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Statistical characterization of the interfacial behavior captured by a novel 
image processing algorithm during the gas/liquid counter-current 
two-phase flow in a 1/3 scaled down of PWR hot leg 

Achilleus Hermawan Astyanto a,b, Akhlisa Nadiantya Aji Nugroho c, Indarto a,c, 
I Gusti Ngurah Bagus Catrawedarma d, Dirk Lucas e, Deendarlianto a,c,* 

a Department of Mechanical and Industrial Engineering, Universitas Gadjah Mada, Jalan Grafika No 2 Kampus UGM, Yogyakarta 55281, Indonesia 
b Department of Mechanical Engineering, Universitas Sanata Dharma, Kampus III USD Maguwoharjo, Yogyakarta 55282, Indonesia 
c Center of Energy Studies, Universitas Gadjah Mada, Sekip K-1A Kampus UGM, Yogyakarta 55281, Indonesia 
d Department of Mechanical Engineering, Politeknik Negeri Banyuwangi, Jalan Raya Jember km 13, Lebanasem, Banyuwangi 68461, Indonesia 
e Helmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Fluid Dynamics, Dresden 01328, Germany  

A B S T R A C T   

This study addresses a statistical characterization of the interfacial behaviors during gas/liquid counter-current flow in a large scale of pressurized water reactor’s hot 
leg typical geometry on the basis of both time and frequency domain analyses. Here, the visualizations were captured by high-speed cameras. Furthermore, the image 
processing algorithm on the basis of pixel identification was developed to identify the time-series interfacial dynamics of the liquid holdup fluctuations, comprising 
the wave growth and its movement. The obtained data were further analyzed by using various advanced statistical tools comprising the probability density function, 
power spectral density function, and also discrete wavelet transform. Additionally, chaotic levels of the flow were obtained through the Kolmogorov-entropy analysis. 

Particular results reveal that a typical mechanism of flooding begins with the appearance of a wavy interface which further develops into either a roll or large 
wave, and later blocks the entire cross-sectional area of the conduit around the bend region. This later stage indicates the inception of flooding which is characterized 
by the increase of the water level close to the bend region. Next, the higher the pressure of system, the higher the frequency occurrence of slugging, while the injected 
gas flow rate obtained a different trend. However, the Kolmogorov entropy enables to correlate the stabilizing effect due to the fluid resistance which corresponds to 
either the pressure of the system or the physical properties of the fluid. In addition, there were no significant differences between the flooding mechanisms for both 
the air/water and steam/water flows.   

1. Introduction 

In a pressurized water reactor (PWR), the steam generator (SG) 
transfers heat from a primary coolant (15 MPa of pressurized water) to a 
secondary coolant (7 MPa of pressurized water/steam) via a U-shaped 
pipe to produce superheated vapor. Here, the primary coolant water is 
heated in a reactor pressure vessel (RPV) before being pumped to the SG 
via a conduit called the hot leg which is comprised by a combination of a 
horizontal channel and a riser which is connected by an elbow. For a 
hypothetical loss-of-coolant accident (LOCA) or so-called mid-loop 
operation, such scenarios must be comprehensively considered. This 
corresponds to the water level in the RPV which falls below the hot leg 
nozzle since the steam produced in the RPV and flowing via the hot leg 
towards the steam generator maybe condensed. The condensate may 
flow back to the RPV in counter-current to the steam, establishes a 
natural circulation, and contributes to the reactor core cooling. 

However, in the hot leg, the onset of flooding, which is also called as 
counter-current flow limitation (CCFL), and followed by the zero liquid 
penetration (ZLP), may hinder this two-phase natural circulation. Once 
the steam mass flow rate reaches a certain value, the accumulated steam 
may clog the hot leg channel. It further prevents the cooling water to 
flow from the SG to the RPV (Deendarlianto et al., 2012b; Vallée et al., 
2012b). Under a component failure situation, an emergency mitigation 
toward this counter-current two-phase flow (CCF) phenomenon must be 
well prepared to ensure that reactor core cooling can continue to 
operate. 

