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ABSTRACT

Electrical Impedance Tomography (EIT) is an imaging technique with advantages of non-
intrusiveness, low-cost and high temporal resolution, which is promising for multiphase flow
instrumentation. However, it produces smooth images with low spatial resolution where
the interface between phases cannot be distinguished and from which the phase fraction
cannot be estimated correctly. In this article, an eigenvalue analysis of EIT raw data is
used to estimate the void fraction, i.e. the phase area ratio in 2D, without reconstructing
images. For a given EIT sensor, each acquisition frame is represented by an impedance
matrix whose eigenvalues are computed after normalization. The main characteristics of
the eigenvalue distribution for different two-phase flow patterns within a cylindrical pipe are
analyzed numerically. The behaviors of the leading eigenvalue and of the sum of the absolute
values of the following ones are assessed as functions of the void fraction. This leads to an
estimation of the two-phase flow void fraction based on the characteristics of the EIT sensor
configuration. The presented numerical results highlight the existing correlation between
the eigenvalues and the void fraction for the phase distribution patterns considered. These
simulation results are compared with experimental static tests for validation.

KEYWORDS

Electrical Impedance Tomography, impedance matrix, flow patterns, static test.

1 Introduction

In the research field of experimental multiphase flow, instrumentation techniques for local
void fraction (phase area ratio) and phase distribution estimation are in great need. These
parameters are essential to understand the heat transfer coefficient and assess the risk of
critical boiling, for example in nuclear industry [1,2]. Various techniques have been de-
veloped for multiphase flow phase fraction estimation, for example, wire-mesh sensors can
provide information about local, cross-section or in-situ volume profiles and distributions of
phase fraction, but they have disruptive effects on the flow [3]; optical probes are sensitive to
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interfacial passages enabling to measure local void fraction with a high precision, however,
they are intrusive [4], as are electrical probes as well |5]; X-ray and Gamma-ray tomography
allow fast measurements of multiphase flows at high spatial resolution but they require high
acceleration voltage (hundreds of kV) and radiation protection [6}7]; Electrical Capacitance
Tomography (ECT) has similar characteristics to the EIT but it requires high voltage exci-
tation signals. Note that Huang et al. [8] used ECT to measure void fraction based on image
reconstruction with a satisfactory accuracy. With the advantages of non-intrusiveness, high
temporal resolution and low cost, the Electrical Impedance Tomography (EIT) technique
seems to be promising for dynamic multiphase flow instrumentation.

EIT is a technique to determine the material distribution inside a 2D or 3D domain
based on their constitutive electric properties, e.g. the electric admittivity (conductivity
and permittivity), with an image acquisition rate that can be up to hundreds of frames
per second [9]. For an EIT sensor, the measurements are acquired on the boundary and
the typical way to handle the measurement data is through image reconstruction, which
leads to an approximate reconstruction of the admittivity distribution within the domain.
Theoretically, continuous boundary measurement determines a unique solution to the re-
construction problem [10], while in practice the boundary measurement is limited by the
number of electrodes.

A number of reconstruction methods have been proposed based on non-iterative or iter-
ative algorithms. Some non-iterative algorithms are based on linear approximation, such as
the linear back projection method [11], the one-step Newton method |1213] or the Calderon’s
approach [14]. Tterative methods tackle the reconstruction problem by minimizing some cost
functions, e.g. the variational method [15] or the modified Newton-Raphson method [16].
In general, non-iterative algorithms produce smooth images with low spatial resolution com-
pared to the hard-field tomography techniques, like X-ray or Gamma-ray tomography [17].
This makes it difficult to distinguish the phase interface in the reconstructed images. It-
erative methods yield reconstructions at higher resolutions but they usually require high
computation power. In the present article, an alternative methodology is proposed to esti-
mate the void fraction of two-phase flows. It circumvents the need to reconstruct images in
the extreme non-linear case of two-phase flows, which are characterized by a high resistivity
contrast between phases, while it allows to consider a wide range of void fraction.

A typical EIT sensor has a set of electrodes installed on the boundary of a domain, Fig-
ure |1/ shows an EIT sensor with 16 electrodes. A stimulation current (or voltage) are exerted
on one pair of selected electrodes (noted as source and drain electrode), the corresponding
voltage (or current) at all the other electrodes are measured, this is called a stimulation
pattern. This procedure continues until each independent pair of electrodes has been se-
lected as source and drain |18]/19], a strategy referred to as the full scan stimulation strategy.
Since source and drain are essentially the same, the measurements would be reciprocal for
a specific pair of electrodes. For an EIT sensor with ¢ electrodes, there are ¢(¢ — 1)/2 inde-
pendent stimulation patterns in total for one frame of image. Each stimulation pattern has
a representative bulk impedance, which depends on the phase area ratio and distribution,
as well as on the source/drain electrodes. The impedance array of each frame can be con-
veniently arranged into a ¢ x ¢ symmetric matrix, whose diagonal entries are related to the
mutual impedances. In the work of Fang et al. [20], the relation between the void fraction
and the eigenvalues of the capacitance matrix obtained from ECT data is investigated and
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it is shown that the multiplicity of the eigenvalues is correlated to the degree of symmetry of
the flow. Dupré et al. applied the eigenvalue analysis to ECT data for the purpose of flow
regime identification as well as the estimation of two-phase flow void fraction, the result is
promising [19,21]. In this context, and up to the Author’s knowledge, the literature deal-
ing with void fraction estimation from EIT data and through eigenvalue analysis is scarce.
Therefore, in the present article, the impedance matrix is investigated and its eigenvalues
are used to devise some metrics of the void fraction.

