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ABSTRACT. Impedance tomography consists in reconstructing the conductivity distribution from
electrical data which characterize the eectrical response of a medium to arbiti-ary excitations. Impedance
tomography is an ill-conditioned problem and designing a tomograph therefore requires the quantitative
knowledge of the sensitivity of the reconstruction to the measurements noise. The numerical conditioning
of an original and accurate algorithm has been studied. This algorithm does not suffer from the
shortcomings already identified in the literature. It is shown that for media encompassing inclusions
which is a typical situation in two-phase flows, the necessary accuracy for the measurements if far
beyond any technological reach. Moreover, within these high requirements for accuracy, some side
effects must be carefully controlled or compensated and relevant procedures are provided. Furthermore.
reconstruction artifacts are shown and they are found to derive from the unavoidable tridimensional
nature of the electric field. For all these reasons. it is concluded that impedance tomography has very low
potentialities as an accurate phase fraction distribution measuring technique in any arbitrary two-phase
flows.

INTRODUCTION

Designing or optimizing industrial equipment such as mixers, separators or chemical
reactors requires 3-dimensional modeling of two-phase flows. Nuclear safety codes are mainly
based on ID which rely on various degrees of fitting on experimental data. There is an
increasing concern on the level of confidence of these procedures and it is therefore necessary
to develop 3D modeling tools which require less equipment specific experimental data.
Studying and developing new 3D multiphase flow models are impeded by the slow progress
of the local velocity and time fraction measuring techniques. To encourage significant
progress in these fields it is therefore necessary to promote the development of tomographic
techniques. These techniques are intended to provide void fraction distribution within a given
volume.

Three-dimensional two-phase flows have no privileged direction and therefore
tomographic techniques are preferred for they do not interact mechanically with the fluids. For
similar obvious reasons, medical imaging techniques such as X-rays computed tomograhy and
magnetic resonance imaging have been developed. Electrical impedance tomography (EIT)
has been developed initially as a cheap alternative to those existing methods. EIT could be in
principle used by physicists as a primary diagnostic tool or for functional imaging. In the later
case. dynamic response is privileged at the expense of the spatial resolution. It is our intention
here, in this study, to examine the feasibility of impedance tomography for two-phase flows

The principles of EIT will be briefly reviewed and the ill-conditioning of the
reconstruction algorithm will be exemplified on selected examples taken from analytical and
numerical studies. Next, an algorithm specially tailored for two-phase flows %will be presented.
It overcomes the difficulties identified on existing methods. The numerical conditioning of
this new algorithm will be studied and the effect of interfacial impedance will be discussed.
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Finallv, the 21) reconstruction method will be tested against synthetic data obtained by
numerical simulation of actual D probes.

PRINCIPLES OF IMPEDANCE TOMOGRAPHY

Impedance tomography is a two-step process. The probe provides the data which
characterize the electrical response of the two-phase medium and in a second step, the
distribution of the electrical properties are reconstructed fTom these data. There exist both
resistive EIT when the fluids are conducting (Jones et al., 1993) or capacitive EIT when the
fluids are insulators and dielectric (see for example Reinecke & Mewes, 1995).

EIT inversion consists in solving an inverse problem. The direct associated problem is the
solution for the electrical potential in a medium of variable conductivity. Both resistive and
capacitive tomography have similar formulations and resistive EIT will be addressed here
with no loss of generality.

Let be a domain of variable conductivity, yx), as shown in figure 1. The electrical
potential results from Ohm's law and the electrical current conservation. Next, let us assume
that the domain is excited b a prescribed potential distribution applied on its boundary. The
direct problem therefore reads:

V.CYVV = 0 XEQ (1)

V(X = �, S) X eaQ (2)

where V is the electrical potential, s is the curvilinear abscissa along c-D and Vs(s) is the
potential prescribed on the boundary. Solving (1) and 2) provides the potential in the domain
and the current distribution on the boundary. According to Ohm's law it is related to the
known potential by:

j, S =a Z.�'M (3)
an

where n is the unit vector normal to the boundary and pointing outward.

