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Total Cites  Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published

documents during the three previous years.
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Cites Year Value
f
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citations are calculated by subtracting the number of
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Citable documents  Non-citable documents
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research and therefore "citable", this chart shows the

ratio of a journal's articles including substantial research
(research articles, conference papers and reviews) in
three year windows vs. those documents other than
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The present work investigates the statistical characteristics of the fluctuations of the liquid film thickness
obtained by resistive-conductance probe signals of a complex geometry representing a 1/30 down-scaled
of a PWR hot leg. Here, four locations at the horizontal part of the test section were assessed, while the
flow development was investigated through a close observation by using a high-speed video camera.
Next, the normalized voltages, indicating the liquid film thickness fluctuations, are shown in the time-
series. From the fluctuations, the amplitudes representing the film thickness were recorded. Hence, such
statistical diagnostic tools were applied on the basis of time-domain, frequency-domain and also time–
frequency domain analyses. From the probability density function, the distributions of the fluctuations
were assessed, whereas the power spectral density function describes the dominant frequencies. In addi-
tion, the Kolmogorov entropy denotes the chaotic level of the signal, meanwhile the wavelet energy cor-
responds to several details on the wavy interfaces on the basis of its frequency scales. Next, those
parameters were statistically employed to elaborate the interfacial behaviors due to the signal character-
istics. The results indicate that the low dominant frequency corresponds to the occurrence of either liquid
blockage or slugs during the acquisition, meanwhile the largest scale fluctuations reveal the wave
movements.

� 2022 Published by Elsevier Ltd.
1. Introduction

During a loss of coolant accident scenario which can hypothet-
ically occur in the primary circuit of a pressurized water reactor
(PWR), the condensate flows along the hot leg counter-currently
with the steam. Under the condition of low gas flow rates, a stable
counter-current flow occurs. This flow condition is stable for cer-
tain both liquid and gas flow rates, in which the gas flows
counter-currently with the liquid in a smooth interface
(Deendarlianto et al., 2012). The gradual increase of gas flow
causes progresively dynamic effects of the liquid flow leaving the
hot leg into the reactor pressure vessel (RPV). As time progress, it
initiates a limitation at a certain point in which the gas velocity
reaches a maximum value to keep the counter-current flow
between the steam and condensate. It is well known as the onset
of flooding or counter-current flow limitation (CCFL). A further
increase of the gas velocity triggers the liquid to partially flow
co-currently with the gas along the hot leg. At a certain next
moment, there will be a point in which the liquid will not flow into
the reactor core by the increase of the gas flow because it is totally
entrained by the gas co-currently. This is called as zero liquid pen-
etration (ZLP). The region between the onset of flooding and the
ZLP is known as the partial delivery region (PDR) or flooding
regime. During the PDR, the condensate flows partially co-
current with the steam. When the water level in the reactor core
decreases further, the steam generator dries out in its U-tube,
and the natural circulation of the liquid is finished. Here, the
amount of heats that can be removed by the two-phase flow
strongly depends on the flow regimes in the hot leg (Petritsch &
Mewes, 1999).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2022.109065&domain=pdf
https://doi.org/10.1016/j.anucene.2022.109065
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https://doi.org/10.1016/j.anucene.2022.109065
http://www.sciencedirect.com/science/journal/03064549
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Nomenclature

Symbols
JG Gas superficial velocity (m/s)
JL Liquid superficial velocity (m/s)
I=D Riser length to diameter ratio (–)
x=LH Probe location/locus (–)
V=Vmax Normalised voltage (–)
P� Normalised pressure (–)
Me Average (–)
Sd Standard deviation (–)
Sk Skewness (–)
Ku Flatness (–)

Abbreviations
CCFL Counter-current flow limitation
PWR Pressurized water reactor
SG Steam generator
RPV Reactor pressure vessel
PDF Probability density function
PSDF Power spectral density function
WE Wavelet energy
DWT Discrete wavelet transform
DPT Differential pressure transducer
ZLP Zero liquid penetration
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Along with its importance in multiphase flow systems, includ-
ing counter-current flow in the hot leg PWR, flow regimes’ identi-
fications have been widely studied. They engage the analysis of
both subjective and objective methods. The subjective method
may be mainly on the basis of the close visual observations
(Mayinger et al., 1993; Wongwises, 1994; Choi & No, 1995;
Zapke & Kröger, 1996; Ghiaasiaan et al., 1997; Petritsch &
Mewes, 1999; Deendarlianto et al., 2008; Prayitno et al., 2012;
Vallée et al., 2012a; Vallée et al., 2012b). On the other hand, the
objective method pays attention more into the interfacial behav-
iors of the flow which can be revealed utilizing signal characteris-
tics. It may contain resistive-conductance, capacitive, and also
impedance signal characterizations. Earlier, an instantaneous liq-
uid film thickness measurement and calibration on the basis of
the resistivity conception was proposed by Koskie et al. (1989). It
assessed two wires which were positioned both parallel to each
other and normal to the liquid flow. The radial wire distance was
controlled by two holes that were accurately positioned. The
results reveal that the increase of Reynolds number affects the
amplitude of the signal fluctuations even though they are taken
under the same flow condition. Furthermore, the use of parallel-
wire probes based on the electrical resistance principle to measure
the liquid level in a geometry representing 1/15 hot leg PWR was
reported by Kinoshita et al. (2011). A set of platinum wires with
0.1 mm of diameter was applied as the probe. A cumulative prob-
ability density function (PDF) was assessed to define the average
liquid level on the basis of time-domain analysis. Moreover, the
measurement accuracy of the parallel-wire array probe was suc-
cesfully improved to measure water hold-up in near horizontal
oil–water two-phase flow (Zhou et al., 2020). Here, the slip charac-
teristics under certain flow regime were examined on the basis of
quick closing valve method. The more recent investigation of slug
flow pattern involving statistical characterizations in a horizontal
conduit with 26 mm of the inner diameter applying resistive probe
signals was carried out by Rodrigues et al. (2020). Such statistical
analyses were developed to support the particular signal fluctua-
tion behaviors. A PDF was assessed on the statistical characteriza-
tion of the void fraction which was taken from five series of probes.
They reported that the PDF strongly depends on the flow patterns.
The higher the void fraction, the larger area of the peak on the PDF.
Furthermore, under a given gas flow, as the liquid flow gradually
increases, the peak indicating a lower void fraction is in its position
while the right peak decreases in both its elevation and void frac-
tion. On the other hand, under a given liquid flow rate, as the gas
flow gradually increases, the left peak was similar to the previous,
but the right peak shows an increase in void fraction.