Yy =0+ iwe /\/

__.\/
_._.J—‘
[E/_y\ an/\

Figure 1. schematic of an EIT sensor with 16 electrodes.

The EIT problem is associated with an elliptic boundary-value problem and it aims at
recovering the information on the admittivity distribution inside a domain of interest from
boundary measurements. In Section 2, the mathematical basis of EIT is introduced with
the Neumann-to-Dirichlet (NtD) operator along with the bulk impedance that is the dis-
crete realization of the former. The impedance data can be computed numerically using the
Finite Element Method (FEM) and arranged into a square impedance matrix, the eigen-
values of which are the focus of this study. In Section 3, the typical regimes of two-phase
flows are classified into three different canonical cases that are studied separately: the dis-
tribution of the eigenvalues of the impedance matrix is studied for each pattern based on a
suitable normalization, with the relation between eigenvalues and void fraction being inves-
tigated numerically. In Section 4, the influence of noisy data and an extension to conductive
inclusions are investigated. In Section 5, the EIT system developed in the laboratory is
introduced and the simulation results are validated by experimental results associated with
static configurations. These results are discussed and concluded in Section 6.

2 Mathematical basis

Considering the electric field in a two- or three-dimensional domain €2, from Maxwell’s equa-
tion, the electric potential u inside is governed by,

V- (y(z)Vu(z)) =0, =z inQ, (1)

where v(x) = o(z) + iwe(z) is the isotropic admitivity distribution in 2, in which o is
the electric conductivity, € is the electric permittivity, w is the stimulation frequency. In the
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application to multiphase flow instrumentation, usually only the conductivity o is considered,
because the electric permittivity e of liquid phase can be neglected in the chosen working
frequency range of EIT sensors [22].

2.1 Neumann-to-Dirichlet map

The domain is assumed to be homogeneous except for a number of non-conductive inclusions,
which are denoted as €2;. These inclusions have a conductivity significantly different with
the background, and they are simply connected domains contained in 2. Specifically for
two-phase flow, the conductivity o of the water phase is within 10™* — 10725 /m, and that
of gas is around 107'* — 10795/m, i.e.,

~0 in Qi,
o= , (2)
1 in Q\ €,

with o of the water phase normalized to 1.
Denoting as n the unit outward normal vector on the boundary 02, which is assumed
to be smooth, we have the Neumann boundary conditions

oVu-n=f on 0, (3)

in which f € L?(99) represents the boundary current that satisfies |, a0 f dS = 0. Note that
the model entails that cVu - n ~ 0 on the boundary 0€2; of the inclusions.

Introducing the functional space H(Q) = {¢ € H'(Q) : [,,»dS = 0}, the Neumann
boundary value problem is as follows: find u € H!(Q) that satisfies

/aVu-VgodV: fedS, Y € HL(Q). (4)
Q 09

On denoting L2(0Q) = {¢ € L*(Q) : [,,»dS = 0}, the Neumann-to-Dirichlet (NtD)
map is introduced as A, : L2(9Q) — L2(99) so that the boundary potential can be written
as A, f = ulo, where u € H(Q) is the solution to (4). The boundary potential can be
measured and compared with the boundary potential Agf = uglgq for the same f and € but
without inclusions, i.e. ; = ), with ug € H(Q) being the solution of:

[ Vu Ve = [ jeds veemio), (5)
Q 15)9)

which corresponds to the reference problem with a homogeneous conductivity distribution
inside the domain 2. The relative NtD map is denoted as II = A, — Ag. In the study
by M. Hanke et al. [23], the eigenvalues of A, — A are used to locate the inhomogeneities
non-iteratively.

2.2 Electrode models

In practical implementation, the current density cannot be measured, only the current or
voltage at discrete electrodes could be obtained. There are various electrode models available

4
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depending on their assumptions on current density, i.e. the gap model, the shunt model and
the complete model [24,25]. The gap model assumes that the current density is constant
over electrodes, while the shunt model considers that the integral of the current density over
the electrode equals to the total current flowing through that electrode. Furthermore, the
complete model is based on the shunt model, but takes into account the electrochemical
effect at the interface between the electrode and the probed medium, which is called the
“contact impedance”. Compared to the gap model, the shunt and complete models are
closer to reality [18]. In the numerical simulation part, the shunt model is used, while in
the static tests, the complete model is considered, the electrode specific contact impedance
is computed and excluded from the measurement data.

In the shunt model, considering a number ¢ of identical electrodes placed on 02 equally
spaced, the integral of the current density over the electrode is equal to the current through
this electrode, while the current density at the isolated gaps between electrodes is zero, i.e.