For any given excitation �, there exists a boundary current densityj,. By solving (1) and
(2), it is therefore possible to find js for any given Vs. Let A be this operator. It therefore
reads:

A VS) A(,) jS). (4)

A characterizes entirely the electrical behavior of the medium. Moreover, when the
medium bears electrodes, as shown in figure 2 then the direct problem is of mixed type: the
electrical potential is imposed on the electrodes whereas the current is set to zero between
them. Peytraud 1995) has shown that for given values of the electrode excitation voltages V
solution of (1) provides the currents traversing each of the electrodes I. The electrical
behavior of the medium in this case is characterized by the admittance matrix of the probe
Y(cr). This reads:

V(V, 'P�, V J�) y(c) I01,12 13 1n (5)

Impedance tomography consists merely in finding cr when A or in practical cases Y are
know. It can moreover be shown that A and Y are symmetrical from which it results that the
admittance matrix of a n-electrode probe has only n(n - ) 2 independent coefficients. This
latter quantity is therefore the maximum number of parameter characterizing the conductivity
distribution that can be determined from the data if under-determination is not allowed.
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THE INVERSE PROBLEM CONDITIONING

Andersen et Bernsten 1988) have shown that the direct problem (1) and 2 has an
analytical solution when the domain is circular and the conductivity distribution has a
cylindrical symmetry (cr (r) ). The solution is obtained by the separation of variables
technique and provides an analytical solution for the inverse problem in the particular case of
a conductivity distribution in the form of a polynomial in r. Moreover, Seagar & Bates (I 985)
have shown there exist analytical solutions for piecewise constant conductivity distributions
in the same circular geometry.

Andersen Bernsten (I 98 8) have shown it was impossible to determine the conductivity
in the center of a cylinder from the data and therefore, according to these authors, this was
considered as the origin of the ill-conditioning of the problem. The method of solution is
based on a Legendre polynomial expansion and these authors have clearly shown that the
noise sensitivity dramatically increases with the increase of the number of terms in the
expansion which is related to the increase of the spatial resolution.

Figure 3 shows reconstructed conductivity distributions. The unknown medium consisted
in a piecewise circular domain with only 15 concentric rings (b). The data are simulated by
solving exactly the direct problem and are afterward degraded by adding several different
amount of noise. Figure 3c shows that even if the noise level is extremely small, such as 10 ,
the reconstructed distribution is significantly different from the oginal. It must be however
noticed that the quality of the reconstructed parameters repains acceptable close to the
domain boundary. When the noise level increases up to 10 the degradation of the result
quality becomes obvious. These results seems surprising and are unfortunately very easy to
reproduce and this is, in our opinion, a significant warning on the inherently ill-conditioned
nature of the problem.

Bernsten et al. 1991) have also extended their linearized solution to the case of arbitrary
conductivity distributions in a cylinder. The conductivity distribution is now given as a double
series expansion according to:

n."', /Jim
cr c;,, (r)e o a,, (r) 4,,., P., (r) (6)

".0 N8.0

where N is the number of azimuthal harmonics and M is the degree of the radial expansion.
Figure 4a shows the original conductivity distribution to be reconstructed. It is a typical
example of two-phase flow situations where conductivity varies discontinuously across
interfaces. Form the figures 3b to 3d, it is clear that the more terms in 6), the worse the
reconstruction quality and the larger the unrealistic oscillations.of the solution.

Seagar & Bates 1985) provide a different solution method based on the scheme of the
media consisting in series of inclusions embedded in a continuous medium. This technique
exemplifies what could be dubbed a size-conductivity abiguity: the data precision necessary
to reconstruct accurately both size and conductivity of an inclusion is several orders of
magnitude larger than that required for getting only one quantity when the other is known.
This behavior is a typical of ill-conditioned problems.

