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Condensation is a key factor in subcooled boiling, significantly affecting heat and mass
transfer, which are critical in many industrial processes. In a previous study, we
successfully obtained the condensation rate - the collapsing speed of vapor bubbles during
subcooled boiling using the ultrasonic velocity profile method - UVP method, employing
two primary ultrasonic frequencies. The ultrasonic sensor was driven by sinusoidal
electrical burst signals, also called tone-bursts, with a specified center frequency. This
study examines the application of spike excitation signals within the same method. Spike
signals, commonly produced by pulsers, i.e. pulse generators, in the ultrasonic testing field,
offer the potential to enhance the accuracy of the UVP method while can reduce the cost
of the measurement system. Our investigation involved measuring and analyzing
ultrasonic echoes in water under two conditions: ambient temperature and boiling.
Subsequently, these signals were applied to measure air-water adiabatic bubbly flow, and
the measurement accuracy was validated. Finally, subcooled boiling flow measurements

were performed, and the associated uncertainties were thoroughly analyzed.

1. INTRODUCTION

Boiling bubbly flow is a common flow phenomenon in
various industrial and engineering systems [1, 2], such as
boilers, heat exchangers, and boiling water reactors in nuclear
engineering. The two-phase mixture of liquid and vapor
bubbles is often employed to efficiently remove generated heat,
then to generate power in these systems. Subcooled boiling
happens when the bulk liquid temperature remains below the
saturation point, while the liquid near the heated surface
reaches boiling, leading to the formation of vapor bubbles.
These bubbles detach, come into the bulk liquid, where they
undergo condensation [3-5]. The rate at which the vapor
within bubbles condenses is a crucial parameter in
understanding subcooled boiling. For instance, it plays a key
role in the analysis of interfacial condensation heat transfer [6].
The condensation rate significantly influences the heat and
mass exchange between the vapor and liquid phases, thus
directly impacting the distribution of void fraction defined as
the proportion of vapor volume relative to the total flow
volume in a two-phase flow [7, 8]. Void fraction is particularly
important in processes like nuclear reactor operation, where it
affects reactor kinetics and, consequently, the power of the
reactor core. Given its significance, void fraction is a critical
factor in ensuring nuclear reactor safety. Although subcooled
boiling and condensation have been extensively studied over
the past few decades, much further research is still required
due to the complex nature of these phenomena. There is still
lack of detailed understanding, and hence accurate
prediction/calculation of the phenomenon. Numerical studies
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depend heavily on experimental data for model validation and
the development of closure correlations. Presently, the heat
transfer coefficient correlations used in many computational
models are based on experimental data obtained under limited
flow conditions, such as specific ranges of bubble size,
pressure, and temperature. Therefore, the experimental
measurement of the condensation rate in subcooled boiling
bubbly flows remains a topic of important interest.

Past experimental studies of subcooled boiling have
primarily been carried out using optical visualization
techniques [9-14]. Additionally, other methods, such as
interferometry [11] and wire mesh tomography - WMT [15],
have been utilized. However, optical and interferometric
approaches necessitate the use of specially-designed viewing
windows, which can be particularly challenging to implement
under high-temperature or high-pressure conditions. It is tough
to apply these methods to measure systems already in
operation [10]. Moreover, these techniques often focus on
observing either individual bubbles or a small number of
bubbles to prevent issues like bubble overlap in the viewing
window. Unlike optical methods, WMT does not require
optical windows and is suitable for conditions with a high void
fraction [15]. However, its sensor, i.e. the wire mesh sensor -
WMS, is placed in the flow field. Its effects, such as the
noticeable fragmentation of bubbles caused by the wire mesh,
require careful consideration. As a result, the development of
new measurement techniques that can address these
limitations is still of great importance.

