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Abstract Electrical impedance tomography is an imaging method that can profile the resistivity

distribution within a domain using a non-invasive sensor. It is a promising method for multiphase flow

measurement. This paper describes an EIT system for monitoring the consistency, air bubbles and velocity

in pulp flow.

Keywords: EIT; Multiphase Flow; Cross correlation

1. Introduction

In industrial application, the measurement of
multiphase flow is very important, but it is difficult to
solve due to the complex behavior inside the flow.
Process Tomography technique provides a new
method to visualize the internal behavior in industrial
process, for example, the gas/liquid, gas/solid and the
other multiphase flow. On the other hand, electrical
impedance tomography (EIT) is based on the principle
of electrical impedance sensitivity; it has several
advantages over the other traditional means, such as
the non-invasive sensor, lack of radiation, rapid
response. Therefore, it has been widely developing in

recent years.

EIT images offer the distribution information about
each phase in a multiphase flow, in order to calculate
the mass flow or volume flow, the velocity of the flow
must be measured. Several solutions have been
developed for this purpose, such as applying cross
correlation technique or using a traditional velocity
meter to obtain the velocity information.

This paper describes a flow measurement system
based on process tomography technique and cross
correlation technique. This system will be applied to
measure the pulp flow.

2. Measurement principle

The basic idea is to apply the process tomography to
obtain the
information about each phase and calculate the cross

images containing the distribution
correlation of the images to get the velocity
information, then the volume flow or mass flow can

be calculated.

2.1 Physical model of EIT

EIT is an imaging method that can profile the
resistivity distribution within a domain. If each phase
in the flow has different conductivity, it is possible to
identify them by the resistivity measurements.

Fig. 1 shows the physical model of EIT. A set of
electrodes are installed around the pipe or vessel to be
imaged. The distribution function of conductivity is o.
A current is injected via a pair of electrodes and the
response voltages are measured from the other
electrodes. The response voltages depend on the
position of the component boundaries within their

sensing zones.

The underlying relationships, which govern the

interaction of electricity and magnetism, are

summarized by Poisson equation:
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Fig. 1 Physical mode of EIT.

V-(oVu)=0 (1)

where
o is the distribution function of conductivity
u is the distribution of potential

Because the relationship between ¢ and u is nonlinear,
it is very difficult to obtain analytic solution of Eqn.
(1). Therefore, the numerical method is applied to get

an approximate solution.

2.2 Image reconstruction algorithm

The reconstruction problem is to obtain an
approximation to the conductivity distribution in the
interior from the boundary measurements. This
problem is challenging because it is not only nonlinear,
but also ill posed, which means that large changes in
the interior can correspond to very small changes in

the measured data.

From a theoretical

boundary measurements do uniquely determine the
(2

point of view, all possible
conductivity in the interior. I8 However, in practice
we are limited to a finite number of electrodes and a

finite number of current patterns.

Many reconstruction algorithms have been proposed.
Cheney et al.'l classified approaches into several
categories. The first are based on linear
approximations. These are noniterative methods based
on the assumption that the conductivity does not differ

very much from a constant. Examples of linear

methods are the Barber-Brown
method”®  and
approach.ls"g“m' moment methods,

Newton methods.!"!

backprojection

related methods,l““?| Calderon's

121 4ng one-step

The modified Newton-Raphsom 14

common used in EIT. This method implements a FEM

algorithm

solver and iterative method to compute the
conductivity distribution. A forward transform F to
describe the relationship between the boundary

voltages V and the resistivity r is given by:
V=F(r) (2)

The quadratic error e(r) between the computed
voltages of the previous equation and the measured
voltages V is defined by:

e(r) = %[F(r)— v,[[Fr)-v,] ©®

Here T represents the matrix transpose. Minimization
of this error with respect to the resistivity gives:

e(r)=[F'm][For)-v,]=0 )

where F'(r) is the Jacobian matrix.
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Finding the Taylor expansion of Eqn. (4) and ignoring

[14]

the non-linear terms, Yorkey et al. obtained a

correction factor for the conductivity at the A"
iteration as:

art =—{[rey] Fes) Tl Fat)-v.]

(6)
The updated conductivity distribution becomes:

' = + AP (7)

The Jacobian is recalculated at each iteration and thus



an. efficient FEM implementation is required to
compute the forward transformation and Jacobian.
The principle problem associated with this algorithm
however, is the inversion of the matrix:

A=[Fas] Fat ®)

This matrix A is often ill-conditioned and thus
regularization techniques are required if images are to
be reconstructed from real data which will inevitably
measurement  noise.

include Yorkey et al.

implemented the Marquardt method to achieve the

“4', whilst Hua et al. modified the term

regularization
to be minimized Eqn. (3),"”! by adding a penalty term

such that:
e(r) = % [Fr)-V, [ [F)-V, ]+ ax"Pr  (9)

where A is a scalar and P is a positive definite matrix,
depending on the form of prior information. Generally,
P can be a simple diagonal matrix. The correction
factor in Eqn. (6) becomes:

Ar* = —{[F’(r" )| Frt)+ 2/11’}_'

[F'as] [Fat)-v, ] o

The matrix A now includes an additional term and this
tends to improve the matrix condition. However, the
value of these regularization terms can greatly alter
the performance of the algorithm. If 4 is too high, the
smoothing may result in severely degraded image
resolution, whilst a small 1 will have little effect on
the conditioning of the matrix.