Finally, these results are confirmed by numerical studies of Yorkey 1986) who solved
the inverse problem by the finite element method. This author identified clearly the
tremendous sensitivity to noise of his solution. By using the singular value decomposition,
Yorkey shows, that the most sensitive elements are located close to the boundaries whereas
the sensitivity of central elements is very small, the ratio between these sensibilities being
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-6typically as small as 10 f Moreover, using finite element methods for piecewise constant
conductivity media is a questionable procedure as shown by the results of Jones et aL 1993).
These authors experienced strong difficulties for reconstructing discontinuous distributions
when discontinuities do not fit the element pattern (figure 5).

Finally, Peytraud 1995) issued from this review the following recommendations for his
own work.

• A thorough study of the inversion algorithm is necessary to determine the necessary level
of accuracy of the data. This is the key point for the design of an impedance tomograph for
two-phase flows. The reason is that two-phase flows being a dynamic situation, it is
necessary to get the data in a short time slice to avoid artifacts. Fast data acquisition
necessarily conflicts with accuracy and the best compromise cannot be found if the
precision issue is left unaddressed.

• Owing to the well identified ill conditioning of the problem and to the limited amount of
information that can be extracted from the data, Peytraud 1995) recommends to utilize the
boundary element method which accounts exactly for all the known specific features of
two-phase flows such as the piecewise constant and discontinuous nature of the
conductivity distribution. This method overcomes most of the identified drawbacks of
existing methods.

TWO-DIMENSIONAL RECONSTRUCTION ALOGORITHM

The unknown medium is now considered as consisting of two phases of different constant
and uniform electrical conductivity within each phase. The conductivity distribution will be
schernatized as a set of inclusions of conductivity a k embedded in a continuous phase of
conductivity c (figure 6.

In this frame, the electrical potential is a harmonic function in each domain and the
voltage and normal component of the current density are continuous across the interfaces.

The boundary element method is well suited for these discontinuous problems and yields
a precise numerical solution algorithm of the direct problem. The method is based on a
transformation of the field equations into an integral equation to be solved on the domain
boundary. A general overview of these methods can be found in Brebbia & Dominguez
(I 992) whereas many practical problems find their solution in much earlier works on potential
flow such as those of Hess Smith 1967).

Integral equation method for Laplace equation

The implementation of the boundary element method (BEM) is easy to exemplify on a
Dinchlet problem. Extending this method to Neumann or mixed type problems is
straightforward (Brebbia & Dominguez, 1992). Let us now consider the following inner
Dirichlet problem for the electrical potential V-

V2 V = X EQ

V = VS X) X EaQ (7)

The solution of this problem is easier if a Green fction of the operator is known.
Usually, the Green's function of the Drichlet problem with homogeneous boundary
conditions at infinity is available analytically. It is defined by the following problem:

V2 G = (x - x)

limG(xx' = (8)
X_=
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G simply represents here the potential generated in x by a source point located in x. This
function is known for both 2D and 3D problems. By using the Green's theorem and analyzing
the continuity of the integrals, it is finally obtained:

V(X) X EQ aG av

1/2 V(x) X E0 f V an - G i n) dS' (9)
0 OQuffl Sri

The first line of 9) means the value of the potential in the domain depends only on the
values of two specific functions on the boundary, V(s) and aVlan. The reduction of the
dimension of the problem by I results from this identity. The second equation in 9) gives the
explicitly the relation between the potential and the current on the boundary. In the case of the
addressed Dirichlet problem, the current density, , is merely the solution of the following
Fredholm equation of first kind:

fV x,) IG x x)dS,_ I')G(x, x)dS'= - (x) (I )
fJ(X an 2SD SD

This equation provides the explicit relationship between the excitation potential on the
boundary and the resulting currents. This is very precisely what was sought for. It is
remarkable that the integral equation method provides this results without actually solving for
the potential in the domain which could be calculated later if needed by using 9). Equation
(IO) supports our earlier statement on the appropriateness of the BEM for the direct problem
of impedance tomography.