/ oVu-nds=1I; for k=1, ..., ¢ while cVu-n =0 on 8Q\L]_€Jek, (6)
ex
where I, is the current passing through the k' electrode and e, is the surface of the k"
electrode. Besides, the electrodes are assumed to be perfectly conducting so that the elec-
trostatic potential ul., is constant at each electrode. Recall that the electrostatic potential
inside the domain satisfies the Laplace equation (since o = 1 in Q \ €);),

Au=0, inQ\ Q. (7)

The shunt model has a unique solution. This allows to define a matrix Z, which is the
discrete mapping from the boundary current stimulations to the boundary voltage measure-
ments. The matrix Z is referred to as the impedance matriz and it takes over the role of
the NtD operator A, as its discrete representation. Defining the discrete version of L2(9)
as the (-dimensional vector space RY = {y = [y --- y/] € R, 30, y; = 0}, one gets

Z: R!—R! ®
I I - L) — [Vo Vi - Vi)

where Vi, = ul,, for k = 1,...,¢ are the boundary measurements of the electric potential
solution u corresponding to the set of imposed currents I considered.

Each element in Z is a bulk impedance corresponding to a certain imposed current and
boundary measurement. when the continuous liquid phase is the only conducting phase,
given the mixture conductivity o,,, the liquid conductivity o; and the liquid volume fraction
ay, the Maxwell-Hewitt relation [26] reads:

1 —om/o
1405 0,/0]

This relation yields an approximation of the volume fraction of each phase, as shown in [27].
The water-gas two-phase flow system conforms this relation, so that the measured impedance
can be correlated to the void fraction. In the present study, the impedance matrix contains
the impedance of all the possible electrode separations. In this framework, the impedance

l—on/o

- in 2D =1-
1+am/al’m A

in 3D. (9)

o] =
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matrix is assumed to be directly correlated to the void fraction and our objective is to
investigate this correlation based on an eigenvalue analysis of numerical and experimental
standardized tests.

2.3 Impedance matrix and normalization

For each stimulation pattern, denoting the source and drain electrodes pair as (i, 7), there
is a corresponding bulk impedance Z; ;, which is governed by the conductivity distribution
o(x) in Q, as well as the selected source and drain electrodes. The impedance between
source electrode j and drain electrode ¢ is the mutual impedance of Z; ;, so that they satisfy
the reciprocity relation Z;; = Z;;. According to the definition of RY, the diagonal term
Z;; is not measured but computed by summing up the corresponding mutual impedances as
Zi; = — Z#i Z; j, which finally yields the ¢ x ¢ square impedance matrix Z = (Z; ;)1<i j<¢-

The relative NtD map II is commonly used in EIT to retrieve information on the probed
medium. This amounts to consider the matrix AZ = Z — Z° where Z° denotes the
impedance matrix of the homogeneous conductivity distribution for which €; = 0. The
matrix AZ is referred to as the Differential Impedance matrix (DIM). To perform a non-
dimensional analysis, a normalization method of the matrix entries Z; ; is needed to reduce
the dependencies on the geometric parameters of the sensor and on the background conduc-
tivity, as well as to enhance the presence of inhomogeneities. In this study, the normalization
method is proposed as:

. Z; i — 79,
Zij = % fori,j € {1,...,¢}. (10)
i\j

A

The associated matrix Z = (Zi j)1<ij<¢ s referred to as the Normalized Impedance Matrix
(NIM). Note that Z; ; is equal to zero for all 7,7 when ; = () and is infinite when €; = Q.

2 4 6 8 10 12 14 16

(a) Differential impedance matrix AZ (b) Normalized impedance matrix Z

2 4 6 8 10 12 14 16

) r W 022

10

12 0.06

14

16

Figure 2. Effect of the normalization on the entries of the impedance matrices in the case of
a single bubble (Case 1).
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Considering the case shown in Figure [I] with a single bubble of radius 0.3 and an EIT
system with 16 electrodes, the corresponding DIM and NIM are visualized with the horizon-
tal axes as the matrix entry indices and the vertical axis for the associated entry value, as in
Figure 2l The effect of normalization is highlighted: The DIM has significant values on the
diagonal, which is consistent with the computation of its diagonal terms Z;;. The normal-
ization diminishes this effect and enhances the impedance discrepancies between electrodes,
see for example the entries associated with the electrodes 2 and 3 that are the closest to the

bubble.

2.4 Eigenvalue analysis

As, by definition, the normalized impedance matrix Z is a real-valued symmetric matrix,
it is diagonalizable and its eigenvalues A(*) are real. Therefore, it has a set of ¢ pairs of
eigenvectors v € RY and eigenvalues A\) € R satisfying

A~

Z oW = D0 e {1, 1) (11)
Sorting the eigenvalues in an increasing order, the resulting eigenvalue array is defined as
A=W A2 O AO) with AV < A <0< 2O (12)

where A\(¥) is the leading eigenvalue. Moreover, considering the rotational symmetry of the
electrodes placement, the eigenvalues of Z are invariant under similarity transformations of
the electrodes, such as rotation or renumbering.

