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Multiphase Flow Detection Based on ECT Image
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Abstract; Although Landweber method is a classical algorithm for image reconstruction in electrical capacitance tomography
(ECT) system, the application of Landweber method in multiphase flow detection is limited due to its semi-convergence.
To solve this problem, this paper analyzed and proved the semi-convergence of Landweber method mathematically so as to
explore its physical properties. Based on this, an improved Landweber method with full and stable convergence was
proposed by structuring a compression operator for Landweber. Then the “soft field” characteristic of sensitivity field in
ECT sensor and its effect on sensitivity distribution, which is an important basis for image reconstruction, were analyzed.
The sensitivity distributions for each typical electrode pair under different flow patterns were given in three-dimensional
graphics. As ignoring “soft field” characteristic leads to inconsistency of the best iteration times of Landweber for different
flow regimes, an adaptive iteration stopping criterion was proposed. The criterion is based on a priori condition obtained by
training a number of image samples with least square support vector machine. With this criterion, iteration can be stopped
when the image reconstructed is the closest to the actual distribution of multiphase flow. Meanwhile, the effect of “soft
field” characteristic on image reconstruction could be compensated. The experimental results prove that the method not only
has a stable convergence, but also can improve the image accuracy by 16% ~ 50% . Therefore, the full-convergence
Landweber method can be widely used in none real-time multiphase flow measurement and detection system for its high
detection precision.
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role in the test results® .

Currently, ECT image

0 Introduction

In agricultural production, the detection of
multiphase flow is needed frequently. For example, it
is needed to detect the moisture content of wheat and
corn, split-phase holdup of milk, soil salinity, and
food"''. Another example is the non-destructive testing
of the oil pipeline in agricultural machinery. Electrical
capacitance tomography ( ECT) is a multiphase flow
density measurement and visualizing monitoring
technology which is regarded as one of the most
promising process tomography technology for being non-

rapid, and  low-cost and  non-

—4]

invasive ,
radioactive'’
Image reconstruction algorithm is critical in the
successful application of ECT technology. Especially
for the multiphase flow in the agricultural production,

the accuracy of image reconstruction plays an important
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reconstruction can be realized by linear back-projection
(LBP) algorithm'® | Landweber iteration'”’, Tikhonov
regularization'® | Newton-Raphson method, conjugate
gradient (CG) "' and so on.

Among the methods mentioned above, LBP and
Landweber method are comparatively mature and the
most  widely used ECT

algorithms "',

image reconstruction

LBP is quick and easy to use, but with

poor image quality. Strictly speaking, it’ s only a

4,10]

qualitative algorithm' Landweber is the most

classic image reconstruction iteration algorithm which
iconic  status in  ECT
[11]

enjoys  the image

reconstruction From  the  perspective  of
optimization, Landweber iteration approximates error
minimization function through the linear function in the
steepest descent direction based on the steepest descent

principle. However, in the application of Landweber
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method, with the increase of the number of iterations,

the reconstructed

image sequence may become
divergent ( semi-convergent ) after a period of
convergence'”’. One of the reasons is that the ECT

sensor sensitivity field is nonlinear and has soft field
characteristics; the other is that the number of
independent projection data of capacitance sensor ( the
number of independent capacitance) is less than the

13-14]
‘. In

pixel number of the reconstructed images'
addition, for different flow regimes, the numbers of
iterations with Landweber method are inconsistent,
which makes it hard to establish a criterion for stopping
iteration. Therefore, on the basis of Landweber
method, if an improved method can be proposed,
which is able to solve semi-convergence and
compensate the influence of “soft field” characteristic,
it will be significant for the application of ECT in
agricultural machinery.

To address the problem of semi-convergence of
Landweber image reconstruction, the soft field
characteristics of the ECT sensitivity field and the
effects of sensitivity matrix of ECT sensitivity field on
the image reconstruction algorithm were analyzed, then
the semi-convergence of Landweber method was
demonstrated and its reasons are explored. A new
method to improve the iterative operators of Landweber
method and the criterion to stop iteration was proposed

of the

reconstructed image. At last, the image reconstruction

to realize fast and stable convergence

experiments of the new method were performed, and
the results were compared with those of Landweber

method.

