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INTRODUCTION

Design of Parallel Electrical Resistance Tomography System for
Measuring Multiphase Flow"
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Abstract ERT (electrical resistance tomography) is effective method for visualization of multiphase flows, offer-
ing some advantages of rapid response and low cost, so as to explore the transient hydrodynamics. Aiming at this
target, a fully programmable and reconfigurable FPGA (field programmable gate array)-based Compact PCI (pe-
ripheral component interconnect) bus linked sixteen-channel ERT system has been presented. The data acquisition
system is carefully designed with function modules of signal generator module; Compact PCI transmission module
and data processing module (including data sampling, filtering and demodulating). The processing module incor-
porates a powerful FPGA with Compact PCI bus for communication, and the measurement process management is
conducted in FPGA. Image reconstruction algorithms with different speed and accuracy are also coded for this sys-
tem. The system has been demonstrated in real time (1400 frames per second for 50 kHz excitation) with sig-
nal-noise-ratio above 62 dB and repeatability error below 0.7%. Static experiments have been conducted and the
images manifested good resolution relative to the actual object distribution. The parallel ERT system has provided
alternative experimental platform for the multiphase flow measurements by the dynamic experiments in terms of
concentration and velocity.

Keywords electrical resistance tomography, data acquisition, compact peripheral component interconnect, field
programmable gate array, digital filter, digital demodulation

boundary voltage measurement changes. Hence, the

Multiphase flow processes exist commonly in the
petroleum, chemical, metallurgical, power, energy and
other industrial fields [1, 2]. Recently online visualiza-
tion and control of multiphase fluid flows are highly
desirable due to the difficulties in probing the complex
fluid dynamics [3, 4], access to hazardous materials
and radioactive environments, as well as opaqueness
of devices and materials in processing [5-8]. The pa-
rameter measurement in multiphase fluid flow is very
difficult, as the phase fraction and speed distribution
change severely on time and space domains under
different flow regimes [9]. The measurement requires
high robustness, high speed and large amount of in-
ternal real-time process information, which are rarely
obtained by the traditional methods.

As a non-radiant and unperturbed 2-dimension
(2D)/3-dimension (3D) boundary technique, Electrical
Resistance Tomography (ERT) has wide application
prospect in multiphase flows with conductive con-
tinuous phase flow. ERT is to achieve visual detection
through boundary sensors array to obtain the real-time
distribution of electric materials with a contrast in
conductivity. ERT is based on the fact that different
medium have different electrical properties. ERT usu-
ally works on the way of current exciting and voltage
measurement. The sensing field was built by applying
the current to a pair of electrodes. As the distribution
of conductivity changes, the distribution of current
field changes, then the potential field, at last the
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medium distribution can be identified if the conduc-
tivity distribution of the sensing field is acquired.

A typical ERT system is consisted of a sensor ar-
ray equally spaced around the object periphery being
imaged, an effective data acquisition system and a
computer. Much effort has been made in developing
the ERT system for industrial process. In recent years,
the high-performance Electrical Impedance Tomogra-
phy (EIT) system developed at the University of
Leeds [10, 11], the new, commercially manufactured
EIT instrument from the University of Manchester
[12, 13], an ERT system for 3D data acquisition devel-
oped at the University of Cape Town [14, 15], a PCI
(peripheral component interconnect) Extensions for
Instrumentation (PXI)-based EIT system developed at
the University of Kuopio [16], a new ERT system
based on the bi-directional current pulse technique
from Zhejiang University [17, 18]; a dual-mode ERT
and Electrical Capacitance Tomography (ECT) system
[19, 20] have been reported, which apply current-
rejection to the adjacent pairs of electrodes at the
boundary and measure the resulting voltages. How-
ever, for obtaining accurate information reflecting the
sensing field, the data acquisition system must elimi-
nate the influence from the transient time of AC (ana-
log circuit) coupling interface, signal demodulation
and data transmission. For solving these problems and
enhancing the frame speed, many high performance
data acquisition systems have been developed for
online measurement.
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In this paper, a latest parallel ERT system for
laboratory-used application in multiphase flow meas-
urement is described. The system is designed for solving
some key problems in ERT application, such as the
acquisition speed, the resolution and present image in
real time, the stability, flexibility, and expandability.
The aim of the system is to determine and ultimately
visualize the oil/gas/water flows in an online and real-
time manner. By the use of this technique, the flow pat-
tern can be observed and the relative data can be ob-
tained, so as to understand the flow mechanism, inter-
action between phases, and control the flow processes.

