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ABSTRACT
Two-phase flows can be encountered in a wide variety of industrial applications including a nuclear
reactor, boilers, chemical reactor, etc. Bubble column is a simple and commonly used way to inves-
tigate two-phase flow due to their relatively simple construction and ease of operation. In the study
of two-phase flow, the knowledge of gas and liquid velocities are required for better understanding of
transport phenomena. Therefore, many measurement techniques have been developed such as LDV
and PIV. However, those measurement techniques for velocity measurements require transparent test
section and obviously fail if working fluid is opaque. To overcome this problem, there is another one
technique, Ultrasonic Velocity Profiler (UVP), which can obtain the velocity information of both gas
and liquid phases in non-transparent test section and opaque liquid. Originally, the UVP only measures
one-dimensional velocity profile. For two-dimensional flow mapping, it is necessary to measure two
velocity component at one spatial point to form a vector. In the present work, measurement system with
two ultrasonic array sensors have been developed for two-dimensional velocity measurement and tested
at two-phase bubbly column flow. The measurement results of UVP were compared with PIV mea-
surement result to evaluate performance of the system. In two-phase bubbly flow, the performance of
measurement system with ultrasonic array sensor is evaluated as 20% comparing with PIV measurement
results for one and two-dimensional velocity measurement.
Keywords: Two-phase bubble flow, ultrasonic array sensor, ultrasonic velocity profiler

1 INTRODUCTION

Two-phase flows can be encountered in a wide variety of industrial applications including
nuclear reactors, boilers, chemical reactors, etc. It has been under a continuous investigation
over the past several decades due to its complexity such as its turbulent phenomena, bubbles
motion and so on. Bubble column is a commonly used way to investigate two-phase flow due
to its relatively simple construction, ease of operation, and good mixing characteristics [1].
In the study of two-phase flows, the knowledge of velocity and volume fraction are very
important for better understanding of transport phenomena in two-phase flow systems. Thus,
many measurement techniques have been developed for volume fraction such as Electrical
Resistivity Probe (ERP), Wire Mesh Sensor (WMS) and velocity such as Particle Image
Velocimetry (PIV) and Laser Doppler Velocimetry (LDV), etc. A point measurement tech-
nique, such as ERP and LDV, can only measure the local volume fraction and velocity at a
point. The WMS and PIV techniques can obtain the multi-dimensional information of veloc-
ity and volume fraction of both liquid and gas phases in two-phase flow. The PIV measurement
technique applies to low volume fractions. As the number of bubbles increases, it becomes
difficult to detect bubble sizes and positions. Moreover, this technique cannot be utilised with
opaque liquids as it requires a transparent test section. To overcome these problems, there is
another technique which is called ultrasonic velocity profiler (UVP).

The UVP method in single-phase flow was developed by Takeda [2]. The UVP can obtain
the instantaneous velocity information in a transparent and opaque liquid such as liquid
metal. The only requirement for this method to be effective is that a sufficiently high number
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of tracer particles is suspended in the fluid as an ultrasound reflector [2]. When UVP is
applied to two-phase flows, ultrasonic pulses are reflected from both bubbles and tracer par-
ticles. Therefore, the data measured by the UVP monitor include the velocity information of
both phases. Aritomi et al. [3] developed a system to measure the velocity profiles in bubbly
flows using the UVP in countercurrent flow. It was difficult to use one transducer to measure
both reflectors and bubbles because they require a different configuration of the transducer.
Murakawa et al. [4] measured the velocity distribution using different diameters of the trans-
ducer and developed a multi-wave transducer. If a transducer diameter is selected properly,
the velocity of each phase can be measured. The developed multi-wave transducer consists of
two elements with different frequencies and diameters. The central element is used to meas-
ure the velocity of the liquid, and outer element is used for the velocity of bubbles. A
separation technique based on the difference of intensities reflected on bubbles and particles
was purposed. Echo signals of the ultrasonic beam reflected by bubbles are stronger than
those reflected by tracer particles. The velocity measured by the multi-wave transducer in
two-phase bubbly flow has validated by comparing with High-Speed Camera measurement
by Kikura et al. [5].