The characterization of flow patterns on the basis of the time-
series analysis was successfully investigated by Jin et al. (2003)
using ring-type measuring electrodes. The results reveal that non-
linear analysis of the conductance probe signal fluctuations
2

strongly indicates the flow pattern behavior, in which the Kol-
mogorov entropy (KE), representing the unpredictability level of
the signals, increases with the gas flow. Another investigation on
the counter-current flow regimes using conductance probe signals
and artificial neural networks was developed by Ghosh et al.
(2012; 2013). Such key factors governing the flow patterns were
the flow rate, physical properties of fluids, diameter, and orienta-
tion of conduit. The results show that flow regimes affect all the
transportation processes, i.e. the momentum balance, heat, and
mass transfer (Ghosh et al., 2012). Moreover, further automatic
classifier system was also developed by capturing the hydrody-
namic characteristics through the objective description (Ghosh
et al., 2013). Two types of conductance probes, i.e. the parallel-
wire and ring conductance, had been utilized for this purpose.
The clusters of flow regimes were established on the basis of the
probe signal features using two classifiers separately. The most
recent, analysis of flow structures using conductivity probe signals
of liquid–liquid counter-current two-phase flow was reported by
Samal & Ghosh (2021). The obtained results indicate that the
observed flow structures have strong effects on both magnitude
and fluctuation of the signals acquired.

The flow patterns determination on the basis of the characteris-
tics of frequency-domain analysis by using power spectral density
function (PSDF) of the capacitance probe signal was reported by
Canière et al. (2007). They obtained that the stratified flow con-
tributes to low frequency due to the slow fluctuations at the inter-
face. In wavy flow, the higher frequency occurs due to waves in the
interface. In slug flow, the dominant frequency occurrence is the
liquid slug frequency. The annular flow usually has a contribution
to the high frequency due to the turbulent structure of the inter-
face caused by the high gas flow rate in the core. A further study
on the slug flow in a horizontal conduit with 5 m on the length
and 34 mm of diameter using capacitance probe signal was carried
out by dos Reis & Goldstein (2010), while an assignment on flow
regime clustering on the basis of the wavelet analysis of capaci-
tance probe signals was successfully conducted by De Kerpel
et al. (2015). Here, advanced diagnostic statistical tools were also
utilized in the analysis. The wavelet variance was assessed to test
the flow behaviors. The Daubechies 4 (db4) maximal overlap dis-
crete wavelet transform was used to decompose the signals, while
the Fuzzy c-means algorithm was utilized for flow regimes cluster-
ing. For further optimization and reducing the dimensionality of
the feature space which were chosen manually, main component
and linear discriminant analyses were also assessed. The data were
divided into different clusters utilizing the c-means Fuzzy
algorithm.

On the basis of time–frequency domain analysis, a two-phase
flow patterns identification using the wavelet analysis of the void
fraction data was proposed by Nguyen et al. (2010). An advanced
signal analysis tool, i.e. a continuous wavelet transform (CWT)
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with Debauchies order 4 (db4) was assessed to investigate the
characteristics of the void fraction. The CWT analysis gave a local
wavelet energy (LWE) coefficient, hence the LWE can be mapped,
and various flow patterns were established. Under the flow pattern
of slug flow, the LWE map shows that each peak of the void frac-
tion has an elliptical shape which stretched from the smallest to
the largest scale, and its size tends to consistent on each peak.
Meanwhile, under the condition of a turbulent-churn flow, the
LWE map tends to have an elliptical shape with various sizes on
the peak of the void fraction. On the other hand, utilization of
the parallel wire probes which was verified by wall mounted con-
ductivity probes, Jana et al. (2006) succesfully identified two-phase
flow regimes by the energy fluctuations obtained by discret wave-
let decompostions. Here, the passing droplets and wavy interfaces
characterizations were obtained due to both the flow parameters
i.e. liquid and gas superficial velocity, respectively.

The signal analysis on gas–liquid flow pressure fluctuations cur-
rently was successfully investigated by Hudaya et al. (2019). The
liquid wave characteristics on the co-current horizontal stratified
two-phase flow were obtained. Moreover, the interfacial behaviors
of the sub regimes obtained by differential pressure fluctuations
were identified throughout several advanced statistical tools
involving time-domain, frequency-domain and also time–fre-
quency domain analyses (Wijayanta et al., in press). Meanwhile,
during the counter-current flow in a 1/3 scaled-down test facility
of a PWR hot leg, the slug frequencies obtained by pressure probes
was also reported by Lucas et al. (2017). Both authors utilized the
fast Fourier transform (FFT) in order to determine either the dom-
inant wave or the slug frequencies. Furthermore, the pressure fluc-
tuations during the flooding regimes have been investigated by
Astyanto et al. (2021b). A test section with a 25.4 mm of inner
diameter representing 1/30 hot leg PWR geometry was utilized.
Moreover, three riser length to diameter (LI/D) ratios were also uti-
lized to investigate the effect of the riser length on the pressure
signal fluctuations (Astyanto et al., 2021a). In addition, an
advanced observation during characterization of flow structure
on airlift pump-bubble generator system using the pressure differ-
ential signal was reported by Catrawedarma et al. (2021a). Two
test sections containing the top section and bottom section were
assessed. The Kolmogorov entropy was used to measure the degree
of unpredictability. The result indicates that the increase of
entropy corresponds to the increase of the gas flow. However,
under a specified gas flow rate, the entropy tends to stagnate in
further increments. Moreover, the energy distributions were uti-
lized as the inputs on flow regime clustering by means of artificial
neural network (Catrawedarma et al., 2021b).

