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ABSTRACT

This paper presents an impedance image based method, which is known as electrical
resistance tomography (ERT), for characterization of gas-water two-phase flow in a 40m
horizontal flow loop. An ERT sensor based on conductive ring technique is used to overcome
the problem of measurement saturation caused by electrodes loosing electrical contact with
conductive liquid, as it often occurs in stratified flow and slug or plug flow. In previous study,
data implementation was constrained by the limited data collection speed and insufficient
auxiliary sensing information. The quality of impedance images was also decayed due to the
use of a linear back-projection algorithm. In order to gather sufficient information for the
implementation of flow characteristics particularly flow pattern recognition and air cavity
velocity, a fast data collection strategy was applied to a dual-plane ERT sensor and an iterative
algorithm was used for image reconstruction. Results, in respect to flow patterns and velocity
maps, are reported.
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i INTRODUCTION

The nature of the flow of gas-liquid mixtures in horizontal pipelines is complex, as there isa
wide variety of possible flow patterns (Fig 1) which are governed principally by the physical
properties (e. g. the density, surface tension and viscosity of the gas and liquid), the input
fluxes of the two phases and the size and the orientation of the pipe. The classification
proposed by Alves [1] encompasses all the major and easily recognisable flow patterns
encountered in horizontal pipes. They are bubble flow, characterised by a chain of discrete gas
bubble moving mainly close to the upper wall of the pipe; plug flow, bubbles interact and
coalesce to give rise to large bullet shaped plugs occupying most of the pipe cross-section;
stratified flow, dominated by the gravitational forces and the gas phase to flow in the upper
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part of the pipe; slug flow, frothy slugs of liquid phase carrying entrained gas bubbles
alternate with gas slugs surrounded by thin liquid films; annular flow, most of the liquid
flowing along the inner wall of the pipe as'a thin film and gas forming a central core
occupying a substantial portion of the pipe cross-section; mist flow, nearly all of the liquid
entrained in the gas at high gas flowrates. Since the mechanisms responsible for hold-up. and
momentum transfer (or frictional pressure drop) vary from one flow pattern to another, it is
essential to develop some measures to predict or recognize flow patterns under specific
conditions.

Also for two-phase co-current gas-liquid flow, the lack of knowledge concerning local
velocities of the individual phases makes it difficult to develop any method of predicting the
velocity distribution. In many instances, the gas phase may be flowing considerably faster than
the liquid and continually accelerating as a result of its expansion, as the pressure falls. Either
phase may be in laminar or in turbulent flow, albeit that laminar flow does not have such a
clear cut meaning as in the flow of single fluids.

Three particular aspects of gas-liquid flow are of practical importance: (i) gas flow patterns or
flow regimes, (ii) gas hold-up, and (iii) frictional pressure gradient.
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Fig 1. Gas-liquid two-phase flow patterns in a horizontal pipe

For the flow of gas-liquid mixtures, several mostly empirical attempts have been made to
formulate flow pattern maps [2~7]. The regions over which the different types of the flow
patterns can occur are conveniently shown as a ‘flow pattern map’ in which a function of the
liquid flowrate is plotted against a function of the gas flowrate and boundary lines are drawn
to delineate the various regions. Not only is the distinction between any two patterns poorly
defined, but also the transition from one flow pattern to another may occur over a range of
conditions rather than abruptly as suggested in all flow pattern maps. Furthermore, because
the flow patterns are usually identified by visual observations of the flow, there is a large
element of subjectivity in the assessment of the phase distribution with advanced techniques.

As to the local velocities of the individual phases, there is so far no significant methods both
theoretically and experimentally to deal with them without accessing or disturbing the flow.
Phase velocities are key parameters in determining flowrate or hold-up of each phase and
frictional pressure gradient. Therefore, developing a tactic to measure local phase velocity is
important in both theory and practice.
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Electrical Resistance Tomography (ERT) developed recently for investigating flow patterns
and velocity distribution of two-phase flows [9~10], is becoming increasingly promising in
the study of multiphase flows because of its non-intrusive measurement and potential capacity
for providing detailed information on the complex internal flow and inter-phase behaviour. In
previous study, data implementation was often constrained by limited -data collection speed
and insufficient auxiliary sensing information. The quality of impedance images was also
decayed due to the use of linear back-projection algorithm. This paper reports a much
improved velocity profiles by applying a fast data collection to a dual-plane ERT sensor and
an iterative image reconstruction algorithm [11]. Particular flow patterns measured with ERT
are presented.