The UVP method has become a valuable technique for
visualizing the spatio-temporal velocity distribution in fluid
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mechanics [16]. This approach involves the use of an
ultrasonic sensor, i.e. ultrasonic transducer or TDX for short,
which emits ultrasound waves and captures the echo signals
reflected from the flow field along a specified measurement
line or the sound propagation path - the sound path. The
received wave data is recorded in a spatio-temporal format,
and the velocity distribution is determined by analyzing the
stored wave data. Various signal settings and digital
processing techniques are applied to perform the analysis,
enabling the calculation of instantaneous velocity profiles
along the sound path. The conventional UVP systems typically
employ repetition pulsed Doppler signal processing [16]. UVP
measurements of liquid flows usually require the introduction
of seeding micro-particles acting as ultrasonic reflectors into
the fluid, especially when natural reflectors are insufficient.
The use of the UVP method for measuring two-phase flows
has also gained significant research interest.

Aritomi et al. [17] pioneered the use of the UVP method to
measure air-water bubbly flow within a vertical channel. In
such flows, ultrasound is reflected by both the seeding
particles and the surfaces of the bubbles. The velocity profile
includes the velocity of bubble surfaces whenever the surfaces
intersect the measurement line - the ultrasonic beam and
reflect the ultrasound. It's important to note that the velocity of
a bubble's surface should coincide with the bubble's velocity,
i.e., the bubble centroid velocity, assuming that the bubble's
shape and size remain unchanged during motion. The UVP
method has also been employed in studies measuring boiling
bubbly flows [18-20]. Applications to high-temperature flows
have been successfully executed as well [21]. For two-phase
flow, beside the conventional UVP method, the multiwave
UVP method was developed [22] to measure the velocity
profiles of each phase (liquid and bubbles) along a single
measurement line. This method involves generating two
ultrasonic frequencies simultaneously at the same location,
allowing for concurrent measurement of liquid and bubble
velocities. Signal processing techniques such as the pulsed
Doppler method [22] or the ultrasonic time domain cross-
correlation (UTDC) method [23] are utilized in this approach.
Experimental studies using the multiwave UVP method to
measure air-water bubbly flow have demonstrated its
capabilities. The UVP method enables non-intrusive, non-
contact measurements without the need for optical windows,
as ultrasound can penetrate various materials. It can also
measure flows in extreme industrial conditions. Thus,
applying the UVP method to determine condensation rates is
of great interest.

The UVP sensor's piezo-electric cell generates ultrasound
when driven by an electrical excitation signal [24]. The
Doppler method traditionally employs a sinusoidal tone-burst
signal, which is generated by a tone-burst pulser to operate a
narrow-band ultrasonic sensor at a specific ultrasonic
frequency - the center frequency [25]. These tone-burst pulsers
are engineered to produce signals with a defined number of
wave cycles and a precise frequency. The design and build of
tone-burst pulsers are often complex, and they are primarily
used for specialized applications, such as conventional UVP
measurements and medical ultrasound systems, making them
less commonly available and contributing to the high cost of
commercial UVP systems. In contrast, electrical spike signals,
commonly used in the non-destructive testing (NDT) industry,
have a naturally wideband frequency spectrum. Originally,
these signals have been paired with wideband signal
processing techniques like the UTDC method rather than the
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Doppler method. Spike signals are shorter pulses compared to
sinusoidal  signals, enabling higher spatial-resolution
measurements. Moreover, spike pulser circuits are simple to
design and can be implemented at a lower cost [26]. Therefore,
spike pulsers are relatively inexpensive. The use of spike
excitation in Doppler UVP measurements, particularly in
Doppler multiwave UVP measurements, is of considerable
interest and has been executed.

In a previous study [27], we measured the condensation rate
in subcooled boiling using the UVP method, where the
electrical excitation signal utilized was of the tone-burst type.
The uncertainty of the results obtained was examined, and the
newly developed method was established. As highlighted in a
recent review of experimental studies on condensation in
subcooled boiling [28], besides the widely recognized
intrusive WMT method [15], visualization techniques based
on UVP [27] have gained significant interest. While non-
intrusive optical visualization methods [29] continue to be
valuable tools in the experimental study of condensation in
subcooled boiling, their industrial application faces challenges
due to inherent limitations that includes the requirement of
optical windows.