The largest eigenvalues contain the most information about the matrix Z and represent
its main features, while Z is decided by the conductivity distribution within the probed
medium, the other smallest eigenvalues are also affected by it but contain qualitatively less
information. Hereafter, the characteristics of these eigenvalues are investigated numerically.
Note that in the configurations where different numbers of electrodes are used to impose the
current and to measure the potential on the domain boundary, then the associated impedance
matrices are not square. In such cases, their singular value decompositions can be considered
alternatively.

3 Numerical simulations

In the previous section, the mathematical model of EIT and the normalized impedance
matrix are introduced. In this section, numerical simulations are considered to investigate
the relation between the eigenvalues and the conductivity distribution within the probed
medium.

3.1 Canonical cases considered

The typical regimes of two-phase flows include bubbly flow, stratified flow, slug/plug/churn
flow and annular flow, see [28-30]. The phase distributions can be classified into three
classes, regardless of pipe placement and gas/liquid flow directions, that is, (i) Single bubble
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case, representing the water slug in slug/plug/churn flow and the annular flow as well; (ii)
Stratified case; (iii) Multiple bubbles case, relevant to the bubbly flow and the bubble cloud
that follows the slug in slug/plug/churn flow.

Consider a 2D circular pipeline 2 with a radius 7o = 1, i.e. Q = {(z,y) : 2% + 3> < 1}.
Given the rotational symmetry of the impedance matrix, three classes of bubble distribution
patterns are defined as follows:

e Case 1 (single bubble): O = {(z,y) : (x — dcosby)? + (y — dsinby)?* < r?} with
0 <6y <27 and such that 0 <r+d <1.0.

e Case 2 (stratified): Q; = {(z,y) 1y > ro-cosf}, withrg=1and 0 <0 <.

e Case 3 (multiple bubbles): a number ny, € {1, 3, 11, 36, 62, 84} of uniformly
distributed bubbles of radius 74 is considered. To fix the void fraction relatively to
an equivalent concentric bubble of radius 7. then rg; is defined as rg;s = 7¢/\/Mpup-

The conductivity distributions of the three cases are depicted in Figure [3], the area in
light blue represents the water phase and the one in white is the gas phase. The electrical
conductivity of gas is set to be eight magnitudes lower than that of water, which is in
accordance with the physical conductivity values of water and gas. Each case corresponds
to specific regimes of two phase flow: in Case 1, one single bubble with various diameter is
varied spatially along one specific diameter inside the domain; Case 2 represents stratified
flow with various water level, in which h = 1 —d = 1 — cos; Case 3 is characterized by
multiple bubbles uniformly distributed inside the domain, Figure [3| shows the case with 11
bubbles.

y
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|

Figure 3. Conductivity distribution patterns for the three canonical cases considered.

To investigate the eigenvalues of the impedance matrix for these three canonical cases,
boundary measurements have to be computed. The open source code Electrical Impedance
Tomography and Diffuse Optical Tomography Reconstruction Software (EIDORS) is used.
It is dedicated to solve EIT forward and inverse problems by the Finite Element Method
(FEM) [31].

The numerical model is a 2D circular model with unit radius and 16 electrodes placed
evenly at the boundary, the width of the electrode is chosen to have the ratio between the

8
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area occupied by the electrodes and the total area the same than the practical EIT system
used in our experimental setting. A triangle mesh with 54177 nodes is used in the FEM
model.

A full scan stimulation strategy with a constant current of Iy, = 1A at source and
drain electrodes is employed. For each stimulation pattern, the difference voltage between
adjacent electrodes are computed, denoting the selected source and drain electrodes as (i, j),
the voltage difference between source and drain V; ; could be obtained by summing up the
voltage differences at all adjacent electrodes between the source and drain. Since the injected
current is a constant, the corresponding bulk impedance Z; ; can be obtained by Ohm’s law:

Zi,j = V;l,j/lstimu- (13)

With 16 electrodes (i,7 = 1,---,16), there are 120 independent stimulation patterns,
giving 120 different bulk impedances for one frame of acquisition. After normalization, the
square matrix Z of size 16 x 16 is obtained, along with the ¢ = 16 pairs of eigenvalues and
eigenvectors, see Eqn. ([12)).

The NIM of the three simulated cases considered are visualized to highlight their correla-
tion with the phase pattern. Case 1 is shown in Figure with » = 0.3 and the cases 2 and
3 are shown in Figure [d] in which Case 2 is computed with A = 0.8 and Case 3 is computed
with 3 bubbles and r, = 0.3. These parameters are chosen to obtain the same phase fraction
for all three cases. As it can be seen, the main features of the NIM vary significantly with
the phase pattern, even at the same phase fraction. This characteristic is at the foundation
of the present study.

<10° 2 4 6 8 10 12 14 16

2 - 012
¢ [] [ ]
. - = L T "
ol ]
- - 0.08
8 ]
- - 0.06
10 -. '
12 | = [ ] 0.04
1 B | 0.02
1 [ ] [ ] [ ]
(a) Z of case 2 (stratified) (b) Z of case 3 (three bubbles)

Figure 4. Entries of the normalized impedance matrix of the cases 2 and 3.