2 EXPERIMENTAL SET-UP

All the experiments described in this paper were carried out using the multiphase flow loop
installed at the Institute of Mechanics, Chinese Academy of Sciences, which is a 40 meter
horizontal gas-liquid flow loop with an inner diameter of 50mm. A schematic diagram or an
overview of the flow loop is given in Fig 2.

N -Hox Film

MP - Multi Phase Pump
DP - Difference Pressure

Comsderh

Fig 2. Schematic of the gas/water two-phase flow loop

The flow loop is fully made of transparent acrylic resin. It can run a maximum superficial
liquid velocity of 1.2 m/s with Reynolds number about 40000, and a superficial gas velocity of
30 m/s with Reynolds number about 100000. The two-phases of gas and liquid, in terms of
flow states of laminar to laminar, laminar to turbulent, turbulent to laminar and turbulent to
turbulent, can be performed on this test-loop. By controlling the pressure and flow-rates of the
gas phase and the liquid phase, many flow patterns, such as babble flow, stratified flow, plug
flow, slug flow, wavy flow and annular flow, can be created in this device. The pressure,
pressure difference and velocity of two-phase components are monitored using a number of
pressure sensors and hot-film sensors. A tomographic sensor with three sensing planes is also
installed in the flow loop in order to obtain flow patterns of particulate two-phase flow.

The tap-water (conductivity = 0.304mS/cm) was used as the liquid phase and air, introduced
into the flow loop from a mixing jet-pump, as the gas phase. Measurements were performed at
ambient temperature. By controlling the air flow-rate at the air inlet of the jet-pump, different
flow patterns can be generated in the flow loop.

©BHR Group 2003 Multiphase Technology 597



The experiments were performed under different air flow-rates of 0.5m3Mh, 1.5m3h, 4m3/h,
10m3/h and some less than 0.5m3h in regard to the productions of bubbly flow, slug flow,
slug-plug flow, and plug flow regimes. The water flows were scaled with an accumulating
tank during the experiments to. get water flow rate and mean velocity. At the mean time, a
number of photographs were recorded as visual presentations of these different flow patterns,
which were used to compare the flow patters obtained from ERT.

3 THE ERT SYSTEM

A P2000 ERT system (Industrial Tomography System Ltd., Manchester) was used for data
collection. The so-called adjacent electrode pair strategy [12] was adopted, using a 15mA
injection current at 9.6 kHz. Data collection rates were 50ms per frame at the signal frequency
of 9.6 kHz and 16 ms per frame at the signal frequency of 38.4 kHz. Both single-plane and
dual-plane ERT sensors were used in this study. Each ERT sensing plane consisted of 16
titanium-alloy rectangular electrodes (Smmx12mm). A conductive ring technique was applied
to overcome the problem of measurement saturation caused by electrodes loosing electrical
contact with conductive liquid, as it often occurs in stratified flow and slug flow [13]. The
dual-plane ERT sensor was a core in the experiment for the implementation of local flow
velocities in the two-phase flow.

Since the data collection speed from the system was still limited, we set the distance between
the two sensing planes apart further to 590mm. According to the results from visual
observation and tomographic imaging, the shapes and sizes of flow patterns at the
downstream of the flow loop were quite stable, which were also proved by the movies taken
in this experiment. To improve the correlation, a dual-plane measurement strategy was
applied, which had been built into the ITS P2000 ERT system. The principle of the dual-plane
strategy is based on a ‘cross measurement between two correlated electrodes on two sensing
planes’ instead of that the measurement was carried plane by plane. However, the dual-plane
strategy may be not suitable for flow pattern reconstruction due to its low data collection
speed (always on two planes) and relevant poor signal-to-noise-ratio. In order to reduce the
error caused by the point-spread function in the used of the SBP algorithm, an iterative
algorithm, known as SCG algorithm [11], was utilized to solve the non-linear problem of the
electric field. All images used for implementation of local velocities in the paper were
reconstructed with the SCG. The measurements for flow pattern recognition were performed
by the use of one sensing plane only in order to get maximum data acquisition speed.