2 SYSTEM DESCRIPTIONS

The ERT system described in this paper, as
shown in Fig. 1, is consisted of

(1) A sensor array equally spaced around the ob-
ject periphery being imaged, 16 rectangular electrodes
were used, which were evenly spaced along the cir-
cumference of a circular object;

(2) An effective data acquisition system based on
the Compact Peripheral Component Interconnect
(Compact PCI) bus, consisted of signal generator,
signal conditioning unit and a 16-channel data acqui-
sition card, which are all controlled by Field Pro-
grammable Gate Array (FPGA);

(3) An industrial personal computer (IPC) with
software integrated the information processing, which
includes the visualization and information extraction,
and the interaction with the data acquisition system.

The main feature of this ERT system is the flexi-
bility derived through the application of FPGA chips
in each card to provide a Compact PCI bus interface,
all digital functions (including digital filtering and
digital demodulation) and data acquisition manage-
ment. Using the FPGA on-chip memory and Compact
PCI bus interface, the whole data acquisition system
can be programmed before each trial by downloading
measurement parameters from the computer to the
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FPGA, which enables the excitation frequency, excita-
tion patterns, the measurement channel sequence and
the gain of each measurement channel to be fully de-
termined in real time.

2.1 Sensor array

The design of a sensor array involves choosing
the number of electrodes, the size of electrodes, and
the materials used to construct the sensor. The mate-
rial can be decided by the electrical and chemical
characteristics. In this system, the rectangular titanium
electrodes with a width of 10 mm and a height of 30
mm were adopted, the width could reduce the contact
resistance between the electrode and the medium ef-
fectively, and the height could improve the distribu-
tion of sensitivity field on the verge of flat field. The
selection of the number of electrodes is a trade-off
between image resolution and system complexity.
Normally, more electrodes can increase spatial resolu-
tion of the system due to the increased number of
measurements. Due to the studies of the forerunners,
more electrodes would reduce the distance between
two adjacent electrodes, which could cause more cur-
rent flow through the near field and lower sensitivity
to the centre. What’s more, more electrodes would
raise the requirements of hardware measurements and
influence the real-time performance of the system.
Sixteen rectangular electrodes were used in the system,
which were evenly spaced along the circumference of
a 125 mm circular object area being imaged.

The sensor follows a data acquiring procedure to
collect boundary voltages. A constant current of low
frequency is applied to an adjacent pair of electrodes
and the voltages are measured from other 13 pairs of
adjacent electrodes. The exciting current is then
switched to the next pair and the voltage measure-
ments are repeated. This procedure yields n(n-3)
measurements for a n-electrode sensor, which means
208 data for the 16-electrode sensor.
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Figure 1 Structure of the ERT system
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Figure 2 Structure of the parallel data acquisition system

2.2 Hardware modules

This system is aimed to measure and visualize
the process of two/multiphase flow with conductive
continuous phase flow. The multiphase flow is diffi-
cult to detect the parameters because of the complex-
ity and the time-varying nature. ERT, as a non-radiant
and unperturbed technique, provides an effective way
of monitoring and online measurements for multi-
phase fluid. However, for more accurate information
reflecting the sensing field, the data acquisition sys-
tem must eliminate the influence from the transient
time of AC coupling interface, signal demodulation
and data transmission. For solving these problems
mentioned above and taking the strategy flexibility,
frame rates, and the signal-noise-ratio (SNR) of the
system as the evaluation index into consideration
[21, 22], a system based on industrial standard bus is
designed as a 16-channel parallel data acquisition sys-
tem for online and realtime flow measurement, as
shown in Fig. 2, where FPGA and Compact PCI are
adopted as the core components.

