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An Experimental Study of In-Situ Phase Fraction in Jet Pump Using Electrical

Resistance Tomography Technique
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We perform the experiments to investigate in-situ phase fraction in a jet pump using the electrical resistance

tomography (ERT) technique. A new jet pump with ERT sensors is designed to measure in-situ phase fraction

and flow regime. The study is based on laboratory experiments that are carried out on a 50-mm vertical flow rig
for various gas and liquid phase superficial velocities. The different flow patterns of gas liquid in the jet pump

and vertical pipe are studied using the ERT technique. The results suggest that the ERT system can be used to
successfully produce images of gas—liquid flow patterns with frames rates of 58 fps and the in-situ phase fraction

with frame rates of 5fps can be obtained. The visualizations of a rapid mixing process in the throat of a jet

pump obtained in this work provide a reliable basis for theoretical study and optimal design of jet pumps.

PACS: 67.40. Hf, 42.30. Wb, 47.61. Jd

A jet pump can transfer energy from a liquid or gas
primary fluid to a secondary fluid. The latter may be
a liquid, a gas, a two-phase gas-in-liquid mixture, or
solid particles transported in a gas or a liquid. All
these combinations occur in a wide range of practical
applications in the chemical, oil and process indus-
tries. The main components of a jet pump, as shown
in Fig. 1, are a primary nozzle, secondary fluid injec-
tors, a mixing chamber, a throat, and a diffuser. Due
to the high reliability of these devices which have no
moving parts, considerable interest has been concen-
trated on theoretical and experimental studies of jet
pump.=3] These studies, in general, are similar in the
aspect of applying momentum-continuity modelling of
the throat process. With the development of parti-
cle image velocimetry (PIV), some authors have also
used the PIV technique to study the flow field of jet
pump.*! However it is of difficulty to accurately mea-
sure the in-situ phase fraction and flow pattern in a

Secondary fluid

jet pump by PIV alone. Due to the characteristics of
its structure, the jet pump should have an important
influence on flow patterns when it is used to transport
multi-phase flows, especially for liquid-liquid flows.!"!
Electrical resistance tomography (ERT) has been suc-
cessfully applied to predict gas concentration, disperse
phase velocity and flow regimes in both vertical and
horizontal flows.[®”) To understand the performance
of a two-phase jet pump which influences on the flow
pattern, in this work we experimentally investigate the
in-situ phase fraction and flow patterns in a jet pump
on a vertical pipe using the ERT technique.

The experimental setup reported here has a gas-
liquid flow loop of about 12m length with an inner
diameter of 50 mm. The experimental investigations
are conducted in the setup shown in Fig.2. The flow
loop can run at a maximum superficial liquid velocity
of 1m/s and a superficial gas velocity greater than
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Fig. 1. Schematic of a new jet pump with ERT sensors.
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40m/s. Tomographic sensors with four sensing planes
were installed in the flow loop to obtain the in-situ
phase fraction and flow patterns. Tap-water (conduc-
tivity 0.284 mS/cm and temperature 21 £ 0.3°C) was
used as the liquid phase which was scaled with an ac-
cumulating tank during the experiments to obtain the
water flow rate and superficial velocity, and air was
introduced into the flow loop, which was measured by
a gas flow meter. Liquid phase and gas phase were

fed into the pipeline via the jet pump with dual-plane
ERT sensors. In this work, we concentrate our atten-
tion on a particular jet pump, the liquid-jet-gas pump
(LJGP). This device uses a liquid as the primary fluid
and will use compressed air as a secondary fluid. The
schematic of the new jet pump with ERT sensors is
shown in Fig. 1. Photographs were recorded as visual
presentations of these different flow patterns.
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Fig. 2. Schematic of the test flow loop.