ECT
characteristic and imaging principle

1 Analysis of sensitivity field

1.1 Basic principle of ECT

Each phase separation medium of the multiphase
fluid in the pipeline has a different permittivity. When
the phase concentration and distribution of the fluid
change, the equivalent permittivity of the multiphase
flow will also change. So the measuring capacitance
values between the electrodes pair will be changing
t00''”". Measurements of the changes in capacitance
between a set of electrodes, which are placed around

These

measurements form a set of projections. With a proper

the periphery of a subject, are made.

image reconstruction algorithm, an image of the cross-
sectional distribution of dielectric materials within the
subject can be reconstructed from the measured data.
A typical ECT system as shown in Fig. 1 comprises
three main wunits; a multi-electrode  sensor,
measurement and data acquisition, and a computer for
image reconstruction.
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Fig.1 Compostion structure of ECT system
As the excitation frequency is about 1kHz, there is
no free electron in the sensor, and sensitivity field can
be regarded as electrostatic field. So the field in the
sensor can be described with Possion equation as
V(e(x.y) Vé(x.y)) =0 (1)
where, £ (x,y) is the permittivity distribution in the

¢ (x, v)

distribution, Vis the gradient operator.

section of pipeline, is the potential
After exerting boundary condition, the relationship
between capacitance and permittivity distribution is

governed by the following equation ;

c=Y= -3 [ o) VoGear (2

where, () is the charge in the electrode to the
capacitance C, V is the potential difference between
two electrodes forming the capacitance, I is the
electrode surface.

By introducing a sensitivity field function S (x,y,

can describe the relationship of

e(x,y)), we

capacitance C and £(x,y) as

C= [ s(rn)Steay,e(ay)dxdy  (3)

To simplify the equation, the soft field effect is
usually ignored, that is to say, assume that the
sensitivity field function is irrelevant to &(x,y), and
then Eq. (3)

normalized as

can be discretized, linearized and

A=S-g (4)
Where, A € R" is the normalized capacitance vector;
S € R""" is the normalized sensitivity matrix; g € R" is
the normalized permittivity vector, namely the medium
distribution vector' ",

The image reconstruction of ECT is to obtain the
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permittivity distribution by the measured capacitance,
i. e. to solve the unknown A from the known amount g.
However, due to the case that the number of known
amount is much larger than that of equations, Eq. (4)
is indeterminate equation, and the solution of the
equation is not unique. Meanwhile, due to the “soft
field” characteristic of ECT sensor, there is great
impact on image reconstruction. Moreover, Eq. (4) is
also a ill-conditioned equation, and the solution is
unstable. Therefore, an algorithm of ECT image
reconstruction which can solve the above problems is
much important.
1.2 “Soft field” characteristic of ECT

Different from the hard field of X-ray and y-ray, the
sensitivity field of ECT sensor is a soft field. The so-
called “soft field” mainly refers to the inhomogeneity

of the

distribution is affected by the medium distribution and

sensitivity  distribution.  The  sensitivity
the permittivity difference of abnormal medium. “Soft
field” characteristic is caused by the polarization of
dielectric in electrostatic field. The bound charge can
be generated by dielectric under the influence of
polarization, and the original electrostatic field will be

changed by the electrostatic field generated by the

bound charge.

Under the influence of “soft field” characteristic,

corresponding to the different dielectric and its
distribution,  sensitivity  distribution  has  great
differences. In the condition that medium distribution

is unknown, the distribution is also unknown, so only
the sensitivity distribution in the empty field can be
used to reconstruct image. This has a great impact on
image reconstruction.

The sensitivity distribution characteristics of ECT
sensitivity field is illustrated with the empty field,
bubble flow, ring flow and layer flow (the medium is
gasoline) of an 8-electrode ECT sensor. Electrode-1 is
defined as the exciting electrode, while the remaining
electrodes are marked in sequence as electrode-2 ~ 8.
The sensitivity distribution of all the electrode pairs are
shown in Tab.1. It is seen from the table that the
sensitivity distributions of the same electrode pairs
under different flow Since

regimes vary a lot.

sensitivity is  the comprehensive reflection  of
electrostatic field distribution, different flow regimes
(even different mediums) will pose a direct effect on
the electrostatic field distribution, thus the image

reconstruction result is affected.

Tab.1 Sensitivity distribution under different flow regimes

Flow regimes

'S ‘
O G

Electrode pair
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2 Demonstration and analysis of semi-

convergence of Landweber method

2.1 Demonstration of semi-convergence of
Landweber method
Although  Landweber

sophisticated algorithm for ECT image reconstruction

method is the most

currently, the main drawback of this method is semi-
convergence, which limits the further promotion of
Landweber. In principle, Landweber method is a
variation of steepest descent method. To prove the
semi-convergence of Landweber method, a deduction is
done based on series theory. Actually, the proposer of
Landweber method used in ECT image reconstruction
also explains the method mathematically with series
theory.

