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a b s t r a c t

For multiphase flow that contains conductive or magnetic permeable material, it is possible to use an
electromagnetic tomography technique to measure its flow rate and phase density. The main challenge
of this kind of measurement is how to improve the image reconstruction quality. In this paper the
comparison of linear back project, Landweber iterative and Tikhonov regularization algorithms are
studied for an electromagnetic tomography system. Then an improvedmethod of the Landweber iterative
is introduced which uses a Tikhonov regularization reconstruction image as the initial iterative value for
the iterative. Compared with the original Landweber iterative using a linear back project result as the
initial value, this method can improve the quality of the reconstructed image. Moreover, the convergence
speed of the iterative can be improved by using this method. The effectiveness of this method is verified
by simulation reconstruction.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Electromagnetic tomography (EMT) is one kind of electrical
tomography that is used to image cross-sections of multiphase
flow in industrial processes. The sensor of the EMT system can
generate an alternating magnetic field by excitation coils that
apply an alternating current. Then the detectors mounted around
the measured pipe circle can detect the boundary magnetic
flux density [1]. The sensor of EMT has the advantages of
being non-invasive, non-contacting and non-hazardous, so the
EMT technology can be used in multiphase flow measurement
in the industrial area of metallurgical process measurement,
chemical abstraction, foreign material monitoring and mineral
transporting [2–5].

Many factors are related to the quality of reconstructed image
in an EMT system. The factors include excitation field style, exci-
tation frequency, magnetic detectors’ structure, measurement sig-
nal demodulation and the image reconstruction algorithm. Among
these factors, the reconstruction algorithm is critical. Many recon-
struction algorithms have been reported in an electrical tomogra-
phy system including linear back-projection (LBP), the Tikhonov
regularization algorithm, Landweber iteration, Newton–Raphson
iterative, Tikhonov iterative, algebraic reconstruction algorithm,
simultaneous iterative reconstruction and model-based recon-
struction algorithm etc. [6–9]. For an EMT system, the LBP algo-
rithm is the basic algorithm, and the Tikhonov regularization and
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Landweber iterative are widely used in the EMT study for its ef-
fectiveness and convenience. Based on the comparison of these
algorithms this paper introduces a modified method from the
Landweber iterative algorithm for the EMT system. The main im-
provement of this method is that Tikhonov reconstruction image
is used as the initial iterative value. To verify this method, image
reconstructions are simulated in a parallel excitation EMT system
model.

2. Forward problem of EMT system

The sensor of a typical EMT system includes excitation coils
and detector coils. There are two kinds of typical EMT system
according to the difference of its excitation coils’ geometry and
distribution [2]. In this paper, the simulation is based on the
parallel excitation structure shown as Fig. 1. The reason to select
a parallel model is that the excitation field is parallel and uniform
compared with single coil excitation. As shown in Fig. 1 there are
four layers in the sensor, which are the pipe wall layer, detection
layer, excitation layer and electromagnetic shielding layer. In the
excitation layer there are 16 copper strips installed vertically to the
cross section of the pipe. When the alternating current is applied
to the strips according to sine wave distribution simultaneously, a
parallel excitation field can be generated in the pipe [2]. By rotating
the distribution of excitation current, the excitation projection can
be rotated electrically [10].

In Fig. 1, Rp is the radius of pipe, which is 24 mm. Re is the
radius of the excitation layer, which is 36 mm. Rs is the radius
of the shielding layer, which is 52 mm. The simulated flux line
distribution of the rotation in the empty pipe condition is as Fig. 2.
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Nomenclature

B Magnetic flux density, T
H Magnetic field intensity, A/m
E Electric field intensity, V/m
D Electric flux density, C/m2

A Magnetic vector potential, Tm
S Area of pipe cross section, m2

U Vector of induced voltage of detectors, V
S Sensitivity matrix
G Gray vector of conductivity distribution
α Landweber iterative parameter
γ Tikhonov regularization parameter
λ Eigen value of matrix STS
σ Conductivity, S/m
ε Permittivity
µ Relative permeability.