Boundary element solution of the direct problem
The direct problem of impedance tomography consists in calculating the currents

collected on electrodes as a result of an arbitrary voltage distribution applied on then (see
equation 5) and for any given inclusions distribution. As stated earlier and shown in figure 6,
the computation domain consists of a continuous medium of conductivity a where inclusions
of conductivity a, are embedded. Te integral equation of the direct problem is derived by
utilizing the Green's equations 9) relative to the domain the boundary of which consists of
C and C, and those relative to each inclusion f2k. These identities are linearly combined. The
coefficients of the combination are simply the conductivity of each domain. This combination
produces integrals on C, of the difference of current density on each side of the inner
boundaries. By simply accounting for the continuity of the potential and the normal current
density, these integrals vanish and the following equation is obtained:

1/2 c V xeC
aG VaG

a V X rM = a V _ GaV�S+J:(CT-CrkJ =:-dS (I )
ak CT f ( an an k an

V X C Ck C Ck

2

Seagar & Bates (I 98 5) have solved this equation by expanding the unknown potential and
current distribution on an appropriate base of orthogonal functions. Next, the integral equation
(1 1) has been projected on this base and an infinite set of linear equations in the unknown
coefficients of the expansions results. Its solution is approached by truncating and solving
numerically. Unfortunately, in our case, the boundary C consists of alternating electrodes and
insulating walls and is therefore of mixed type. The series expansion method is poorly
convergent in these situations. This can be understood by considering that in a medium with
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no inclusion, Seagar and Bates method is identical to the separation of variables technique.
The analytical (closed form) solution of some of these problems is available and the behavior
of the solution at the edge of the electrodes is well known: the potential and the stream
function are finite however theirvarlations are not bounded. This slight singularity imposes a
low convergence rate to the separation of ariables expansion (module decreasing as l1n).
This situation is not numericaliv efficient and the boundary element method has been finally
selected to solve the direct problem.

The BEM solution of (I 1) consists in solving the integral equation by a collocation
method. In this method collocation points. x,. are located on the boundaries C et Ck. Next, the
integrals are calculated by approximating the boundary by a polygonal contour (elements) and
by assuming the uknown functions. Vet j remain constant on each element. It is usual to
select one collocation point per element and to choose the center of the element A, as the
collocation point. Then the discrete values of the potential, J�, and those of the current density
are related linearly by the follo% Ing equation:

1/2cy� X, C-C
(12)

1/2(a, a)V X, E( ,
I I " et A:

where H, and G are mere constants which only depend on the choice of the elements. This
constants have closed form expressions (Hess et Smith, 1967, Peytraud, 1995) in the case of
rect I''near elements in 2D and planar elements limited by a polygonal boundary in 3D:

fG(., (13)
H, f'�(x,.x)dx Gq x)dx

Equation 12 relates the discrete values of V etj on the probe boundary and those of Von
the inner inclusion boundary. The potential is known on the electrodes, the current density is
known (zero) on the gap between electrodes. By solving 12) the missing data is obtained. It
consists of the potential values on the inclusion boundary and the insulated portions of the
probe and the current density on the electrodes from which the current is calculated by a mere
integration.

With a few hundred elements a very good accuracy is obtained. Comparisons of BEM
solutions to analytic closed form solutions of selected mixed type problems. Peytraud 1995)
have shown in the case of a 4 electrode probe and a homogeneous medium that the
discrepancies were less than 10' with only 400 elements. Higher order elements do exist
(Brebbia and Dominguez, 1992) to solve (I 1), however the quality of the results obtained with
the simpler elements advocates for the simpler numerical scheme. Moreover, it is not proved
that the benefits of higher order elements overpass the increase in the difficulties which results
from using them with mixed tpe boundary conditions.