For the linear matrix shown in Eq. (4), assume that
A, is the initial approximation matrix of §~', let I be a

unit matrix, the residual matrix will be

R=1-A,S (5)
If $ ' exists, Eq. (5) can be modified as
S =(I-R) A, (6)

If the spectral radius of the residual R, that is p(R) <
1,(I-R) ' sequence could be expanded, and the "
sequence of S™', A, the k""" sequence of S™', A, ,,
are represented respectively as

A, =(I+R+--+R"")A, (7)
A, =(I+R+--+R")A, (8)
And as
(I-R)(I+R+--+R""") =I-R" (9)
according to Eqs. (5), (7) and (9), the following
equation can be obtained.
R'A,=A,(I-5A,) (10)

Substitute $ ™' with A, |, according to Eq. (8), the

following equation holds up

8. =8 +R'AA (11)
Put Eq. (10) into Eq. (11), then
i =8 +A (A -Sg,) (12)
Let A, =aS", then Eq. (12) can be rewritten as
81 =8, +aS (A -Sg,) (13)

where, a is the gain factor, which is used to control
the convergence rate.

Eq. (13)
Landweber method.

is the general iterative equation of

As described above, only when the spectral radius of
residual is less than 1, i.e. p(R) <1, Eq. (13) is
valid, namely the sequence is convergent. Therefore,
according to the series theory, the full convergence
condition of Landweber method is p(R) = ||R ||, <1,

and the norm of Operator R can be defined as

IR =max LR8I (vg R and g#0)

g |l
(14)
Assume that g =x —y,x,ye R" and x#y, then
[ R(x-y) |

R| =" (15)

=y

Namely,

[Rx Ry || < [ Rl - [ x-yll (16)

If |R| <1,then R is the compression operator, it
is fully convergent, so the full-convergence condition of
Landweber method is that R be the compression
operator.

Take 2-norm as an example to discuss the
characteristics of || R || . According to Eq. (5) and

the mathematical definition of 2-norm,

IRI,=[T-aS'S| =
A (I-aS™S)"(I-aS™S) ] =
A [ (I-aS'S)" ] (17)

] is the maximum eigenvalue of [ - ].

where, A [ -
Since §'S is a symmetric nonnegative definite matrix
and normally there may be matrix of unfilled rank,

which makes part of the eigenvalues zero. Therefore, 1
should be included in the eigenvalues of (I —aS'S)?,

so +/A, [ (I-aS"S)*]=1. R is not the compression
operator.

2.2 Analysis of the

Landweber method

It is the unfilled rank of S$'S that makes the

Landweber method semi-convergent, and the unfilled

semi-convergence  of

rank of S'S is caused by ECT sensor, that is, the
( the

dimension number of A) is less than the pixel number

available independent capacitance number
of reconstructed images (the dimension number of g).
In addition, the sensitivity matrix S is got by ignoring
the soft field effect; it doesn’ t represent the real
characteristics of sensitivity field. In the iteration
process, the accumulated error and data noise are easy
to increase which makes the

gradually, image

reconstruction iteration semi-convergent.
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3  Design of full convergence Landweber

image reconstruction algorithm

3.1 Improvement of Landweber method
To solve the semi-convergence problem of Landweber
method, we need to first improve the operator R to a
compression operator. A new operator R’ is structured
with symmetry and nonnegative definite property of S'S.
R =B(I-aS'S) (18)
where, B is decided based on || R’ || <1, here R’ is a
compression operator. When 8 =1, R’ is the general
iterative operator in normal Landweber method, so B e
(-1,1); a is a parameter related to the sensitivity
matrix and ECT sensor systematic noise, and it can be

used to control the iteration step size, generally,

O<a <#
AIIIBX<STS) )

Apply the improved iteration operator R’ into
Eq. (11),

., =(I+R +--+R")A,A (19)
According to Eq. (9), Eq. (19) can be rewritten as
I_Rrk+l

8ot = p_gr AoA (20)

Take Eq. (20) as the iterative formula of Landweber
algorithm after the improvement of the iteration
operator, under the guarantee of correct choice of
parameter, R’ is the compression operator, the

reconstructed image sequence will converge to

I
7oA

3.2 The iteration stopping criterions based on a
priori condition

Take Eq. (20) as the iterative formula of Landweber
algorithm, the acquired image sequence | g, | is
mathematically convergent, but the limit of the image
sequence may not be the actual permittivity distribution
vector due to the defects of Eq. (4). Therefore, it is
necessary to set a stopping iteration to guarantee the
iteration stop when the iteration result is the closest to
the real permittivity vector.