Over several decades, CCF phenomena obtain specific attentions, and 
has been extensively investigated during the safety analysis on the 
operation of PWR. Numerous authors have reported both analytical and 
experimental investigations on the factors governing the concerning 
flow phenomena. They might correspond to the characteristics of the 
flow regimes which were approached by empirical data evaluations 
under various conditions (Wallis, 1961), the scaling sizes and geometries 
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governing CCFL (Wongwises, 1994; Wongwises, 1996; Navarro, 2005; 
Badarudin et al., 2018a; Ma et al., 2020), and also the interfacial be
haviors due to the applied flow parameters (Deendarlianto et al., 2005; 
Deendarlianto et al., 2011b; Vallée et al., 2012a; Lucas et al., 2017; 
Badarudin et al., 2016; Badarudin et al., 2018b; Astyanto et al., 2022a). 
Moreover, the effects of the fluid properties were also exhibited, but 
remained less significant. It comprised the influence of the liquid vis
cosity (Zapke and Kröger, 1996; Ghiaasiaan et al., 1997; Minami et al., 
2010; Kinoshita et al., 2011, Prayitno et al., 2012; Astyanto et al., 
2022b) as well as the surface tension (Deendarlianto et al., 2004; 
Deendarlianto et al., 2010; Ousaka et al., 2006) on the flooding char
acteristics in which the results exhibited unremarkable results. In 
addition, several computational works were also done during the 
development of validating data on its physical models (Deendarlianto 
et al., 2011a; Deendarlianto et al., 2012a; Utanohara et al., 2012). 

From the view point of scaling parameters, the utilization of a large 
scale PWR hot leg typical geometry with a circular cross-section to 
investigate the flooding mechanisms was reported by Al Issa and 
Macián-Juan (2014), Al Issa and Macián-Juan (2017). Both were on the 
basis of detailed visual identifications of the high quality videography 
toward the transition mechanisms due to the fact that only few in
vestigations were performed at large scales with detailed identification 
of flow patterns and the interfacial behavior during CCFL (Al Issa and 
Macián-Juan, 2011; Al Issa and Macián-Juan, 2014). Furthermore, 
another work focused on the transition mechanisms that contribute to 
CCFL by using computational fluid dynamic (CFD) validations during 
the transient condition which was further also conducted (Al Issa and 
Macián-Juan, 2017). On the other hand, devoted to the better optical 
measurement techniques for the better understanding through the 
visualization, the use of a large-scale simulator with a precisely flat 
channel with 250 mm × 50 mm of cross-sectional area to conduct 
transient CCFL experiments with a pressure chamber to maintain the 
reactor simulator’s operating pressure were reported by Deendarlianto 
et al. (2011b) and also Vallée et al. (2012b). Furthermore, Lucas et al. 
(2017) reviewed the previous obtained data utilizing new sophisticated 
measurement systems through a steady flow approach. Here, several 
cameras were applied to detect the fluid interfacial dynamics during 
CCFL while the data tabulation involved both the air/water and steam/ 
water experiments. During their works, another transformation of the 
qualitative data into a quantitative validation during the development of 
the CFD model through image processing procedures was strongly 
suggested due to the fact that the present CFD approach has not met the 
high confidence’s level in the field of reactor safety involving complex 
two-phase flow structures (Lucas et al., 2016). However, during the 
flooding mechanisms’ investigations, particular authors also made 
several measurements including the pressure gradient, and also the 
instantaneous either the water level or the void fraction behaviors. Here, 
the time-series pressure fluctuation’s characteristics may indicate CCFL, 
while the void fraction represents the interfacial wavy movements. 

Actually, the utilization of either signal or image data processing enables 
those time-serial investigations. 

In two-phase flow’s measurements, a signal processing technique, 
enabling the physical-objective measurements, may involve either the 
resistive or capacitive concepts. On the other hand, the image processing 
commonly exhibits the development of modern optical instrumentation 
on capturing the flow phenomena. However, both techniques enable the 
time-serial data acquisitions which can undergo further analysis based 
on the domain of time and/or frequency. Furthermore, on the basis of 
the acquired signals, the points of regime transition (Zhang et al., 2010), 
covering amount of loss information along an attractor reflecting the 
units of real time (Johnsson et al., 2000), may be embedded during its 
chaotic analysis. 