Solution algorithm of the inverse problem

The final result of the direct problem is the admittance matrix of the medium Let us
now describe each inclusion by 3 parameters. Let (Xklyk) be the coordinates of the h
inclusion center whereas ak is its radius. These parameters characterize the medium and are
renamed qk when used collectively. The reconstruction can be regarded as on optimization
problem where the cost function is defined by:
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E 2(q, (Y, q, too (14)

where the qk to be found minimize E. This problem is simply solved by Newton-Raphson
iterations. First an initial guess of the q is given and data on the medium or synthetic
simulated data are provided in the form of the (( measured )) admittance matrix Y. It can be
easily shown that the following set of equation provides iteratively the mnimum of E,

ay, ay, 1(oqk aq1 k =J ay 1W - 10 (15)
J I aq,

where the Aq, are corrections to the previous estimates of the parameters to be found q,, and
is the admittance matrix corresponding to the parameters qO. The sensitivity to noise of

the reconstruction is analyzed by studying the condition number of the left hand side matrix of
(15).

Calculating the coefficients of (I 5) requires that of the sensitivities of the solution to the
variations of the medium parameters. Rough estimates can be obtained by finite differencing
the solution of the direct problem with respect to one of the parameters q, his method is
time consuming for it requires 3N+I direct calculations per Newton-Raphson iteration. A
much faster method is proposed which only requires little extra calculation when the solution
of the direct problem is known.

SensitivityCaJCU12tion by a regu]2r perturb2fiMmethod

The sensitivity of the direct problem to the variations of inclusion k can be found by
considering a direct problem set on a slightly distorted inclusion, the boundary of which is Y,:,
described as:

r =a. + ef W (16)

where r is the radial coordinate with respect to the inclusion center and s is the curvilinear
abscissa along the undistorted inclusion boundary. According to the regular perturbation
method, the solution of the direct problem is sought for in the following form:

V= V +V, O(C 2 (17)

where obviously:

VI = aVLO (18)

It can be shown that V, is the solution of a direct problem similar to that of V. which is
the solution of the direct problem on the undistorted geometry (already known). It is easy to
show that the first order problem has the same boundaries and the same type of boundary
conditions as that of the order problem. The only difference is that they are homogeneous
everywhere except on inclusion k where the no current condition is replaced by:

av = a f ao (I 9)
an as as

Equation ( 9 generalizes a result already presented by Lemonnier & Peytraud (I 995) for the
particular case of circular inclusions. By choosing appropriatelyf, the following sensitivities
can be obtained:



f VI = av
aak

= os(o) ) VI = 5V (20)
aXk

f = sin(�) ) VI = av
0�Yk

A drastic computation volume reduction can be obtained if the following is now
considered. The two orders yields the same linear discretized operator and therefore the order
0 problem must be solved by a LU decomposition. The solution of the order I problem only
requires evaluating the right hand side of the discretized problem according to the new
boundary condition (I 9. There is therefore no need to calculate new coefficients G or H or
any new solution of 12) as it would have been the case if the finite difference method had
been preferred.

Practical implementation of the algorithm

The exact number of inclusions is not known when the calculation starts. A possible
technique used by Peytraud 1995) consists is starting the inverse problem with the mximum
number of inclusions consistent with the number of independent data of the admittance
matrix. Knowing that each inclusion is described by 3 parameters this maximum number, 1 is
related to the number of electrodes by:

31 n(n - 1) 2 (21)

The initial inclusion size has been chosen small relative to the pipe radius (radius equal to
.05 time probe or pipe radius) and they are randomly distributed. When the radius of an
inclusion constantly decreases along the iterations, it is simply removed. The number of
calculated inclusions therefore adapts itself to the demand. For all the calculations 6 shown
hereafter, the iterations are stopped when the norm of the corrections is smaller that 10

NOISE AND RECONSTRUCTION

Figure 7 shows 4 reconstructions attempts of an original media consisting of 6 inclusions.
The tomographic probe has electrodes of equal length and the cumulated perimeter of the
electrodes is half the pipe perimeter. The data has been first simulated and the reconstruction
has been performed by using the presented algorithm.