The system consists of a signal generator card, a
signal conditioning board and a data acquisition card.
There are four important function modules in this data
acquisition system: the signal generator, the digital
Finite Impulse Response (FIR) filter, the digital 1Q
(in-phase and quadrature) demodulation and the
Compact PCI transmission interface.

2.2.1 Signal generator

The signal generator module is to generate a highly
stable frequency-phase-amplitude-programmable sine
wave current output, which is a key module for all the
electric field based tomography. This module can be
used not only for ERT but also other electrical tomo-
graphy. A Direct Digital Synthesizer (DDS) integrated
circuit chip is used to generate initial sine inject sig-
nals. Considering the load of the DDS signal is very

weak, the Voltage Control Current Source (VCCS) is
added to raise the output impedance of current source
in ERT system. Also the Over Zero Switching (OZS)
scheme [23] is designed in this module as well and
provides a trigger signal for the following digital 1Q
demodulation.

2.2.2  FIR filter

Before the digital IQ demodulation employed, a
FIR filter is necessary to improve SNR. In this system,
a 23rd-order band-pass FIR filter is designed, which
can suppress noise efficiently.

For an Mth order FIR filter, the output of a FIR
filter in terms of its input can be given in the form of

M-1
y(n)=x(n)f(n)= " x(k)f(n~k) (1
0

The difference equation of F(z) is
M-l
F(z)= 2 f(b)z™* 2)
0

where x(n) stands for the input signals, y(n) for the
output signals, f(k) is the filter coefficients, M is the
filter order.

In the hardware design, x(n) is always repre-
sented by the complement binary. Considering the
length of x(n) is B bit, then,

x(m) = x5 4 (m)x(=2"7) + fob (mx2"  (3)
b=0

where the Most Significant Bit (MSB) is the sign bit.
Substitute Eq. (3) into Eq. (1), we get

M-1 M-1 B-2
y(m)==2"1 %" flnpesy(m)+ Y f() D %,(m)2" (4)
n=0 n=0 b=0
This can be implemented by Distributed Arith-
metic (DA) FIR. DA is an effective approach for
implementing digital filters [24]. The basic idea is to
replace all multiplications and additions by a table and
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a shifter-accumulator.

2.2.3 Digital demodulation

IQ demodulation is a common and useful signal
processing technique [25] used in EIT systems, which
can get the amplitude- and phase- information directly.
When implemented with conventional analogy com-
ponents, a number of inherent errors can degrade 1Q
demodulation performance, including gain balance,
impedance match, and carrier leakage. Recent ad-
vances in high-speed Analog to Digital (AD) con-
verter allow IQ demodulator to be implemented digi-
tally, greatly reducing these systematic errors. As for
an ERT system, the interest signal can be expressed by

s(t):Asin(z—nt+(oJ (5)
Je
where A is the attenuation and ¢ is the phase shift
subjected by the injected signal propagated through
the resistive medium, f; is the signal frequency. As-
sume that f; is the sampling frequency, then N=f/f.
represents the samples in one period, then the interest
signal would be discrete as

s(n):Asin(%n+¢j, OsnsN-1 (6)

Take cos(2nn/N) and sin(2nn/N) as the reference
signal, then for an even number of samples,

= 2nn
1= Z s(n) COS(T)

= [275 j (27511)
=) Asin| —n+¢ |cos| —
n=0 N N
NA
:Zsin(o @)
2
= . 27tnj
= ) s(n)sin| —
0 nZ::,) (n) ( N
= (2n ) . (2%7’!)
=) Asin| —n+¢ |sin| —
n=0 N N
=%cos¢7 (®)

The ERT system has 16 parallel channels, the
samples in a period are 16, where the current signal is
50 kHz, and the sampling frequency is 900 kHz. The
FIR filter and the digital demodulation are imple-
mented and processed in parallel in an FPGA (Fig. 3),
which enhances greatly the speed and efficiency of the
data acquisition.