During its milestone, the studies in counter-current two-phase
flow have been carried out in various platforms of analytical stud-
ies, mathematical modellings, finite volume based computations,
and also mechanistic modelling on the basis of experimental inves-
tigations. Several importance parameters investigated contain the
conduit geometries (diameter, horizontal length to diameter LH/D
ratio, inclined length to diameter LI/D ratio), the complexicity of
the configurations, the cross sectional area shapes (rectangular,
annuli, circular), the channel orientations (horizontal, vertical,
incline), the entrance and exit geometries, and also the fluid phys-
ical property effects (viscosity and surface tension). Moreover, the
experiments in the complex geometry representing a PWR hot leg
have been conducted in various model of scales. Based on scientific
review reported by Deendarlianto et al. (2012) and Al Issa &
Macian-Juan (2011), the use of full scale model (with a 750 mm
of inner diameter) were investigated by Mayinger et al. (1993),
and Glaeser & Karwat (1993). On the other hand, scale of 1/3 and
1/3.9 were carried out by Deendarlianto et al. (2008), Vallée et al.
(2012a), Lucas et al. (2017) and Al Issa & Macian-Juan (2014), Al
Issa and Macián-Juan (2017). The scale of 1/15 was reported by
3

numerous authors i.e. Ohnuki (1986), Navarro (2005), Minami
et al. (2010), and also Vallée et al. (2012b). From those studies it
was revealed that the data error is still observed (Deendarlianto
et al., 2012). In addition, a reduced-size representing a small scale
reactor is also investigated in its development in order to enhance
the experimental database. Although the 1/30 was not carried out
as many as 1/15, this scale was reported by Ohnuki (1986), and
Badarudin et al. (2016), Badarudin et al. (2018a), Badarudin et al.
(2018b).

From the above facts, it is noticed that the signal processing is
able to investigate the flow structures. However, experimental
studies on the characteristics of counter-current flow structure
which utilizes an advanced signal processing tools in the complex
geometry containing a horizontal and inclined pipe connected by
an elbow which represents a hot leg of a PWR remain less
attention. Therefore, the present work attempts to conduct the sta-
tistical characterizations of the liquid film obtained from resistive-
conductance probe signals during the counter-current flow on a
small-scale reactor. Several pairs of parallel-wire array probes are
embedded to elaborate the interfacial behaviors of the liquid–gas
two-phase countercurrent flow with respect to the location along
the horizontal part of test section representing a 1/30 down-
scaled of a PWR hot leg. Furthermore, some advanced statistical
diagnostic tools are applied to describe the interfacial behaviors
through the characteristics of the liquid film thickness fluctuations.
The obtained results will contribute to enrich the database in order
to develop a mechanistic model to predict the CCFL.
2. Experimental apparatus and procedures

A schematic diagram of the apparatus used in the present
experimental study is shown in Fig. 1(a), while the physical prop-
erties of the working fluids are tabulated in Table 1. The experi-
mental apparatus has been constructed at the Laboratory of Fluid
Mechanics, Department of Mechanical and Industrial Engineering,
Universitas Gadjah Mada. Moreover, the test section employed in
this work is shown in Fig. 1(b). It is a complex geometry containing
a horizontal and an inclined conduits connected by an elbowwhich
represents a 1/30 down-scaled of PWR hot leg type Germany-
KONVOI. The test section was made from transparent acrylic resin
to enable close visual observations of the flow structures and phe-
nomena. The cross-sectional area is circular with an internal diam-
eter of 25.4 mm, while the lengths of the horizontal section, the
inclined length (riser), and the inclination angle of the riser are
635 mm, 100 mm, and 50�, respectively. Moreover, the SG and
RPV simulators were made from transparent-flat acrylic with
22 cm � 13 cm � 32 cm, and tempered glass with
22 cm � 22 cm � 72 cm, both in length, width, and height. In addi-
tion, the scaling of the test section and geometries of the main sup-
porting components were utilized by Badarudin et al. (2016,
Badarudin et al., 2018a; Badarudin et al., 2018b) during the inves-
tigations of both the geometrical effects and interfacial phenomena
on gas–liquid two-phase countercurrent flow.

In the present work, a pair of air–water based fluid (aquadest
+40% glycerol) was used as the working fluids. Here, a nondimen-
sional Wallis parameter was applied to determine both the liquid
and gas superficial velocity range, since it was reported that the
fluid combination does not affect to the relationship between the
nondimensional Wallis parameter (Ohnuki, 1986). The range of
the liquid discharge is 2–48 gallons per hour (gph). However, since
the flowmeters used are water flowmeters, a correction was car-
ried out in order to obtain the actual/corrected volumetric flow
rate. Moreover, a curve representing the onset of flooding was uti-
lized due to the verification of the determined flow parameters.
Here, as shown on the Fig. 2, the obtained result shows that in



Fig. 1. (a) Schematic diagram of experimental apparatus; (b) Test section.

Table 1
Fluids physical properties.

Physical properties Aquadest +
40%wt glycerol

Air

Fluid density at 30 �C (kg/m3) 1074.63 1.165
Surface tension (N/m) 0.056 –
Dynamic viscosity at 30� C (kg/m. s) 3.34 � 10-3 1.87 � 10-5

Fig. 2. Wallis parameter comparison during the liquid flow rate range
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agreement with Navarro (2005), Vallée et al., (2012a) and also
Kinoshita et al. (2011), the gas flow rate that initiates flooding
decreases with the increases of the liquid flow rate.

Moreover, during the selected flow parameters involve both the
liquid and gas volumetric flow rates as shown in Table 2. The tests
were conducted under the atmospheric pressure. Thanks to the
method, due to its convenience as a non-dimensional parameter,
the Wallis parameter could be taken into account to correlate CCFL
data during the effect of density ratio. Here, it was previously
reported that the fluid combination does not affect to the relation-
ship between the nondimensional Wallis parameter during a theo-
ritical approach (Ohnuki, 1986). This fact is then supported by
several others experimental investigations as reported by
Deendarlianto et al. (2008) and also Van Ommen et al. (2011) dur-
ing air/water experiments. Deendarlianto et al. (2008) carried out
determination.

