TrumpJet™
Chord Fary

Copyright ©2001 Wetend Techriologies i

Figure 2.1: Retention aid additives injection before the headbox. The Trump]et® jet
injection system is shown in the figure (www.wetend.com).
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The most common retention aid injection methods use single or
multi 90 degree side entry T-pipe nozzles. These methods, however,
suffer from some limitations. The injection velocity should be low
to avoid the shear effect, which can destroy the efficiency of the
retention aid. On the other hand, the low velocity causes ineffective
mixing, which means that the retention chemical does not affect the
whole volume of the pipe [64,65].

In this thesis, retention chemical mixing is studied in Paper IL
The conventional and Trump]et® injection methods were studied
using the ERT technique. Saline and cold water tracers were in-
jected to the main flow using both injection methods. The ERT
system was used to monitor the mixing online and the data was
analyzed for the comparison of the results of the two injection ap-
proaches.

2.1.2 Mixing in the pulp bleaching process

Pulp bleaching is an important process in paper manufacturing in
which the color of the pulp is removed to make it whiter. Figure
2.2 illustrates a basic bleaching process. The pulp from the previ-
ous stage (from the digester) is washed to remove the reacted and
dissolved materials which have been moved to the pulp from the
process liquor. Thereafter, the pulp is heated to the reaction tem-
perature using steam. In this stage, the pH of the pulp is set to the
desired value. In the next stage, bleaching chemical(s) (Cl,, NaOHo,
MgSOy, O, and O3) are added to the pulp suspension using a mixer.
Finally, the pulp suspension is driven to a tower for a certain pe-
riod of time to ensure that the chemicals have time to react with the
suspension. This reaction time can vary very much depending on
the chemicals used. Finally, the bleached pulp is driven to the next
stage, usually through washing [2].

Chemicals are quite common in the pulp bleaching process, and
these are mixed into the pulp suspension using different types of
mixers [2,3]. In low-consistency (LC, pulp consistency < 5% ) con-
ditions, the mixing of the chemicals to the pulp suspension can

Dissertations in Forestry and Natural Sciences No 166 7
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Pulp from previous stage

Tower

Steam .
Mixer

Chemical(s)

<-> ® Pulp to next stage
—

Pump Mixer

Figure 2.2: An illustration of the pulp bleaching process.

be done using continuous stirred tanks (CSTs), dynamic mixers or
static mixers. In the CSTs, the mixing is done inside a vessel in
which impellers mix the pulp suspension in such a way that the
shear stress created by the impellers is sufficient to brake the fiber
network in all the zones of the vessel. The residence time of the
pulp suspension inside the vessel is important because the mixing
in the CSTs produces both macro- and fiber-scale mixing, which
affect how the fibers come into contact with the bleaching chemi-
cals. Dynamic mixers are normally used in CSTs in which the pulp
suspension and chemical flow are driven through a high-intensity
impeller tip zone. This type of solution usually makes suspension
mixing more efficient than with conventional CSTs. Static mixers
are usually used in pipe sections, in which barriers are installed
inside the pipe causing turbulence in the pulp suspension flow [3].

In medium-consistency (MC, pulp consistency > 8% and <
16%) conditions, the most commonly used mixer types are peg and
high-shear. The peg mixer is a tubular vessel which has one or two
shafts with pegs attached. The pulp suspension is driven through
the mixer, and rotating bars shear the pulp suspension against the

8 Dissertations in Forestry and Natural Sciences No 166



Mixing in the process industry

stationary elements of the mixer. Chemicals can be added to the
suspension ahead of the mixer or through specified injection ports
located around the mixer [3]. The function of the high-shear mixers
is that they attempt to fluidize the pulp suspension in the working
zone. This is achieved by driving the chemicals and pulp through
zones of intense shear in the mixer [2,3].

In high consistency (HC, the pulp consistency > 20%) condi-
tions, little or no free water is present in the pulp suspension. As an
example, in one mixer solution the pulp is passed between station-
ary and rotating plates on which raised knobs intermesh to shear
the pulp suspension [2,3]. The chemical(s) can be added to the
suspension during the mixing or inside the tower.

In this thesis, chemical mixing with an AMix AC30-25 mixer
in MC conditions was studied with ERT; see Paper III. The mixing
efficiency and spatial distribution of the mixing were computed and
analyzed.

2.1.3 Mixing in froth flotation

In the mining industry, valuable minerals are collected in a con-
centrate plant, wherein the mined mineral is grinded in a mill into
smaller pieces (< 100um). In the next stage, the oversized coarse
particles are separated, for example, in hydrocyclons. The oversized
coarse particles are usually circulated back to the grinding. In the
next stage, chemicals (for example, collectors, activators, lime, and
sulphuric acid) are added to the concentrate in the conditioning
tank. Thereafter, the concentrate is recovered in the froth flotation.

Froth flotation is a separation process in which the valuable
mineral is separated from the unwanted material by means of buoy-
ancy in flotation cell(s); see Figures 2.3 and 2.4. Figure 2.3 shows
a standard flotation circuit in which the first two cells are so-called
rougher cells and the last three ones scavengers. Usually, in the
flotation circuit, there are also cleaner cells, in which the concen-
trate recovered from all the roughers and scavengers is recovered
once more. The gangue (tailings) is normally driven to another

Dissertations in Forestry and Natural Sciences No 166 9
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flotation circuit (if there are other valuable minerals which are re-
covered) or to the tailings pond. In the last stage, the valuable min-
eral is pumped to a thickener. In the thickening process, water is
removed from the concentrate. Finally, the concentrate is exported,
for example, to a smelting plant; therein, the gangue and other min-
erals are separated from the wanted mineral.

Feed

s P gé _g -% 7'&

Figure 2.3: An example of a basic flotation circuit (Outotec Oyj, www.outotec.com.).

In the flotation cell, air is dispersed to the bottom of the cell via
the rotor shaft; see Figure 2.4. At the bottom of the cell, there is a
rotor-stator mechanism which makes the air bubbles smaller when
they come out from the center of the rotor. The level of slurry and
froth is controlled by the valves of the cell and the aeration rate.
The size of the air bubbles and the distribution of air inside the cell
have an effect on how the wanted mineral attaches to the surface of
the air bubbles [10, 66, 67].

As mentioned earlier, many chemical, operational and mechan-
ical factors have an impact on the efficiency of the flotation pro-
cess [68-71]. The mechanical factors include, for example, the aera-
tion rate, rotor speed and cell design (the geometries of the flotation
cell, stator and rotor). The operational and mechanical factors do
not directly affect the metallurgical performance of the flotation cell,
but they may create more favorable hydrodynamical conditions.

In the current work, the mixing of air inside a laboratory-size
flotation cell was studied (Paper IV). The efficiency of the mixing
was studied with ERT, and the so-called gas-holdup distribution
inside the laboratory cell was computed and analyzed. Two differ-
ent rotor-stator mechanisms were analyzed, and their results were
compared. Gas holdup distribution is defined as the volume frac-
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Shaft

Fotor and Stator

Figure 2.4: A flotation cell design (Outotec Oyj, www.outotec.com).

tion of the gas in the gas-liquid-solid dispersion [72], and it is a
very important parameter in characterizing the efficiency of flota-
tion processes and devices [67,73-75].