The dimension of the sensing planes installation is given in Fig 3, and a photograph of the set-
up is shown in Fig 4.
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Fig 3. Sensor configuration
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Fig 4. The photograph of the sensor

4 EXPERIMENT RESULTS

4.1 Flow pattern recognition

Bubbly flow at superficial velocities of air 0.01415 ms, water 0.605 n's (620 frames, taken in 10 seconds)

o o q——
st 2 e )

Short siug flow at superficial velocities of air 6.03536 s, water 8.59 m/s (620 frames, taken in 10 seconds)

Plug flow at superficial velocities of air 0.566, water 0.515 m/s (620 frames, taken in 10 seconds, threshold
value 0.0-0.2)

Plug flow at superficial velocities of air 1.4145 s, water 0.484 m/s (620 frames, taken in 10 seconds,
threshold value 0.0-0.2)

Airflow direction @

Fig 5. Flow patterns vs different air flowrates (black denotes air phase and grey denotes
water phase, images were reconstructed using SBP)
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Flow pattern recognition was obtained with data from the single-plane ERT sensor (plane 3 in
Fig 3). In order to obtain better time-resolution, the data collection speed was set as 62
frames/sec. Images were reconstructed using ‘SBP (sensitivity coefficient back-projection)
algorithm. Stacking part of the reconstructed tomograms, the gas-phase and liquid-phase
distribution and the dynamically varying processes (flow processes) in the pipe can be clearly
visualised. Flow patterns varied with air flowrates are illustrated in Fig 5, which were resulted
from ERT reconstruction. i

4.2 Flow velocity measurement

Applying cross-correlation technique to extract the speed of moving profiles had been widely
demonstrated [14]. Depending on the sensing strategies, whether the data coming from one
sensing plane or two sensing planes, the implementation of ‘features’ velocity can be based on
either the auto-correlation method [8] or the cross-correlation method [15]. The basic concept
of correlation is to find the transition time between two profiles obtained between the two
sections acquired from one sensing plane or from a dual-plane sensor. With a mathematical
description, it intends to find a transition time 7 that can make the difference, &, minimum.
This can be achieved by using the least square criterion as given by the following equation: To
investigate gas phase velocity in the air/water two-phase flow, data were collected from the
duel-plane sensor at different gas flow rates. Cross-correlation method was used to implement
the gas velocity.

£’ (r)=min m% j [x(t)= y(z-7)] dt )
-7

where X, y are the original signals of void fraction at each imaging cross section respectively, ¢ is
the error function which gives the transition time 7 when the expression take a minimum value.
Replacing the integral by partial summation, equation (1) can be expressed in discrete form:

M=-n

gm= Y, [x,(m)-y,(m-n)] ()

m=0

where M is sample length, n is correlated sample (n=1---,M -1) and % is the number to
indicate different pixels on the cross-section.

In the computation, M should be selected according to the distance between the dual-plane
ERT sensors and the maximum and the minimum velocity of the flow. M is selected amongst
100~700 (images) in this study.
It should be noted that equation (1) could be deduced to the following form:
& (¢) = min lim— ]-[x(t)—— -0 dt
v T T R Y
T ©
— : L 2 2 _
= min Jizn — . ! [%(0)? + y(t-7)* ~ 2x(t)y(t - 7) | dt

To take the minimum value of equation (3), it can be expressed as:
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R =max lim [x@y-ye-o)ar @
T -
or, in a discrete form of a partial summation:

Re(m)= 3 x,(m) y(m—n) )

m=0

Equation (4) and (5) were recognised as short forms of equation (1) and (2) and were used in
some of previous researches [8, 16]. However, we found this may cause relatively larger
errors on the results because only a finite integral range can be applied in the practice, other
than an infinite integral range in equation (3). It is not always true that in a practical
correlation range, the integral of y(#—7)*over a practical correlation range is an unchanged
constant. Therefore, we propose directly applying equation (1) and its discrete form 2) to
carry out cross-correlation when needed as we did in this paper.