4



Table 2
Test matrix.

System pressure (bar) 1

Corrected liquid flow rates (gph) 3.9 8.6 13.4
Corrected gas flow rates (lpm) 1 97.6 1 85.4 1 61

2 109.8 2 97.6 2 73.2
3 122 3 109.8 3 85.4
4 134.2 4 122 4 97.6
5 146.4 5 134.2 5 109.8

Table 3
Typical instrumentation and specifications.

Instrument Type Specifications

Gas flowmeter Dwyer RMA 0–70 lpm (4%measurement accuracy)
Liquid flowmeter Dwyer RMB 0–20 gph (3% measurement accuracy)
DPT Validyne P55D 86 kPa (0.25% measurement

accuracy)
Validyne P55D 54 kPa (0.25% measurement

accuracy)
DAQ Advantech

4716AE
200 kS/s; 16-bit; 16 channels

HSVC Phantom Miro
LAB310

3200 fps at 1280 � 800 pixel
(maximum resolution)
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the experimental study using a 1/3 model of PWR hot leg to inves-
tigate the influence of system pressure on the CCFL. They reported
that since the air density affects the air pressure, in which a higher
density of the air corresponds to higher air pressure, then the
higher the system pressure, the higher the air flow needed to initi-
ate flooding, and vice versa. However, it is also notified that to
changes the system pressure from 3 to 1.5 bar, the interfacial
behaviors during the CCFL are almost the same. Therefore, the film
thickness fluctuations may have the similar trend.

In addition, in the scientific report by Deendarlianto et al.
(2012), it is noticed that the scaling through Wallis parameter is
able to correlate the CCFL data. Here, from an analytical work car-
ried out by Gleaser (1992), it was found also that theWallis param-
eters which was initially proposed during vertical countercurrent
flow can be applied for the CCF in a horizontal large conduit. Fur-
thermore, during the experiment comparison between air/water
and steam/water, Vallee et al. (2012) reported that over a wide
range of both pressure and temperature conditions, the Wallis sim-
ilarity is appropriate to scale the flooding. Moreover, Lucas et al.
(2017) successfully elaborated another insight to what previously
reported by Vallee et al. (2012) during HZDR projects compliance.
Here, the flow structure is successfully investigated in which the
higher the pressure, the larger the slug frequencies. From the
aforementioned works, the authors presumed that applying the
Wallis parameter to ensure that both the determined gas and liq-
uid flow rates’ range are then appropriate.

The working procedure of the experimental apparatus is briefly
explained as follows. An amount of liquid from the liquid container
(LT) was pumped by a centrifugal pump into the storage tank (ST).
Due to gravitational force, liquid flows downward through two
parallel conduits. In this part of the section, a 20 gph with a 2
gph of scaled measurement range of water flowmeter and a control
valve are installed with each conduit. As time proceeds, liquid
moves to the upper tank which represents the steam generator
simulator (SGs), flows along the hot leg into the lower tank as
the reactor pressure vessel simulator (RPVs). Meanwhile, air from
a reciprocating compressor with constant pressure which is main-
tained by an air pressure regulator with a maximum working con-
dition of 10 bars, flows through the airflow meter enclosed with a
flow rate tuner. Next, the air moves into the RPVs, then flows along
the hot leg counter-currently with the liquid into the SGs and is
released to the atmosphere.

The carried-out measurements engage the pressure fluctuations
in the RPVs, and also the liquid film fluctuations in the horizontal
section. Types and specifications of those instruments are orderly
listed in Table 3. Moreover, the pressure fluctuations were
acquired using differential pressure transducers (DPT). Here, a unit
of Validyne P55 series with a measurement range of 86 kilo Pascal
(kPa) for the RPVs air pressure measurement was allocated. On the
other hand, a measurement line during the RPVs water level deter-
mination was also utilized. It was validated by time-series static
pressure fluctuations. For this reason, another Validyne P55 series
with a 54 kPa of measurement range was employed. Those two
pressure transducers were empowered by a 12 VDC power supply.
5

Several pairs of parallel-wire conductance array probes were
applied to obtain the time-series of liquid film thickness fluctua-
tions along the horizontal part of the test section. This typical
probe was previously investigated as one of the effective probe
during objective flow regime identification by Ghosh et al.
(2012), whereas the conceptual analysis of the probe was
described by Koskie et al. (1989), and also Zhou et al. (2020). In
the present work, the nickel wires with a diameter of 0.5 mm
and a gap of 5 mm apart were positioned normal to the fluid flow
with a distance of 20 mm each along the horizontal part of the test
section. Those probes were connected to an in-house-fabricated
Wheatstone bridge module to enhance its sensitivity as previously
was also applied by Jana et al. (2006), Kinoshita et al. (2011), Ghosh
et al. (2012; 2013), Badarudin et al. (2018a), Badarudin et al.
(2018b), and also Samal & Ghosh (2021). To obtain a simultane-
ously analog to digitalize data acquired between the time-series
of the pressure, water level, and also the liquid film thickness fluc-
tuations, those pressure transducers, and parallel-wire probes
were connected to a 200-kS/s 16-bit and 16-channels Advantech
4716AE data acquisition (DAQ) system with a sampling rate of
1000 samples per second. The utilization of this sampling rate
was also previously reported by Kinoshita et al. (2011),
Catrawedarma et al. (2021a), Catrawedarma et al. (2021b), and
Samal and Ghosh (2021) in their works. Furthermore, 15 s period
of data acquired was applied during its tabulation as previously
was also utilized by Catrawedarma et al. (2021a), Catrawedarma
et al. (2021b). Here, the maximum point of frequency which was
below 10 Hz was taken into the consideration during the determi-
nation as also previously reported by Johnsson et al. (2000), and
Van Ommen et al. (2011). Since the dominant frequency of signal
fluctuations was below 10 Hz, 10 s of time-sampling obtained a
necessary duration.