2.2 RESEARCHING MIXING EFFICIENCY

The quality of mixing significantly affects the end products and also
has economic influences on many industrial processes. Therefore,
an in-depth understanding of mixing is crucial [1,2]. In order to
gain understanding of mixing processes, different types of compu-
tational and measurement techniques have been developed.

2.2.1 Mixing index

Mixing efficiency can be characterized in many different ways. One
of the most common parameters is the so-called mixing index My,
which can be defined as

M, ==, @.1)

| »
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where s is the standard deviation of the measured quantity g in the
given volume (area), and 7 is the mean value of 4. The quantity g
can be, for example, conductivity (in the case of ERT), temperature,
or the activity of some tracer material, such as a radioactive isotope.

2.2.2 Pulp and paper industry

In pulp and paper production, several methods have been devel-
oped to evaluate the performance of mixers [5,6,76,77]. One pos-
sibility for the characterization of mixing efficiency is to use inert
tracers, such as lithium chloride (LiCl). The tracer is injected to the
mixing line; after some delay, samples are collected and analyzed
offline [2,5]. Drawbacks in this type of approach are that online
analysis is not possible and that sampling may be problematic and
may even disturb the process. Other tracers that can be used to
evaluate the quality of mixing are colored dyes and radioactive iso-
topes [2]. Temperature profiling is a non-invasive method which
can also be used to evaluate the quality of mixing [2,76,78,79]. In
this method, several temperature sensors are attached to the pe-
riphery of, or in some cases also inside, the process pipe. The mix-
ing index of the mixer can be estimated based on the measured
temperature profiles. The disadvantage in the temperature profil-
ing method is that the information is acquired (mainly) from the
boundary of the pipe; therefore, the mixing efficiency in the whole
volume of the process pipe cannot be estimated. Another drawback
is that the response time of the temperature sensor is relatively slow,
in the range of 0.5-1 s.

2.2.3 Minerals engineering

In froth flotation, the effectivity (or hydrodynamics) of the flotation
cell has been studied, for example, with computational fluid dy-
namics (CFD) [8,9]. The drawback of CFD is that it can only be used
offline for studying the behavior of flotation cells; it cannot be used
for online process monitoring. Some non-invasive measurement
methods, such as Laser Doppler Velocimetry (LDV), Phase-Doppler
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Anemometry (PDA), and Particle Image Velocimetry (PIV) have
also been used to study the hydrodynamics of flotation cells [9-12].
In addition, CCD camera-based methods have been used in to mea-
sure the bubble size in flotation cells [13,14]. Since the camera gives
information only on the surface, no mixing information is obtained
with camera-based approaches.

There are also several invasive methods for studying the mixing
efficiency of flotation cells and columns. Studies on these are based
on estimating the gas holdup distribution inside the cells. The most
common and promising devices are conductivity probes [67,73,75,
80-86]. The use of such probes for determining the gas holdup
is based on Maxwell’s relationship between conductivity and the
mixture [83,85,87]. The drawback in invasive methods is that only
local information near the device is obtained; being invasive, the
measurement itself can disturb the process. There are also some
studies in which the gas holdup has been analyzed using ERT in
bubble column reactors [32,88,89] and in two-phase flows [30,33,90,
91]. However, even today, empirical observations are an important
factor in flotation cell design and control.
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3 Electrical resistance tomo-

graphy

In electrical resistance tomography, conductivity distribution ¢ =
o(x,y,z) of the object O C RR? is estimated based on the known
injected currents I; and measured voltages U; on the boundary of
the object, on which N,; contact electrodes e; are attached; see Fig-
ure 3.1. The measured object is required to have material inside the
object which is at least partially conductive.

%)

Figure 3.1: Illustration of the ERT measurement, the electrodes e; are attached to the
boundary 0Q) of the object Q).

3.1 ERT MEASUREMENT SYSTEMS

The main parts of an ERT measurement system are shown in Fig-
ure 3.2. They include: 1) a control unit, 2) a current injection unit,
3) a voltage measurement unit, and 4) a computer (laptop or PC).
The control unit controls the current source(s) and the measurement
unit; it communicates with the computer. Usually, the control unit
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also computes the demodulation for the measured voltage signal;
that is, it calculates the amplitude and phase of the measured volt-
ages. The constant current to the object is created using the current
injection unit. The voltages caused by the current injection and the
resistivity (conductivity) of the object are measured by the voltage
measurement unit. Finally, the image reconstruction is carried out
in a computer, which usually contains the graphical user interface
(GUI) for controlling the EIT system (measurement protocol) and
image reconstruction.

H Control Unit }——{ Current injection unit

Voltage measurement unit

Computer

Figure 3.2: Different stages of an ERT measurement system.

3.1.1 Current injection

In ERT, the aim is to inject constant currents to the object, no matter
what the conductivity of the object is. Therefore, in ERT, the cur-
rent injection unit is one of the most important and critical parts
of the system, with a considerable impact on the quality of the re-
constructed images. Many different types of current sources have
been developed for ERT systems. The most common one used
in ERT is the Howland-based architecture voltage-to-current con-
verter [92-99].

Another factor that significantly affects the image reconstruction
quality is the current injection protocol, that is, how the current
is injected into the object with the electrodes. Current injection
approaches can roughly be divided into two categories: pair and
multiple drive methods.

In the pair, method the current injection is done between two
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electrodes, and the most common protocols are the adjacent and
opposite current injections. For example, in adjacent protocol in a
two-dimensional (2D) system with 16 electrodes, current injections
between the electrode pairs 1 —2,2-3,3 -4...,15—-16,16 — 1 are
carried out; for each current injection, voltages from all the 16 elec-
trodes are measured; see Figure 3.1. In this case, one image (or
frame) reconstruction uses 16 x 16 = 256 voltage measurements. In
the opposite current injection protocol with 16 electrodes, current
injections between the electrode pairs 1 —9,2 - 10,3 —11,...,15 —
7,16 — 8 are carried out. In this case, voltages are measured from 8
pairs of electrodes. This means that the data used for one image re-
construction consists of 8 x 16 = 128 voltage measurements. If the
reciprocity principle is taken into account, only 96 measurements in
the opposite current injection case are independent. An alternative
(interleaved-drive) 2D current pattern has been introduced [100].
Moreover, in 3D imaging, many different electrode pair-based cur-
rent patterns modified from the opposite or adjacent 2D protocols
can be used [101].

In the multiple drive method, current injection is done simultane-
ously using multiple electrodes. Thus, better current density than
with the pair method is achieved inside the object [7]. Usually, the
multiple drive method is used to optimize the current injection into
the object. There are different approaches how the optimal current
pattern is achieved. These are, for example, trigonometric current
patterns, adaptive current patterns and statistical inversion-based cur-
rent patterns [7,102]. Moreover, the requirements for multiple drive
current pattern methods are the exact calibration of the current in-
jection channels and the opportunity to make parallel current injec-
tions.

3.1.2 Voltage measurement

The voltage measurement in ERT is always made with respect to
some reference electrode(s). How this is usually done is based on
two approaches: differentially between some electrode pairs, or us-
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ing one of the electrodes as a reference in all the measurements [92].