Define the priori condition AA as the error produced
by sensitivity matrix in the process of mapping real
permittivity distribution vector g into capacitance
vector,

AA=A-S-g (21)

The priori condition AA for different flow regimes

(different projection A) is different. Use the least
squares support vector machine ( LS-SVM) classifiers
to train a certain amount of classic image samples and
predict the AA of the image.

If the image sample number is n, the independent
capacitance number of ECT sensor is N,then LS —SVM
training sample set can be described as {A,,AA,} (i =
1,2,--n), where, A, is N dimensions normalized
capacitance vector ( A, can be obtained by finite
element method according to the medium distribution of
the image samples), AA; is the vector norm of the
priori condition, then AA; € R. According to LS —
SVM theory, the decision function for predicting the

priori condition AA can be determined as:
FAA(A) || = X 8K(A,A) +b  (22)
i1

where, K(A,A,) is kernel function which is the high
dimensional space integral operator, and radial basis
function is used in this paper. & is the support vector.
b is regression parameter.

The expression of kernel function K (A,, A,) is
shown as follow.

_ ”AI_AZ ” ) (23)

K(A,A,) :exp( 2
o

0 and b can be obtained by solving the minimum
equivalent value of LS — SVM method, which is

described as follow.

"0 | | T
| K(Al,)tl)+% K(A, A,) K(A, A)

I KA K(Az,mﬁ KA, A,)
LKA KAL) K()t“,)tn)+%
1o
5, | |an,

5, |=|AA, (24)
8” AA”.

o and y in Eq. (23) and (24) are respectively
kernel parameter and regularization parameter; the
values of both of them can be assigned according to
experience.

The four flow regimes shown in Tab.2 No.a ~d are

all the patterns for two-phase flow. Taking these four
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flow regimes as image samples, to improve the
prediction accuracy, we choose 10 images of different
sizes for each regime, 40 samples in all.

When || AA || is closest to || A —-S-g, |, g, is the
optimal solution, this could be the criterion for stopping
iteration, that is to say, when Eq. (23) holds, the result
of the k" iteration step is the optimal solution.

FAA] = [fA=S-g., | > [AA] - [[A-S-g, |
(25)

4 Simulation and analysis

A simulation experiment is made with an 8-electrode

ECT system and the capacitance value is calculated by
finite element method. The finite element mesh is dot
matrix of pixel of the imaging area. Five images are
tested, four of which are of the same type with flow
regimes samples, but size of discrete phase. The other
flow regime is different from the samples at all points.
For both traditional Landweber method and full-
convergence Landweber method, iterate 100, 1 000
and 10 000 steps respectively, the image reconstruction
resultsare shown in Tab. 2.

Comparing the reconstruction results in Tab.2, it

could be seen that when the iteration times reach 10 000,

Tab.2 Results of image reconstruction

Full-convergence
Landweber

Landweber

Full-convergence

; Iteration times
£ SR s 100 1000 10000
Lanmmr °
a
Full-convergence
Landweber
Q o
Landweber O O Q D
b
Full: O
-CONVErgence
Landweber o 0
Landweber
./
[
Full-convergence
Landweber
@ Landweber

Landweber

0 W7 N
@) @
Y B
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most image reconstruction results ( except ring flow) of

traditional Landweber method become obviously
divergent. In fact, with more iteration times, the ring
the image

flow will be divergent too. However,

reconstructions  with  full-convergence method are
convergent stably, and the convergence rate is faster.
For the flow pattern No. e in the Tab. 2 which is not
shown in the samples, the reconstruction results with
full-convergence are still convergent stably. In
addition, it could be seen that the iteration times for

For the full-
convergence Landweber algorithm, if Eq. (25) is used

different flow regimes are different.

as iteration stopping criterions, the iteration will be
stopped when the image is the relative optimum.
Actually, by simulation, it can be found the full-
convergence Landweber method can ensure that the
final iteration result is the best one currently.

In Tabs.3 and 4, we present the capacitance
residuals and image relative error respectively ( the
items in these two tables are in accordance with those
in Tab.2). The calculation formulas are shown as

follows .

ClA-S-g|

NPy (26)

lg-gl
e =15 o511 27
Y (27)

~
where, g is the permittivity distribution vector obtained

from the image reconstruction algorithm.