In this study, we explore the application of spike excitation
signals [30] to the proposed method [27] for measuring
condensation. As indicated in the study [30], the cost of
hardware can be optimized when using spike pulser-receivers.
Additionally, since spike signals are shorter in duration
compared to burst-type signals, the accuracy of condensation
measurements can be enhanced. We employed budget spike
pulsers from the same system used [30]. The investigation
followed this procedure: first, ultrasonic reflected signals,
generated using the spike excitation signal, in water at both
ambient and boiling temperatures were measured and analyzed.
The signal's characteristics were clarified. The spike signal
was then adapted for measuring the air-water interface to
obtain the condensation rate in adiabatic bubbly flow in a
vertical direction. The accuracy of the measurements was
experimentally validated, i.e. zero condensation rate was
obtained as predicted. Subsequently, we conducted
measurements of subcooled boiling in a water column and
analyzed the results. The accuracy of the received
condensation rate in these measurements was confirmed, and
the uncertainty of the measurements was further examined. As
a result, the spike measurement system demonstrated high
utility in both laboratory settings and industrial applications
related to subcooled boiling. Moreover, it can be custom-built
at a reasonable cost.

2. BASICS OF UVP METHOD

The UVP method is schematically represented in Figure 1
[31]. The velocity of seeding particles moving within the flow
field is determined using the Doppler effect. In this method,
the TDX emits a series of ultrasonic pulses into the flow at a
pulse repetition frequency Fp,,». Immediately after each pulse is
emitted, the TDX switches to receive mode, capturing echo
signals from distances (or depths) increasing with the
propagation of the ultrasonic pulse, starting from the TDX
surface onward, along the measurement line. The maximum
depth from which an echo signal can be captured corresponds
to the maximum time allowed for the receiving mode of the
pulser/receiver before the next pulse is emitted. As depicted in
Figure 1, when the sampling time fwmpen changes, it



determines the specific positions along a velocity profile
where fluid velocity is calculated. The echo signals from these
positions are extracted from the entire dataset. The Doppler
shift frequency f; for each position is determined by digitally
processing the echo signal at that location. This allows for the
calculation of fluid velocity at each specified location,
resulting in a complete velocity profile of the flow. For a more
in-depth understanding of the UVP method, references such as
[16,24-26] are recommended.

Ultrasonic transducer

Ultrasonic couplant

Figure 1. Basics of UVP method [31]

Typically, the electrical signal used to excite the ultrasonic
sensor for emitting pulses is of the tone-burst type,
characterized by a clearly defined frequency. However, when
spike pulser/receivers (P/Rs) are employed, the signal type
changes to a spike. The application of spike signals for
measuring velocity profiles in both single-phase and two-
phase flows at ambient and boiling temperatures has been
explored [20, 32]. A key factor influencing the characteristics
of the excitation pulse is the signal’s damping, which refers to
the decrease in pulse amplitude over time. The next chapters
will present detailed measurements and analyses of the
electrical excitation signal with varying damping parameters
of the P/Rs, along with the application of spike signals in
measuring condensation during subcooled boiling.

3. CHARACTERISTICS OF SPIKE SIGNAL IN
WATER AT AMBIENT TEMPERATURE AND
SUBCOOLED BOILING CONDITIONS

3.1 Theoretical spike

A theoretical (negative) spike can be presented by a voltage
Vi(t) varying with time as described in Eq. (1) below [30]:

0 t<0
V, (t)=1-V, [1-exp(-ayt) ] 0<t<t, (1)
-V, exp[-a, (t-t,) ] t2t

where, V,, = V,/(1 — e~ %1%0), The parameters to, a1, oz and Vo
show the amplitude, rise and fall characteristics of the spike.
An example of a spike, negative in this case, is depicted in
Figure 2.