In those previous studies, the UVP were used to investigate two-phase flow on one meas-
urement line. To obtain information of multi-dimensional velocity using UVP, multiline
measurement is required. Two- or three-dimensional velocity profile measurement for single
phase flow by using UVP has been carried out by Kantoush et al. [6]. The application of
multiple transducers has some drawbacks such as settling error and limitation of the installa-
tion position. To overcome them, an ultrasonic array sensor can be utilised as Kikura et al. [7]
did in the air-water bubbly two-phase flow. An array sensor was used to measure the instan-
taneous and average velocity profile of single and two-phase flow by Kikura et al. [7]. It was
a measurement of one-dimensional velocity. Hamdani et al. [8] developed a new approach to
obtain two-dimensional velocity, and the approach was applied to single-phase and bubbly
two-phase swirling flow. In the present work, measurement system with two ultrasonic array
sensors have been developed for two-dimensional velocity measurement and tested at two-
phase bubbly column flow. A filtering technique, similar to the one proposed by Murakawa et al.
[4] was utilised. The measurement results of UVP were compared with PIV measurement result to
evaluate performance of the system.

2 ULTRASONIC VELOCITY PROFILER

The UVP method is based on pulsed ultrasound echography [9]. An ultrasound pulse is emitted
from the transducer (TDX) along the measuring line, and the same transducer receives the echo
reflected from the surface of tracer particles, bubbles, etc. The pulse reflection from these parti-
cles is recorded in an echo signal. The echo signal is Doppler-shifted according to reflector’s
velocity. Therefore, the velocity of the tracer particle can be obtained by analysing several suc-
cessive reflections. During the measurement, a pulse is emitted in the interval, which corresponds
to a pulse repetition frequency. Several echo sequences are needed to obtain a velocity profile, at
least 2 and typically 128 sequences. The distance x between each measurement volume and
TDX can be calculated from the time delay 7 and sound velocity ¢ as

Xx=— (D

Since the Doppler shift of the received echo signal is proportional to the velocity, the velocity
is reconstructed as
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where, f,. is basic frequency of transducer. The signal proceing to detect the Doppler shift
frequency f, is the main part of UVP method. To find out the Doppler shift frequency, many
signal processing methods has been developed, e.g. Ref [10].

In velocity profile measurement of bubbly flow using UVP, it is important to know whether
bubbles are crossing the measurement line or not. If a bubble crosses the measurement line,
recorded amplitude by UVP will be higher compared to the amplitude when there is no bub-
ble. Murakawa et al. [4] developed a separation technique to decide if there is a bubble on the
measurement line using reflection intensity. In this work, a similar approach was used. First,
the amplitudes were recorded in water without a bubble. An amplitude threshold is set as 2.5
times the average amplitude with no bubble. If amplitude is higher than the threshold, there
is a bubble on the measurement line. On the other hand, if the amplitude is lower than the
threshold, it is assumed that there is no bubble on the measurement line.

Originally, the UVP only measures one-dimensional velocity profile. For two-dimensional
flow mapping, it is necessary to measure two velocity components at one spatial point to form
a vector. Two velocity components are known at any intersection of measuring lines of any
two transducers. An example of a two-dimensional flow mapping by two transducers is
shown in Fig. 1. There, u, and u, are velocity components that are measured directly by indi-
vidual transducers. Velocity along beam axis is expressed by eqns (3 and 4). Based on eqns
(3 and 4), velocity vectors in Cartesian coordinates are reconstructed using eqns (5 and 6),

respectively.
V\( cos6,
U = e 3)
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Figure 1: Vector decomposition based on two measurement lines.
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3 EXPERIMENTAL APPARATUS AND PROCURES

A simultaneous measurement carried out by UVP and High-Speed Camera (FastCam SAS5
model 1300K-M3). The UVP equipment used in this experiment was UVP-DUO monitor
with a multiplexer from Met-Flow SA, Switzerland. The experimental configuration is pre-
sented in Fig. 2. A rectangular acrylic box (300 mm wide, 300 mm deep and 300 mm high)
was used due to good transparency for the measurement of HCS. Tap water was utilised as
a liquid, and its level was the 280 mm. Two sectorial array sensors were placed inside the
box at the height of 200 mm from the bottom wall, the distance between two transducers was
118 mm (see Fig. 4). Both were controlled by UVP-DUO monitor. The HSC and light were
placed perpendicular to the box to record image sequence of the bubble motion. The UVP
monitor and HSC were synchronised. A porous material, 62 mm in length and 15 mm in
diameter, was utilised as a gas distributor and placed at the centre of the box (see Fig. 4). The
air was supplied by an air compressor, and the air flow rate through the gas distributor was
measured by a rotameter (P200 Tokyo Keiso) and controlled by the control valve. Measure-
ment range of the rotameter is from 0.06 to 0.6 L/min and accuracy of the flowmeter is +3%.