Moreover, a set of high-speed video cameras (HSVC) was used.
Here, a Phantom Miro LAB310 with a recording rate at 60 frames
per second and 1280 � 720 pixel of resolution was applied. Fur-
thermore, all the data acquired including the parallel wire probes,
the pressure fluctuations, and the camera recordings were stored
on a personal computer (PC). In addition, the wavelet signal anal-
ysis utilizes the MATLAB toolbox, while both the time-domain
and the frequency-domain analyses including the PDF, PSDF, and
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also the Kolmogorov entropy calculation were developed on the
basis of the MATLAB programming language.
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Fig. 4. Normalized pressure fluctuations under JL = 0.028 m/s.
3. Results and discussions

3.1. Flow visualization

Fig. 3 shows the flow development during the counter-current
flow under the liquid superficial velocity (JL) of 0.028 m/s. From
the figure, it is noticed that under the gas superficial velocity (JG)
of 2.41 m/s, a stable countercurrent flow which is characterised
by a constant and low pressure drop as depicted in Fig. 4 is
detected. Here, a thin liquid film, which is called supercritical flow,
is observed from the riser downward to the elbow. On the other
hand, another thick liquid film, which is called subcritical flow,
occurs at almost the entire horizontal part. As a result, a hydraulic
jump (HJ) is initiated at the bend as the transition from the super-
critical to the subcritical region. Moreover, it enables the liquid
velocity to exceed the gravity wave velocity which corresponds
to the ratio of inertial towards gravitational force, called the Froude
number (Siddiqui et al., 1986).

As time goes by, a stratified flow along the horizontal part of the
test section is still observed when the gas flows counter-currently
with the liquid at a slight increase of gas superficial velocity
(JG = 2.81 m/s). However, the increase of the gas flow rate leads
to the retention of liquid by the gas. As a result, the liquid level
in the horizontal part near the elbow at the upper end of the HJ also
rises. Consequently, the HJ shifts near the bend, and a smooth-
small wave is occasionally observed. This further phenomenon
which corresponds to the interfacial friction force which increases
with the increase of the gas flow was also previously reported by
Deendarlianto et al. (2008), Deendarlianto et al. (2011) and also
Badarudin et al. (2016; Badarudin et al., 2018a; Badarudin et al.,
2018b). A further increase of the gas superficial velocity up to
JG = 3.21 m/s forms a liquid blockage which initiates the flooding
in a certain probe location/locus (x/Lh) of the horizontal part and
causes a sudden and drastic increase in the pressure difference
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between the SGs and RPVs as shown in Fig. 4. This sudden fluctu-
ations of the pressure difference corresponds to a phenomenon in
which the blockage process by the liquid flow compresses the gas
flow in the conduit and leads to the increase of the pressure and
the occurrence of slug. Hence, it is also noticed that the rate of
the liquid level in the RPVs decreases following the onset of liquid
blockage as partial volume of liquid are entrained by the gas flow.

In addition, the flooding mechanism under these particular
parameters (JL = 0.028 m/s and JG = 3.21 m/s) is further explained
sequentially as depicted in Fig. 5. As time goes by, the liquid level
in the horizontal part near the bend rises relative to time simulta-
neously. As a result, the liquid level increases until it leaves a nar-
row gap next to the HJ for the gas flow, followed by wavy interface
along the HJ. As time progress, the wave grows and initiates the
onset of liquid blockage at the thick end of the HJ. A similar block-
ing of the pipe cross sectional area by a wave growth was also
reported by Deendarlianto et al. (2005), Deendarlianto et al.
(2010) and also Ousaka et al. (2006) for the upper flooding mech-
anism during CCFL experiments in the inclined pipes. Furthermore,
the first-occurring slug is followed by series of slugs with the larger
sizes. The slugs which are formed in the position near to the riser
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Fig. 5. Flooding mechanism under JL = 0.028 m/s and JG = 3.21 m/s.
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eventually propagates to bend incrementally slug, until they reach
the bend. However, it can also be observed that such air bubbles
are also generated around the bend indicating a churn flow and
moving upward after the bend to the riser. These phenomena are
in good agreement with that of Vallée et al. (2012) who also con-
firmed that in bend, the slug formation involves bubble generation.

3.2. Stochastic analysis

Stochastic analysis has successfully been utilized to identify the
flow pattern on the basis of the effect of flow rate both in vertical
conduits (Jana et al., 2006; Ghosh et al., 2012, 2013) and horizontal
pipes (Canière et al., 2007; dos Reis & Goldstein, 2010), both the
wave frequency and liquid film distribution during the investiga-
tion on liquid viscosity’s effect on horizontal annular flow
(Setyawan et al., 2016; 2017), the submergence ratio on airlift
pump micro-bubble generator system (Catrawedarma et al.,
2021a; Catrawedarma et al., 2021b), and also conduit orientation
effects on counter-current two-phase flow system (Samal &
Ghosh, 2021). It enables the transformation of random time-
series signals to accomplish the quantification terms of statistical
moments namely standard deviation (Sd), skewness (Sk), and kur-
tosis (Ku) (Jana et al., 2006; Catrawedarma et al., 2021a;
Catrawedarma et al., 2021b; Samal & Ghosh, 2021). Moreover, such
flow characteristics i.e., the liquid thickness, also the presence of
hydraulic jumps and waves, are able to be evaluated (dos Reis &
Goldstein, 2010). In addition, such details for both time and fre-
quency domain analysis on flow regime identifications in a two-
phase flow was described by Johnsson et al. (2000).

The power spectral density function (PSDF), describing the
frequency-domain analysis of a signal through a fast fourier trans-
form (FFT), corresponds to the wave formation’s occurrence which
is implied by its physical frequency. Here, the dominant frequency
is obtained by the highest magnitude of the frequency. Moreover,
each segment of the power spectrum, estimated as a number of
sub-spectra by reducing the signal variance, devides the time-
series into L segments with individual lengths Ns as follows:.

Pi
xx fð Þ ¼ 1

NsU

XNs

N¼1

xi nð Þw nð Þexp �j2@fnð Þ
�����

�����

2

ð3:1Þ

here in the Equation (3.1):.
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xi nð Þ ¼ x nþ iNsð Þi ¼ 1;2;3; � � � ; Ln ¼ 1;2;3; � � � ;Ns ð3:2Þ
In the function of window, w(n), the normalized by the factor of

power. Thus,.

