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Abstract

This study proposes an ultrasonic velocity profiler (UVP) with a single ultrasonic gas-liquid two-phase
separation (SUTS) technique to measure the velocity distribution of vapor-liquid boiling bubbly flow. The proposed
technique is capable of measuring the velocity of the vapor bubble and liquid separately in boiling conditions. To
confirm the viability of the measurement technique, the experiment is conducted on vertical pipe flow apparatus. The
ultrasonic transmission and effect of ultrasonic refraction through the pipe wall and water are investigated at ambient
temperature until subcooled boiling temperature is reached. The velocity profile in the water at elevated temperature
is measured to verify the ability of the technique in this application. The bubbly flow velocity distribution
measurement in boiling conditions is then demonstrated. The results show that the proposed technique can

effectively investigate the velocity of both phases under various fluid conditions in boiling bubbly flow.
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1. Introduction

Boiling two-phase flow is a heat transfer phenomenon and plays an important role in the heat transfer process for many
industries. Flow boiling heat transfer has high cooling efficiency and is used in various applications, including boiler tubes,
evaporators, chemical processes, and the cooling of nuclear reactors (such as boiling water reactors (BWRs)). It is utilized to
prevent the problem of high heat flux dissipation. In the subcooled boiling region, until fully boiling, vapor-liquid two-phase
bubbly flow is formed and directly affects the performance and safety of the heat exchange channel. The flow behavior in this
region affects downstream boiling and the characteristics existing downstream of the channel. The flow in this region can also
be responsible for developing flow instabilities in the heat exchange channel. Lastly, heat transfer enhancement is influenced
by the vapor-liquid boiling two-phase flow that occurs [1-2]. Numerical analysis is utilized to assess the efficiency and safety

level of the heat exchange system [3-4].

To obtain the correlation model used in the analysis, the experimental data from the vapor bubble and liquid phases are
required, such as bubble diameter and void fraction. In particular, the velocity value of both phases is a key factor in the
constitutive equation. This parameter strongly affects heat transfer enhancement [5] and phase distribution [6], which involves
the performance and safety of the heat exchange channel, especially in BWRs. Therefore, the experimental investigation of
velocity distribution in vapor-liquid boiling bubbly flow is crucial. The velocity data of both phases must be obtained

separately.
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Intrusive techniques have been applied to investigate the flow velocity in bubbly flow, such as conductive probes [7].
These methods involve direct contact with the fluid, increasing the risk of instrument damage. Non-intrusive measurement
techniques that can measure the velocity data in both phases have been proposed, such as particle image velocimetry (PIV) [8].
However, PIV fails if the working fluid is opaque. Furthermore, the PIV measurement at the channel behind the bubble will
have low accuracy due to the weakness of the laser sheet. The X-ray method can overcome most PIV drawbacks but requires a
specific configuration and procedure [9]. Moreover, the X-ray method is mainly carried out on either single or a few bubbles to
avoid the bubble overlapping in the flow images, which is the main disadvantage. Therefore, a measurement technique that is

“non-intrusive”, “works on less transparent fluid”, and applicable for the “bubble overlapping condition” is required.

Indispensably, the technique must be applicable at elevated temperature in boiling conditions.

The ultrasonic velocity profiler (UVP) is an excellent technique for obtaining spatial-temporal velocity distribution in
liquid flows [10]. With UVP, the ultrasonic transducer emits an ultrasonic pulse into the liquid and receives the echo signal
backscattered from the reflector (particle) dispersed in the flow field. The velocity distribution along the sound path is
computed by analyzing the echo signals. Since the ultrasonic signal can penetrate through various materials, optical access is
not required. Hence, this method is a non-intrusive measurement that can work in an opaque fluid without a specific procedure
and setup. Moreover, the negative effect on the measurement caused by the bubble overlapping problem is minimized because
the measurement region of the UVP is in volume line form throughout the measurement depth. This technique has been applied
for obtaining velocity profiles in several liquids such as water, liquid metal, magnetic liquid, and liquid sodium [11-14].
Furthermore, apart from the velocity profile measurement, the UVP can be utilized in several applications, such as liquid
leakage investigation [15], measurement of the velocity structure and particle concentration profile [16], estimation of the

maturity and inner pulp structures of fresh fruit [17], etc.