Demodulation

The amplitude and the phase of the measured voltages are obtained
using either analogical or digital demodulation. In this section,
one digital demodulation technique is briefly explained [103]. The
principle of digital demodulation is as follows: the measured sig-
nal from the instrumentation amplifier is converted from an analog
signal to a digital signal (A/D conversion). In the next step, the
sampled signal is directed to the signal processor, which computes
the real V; and the imaginary part V; of the measured signal as

follows: Nt
2 N . 27
Vr == N 1;0 Vm(l)slnw (31)
2 NI 27i
Vo= — Vin (i —_— 2
1= N g (i)cos N (3.2)

where N is the number of the samples and Vi, is the input voltage.
Amplitude A and phase ¢ of the signal can be computed as follows:

2
— 2 2
A=\ VE+VE (3.3)

1%
=tan 1. 3.4
¢ = tan 7 (3.4)

In the case of ERT, the Vj is very small, and the phase angle is close

to zero; only the voltage amplitude consisting of the real part V; is
used for image reconstruction.

3.1.3 Development of ERT/EIT systems

Nowadays, there are many types of EIT/ERT systems around the
world; they are either designed for laboratory use or for industrial
and medical applications [51-57,104-106]. A list of ERT/EIT sys-
tems designed for laboratory use can be found in [107]. These in-
clude, for example, TIE4, ACT3, MK3 EITS, OXBACT III and KIT2.
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In the process and medical industries, there are some companies,

e.g., ITS Plc. (www.itoms.com), Outotec (Finland) Oy, (www.outotec.com),
Swisstom AG (www.swisstom.com) and Dréager (www.draeger.com),
which have their own commercial EIT/ERT systems for different

fields in the process and medical industries. Moreover, many re-
search groups around the world have their own EIT/ERT systems
designed for specific applications, mainly for medical research [23,
53,107].

3.2 IMAGE RECONSTRUCTION IN ELECTRICAL RESISTANCE
TOMOGRAPHY

In ERT, the conductivity distribution of the object is normally com-
puted through an iterative process in which both the forward and
the inverse problem solutions need to be updated. In the forward
problem, the voltages on the electrodes are determined when the in-
jected currents and conductivity of the object are known. The com-
plete electrode model (CEM) [108-113] is the most accurate and suc-
cessful forward model in ERT/EIT [114,115]; it is explained briefly
in this section. There are also other models, such as shunt, gap and
continuum models, which are used in ERT [108,109,116].

In the inverse problem of ERT, the conductivity distribution of
an object is computed based on the measured voltages and the
known injected currents. It is a known fact in ERT that even large
changes inside the object may cause only small changes in mea-
sured voltages [7]. This feature makes ERT image reconstruction
an ill-posed inverse problem, i.e., the problem is unstable, and the
solution may be non-unique. To solve the inverse problem of ERT,
regularization methods should be used [7,16,117-119]. One com-
mon regularization method is Tikhonov regularization [16], which
allows the use of prior information of the object in the image recon-
struction. In this section, a short review on the inverse problem of
ERT is provided.
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3.2.1 Forward problem

The complete electrode model of the EIT is written as

V-.o(x)Vu(x) =0, xe€Q (3.5)
u(x) + z(ga(x)abg(nx) =Uy, x€e CIQ, (3.6)
/ U(x)alg(nx)ds =1, x€e CoQ, (3.7)
Nei
a(x)ag;x) —0, x€a0\|Jes, (3.8)
=1

where x € R”, m = 2 or 3 is the position vector, u(x) is the po-
tential distribution inside the domain (), z, is the effective contact
impedance between electrode e, and the object, and n is the out-
ward unit normal vector at d(). For more information on contact
impedance estimation, see [120,121]. Moreover, the following con-

ditions for the injected currents and measured voltages must be
fullfilled

N
Y. I, =0, (3.9)
(=1
Nt
Y u,=0. (3.10)
(=1

In this thesis, the finite element method (FEM) is used as a dis-
cretization of the forward problem [16,111,122].

The weak formulation of the complete electrode model needed
in the FEM computations was originally introduced in [109]; it was
also reviewed, for example, in [110]. It can be shown that (1, U) €
H'(Q) ® RE = H is the weak solution of the complete electrode
model such that

Nel
B((w,U),(v,V)) =Y LV, V (v,V)€H, (3.11)
(=1
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where B is the bilinear form B: H x H - R

Nt
B((u,W), (0,V) = [ oVu- Vodx+ ) 21/ -t vids.

(3.12)
The potential distribution u(x) is then approximated within the
object () as

Ny

ul(x) = Y wii(x), (3.13)
i=1

where N,, is the number of nodes in the finite element mesh, and
¢i(x) are nodal basis functions of the finite element mesh. More-
over, the voltages U on the electrodes are also approximated as

I N1
u"=y_ B, (3.14)
j=1

where vector 7; is chosen such that the condition (3.10) is fulfilled.
Using the theory of finite elements [123], substituting the ap-

proximating functions (3.13) and (3.14) in the variational equation

(3.11) and choosing v = ¢;, V = n; leads to a matrix equation

A0 =1, (3.15)

where
X1
X2

XN,
6= [ . ] = e RVN-1 - (3.16)

B1
B2

ﬁNel_]-

is the solution vector and [ is the data vector, that is,

A 0 0
I= = . 3.17
[ Lo To(ny)e ] [ c'1 ] 47
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where the matrix C € RNe*(Ne-1) §s a sparse matrix having nj’s as
columns such that

11 1
-1 0 --- 0

c—1| 0 -1 01, (3.18)
0 0 -1 |

Moreover, the matrix A € RN+Na=1)x(N+Na=1) j5 a sparse block

matrix given by

B((¢i,0), (¢x,0)) B((0,n:), (¢x,0))
Ao, =
) [ Bl(ps0), (0m) B((0,m), (0,m)) ]
B B(c)+C(z) D(z)C
= | (b0 CTE@)c |’ (3.19)
where the blocks are
Bij(c) = /QUVgoi-qujdxdy 1<i,j<N (3.20)
Cii(z) = il/ 0;dS 1<ij<N (3.21)
. =T bii == '
Di,]‘(Z) = —% p;dS 1<i<N, 1<;j<L (3.22)
] 7€
L1
Bi() = Lo [ (ndalm)eas
— {8 i] 1<i,j<L (3.23)

where the area of the electrode ¢; is |¢;|. The potentials U/, ¢ =
1,...,L on the electrodes are calculated according to equation (3.14)
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L L-1
uy = ) B
/=1
u; = —p
u; = —p
ur = —pr1. (3.24)

These potentials can be represented in the matrix form as
u = cp, (3.25)

The relation between the computed voltages and the injected cur-
rents on the electrodes can be expressed thus:

u" =cp=CcrR"v,2)C"1 = R"v,2)]I, (3.26)

where R"(c,z) € RIE-D*(L-1) s a block matrix (A~1);
i,j < N+ N, — 1 of the inverse of the matrix A.

The actual voltage measurements are obtained between the se-
lected electrode pairs, that is, U;,i = 1,...,m, where m is the num-
ber of the actual measurements. This can be written in a matrix
form as

U = MU" = MR"(¢,2z)I = R(c,2)I, (3.27)

where M € R"*Ne ig the measurement matrix.