Two sectoral array sensors were used in the present experiment as shown in Fig. 3. The
specification of array sensors is described in Table 1. Each of elements emits and receives the
ultrasound individually. Figure 4 illustrates measurement sections of the UVP and PIV in
detail. The red lines represent the measurement lines of the UVP. A dotted blue line repre-
sents the edge of the video taken by HSC. A ruler was attached on back side of the Sensor-2
for calibration of PIV. Flow condition of the entire measurement is listed in Table 2.

In UVP measurement, the array sensors were placed at some distance from the flow to
minimise the disruption of the main bubbly flow, and 5000 instantaneous velocity profiles for
each element were recorded at sampling rate 19 ms. Measurement parameter of UVP are

1 - UVP-DUO monitor
2 - High Speed Camera
3 - Acrylic box

4 - Array transducers

5 - Bubble distributor
6 - Light Source

7 - Diffuser (paper)

8 - Rotameter

9 - Valve

10 - Air compressor

Figure 2: Experimental apparatus.
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Figure 3: The arrangement of sectorial array sensors.

»l

200 mm

Figure 4: Test section.

Table 1: Specification of array sensors.

Basic frequency [MHz] 8
Number of elements 8
Wavelength [mm] 0.19
Element size [mm] 29x3
Pitch [mm)] 3
Curvature [mm)] 17.3
Height [mm] 45
Width [mm)] 35
Thickness [mm] 22

show in Table 3. In the measurement of HSC, the HSC camera (896 x 896 pixel, 500 fps)
providing a resolution of 0.16 mm/pixel was used to record images of the flow. In this way,
only 143.36 cm long part of the column was recorded for 20 s since it represents the most
interesting part of the column. The PIV was performed with the use of MATLAB [12]. Image
sequence of the bubble motion was recorded, and PIV processing was used to determine the
average bubble velocity from these sequences. Illumination from the rear was used to obtain
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Table 2: Flow condition.

Working fluid:
- Liquid tap water
- Gas air
System pressure atmospheric
Water temperature (°C) 14-15
Bubble diameter [mm)] 0.1-2.3
Gas flow rate [L/min] 0.2

Table 3: Parameters of UVP.
Channel distance [mm] 0.73
Channel width [mm] 0.73
Number of cycles 8
Number of repetitions 64
Length of measurement line [mm] 105.5
Sampling time [ms] 19
Sound velocity [m/s] 1465

bubble shadows in a large area of the column. Binary images of bubbles were obtained by
applying a threshold to the greyscale images and velocities were obtained from the subse-
quent images using PIV. Interrogation area of 60 x 30 pixels in the first pass, 30 x 15 pixels
in the second pass and 16 x 8 pixels in the third pass were used with a 50% overlap. Velocities
were obtained by averaging 10,000 subsequent images of the bubble motion.

4 RESULTS AND DISCUSSION
4.1 One-dimensional velocity profile by UVP and PIV

One-dimensional velocity profile in vertical direction measured by UVP, assuming vertical
direction of bubbly flow, was compared with PIV results. First three elements (from element
No. 1 to element No. 3) of “Sensor 1” and “Sensor 2” were out from main flow. Therefore,
other five elements at different angles (from element No. 4 to element No. 8) of “Sensor 1”
and “Sensor 2” were used to measure one-dimensional velocity profiles, and ten velocity pro-
files were measured by UVP. In this section, two measurement results out of them, which are
the best (Fig. 5) and worst agreement (Fig. 6) with PIV result, will be discussed. Figure 5
represents one-dimensional velocity profile measured by element 4 of ‘Sensor 1’ compared
with the PIV results. As mentioned in the previous section, the array sensors were placed at
some distance from the flow to minimise the disruption of the main bubble flow. The starting
point of the velocity profile in the horizontal axis is different for each element due to the sec-
torial shape of array sensor and different angle of measurement lines. The PIV measurement
also started at around 28 mm far from the array sensor. Therefore, the horizontal axis of Fig. 5
starts from around 28 mm. In velocity profile measurement of bubbly flow using UVP, it is
important to know whether bubbles are crossing the measurement line or not. If a bubble
crosses the measurement line, recorded echo amplitude by UVP will be higher compared to
the amplitude when there is no bubble. First, the amplitudes were recorded in a water without
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Figure 5: One-dimensional velocity profile by UVP (element No. 4 of ‘Sensor-1") and PIV.
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Figure 6: One-dimensional velocity profile by UVP (element No. 8 of ‘Sensor-2’) and PIV.