Tab.3 Capacitance residuals

Iteration times

No. Algorithm

100 1 000 10 000

Landweber 0.0602 0.0526 0.0741

! Full-convergence Landweber 0.0549 0.0373 0.0335
Landweber 0.0733 0.0485 0.0386

b Full-convergence Landweber r 0.0649 0.0412 0.0306
Landweber 0.4347 0.2773 0.2561

¢ Full-convergence Landweber 0.4852 0.2516 0.0945
Landweber 0.4105 0.2530 0.0561

d Full-convergence Landweber 0.3992 0.1636 0.0527
Landweber 0.4330 0.3609 0.0786

¢ Full-convergence Landweber 0.3194 0.2918 0.0411

It can be concluded from Tab.3 that for the
sensitivity field (Nos.b, ¢ and d in Tab.2) whose
sensitivity matrix S are varied a lot because of the
different low regimes, when the reconstructed images
divergent, the

with Landweber method become

capacitance residuals are still decreasing. It occurs

because the sensitivity matrix S can’ t reflect the
sensitivity field distribution accurately; therefore, the
capacitance residuals cannot be regarded as image
stopping

criteria. The problem can be solved by the method we

quality evaluation criteria and iteration
proposed. It could be concluded from Tab.4 that with

the same iteration times, the full-convergence
Landweber method has better image reconstruction
accuracy than traditional Landweber  method.
According to Tab.4, with a few iterations, the full-
convergence Landweber method is not necessarily
better than the original method. However, when a
sufficient number of iterations ( for example 10 000
times) , the full-convergence Landweber can improve
the accuracy of image by 16% ~50% , compared with
Landweber.  Therefore, in the multiphase flow
measurement with less demanding real-time, the full-

convergence Landweber can achieve higher detection

accuracy.
Tab.4 Image relative error %
No. Algorithm Iteration times

100 1 000 10 000

Landweber 43.2 38.3 49.6

! Full-convergence Landweber — 41.5 36.0 20.1
Landweber 45.2 39.6 56.3

b Full-convergence Landweber — 41.9 35.4 22.8
Landweber 55.6 46.7 54.9

¢ Full-convergence Landweber ~ 57.3 47.1 32.4
Landweber 45.8 42.2 21.0

d Full-convergence Landweber ~ 45.6 30.9 20.4
Landweber 60.7 50.6 31.5

¢ Full-convergence Landweber ~ 49.2 33.4 26.1

5 Conclusions

A mathematical and physical analysis and
demonstration of the semi-convergence of traditional
Landweber method was made, and the inherent defects
of image reconstruction with sensitivity matrix have
been explored. The Landweber method is improved by

have full

Meanwhile, a

structuring a compression operator to

convergence characteristics. priori
condition is applied to build an iteration stopping
criteria, and thus corrects the effect of the structured
compression operator on the convergence of Landweber
method and compensates the deviation caused by
application, the

sensitivity matrix. In practical

improved method can be self-adaptive and realize
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optimal iteration steps. The simulation experiment
shows that full-convergence Landweber method is more

stable in  convergence and higher in image
reconstruction accuracy than traditional Landweber

method.
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Multiphase Flow Detection Based on ECT Image
Reconstruction Algorithm

Zhao Yulei Guo Baolong
(School of Aerospace Science and Technology, Xidian University, Xi’an 710071, China)

Abstract; Although Landweber method is a classical algorithm for image reconstruction in electrical
capacitance tomography ( ECT) system, the application of Landweber method in multiphase flow
detection is limited due to its semi-convergence. To solve this problem, this paper analyzed and proved
the semi-convergence of Landweber method mathematically so as to explore its physical properties. Based
on this, an improved Landweber method with full and stable convergence was proposed by structuring a
compression operator for Landweber. Then the “soft field” characteristic of sensitivity field in ECT sensor
and its effect on sensitivity distribution, which is an important basis for image reconstruction, were
analyzed. The sensitivity distributions for each typical electrode pair under different flow patterns were
given in three-dimensional graphics. As ignoring “soft field” characteristic leads to inconsistency of the
best iteration times of Landweber for different flow regimes, an adaptive iteration stopping criterion was
proposed. The criterion is based on a priori condition obtained by training a number of image samples
with least square support vector machine. With this criterion, iteration can be stopped when the image
reconstructed is the closest to the actual distribution of multiphase flow. Meanwhile, the effect of “soft
field” characteristic on image reconstruction could be compensated. The experimental results prove that
the method not only has a stable convergence, but also can improve the image accuracy by 16% ~50% .
Therefore, the full-convergence Landweber method can be widely used in none real-time multiphase flow
measurement and detection system for its high detection precision.

Key words: multiphase flow; detection; image reconstruction; electrical capacitance tomography;

Landweber method
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Fig.1 Composition structure of ECT system
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Tab.2 Results of image reconstruction
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