In the following sections, the eigenvalues of various simulation cases are investigated
and compared to study their dependence on the bubble distribution. In particular, the void
fraction is plotted with the leading eigenvalue and the sum of the absolute value of the first 15
eigenvalues, to assess their correlations. For convenience, we denote the leading eigenvalue as
A9 and the sum of the absolute value of the first 15 eigenvalues as Z‘I; = [AW] 4+ |AID)

9
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Moreover, the void fraction « is defined in 2D by the area ratio occupied by the bubble
inclusion over the total area, i.e. a = |]/|Q| = || /7.

3.2 Result analysis
3.2.1 Casel

Due to the fact that the properties of the impedance matrix are invariant with the rotation
of the electrodes, we only need to simulate the bubble inclusion moving along one radius of
the domain. We set 6y = 0, which is representative of all cases of a single bubble moving
within the domain. Applying the restriction condition r 4+ d < 0.95 and an increment step
of 0.05, we get 19 different bubble radius r and placements d, separately, which will give 190
different simulation cases (190 pairs of (r,d)) in total. Here, r+d < 0.95 is chosen because of
the extremely high sensitivity near the boundary, which could cause an abnormal deviation,
besides, in practical applications it is also rare to have a bubble occupying 95% of the pipe
diameter.

The eigenvalues are computed for each case and plotted. Figure shows the 16
eigenvalues of concentric bubble inclusions with d = 0 and 0.05 < r < 0.95, while Figure
shows the 16 eigenvalues of eccentric bubble inclusions with d = 0.35 and 0.05 < r < 0.6.
In both figures, each curve represents an eigenvalue A, and they are evolving with the
bubble radius. As we can see, the leading eigenvalue is much larger than the others, and its
amplitude is correlated to the bubble size, especially when the bubble edge is close to the
domain boundary. Besides, for concentric bubble configurations, the first 15 eigenvalues are
symmetrical around zero due to the symmetry of the conductivity distribution.
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Figure 5. Eigenvalue array for some configurations corresponding to Case 1.

Figure [6] shows the 16 eigenvalues of a bubble inclusion with » = 0.35 moving from
d=0tod=0.6. As it can be seen, as the bubble moves toward the boundary, the leading

200 eigenvalue increases rapidly, while the other eigenvalues vary little with d.
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Figure 6. Eigenvalue array of one bubble inclusion (r = 0.35) moving from d = 0 to d = 0.6.

As we know, adding bubble inclusions increases the overall bulk impedance, hence the
normalized impedance ZAM, which in turn affects the eigenvalues. That is why the eigenvalues
are changing with bubble size. To study the influence of bubble location, the sensitivity map
of EIT has to be considered. The sensitivity map s(z) of an EIT sensor quantifies the
relation between the change of boundary measurement 0V,,¢qs caused by a local conductivity
perturbation do(z), that is, s(x) = dVyeas/do(x). It describes how effectively each region is

contributing to the measurement [32].

250
200
150
3
100
“""M
ab ™ 50

Figure 7. Map of the logarithm of the sensitivity distribution: (left) source/drain at elec-
trodes (1,7) and measurement at electrodes (12,13); (right) full scan strategy.

EIT is a soft-field imaging technique for which high sensitivity areas concentrate near
the boundary and the vicinity of the active electrodes while the domain interior contains
low sensitivity regions. The sensitivity maps for one single measurement and for the full
scan strategy are shown in Figure [} The color map in the left panel shows the sensitivity
distribution of one stimulation pattern with source and drain at electrodes 1 and 7, and one
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shown in the right panel. Considering the same bubble inclusion placed either in the center
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eigenvalues are affected by both the size and position of the bubble inclusion.
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Figure 8. Figenvalues vs. void fraction for Case 1.

Figure [8 shows the relation between the void fraction and the leading eigenvalue \(*6)

and the sum of the absolute value of the first 15 eigenvalues Z‘I)i For Case 1, the void
fraction satisfies « = mr?/mrd = r?, which is invariant with d. In both figures, each curve
corresponds to a specific value d with varying r, for example, the curve at the right most
represents a bubble in the center (d = 0), its radius 7 increases from 0.05 to 0.95, hence the
void fraction ranges from 0 to 0.9025. The figures show that both A% and Z‘lj increase
with the void fraction and vary with the distance to the center. The void fraction can be
estimated by A9 or Z\lfp from Figure [§ we can estimate the void fraction with an error
less than 10%. Furthermore, the error can be reduced drastically when the position of the
bubble is known a priori (distance to the center d).