3.2.2 Inverse problem

The relationship between the conductivity distribution ¢, injected
currents [ and calculated voltages U can be written in the form

U(or) =R(0)], (3.28)

where R(0) is a so-called resistivity matrix [7], which was derived
in the previous section; see equation (3.26). Note that therein the
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dependence of R(c, z) on z has been left out. The observation model
of ERT can be written as

V=U(r)+o, (3.29)

where noise v of the measured voltages V is assumed to be Gaus-
sian distributed additive noise, v ~ N(0,T5).

The inverse problem solution of ERT can be divided into de-
terministic and statistical inversion approaches. In the next two
sections, these inversion approaches are briefly reviewed. For more
information, see, e.g., [7,16,114].

3.2.3 Deterministic inversion

In deterministic inversion, conductivity distribution ¢ is considered
as an unknown but deterministic variable. The inverse problem is
solved by minimizing the weighted least squares functional

ILo(V —U(0))]I3 (3.30)

where L, is the weighting matrix. Since EIT is a nonlinear ill-posed
inverse problem, some regularization method is needed. One com-
mon regularization method is the generalized Tikhonov regulariza-
tion [124], which is of the form

o = argmin{|[Lo(V — R(0)) 13 + || Lo(0 — o) |3} (3.31)

where the scalar « is the regularization parameter, L, is the regu-
larization matrix in which the prior knowledge of the conductiv-
ity distribution is encoded, and ¢* is a predetermined conductivity
distribution [22]. The solution of the regularized problem (3.31) can
be computed, for example, using an iterative approach. The most
common methods when the number of unknowns is small are the
Gauss-Newton or Newton-Raphson algorithms [114,125,126].

3.2.4 Statistical inversion

In statistical inversion, conductivity distribution ¢ is assumed to be
a random variable; therefore, o has a probability distribution. In de-
terministic inversion, ¢ is assumed to be unknown but non-random.
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In statistical inversion, the prior density of ¢ can be defined as (o)
and the posterior probability density of ¢ given the measured volt-
ages V can be written as

t(a|V) W (3.32)
x 7t(V]o)r(o) (3.33)

where the probability density (likelihood density) of measurements
V given o is t(V|c), which represents the forwad model of ERT [7,
16,114]. The likelihood density can be written as

A(V|o) o exp{ - %(V — U(e))TT (V- LI(U))}. (334)

The assumptions in (3.34) are that v is Gaussian with zero mean
and that ¢ and v are independent.

Prior information contains all information about the parameter
before the measurements. The Gaussian prior density can be writ-
ten as

mt(o) o<exp<—;(U—U*)Tl";l(a—a*)) (3.35)

It can clearly be seen from (3.35) that different prior models can be
obtained by changing the covariance matrix I';. In this thesis, the
Gaussian smoothness prior is used; this is the most commonly used
prior model, i.e., [, = LI L,, where L is a discrete approximation of
some differential operator [7]. Other prior models are, for example,
anistropic smoothness prior and non-Gaussian priors, such as L!-
and total-variation priors [22,127-129]. When the prior models are
Gaussian distributions, the posterior density of ¢ can be written as

w(elV) e exp( = 5V~ R@)T(V = R(0)
—;(U—a*)ngl(a—a*)). (3.36)

The maximum a posterior (MAP) estimate is written as

(0)map = arg max t(o|V). (3.37)
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It gives the maximum point of the posterior density and leads to
a minimization problem. In the nonlinear case, the MAP estimate
can be computed as

-1
Oii1 = 07 + K [L-T T+ rgl} [L»Tr;l(v —U(oy)) =T (01— 0%)

(3.38)
where the Jacobian matrix is
ou® ou®
] B au(o_) B doy o
9 uk . ou
Jdoy dop 7

where U® is the vector U®K) = R(c)I*), where k refers to the k’th
current pattern.

Difference imaging

In many industrial applications, processes are very fast; iterative
reconstruction methods may appear to be too slow for practical
purposes. Moreover, absolute imaging is very sensitive to many er-
rors [19]. One solution to get faster and less error-sensitive image
reconstruction is difference imaging.

In difference imaging, the difference of o between two time in-
stants is estimated. Usually, the first’ time instant is a reference
situation (e.g., a homogenous circumstance) and the "second” time
instant is taken when the conductivity of the object has changed.
Formally, voltages V,f at conductivity ;s are measured as a refer-
ence and then compared to voltages V at another time instant with
conductivity ¢. Finally, the difference do = 0 — 0y is estimated.
The linearized observation model (3.29) in this case can be written
as

Va~Vo+ Jr(c—0p) +0 (3.39)

where 0y is the linearization point, Vo = R(0p)I and Jr = Jr(0)|o=c,-
Moreover, (3.39) at the reference situation can be written as

Vief = Vo + JR(Oret — 00) + Uref, (3.40)
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where v, is additive measurement noise in the reference situation.
The difference between the reference and the measured voltages is
of the form

V- Vref ~ ]R (U - Uref) + U — Uref - (3-41)
o v

The Tikhonov regularized solution can be written in the form
60 = argmin{ || Ly, 8V — Jrdo) |3 + || Lssoc |3} (3.42)
and the solution of (3.42) can be written in the form
50 = (JRT R + T30 YRS LoV, (3.43)

The assumption in the difference reconstruction is that the conduc-
tivity distribution does not differ much from the reference conduc-
tivity. Moreover, if reference conductivity distribution o, can be
estimated, the equation (3.43) can be written in the form

0 = O + B6V (3.44)

where B = ( ]IEF(;} Jr + 1"5}1)*1 ]Igl"gvl. It should be noted that the
matrix B can be computed before any measurements, which makes
the difference imaging much faster than absolute imaging. More-
over, systematic errors (for example, calibration errors in injection
and/or measurement channels) are avoided with difference imag-
ing.

3.2.5 Approximation error

In publication IV of this thesis, the approximation error approach
was used to correct the artefact caused by the unknown liquid level
in the flotation cell, [19,130]. In the approximation error approach,
the observation model can be written in the form

Vv o= U

U(
= u(

k) + (U5((7,k) —U(c, k) +v
k) +e(d,k)+o
k) +1, (3.45)

?

QGG
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where k is the approximative nuisance parameter. The relation be-
tween ¢ and 7 is written as HG = ¢, where H is an interpolation
matrix. In this thesis (Publication IV), k is the height of the liquid
in the flotation cell and k is the height of the computation domain
in the inverse computations [19]. The approximation error is rep-
resented as €(7, k) due to the discretization and approximative pa-
rameter k. Moreover, we denote 1 = € + v, which is a function of
random variables. The equation (3.45) leads to the posterior density
of the form

(o =) (e —0%)

N —

(o, V) o exp< -

5V = U@ R) =) TV = U B — ) ), G40

where it is assumed that I'., = 0 and I',, = 0, which means that
I'ye = 0, [19]. With this assumption

Mo ~ € +0° (3.47)

Ty ~ Te+Ty, (3.48)

It was found that the estimates computed by this method were
feasible in several applications; for more information, see [19]. The
MAP estimate with the approximation error model is similar to the
conventional noise model; see equation (3.31). The minimization
problem in this case can be written as

omap = argmin {||L, o (V = U"(0,k) = 11.40) |* + | Lo (0 — )13},
(3.49)
where L, |, is the Cholesky factor of Frﬂ}f = L% +Lyjo- More about the

theory of the approximation error approach can be found in [19].