Correlations between some stacked images, as given in Figure 6 in respond to three air
flowrates (25 L/H, 500 L/H and 4000 L/H), are reviewed. The correlations are obviously,
which demonstrates the dual-plane mode at the data collection speed of 31.3 dual-
frames/second is able to manage the velocities at the demonstrated mean air flowrates.
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(a) Bubbly flow at superficial velocities of air 0.00354my/s, water 0.628 my's (620 frames, taken in 20 seconds)
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(b) Slug flow at superficial velocities of air 0.0707 m/s, water 0.59 m/s (620 frames, taken in 20 seconds)
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j Air flow direction 4—_
(3]
(c) Plug flow at superficial x;elocities of air 0.566 nvs, water 0,528 m/s (620 frames, taken in 20seconds,
threshold value 0.0-0.2)

Fig 6. Cross-correlation between two images obtained from dual-plane ERT sensor.
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The gas-phase velocity converted from the cross-correlation results can be calculated by:

As_ 059
At (n,-1)/313

)

where #, is the correlated sampling length (or sampling number to result a minimum value

from equation (1) or (2).

Applying the cross-correlation procedure to a data set of 2000 frame of tomographic images,
that were acquired from the air/water two-phase horizontal pipe flow and reconstructed using
the SCG algorithm, velocity distributions of the two-phase flow were obtained, which are
given in Fig 7. Evidences of the correlation at each pixel can be confirmed from viewing of its
correlation curve, and as well comparing their flow pattern. Typical correlation curves are
provided in Fig 7, in respect to their relevant flow conditions. Fig 7 shows the velocity
distribution, resulted from the cross-correlation implementation, for a bubbly flow, a slug flow
and a plug flow. The average velocities of the gas phase (patterns) implemented from the
cross-correlation are approximated as about 0.622, 0.863 and 1.383 m/s (the threshold values
used for identifying the interface between the water and gas are 0.7, 1.0 and 1.5 mvs,
respectively), in Tespect to the water phase velocities of 0.798, 1.058 and 1.591 m/s (see
discussion in next section). The superficial velocities estimated in the experiments are 0.628
m/s, 0.590 m/s and 0.528 m/s for water and 0.004 m/s, 0.071 m/s and 0.5662 m/s.
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Fig 7. Phase-velocity distributions vs different flow patterns, where v,, denotes the
estimated superficial velocity of the water; v, denotes the estimated superficial velocity
of the air. The point at x=0, y=-5 in the coordinate of these images is in respect to the top
of the cross-section of the horizontal pipeline).
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5 DISCUSSIONS AND CONCLUSIONS

From the main results of Fig (5), (6) and (7) in this paper, useful information and interesting
phenomena, on both the gas-liquid two-phase flow and ERT technique, can be found. Firstly,
the results proves the electrical resistance tomography technique with a conducting ring
sensing technique is a suitable means in detecting the flow patterns of gas-liquid multiphase
flow. With a fast data collecting strategy and an effective image reconstruction algorithm, gas-
phase and liquid-phase distribution and their dynamically varying processes (flow processes)
in the pipe can be visualised (Fig 5). Secondly, the magnitude of the velocity distribution in
both the gas-phase and liquid-phase can be implemented from tomographic concentration
images. The cross-correlation time of the bubbly flow is observed to be longer than that of the
slug flow, and much longer than that of the plug flow (Fig 6), which is also proved from
velocity maps (Fig 7) by applying cross-correlation.

The degree of the cross-correlation of the flow increases with the increase of gas flowrate (see
Fig 6). This comment is also supported by the facts that, in slug or plug flow, the cross-
correlation graphics can be obtained almost on every pixel in Fig 7c¢, but only on partial pixels
in bubbly flow in Fig 7a. It was unexpected that strong correlations can be found in the water
phase (see the two flat parts of Fig 7c). Due to the apparent difference between the two mean
velocities of the water and gas phases, the correlation results are unlikely manipulated from
the possible errors introduced in image reconstruction, such as the artificial noises and the
effect of linear interpolation. Therefore, the reason for the correlation in water phase may be
suggested as clusters of fine gas bubbles were mixed in the water, and then ERT reported such
concentration distribution in their images. Although the tendency of the increase of flow rates
of both phases due to the increase of gas flow rate is obviously right, significant tolerances
exist between the measured and estimated values. For an example, for a flow with superficial
velocities of 0.590 m/s and 0.071 m/s in respect to water and gas (see Fig 7c), the high
velocities of the water phases up to 1.058 m/s are suspected. Validation of the results with
other auxiliary sensors will be performed and results will be reported in fature.
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