Additional information on spike signals can be found, for
example, in reference [30].
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Figure 2. A negative spike calculated using Eq. (1) [31]
3.2 Characteristics of reflected ultrasonic signal

Numerical simulations can be utilized to assess the
correlation between the excitation signals and the resulting
reflected ultrasonic signals [33, 34]. In this study,
experimental measurements were conducted at two
frequencies: 2 MHz and 8 MHz. The 2 MHz frequency is
commonly employed for measuring the bubbles, while the 8
MHz frequency is used for the liquid. Figure 3 [30] presents a
schematic diagram of the experimental setup used to measure
the electrical excitation spike and the corresponding ultrasonic
signal reflected from seeding particles in water.

Receiver T o

I | Data acquisition
outpat

PC with ADC board

(o}

[3) >
PRF Energy

o
Damping TR

Water
with
seeding
particles

Spike PR

TDX Pulsed

Pulsed echo

Digital oscilloscope

Figure 3. A schematic diagram of the experimental setup
used to measure excitation spikes and ultrasound reflected
from seeding particles in water [30]

As illustrated in Figure 3, a spike pulser/receiver DPR300
from JSR Ultrasonics Co. Ltd. is utilized, operating in pulsed
echo mode in which the cycle pulse emission/echo reception
is periodically repeated. In this configuration, TDXs from
Japan Probe Co. Ltd., with center frequencies of 2 MHz and 8
MHz, are employed to emit ultrasonic pulses. The same TDXs
are responsible for receiving the reflected signal for each
emitted pulse. Both the PRF - Pulse Repetition Frequency and
Energy controls are kept constant, while the damping
parameter is adjusted to examine its impact. The excitation
spikes are captured using a digital oscilloscope from HAMEG
Instrument Co. Ltd. as shown in Figure 3. Due to the
challenges of operating the oscilloscope and TDX
simultaneously, the excitation spike from the P/R was
measured in advance by the oscilloscope. Subsequently, the
oscilloscope was disconnected, allowing the TDX to be
controlled by the P/R to emit and receive ultrasound. The
received reflected ultrasonic signals are transmitted from the
P/R output to a computer via an ADC board from National
Instrument Co. Ltd. and recorded using a LabView package
for the acquisition of digitized signal. The measurement
conditions are summarized in Table 1.



Table 1. Experimental conditions and setup for recording
spike-excitation reflected ultrasonic signals at room

temperature
Parameters and Units Value
PRF [Hz] 5000
331 (max.),
Damping resistance Rq [Q] 59 (moderate)
and 30 (min.)
Sampling rate (oscilloscope) [GHz] 2
Sampling rate (ADC board) [MHz] 100
Center frequencies of the multiwave TDX [MHz] 2and8
Water temperature [°C] 23
O.l“‘l“‘l“‘l“‘l“‘
B Max damping resist.
Moderate damping resist.
o008+ |- Min damping resist.
~20.06 | :
]
=
£ 0.04 - 1
0.02 |- :
]
002 4 6 8 10
Frequency [MHz]
(d) 2 MHz
0.006 ———T————1— —
| Max damping resist.
Moderate damping resist.
Min damping resist.
_0.004
5]
=
o
o
0.002
O0 20

5Frequenl<g/ [MHZ:JIB
(b) 8 MHz

Figure 4. Frequency spectral of the reflected ultrasonic
signal in water at room temperature

It is well established [30] that the behavior of a spike is
primarily determined by the damping, specifically i.e. how fast
the spike's amplitude decreases. Consequently, the reflected
ultrasonic sound was analyzed under varying Rq of the
damping resistor of the pulser (maximum, moderate, and
minimum) to identify the optimal damping setting, as
demonstrated below.

Figure 4 illustrates the analysis results of the measured
reflected ultrasonic signal for 2 MHz (a) and 8 MHz (b)
frequencies. The figure shows that with low damping (i.e.,
high Rq at the pulser circuit’s resistor [30]), the Signal-to-
Noise Ratio - SNR of the reflected signals at 2 MHz and 8
MHz frequencies improves significantly. As a result, it
becomes feasible to measure bubble interface velocity and
liquid velocity using the UVP method with spike excitation.
Initial tests to measure interface velocity to calculate the
condensation rate will be conducted on air-water bubbly flow,
and the accuracy of these measurements will be evaluated
based on the velocity profiles of the bubbles' top and bottom
interfaces. This evaluation will be discussed in the following

section.