Regarding bubbly flow, Aritomi et al. [18] developed a hybrid system that integrates the UVP measurement and video
data processing units to investigate the velocity distribution of liquids and bubbles. However, separation is limited when the
velocity of both phases is not significantly different. Suzuki et al. [19] proposed the UVP method in conjunction with the
phase-separation technique. This method applied the pattern recognition of the velocity level to distinguish a velocity profile
phase. However, the technique could only be applied in limited flow conditions. Murakawa et al. [20] employed a multi-wave
TDX transducer to measure instantaneous liquid and bubble velocity profiles. The pattern recognition of ultrasonic-echo
amplitude was used to distinguish the velocity in both phases. However, the technique requires additional devices since two
resonant frequencies are needed. Furthermore, sometimes the instantaneous full profile of the liquid velocity cannot be

measured due to bubbles occurring simultaneously in the wave paths of both frequencies.

Wongsaroj et al. [21] represented the UVP with single ultrasonic gas-liquid two-phase separation (SUTS), which relies on
combining time-frequency analysis and Doppler amplitude classification. The method can measure the instantaneous velocity
profile of bubbles and liquid in bubbly flow using a single frequency, with measurement accuracy guaranteed by the excellent
agreement in comparison to the PIV method. The discrepancy was £10%. This technique can be utilized in air-water bubbly
flow where the fluid is measured in low temperature, and the bubble made from pneumatic air. It has not yet been applied in
vapor-liquid boiling conditions, which is the aim of this research. The UVP has an application opportunity. Therefore, the

applicability of the UVP with the SUTS technique on vapor-liquid boiling bubbly flow must be proven.

This study presents the proposed application of the UVP integrated with the SUTS technique in vapor-liquid bubbly flow.
The ultrasonic transmission in the water at ambient temperature until reaching boiling temperature is investigated. The Doppler
amplitude threshold for separating the bubble and liquid data is set statistically, while the velocity profile measurement of the
single-phase water at elevated temperature is preliminarily tested. The experimental measurement is then demonstrated in the
vapor-liquid boiling bubbly flow, with the vapor bubble generated by a heating rod. The velocity profile of the vapor bubble

and the liquid is derived experimentally.
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2. Measurement Technique

Fig. 1 shows the UVP configuration and velocity profile reconstruction. An ultrasonic pulse is transmitted from the
transducer to the liquid throughout the measurement line. The echo signal reflected from the moving reflector (such as a tiny
particle dispersed in the fluid) is obtained by the same transducer. When the ultrasonic pulse is emitted repeatedly, the echo
signals are obtained sequentially. The Doppler signal influenced by the velocity of moving particles can be demodulated from
the echo signals. The Doppler frequency fp(i) estimated certainly relates to the particle’s velocity (i is the position or channel).

Hence, the velocity of the particle at that position V(i) can be calculated as:

V(i) =—ch(.1) (1)
2f, sin 0

where c is the speed of sound in the fluid, f; means the basic frequency of the ultrasonic pulse, and & is the incident angle. The
particle closely follows the liquid streamline if the Stokes number of the liquid and small particle dispersed is lower than 0.1. If

there is a dispersion of several particles in the liquid, the velocity profile can be obtained.

The UVP with the SUTS technique was developed in the work of Wongsaroj et al. [21] to measure the velocity profile in
air-water bubbly flow. It is the technique employed to measure the velocity distribution of vapor-liquid boiling bubbly flow in
this study, based on the pulse repetition technique. Fig. 2 illustrates the process of the UVP with SUTS technique. Firstly, the
Doppler signal D(n) in discrete form, as shown in Eq. (2), is extracted from the echo signals obtained from the transducer and

pulser/receiver, respectively. The extraction process is performed in the quadrature demodulation section [22].

2T
D, (n)= A, cos fo

—¢ |-, sinf ———¢ 2)

PRF PRF

where A is the signal amplitude, ¢ is the initial phase, and n represents the sample Doppler signal.
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The Doppler signal is subsequently sent to the short-time Fourier transform (STFT) function and the time-frequency
spectrogram of the signal computed. The calculation is expressed in Eq. (3), and the energy density of spectra at time k is
calculated by Eq. (4). The time-frequency resolution certainly alters following time step S, and window length W,. The
spectrogram is sent to the peak detector to analyze the energy peaks. The peak value in each position informs the Doppler
frequency data (fp = fpas fobs ---» fom) and time location (¢ = t,, ty, ...., t,,). Furthermore, the Doppler amplitude in each point (a =
(n=0, Gn=1, -.-» n=Nrep-1) 18 detected by envelope processing the Doppler signal. The data is then selected according to the time

location index obtained from the peak detector (as= a,, ap, ..., an)-

X(k,fD) = i D(n)W(n —kS)exp(—jnZTp‘D) 3)
n=0
P(k, f,) =|X (k, £, 4)