2.2.4 Compact PCI interface

Compact PCI, the standard for PCI-based indus-
trial computers, with identical electrical function with
PCI but enhanced mechanic structure and hot-plugging
feature, is employed for high-speed data-transmission.
By adopting this structure, the signal generator card
and the data acquisition card are configured to com-
municate with a computer via the Compact PCI bus.

The Compact PCI bus is applied as an interface
for transmission with a logic controlling FPGA. Two
operations to the Compact PCI bus, the input
(D/output (O) operation and the Direct Memory Ac-
cess (DMA) transfer mode, are adopted to guarantee
the communication properly. The I/O operation is for
the configuration of the signal generator card, as well
as the DMA transfer mode for the high-speed trans-
mission of the AD card. The DMA transfer interface is
as shown in Fig. 6, where the communication is im-
plemented by the Compact PCI local controller mod-
ule. A simple transport protocol used here, to indicate
the measurement data obtained under which cross sec-
tion and which excitation.

2.3 Software modules

Three modules, controlling and data transmission
process, information extraction process and informa-
tion visualization process, as shown in Fig. 4, are con-
tained in this software, implementing in independent
processes with different characteristics. Controlling
and data transmission process with a user-friendly
interface is to set and configure the hardware system
and to control the transmission between the hardware
and the computer through the Compact PCI bus. The
stability and efficiency must be ensured and be the
highest prior consideration for matching the high ac-
quisition speed. Information extraction process is used
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Figure 5 Framework of online image reconstruction

to reconstruct conductivity image and extract proce-
dure parameters, it is a data and compute intensive
process and a methodical frame framework is used in
visualization process, the data and information during
the measurement are presented to the operators clearly
and friendly. Among these processes, data is ex-
changed using anonymous pipes, and controlling and
synchronizing signals are transmitted by user defined
messages, ensuring they can work as an entirety.

2.3.1  Controlling and data transmission process

The data transmission process collects data
through the DMA mode; and then the data need to be
verified and normalized as pre-processing before
throwing the data to anonymous pipes connecting
other process; the controlling graphical user interface
initializes the hardware configuration, controls meas-
urement procedure and responds the operator. In this
process the data transmission is an interaction between
the software and the hardware system, and it is im-
plemented through Compact PCI bus, with a DMA
controller in local hardware subsystems and a control-
ler program at the computer.

2.3.2 Information extraction process
Information extraction process in this system

contains two parts: image reconstruction and proce-
dure parameters extraction. Image reconstruction is the
core function of this process. The conductivity distri-
bution of observed field is reflected by it. Its resolu-
tion is directly affected by the precision of the recon-
struction algorithms [26, 27]. However, high accuracy
reconstruction algorithms usually accompany with a
high time consumption, which is unendurable to real-
time measurement but is worthy analyzing offline. So,
several reconstruction algorithms with different speed
and accuracy characteristic were coded in this software,
such as linear back projection method, the sensitivity-
map method, Tikhonov regularization algorithm, Land-
weber iterative algorithm, Newton iterative algorithm,
and pre-iteration algorithm. The image reconstruction
procedure is implemented under a methodically soft-
ware framework shown in Fig. 5. The sensitivity
matrix or Jacobian matrix is pre-calculated offline on
the basis of the geometry of the vessel by the forward
solution and is used to give an absolute reference for
the real measurements for a homogeneous vessel
condition.

The overall reconstruction procedure can be sum-
marized as follows. Before reconstructing conductivity
distribution online, two steps must be done offline.
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Figure 6 User interface of information visualization process

First, the Jacobian matrix must be calculated. Parame-
ters of the calculation, such as current patterns, must
be set before the calculation; the Finite Element
Method (FEM) model during this calculation can be
obtained by functions included in this software. Sec-
ondly, the boundary voltages of real object with a ho-
mogeneous spatial conductivity are collocated, and
stored as calibration voltages for online image recon-
struction. These two steps are performed only once.
After that, conductivity distribution of the real field
could be reconstructed realtime. This process can be
divided to three steps. First, boundary voltages as the
measurement results must be acquired and updated
online. Secondly, conductivity matrix is calculated
with the inputs, Jacobian matrix, calibration voltages,
measurement voltages, and parameters of reconstruc-
tion algorithms. Finally, images are drawn in informa-
tion visualization process.