Computation of approximation error statistics

In this thesis, the statistics of the approximation error is computed
using Monte Carlo simulations, in which a set of N; samples are
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generated; these samples are then used for the computation of
the accurate and target model solutions U? (&), k()) and U (¢, k),
where i = 1,2...,N; [19]. The samples € of the approximation
error for the combined unknown nuisance parameter and the dis-
cretization errors are obtained as

e@ = 1 (60, kDY — u(HsD, k). (3.50)

Finally, the statisticapproximation error € and the parameter ¢ are
estimated as

1 % () 1 % (g i)T
fo=—Y &0, = g (3.51)
N; i—1 NS_li:l
where
i€ go_ [ e
e I I L I Y (3.52)
and

ré’ FEU' re O
g ( 1—‘0—6 FU ) ( 0 rO’ ) ( )
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4 Review of studies

In this chapter, a review of the results obtained in Publications I-IV
is given.

4.1 STUDY I: A PXI PLATFORM BASED ELECTRICAL IMPE-
DANCE TOMOGRAPHY SYSTEM

In study I, an electrical impedance tomography system was built,
mainly from commercially available components. The EIT system
was designed such that it was not limited to any predetermined
measurement protocol.

The system developed consists of 16 parallel current injection
channels and 80 parallel voltage measurement channels; see Figure
4.1. The number of current injection channels is limited to 16 be-
cause it has been shown that the number of current injection chan-
nels need not to be the same as the number of voltage measurement
channels, for example, when using the Kalman filter approach in
image reconstruction [131-133].

4.1.1 Materials and methods

In this section, the different stages of the KIT4 (Kuopio Impedance
Tomography 4) EIT system are briefly explained. The KIT4 system
consists of a PXI and EIT-specific units as shown in Figure 4.2. The
PXI is a solid PC-based platform for measurement and automa-
tion systems. The PXI combines PCI electrical-bus features with the
modular, Eurocard packaging of CompactPCI and then adds spe-
cialized synchronization buses and key software features. The PXI
platform was developed in 1997 and launched in 1998 by National
Instruments (NI). The PXI-based EIT-specific unit was developed
and produced in-house in the Department of Applied Physics, Uni-
versity of Kuopio, Finland.
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Figure 4.1: The KIT4 system consisting of three different units. The top unit is the
controller and analog signal output and input cards. In the middle, there is the current
injection unit; at the bottom is the measurement unit.

Current injection unit

In the KIT4 system, the current injection unit consists of two compo-
nents: a waveform synthesis unit and a voltage-controlled-current
source (VCCS) [101,134]. The NI PXI 6713 analog output (AO) card
is used to generate an analog waveform (normally a sinusoidal volt-
age signal) to the VCCS. The range of the voltage signal can be be-
tween £10 V. The VCCS is based on the current mirror technique
and is realized using a commercially available current feedback am-
plifier (AD844); see Figure 4.3 [135]. This unit also contains analog
switches in which the cables of the electrodes can be connected to
the current source. The KIT4 system has 16 independent current
injection channels.
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Figure 4.3: Block diagram of the VCCS.
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Voltage measurement unit

The voltage measurement unit consists of three different compo-
nents: two pre-amplifying units and a data acquisition (DAQ) unit.
The first pre-amplifier sub-unit (based on the OPA602AU opera-
tional amplifier) is attached directly to the electrodes. The main
function of the pre-amplifier stage is to minimize the front-end
loading of the object. The programmable gain amplifier (PGA) is
used in the next stage. The gain of the PGA can be adjusted to be
1, 10 or 100. The third stage in this chain involves the NI PXI-6133
DAQ card, which can acquire data (14 bit resolution) simultane-
ously from eight channels. There are 10 DAQ cards in the KIT4
system; therefore, up to 80 channels can be measured simultane-
ously. Digital demodulation of the measured signal is done in the
controlling unit.

Controlling unit

The KIT4 system has a NI PXI-8916 realtime (RT) controller, which
runs measurement software (made with NI Labview and C/C++
programming languages). The KIT4 system runs in RT mode, and
the Phar Lap ETS operating system is used. The controlling of the
whole KIT4 system can be done with an additional PC/laptop via
Ethernet. Moreover, image reconstruction can be done with the ad-
ditional PC running Matlab or a C++ based visualization program.

A summary of the details of the KIT4 system is shown in Table
4.1.

4.1.2 Results and discussion

Several performance tests of the KIT4 system were conducted. Noise,
stability, linearity response and the speed of the system was evalu-
ated. Moreover, the signal-to-noise ratio (SNR) was calculated as a
function of the measurement channel, load and measurement frame
rate. In this section, the results of the SNR and the noise tests are
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Table 4.1: A summary of the KIT4 system.

Current injection Voltage measurement

Number of channels | 16 independent ch. | Number of channels 80 independent ch.

Resolution 12 bits ADC resolution 14 bits

Frequency range 1 kHz - 120 kHz ADC input voltage +1.25V, £25YV,
range +50V, £10V

Amplitude range 0-5mA PGA gain 1,10 or 100

Waveform type arbitrary Demodulation digital

Output impedance 17MQ @ 15 kHz Sensitivity 0.15mV @ PGA gain = 1

@ input voltage & 1.25V
Target resistance 5002-20kQ)

summarized. The other results can be found in the original publi-
cation.

SNR

In this section, SNR measurements as a function of the measure-
ment channel, load and measurement frame rate are briefly re-
viewed. The SNR for measurement channels was calculated using
a circular resistor object, in which 16 precision resistors (resistance
1 £0.01 kQ)) were used. The minimum value of the SNR (59.3 dB)
was measured on a grounded electrode, due to the low signal level.
In the literature, EIT system SNRs vary from 40 dB to 100 dB, de-
pending on many different factors [136,137]. The SNR as a function
of the load was measured using a variable resistor; the range of the
load was restricted to 50€ - 20 k(). The SNR varied from a min-
imum of 66.1 dB (R = 50Q2) to 103 dB at (R = 3.2k(2). The SNR
was above 95 dB at R > 3.2 k(); this is comparable to the results
presented in [138].

In SNR as a function of the measurement frame rate, a cylin-
drical saline phantom was used as an object. 16 electrodes were
attached to the boundary of the phantom, and the adjacent current
injection method was used. The measurement frame rate was lim-
ited to 2 fps - 31.25 fps. The SNR ranged from 58.2 dB at 31.25 fps to
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94 dB at 2 fps. The results of this performance test are comparable
with those of other EIT systems [136,138].

Noise

In this section, the results of the noise measurements are briefly re-
viewed. The same circular resistor object as in the SNR of the mea-
surement channel tests was used. Current injection was switched
off and channel one was grounded, avoiding the floating of volt-
ages. The number of samples Ngmp was 500. The sample mean
and standard deviation (std) for each channel were computed. The
minimum mean was Viin = 0.08 mV and stdy min = 0.041 mV on
channel one, while the maximum mean was Vmax = 0.16 mV and
stdy max = 0.093 mV on the furthermost channel (channel 10).