During the signal analysis based on its time-domain, an assessment 
through probability density function (PDF) is able to overcome the 
average of liquid thickness obtained from water level probes during CCF 
in both a 1/15 (Kinoshita et al., 2011) and 1/30 (Astyanto et al., 2022a) 
scaled-down PWR hot leg, and also the particular void fraction signal 
fluctuation behaviors during the slug identification in a horizontal 
conduit applying resistive probe (Rodrigues et al., 2020). Moreover, the 
PDF assessment during the quantification of the pressure fluctuations’ 
signals gained more attention during either two-phase regimes’ identi
fications or interfacial behaviors’ characterizations (Jana et al., 2006; 
Catrawedarma et al., 2021a; Catrawedarma et al., 2021b; Astyanto 
et al., 2021a; Astyanto et al., 2021b; Wijayanta et al., 2022). On the 
other hand, the analysis based on the domain of frequency, namely the 
power spectral density function (PSDF), enables the identification of 
flow structures during two-phase flow regime assessments by using the 
signal acquired from capacitance probes (Canière et al., 2007), the 
characteristics of liquid wave through horizontal conduits (Setyawan 
and Indarto, 2016; Hudaya et al., 2019; Wijayanta et al., 2022), the flow 
structure analysis on a vertical conduit on the basis of fluctuations of the 
differential pressure (Catrawedarma et al., 2021a), the slug behavior 
during CCFL by means of differential pressure probes (Lucas et al., 
2017), and also the interfacial fluctuations on gas/liquid CCF on a small 
scale PWR hot leg typical geometry (Astyanto et al., 2022a). Here, the 
stratified, wavy, slug and annular flow as well as the regimes before and 
after CCFL obtain different spectrum characteristics. 

From the view point of the time-frequency domain analysis, a signal 
variance decomposition through a wavelet transformation enables the 
fluctuation energy assessment of the flow. It was successfully conducted 
to identify the flow behaviors obtained from the conductivity signal of 
both co-current liquid-liquid flow in a vertical conduit (Jana et al., 
2006), and also gas/liquid CCF obtained by parallel wire array probes in 
a model of 1/30 PWR hot leg (Astyanto et al., 2022a). Furthermore, it 
was reported to be performed in the flow pattern identification obtained 
by capacitance probes (De Kerpel et al., 2015) as well as the identifi
cation of the flow structure based on the void fraction obtained by 
impedance probes (Nguyen et al., 2010). Moreover, considering the 

Nomenclature 

Symbols 
JG Gas superficial velocity (m/s) 
JLD Discharge liquid superficial velocity (m/s) 
x/LH Measurement location/locus (-) 
Me Mean/average (-) 
Sd Standard deviation (-) 
Sk Skewness/symmetry (-) 
Ku Kurtosis/flatness (-) 
A5 Wavelet approximation (-) 
D1 Wavelet detail (-) 
ξ Kolmogorov entropy (bits/s) 

Abbreviations 
CCF Counter-current two-phase flow 
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 
DWT Discrete wavelet transform 
ZLP Zero liquid penetration 
TOPFLOW Transient twO Phase FLOW 
HJ Hydraulic jump  
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differential pressure in a vertical conduit corresponds to the mean of 
volumetric void fraction, the flow regime was proposed to be completely 
identified through the characteristic vector from the wavelet variances 
(Elperin & Klochko, 2002). In addition, the energy distributions during 
flow structure assessments obtained by differential pressure probes on 
the airlift pump type microbubble generator (Catrawedarma et al., 
2021a) and the interfacial behaviors on stratified co-current flow 
(Wijayanta et al., 2022) obtained by pressure differential probes were 
also successfully conducted. The above authors noticed that the wavelet 
energy distributions obtain certain trends depending on the flow re
gimes. Moreover, during a signal decomposition by utilizing a type of 
discrete wavelet transform (DWT), the flow regime clustering is able to 
be developed on the basis of Fuzzy C-Means algorithm (dos Reis & 
Goldstein, 2010). It was further reported that the cluster of the flow 
regimes is better established through the use of the wavelet signal de
compositions as the input layer of an artificial neural network (Catra
wedarma et al., 2021b). Here, particular authors reported that the 
obtained wavelet variance distributions correspond to the occurred flow 
regimes. 