The figures are flux line distributions of projection 1, 2 and 4
respectively.

As in Fig. 1, the detector coils are mounted on the detection
layer, the coils can measure the boundary magnetic flux density
that contains the object field information. The induced voltage of
detector Ud can be described as Eq. (1).

Ud = f (Be(x, y), Bo(x, y), µ, σ (x, y)) (x, y) ∈ S. (1)

Here, the analyzed model is based on the cross section S of
the measured pipe, Be is the excitation magnetic field, and Bo
is the magnetic field generated by the measured objects’ eddy
current or magnetization effect. Ud is related to the measured
objects’ conductivity, permeability and the excitation condition.
Although Ud is sensitive to both conductivity and permeability,
in this paper only conductivity distribution reconstruction is
considered because the conductive object and permeable object
have a contrary effect on the detector coils [10]. Until now, there
has been no effective method to decouple these two kinds of effect
from the signal of detector coils or reconstructed images.

The excitation magnetic field in the cross section of the EMT
sensor can be described as the Maxwell equations (2) if three
assumptions are satisfied. (1) The magnetic sensing field can be
considered as a two dimensional harmonic field and the magnetic
potential vector A only has the Z axial part. (2) The object
conductivity is linear and isotropic. (3) The magnetic flux density
is sinusoidal and can be symbolized by ejωt , hereω is the excitation
frequency [1,2].

∇ × H = σE + jωεE
∇ × E = −jωB
∇ · B = 0
∇ · D = 0

(2)

where B is magnetic flux density, H is magnetic field intensity, E is
electric field intensity,D is electric flux density, ε is the permittivity
and σ is the electrical conductivity. Because the frequency of the
EMT systems is low enough for the displacement current to be
ignored, so jωεE = 0 can be assumed. The magnetic vector
potential A of the sensitive field can be simplified to Eq. (3).

∇
2A = jωµσ (x, y)A. (3)

In the cylindrical coordinate system shown in Fig. 1, Eq. (3) can be
written as Eq. (4)
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= jω µσ (ρ, ϕ)A (4)
Fig. 1. Cross section of parallel EMT sensor.

where ρ is the radial distance and ϕ is the angle in the cylindrical
coordinate system. After the magnetic vector potential A is solved
by the finite element method in the measured cross section, the
detector coils’ induced voltage Ud can be expressed as Eq. (5).

Ud = −
dψ
dt

= −n ·
d(B · Sd)

dt
= −n ·

d(A · l)
dt

. (5)

Here, ψ is the magnetic flux. n, Sd, l represent the detector coil’s
turn, area and axial length respectively. Then by tuning the
projection of excitation magnetic field and acquiring the coils’
induced voltage, the result of EMT’s forward problem can be
obtained.

3. Sensitivity matrix calculation and measurement data simu-
lation

As the prior information of image reconstruction, the sensitivity
matrix consists of the relationship between measurement data
and test objects in the sensing field. In an EMT system, sensitivity
matrix S can be used to denote the maps of a particular detector to
a small perturbation of one test element area in each projection.
In this paper, the sensitivity matrix is calculated by using the
electromagneticmodule of finite elementmethod software ANSYS.
The simulation script APDL (ANSYS Parametric Design Language) is
used towrite a program to automatically test conductive objects in
the pipe area and solve the result of the magnetic field in discrete
format. In the model script, the cross section of the flow pipe is
meshed into 828 elements. These elements are used as test objects
respectively to calculate the 16 detector coils’ induced voltage in
16 projections. So the sensitivity matrix S has the structure of
828 × 16 × 16. The sensitivity of detectors on 828 elements in
different projections can be displayed on the meshed pipe area
according to the leveled filling color. Fig. 3 shows four sensitivity
maps of a total of 256. Where p is the projection number, d is the
detector coil number.

The electromagnetic finite element simulation script is also
used to generate the detector coils’ output value when the sample
conductive objects are set in the sensing field for a specific flow
pattern. Fig. 4 is themagnetic flux density vector andmagnetic field
intensity contour distribution when four copper bars, whose radii
are 2mm, are distributed in the pipe. Thenmeasurement dataUd is
calculated according the magnetic flux density on the 16 detectors
at 16 excitation projections.