Newton-Raphson algorithm can be divided into two
sections: the forward problem and inverse problem.
The forward problem can be described as finding the
voltage distribution within the region, given
knowledge of the conductivity distribution and the
specification of the boundary conditions. Image
reconstruction is an example of an inverse problem, in
which we try to recover the conductivity distribution
from the boundary measurements. Except under
highly constrained circumstances, a single set of

boundary measurements will not convey sufficient

information to uniquely determine the conductivity
distribution. To reconstruct an image, the application
of a number of independent measurement sets is
required.

The inverse problem therefore becomes one of finding
a conductivity distribution which is consistent with all
the measurement data sets and any particular
constraints which can be applied. In general, as more
independent measurements are made, the ability to

reconstruct a greater number of independent

conductivity elements will increase. However, this

improvement in spatial resolution is not only

determined by the number of independent

measurements, but is also related to measurement

[16]

accuracy and noise,’ ' and to the applied current

. 17
patterns and voltage measurement configurations.!"”)

2.3 Flow velocity measurement
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Fig. 2 Model of dual 16-electrode sensor.

In this research, the velocity was measured by
pixel-pixel cross correlation. Fig. 2 shows a dual
16-electrode sensor for this system. The cross section
was divided into 16 pixels (see Fig. 3). If the flow
pattern can be considered ‘frozen’ during passing
from plane A to plane B, the time that the ™ pixel
moves from plane A to plane B can be determined by
following cross-correlation function:

Re() = 25 O+ )

Jj=0,12,,. .M k=12,.,6

(11)

where xi(i) and y (i) are the up-stream and
down-stream signals, N is the number of samples in
cross correlation calculation, j is the number of

delayed samples, and £ is the pixel index. When the



time delay equals to the flow transit time 7*, the cross
correlation function produces the maximum value.
The flow velocity can be calculated V=L / t*, where L
is the distance between the sensors. In total, 16
velocities can be calculated.
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Fig. 3 16 pixels in cross section.

After the fraction profile and the velocity profile have
been obtained, the volumetric flowrate can be derived:

m

0= BV4 (12)

i=l

where A, is the area of i pixel, f is the modifying

factor of flowrate.

3. Measurement system design

The system includes a host computer, two data
acquisition system (DAS) and a dual 16-electrode
sensor, as shown in Fig. 4.

DAST and DAS2 acquire data from the electrodes and
send them to the host computer. The host computer
reconstructs the images and then calculates flow
velocity based on the cross correlation method. The

part inside the broken line in Fig. 5 shows the block
diagram of DAS.

—A DASI K=

Electrode Array |

Host Computer

] DAS2 K=

Electrode Array 2

Fig. 4 Structure of system.

The DAS is controlled by a single-chip computer and

perform the following functions: measurement,
de-modulation and control; waveform generation and
DAS

communicates with the host computer via RS232

synchronization; multiplexer control. The
serial link to receive logging commands and to

transfer  logged data for subsequent image

reconstruction.

Sine wave is generated by EPROM-based function
generator. A synchronous signal is also generated for
demodulation purpose. The output frequency can be
selected among 153 Hz, 200 Hz, 300 Hz ... 19.5 kHz
by different
amplitude of the output wave can be adjusted by the

factor of frequency divider. The
reference voltage of DAC. The V/I convertor is a
voltage-control current source. Multiplexers switch
the electrodes for current injecting and response
voltage sampling. Resistivity signal is demodulated by
a phase-sensitive demodulator AD630 and digitized
by a 12-bit A/D convertor. The single-chip computer
accepts commands from host computer to initialize
the hardware and sends data to host computer via
RS232C. The whole system is simple and flexible.
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Fig. 5 Block diagram of data acquisition system.
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4. Experimental Results

The experiments were carried out in a dual-plane
sensor (see Fig. 6). Each plane includes 16 electrodes.
For the static experiments, the tank was full of pulp
(about 3,5% consistency) and some plastic rods (12
mm and 20 mm diameter) were used to make the
conductivity distribution inhomogeneous.

Fig. 6 Dual-plane sensor.

Fig. 7 shows the reconstruction images when the

plastic rods in different positions.

(c) (d)
Fig. 7 Experimental results. (a) Plastic rod on the right
(b) Rod on the left; (¢) Rod near centre; (d) Rod at the

centre.

To simulate the flow motion, a plastic rod was put into
the tank, and then pulled from the bottom to top. In

Fig. 8, the first curve is signal from the 7" pixel in
down-plane; the second curve is the signal from the
7" pixel in up-plane and the third curve is the cross
correlation curve.
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Fig. 8 Velocity measurement by cross correlation
method.

5. Summary

Process tomography provides a novel method for
multiphase flow measurement, including solids
fraction profile, flow regime, velocity profile and
volumetric flowrate. As our first stage, we created a
simple and low cost flow measurement system. The
two independent data acquisition systems give a
flexible solution for the measurement system. The
host computer reconstructs images, calculates cross
correlation function and parameters of flow. At the
same time, the two data acquisition systems acquire
data from electrode arrays. In order to realize online
measurement, the real-time performance of DAS

needs to be improved further.
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