U ¼ 1
Ns

XNs

N¼1

W2 nð Þ ð3:3Þ

The averaged power spectrum is defined as:.

Pxx fð Þ ¼ 1
L

XL

i¼1

Pi
xx fð Þ ð3:4Þ

In the present work, the statistical characterization of the signal
fluctuations obtained by the PDF and PSDF is described in Fig. 6.
Here, the flow condition was kept constant at JL = 0.028 m/s. From
the figure it is noticed that the lower gas flow rate results in com-
paratively smaller FFT values in the PSDF. However, a relatively
small spectral magnitude and a dispersed peak distribution in
around a large interval of frequency (1–50 Hz) indicates that a
stratified regime is observed. A further increment in gas flow
results the decrease of the dominant frequency in which the visual
observation reveals that the occurring fluid flow is wavy. When the
onset of liquid blockage is reached, the FFT magnitude increases
significantly. The combination of PDF curve and the increase of
the PSDF curve occurs simultaneously with slug flow in the test
section. The detail investigation obtained from the experiment
can be explained as follows.

As the gas flow increases from 2.41 m/s to 2.81 m/s, the fluctu-
ations of the normalized voltage, V/Vmax, also increase as depicted
in Fig. 6(i) and (ii). Here, the obtained time domain of the near-
stable signal is shown in column (a). The distribution of the signals
in this flow condition tends to produce a single-peaked (unimodal)
PDF curve with negligible standard deviation as shown in column
(b). This type of signal may correspond to the steady V/Vmax to a
single point confirming the continuity of the liquid phase as also
reported by Jana et al. (2006). Moreover, a shifting of the maximum
frequency in the PSDF curve to a lower FFT magnitude as shown in
column (c) is also captured. In addition, from Fig. 6(ii) and (iii), it is
visible that the FFT magnitude of the signal fluctuation increases
by two orders of magnitude as the gas flow is increased from
2.81 m/s to 3.21 m/s. Here, the time domain of signals is obtained
partially fluctuating as shown in column (a) and followed by the



Fig. 6. Typical of signal fluctuations’ statistical characterization under JL = 0.028 m/s and various gas discharges at x/Lh = 0.33.
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shifting of maximum point to a higher frequency as shown in col-
umn (c). Furthermore, in Fig. 6(iii) and (iv) the amplitude of the
signal fluctuation increases further as the gas flow was increased
from 3.21 m/s to 3.61 m/s. Here, the time domain of the signal fluc-
tuates as shown in column (a) followed by the shifting of maxi-
mum point to a higher frequency as shown in column (c).
Another shifting from positive to negative skewness probably
reveals a smooth change in the interface.

Generally, before the onset of liquid blockage, the PDF depicts a
single-peaked curve. It corresponds to a specific value of the nor-
malized voltage which indicates that the fluid flow tends to stay
at a certain void fraction. This behavior indicates that a stratified
flow or a wavy flow behavior occurs, in which the latter is differen-
tiated by the larger width of the curve relative to the former. When
the onset of liquid blockage is reached, the PDF gives a multi-
peaked (multimodal) curve, which indicates that more than one
void fractions appeared significantly. The peaks in the lower end
of the curve correspond to the lower void fraction values, while
the higher end corresponds to higher void fraction values, suggest-
ing a liquid slug flow was occurring (Rodrigues et al., 2020).

The statistical characterization of the signals under the flow
condition of JL = 0.028 m/s and JG = 3.21 m/s for various locus is
orderly depicted in Fig. 7. From the figure, it can be implied that
the fluctuation of the normalized voltage, V/Vmax, decreases along
with the position shifts closer to the liquid exit (RPVs). Here, the
time domain of the signal obtained visibly fluctuates as shown in
column (a), which probably corresponds to the transition from
stratified to slug flow through the visual observation. Furthermore,
the distribution of the signals tends to widen with multiple peaks
8

as depicted in column (b) without shifting of maximum point to
both the lower and higher frequency as shown in column (c).

Fig. 8 shows the effect of the gas flow on the statistical charac-
terization of a given liquid flow rate of 0.028 m/s. From the figures,
it can be obtained that a low gas flow rate where the flow regime
observed is stratified, the signal fluctuation tends to decrease along
with the location shifts closer to the liquid exit. Physically, the
increase of the liquid level in the horizontal part of the test section
corresponds to the decrease in the voltage reading on the data
acquisition. When the gas flow rates are 2.41 m/s and 2.81 m/s,
respectively, the normalized voltage decreases at all probe
locations.

The statistical characterization as the function of the liquid
superficial velocity is described in Fig. 9. As shown in the figure,
under a constant of JL = 0.012 m/s, the normalized voltage shows
a value around 0.7 as depicted in Fig. 9(i). Here, the time domain
of the near-stable signal is shown in column (a). The distribution
of the signals under this flow condition tends to produce a
single-peaked (unimodal) PDF curve with negligible standard devi-
ation as shown in column (b). This typical signal may correspond to
the steady V/Vmax to a single point confirming the continuity of the
liquid phase. As the liquid superficial velocity increases from
0.012 m/s to 0.025 m/s, the fluctuation of the normalized voltage
decreases as depicted in Fig. 9(i) and (ii). Here, the time domain
of the near-stable signal is shown in column (a). The distribution
of the signals in this liquid flow rate also tends to produce a uni-
modal PDF with negligible standard deviation as shown in column
(b). This typical signal still corresponds to the steady V/Vmax to a
single point which confirms the continuity of the liquid phase. A



Fig. 7. Typical of signal fluctuations’ statistical characterization under JL = 0.028 m/s and JG = 3.21 m/s at various probe locations.
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shifting from positive to negative skewness probably also reveals a
smooth change in the interface. Moreover, a shifting of the maxi-
mum frequency in the PSDF to a lower FFT magnitude as shown
in column (c) is also clearly captured. Furthermore, in Fig. 9(ii)
and (iii) the amplitude of the signal fluctuations increase further
as the gas flow was increased from 0.025 m/s to 0.028 m/s. Here,
the time domain of the signal fluctuates as shown in column (a),
and followed by the shifting of maximum point to a higher fre-
quency as shown in column (c).