The selected amplitude data is derived and compared with the threshold value which is set to be higher than the maximum
Doppler amplitude of the particle. Hence, the bubble and liquid index is classified by this comparison. If the amplitude value is
higher than the threshold, this is defined as a bubble index (in, = inyy, iny,, ..., ify,). Furthermore, when the value is lower than
the threshold, this is expressed as a particle index (in, = iny, iny, ..., iny,). The Doppler frequency data analyzed by the peak
detector is distinguished as the Doppler frequency of the bubble group (fpoubbie = fpbas fobbs -+-» fobm) and particle group (foparticie =
Jopa> fopbs --+» fopm) Using these amplitude indexes, and the Doppler frequencies in each group subsequently averaged. Hence, the
Doppler frequency of bubble fppubbie and particle fpparicie in the same measurement channel is decomposed. Consequently, by
placing the Doppler frequencies according to Eq. (1), bubble and particle (liquid tracer) velocity can be calculated
simultaneously. The reflected echo signal consists of several measurement volumes or channels over the sound beam. Hence,

the velocity profile of bubbles and liquid can be obtained simultaneously.

3. Experimental Setup

The UVP with the SUTS technique must be verified experimentally to measure the velocity profile of the liquid flow at
elevated temperature and vapor-liquid boiling bubbly flow, respectively. The vertical pipe flow apparatus illustrated in Fig. 3 is
utilized for the experiment. The test section is located on a vertical polycarbonate pipe with an inner diameter (D) of 50 mm.
Polycarbonate can effectively withstand the fluid temperature in boiling conditions since its melting and mold points are higher
than acrylic. Tap water dispersed with 80 um nylon particles works as a liquid phase and the pump activates the water
circulation from the bottom tank to the top. The water flow rate is measured by the orifice flow meter, which can withstand
high-temperature fluid. The vapor bubble is produced by inserting a heating rod into the main pipe upstream of the test section
with the end located 6D from it. The water is preheated by the heating coil immersed in the bottom tank while the enhanced

temperature produced by the heater is regulated by the controller.

The fluid temperature is measured by a thermocouple at three measurement locations: the test section (the location does
not disturb the wave path of the transducer), the upstream of the heating rod, and the bottom tank. The temperature data from
the bottom tank is used to control the preheating of the fluid in the bottom tank. The ultrasonic transducers at a basic frequency
of 4 MHz are installed by submerging them into the water box in the test section. The water in the water box (test section) is
circulated to cool down its temperature and protect the transducer from damage due to the elevated temperature (> 60 °C)
resulting from the influence of thermal conduction in the boiling flow inside the main pipe. Table 1 represents the specification

of the UVP measurement system used in this experiment. The UVP parameter setting is shown in Table 2.
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Fig. 3 Experimental apparatus

Table 1 Specification of the UVP system

Name Detail
Transducer 4 MHz, Model: TX-4-5-8, MFG: Met-Flow
Pulser/receiver Model: JPR 600C, MFG: Japan probe
Digitizer Model: NI USB 5133, MFG: National Instrument
Computer Model: Vostro, MFG: Dell
Table 2 UVP parameter setting
Parameter Value
Basic frequency (fp) 4 MHz
Emission voltage and gain 150V, 45 dB
Pulse repetition frequency (forr) 4 kHz
Number of repetitions (Nggp) 128
Number of cycles per pulse 4
Ultrasonic-echo sampling frequency 100 MS/s
Channel width (w) 0.74 mm