4.1.3 Summary

Several performance tests were conducted. The results indicate that
an efficient PXI-based EIT system can be built up. The performance
of this system is at least same as that of other EIT systems [107].
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4.2 STUDY II: IMAGING OF MIXING OF THE TWO MISCI-
BLE LIQUIDS USING ELECTRICAL IMPEDANCE TOMOG-
RAPHY

In study II, the mixing of two miscible liquids in a turbulent flow is
studied using two different chemical injection methods: the Trump-
jet® mixing system and a conventional nozzle injection. This work
was presented in Publication II.

4.2.1 Materials and methods

The measurements were carried out in a mixing loop in the Savon-
linna Fiberlaboratory at Lappeenranta University of Technology.
The mixing loop consisted of a 17 m>® water tank and a recircu-
lation pipe (DN400) loop. The KIT4 measurement system and a
linear impedance sensor (for details, refer to original publication)
were used in the measurements; see Figure 4.4. In this section, the
results of the linear impedance sensor are not shown; the results
can be found in the original publication. The positions of the KIT4
electrodes in the first and second measurement cases and the posi-
tion of the linear impedance sensor can be viewed in Figure 4.4.

In the first measurement set-up (3D ERT), there were 64 elec-
trodes in four layers. The number of electrodes in one electrode
layer was 16. The first layer was 138 mm above the Trumpjet mix-
ing system. Five experiments were carried out, in which the con-
ventional chemical injection was compared to different Trumpjet
injections (four experiments); see table 4.2. Both the Trumpijet injec-
tion rate and the injection speed of the tracer were changed.

In the second measurement case, there were 32 ERT electrodes
in one layer, 1700 mm above the Trumpjet system. The linear impe-
dance sensor was installed 2300 mm above the Trumpjet system.
Three experiments were conducted (based on customer choice): Ex-
periments 1, 2 and 4; see table 4.2.

In both cases, the velocity of the main flow was 3 m/s, and 0.4%
saline was used as a tracer. The exact values of the injection rate
and the speed of the chemical are not given as they are technical
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trade secrets. Therefore, the values are marked as X in table 4.2.
The image reconstruction approach used is presented in Chapter 3.

. ElT-electrodes

Figure 4.4: Left: The first measurement set-up. Right: The second measurement set-up.

Table 4.2: Test experiments in measurement cases 1 and 2. See the text for the clarification
of the experiments.

Injection rate of the chemical (I/s) | Injection speed of the chemical
Experiment 1 Conventional Injection X X
Experiment 2 Trumpjet Injection 40 times X 18 times X
Experiment 3 Trumpjet Injection 60 times X 28 times X
Experiment 4 Trumpjet Injection 80 times X 37 times X
Experiment 5 Trumpjet Injection 100 times X 47 times X
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4.2.2 Results and discussion
Case 1

The average of the 500 conductivity images was computed, and
relative deviation RD(h) at different height levels  was computed
* td(o;h)

std(c;

RD(h) = W,h =1,...,40(cm), (4.1)
where std(c; h) is the cross-sectional standard deviation of the av-
eraged conductivity distribution at height h. The mean(c;h) is the
cross-sectional average of the averaged conductivity distribution at
height h. The results in the first measurement case in different ex-

periments are shown in Figure 4.5. A clear difference can be ob-
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Figure 4.5: RD in different experiments as a function of height, left: Experiment 1, right:
Experiment 2 (solid line), Experiment 3 (dash-dotted line), Experiment 4 (dashed line)
and Experiment 5 (dotted). The dotted vertical line denotes the position of the chemical
injection. The two vertical dash-dotted lines denote the location of the first and fourth
electrode layers.

served between the conventional and the Trumpjet injections. The
maximum value of the RD in the conventional injection (Exper-
iment 1) is almost 0.085 while in Experiments 2-5 the maximum
value is below 0.025; this means that the mixing is more effective
when Trumpjet is used. Moreover, in Experiments 2-5, the RD starts
to decrease faster than in Experiment 1; this validates that mixing
is more effective with the Trumpjet injection than with the conven-
tional one. It can also be seen in the results that the injection rate
affects the efficiency of the mixing. In other words, in Experiment
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5 (with the biggest injection rate), the maximum of the RD is the
smallest, and the RD starts to decrease faster than in the other ex-
periments.

Case 2

The 2D ERT images of the second measurement set-up are shown in
Figure 4.6. There is a clear difference between the conventional and
the Trumpijet injections. In the conventional injection, the mixed
chemical (tracer) flows near the wall of the pipe whereas in the
Trumpjet experiment, the mixed chemical is spread out more over
the whole intersection of the pipe.

0

Figure 4.6: Normalized conductivity distributions. Left: Classical chemical injection (Ex-
periment 1), Right: Trumpjet chemical injection. The black dots denote the position of the
chemical injection point.

4.2.3 Summary

Using ERT, this study has demonstrated that with the conventional
injection, the mixing of the chemicals to the main flow is not so
effective as with Trumpjet®. The injection rate of the chemical has
an effect on the mixing efficiency. Furthermore, ERT with saline as
a tracer can be used to study mixing efficiency.
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4.3 STUDY III: MEDIUM CONSISTENCY MIXER PERFORMAN-
CE IMAGING USING ELECTRICAL RESISTANCE TOMO-
GRAPHY

In study I1I, the evaluation of a medium-consistency mixer was per-
formed. The measurements were carried out using the KIT4 EIT
system; as a reference method, a multipoint temperature sensor
was used. This work was presented in Publication III.

4.3.1 Materials and methods

Measurements in this study were carried out in a medium consis-
tency loop (MC-loop) at the Savonlinna FiberLaboratory pilot plant
of the Lappeenranta University of Technology. The MC-loop con-
sisted of a pumping system with MC-technology with a flow rate
corresponding to a production rate of 100-5000 admt/d!, a reaction
vessel and a thickener for consistency control. The mixer used was
an AMix AC30-25. The rotation speed of the mixer varied between
900-1500 rpm.

The KIT4 system was used for ERT measurements, with 48
stainless steel electrodes attached around the process pipe (elec-
trodes on three layers, diameter of the pipe 300 mm). ERT sensors
were placed at a distance of 1820 mm from the mixer; see Figures
4.7 and 4.8. The image reconstruction approach used is presented in
Chapter 3. There were eight temperature sensors around the pipe
(thermocouples, type NiCr/Ni, response time 0.3 s) at a distance of
750 mm from the mixer.

Four different measurement cases were studied with bleached
soft-wood (T = 70°C). The pulp flow was 150 1/s at 10% consis-
tency. Cold water (T = 10°C, injection rate =15 1/s), air (room tem-
perature) and steam (T = 150°C) were used as tracers. Here, three
measurement cases (1,2 and 3) are briefly explained; see the list be-
low. The results of the fourth case can be found from in Publication
II.

ladmt/d = air dried metric tonne per day
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Figure 4.7: The measurement set-up.
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Figure 4.8: A schematic drawing of the measurement setup.

e Case 1: Cold water OFF (A), cold water ON (B), mixer ON (C),
mixer OFF and cold water OFF (D).

e Case 2: Air OFF (A), air ON (2 1/s) (B), mixer ON (C), mixer OFF
(D), air OFF (E).

e Case 3: Air OFF (A), air ON (5 1/s), mixer ON (C), mixer OFF (D),
air OFF (E).
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The time spans of the different process stages, such as “cold water
on (B)”, are shown in the following figure in gray/white color 4.9.