Pevtraud 1995) has used the Marquadt 1963) algorithm to enforce the convergence
towards a local minimum of the cost function, E. However, even when this regularization
procedure is not used, the mere Newton-Raphson method converges quite often as shown in
figure 7 starting from random initial configurations 2 calculations out of 4 have converged
towards the actual solution. It must be noted that when the calculation converges towards the
actual solution, the cost function is whereas it remains of order 10-2 when a local minimum
of E is reached (I 4. The value of the cost function when the convergence of the calculation is
reached therefore represents the only likelihood criterion for estimating the quality of the
results.

Next. reconstructions have been performed on noisy data. Noise of known amplitude has
been added to the coefficients of the admittance matrix ) simulated by a direct calculation:

Y" = Y" + e X((O) (22)

where E: is the noise amplitude and xco) is a random variable of equally distributed probability
between -1 and 1. Figure shows that the reconstruction quality deteriorates progressively
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with the increase of the noise level. The number of inclusions is correctly selected by the
algorithm and the reconstruction is therefore quantitatively correct. It must be mentioned
however that the cost function value increases roughly proportionally to the noise level. Even
for a noise level as small as 10' (figure 8d ), the reconstruction is correct though the cost
function has values similar to that of figures 7c or 7d where the reconstruction was incorrect.
It is clear that noise does not hamper reconstruction and this proves our algorithm is efficient.
However, noise hinders objective utilization of the cost function as a discrimination criterion
for the quality of the reconstruction. Therefore, if the data uncertainty cannot be assessed and
certified no objective quality index exists which could discriminate a wrong reconstruction
(figure 7c and 7d) from a noisy however correct reconstruction (figure 8b, 8c and 8d). The
precision issue is therefore the key pin to reconstruction.

NUMERICAL CONDITIONING OF THE ALGORITHM

The numerical conditioning of the algorithm depends on the condition number of the
linear operator in (I 5).

Ulk = ay, ay, (23)
,5q, aq I

where the summation is performed on all the components of The condition number is also
equal to the product of the norm of the matrix and its inverse. It is also related to its the
eigenvalues by:

k(U) _"JJUJJJJU- 1 1 /k, (24)

where the eigenvalues are ranked by decreasing module. The condition number helps in
finding an over-estimate of the relative uncertainty on the solution of any set of linear
equations x which results from the uncertainty of the right hand side b. It can be shown it is an
increasing function of the condition number kA):

Ax = 9 11A X11 < k(A) 11A b1l (25)
1*11 - JJbJJ

Peytraud 1995) provides numerical estimates of the condition number for various
simulation conditions. This author next estimates the necessary precision on the data to reach
a given accuracy on the reconstructed media. This accuracy is directly proportional to the
level of uncertainty accepted on position and size of the reconstructed inclusions. Table I
indicates data accuracy necessary for reconstructing the inclusion parameters q, with %
accuracy (the pipe radius being the reference_length). It can be seen in this table that 3
inclusions require an averaged precision of 10 6 which can only be reached with precision
measurement bdges in static conditions only! Condition numbers increase tremendously
with the number of inclusions so that reconstructing accurately realistic multi-inclusion media
is beyond technological reach.

INTERFACIAL IMPEDANCE EFFECTS

Interfacial impedance is a well known effect in medical impedance imaging. It also exists
in fluid systems where it is confined to the strict vicinity of the electrodes. The potential
actually applied to the medium is therefore different from the electrode excitation potential.
This phenomenon results from various mechanisms such as the charge transfer from ions to
the electrodes which is a phenomenon with definite dynamics and which requires an finite
amount of activation energy. These reactions may be hindered by molecular diffusion or even
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modified bv reactions in the bulk of the liquid. Interfacial impedance moreover depends on
electrode roughness at the microscopic scale.

Interfacial impedance for the stainless steel water pair decreases with the excitation
current ftequencv as oc f-'2 and has comparable real and imaginary parts. It can be considered
as an additional impedance in series with the bulk impedance of the two-phase medium.
Peytraud 1995) characterized these phenomena on an actual probe where it has been shown
that significant effects are present when the frequency ranges from 100 Hz to 10 kHz. This
frequency range is typical in operating impedance void meters and at the lower bound of the
frequency, I 0 Hz, the interfacial impedance is % of the total measured impedance.