Similarly, we conducted measurement and analysis of the
reflected ultrasonic signal under subcooled boiling conditions.
The experimental conditions are detailed in Table 2.

Table 2. Experimental conditions and setup for measuring
spike-excitation reflected ultrasonic signals under subcooled
boiling conditions

Parameters and Units Value
PRF [Hz] 5000
331 (max.),
Damping resistance Rq [Q] 59 (moderate)
and 30 (min.)
Sampling rate (oscilloscope) [GHZz] 2
Sampling rate (ADC board) [MHz] 100
Center frequencies of the multiwave TDX [MHz] 2and 8
Subcooling temperature [°C] 1
Water temperature at the measurement section [°C] 100

The results of the analysis of the measured reflected
ultrasonic signal are presented in Figure 5 for 2 MHz (a) and
8 MHz (b) frequencies. As illustrated, it is clearly confirmed
that under low damping conditions of the pulser (i.e., high Rq
of the pulser circuit's resistor), the SNR of the echo signals at
2 MHz and 8 MHz frequencies increases considerably in
subcooled boiling conditions. Consequently, measuring the
velocity of the bubble interface using the UVP method with
spike excitation is also feasible in subcooled boiling.
Therefore, test measurements will be conducted for subcooled
boiling with condensing vapor bubbles, and the accuracy of
these measurements will be assessed based on the velocity
profiles of the top and bottom interfaces of the condensing
bubbles. This evaluation will be discussed in the next section.

0.0006 T Max. damping resistance |
Moderate damping resistance
—— —— Min. damping resistance
-0.0004 |-
&
=
o
[a 8
0.0002
0.0 F%'e%uency[MA'Hoz] 6.0
(a) 2MHz
0.0014fF Maderate damping redistance’
[ === Min. damping resistance
0.0012} ]
0.0010} b
= 0.0008} :
= r
& 0.0006} 1
0.0004f ]
0.0002} rreon]
0.0000 .
0.0 Ié"t‘gquency[l\f}l'lglz] 120
(b) 8MHz

Figure 5. Frequency spectral of the reflected ultrasonic
signal under subcooled boiling conditions



4. INTERFACE VELOCITY MEASUREMENT OF AIR
BUBBLES IN BUBBLY FLOW AT ROOM
TEMPERATURE

The experimental setup for the measurement of bubble
interface in air-water two-phase bubbly flow is shown in
Figure 6.

Figure 6. Experimental setup of air-water two-phase bubbly
flow measurement

The experimental setup is depicted in Figure 6. The
measurement section and the arrangement of the TDXs are
shown Figure 7. Air-water bubbly flow was produced within a
vertical pipe with an inner diameter (I.D.) of 50 mm. Air
bubbles were generated at the bottom of the pipe. Based on the
analysis of the bubble images, the bubbles had an average
diameter of approximately 5 mm, approximating a spherical
shape. The measurement section was enclosed within a water
box, with two ultrasonic sensors placed inside, as shown in
Figure 6. The water served as an ultrasonic couplant between
the sensors and the pipe wall and was also used to remove the
distortion in the bubble images caused by the curved shape of
the pipe wall. Proper images of the flow field were checked
carefully and confirmed.

50 mm L.D. pipe

2MHz
TDX (down)

air bubbles in
water

Figure 7. A schematic diagram illustrating the arrangement
of the TDXs for measuring air-water bubbly flow in a
vertical round tube

Measurements were conducted at atmospheric pressure and
room temperature. As illustrated in the figures, two 2 MHz

TDXs were utilized in the proposed method to measure
condensation rate [27]. The higher sensor looks downward to
measure the velocity of the top interface of the air bubbles,
while the lower one looks upward to measure the velocity of
the bottom interface of bubbles.

