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ABSTRACT 

 
In this work, a non invasive technique consisting of a high speed ultrasonic multitransducer pulse-echo system 
was developed to characterize gas-liquid two-phase flow parameters that are important in the study of the 
primary refrigeration circuit of nuclear reactors. The high speed ultrasonic system consists of two transducers 
(10 MHz/φ 6.35 mm), a generator/multiplexer board, and software that selects and has a data acquisition 
system of the ultrasonic signals. The resolutions of the system and the pulse time generated from each 
transducer are, respectively, 10 ns and 1.06 ms. The system initially was used in the local instantaneous 
measurement of gas-liquid interface in a circular horizontal pipe test section made of a 5 m long stainless steel 
pipe of 51.2 mm inner diameter, where the elongated bubbles velocity was measured (Taylor bubbles).  The 
results show that the high speed ultrasonic pulse-echo system provides good results for the determination of 
elongated bubbles velocities.  
 
 

1. INTRODUCTION 
 
Two-phase flow is an important field of study, especially for power plants where the primary 
refrigeration circuit of nuclear reactors needs constant control of the gas-liquid two-phase 
flow parameters. The so-called LOCA’s (Loss Of Coolant Accident) are examples of the 
importance of the measurement of interfacial parameters for the safe operation of a nuclear 
reactor. Among many intermittent horizontal two-phase flow parameters, the elongated 
bubble velocity (Taylor bubble velocity) and the liquid film thickness film under it are very 
important parameters to be measured. Many techniques have been developed to measure 
two-phase flow parameters and they can be classified into two types: intrusive and non-
intrusive. For measurement using intrusive techniques, there are hot-film anemometers [1], 
conductivity probe method [2][3]. The spatial or temporal differential pressure is considered 
a semi-intrusive technique, it has been used the mean pressure drop to determine the liquid 
holdup [4]. The disadvantage of using invasive or semi-invasive techniques in nuclear plants 
is the leakage risk. The main noninvasive techniques used to measure parameters of two-
phase flow are the optical, radiation and ultrasonic techniques. The main optical techniques 
are laser Doppler anemometry (LDA) [5] and particle image velocimetry (PIV) [6]. Although 
they are non-intrusive, they are restricted to transparent pipes. Ultrasonic techniques are non-
intrusive. They do not need safety care to the operators, they can be used in high pressure and 
temperature flows and they can be used in opaque fluids and non transparent pipes. There are 
three ultrasonic methods for two-phase flow diagnostics, namely the pulse-echo, 
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transmission, and the Doppler shift methods. According to [7], the Doppler shift method has 
relative advantage when applied in low void fraction liquid flow velocity measurements and 
gas bubble velocity measurements. [8] and [9] applied the pulse-echo technique using a 
single transducer and the transmission technique using two transducers to determine flow 
regime and liquid level but they are limited to bubble velocity of up 0.7 cm/s and low gas 
entrainment. [10] presented a hybrid ultrasonic technique formed by a contra-propagating 
transmission ultrasonic flow-meter, pulse-echo transmission ultrasonic void meter and a 
FieldBus data acquisition system. This technique was used to determine the stratified and 
plug flow pattern in a horizontal air-water two-phase flow. 

 
In this work a high speed ultrasonic multitransducer pulse-echo system was developed to 

characterize the shape of elongated bubble in a horizontal air-water intermittent flow. 
 

2. EXPERIMENTAL SETUP 

2.1.  Two-Phase Flow Test Section 
 
The experimental development was carried out in the Thermal-Hydraulic Laboratory of 
Nuclear Engineering Institute (IEN/CNEN). The two-phase test section consists of an air-
water circulation system, a horizontal tube and an instrumentation system control, as shown 
in Fig. 1. The horizontal tube is made of a 5 m long stainless steel 316 pipe with an inner 
diameter of 51.2 mm, followed by a 0.6 m long transparent Plexiglas tube with the same 
inner diameter. The distilled water circulated axially through the venture mixer comes from 
an existing single-phase water loop which is equipped with a centrifugal pump a metering rig. 
Air is injected into the mixer by a compressor through a flow line equipped with an 
appropriated instrumentation. The air-water mixture goes out from the mixer and through the 
stainless steel tube along its length until the transparent Plexiglas tube where it can be 
observed visually. By means of a rotameter and a turbine flowmeter the air and water flows 
are measured in the single-phase lines, respectively.   
 