When characterized experimentally, interfacial impedance can be included in the
mathematical model of the probe. The Dirichlet condition on the electrodes is merely replaced
by the following mixed condition:

eV
V+z-= V (X) (26)

an
where z is a non dimensional interfacial impedance (Peytraud, 1995) which is the ratio of
interface to some bulk impedance and V is the prescribed electrode potential. When z is set to
zero, the electrode is regarded as perfect.

To exemplify the effect of neglecting interfacial impedance on the reconstruction, data
have been simulated with a certain value of the interfacial impedance (z) whereas the
electrodes are considered as perfect for the reconstruction. Sample reconstructions are shown
in figure 9 where interfacial impedance seems to produce effects similar to noise.

For the smallest values of z reconstructed media are quantitatively good, the cost function
being however non zero. Similarly to the effect of noise, it is noted that the minimum of the
cost function is proportional to z. Furthermore, when the impedance increases, reconstruction
quality may also deteriorate.

The difference with the effect of the noise is that that of the interfacial impedance is
systematic. Neglecting interfacial impedance overestimates all the measured impedances and
the algorithm therefore over-estimates the void fraction. In some reconstructions, new
inclusions appear or existing ones are found larger or closer to the boundary. These latter
distortions increase the weight of the inclusions on impedance.

An other unexpected source of uncertainty has been identified on the experimental probe
investigated by Peytraud 1995) A circular probe with n electrodes, Ml of liquid is expected
to be invariant by a rotation of 2t / n. On an actual probe with 4 electrodes with a diameter of
IO cm and electrodes thickness of I cm filled with tap water, violations of symmetry as high
as 50 for an impedance of 4.15 kQ have been measured. These differences, probably result
from different microscopic surface properties since geometric symmetry is guaranteed at this
level of uncertainty 1%). These differences can not be left unaddressed since they introduce a
systematic bias in the reconstruction. The only consistent attitude is to identify the exact probe
model (interfacial impedances and actual electrode dimensions and location) through selected
experiments in single-phase. When the actual position of the electrodes and the actual value of
the interfacial impedance are known, they must be included in the model and later
reconstructions may ftilly account these identified phenomena. In our opinion this line of
modeling should be preferred to any a proiri normalization of the data.
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RECONSTRUCTION OF REALISTIC DATA

3D BEM has been used to optimize the electrodes size, in particular guard electrodes, and
to simulate actual probe data.

Reconstructing of realistic (3D) data has not been presented to out knowledge. Most of
the time, 2D algorithms are validated by utilizing 2D simulated data obtained with the
solution procedure which is iteratively used for the reconstruction. This procedure do not
provide a fair assessment of the reconstruction algorithms.

Figure 10 shows that reconstructed inclusions are always smaller that their actual size in
the measuring volume of the probe. Even with optimized guard electrodes, it is necessary to
have very elongated inclusions in order to obtain agreement between reconstructed and actual
inclusion sizes. Moreover, when inclusion are out of the measuring volume, 21) reconstruction
still produces an inclusion which persists long after the inclusion leaves the measuring zone.
The persistence of this artifact is longer the more elongated the inclusion.

These two effects are several order of magnitude larger than all the already identified
effects here and should definitely advocate against the use of 2D impedance tomography as a
precise void fraction distribution method in two-phase flows.

CONCLUSIONS

The EIT inversion algorithm presented here is particularly well suited to the particular
features of impedance reconstruction in two-phase flow since all known information on the
media are utilized and that the piecewise nature of the conductivity distribution is accounted
for exactly. Moreover, schernatizing the media as a set of inclusions embedded in a
continuous medium regularizes the inverse problem and provides a robust inversion
algorithm.

In spite of all these precautions and of the shown efficiency of the numerical algorithm in
handling noisy data, the ill conditioning of the problem has nevertheless unavoidable bad
consequences: even if the inversion algorithm reconstructs correctly noisy data, the minimum
value of the cost function depends directly on the noise level so that the cost ftinction can no
longer be used as a quality index of the reconstruction.