On the basis of chaotic analysis, a non-linear analysis, namely the 
Kolmogorov entropy, of the signals which were obtained from ring-type 
measuring electrodes to characterize the flow regimes was successfully 
applied (Jin et al., 2003). Moreover, it enables the measurement of the 
degree of unpredictability which was obtained from both differential 
pressure signals during the characterization of the flow structures on 
airlift pump system (Catrawedarma et al., 2021a), the identification of 
interfacial behaviors on co-current stratified flow (Wijayanta et al., 
2022), and also water level fluctuation signals obtained by parallel wire 
array probes during the investigation of the interfacial fluctuations on 
gas/liquid CCF in the 1/30 model of the PWR hot leg (Astyanto et al., 
2022a). Here, those authors strongly noticed that the Kolmogorov en
tropy of two-phase flow systems which also represents the chaotic level 
of the signal depends on either the gas or liquid superficial velocity. 

Recently, image processing techniques have been extensively 
developed in which the extracted data are claimed to be able to quan
titatively characterize the interfacial dynamics during the two-phase 
flow. Furthermore, it provides numerous advantages such as elabo
rating non-intrusive flow characterizations, the ease in calibration and 
also flexible deployment. The advancement of optical instruments and 
computer systems further enhance the evolution of this method as well. 
The techniques have been well proven to be dependable to obtain the 
data on the characteristics of interface (Montoya et al., 2012; do Amaral 
et al., 2013; Widyatama et al., 2018; Badarudin et al., 2018; Hudaya 
et al., 2019; Wijayanta et al., 2023) in gas/liquid flows. Herein, to obtain 
the interface fluctuations representing the water level dynamics, the 
algorithm employed by do Amaral et al. (2013), Widyatama et al. 
(2018), Hudaya et al. (2019) and also Wijayanta et al. (2023) were 
almost similar. The scripts were developed in which each frame ob
tained was converted to grayscale while the background was removed to 
obtain the interface. Moreover, the information of gas/liquid interface 
line is then transformed into either a void fraction or water film thick
ness. However, the developed techniques still leave room for an algo
rithm optimization in which both the computational time and accuracy 
need to be further improved. 

From the aforementioned literature surveys, it is noticed that there 
are still challenges to propose an investigation on the statistical char
acterizations of the interface behaviors during CCF in a PWR hot leg 
geometry obtained from a novel image processing algorithm utilizing 
the videography materials. Furthermore, it has been projected to be able 
to transform more qualitative data to time-series quantitative parame
ters of either the local flow structure or interfacial behavior during gas/ 
liquid CCF (Lucas et al., 2017). Since the technique involves a non- 
intrusive measurement, the obtained data may represent the better ap
proaches due to the actual phenomena, and can further contribute to the 
development of CFD model validations. Therefore, the present work 
enriches the field of the interfacial behavior’ studies in CCF during the 

effort to promote nuclear reactor safety through an optical-intrusive 
measurement, and provides an extensively statistical approaches to 
challenge the further development in the future machine learning dur
ing the flow structure prediction. 

2. Research methodology 

2.1. Outline of experimental apparatus and procedures 

The experiments were conducted at the Transient twO Phase FLOW 
(TOPFLOW) facility of Helmholtz-Zentrum Dresden Rossendorf (HZDR). 
The experimental apparatus reproducing a primary circuit of German- 
Konvoi typical PWR with a down-scale of 1/3 is schematically depic
ted in Fig. 1. The main components comprise a test section representing 
the hot leg, a reactor pressure vessel (RPV) simulator (B19) at the lower 
end of horizontal channel, the inclined part of steam generator (SG) inlet 
chamber, and the SG separator tank (B20A and B20B) at the upper end 
of the inclined channel. Here, the hot leg cross section is flat with 
250×50 mm2 of area and 2245.5 mm of horizontal length, while the 
RPV simulator and SG separator tank are identical vessels with 
600×800×1600 mm3 of volume. Both the horizontal section of the hot 
leg and the SG inlet chamber utilize transparent glass material on its 
sides to afford both optical observations toward the flow structures, and 
also the illumination supporting the visual recording. In order to keep 
the operating pressure close to the actual reactor pressure, the device 
was operated in a pressure chamber in which the pressure was supplied 
using either compressed air or nitrogen. 