 
 

Figure 1. Schematic of two-phase test section 
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2.2.  High Speed Ultrasonic System 
 
The ultrasonic system was developed by the Instrumentation Department of Instituto de 
Engenharia Nuclear – IEN. This system consists of a computer (PC), a Ultrasonic 
Pulser/Receiver and 100MHz A/D Board for PCI Bus with up to four outputs multiplexer, 
and up to four ultrasonic transducers. In this work, two ultrasonic transducers are used. 
Figure 2 shows the assembly of the two ultrasonic transducers along the horizontal axis of the 
tube. 
 
Specific software was developed for the acquisition of ultrasonic signals of which only the 
signals with time of flight smaller than the diameter of the tube are recorded. This procedure 
removes all unwanted signals, including the multiple reflections of the tube wall opposite the 
transducer. It is not necessary a filter to unwanted ultrasonic signals, so you do not need a 
high buffer capacity during the acquisition of signals.  
 
The time interval elapsed between two echoes of ultrasonic signals is measured calculating 
the time elapsed between two reference points previously established in these signals. The 
maximum point of these echoes can be these reference points. 
 
The computer used in the experiments has 1 GB of RAM and stores 8000 points, one point 
for each ultrasonic pulse. The sampling rate of the board is 100 MHz and thus the time 
between consecutive points is 10 nanoseconds. For greater accuracy of the profile curve (Volt 
x time), the software needs a routine of interpolation. The time interval of 10 ns is divided 
into 16 shares. It allows greater accuracy in measuring the heights of the liquid film, and thus  
greater accuracy of the longitudinal profile of the elongated bubbles.  
 
The ultrasonic system is unable to effectively acquire signals from four transducers at the 
same time, because the card can only emit a pulse at a time per channel for each transducer. 
In each cycle, a set of 4 pulses is sent; the card sends a pulse for each transducer. The time 
between each pulse is about 200 us, sometimes with small variations. Between the first pulse 
of a cycle and the first of the next one, the time can be controlled in a range of from 187 Hz 
to 940 Hz, approximately. This time is between the first pulse of a cycle and the first of the 
next cycle. For each pulse sent, the card scans the returned signal at 100MHz (10ns) rate. The 
RAM memory of the PC stores up to 8000 of these frames, or 2000 of each transducer. The 
software lets you store all the frames and the results of the time of flight of each signal. The 
aim of the software is to process the data in a very short time interval, so that the result of the 
time of flight measurement of the ultrasonic wave is presented immediately after the 
acquisition. 
 

 
 
Figure 2. Schematic of the assembly showing the distance between the two transducers. 
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2.2.  Visualization System 
 
The visualization system can be seen in Fig. 3. They are formed by a monochrome digital 
high-speed camera with a CCD sensor (maximum resolution 480 x 420 pixels), zoom lenses, 
a PCI controller board of 12 bits, an image acquisition and analysis program and a computer. 
The frequency range of 250 frames per second was used to in this work. The sequence of 
images displayed on the computer monitor could be stored in a computer file, retrieved to 
analyze the flow motion sequence in detail. 
 
 
 

 
 

Figure 3. Schematic of the visualization system. 
 
 
 

3. ELONGATED BUBBLE VELOCITY MEASUREMENT 
 
A typical slug unit is characterized by the liquid slug that sometimes is very aerated, and an 
elongated gas bubble that is underlaid by a liquid film. If the flow regime is not in a stead 
state flow, the velocity of elongated gas bubble presents great variation from one after the 
other slug unit.   
 
In this work, air volumetric flow of 8 m3/h and water volumetric flow with the same value 
were used to measure the elongated gas bubble in intermittent flow pattern.  The pressure 
operation was 105 Pa.  

3.1.  Velocity Measurement by Ultrasonic System 
 
The elongated gas bubble can be detected by the transducers by reason of the change in 
ultrasonic wave time propagation, therefore the bubble velocity was determined by tracking 
one of the edges of the plug obtained by two transducers. 
 
Figure 4 shows a typical ultrasonic waveform obtained by the ultrasonic system. The 
ultrasonic travel time ΔtY corresponds to the total time of the ultrasonic wave traveling 
through the liquid film, reflect back from the air-water interface and returning to the 
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ultrasonic transducer along the same way.  The black line plot represents the ultrasonic signal 
of the ultrasonic transducer 1 and the blue line plot the ultrasonic transducer 2.  
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Figure 4. Typical ultrasonic wave form of the intermittent flow. 
 