3.2.2 Case 2

In the stratified configuration, a horizontal liquid-gas interface is considered since the impedance

matrix is invariant with electrodes rotation. Note that the void fraction « in Case 2 satisfies
the relation
a= (0 —sinf-cosf)/m with 6 = arccos(1 — h), (14)

where h is the thickness of the gas layer as in Figure [3|

The eigenvalue array of Case 2 is plotted in Figure . A linear approximation can be
found for the relation between h and the leading eigenvalue, while the data points at high
void fraction (h > 1.99) are considered to be abnormal and discarded. The other eigenvalues
are not strongly correlated to h. In Figure A1) is plotted with h, and the curve is
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107

© Simulation results
9 |~ T y=67334877.4"x + 3708041.2, R’ = 0.9905

218

6606060606006
Q
Y

o
0822 . L L L . L
0 02 0.4 0.6 08 1 1.2 1.4 16 1.8 2
h

(a) Eigenvalue array vs. h (b) A6 vs. h and its linear fit

(16)

Figure 9. Eigenvalue arrays and A\'** as a function of h for Case 2.

3.2.3 Case 3

In Case 3, a number ny,, € {1, 3, 11, 36, 62, 84} of bubble inclusions are considered with
a radius adjusted to get the same water fraction as an equivalent single concentric bubble of
radius r.. The void fraction of Case 3 is @ = r2, which is restricted by ng,, to avoid contact
among bubbles. With ny,, = 3 the top limit of void fraction is 0.5, for ng,, = 11 it is 0.6,
while for other cases it ranges from 0.65 to 0.7. For practical two-phase flows, the intensive
bubbly flow rarely reaches a void fraction over 0.5, otherwise the bubbles would collapse and
form bigger bubbles and the flow regime would change.

The eigenvalue A9 is plotted with the void fraction and the bubbles radius in Figure
respectively. In Figure the right most curve represents the single concentric bubble
case, from right to left the curves correspond to an increasing value of ng,. As we can
see, at the same void fraction the leading eigenvalue A16) g increasing with n4,,. The same
behaviour is also observed in Figure : at the same void fraction, A9 is decreasing with
the bubbles radius. Besides, the smaller the bubbles are, the stronger the effect is on A\(*6)
which is shown by the drop of A!®) when rg, is close to zero. After that point A1% decreases
smoothly as rgs increases.
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Figure 10. Eigenvalues vs. void fraction for Case 3.

For the multiple bubble case, two parameters have to be known to predict the void
fraction: the eigenvalues and the number of bubbles within the sensor area. However, it is
not practical to observe the bubble distribution inside a pipe. In the work of Bruhl et al. [33],
the eigenvalues of A, — A are used to locate the inhomogeneities and estimate the number
of inhomogeneities non-iteratively, which is a very promising method to be combined with
the approach proposed here, to obtain a reliable and accurate void fraction estimation for
two-phase flows.

4 Robustness of the proposed approach

The properties of the eigenvalue distribution of the normalized impedance matrix Z are ana-
lyzed in the previous section based on 2D simulations. In the present section, the robustness
of this methodology is investigated by studying the case where the data is noisy and when
the inclusions are conductive.

4.1 Noisy data

In practical EIT systems, the boundary measurements are always polluted by some noise,
including background white noise or the cross-talk of electrical devices. Thus, the robustness
of the eigenvalue analysis to noisy data has to be assessed. The Signal-to-Noise Ratio (SNR)
of the EIT system developed for the present study at the Laboratory of Thermal-Hydraulics
in Core and Circuits (LTHC) is higher than 60dB for all channels at a stimulation frequency
of 20kHz and amplitude of 1V. Given this SNR value then adding a noise of 10dB to the
measurement data from numerical simulations is conservative.

The noise is added to the measurement data from both the homogenous and inhomoge-
neous configurations. The eigenvalues of Case 1 are computed and compared to the results
without noise. Again, A9 and ZE" are the metrics this study is focusing on, so they are plot-
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Figure 11. Eigenvalue trends obtained with noisy data in Case 1.

ted with error bars as in Figure . The error € on A9 is computed as ¢ = ])\Soily—)\(lﬁ) |/A06)
(16)

where A1) is computed without noise and Aoisy

is computed with a 10dB noise. The error
on Z‘l/\i is computed in the same fashion. As we can see, the relative error for both A% and

Z‘lj are very small, the maximum values being 4.3% and 2.0% respectively.

4.2 Extension to conductive inclusions

Apart from the application in water-gas two phase flow measurements, EIT sensors can also
be used in various industrial processes, which may concern conductive inclusions rather than
non-conductive bubbles. Here, the definition of the conductivity contrast R = ohigh/Tiow
from Seagar et al. [34] is used to represent the conductivity difference between two phases.
For water-gas two-phase flows, R tends to infinity. In the section, some configurations with
R € {100, 10, 5, 2.5, 1.25} are simulated and compared to the results associated with
R ~ oo (i.e. water-gas two-phase flows), to assess the general applicability of the proposed
methodology.

All three cases are simulated in 2D when varying R and the results for the cases 1 and 2
are plotted in Figures|12[to . In Figure , the eigenvalue \(*9 for the single concentric
bubble case is plotted with o and each curve represents different values of R. As we can see,
the trends of A% changing with « are similar for different values of R, while the amplitude
are increasing globally with R. Also, as R increases to large values, A(!6) increases less and
less, especially after R = 100, i.e. there exists a threshold effect. The same conclusions are
obtained for Z‘lj, see Figure [12(b)

For the stratified case, the same results can be obtained, while the contrast R has a much
stronger effect on the eigenvalues, especially for large values. As shown in Figure , A16) ig
5 to 6 magnitudes higher for R = oo than for the other cases, so that A% vs. h is plotted
in Figure excluding the case R = oco. Nevertheless, a linear correlation can be found
between A% and h for varying R.
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Figure 12. A9 and Z|1A5| vs. «a for various values of R in Case 1.