To capture the flow phenomena along the horizontal section of the 
hot leg simulator, two SYGONIX 43176S cameras with a maximum 
resolution of 1600×1200 pixels were installed. Here, a wide-angle lens 
(O-FB/2.8) was also applied into each device. During the data recording, 
1280×720 pixels of high definition (HD) video resolution with a frame 
rate of 60 Hz was set. Furthermore, the recording took 60 s of time 
duration. In addition, a set of light emitting diode (LED) panels was used 
as a background to enhance a homogeneous illumination. The cameras 
were mounted in the pressure chamber, and protected from pressure 
damage by using a pressure-resistant case. 

During the experiment, to ensure a safe operation of the test equip
ment and avoid stress corrosion, the experimental circuit was filled with 
demineralized water with 1 – 5 μSm/cm of electrical conductivity. Here 
during the pre-data collection, the test equipment was set to be free from 
air inclusions which probably could cause inaccurate measurement. 
Meanwhile, to avoid air inclusions during the experiments, the water 
was circulated in the apparatus with the TOPFLOW pressure chamber in 
an open condition to release the air inclusions into the atmosphere. The 
water was pumped into the SG separator until the water level reached 
the height of the SG inlet chamber and then flowed through the hot leg 
to the RPV Simulator tank. At the same time the airflow from the 
compressor was injected into the RPV simulator tank, flowed along the 
hot leg and entered the SG separator tank. In this condition, the air and 
water flowed counter-currently along the hot leg. 

To obtain accurate data, at least 10 min were provided to reach 
constant operational parameters. After this time of period, the mea
surements were started. In this experiment, a high-speed camera 
captured images for 13 s on the SG inlet chamber, while two cameras 
recorded for 60 s on the horizontal hot leg, and the signals of pressure 
were recorded with a frequency of 10 Hz, also for 60 s. While the gas 
flow rate was gradually increased before CCFL occurs, the injected water 
mass flow rate was kept constant. Afterward, the water flow rate was 
increased, and the procedure was repeated again. This effect led to water 
retention on B20A section of the SG separator. As a result, the water 
flowed over the steel plate to the B20B section. Each volume of those 
tanks was controlled by a pump. Furthermore, the zero liquid penetra
tion (ZLP), describing a condition where no condensate flows into the 
RPV during CCFL, was validated by observing the level of water in the 
horizontal section. During the ZLP, the area of hot leg near the RPV 
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simulator, approximately in the range of 0 < x/Lh ≤ 0.1, was free from 
water. Here, the water discharge to the RPV simulator was visually 
observed and physically verified by measurement using flowmeters 
which further enable direct determinations by a balance for the flow rate 
of the water withdrawn from the RPV simulator and the level change in 
the same tank as indirectly by a similar balance for the outer SG sepa
rator. It was also embedded with the pressure difference along the tank 
height. After ZLP, the gas flow rate was gradually declined and further 
CCFL data were recorded during de-flooding. After completing the first 
test series of water injection, this parameter was decreased to the next 
lower water flow rates. Every time of period of the test was equal for the 
above-mentioned procedure. 

Moreover, the water/steam experiment was also conducted with the 
same procedure as the air/water flow. The difference in the steam/water 
experiment was that in the RPV simulator, the compressed air was 
replaced by saturated steam. In this experiment, the TOPFLOW pressure 
was higher than the air/water experiment. This aims to avoid steam 
condensation and interference the visual observation. The data collec
tion during steam/water flow had the same procedures as the previous 
data collection on air/water flow, but with several additional in
struments. Herein, during the steam/water flow, the heat losses along 
the feed line and in the test section were considered by a number of 
sensors. Therefore, an electrical heater circuit was further installed to 
support the line of steam through a cooler, a circulation pump, a heater, 
and a steam generator separator. In addition, associated transducers 
determined both the density and kinematic viscosity of the introduced 
steam. 

Before data collection was carried out, the facility preheating, and 
both the SG separator and RPV simulators’ activation were conducted. 
In addition, the test section was completely filled until the glass window 
was fully covered with water. Then, during the operation of circulation 
pump, the whole test section and circulation loop were continuously 
heated by an electric heater, which could supply up to 800 ◦C of tem
perature. To adjust and maintain the pressure, the TOPFLOW pressure 
chamber was filled with nitrogen gas, while the TOPFLOW steam 
generator supplied the steam. After the steam flowed into the simulator, 
the heater was turned off. Furthermore, typical information during the 
experimental procedures comprising the apparatus schematic, test 

section, sophisticated measurement techniques, and also working pro
cedures in the data tabulation are detailed and described by Lucas et al. 
(2017). 