Fig. 10 shows the effect of the liquid flow on the statistical char-
acterization under a constant of JG = 3.61 m/s. From the figure, it is
observed that at low liquid flow rates in which the observed flow
regime is stratified, the signal fluctuation tends to decrease along
with the location shifts closer to the liquid exit. When the liquid
superficial velocity is increased from 0.012 m/s to 0.023 m/s, the
normalized voltage decreases at all probe locations. On the other
hand, the increase of liquid flow will increase the normalized volt-
age, except for the investigation locus near the bend.

3.3. Chaotic analysis

A chaotic analysis describes the unpredictability level of a sys-
tem. The experimental deterministic chaos from a time-series sig-
nal can be characterized by its Kolmogorov entropy as earlier
proposed by Grassberger & Procaccia (1983). Moreover, it can
detect the flow transition points (Zhang et al., 2010). The entropy,
measuring the loss information along the attractor, may be
expressed in bits/s to relate the average cycle time and reflects it
in real time unit (Johnsson et al., 2000). It also correlates to the sig-
nal characteristics obtained by the PSDF (Jin et al., 2003). In addi-
tion, the details of chaotic analysis on flow regime identification
in a two-phase flow were described by Jin et al. (2003), and also
Zhang et al. (2010).



Fig. 9. Typical of signal fluctuations’ statistical characterization under JG = 3.61 m/s and various liquid discharges at x/Lh = 0.33.
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In the present study, the entropy analysis towards specified
wire sensors with various gas flow rates is shown in Fig. 11(a). It
can be inferred from the figures that the flow entropy tends to fluc-
tuate with the increase of gas flow. Here, the flow entropy
10
decreases with the increase of gas flow until the onset of liquid
blockage is reached. On the other hand, a further increase of the
gas flow after the onset of liquid blockage (PDR) causes an increase
in the entropy for all sensor positions. This fluctuation trend in
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Fig. 12. Typical wavelet analysis of the signals under JL = 0.028 m/s and various gas discharges at x/Lh = 0.33.
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flow entropy along with the increase in gas flow rate at the low gas
supply and a slight increase at high gas supply which corresponds
to the random characteristics which are caused by the dynamic of
the interface was previously reported by Catrawedarma et al.
(2021a), Catrawedarma et al. (2021b). In addition, the increase of
entropy which corresponds to the gas flow is in an agreement with
Jin et al. (2003) and Zhang et al. (2010) which also obtain that the
total flow rate corresponds to the changes of transitional flow pat-
tern. Moreover, Zhang et al. (2010) proposed that the bigger the
bubble movement, the higher the loss rate of information, while
the self-organization phenomenon causes the decrease in the
information loss rate. On the other hand, on a specified gas flow
rate, it is noticed that the flow entropy tends to decrease along
with the increase of liquid flow rate as shown in Fig. 11(b). The
possible reason for this phenomenon is that the random character-
istics also correspond to the increase of the liquid flow as well as
the gas flow.
3.4. Wavelet analysis

A discrete wavelet transform (DWT) corresponds to the time–
frequency analysis in order to reveal the signal characteristics
11
(Elperin & Klochko, 2002; Zhang et al., 2010). It allows the signal
decomposition into several groups of scaled frequencies to obtain
the local signal energy distribution during the frequency octaves
(Elperin & Klochko, 2002) which could then be utilized to charac-
terize the fluctuation as the results of air bubble occurrence and
movement of the wave (Catrawedarma et al., 2021a). Furthermore,
DWT has been proven as an advanced diagnostic tool in nonlinear
multiphase systems specifically to observe the occurrence of fre-
quent breakup and coalescence bubbles, and also continuous
movement of interface waves (Jana et al., 2006). The wavelet spec-
trum can characterize the flow regimes, while the variances corre-
spond to vector characterization (Elperin & Klochko, 2002) which
enables a flow regime identification through flow behavior assess-
ment (De Kerpel et al., 2015). Therefore, the clustering by means of
artificial neural network on the basis of the wavelet analysis shows
a better result than the stochastic analysis (Catrawedarma et al.,
2021b). In addition, the details of wavelet analysis on flow regime
identification in a two-phase flow were described by Elperin &
Klochko (2002), and also Morshed et al. (2020).

In the present work, a family of wavelet transforms, namely
Daubechies 4 (db4), was employed to decompose the parallel-
wire probe signals into seven levels with different frequency bands
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Fig. 13. Typical approximation, detail and wavelet energy under JL = 0.028 m/s and JG = 0.48 m/s at various probe locations.
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as previously utilized also by Jana et al. (2006), Zhang et al. (2010),
De Kerpel et al. (2015), Morshed et al. (2020), and also
Catrawedarma et al. (2021a), Catrawedarma et al. (2021b). Here,
d1 represents the smallest-scale approximation with a high fre-
quency, while a7 corresponds to a largest-scale approximation
with a low frequency signal decomposition. Therefore, as the sam-
pling rate on the data acquisition is 1 kHz, the maximum frequency
applied to reconstruct entirely signals (Nyquist frequency) is then
500 Hz. Hence, the first decomposed signal or detail d1 represents
250–500 Hz, and others frequency bands of sub-signal d2, d3, d4,
d5, d6, d7 and a7 are 125–250 Hz, 62.5–125 Hz, 31.25–62.5 Hz,
15.625–62.5 Hz, 7.8125–15.625 Hz, 3.90625–7.8125 Hz, and 1.95
3125–3.90625 Hz, respectively. The details of wavelet transform
on flow regime identification in a two-phase flow was described
by Elperin and Klochko (2002).