 
 
Initially the velocities of the bubble nose VNB and bubble tail VTB were obtained by the 
equations: 
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Where 
 

ZΔ is the distance between the two transducers which, in this work, is 0,175 m.  
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NTΔ  is the time interval between the moments when the same edge of the bubble nose was 
detected by the transducers. In Fig. 4 it corresponds to the times t1 (transducer 2) and t’1 
(transducer 1). 
 

TTΔ  is the time interval between the moments when the same edge of the bubble tail was 
detected by the transducers. In Fig. 3 it corresponds to the times t2 (transducer 2) and t’2 
(transducer 1). 
 
In Tab. 1 it is shown the elongated bubble velocities VB , calculated by the average of the 
bubble nose  velocity VBN and the bubble tail velocity VBT, represented by 

 
 

                                                             (3) 
                             

 
 
 

Table 1.  Elongated gas bubble velocity measurement by ultrasonic system. 
 

MEASUREMENT VELOCITY (m3/h) Interval Time 
 NOSE (VNB) TAIL (VTB) AVERAGE (VB) 

1 - 2 2.25 2.06 2.16 
3 - 4 1.96 1.83 1.90 
5 - 6 1.89 2.05 1.97 

Average 2.03 1.98 2.01 
 
 
 

3.2 Velocity Measurement by Visualization System 
 
The observed frames bellow correspond to time intervals of 20 ms. In the first frame it was 
selected a reference point, and the distance of the bubble nose in relation to that reference 
point was measured in the following frames. The bubble nose velocity measurement in each 
of the two frames, corresponds to the ratio of bubble nose distance to time interval. It was 
used the same procedure to measure the bubble tail velocity.  
 
Figure 5 shows some images of the elongated gas bubble motion in the Plexiglas tube with 
the bubble velocity corresponding to five frames. 
 
The measurement of bubble tail velocity is more difficult to measure than the bubble nose 
velocity because of the large instability in the tail shape. Figure 6 show the shape 
modification of the bubble tail along the time. 
 
Table 2 shows the velocities of bubble’s nose and tail correspondent to five frames. 
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(a.1)                                  (a.2)                              (a.3) 
 

 
 

(b.1)                                    (b.2)                              (b.3) 
 

Figure 5. Motion variation (Δs) and interval time (Δt) along the horizontal pipe 
Bubble nose 

(a.1) Reference point, (a.2) Δs = 4.5 cm, Δt = 20 ms, (a.3) Δs = 9.0 cm, Δt = 40 ms 
Bubble tail 

(b.1) Reference point, (b.2) Δs = 4.5 cm, Δt = 20 ms, (b.3) Δs = 8.8 cm, Δt = 40 ms 
 
 
 

 
 

   (a.1)                                    (a.2)                                   (a.3) 
 

Figure 6. Shapes of the bubble tail along the time. 
 (a.1) initial time,  (a.2) Δt = 36 ms,  (a.3) Δt = 76 ms 
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Table 2.  Elongated gas bubble velocity measurement by visualization system. 
 

Elongated gas 
bubble 

1ª 
 

2ª 3ª 

Δt (ms) VNB VTB VNB VTB VNB VTB 
20 2.19 2.89 2.19 2.50 2.19 2.27 
40 2.23 2.96 2.10 2.81 2.08 2.15 
60 2.12 2.69 2.15 2.85 2.23 1.96 
80 2.23 2.81 2.20 2.50 2.04 2.31 

Average 2.19 2.84 2.16 2.67 2.14 2.17 
VB 2.52 2.42 2.16 

 
 
 

4. CONCLUSIONS  
 
In the present work a high speed ultrasonic system has been developed using ultrasonic pulse-
echo signals from two transducers to detect the instantaneous elongated bubble velocity. 
Comparing the results given by the ultrasonic system with a visualization system 
measurement it was concluded that: 
 

- The ultrasonic system measures bubble velocity by tracking one of the edges of the 
plug obtained by two transducers. The changes in the shape of bubble nose and tail do 
not affect the measure; 

- The visualization system measures the bubble velocity tracking a reference point in 
the bubble nose and tail;   

- The bubble tail presents changes in the shape along the time.  
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