Lastly, the results for the multiple bubble case have been found to be similar to the single
bubble case. The applicability of the eigenvalue analysis to conductive inclusions is therefore
emphasized but the conductivity contrast R between phases is an important information to
be known beforehand.

5 Validation by experimental static tests

In this section, the methodology for void fraction estimation, which has been devised based
on numerical simulations, is validated experimentally. We perform static tests, with a pipe
containing still water, for a number of configurations corresponding to the three inclusion
patterns considered previously. The motivations for performing such static tests are as
follows: (i) they are easily implementable using standard laboratory equipment and allow to
control the phase distribution accurately, which is crucial to validate the proposed approach,
(ii) EIT measurements can be performed at a high frame rate (of the order of 800fps for the
system considered), which allows to treat a dynamic flow as if it were quasi-static on each
frame. These experimental tests are carried out with the EIT system developed in LTHC.

5.1 EIT system in LTHC

The prototype EIT sensor has 16 electrodes on the boundary of the test section with an
angular separation of 22.5°. The test section is a pipe with diameter of 80mm and height of
300mm while the electrode size is 170mm x 5mm [9], as shown in Figure [14]
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Figure 13. A9 vs. h in Case 2.

Figure 14. EIT system in LTHC.

Stimulation and signal acquisition are both performed using the PXIe system from Na-
tional Instrument. The stimulation signal is a sinuous voltage with amplitude of 1V to avoid
the electrolysis reaction of water. The signal is generated by the analogue output channel of
the PXlIe system, the sample rate ranges from 1 Hz to 3.33 MHz. Data acquisition is done
by the differential analogue input channels of the system, the simultaneous sample rate of
all channels reaches up to 2 MHz . A multiplexer with 16 ports is used to route the
stimulation signal to a selected pair of electrodes. A discrete Fourier transform is performed
on the measurement data to obtain amplitudes and phases at the stimulation frequency.

Static tests are carried out with still water filling the test section and a number of plastic
rods emulating bubbles. Different diameters and numbers of rods are placed into the water
to get various void fractions. In a first step, the impedance of each stimulation pattern has
to be obtained from practical measurements. The prototype EIT uses voltage of +1V as a
stimulation signal, which is different from the current stimulation considered in the numerical
simulations but we consider the two settings as being equivalent. Each stimulation pattern
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can be assumed as a closed circuit as in Figure in which the bulk impedance Z*“* and
the contact impedances at the source/drain electrodes Z°“"¢ and Z4%" are connected as

Ztot — ysource + Zdrain + Zbulk = V/[ (15)

The terms Z°°“"¢ and Z% %™ are essentially equal, they are electrode-specific and invariant
with phase distributions. In , V' is the stimulation voltage and I is the sensor current.

1Vac

Figure 15. Closed circuit between the source and drain electrodes.

In the EIT system, a constant resistor Ry = 200¢2 is included in the closed circuit and the
voltage difference AVg, across Ry is measured. Thus, the current / through the circuit can
be obtained as I = AVg,/Ry. Considering the homogeneous case, there are 120 independent
equations as Eqn. (15). As Z%* depends only on the angular separation of source/drain
electrodes, there are 8 different values of Z®%* overall. Together with the 16 different values
of Zsouree (or Z4rain) the set of 120 linear equations contains 24 unknown parameters. Thus
the values of Z5°“¢ and Z9 %" can be obtained and used to apply the proposed methodology.
For inhomogeneous configurations, the bulk impedances are computed as in the homogeneous
case.

5.2 Result comparison

The static test results are compared to numerical simulations for validation. Simulations
in 2D can be considered as being equivalent to configurations with infinite long electrodes
and inclusions, while in practical 3D implementations, the electrodes and the inclusions have
finite extents. Therefore, it is more relevant to compare the results from a practical EIT
system with 3D simulations. As a consequence, we consider here a 3D cylindrical model
implemented in EIDORS. The radius of the numerical model is 1 while all other parameters
are normalized from the prototype EIT system so that the length of the model is 7.5, the
electrodes have a width of 0.125 and a length of 4.25. The bubble inclusion is emulated
by a non-conductive rod of the height of the model. The 3D numerical model has 198730
tetrahedral mesh elements.

As of the experimental tests, a series of configurations are investigated to obtain data for
all of the three patterns considered. For Case 1, a single non-conductive rod with different
diameters is placed in the test section at different distances to the center: the diameter of the
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Figure 16. Comparison between 3D simulations and experimental static tests for the cases
1 and 3: eigenvalue A% as a function of the void fraction a.

rod ranges from 10mm to 70mm, the distance to the center being d € {0, 12mm, 24mm},
corresponding to d € {0, 0.3ry, 0.6r¢} in the 3D simulations. For Case 2, the test section
is placed horizontally with different water levels. In Case 3, different tests with three rods
placed symmetrically are carried out, the diameter of the rods ranges from 10mm to 40mm.
The normalized impedance matrix and its eigenvalues are computed for each test. The
evolutions of the eigenvalue A(*9) with the void fraction are shown along with 3D simulation
results in Figure [16] for the cases 1 and 3, and in Figure [I7] for Case 2.