For multiphase flow measurement, it is necessar-
ily to obtain some flow parameters as the demands of
industrial applications [28]. Hence, the flow parame-
ters estimate algorithms are also contained. For exam-
ple, concentration of each phase can be estimated by
calculate the ratio between the aggregate area of the
reconstructed field with a special conductivity, which
represents one phase of the measured object, and the
gross area of this field. And if two planes are meas-
ured at the same time, we can also estimate the speed
of each phase by cross-correlation method using the
boundary voltages collected by DAS in this system or
the images reconstructed in this process. These parame-
ters are very helpful for real time process monitoring.

2.3.3 Information visualization process

In information visualization process, Open
Graphics Library (OpenGL) is used to make the visu-
alization more understandable. The user interface of
this process is shown in Fig. 6, containing three main

functions. First, the reconstructed images can be dis-
played on the screen with different gray style, differ-
ent rotation angle or different smooth degree. Sec-
ondly, the track image of the observed object can be
gotten by stacking the successive images. Finally, the
boundary voltages and procedure parameters can be
shown in many forms, such as table, graph, or histogram.
In this software, the reconstruction image display
speed is 60 frames per second, well monitoring the
flow behavior, the data acquisition costs 0.96 ms only,
and the image reconstruction costs less than 10 ms.

3 PERFORMANCE EVALUATIONS

A number of lab-based tests have been performed
in water (electrical conductivity: 1065 puS-cm™) filled
plate vessel (diameter: 12.5 cm) as shown in Fig. 7. In
these experiments, a constant current with amplitude
of 2.5 mA and frequency of 50 kHz was applied to an
adjacent pair of electrodes and the measured voltage
samplings were taken from the rest 14 electrodes during
each excitation/projection, which lasted for 3 periods
of excitation signal, and then switched to excite the
next pair of electrodes. 40 samples were taken each

-

Figure 7 Plate vessel
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channel in one excitation at the sampling frequency of
16 samples per signal period. After the 23rd-order FIR
filter, 16 samples were abstracted from the 40 samples
into the digital IQ demodulator. After each procedure,
208 data (only 104 data are independent), called one
frame of data, can be got by measurements.

3.1 Frame rate

Take the situation of 16 electrodes, adjacent
strategy for exampling, inject 50 kHz sine wave cur-
rent to a pair adjacent electrodes and measure the dif-
ferential voltage of other adjacent electrodes. The ad-
jacent strategy is the most attractive method in ERT
since it requires minimal hardware to implement and
image reconstruction can be performed quickly. The
time cost of relative units is shown as Table 1.

Table 1 Time cost of data acquisition

Relative unit Time taken/ps

differential amplification 2
analogue to digital converter 40
digital filter 1

digital demodulation no influence for acquisition
injecting electrodes switching 1
compact PCI transmission no influence for acquisition

repeat times 16

First In First Out (FIFO) and Random- Access
Memory (RAM) are built for data buffer, between the
AD and the FIR filter, and also between the digital
demodulation and the transmission module. Hence,
the transmission module, as well as the digital de-
modulation, is independent to the AD converter mod-
ule, what they need is completed before the next data
acquisition period. Compared with the cost time of the
data acquisition period, the transmission delay and the
demodulation delay can be ignored. Thus, one frame
data (50 kHz injecting current) of the data acquisition
system cost about 704 ps. In other words, the data
acquisition speed of the system is 1420 frames per
second under the 50 kHz injecting current. This is un-
der the ideal condition. Considering the usage of OZS
scheme, the actual electrodes switching needs another
3 periods of the injected signal, which means each
channel-switch would cost 60us, and one frame data
960 ps. So the actual speed of the system is 1041.6
frames per second under the 50 kHz injecting current.