a bubble. An amplitude threshold is set as 2.5 times the average amplitude with no bubble. If
amplitude is higher than the threshold, there is a bubble on the measurement line. On the other
hand, if the amplitude is lower than the threshold, it is assumed that there is no bubble on the
measurement line. As shown in Fig. 5, the comparison between results of PIV and UVP with-
out filter has a large difference in the region from 28 mm to 50 mm. After the measurement
data were filtered out by amplitude, the UVP has a good agreement with PIV result. On the
other hand, all the measurement results did not agree that well with PIV results despite being
filtered by amplitude. Figure 6 shows the one-dimensional velocity profile measured by ele-
ment No. 8 of ‘Sensor 2’ and compared with the PIV results. The filtering by amplitude is
giving a little better result than without filter. Increasing threshold to 3.5 times higher than
amplitude without bubble, improves the result, but velocity profile is becoming spread (see Fig. 6).
Same phenomena were observed at element 8 of ‘Sensor 1°. This difference will effect to
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Figure 8: Results of flow mapping by UVP and PIV.

two-dimensional vector mapping where measurement lines of element 8 are crossing other meas-
urement lines. The difference between one-dimensional velocities measured by UVP (all 10
profiles with and without filter) and PIV are shown in Fig. 7.
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Table 4: Quantitative comparison of velocities measured with the UVP and PIV.

UVP (without filter) PIV UVP (filtered)
Measurement
points V[mm/s] U[mm/s] V[mm/s] U[mm/s] V[mm/s] U [mm/s]
1 131.0 -5.7 124.6 3.7 133.5 -13.5
2 151.8 -1.7 147.1 2.4 153.3 0.0
3 175.7 -6.5 188.2 5.5 184.9 -5.7
4 155.9 -4.3 134.9 0.6 162.3 5.5
5 131.5 8.9 121.9 2.8 131.7 3.9
6 151.6 -1.3 144.4 2.0 153.8 -0.2
7 164.0 2.3 216.0 7.2 200.1 -12.5
8 132.7 3.1 153.0 -0.2 134.8 4.4
9 149.7 -0.3 135.2 0.3 154.1 1.0
10 129.2 11.1 120.9 2.2 125.9 6.6
11 147.4 0.4 155.6 2.6 147.4 0.4
12 41.3 8.3 266.0 10.4 257.4 -28.2
13 116.9 0.8 172.6 0.0 126.7 2.4
14 135.6 2.9 133.4 -0.2 136.2 -1.3
15 124.2 5.3 118.0 2.2 120.5 3.2
16 148.4 -0.2 198.0 5.0 188.9 -5.6
17 45.1 -4.5 233.7 -2.5 1324 11.8
18 113.1 0.4 150.1 -1.0 113.1 0.6
19 118.0 2.7 120.7 1.9 118.3 1.1
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Figure 9: Comparison of velocity along the axial direction by UVP and PIV.
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4.2 Flow mapping by UVP and PIV

Figure 8 shows the two-dimensional flow mapping by UVP and PIV. To build velocity vector
at spatial point in UVP, it is necessary to know the crossing point of two measurement lines. In
this measurement, 19 points were crossed along the 10 measurement lines and two-dimensional
vectors were extracted at those points. From PIV flow mapping results, velocity vectors are
selected at same positions with UVP to compare. When using no filter, there are large differences
at crossing points 12 (Element 5 of ‘Sensor 1’ and Element 8 of ‘Sensor 2’) and 17 (Element 8 of
‘Sensor 1’ and Element 5 of ‘Sensor 2’), between UVP and PIV as shown in Fig. 8. That is
because, as explained earlier, at the end of measurement lines of Element 8 for both sensors, there
were large differences between results of PIV and UVP without filter. Table 4 shows a quantita-
tive comparison between UVP and PIV. The difference of measured velocities along vertical and
horizontal direction is showed in Figs 9 and 10, respectively.

5 CONCLUSIONS

Hamdani et al. [8] has developed two-dimensional UVP technique for the two-phase flow.
However, the accuracy of the measurement system was not evaluated. In the present study, to
evaluate the accuracy of the measurement system, two ultrasonic sectorial array sensors were
applied to measure one- and two-dimensional velocity of bubbly two-phase flow in the rec-
tangular bubble column. The measurement results of UVP were improved by using a filtering
technique which is similar to the one proposed by Murakawa et al. [4] and compared with
PIV result. The measurement results show that
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1. The filtering by amplitude is very important for accurate velocity profile measurement
in two-phase flow.

2. After measured data had been filtered by amplitude, measurement results of UVP and
PIV showed good agreement around 20%.

3. The difference between two-dimensional flow measurement by UVP and PIV is esti-
mated around 20% along the main flow (vertical) direction. Velocities difference in a
horizontal direction is estimated around =10 mm/s.

Finally, the accuracy of the measurement system with ultrasonic array sensors for the two-
phase flow was evaluated as 20% for one- and two-dimensional velocity measurement.
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