For the cases 1 and 3, the trends of the eigenvalue A*®) for the static tests agree well with
the 3D simulations, which validates the proposed methodology. Deviations of low relative
amplitude can be observed, which may be due to the following facts: (i) the simulation
model is non-dimensional with normalized size and conductivity; (ii) the stimulation signal
is a constant current in the simulations while it is a constant voltage in the experiments.

For Case 2, the trends of the eigenvalue A9 with the thickness h of the gas layer, see
, for the experiments and the 3D numerical simulations are very different, as seen in
Figure especially at small h. The magnitudes in the experiments are also significantly
lower than in the simulations. These discrepancies may come from: (i) the surface tension of
water causes a rise at the interface between the plastic pipe and the water, especially at low
h; (ii) a conductive water film may be present on the uncovered part of the pipe surface, while
in the simulation there is no such film. Moreover, the magnitude of the eigenvalue A% is
remarkably high for all values of h compared to the other phase distribution patterns (at the
same void fraction), as shown in Figure . Lastly, the electrodes that are immersed in
water can be directly revealed by the distribution of the entries of the normalized impedance
matrix, as seen in Figure , which could therefore be used as an indicator of the water
level.
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Figure 17. Comparison between 3D simulations and experimental static tests for Case 2.

6 Conclusion

In this article, the impedance data from electrical impedance tomography sensor and its re-
lation to the void fraction of two-phase flows is investigated numerically and experimentally
for a cylindrical pipe configuration. The forward problem associated with EIT is a boundary
value problem: prescribing Neumann boundary conditions, the Dirichlet boundary mea-
surements depend on the internal conductivity distribution. In practical implementations,
discrete electrodes are used for stimulation and boundary measurements, leading to one bulk
impedance matrix for each stimulation pattern. A normalization of the impedance matrix
is considered to extract information from the data and reduce the influences of factors other
than the bubble inclusion distribution, such as the diameter of the sensor, the background
medium conductivity or the stimulation signal.

Numerical simulations are carried out for three different canonical cases that cover a
diversity of bubble distribution patterns for two-phase flows. Synthetic boundary measure-
ments are computed to obtain normalized impedance matrices, the eigenvalues of which are
investigated in the different configurations considered. The robustness of the proposed ap-
proach to noisy data is assessed by adding 10dB of noise to the measurement data and the
presented results highlight some satisfying performances. Moreover, this methodology can
be extended to case of conductive inclusions.

From the numerical simulations, it is found that the leading eigenvalue A(!6) and the sum
of eigenvalues Z‘lj = [AD] 4 -+ + |AIY)| are strongly correlated to the void fraction for all
of the cases considered: (i) in the single bubble case (Case 1), the simulation results are
encapsulated by the curves of A1) and Z‘l/\i vs. « excluding the data point at a > 0.9025.

The void fraction can be estimated by Z‘Ij with an error of 10% regardless of the bubble

position; (ii) in the stratified case (Case 2), a linear correlation is found between A% and h
with a fitting measure R? = 0.9905; (iii) in the multiple bubble case (Case 3), the relation
between the void fraction and the eigenvalues are strongly dependent on the number ny,,
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of inclusions and an accurate estimation of the void fraction requires the knowledge of both
A16) o ZK", and Npyp.

Experimental static tests corresponding to the three cases considered are carried out and
the eigenvalues of the NIM from experimental data are compared with 3D simulations. The
trends for the eigenvalue A% with « agree well for the cases 1 and 3, although there are
small deviations in terms of the magnitudes; for Case 2 there is a large discrepancy between
the static tests and the simulations, while A9 is remarkably high at all A compared to other
phase distribution patterns at the same phase fraction.

For a given EIT sensor with specific electrode size and placement, the void fraction can
be estimated from the eigenvalues of the NIM. The estimation error would be reduced by
incorporating a priori knowledge on the flow regime, which can be identified too from EIT
data, see [19]. This overall approach provides a good estimation of the void fraction in two-
phase flows without performing image reconstruction, especially for annular flow (concentric
bubble column) and stratified flow. While the eigenvalue-based indicators considered here
constitute valuable metrics for the state of the system, there is a need for an in-depth math-
ematical analysis of the relation between the system and the eigenvalues of the impedance
matrix. Such an analysis would allow to determine which information can be retrieved from
such a matrix and which metrics are suitable to do so. Lastly and as in 36|, this methodology
can be used to devise an initial guess for iterative image reconstruction algorithms thereby
improving their convergence. For further improvements, the MU]ltiple SIgnal Classification
(MUSIC) algorithm, see [33], could be employed to obtain the number and positions of
bubble inclusions within the probed medium to improve the estimation of the void fraction.
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