3.2 Channel SNR and consistence

The system described in this paper is a
16-channel parallel data acquisition system. For a par-
allel data acquisition system, the channel SNR and the
channel consistence are two important indexes to

evaluate the system performance. The tests were per-
formed on a circular object connected serially by re-
sistors, while each resistor is 50 Q with the precision
0f 0.5%. The SNR of each channel is calculated by

L
2. Or
SNR =10lg———— 9)

DO

where v(/) and v are the measured voltage and the
mean of the voltages, respectively, and the number of
repeated measurements (L) was 500.

For the sixteen electrode ERT system, a better
SNR of about 63 dB for each measurement channel
was obtained (Fig. 8). What’s more, if the measured
voltage could match the range of AD convector, the
SNR would be better.

70
60
2
Z 30
20
10
0 2 4 6 8 10 12 14 16
channel number

Figure 8 SNR on each channel

The mean voltages measured on each channel are
used to evaluate the channel consistence with a stan-
dard deviation less than 2.0%. The errors are mainly
caused by the inconsistency of the amplifier on the
signal conditioning board.

3.3 Repeatability

The performance of the process instrumentation
is highly dependent on the repeatability. It is ex-
tremely important for tomography measurement be-
cause relative changes are used in many cases. The
following index SDV (standard deviation of voltage
measurements) is used to evaluate the performance of

repeatability:

R =100% x \/||(vi Ve )y Vel (10)
where V; is a vector of the ith voltage measurement,
and Ve 1S @ vector of the averaged voltage meas-
urements (500 times in all).

Two groups of tests were performed using a
16-resistor object mentioned above and a column ves-
sel respectively. The tests in regard to the channel re-
peatability were performed on a circular object con-
nected serially by resistors, while each resistor is 50 Q
with the precision of 0.5%, and the tests in regard to
the frame repeatability were performed on the column
vessel fulfilled with water, mentioned in Fig. 7. The
tests were excited at a current signal with frequency of
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Figure 11 Reconstruction of high conductivity object

50 kHz and amplitude of 2.5 mA. As Figs. 9 and 10
shown respectively, the channel repeatability is less
than 0.4% (0.37% maximum), and the frame repeat-
ability is less than 0.7%. Figs. 9 (a) and 10 (a) showed
the repeatability index for continuous 500 measure-
ments, while Figs. 9 (b) and 10 (b) showed the re-
peatability index for the first 30 measurements in a
clear scope. The results manifested this system had a
precise repeatability for measurements.

4 RESULTS AND DISCUSSION

4.1 Image reconstruction

The image reconstruction problem is to find the

distribution of electrical conductivity within the re-
gion of interest using the knowledge of all 208 meas-
urements of voltages. As a non-linear problem, ERT
always adopts an iterative strategy to obtain a rela-
tively acceptable result. In this section, pre-Newton
iteration algorithm is adopted for realtime online re-
construction. First the generalized inverse matrix was
obtained by Newton iteration offline, and then it
would be applied to generate the image directly. A
plastic rod representing low conductivity object, or a
metallic rod, representing high conductivity object,
with the same diameter of 25 mm, was used in a cir-
cular region of diameter 125 mm filled with water as
an inclusion. Fig. 11 shows the reconstruction of the
high conductivity object movement using the Newton
Iteration, and Fig. 12 for the low conductivity object
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Figure 12 Reconstruction of low conductivity object
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Figure 13 Images of static multiple rods by different image reconstruction algorithms

movement from one side to another. Figs. 11 (a) and
12 (a) show the pattern of the movement of the rod,
whereas Figs. 11 (b) and 12 (b) show the reconstruc-
tion results when the rod moved to different positions.
The gray in the reconstructed images is normalized
and smoothed to provide a better contrast. Different
objects can be distinguished in the observed field easily
in these images due to their conductivity contrast to
water. The gray could indicate the object conductivity.
Contrast to water, the plastic rod is smaller and the
metallic rod is greater. The grey levels, which lie under-
neath each image, represent the intensity of pixel values
from 0 to 1. In this single object case, no matter the
plastic or metallic rod, the images are well defined when
a 25 mm diameter rod is placed at the observed field.