4.3.2 Results and discussion

The results of the first set-up are shown in Figures 4.9 and 4.10. The
normalized temperatures under temperature sensors 1, 3, 5, 7 and
the conductivity values under electrodes 2, 6, 10 and 14, both as a
function of time, are shown in Figure 4.9.
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Figure 4.9: Results from Case 1. Upper graph: Normalized temperature profiles of sensors
1 (thick light gray), 3 (thick black), 5 (thick dark gray) and 7 (thin black) as a function
of time. Middle graph: Normalized conductivity values under ERT electrodes 2,6,19 and
14 as a function of time. Vertical dashed lines denote the times at which the snapshots
were taken for Figure 4.10. Lower graph: Filtered (windowed average) of the ERT data.
The numbered areas A, B, C and D in the upper graph denote the time spans of different
process stages.

It is clear that both measurement methods could detect the cold
water injection and the effect of the mixer. The temperature dropped
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during stage B; in the same stage, the conductivity measured by
ERT decreased to a maximum of 0.15 units. The conductivity of
cold water was lower than that of process water. When the mixer
is set to ON (stage C), both temperature and conductivity values
stabilize. Moreover, differences between channels decrease; which
means that the cold water is mixed with the main flow. When the
mixer is set to OFF (stage D), both methods detect the stage change.
The variation in the ERT measurements is higher than that in the
temperature sensors; this indicates that that of the response time of
the ERT is much higher than the temperature sensors.

In Figure 4.10, the cross-sectional slices at four different points
of time are shown. The advantage of ERT compared to the tem-
perature sensor can be seen from these snapshots. The location of
the water in the process pipe prior to mixing can clearly be seen;
see Figure 4.10 b. Moreover, the effect of mixing is also clearly vis-
ible, i.e., how homogenously cold water is distributed to the whole
volume when the mixing is set to on; see Figure 4.10 c.

In Cases 2 and 3, air was used as a tracer. The results are shown
in Figure 4.11. In these two cases, temperature sensors were not
able to measure differences inside the pipe; the temperature drop
caused by the air was too small. It is evident that the effect of in-
jected air can be detected using ERT. When air injection is set to
ON/OFF there is a big decrease/increase in the conductivity in
both cases. Moreover, the effect of the mixer is clear in the con-
ductivity values. In non-filtered conductivity, signal artifacts on the
conductivity values can be seen, especially in Case 3 (air flow 51/s);
this is due to the agglomeration of the air bubbles immediately after
the mixer.

4.3.3 Summary

Even though temperature sensors and ERT give similar values, it
has been shown that ERT has some advantages over temperature
Sensors.

1. ERT can give information about mixing in the whole 3D vol-
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Return to
original state

Figure 4.10: Cross-sectional images of the conductivity distribution at four different time
instants (see Figure 4.9) in measurement Case 1.

ume inside the measurement section.

2. The response time of ERT is much faster than that of in tem-
perature sensors.

3. ERT detects conductivity changes while a temperature sensor
detects only temperature changes. This means that ERT has
more detectable factors (e.g. gas, steam, different conductive
tracers) than temperature sensors do.
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Figure 4.11: Left: Normalized mean conductivities in Cases 2 and 3 as a function of time.
Right: Mixing index in Cases 2 and 3. Upper Figure: air injection 2 I/s and Lower Figure:
air injection 5 I/s. The areas labelled A, B, C, D and E denote the time spans of different
process stages. The grey lines are from the raw conductivity data, and the black lines show
a stage after filtering.

44 STUDY IV: GAS HOLDUP MEASUREMENTS IN PILOT
SCALE FLOTATION CELL USING ELECTRICAL RESISTAN-
CE TOMOGRAPHY

In study 1V, the spatial distribution of the gas holdup in a mechan-
ical flotation cell was determined using the KIT 4 EIT system. The
gas holdup distribution is presented at various values of the rotor
speed and gas superficial velocity in non-frothed and frothed cases.
In this study, two rotor-stator mechanisms were compared.

4.4.1 Materials and methods

The experiments were carried out in a cylindrical froth flotation
cell (50 dm®) made of transparent plastic; see Figure 4.12. The
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radius and height of the cell were 200 mm and 600 mm, respec-
tively. Two different rotor-stator mechanisms were used (OK-125
and FloatForce®, Outotec Oyj, Finland); see Figure 4.12 and Table
4.3. In the ERT measurements, the KIT4 system with 80 measure-
ment electrodes on the boundary of the cell in 5 layers was used.

Figure 4.12: Left: The froth flotation cell used in the study. Right: The rotor-stator
mechanisms used in the study, (left) OK-125 and (right) FloatForce®.

Table 4.3: The dimensions of rotor-stator mechanisms

Statorok 125 Rotorok—1p5 | StatorpiatForce  ROtOrFioatForce
Diameter (mm) 250 125 220 130
Height (mm) 180 75 120 75

Three experiments were carried out in a two-phase mixture with
and without a frother, with two rotor-stator mechanisms. Frother
(Dowfroth 250), dosage 15 ppm, and tap water were used. The wa-
ter level inside the cell was 460 mm in order to prevent overflowing
during the test, i.e., the volume of the water was 57 dm?3. In this sec-
tion, measurement Cases I and III are briefly reviewed. The results
of measurement Case II can be found in the original publication.

In measurement Case I, the transient behavior of gas holdup
distribution was studied. In the first experiment, rotor velocity was
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held constant (v = 3.39 m/s, 498 rpm). The superficial gas velocity
was
Q

o= =, (42)

where Q is the gas flowrate, and A is the cross-sectional area of
the cell. The superficial gas velocity was changed from 0 to 0.67
cm/s and divided into six different time intervals. In the second
experiment, |, was held constant, and the velocity of the rotor was
changed from 1.36 m/s to 4.07 m/s and divided into five different
time intervals. In both cases, an OK-125 rotor-stator mechanism
was used without a frother. In Case III, a comparison of the two
different rotor-stator mechanisms was made, i.e., the effect of the
different mechanisms on the gas holdup distribution was studied.
The velocity of the rotors was changed from ~ 200 rpm to ~ 600
rpm, in 100 rpm steps.