Moreover, it has been shown that interfacial impedance may generate artifacts and
requires careful calibration procedures. In actual systems, surface impedance evolves
constantly and recalibration is a real problem. Finally, when 2D algorithm are utilized to
reconstruct actual data, strong _3 )D artifacts are identified.

For all these reasons it does not seem reasonable to suggest further development of
impedance imaging for accurately measuring void fraction distributions in arbitrary two-phase
flow conditions. Impedance tomography has however a well defined potential for qualitative
analysis and the presented algorithm which is not limited to 2D provides a fast solution to the
inverse problem.
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inclusion number 1 2 3 4 5 8

k(n I 2 1 2 1 3 1 4 1 05 06

I A I 0_5 I 0-6 10,8 10-9 lo- I I

Table 1: Averaged values of the condition number kLO and 'values of the necessary precision
(TI, ) for reconstructing a medium with parameters accuracy of I% as a function of the number
of inclusions.
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a 

Figure I Schernatized description of the domain ), the conductivity of which is a x)
For the derivation of the direct problem associated to resistive impedance
tomography.

a =0
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Figure 2 Scheme of a probe bearing n excitation-measurement electrodes (bold).
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Figure 3 Reconstructed conductl% HN distributions for an axisymmetric media after Seagar
& Bates 1985). Original niedium (b) is incorrectly reconstructed even when the
data is slightly nolsed c). Reconstruction become wrong when the noise level
increases (d).
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Figure 4 2D conductivity reconstructions (a) after et aL 1991) algorithm. The quality of
the reconstruction decreases when the number of terms of the reconstruction
increases (b to d). (a) is the original and the oscillations of the reconstructed
increases with the reconstruction potential resolution (b to d).
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Figure 5 : Reconstruction of pece%\ ise conductivity medium by the finite element method
after Jones ei al. 9(' ).
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Figure 6 Definition of the direct problem domain to be utilized with the integral equation
method.

(a) Iter. Number (b) Iter. Number
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(c) Iter. Number (d) Iter. Number
40.0 20.0

30.0

20.0 10.0

10.0

off

0.0 20 40 60 0.0 20 40 60

Cost Function Cost Function

Figure 7: Reconstruction attempts with simulated data (8 electrode probe). The continuous
line contours are e rconstructed inclusions, vertically hatched areas are the
initial guesses whereas the obliquely hatched areas is the medium to be found.
On the ri-ht side ofeach graph is plotted minus the loglo of the cost function as a
function of the iteration number. In the four presented cases the algorithm
converges since te odule of the parameter corrections ( V tend towards zero.
In the two top figures. tile algorithm converges toward the absolute minimum of
the cost function snc te cost function (0) also tends to zero.
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(a) Iter. Number (b) Iter. Number
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Figure Reconstructions of nolsy data (see caption of figure 7 for symbol meaning).
noise level decreases from (a) to (d). It is noticeable that the quality of the
reconstructed inclusion distributions is good. however, the cost function (0 do
not tend towards zero but rather towards a value proportional to the noise level
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Figure 9 Reconstruction attempts with data encompassing interfacial impedance
simulation. Reconstruction do not account for these effects (see caption of figure
7 for symbol meaning). Interfacial impedance magnitude z decreases from (a) to
(d). Reconstruction is correct for the lower values of z and over-estimates

systematically the averaged void fraction by creating artifacts. The cost function

(0) do not tend towards zero but rather towards a value proportional to the

interfacial impedance (z).
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Figure 10 3D effects on 2D reconstruction algorithms. The reconstructions are atempted
with 3D simulation data whereas reconstruction is 2D. The actual 3D probe is
filled with liquid where is embedded a cylindrical non conducting inclusion. he
inclusion is centered on the probe axis, its length is h, its radius is R,,,. and its
center of gravity is located a the elevation z with respect to the top-bottorn
symmetry plane of the probe. Guar electrode height is G. measuring electrode
height is 2M.
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