4. Modified Landweber iterative algorithm

The EMT inverse problemcanbe attributed to the solution of the
first class of nonlinear Fredholm integral equations as Eq. (6) [4].

Ud =


D
f (µ · σ (x, y)) · B [µ · σ (x, y)] dxdy (6)
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Fig. 2. Flux line distribution of the sensor’s cross section.
Fig. 3. Sensitivity distribution of the simulation model.
Fig. 4. Magnetic flux density vector and magnetic field intensity contour distribution.
where f (µ · σ(x, y)) is the distribution of conductive material in
the measured field. B is the system characteristic function that is
affected by the material distribution. The EMT inverse problem is
to seek the solution of the f (µ · σ(x, y)) when the Ud is known
as the measured data. With a limited number of measured data
and limited elements of material distribution, the equation can be
expressed as linear matrix equation Eq. (7).

U = SG. (7)

Here U is the column vector of the induced voltage of detectors,
and S is the sensitivity matrix. G is the column vector of gray
or the probability of conductivity distribution on each meshed
element. The Landweber iterative reconstruction algorithm is as
Eq. (8)[6,11].
G0 = STU (a)
Gk+1 = Gk + αST(U − SGk) (b)

(8)

where, G0 is the initial value of the iterative, U is the induced
voltage vector, G0 is calculated by using the LBP algorithm, k is
the iteration step number, and α is an iterative parameter which
is used to control the convergence speed.

Image reconstruction simulation shows that the reconstruction
image using Eq. (8) is affected by the initial value G0. The quality
of the iterative image is hard to improve when the quality of G0 is
weak. So improving the quality of the initial reconstructed image
is a possible way to enhance the final iterative quality. For the
direct reconstruction algorithm, Tikhonov regularization is more
accurate than that of LBP. Tikhonov regularization is a derivate
method of parameter identification by using the regularized least
square method. It can solve the EMT’s ill-posed problem by adding
a scaling identity matrix [4]. So in this paper the Landweber
iterative regularization is used as the initial iterative value special
for EMT. This kind ofmodificationwas also tested in ECT (electrical
capacitance tomography) as [12] reported. After changing the
initial value, the Landweber iterative algorithm becomes Eq. (9).
G0 =


STS + γ I

−1 STU (a)
Gk+1 = Gk + αST (U − SGk) (b)

(9)

where, γ is the regularization parameter. S is the sensitivity
matrix. By adding a unit matrix with a factor γ the Tikhonov
regularization algorithm can make the STS matrix generalized
inverse to enhance the reconstructed image. After replacing
the Landweber algorithm’s initial value, the iterative stable
convergence criterion still satisfies Eq. (10), which is studied in [6],
because the convergence is only affected by the image correction
part of the iterative equation.αSTS2 < 2. (10)

Suppose λmax is the maximum eigen value of STS, the gain factor
α should be in the following range to maintain the iterative
algorithm’s convergence.
0 < α < 2/λmax. (11)
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Fig. 5. Magnetic flux density distribution of a test copper bar in the pipe.
(a) Along X-axes. (b) Along test circle path.

Fig. 6. Magnetic flux density distribution in difference frequency.
(a) Empty field. (b) Object field with copper bar.

Fig. 7. Measurement data of 16 detectors in 16 directions.
5. Image reconstruction simulation

Image reconstruction using the modified Landweber iterative
algorithm is tested by reconstruction simulation in the following
condition. The simulation is based on the parallel model as Fig. 1.
The frequency of the forward problem solution is 100 KHz. The
maximum excitation current on the strips is 10 mA. The excitation
frequency optimization of the model is verified by simulation.
When a copper bar is placed in the pipe its induced eddy current
will change according to the excitation frequency. Fig. 5 is the
model where a radius 2mm copper bar is placed in the right center
of the pipe. Fig. 6 is themagnetic flux density distribution along the
X-axial and a test circle path in a different excitation frequency.
The simulated frequency is from 0.1 KHz to 10 MHz. The test circle
path is as shown in Fig. 5 left. The radius R of the test circle path is
24 mm and the starting point of the path is point A where x = 24
and y = 0 mm. The rotation direction is anticlockwise. As shown
in Fig. 6, when the excitation frequency is larger than 100 KHz,
the magnetic flux density induced by eddy current in the copper
object is not obviously increasing. Therefore, around 100 KHz is an
economical and sufficient excitation frequency range for an EMT
sensor with this structure.