Experimental results presented here were obtained
from an ITS 2000 ERT system (Industrial Tomogra-
phy Systems Ltd. P2000) in monitoring gas-liquid
flow in the jet pump and vertical pipes at various su-
perficial velocities. In each plane, eight stainless steel
electrodes are mounted flush to the surface at equal
intervals. Since the current data collection speed was
still limited, we set the distance between the two sens-
ing planes in the vertical pipe to be 50 mm and the dis-
tance between the two sensing planes in the jet pump
to be 30 mm. The voltage potential differences for to-
mography images were collected by using the normal
adjacent protocol, with a data collection speed of 58
frames per second at an ac current injection frequency
of 38400 Hz and a current value of 15 mA for flow pat-
tern recognition, and with a 5 frames per second at the
signal frequency of 9600 Hz for average fraction calcu-
lation. With the development of the image technol-
ogy, some authors adopted different methods to study
the image reconstruction and obtained some prefer-
able results.®~11 In this work the reconstruction of
the image was carried out by using the linear back
protection (LBP) algorithm to product the image fast
and truly. The average void fraction was determined
from Maxwell equations.['213] The concentration pro-
file obtained using ERT could be erroneous to a certain
level due to the highly sensitivity of factors, such as
the accuracy of the electrical measurement made at
the system boundary and image reconstruction algo-
rithm used. Reference measurement error of 1% could
lead to conductivity error of up to 10% depending on

the magnitude of the conductivity charge.['¥ In this
work, prior to collecting data we calibrated the ERT
system and took the reference frame when the sensor
was full of liquid only so that the reference measure-
ment error could be controlled within 1%.
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Fig. 3. Reconstructed two-dimensional images in terms
of typical in-situ phase fraction in the jet pump and the
vertical pipes, respectively, at superficial water velocity
0.008 m/s and superficial gas velocity 0.170-0.212m/s,
with the water-gas conductivity in the range from 0.200
to 0.354 mS/cm.

Two-dimensional (2-D) slice images were sequen-
tially reconstructed using an ITS 2000 ERT system.
Figure 3 shows that typical in-situ air fraction in jet
pump and the vertical pipe under slug flow regime.
Here the dark areas represent the air cavities or low
conductivity regions, and the bright areas represent
the water or high conductivity regions. These slice
images were accumulated to show the flow patterns.
It can be seen from plane 3 in Fig.3 that a long se-
ries of bubbles are moving through the vertical test
section. Furthermore, it can be also observed from
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a comparison between planes 1 and 2 that the flow
of gas-phase in the jet pump may be rotational round
the axes. This will be investigated in detail in a future
study using a new fast ERT system.

Flow patterns in three different planes in both the
vertical test section (plane 3) and jet pump (plane 1
and 2), namely bubble, bubbly and slug, are shown
in Fig. 4. The flow patterns were stacked within three
different planes with 10 continuous images from a data
set of 400 images for bubble and bubbly flow, and 20
continuous images from 500 images for slug flow. Dif-
ferent flow patterns between the jet pump and the
vertical section can be clearly imaged by ERT using
the conductive ring sensing strategy under the same
superficial velocities. It is shown from the comparison
between planes 1 and 2 in Figs. 4 that the liquid jet
leaves the nozzle at the position of plane 1 simultane-
ously with the air phase. It is clear that gas phase is
continuous, most of the air is moving along the bound-
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ary near the injector. After entering the throat, the
phases start to mix strongly as can be seen on plane 2
in Fig. 4. In the mixing process in the throat region,
in which the liquid jet entrains, accelerates and com-
presses the gas, the transfer of momentum from the
liquid serves largely to compress the gas in which sig-
nificant momentum transfer is involved in increasing
the kinetic energy of air phase. It can be seen that
both gas- and liquid-phase distributions and their dy-
namical varying processes (flow processes) in the jet
pump and in the vertical pipe can be clearly demon-
strated using the ERT technique. Furthermore, we
can also acquire from plane 2 in Figs. 3 and 4 that for
the design of the jet pump, the accustomed assump-
tion of the two-phase flows at the throat consisting of
homogeneous bubble mixtures of a gas in a continuous
liquid is incorrectness under some conditions in which
gas phase may also be continuous.
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Flow pattern recognitions in three different planes with a mixture of water and gas (water conductivity