4. Preliminary Testing

4.1. Ultrasound transmission at elevated temperature

The aim of the proposed UVP with the SUTS technique is to measure the velocity distribution in boiling conditions at
ambient pressure. Its temperature is = 90 °C to 100 °C. The normal transducer cannot contact the fluid directly at this
temperature level due to its maximum allowable temperature being 60°C. The internal components of the disbanding
transducer will cause damage if employed beyond this limit, and therefore, the ultrasonic coupling with cooling conditions
must be applied. This experiment is conducted on the vertical pipe flow apparatus, and the cooling water is used as ultrasonic
coupling. The temperature between the cooling water and boiling flow within the pipe is significantly different. Therefore, it is
imperative to investigate the ability of the ultrasound transmission penetrating into the cooling water and fluid in the pipe. Fig.
4 shows the testing schematic. The convection of fluid temperature within the pipe distributed into the cooling water
(ultrasonic coupling) risks damaging the transducer if it cannot cool down the accumulated temperature. The efficiency of the
cooling water must be verified. The fluid temperature in the pipe (T1) and the cooling water temperature (T2) are measured and
compared. Fig. 5 presents the results. The cooling water temperature could be kept at a low level (= ambient temperature) even

if the fluid temperature within the pipe elevates to 95°C.
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The ability of ultrasonic transmission into the water at boiling temperature is then investigated. The transducer emits an
ultrasonic wave into the fluid in the pipe. The reflection from the far wall of the inner pipe is received by the same transducer
and the fluid temperature in the pipe increases from 20°C, 50°C, to 95°C. The time-of-flight measurement at each temperature
level is conducted and converted into sound velocity. The changing ratio (c/cyoc) of the sound velocity is used to evaluate the
ultrasonic transmission under the altering fluid temperature in the pipe, as illustrated in Fig. 6. The experimental result is in

good agreement with the calculation.

Therefore, it can be concluded that the cooling water can protect against damage to the transducer caused by the high
temperature coming from the boiling flow in the pipe. Furthermore, the ultrasonic wave can be transmitted into the fluid in the
pipe even at boiling temperature. Its behavior is verified to agree with the theory. However, to measure the velocity profile using
the UVP, the ultrasonic transducer must be installed at an inclined angle. When the transducer is installed in the test section, an
ultrasonic wave penetrates the ultrasonic coupling (cooling water), pipe wall, and fluid in the pipe, respectively. The

transformation mode of the ultrasonic wave occurs because of the refraction at the interface between mediums, as shown in Fig. 7.
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Fig. 8 Relationship between the incident angle and wave path angle
when the fluid in the pipe is at an elevated temperature
To accurately measure the velocity profile, the wave path angle in the fluid and the incident angle must be confirmed. Fig.
8 represents the calculation result of the relationship between the incident angle and the wave path angle of the fluid in the pipe
(longitudinal and shear path) under a changing incident angle. The result shows that altering the difference between the
temperature of cooling water and fluid in the pipe influences the mismatch of these angles, especially at a high-temperature
difference. Therefore, it is compulsory that the fluid temperature in the pipe is measured and used to compensate for the

velocity measurement to reduce the error emanating from this effect.

4.2. Doppler amplitude threshold

In order to separate the vapor bubble and liquid data, the Doppler amplitude threshold must be set. In this section, the
water flow dispersed by the 80 mm nylon particles (tracer particles) is set at a velocity of Uy 100 mm/s, and the Doppler
amplitudes are then observed respectively. For application in the vapor-liquid boiling bubbly flow with elevated fluid
temperature, the Doppler amplitude must be investigated to ascertain the effects. Hence, it is observed at various bulk liquid
temperatures f,, i.e., 20°C, 50°C, and 95°C, respectively (the temperature measurement point is located around the test

section).

Firstly, the incident angle is set at 45°, as shown in Fig. 9(a). This angle provides good sensitivity and a single wave path
for evaluating the acrylic pipe [23]. There are 96 measurement channels (channel distance: 0.74 mm) within the 50 mm inner
diameter of the pipe. In this experiment, the heating coil installed in the bottom tank is turned on to preheat the water. The
heating rod inserted in the main pipe is deactivated (the vapor bubble is not generated). A total of 288,000 Doppler signals are
recorded in each temperature level obtained by the receiver according to the measurement channels within the inner pipe, and
the maximum amplitude values categorized in each channel. The data is reformed to become the probability density function
(PDF) and then categorized in each measurement channel and plotted on the spectrogram as shown in Figs. 10(a)-(c). The
probability of the Doppler amplitude data of particles occurring at the point = 0.99 is then plotted. The Doppler amplitudes
obtained at this incident angle in each temperature level are very small. Fig. 10(d) shows the echo signal at 95°C and also

illustrates that it has a small amplitude in the period of reflection from the moving particle in the pipe.