2.2. Outline of image processing and data analyses procedures 

In the present study, time-series water level fluctuations were ob
tained by means of a novel algorithm which is developed at Universitas 

Fig. 1. The cut through the mid-plane of the experimental apparatus (Lucas et al., 2017).  

Fig. 2. The developed image processing algorithm used in the present study.  
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Gadjah Mada. Here, the developed image processing algorithm is 
described in Fig. 2. The setting of pixel ratio, image size, and video frame 
rate are possible to be adjusted through the syntaxes. In addition, the 
captured video can be directly processed without any separating step 
into image sequences. Furthermore, the visualization video is loaded 
into the script in order to extract it into the frames. Afterwards, the 
image pixel threshold determination is carried out. In this process, the 
frames are converted into binary images. The following stage is the void 
fraction pixel measurements which begins by determining the mea
surement reference points. It corresponds to the pixel distances from the 
upper reference which represents the top wall of the channel to the fluid 
interface. Next, the obtained void fraction pixels are converted to mil
limeters order by using the pipe height to pixel ratio. The interface 
which also represents the water holdup then is established as the ratio of 
the film thickness to the conduit height. Fig. 3 depicts the development 
of visual data during the image processing to obtain the interface 
fluctuations. 

In addition, since the video material are in RGB color type, firstly the 
video is converted to a grayscale mode. The next process is image 
threshold determination. By this step, the contrast of the color is 
increased. Here, the darker colors are converted to black, while the 
lighter colors are converted into white. This aims to identify a contrast 
boundary between the water-air/steam interface. Here, the interface is 
then turned into black. The next step is setting the measurement refer
ences. These references show the starting and ending point for iteration 
from the top wall of the conduit to the fluid interface. As shown in Fig. 3 
(c–e), a blue dotted line shows the origin while the green dotted line 
marked the ending point. Next, the script iteratively calculates the 
number of pixels as the distance from the origin to the interface. 

Moreover, a set of the applied analysis parameters are tabulated as a 
test matriX arranged in Table 1. Both the mass flow rate and the system 
pressure were assessed as the analysis variables. Firstly, the water flow 
rate was kept as a constant parameter with various air flow rates. Here, 
1,000 gr/s of a water flow rate and 570, 620 and 700 m3/h of the air flow 
rates, respectively, were analyzed. Next, an air flow rate was kept con
stant with various water flow rates. Here, 700 m3/h of an air flow rate 
and 1,000, and 2,000 gr/s of water flow rates were analyzed. The 
following involves both water and air flow rate to be kept a constant at 
2,000 gr/s and 300 m3/h, respectively, while both air/water at 1 bar and 
steam/water at 10 bars of system pressures were assessed. 

On the other hand, another script on the basis of a commercial 

library was developed to identify the time-series interface dynamics 
representing the water holdup fluctuations. The data obtained were later 
analyzed through several statistical tools covering both stochastic and 
chaotic analyses. The stochastic analysis comprises the domain of both 
time and frequency, i.e., PDF and PSDF. Moreover, another time- 
frequency scale analysis obtained by the wavelet signal decomposition 
was exhibited to characterize the flow behavior due to the wavy inter
face. Additionally, the chaotic level of the system was also estimated on 
the basis of Kolmogorov entropy calculation. Those analyses were con
ducted with respect to the measurement locations, gas flow rates toward 
both the air/water and steam/water flow. 

The stochastic analyses have been widely employed during either the 
flow regime identifications or the interfacial behaviors investigations on 
the basis of flow parameters in the horizontal channels (Canière et al., 
2007; dos Reis & Goldstein, 2010), as well as the vertically positioned 
conduits (Jana et al., 2006; Ghosh et al., 2012; Ghosh et al., 2013), the 
effect of pipe orientation on CCF (Samal & Ghosh, 2020), and also the 
ratio of submergence of the micro-bubble generator which is embedded 
to an airlift pump system (Catrawedarma et al., 2021a; Catrawedarma 
et al., 2021b). Furthermore, the flow characterizations such as the water 
level behaviors, the occurrence of hydraulic jump and wavy interface 
are able to be evaluated through the signal quantification to obtain the 
moments of statistics covering the standard deviation, skewness and 
kurtosis (dos Reis & Goldstein, 2010; Wijayanta et al., 2022; Astyanto 
et al., 2022a). Moreover, a particular utilization of the cumulative PDF 
assessment may define the average liquid level (Kinoshita et al., 2011) 
and also the statistical characterization of the void fraction (Rodrigues 
et al., 2020). Moreover, a PSDF is proven to determine either the 
interfacial wavy movement or the flow pattern through its frequency 
distributions (Canière et al., 2007; Hudaya et al., 2019; Wijayanta et al., 
2022; Astyanto et al., 2022a). 