4.4.2 Results and discussion

The results of Case I are shown in Figures 4.13 and 4.14. It is evident
that J, has a crucial effect on the gas holdup. At a low superficial
gas velocity, there is only a small portion at the bottom of the cell
with the gas holdup larger than 3%. When the superficial gas veloc-
ity is increased, the global gas holdup is also increased significantly.
The cross-sectional averages of the gas holdup on three horizontal
layers as a function of time are shown in Figure 4.14. It can be
observed that the effect of v on the gas holdup is bigger than the
effect of J,. The gas holdup with higher v values increases at the
bottom of the cell significantly, which means that gas dispersion is
more effective at higher rotor velocities. This is due to the fact that
air bubbles move with the liquid flow rather than rise toward the
surface of the mixture. Near the rotor, the movement of the bubbles
is more vertical; this is due to lower peripheral speed near the rotor
than near the wall. The results of measurement Case III are shown
in Figure 4.15. The comparison of the two different rotor-stator
mechanisms was studied. It can be seen that there are big differ-
ences in the gas holdup, depending on which mechanism is used.
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a) b)
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Figure 4.13: Three-dimensional gas holdup distributions at different gas superficial veloc-
ities; gas holdup greater than 3% is visualized, rotor radial velocity v = 3.39 m/s: (a)
Jg =02 cm/s, (b) J¢ =0.33 cm/s, (c) Jg = 0.53 cm/s and (d) Jg = 0.67 cm/s.
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Figure 4.14: The cross-sectional averages of the gas holdup as a function of time: (a) at
four Jg cm/s and one v = 3.39 m/s, (b) at three v and one Jo = 0.53 cm/s.

The maximum gas holdup with the OK-125 mechanism is near the
wall at a height of 12 cm, while with FloatForce, the maximum gas
holdup is at the bottom of the cell. Moreover, with FloatForce, the
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gas holdup distribution in the whole cell is smoother than with the
OK-125 mechanism.
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Figure 4.15: Contours of the gas holdup distribution in the vertical plane: (a) OK-125,
v = 2.63 m/s (b) FloatForce, v = 2.63 m/s, (c) OK-125, v = 3.9 m/s, (d) FloatForce,
v=4.1m/s

4.4.3 Summary

It was found that ERT can be used to characterize gas holdup in the
flotation process under different process conditions. As the rotor
velocity increases, the gas holdup also increases, especially at the
bottom of the cell. It was also shown that by increasing superficial
gas velocity, global gas holdup increases; the measurement system
described by Gorain et al. [81] yielded similar results.

The differences in the gas holdup distribution obtained with
the two mechanisms are clearly visible. In the case of the OK-125
mechanism, the maximum of the gas holdup was at a height of 12
cm whereas with the FloatForce ® mechanism, it was at the bottom
of the cell. Moreover, the gas holdup distribution was more even in
the case of the FloatForce ® mechanism.
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5 Summary and conclusions

This thesis introduces an ERT system (KIT4) made mainly from
commercial components. The performance of the KIT4 system was
tested with many generally used testing protocols. The perfor-
mance of the KIT4 system is also presented in Publications II, II
and IV. In those studies, ERT was used to evaluate the performance
of mixing and froth flotation common processes in the pulp and
paper and mineral industries. In the following subsections, the con-
clusions of each study are briefly presented.

Publication I

In this study, a PXI-based ERT system (KIT4) was presented. Many
components of the KIT4 system are commercially available and
suitable for industrial use. However, the most critical parts, the
current source and pre-amplifier units, are in-house products. Fur-
thermore, the software for controlling the system and for the vi-
sualization were also developed in-house. The temporal resolution
of the KIT4 system is quite high. Examination of the effects of fast
flows online in 3D is therefore possible. It has been shown based on
the laboratory experiments that it is possible to use ERT in mixing
and flotation studies.

Publication II

In this study, the mixing performance of two different chemical in-
jection systems was examined. As measurement modalities, ERT
and a linear impedance sensor were used. Two different experi-
ments were conducted. In the first one, experiments with five dif-
ferent chemical injection rates were conducted with 3D ERT. In the
second experiment, the linear impedance sensor and the ERT were
tested. It can be concluded that the differences between the conven-
tional and the Trump]Jet chemical injections can be studied using
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ERT and the linear impedance sensor.

Publication III

This study has shown that ERT is a suitable measurement technique
in medium consistency (MC) mixing studies in the pulp and paper
industry. It is also shown that ERT results are similar to those of
the well-known temperature profiling. However, the ERT approach
was demonstrated to provide more insight into the mixing process
by producing real-time 3D images inside the bleaching process.

The volumetric information given by ERT would be a very use-
ful tool when developing mixers and pumps. ERT itself can be
useful for finding optimal driving parameters for the pumps the
mixer or both, in different pulp and paper processes.

Air detection inside the process pipe is also one important fac-
tor; it too can be detected with ERT. Any air entering the process
can be very harmful to the pumps (cavitation) and pipes (high pres-
sure). These findings, obtained in a pilot plant having dimensions
and flows similar to those in industry, and the ease of application
of the method, suggest that ERT can be readily implemented in the
real pulp and paper industry to study the bleaching process and
the behavior of mixers.

Publication IV

The main purpose of this study was to use 3D ERT for gas holdup
estimation in a flotation process. In this work, the measurements
were carried out in a two-phase situation using water and air. More-
over, a comparison of the gas holdup distribution between two
rotor-stator mechanisms was performed. Several tests with sev-
eral rotor radial velocities, gas superficial velocities and with and
without frother were performed.

It should be noted that gas dispersion inside the laboratory cell
is different from that in industrial scale flotation cells. Use of ERT in
industrial flotation cells is therefore not so straightforward because
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process conditions change continuously. Moreover, the small dis-
tance between the rotor and the wall of the cell in the experiments
could be problematic. The results of this paper are not necessarily
true for a large-size industrial cell.

This study has, however, shown that ERT can be a useful tool
when developing new monitoring devices for flotation processes
in the mining industry. Moreover, for finding optimal driving pa-
rameters (though in laboratory scale) for flotation cells, ERT can be
useful because many parameters of flotation cells are scalable to
real flotation processes.

In the future, it would be interesting to make a comparison be-
tween CFD and ERT results. Also, more measurements in two- and
three-phase situations (true froth flotation process) should be per-
formed.

Following this study, ERT technology has been successfully used
in three-phase situations for froth flotation by Numcore Oy and
Outotec Oyj., proving that ERT technology can be useful indeed in
the mining industry.

51 CONCLUSIONS

This thesis, has shown that 2D/3D ERT can be used successfully
in chosen mixing and froth flotation processes when evaluating the
performance of the processes studied. An ERT system can be built
up mainly from commercial components, although there are many
ready-made commercial ERT systems available. The advantage of
an in-house system compared to commercial ERT systems is that
the latter are usually developed for some specific applications. In
other words, the configuration of a commercial system to suit an
application other than the one for which it is designed can be very
hard.

Good mixing is very important in many industrial processes.
However, there is still a lack of online tools with which the effi-
ciency of mixing in an industrial environment can be detected re-
liably. Therefore, there is an urgent need in the process industry
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for new online measurement methods. Examples of existing ones
are tomographic methods, such as ERT, ECT, and ultrasound to-
mography (UT); and magnetic induction tomography (MIT). Also,
the comparison and combination of ERT with so-called hard-field
tomography methods (for example, X-ray Tomography (XT), Mag-
netic Resonance Imaging (MRI) and Positron Emission Tomogra-
phy (PET)) would generate new knowledge and possibilities when
investigating different industrial applications.

Process optimization is nowadays a very important factor, and
the need for cost savings has grown rapidly in every industrial field.
Other reasons for process optimization include environmental is-
sues. In other words, with optimized processes, it is also possible to
save natural resources and decrease chemical, energy, and pure wa-
ter, consumption. This can be achieved only with well-planned and
monitored processes. Therefore, the development of tomographic
methods to improve existing industrial processes is justified.
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