Fig. 11(a) represents the water velocity profile computed in each temperature level by utilizing the derived Doppler
amplitudes. Also, the sound velocity in the water is set at an appropriate level for each water temperature. The average velocity
data is calculated from 3,000 items of instantaneous data. The velocity profile on the measurement line can be plotted. The
horizontal axis refers to the inner pipe distance. The profiles derived are inaccurate, with the profile at the near-wall and
far-wall region being asymmetric. The standard deviation of the averaged profiles is very high, as shown in Fig. 11(b),
especially at a liquid temperature of 95°C. The problem is caused by inefficient penetration of ultrasonic transmission into the
polycarbonate pipe and measuring fluid, respectively, and vice versa [24]. The refractions of an ultrasonic wave in these
interfaces significantly influence the transformation mode occurring inside the pipe, i.e., longitudinal and shear path. At the
interface between the pipe and the measuring liquid, both wave paths in the pipe are subsequently transformed into only

longitudinal waves to penetrate the liquid. Both paths occur in different locations.
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Fig. 12 illustrates the ultrasonic transmission efficiency of the acrylic and polycarbonate pipe [24]. The highest
transmission efficiency in the acrylic pipe is indicated at an incident angle of 45° on the shear wave path. On the contrary, in the
polycarbonate pipe, the worst ultrasonic transmission occurs between the incident angles of 40° and 45°. This region is called
the critical angle. The incident angle makes the angle of refraction for the longitudinal and shear wave reach 90°. For
longitudinal waves, all the energy from the refracted longitudinal wave is converted into a surface at the first critical angle. The
incident angle makes the angle of refraction for the shear wave reach 90°. This is the second critical angle, and at this point, all
the wave energy is refracted into a surface. The critical angles on the pipe wall of both materials are different due to the
variation in sound velocity. Therefore, for the polycarbonate pipe, other incident angles are considered. The angle must be

smaller than 45° to avoid measurement error from a large angle. Angles of 30° and 10° are therefore selected.
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At an incident angle of 30°, there are 78 measurement channels within the inner pipe, as shown in Fig. 9(b). The Doppler
amplitude obtained in all measurement channels for different fluid temperatures is bigger than the previous incident angle, as
represented in Figs. 13(a)-(c). The echo signal obtained is reasonably large according to the Doppler signal collected, as shown in
Fig. 13(d). Fig. 14(a) shows the mean of 3,000 instantaneous velocity profiles computed by utilizing the collected Doppler signal
at this incident angle, indicating an accurate measurement result. The profiles at the near-wall and far-wall region are symmetrical.

The standard deviation of the averaging profiles is smaller than the previous incident angle, as shown in Fig. 14(b).

Besides, at an incident angle of 10°, there are 69 measurement channels within the inner pipe, as shown in Fig. 9(c). The
Doppler amplitude derived in all measurement channels at a fluid temperature of 95° is similar in size to the amplitude at an
incident angle of 30°, as shown in Fig. 15(a). The echo signal obtained at this angle is shown in Fig. 15(b). However, the
velocity profile computed is very ambiguous, as represented in Fig. 16(a), with a high standard deviation being observed. The
problem is caused mainly by a very small incident angle, as illustrated in Fig. 16(b). Hence, it can be concluded that the
selected incident angle is 30°. The Doppler amplitude thresholds are set at an incident angle of 30° for the elevated fluid
temperature. The amplitude data of the particle is plotted as a PDF, in which the probability = 0.99 (particle zone) in each fluid
temperature must be evaluated. Fig. 17(a) shows the comparable data in each water temperature. The similarity in Doppler
amplitude data of each fluid temperature for all measurement channels can be clearly observed. Fig. 17(b) represents the
equation of the Doppler amplitude threshold based on the polynomial function. This equation is employed to separate the

velocity of vapor bubble and liquid in boiling bubbly flow in the next section.
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5. Measurement Results and Discussion