Velocity profiles were simultaneously collected by the two
sensors using the UVP system with two TDXs (Figure 6).
They are then analyzed for the calculation of the condensation
rate, which is 0, in this type of flow. The averaged velocity
profiles measured by both sensors were calculated and shown
in Figure 8. As presented, except for the near-wall region
(right) where the data were influenced by the wall, and in some
areas where data were insufficient, the average interface
velocities measured by the two TDXs are consistent and the
same. Consequently, the condensation rate, determined by the
difference between the velocities of the upper and lower
interfaces of the bubbles [27], is confirmed to be 0. Therefore,
in the first case of adiabatic air-water bubbly flow, the validity
of the measurement of the condensation rate using the spike
signal is well established.
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Figure 8. Velocity profiles measured at the top and bottom
interfaces of air bubbles in adiabatic bubbly flow of air and
water in a vertical round tube

5. INTERFACE VELOCITY MEASUREMENT OF
VAPOR BUBBLES IN SUBCOOLED BOILING

The experimental setup for the measurement of bubble
interface velocity in subcooled boiling flow is shown in Figure
9.

Thermocouple

TDX 1
Lt 2
=1
== Cooling
water
in

Cooling
water out

Rising condensing
vapor bubbles

Figure 9. Experimental setup of subcooled boiling
measurement

The test section and sensor arrangement used for these
measurements in this experiment are identical to those of the

281



adiabatic air-water bubbly flow. And they are shown in Figure
10. Vapor bubbles formed at the bottom of the pipe rise and
undergo condensation as they move upward. In this
experiment, the liquid was subcooled by 4.6°C. At the
measurement position, typically there is single bubble at a time
and the average bubble size was approximately 6 mm. The
bubbles condense relatively rapidly as they ascend through the
subcooled water. This flow condition is well-suited for
capturing the condensation rate using either UVP or optical
visualization methods.

2MHz

TDX (down)

2MHz
TDX (up)

condensing vapor bubbles
in subcooled water

Figure 10. A schematic diagram showing the arrangement of
the TDXs for measuring the condensation rate in subcooled
boiling

Velocity profiles along the two ultrasonic sound paths were
recorded and analyzed. The averaged velocity profiles
obtained from the two sensors were computed. Figure 11
displays these profiles. Areas near the wall were excluded
from the profiles because the ultrasonic measurement volumes
were affected by the pipe wall in these regions. The accuracy
of the measured velocity at these volumes was decreased and
needs a particular investigation.

0.3

02;----%@%@

[m/s]

2015k
E Average
> 0.1 .
0.05 A TDXI: top-interface velocity ]
F TDX2: bottom-interface velocity
% 10 20 30 _ 40 30

Distance from the pipe wall [mm]

Figure 11. Average velocity profiles for the top and bottom
interfaces of condensing bubbles at the measurement position

As shown in Figure 11, the two averaged profiles differ
noticeably due to the condensation effect on the velocity of the
bubble interface in the sound path. It is straightforward that
condensation, i.e. the collapse of vapor bubbles, causes an
increase in the velocity of the bottom surface of the bubbles
while decreasing the velocity of the top surface. Because the
number of bubbles in this experiment is quite small, the
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average velocity profiles are not perfectly uniform across the
pipe cross-section.

Qualitatively, the results are consistent with those obtained
using a sinusoidal excitation signal — tone-burst signal.
Consequently, the averaged condensation rate can be derived
based on the difference between the two averaged measured
velocity profiles as shown in the study [27]. Optical
visualization and analysis of digital bubble images, similar to
those in the study [27], were also performed. The accuracy of
the UVP method was confirmed to be within 5%. Thus, the
proposed method for measuring condensation rate using spike
excitation signals is initially validated for this flow
configuration.