The PDF may quantify the signals in a time-domain flow regime 
identification. The amplitude of the signal is then expressed by its 
standard deviation and formulated as shown in Eq. (1) (Johnsson et al., 

Fig. 3. Visualization steps of the image processing.  

Table 1 
Test matrix for the stochastic analysis.  

Water mass flow rates (kg/s) 1   2 

Pressure (bar) 1  1 10 
Gas mass flow rates (m3/h) 570 620 700 300  
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2000). 

Sd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N − 1

∑N

n− 1
(x(n) − Me )2

√
√
√
√ (1)  

Here in the Eq. (1), the mean, Me, represents the average of the data set 
and is formulated as shown in Eq. (2). 

Me =
1
N

∑N

n− 1
x(n) (2) 

Moreover, the normalized third and fourth statistical moments of the 
distribution curve namely the skewness, Sk, representing the symmetry 
of a distribution curve, and kurtosis, Ku, which corresponds to the 
flatness of the curve, are expressed in a non-dimensional form as shown 
in Eqs. (3) and (4), respectively. 

Sk =
1

NMe3

∑N

n− 1
(x(n) − Me )3 (3)  

Ku =
1

NMe4

∑N

n− 1
(x(n) − Me )4 (4) 

Additionally, Jana et al. (2006) remarked that a random variable 
with a cumulative distribution which is differentiable exhibits a PDF 
which is formulated as expressed in Eq. (5) 

PDF = f (x1, x2, x3,⋯, xn) =
∂nF(x1, x2, x3,⋯, xn)

(∂x1, ∂x2, ∂x3,⋯, ∂xn)
(5) 

On the other hand, the PSDF which comprises the frequency-domain 
signal analysis through a fast fourier transform, may correspond to the 
occurrence of the wave’s formation which can be physically recognized 
through its frequency. Here, the highest magnitude of the occurrence 
represents its dominant frequency. Furthermore, the power spectrum 
segment, Pi

xx(f), determined as a sub-spectra number by reducing the 
acquired signal’s variance, divides the time-series into L segments with 
individual length, Ns, and formulated as expressed in the Eq. (6) 
(Johnsson et al., 2000; Catrawedarma et al., 2021a). 

Pi
xx(f ) =

1
NsU

⃒
⃒
⃒
⃒
⃒

∑Ns

N=1
xi(n)w(n)exp( − j2∂fn)

⃒
⃒
⃒
⃒
⃒

2

(6) 

Here in the Eq. (6): 

xi(n) = x(n+ iNs)i = 1, 2,⋯, Ln = 1, 2,⋯,Ns (7) 

In the window’s function, w(n), the normalized spectrum by the 
power’s factor, U, is expressed as written in the Eq. (8). 

U =
1
Ns

∑Ns

N=1
W2(n) (8) 

Then, the average of power spectrum, Pxx(f), is then expressed by Eq. 
(9). 

Pxx(f ) =
1
L
∑L

i=1
Pi

xx(f ) (9) 

The wavelet spectrum, representing the fluctuation energy, is proven 
to be utilized as flow structure characterization (De Kerpel et al., 2015; 
Catrawedarma et al., 2021a). It may be treated as the variance de
compositions into scales, in the same way as the PSDF is the variance 
decomposition into the frequencies. Here, the spectrum of the wavelet 
decompositions is able to characterize the regimes accurately in which 
the variances’ vector was proposed as the characteristic vector (Elperin 
& Klochko, 2002). Furthermore, on a flow structure clustering based on 
the machine learning, the usage of the energy distribution as the input 
layer established better predictive results than the moment of statistical 

parameters (Catrawedarma et al., 2021b). Moreover, in a time-domain 
analysis involving a multiresolution approach, the wavelet transform 
may reduce the sparsity up to 40 % on the average of the signal (Elperin 
& Klochko, 2002). 