In this section, an experiment is conducted to obtain the velocity profile of the vapor bubble and liquid in boiling conditions
using the UVP with the SUTS technique. The bulk liquid temperature £, is set at 95°C and the heating coil is energized to preheat
the water in the bottom tank. The heating rod is powered up to generate the vapor bubble at a small flow rate. The Uy is set at = 20
mm/s for effective heating accumulation due to the limitation of the heater employed in the experiment. The Doppler amplitude

thresholds of 95°C proposed in the previous section are applied, and the speed of sound is set at 1550 m/s.
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Firstly, the rod is heated at low power (800 W). Fig. 18(a) shows a real image of the bubbly flow during the experiment
when the vapor bubble occurs. The diameters of the bubbles are mostly smaller than 2 mm, as shown in Fig. 18(b). The image
processing technique is used to determine the bubble diameter distribution. The technique utilizes a high-speed camera with a
backlight to capture the bubble image and area to calculate the equivalent bubble diameter. Fig. 19 illustrates the results of the
bubbly flow velocity profile, according to the average data from 3,000 instantaneous profiles. The velocity profile of both
phases can be obtained separately. The velocity level of the vapor bubble is about 80 mm/s at the central region of the inner
pipe and 50 mm/s at the wall zone. The effect of rising bubbles increases the velocity level of the liquid phase. The liquid
velocity is approximately 60 mm/s in the central zone. In this experiment, the vapor bubble generated is small, influencing a

low buoyancy force. Hence, a small slip ratio in the velocity of both phases could be seen in this case.

Next, to generate a bigger vapor bubble, substantial heat needs to be accumulated around the heating rod, so the heating
power is increased to 1200 W. The ¢, is still controlled at 95°C and the Uy is set at = 20 mm/s. The amplitude thresholds and
sound velocity are similar to those set in the previous experiment. Fig. 20(a) shows an actual image of the bubbly flow during
this experiment. The bubble size distribution is bigger than the previous case, as shown in Fig. 20(b). Fig. 21 represents the
average velocity profile of the bubbly flow calculated from 3,000 instantaneous profiles. The bubble size is larger than the
previous case to enhance the buoyancy force. The velocity level of the bubble increases to 150 mm/s at the central zone within
the inner pipe—the velocity level at the wall zone is about 30 mm/s lower than the value at the central region. As a
consequence of the bubble rising due to its larger size, the liquid velocity increases to 100 mm/s at the central region of the pipe.

The slip ratio, in this case, could obviously be observed as being significantly larger than the previous case.

The measurement result obtained by the UVP in both experiments is validated by PIV as represented in Figs. 19 and 21.
Due to the high number of bubbles, the light source projected by the laser sheet makes it impossible to penetrate fluid
effectively. The PIV camera cannot capture the image of the bubble and tracer particle motion. Hence, in this experiment, the
PIV with the backlight is applied to derive only the bubble velocity profile. Although the bubble velocity profile result obtained
from both techniques is not precisely in good agreement, both results have a similar trend, and there is a corresponding change
in the result according to the altering fluid velocity. It can be summarized that the UVP with the SUTS technique is applicable

for measuring the velocity profile of vapor-liquid bubbly flow for experimental investigation.
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Fig. 18 Image and bubble diameter distribution of vapor-liquid bubbly flow at low heat (800 W)
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Fig. 19 Average velocity profile of vapor-liquid bubbly flow at low heat (800 W)
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Fig. 20 Image and bubble diameter distribution of vapor-liquid bubbly flow at low heat (1200 W)
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Fig. 21 Average velocity profile of vapor-liquid bubbly flow at low heat (1200 W)

6. Conclusions

The UVP with the SUTS technique is proposed in this study to measure the velocity distribution of vapor-liquid bubbly
flow. The velocity profile of bubbles and liquid can be obtained separately. The SUTS represents the integration of
time-frequency analysis and Doppler amplitude classification. The experiment conducted on the vertical pipe flow apparatus is
designed to verify the ability of the UVP with the SUTS technique in the proposed application. The important experimental

findings and results are summarized below.
(1) The ultrasonic transducer can be applied in the proposed technique since the circulated cooling water for ultrasonic
coupling is utilized to cool down the high temperature around the transducer.

(2) The ultrasonic transmittance of the employed transducer can penetrate the cooling water and high-temperature water

within the pipe, reflecting the applicability of the proposed technique.

(3) The vapor and liquid phase velocity data are separated by applying the Doppler amplitude threshold set under the

statistical strategy.

(4) The measurement demonstrated in the vapor-liquid bubbly flow proves the performance of the UVP with the SUTS
technique and the generation of a vapor bubble by a heating rod. The velocity profile in the vapor-liquid bubbly flow is

derived separately.

(5) This study shows the effectiveness of the proposed measurement technique in experimental investigation to elucidate the

complicated two-phase flow behavior in the boiling region for high performance and safety in a heat exchange system.
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