In all 16 projections themeasurement datawith empty field and
with the test 2mm radius copper bar are shown as Fig. 7(a) and (b)
respectively. In the empty field, the unified measurement data is
similar in shape in different projections. Nevertheless, when the
copper bar is in the pipe, the closer the detector is from the copper
bar, the greater the influence on the measurement data from the
eddy current induced in the bar.

Based on the model, the image reconstruction simulation has
been done with LBP, Landweber iterative, Tikhonov regularization
and modified Landweber iterative algorithms. The simulation
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Table 1
Simulated image reconstruction result.

No. Flow pattern LBP (Eq. (7)) Landweber (Eq.
(8), α =

0.0039, k = 10)

Tikhonov
regularization (Eq.
(9)a, γ = 0.1)

Modified
Landweber (Eq.
(9), γ = 0.1, α =

0.0039,1g ≤ 0.1)

ks Modified
Landweber (Eq.
(9), γ = 0.1, α =

0.0039,1g ≤

0.01)

ks

1 4 18

2 5 19

3 5 17

4 5 17

5 4 24

6 1 11
result is as shown in Table 1. There are six typical flow patterns
in the table. The reconstruction result of different algorithms with
specific parameters is shown in the columns. The reconstruction
result is affected by the regularization parameter γ and the
iterative parameter α. In Table 1, the images are reconstructed
based on the pre-optimized parameters γ and α.

As shown in Table 1, in the LBP column the reconstruction
result cannot identify the position of test objects, especially when
there are multiple ones. In the Landweber iterative column,
the algorithm cannot improve the quality of the reconstructed
image obviously compared with LBP. The simulated measurement
data, sensitivity matrix and algorithm programming are checked
carefully for the Landweber column. In addition, a different
iterative parameter α is also tested. The Landweber result is still
not ideal. In the Tikhonov regularization column, the quality of
reconstructed images is obviously improved. For the modified
Landweber iterative algorithm, there are two columns. The
difference between these two columns is that the iterative stop
condition parameter1g is different.1g is defined as Eq. (12). And
Ks in the table are the iterative times when the iterative is stopped.

1g =

N
e=1

Gk+1,e − Gk,e
  N

e=1

Gk,e
 (12)

where e is the meshed element number in the pipe, N is the total
element number, which is 828. Gk,e is the gray value of number e
element. As shown in the table the iterative times Ks are different
with the same iterative stop condition in different flow patterns.
1g is the image correction value of the iterative process. The1g ’s
change in different patterns with the condition of 1g ≤ 0.01 is
shown in Fig. 8.
Fig. 8. 1g ’s change in different patterns with the condition of1g ≤ 0.01.

As shown in Fig. 8, the iterative process is convergent with the
condition. Moreover, the image quality of the modified Landweber
iterative is improved compared with the initial Landweber
iterative in the EMT system.

6. Conclusion and discussion

LBP, Landweber iterative and Tikhonov regularization recon-
struction algorithms are simulated in a parallel excitation EMT
system model for multiphase flow measurement. Based on the
comparison, a kind of modified Landweber iterative algorithm is
introduced, which uses Tikhonov regularization reconstruction as
the initial iterative value. Simulation in six typical patterns veri-
fied the performance of the modified iterative algorithm. Future
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work will focus on the evaluation of magnetic permeable material
reconstruction. Moreover, the performance comparison of parallel
excitation and single coil excitation at a similar sensor structure
will be studied.
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