6. THEORETICAL ANALYSIS OF MEASUREMENT
UNCERTAINTY

The principle of the proposed method to measure the
condensation rate of condensing vapor bubbles in subcooled
liquid [27, 35] requires that bubbles have spherical shape. In
practice, the bubble shape may deviate from the spherical
shape depending on the subcooled boiling conditions etc. In
such cases, an additional error will be included in the measured
data of the condensation rate by the proposed method. In the
original paper [35], measurement error was estimated by
comparison with optical method. In this study, an effort to
extend the estimation of the error caused by the deviation from
the spherical shape has been carried out. In this section, the
evaluation of the error is conducted for the general case of the
ellipsoidal bubble shape. In fact, in published research of
subcooled boiling at industrial conditions, bubble shape can be
usually well approximated with ellipsoid.

(b) major axis in the vertical direction

Figure 12. Measurement of the condensation rate of
ellipsoidal bubbles using two ultrasonic frequencies



Figure 12 shows the two tendencies of the deviations of
vapor bubbles from the spherical shape. Based on Figure 12,
the original equations, which are Egs. (2) and (3) below (or
Egs. (4) and (5) [27]), of the top and bottom velocity of
condensing vapor bubbles can be modified as shown in Egs.
(4) and (5) below, respectively.

Vipx1 = Vpcosl — v, 2)
Vipxa = —(Vpcost + v) 3)
Vipx1i = Vpcos@ — cosyv, 4)

Vipxa = —(Vpcos8 — cosyv,) (5)

where, Vrpx; and Vipy: are the velocities of the top and bottom
interfaces of bubbles measured by the two TDXs: TDXI
(downward-looking) and TDX2 (upward-looking),
respectively; V5 is the ascending velocity of the bubble center;
v is the condensation rate, i.e. the speed of the collapsing of
the bubble surface to the bubble center; y is the angle between
the ultrasonic sound path and the normal vector to the bubble
interface at the point where the sound path meets the interface
as shown in Figure 12. It is obvious that, in the case of
spherical bubbles assumed in the study [27], y reduces to 0 and
Egs. (4) and (5) reduce exactly back to Egs. (2) and (3) above.

Consequently, from Egqs. (4) and (5), the enhanced
equations to calculate the condensation rate v. in the general
case of the vapor bubble shape can be derived as shown in Eq.
(6). Eq. (7) below presents the possible range of the variation
of the angle y.

V. 4
C=| ox2| - 1Vrpxi| 6)
2cosy

—n/4d <y < m/4 (7N

As the result, compared with the ideal case of assumed
spherical bubbles, the relative error caused by the assumption
of spherical bubbles can be estimated as shown in Eq. (8).

) (1 —cosy)
Relative error = ——— = X 100% (8)
2(1 + cosy)
8 \" 3~ Vertically Horizontally A
flattened - flattened ]
g 6 L ellipsoids ellipsoids /|
5
v 47
2
5
& 2t
0

-t/4

y [rad]

Figure 13. Estimated error caused by the deviation from the
assumed spherical shape, i.e. the ellipsoidal shape of
condensing vapor bubbles

The error is calculated and plotted in Figure 13. As shown
in the figure, the error caused by the deviation from the
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assumed spherical shape is zero when the angle y is 0 radian
which implies the spherical bubble. There are two limits with
a maximum error less than 9% corresponding to the vertically
flattened ellipsoids and the horizontally flattened ellipsoids.

7. DISCUSSIONS

Comprehensive experimental investigations of the reflected
ultrasonic signal were conducted using spike excitation instead
of a tone-burst one, under two conditions of room temperature
and subcooled boiling. The results confirm that in both
scenarios, the frequency content of the reflected ultrasonic
signal significantly increases near the center frequencies of the
sensors. This enhancement facilitates the measurement of
velocity profiles of fluid flows using the UVP method. The
accuracy of the UVP method with spike signal has been
thoroughly validated. These additional studies and analyses of
the ultrasonic signal generated with spike excitation at both
ambient and subcooled boiling temperatures, further confirm
the effectiveness of spike excitation signals for various UVP
measurements [20, 27, 30, 32].