Figure 13 shows the image results by using dif-
ferent image reconstruction algorithms: the Newton
Iterative and the Standard Tikhonov algorithm. The
two tests devised for assessing spatial resolution of the
system involved three plastic rods of the same size (25
mm) or with different size (20 mm, 25 mm, 25 mm)
are reconstructed and showed good resolution. Indi-
vidual rods can’t be distinguished when the size is
down to 10 mm. As shown in Fig. 13, four plastic rods
with same size (25 mm) and different size (2x20 mm,
25 mm, 30 mm) are clearly visible. In practice, the
visual resolution is a complicated function of the
number of independent measurements (only 104 data
for 16-channel ERT system), the construction algo-
rithm used, and the way of presentation of image, such
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Figure 14 Schematic view for the experimental facility

as the contrast, threshold and so on. Once applied ap-
propriate thresholds, the dimensions and intensity are
apparent. The tests show that the system could work
properly as a whole, including the sensor array, the
hardware data acquisition and the software image re-
construction.

4.2 Oil-water flow in a horizontal pipeline

The dynamic experiments were carried out in
October 2010 on the diameter 50 mm multiphase flow
loop facility in Tianjin University, as Fig. 14 illustrated.
In this flow loop, water and oil are fed from two sepa-
rate tanks, each under various flow rates. These flows
are then mixed to pass through the multiphase flow
metering device under test. Before mixing, two
streams are metered separately. The horizontal pipe
that equipped the ERT sensors is made of organic
glass, so the flow pattern could be observed clearly in
the experiments.

The tests were conditioned with the combination
from four water rates at 1.0, 1.5, 2.0 and 2.5 m>h!
and five oil rates at 0.5, 1.0, 1.5, 2.0 and 2.5 m>hl
As for the oil-water flow in horizontal pipes, when the
total flow rate is not high, under the gravity action the
oil-water separation phenomenon exists with clear
oil-water interface, and the stratified flow is observed.
Under this flow regime, some electrodes may lose
their electrical contact with the measured flow, which
results in invalid voltage data [29]. Experiments
showed that the invalid electrodes have common fea-
ture in the voltage data, which make it very useful to
estimate the liquid level.

Figure 15 was the oil-water liquid estimation in
horizontal pipeline; it showed a clear oil-water inter-
face. When the flow rate was low, the flow was
smooth and the interface was flat, as shown in Fig. 15
(a), and as the flow rate was higher, the flow process
became fluctuated but kept as stratified flow, as shown
in Fig. 15 (b). The results showed, under the condition
of low flow rate, use the liquid level directly to estimate

(a) Water flow rate (1.074 m>h™") and oil flow rate
(0.566 m*>h™), duration 1 s

(b) Water flow rate (2.537 m*>h™") and oil flow rate
(0.782 m*h™), duration 1 s
Figure 15 Water level estimation by ERT data (a) under

condition of low flow rate, (b) under condition of high flow
rate

the oil volume fraction would be very useful. But for
conditions of high flow rate, it is very difficult since
the flow process became greatly fluctuated and had
different phase velocity.