0.284mS/cm). (a) Bubble flow: frames from 250 to 260 at superficial water velocity 0.395m/s and superficial gas ve-
locity 0.008-0.024 m/s with the water-gas conductivity in the range 0.240-0.314 mS/cm. (b) Bubble flow: frames from 250
to 260 at superficial water velocity 0.785m/s and superficial gas velocity 0.127-0.153m/s. (c) Slug flow: frames from 240
to 260 at superficial water velocity 0.008 m/s and superficial gas velocity 0.170-0.212m/s with the water—gas conductivity

in the range 0.200-0.354 mS/cm.

For each superficial velocity, 350 images were col-
lected for all the loading concentrations. The images
were averaged and merged over the recorded voltage
values. From the merged images produced for each
plane, the concentration profile can be obtained from
the Maxwell equation. The mean concentration can
be calculated from

Zzz?f::ln (Ci,j ) Apixel)

Cy =
Atotal

b

where Apixel, Atotal Cij and n are the area of pixel,
the area of pipe, the in-situ phase fraction and the grid
number, respectively. Since there are 316 pixels in the
linear back projection algorithm, and the area of each
pixel is 6.2mm?, the area of the pipe is 1963 mm? ac-
cording to the diameter 50 mm. Table 1 lists the mean

concentrations of three different planes under bubble

flow, bubbly flow and slug flow, respectively. It can
be found that from the obtained concentration data,
the mean concentration of gas phase at the position
of plane 2 (i.e. the throat) is smaller than those at
positions of planes 1 and 3 due to the compressible
characteristics of gas phase. Furthermore, owing to
the effect of the slip velocity and gas condensability
on phase fraction, the mean concentration in the ver-
tical pipe will also be lower than those at the position
of plane 1, as listed in Table 1.

Figure 5 shows the plot of the calculated mean
concentration at the different plane positions against
the axial position with slug regime. To obtain prefer-
able results, the mean concentration at each plane is
calculated by using the average value of three sets of
data, and each set of data consists of 350 images. The
fluctuation of mean value among the three sets of data
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is around 5%. As mentioned above, the void fraction
near the left pipe well (electrode 5) is higher than

those near the right as a result of the position of air
injector.

Table 1. Mean concentration of different planes under the same superficial velocities.

Superficial water velocity = Superficial gas Velocity Plane 1  Plane 2 Plane 3 Plane 4  Flow pattern in vertical pipe
0.785m/s 0.008~0.024 m/s 051%  013%  0.24%  0.28% Bubble
0.785m/s 0.051~0.076 m/s 1.63% 0.32% 0.56% 0.70% Bubbly
0.008 m/s 0.170~0.254m/s 10.9% 6.99% 8.39% 7.98% Slug
tions of a rapid mixing process in the throat of a jet
0.147 Right pipe well i pump obtained in the present work provide a reliable
) (Electrode 1) basis for theoretical study and optimal design of jet
3 pumps.
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< 0.067 —— Plane 3
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on the axial position within slug regime under superficial
gas velocity 0.170-0.254 m /s and superficial water velocity
0.008 m/s.

In summary, to understand the performance of a
two-phase jet pump which influences on the flow pat-
tern, we have experimentally investigated the in-situ
phase fraction and flow patterns in a jet pump on a
vertical pipe using the ERT technique.
experiments are carried out, and an ITS 2000 ERT
system is used to monitor the gas-liquid flows in jet
pump and vertical pipes at different superficial veloci-
ties. The results suggest the flow patterns recognition
using ERT system can not only be applied for most
two-phase flow regimes, but also for the visualization
of the complex system. Furthermore, the visualiza-
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