This study further validates the accuracy of the
measurement method by synchronizing the measurement of
the top and bottom velocities of air bubbles in adiabatic bubbly
flow within a vertical pipe. The velocity of uniformly sized
rising air bubbles in ambient temperature bubbly flow was
precisely measured using two TDXs positioned in upward and
downward directions. The consistency of the measurements in
the two directions has significant implications: it confirms that
spike excitation is effective with the proposed condensation
measurement method; the accuracy of the measurements was
strengthened by comparing the velocity of the top surface and
that of the bottom surface of air bubbles; and it verifies that
the condensation of bubbles in adiabatic bubbly flow is
correctly measured as zero. This step is essential to validate
the condensation measurement method for adiabatic two-
phase flow using spike signals, consistent with the approach
using tone-burst signal originally proposed in the study [27].

The measurement of the condensation rate v. of vapor
bubbles in subcooled boiling further indicates that the spike
signal is well-suited for the proposed method [27]. In theory,
spike signals offer advantages over tone-burst signals,
including increased resolution, broader availability, and more
cost-effective hardware. The accuracy of the measured
condensation rate using spike excitation has been thoroughly
validated for the configuration and settings of the subcooled
boiling experiment in this study. The error of the
measurements is limited to within 5% when compared to
methods based on optical visualization and analysis of digital
images. This result aligns with flow conditions similar to those
investigated in the study [27]. It is conclusively confirmed that
using spike signal with the proposed method to measure
condensation rate v, can be effectively applied to subcooled
boiling conditions. Moreover, the measurement uncertainty
for the condensation rate v. [27] is comparable to that achieved
using a tone-burst signal.

It should be noted that the original proposed condensation
measurement method [27] assumes that condensing vapor
bubbles have spherical shape. In reality, the bubble shape
deviates from the assumed shape, an additional measurement
error is included. In this study, we have further proposed an
evaluation of the measurement error incurred when the bubble
shape is not spherical. A theoretical formular to evaluate this



error has been successfully derived. It is highly significant to
realize that the added error is just less than 9%. As the result,
further evaluation and analysis of the theoretical background
of the proposed condensation measurement method has been
successfully addressed.

8. CONCLUSIONS

The proposed method for measuring the condensation rate
in subcooled boiling using spike signal has been thoroughly
investigated and reported. The following analyses and
conclusions have been established:
= The condensation rate of adiabatic air-water bubbly flow,
known in advance to be zero, was accurately measured.

=  The measured condensation rate in subcooled boiling was
compared with results obtained through optical
visualization and analysis of bubble images, confirming
the high accuracy of the measurements.

= The developed spike excitation UVP method for
condensation measurement combines the strengths of
both spike excitation techniques and the auto-correlation
pulsed Doppler method. The shorter length of the
ultrasonic pulses enhances spatial resolution. Compared
to the conventional UVP method, which uses a tone-burst
signal typically lasting several wave cycles, the spike
signal method offers improved measurement accuracy.

= The error caused by deviations from a spherical shape was
theoretically effectively evaluated for ellipsoidal bubbles.

= The advantages of the method have been highlighted, and
potential issues related to its application have been
discussed.

= This new method holds practical value for studying and
monitoring the condensation rate in subcooled flow
boiling.

Additionally, using spike excitation can reduce the cost of
UVP measurement systems, potentially increasing the
popularity of the condensation rate measurement method.

Based on this work, future studies will focus on collecting
datasets for various subcooled boiling conditions and flow
configurations. The extensive availability of measured data is
crucial for contributing to theoretical and numerical studies of
subcooled boiling bubbly flow, which is of immense
importance in both theoretical research and industrial
applications of subcooled boiling flow.
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NOMENCLATURE

V,v

Velocity, m.s?

TDX  Transducer (ultrasonic sensor)

Greek symbols

0 Ultrasonic measurement angle (angle of the
ultrasonic sound path measured from the vertical
direction), radian or °

Y Angle between the ultrasonic sound path the normal
vector of the interface where the sound path meets
the interface, radian or ©

Subscripts

1,2 Two sensors of the condensation rate measurement
method

b bubble

c condensation