Table 2 Volume fraction by experiments

Water flow  Oil flow rate  Real volume  Estimated volume
rate ¢,/m*h™"  g/m>h™"  fraction (0il) #  fraction (oil) y
1 1.074 0.566 34.5% 34.3%
2 1.069 0.990 48.1% 45.5%
3 1.062 1.581 59.8% 54.0%
4 2.071 0.362 14.8% 11.3%
5 2.067 0.788 27.6% 24.4%
6 2.065 1.245 37.6% 32.3%

The measured water and oil flow rates in Table 2,
which have been converted to standard conditions,
were used to calculate real volume fraction, usually it
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was calculated by

9 9 1
p=—= =— (11)
9 qwtdqy |4Pwhw
SOuO

where f is oil volume fraction, ¢ is the total liquid
flow rate, gy is water flow rate, g, is oil flow rate, Sy,
and S, stand for water flow arca and oil flow area,
respectively, and uy, and u, for water average velocity
and oil average velocity, respectively. Under conditions
of low flow rate, the velocity of water and oil were
very similar. Hence, ignore the speed difference between
water and oil, the volume fraction would be approxi-
mately equal to cross-sectional holdup. In other words,
it would be feasible adopting cross-sectional holdup to
estimate the volume fraction under low flow rate, and
the estimated volume fraction was based on the cross-
sectional holdup, estimated from the liquid level by

Z:

2R? arccos[(H — R)/R]— (H - RWR* + 2HR - H?

nR?

(12)

where H stands for the liquid level and R is the radius
of the pipe. The volume fraction is estimated from a
mean fraction by 800 cross-sectional measurements.
As Table 2 showed, it was effective to estimate vol-
ume fraction by cross-sectional measurement with
errors less than 5% to real volume fraction under the
condition of low flow rate. However, for high flow
rates, flow process became greatly fluctuated and
phase velocity had large differences between oil and
water. The speed difference could not be ignored; oth-
erwise it would lead to large errors. Other measure-
ment methods for precise phase speed should be in-
troduced to obtain better volume fraction under high
flow rates.

5 CONCLUSIONS

The hardware and software ERT system frame-
work for multiphase flow applications has been pre-
sented. A remarkable performance improvement of
ERT system have been made by adopting advanced
electronics design with the structure of FPGA and
Compact PCI bus, online image reconstruction algo-
rithms and pipeline data processing techniques for
information extraction. The main feature of this ERT
system is the flexibility derived through FPGA to pro-
vide a Compact PCI bus interface, all digital functions
(including digital filtering and digital demodulation)
and data acquisition management. The parallel hard-
ware design is modular with fully digital FIR filter
and digital demodulation, steady and fast Compact
PCI transmission. The data acquisition speed can
reach about 1420 frames per second, and 1041 frames
per second with the OZS scheme adopting 50 kHz
injecting current. The SNR each channel is above

54dB, and channel repeatability less than 0.4%, frame
repeatability less than 0.7%. Dedicated user-friendly
software also has been developed with pipeline proc-
essing for data acquisition, image reconstruction and
flow information extraction. The results showed great
precision contrast to real distribution for single object
and good resolution relative to actual distribution for
multiple objects. Preliminary dynamic experiments
have been done in a horizontal pipeline, and the esti-
mated volume fraction was very good with an error of
less than 5% under conditions of low flow rate. Also it
proved that this parallel ERT system has provided a
firm foundation for the multiphase flow measurements
in terms of concentration and velocity. Moreover, the
system can easily be extended from single-plane to
multi-plane by adding additional Compact PCI card
and simple changes in FPGA and software in the
computer. It is not only for ERT, but also for other
applications by changing the signal pre-processing
card. The future work would focus on the online
monitoring of dynamic experiments and flow feature
parameters extracting based on this ERT system,
which would be helpful for the study on the flow
characteristics in multiphase flows or some fast proc-
esses.

NOMENCLATURE
A signal amplitude voltage, V
F(z) A(n) by z-transformation
f frequency, Hz
fin) filter coefficients
H height of liquid level, m
1 voltage in-phase component, V
M order of the FIR filter
N samples during a period
0 quadrature component, V
q liquid flow rate, m*s™"
R radius of the pipe, m
S flow area, m?
s(1) exciting voltage signal, V
u liquid average velocity, m-s™'
14 measured voltage, V
x(n) input signals
y(n) output signals
s oil volume fraction
® phase shift, rad-s™

X oil-phase fraction
Subscripts

b ordinal number

c measured signal

i ordinal number

mean mean value

o oil

s sampling signal

w water
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