The variance distribution representing the wavelet energy of
the decomposing signals based on the probe locations under the
flow condition of JL = 0.028 m/s and various gas flow rate is
described in Fig. 12. It is clearly shown from the figure that the
wavelet energy tends to distribute from the detail d4 to approxi-
mation a7. However, in agreement with its PSDF in Fig. 6, it can
be notified that the low dominant frequency represents a slug flow
during the acquisition. In addition, the frequency fluctuation from
d4 to a7 tends to increase with the increase of gas flow. However,
this increase is not directly followed by the increase in wavelet
12
energy. As shown in column (c), the energy fluctuation of wavelet
energy tends to fluctuate along with the increase of the gas flow.

The flow conditions when JG = 2.41 and 2.81 m/s results a sim-
ilar shape on the detail and approximation. Here, the wavelet anal-
ysis as shown in Fig. 12(i) and (ii) indicates that there is no regime
change during this parameter change. On the other hand, a sudden
rise in the fluctuations in a7 and d5, as well as an abrupt change of
skewness sign and position of its peak in the PDF curve of Fig. 6(ii)
and (iii), is orderly shown in Fig. 12(ii) and (iii). The possible reason
of this phenomenon can be explained that the drastically fluctua-
tions correspond to a sudden change in a flow regime from sepa-
rated to intermittent flow as previously reported by Jana et al.
(2006). Hence, the particular large fluctuations at d4 while a7
remains relatively smooth under the condition of JG = 2.81 and
3.21 m/s might correspond to the passage of liquid entrained by
gas as also investigated by Jana et al. (2006). Moreover, the wavy
interface fluctuations are clearly noticed in Fig. 12(iii) and (iv) on
column (a). Another further close observation reveals that when
JG = 3.21 m/s, the slug starts to form and is dominant at
JG = 3.61 m/s. This trend is also in an agreement with Catrawe-
darma et al. (2021). Furthermore, during the increase of the gas
flow rate, the interface wave fluctuation increases as shown in
Fig. 13(a). However, it can be further noticed that the higher the
gas flow, the larger the frequency fluctuations as depicted in col-
umn (b).
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Moreover, the interface wave fluctuations tend to decrease
along with the sensor location shifts closer to the liquid exit as
depicted in Fig. 13 column (a). However, the nearer the location
to the bend, the larger the obtained energy fluctuations of the
dynamic process as shown in column (b). Therefore, the closer
the locus to the liquid exit, the higher the obtained wavelet energy
at the approximation as depicted in column (c). A closer observa-
tion through video recording towards this phenomenon reveals
that the nearer the location to the liquid exit, the lower the fre-
quency of either liquid blockage or slug.

Fig. 14 shows the comparison of the wavelet energy on various
of the locus and gas flow rates under a constant of JL = 0.028 m/s.
From the figure, it is noticed that all locus correlates a certain trend
by the increase in gas flow. At the low gas flow rates (JG = 2.41 and
2.81 m/s), where the obtained flow pattern was stratified regimes,
such relatively similar trends in all locus are obtained. Here, the
wavelet energy are distributed from d4 and reach on their peaks
at d5, whereas at the x/Lh = 0 consistently shows the highest energy
on its approximation. Furthermore, at the higher gas flow rates
(JG = 3.21 and 3.61 m/s), where the onset of liquid blockage and
the intermittent regimes were obtained, another relatively similar
trends of all locus are also obtained. Here, the wavelet energy are
distributed from d5, and reaches their peaks at a7.

In addition, the comparison of the wavelet energy as a function
of the liquid flow is shown in Fig. 15. From the figure, it can be seen
that the wavelet energies are distributed from d4 to a7. Moreover,
at the highest liquid flow rate (JL = 0.028 m/s), the wavelet energy
is distributed and dominantly reaches its peak at a7 which corre-
sponds to a large-scale approximation with a low frequency. In
agreement with the PSDF as shown in Fig. 9, it is noticed that the
low dominant frequency represents the occurrence of slug in the
test section. Here, as the fluctuations of the wavy interface are
clearly depicted in Fig. 15(iii), a close observation of the video
recording also reveals the formed slug is dominant. Additionally,
the wave interface and frequency fluctuations tend to increase with
the increase of gas flow as depicted in Fig. 15 column (a) and (b).
14
Fig. 16 shows another wavelet energy comparison on various of
the locus and the liquid flow rates under a constant of JG = 3.61 m/
s. From the figure, it is noticed that all locus correlates a clear trend
by the increase in liquid flow rate. At lower liquid flow rates
(JL = 0.008 and 0.018 m/s) under the flow condition was stratified,
such relatively similar trends in all locus are also obtained. Here,
the wavelet energy are distributed from d4 and reach on their
peaks at d5. Furthermore, at a higher liquid flow rate
(JL = 0.028 m/s) where the detected flow pattern was an intermit-
tent, another relatively similar trend of all locus are also obtained.
Here, the wavelet energy are distributed from d5, and reach their
peaks at a7.

4. Concluding remarks

An attempt to characterize the interfacial behaviors through the
liquid film fluctuations’ data during gas–liquid counter-current
flow on a complex geometry representing 1/30 scaled-down PWR
hot leg has been carried out. Such advanced statistical tools namely
PDF, PSDF, Kolmogorov entropy, and wavelet transform were
employed to elaborate the flow characteristics. Several remarks
are summarized as follows:.

a. The flow development during the flooding mechanism
involves the liquid film thickening combined by an unstable
of the interface which is caused by the increase of the gas
discharge. This triggers the liquid blockage to initiate the
CCFL and followed by the occurrence of slug and churn
flows.

b. As the increase of the liquid flow, the signal fluctuations
tend to decrease along with the location shifts closer to
the liquid exit. On the other hand, it results on the decrease
of liquid film thickness. Moreover, the onset of liquid block-
age is indicated by multimodal PDF, whereas the stratified
regime approaches unimodal PDF which corresponds to
the number of dominant film thickness.
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c. Stratified flow is characterized by a unimodal PDF, while its
frequency and wavy interface fluctuations tend to be
smooth. Here, the wavelet energy distributes from d5 to
a7. On the other hand, the slug flow is characterized by fluc-
tuations in the frequency and wavy interface forms a multi-
modal PDF. Here, the energy fluctuation increases gradually
from d1 to d7.
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