In addition, DWT, exhibiting a time scale-frequency analysis, may 
reveal the characteristic of signals (Elperin & Klochko, 2002; Zhang 
et al., 2010; Wijayanta et al., 2022). It is further formulated as shown in 
Eq. (10). 

f (t) =
∑

k∊Z
AJ2 ,kφJ2 ,k(t) +

∑J2

J=J1+1

∑

k∊Z
DJ,kΨJ,k(t) (10) 

Here in the Eq. (9), the mother wavelet representing the signal 
approximation in the largest time-scale, AJ2 f(t), is formulated as shown 
in the Eq. (11). 

AJ2 f (t) =
∑

k∊Z
AJ2 ,kφJ2 ,k(t) (11) 

While the wavelet children which corresponds to signal detail in 
smaller time-scales, DJf(t), is formulated as shown in the Eq. (12). 

DJf (t) =
∑

k∊Z
DJ,kΨJ,k(t) (12) 

In a simpler form, the Eq. (10) may be rewritten as expressed in Eq. 
(13). 

f (t) = AJ2 f (t)+
∑J2

J=J1+1
DJf (t) (13)  

3. Results and discussions 

3.1. Flooding mechanisms 

A visual observation my means of camera recording is occasionally 
conducted to observe the phenomena during the two-phase flow. 
Although it is reported as a subjective manner, the utilization of this 
method has been extensively reported by notable authors to investigate 
the flow structures during CCF (Mayinger et al., 1993; Wongwises, 1994; 
Choi & No, 1995; Zapke and Kröger, 1996; Ghiaasiaan et al., 1997; 
Petritsch & Mewes, 1999; Gargallo et al., 2005; Deendarlianto et al., 
2010; Deendarlianto et al., 2011b; Prayitno et al., 2012; Vallée et al., 
2012a; Al Issa and Macián-Juan, 2014; Al Issa and Macián-Juan, 2017; 
Lucas et al., 2017; Badarudin et al., 2016; Badarudin et al., 2018a; 
Badarudin et al., 2018b). Furthermore, it has often been designated as a 
non-intrusive method to investigate the flow behaviors. Additionally, 
numerous high quality images have been reported for their applicability 
to be engaged as the CFD validating materials (Al Issa and Macián-Juan, 
2017; Lucas et al., 2017). 

In the present work, a typical exemplary flow visualization with 
respect to the change of air flow rate on CCF under the condition of a 
constant liquid superficial velocity, JLD = 0.08 m/s, at an atmospheric 
system pressure is described as depicted in the Fig. 4. Herein, Fig. 4(a) 
notices that at a low air velocity, JG = 10.8 m/s, a stratified counter- 
current regime is observed. Here, a supercritical flow due to gravity 
with a rather wavy air/water interface which is indicated by a thin 
liquid film with a relatively small air stream disturbance is observed on 
the entire test section. This flow behavior indicates the occurrence of a 
stable CCF without hydraulic jump (HJ) as the transition from super
critical to subcritical flow. A close observation into the videography 
reveals that approaching the riser area, the wave performs a higher 
frequency due to the increase of the frictional force on the air/water 
interface. Therefore, the flow under this condition exhibits the entire 
regime of the stratified wavy flow. At the horizontal part of the hot leg, 
there is not significant change in water holdup due to deceleration of 
water flow. Similar phenomena were previously described by Deen
darlianto et al. (2011b) as well as Vallée et al. (2012a) during the 
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investigations of transient air/water CCF in a 1/3 model of PWR hot leg 
geometry, and also Al Issa and Macián-Juan (2014) during bend-CCFL 
with low air velocities on air/water experiment in a 1/3.9 down- 
scaled of PWR hot leg model. 

A stepwise increase in the air superficial velocity to JG = 11.8 m/s 
leads to the increase of the friction on the air/water interface. It causes 
the water to decelerate, and the water holdup rises in the horizontal 
section. Furthermore, the increase of the air/water interface friction 
results in the flow to become wavier as shown in Fig. 4(b and c). Due to 
either the rise of water holdup or wave propagation in which its 
amplitude grows with droplet entrainment from its crest, the free cross- 
sectional area for the air flow declines, and accelerates the air velocity. It 
further begins to blow up the air/water interface and causes the wave to 
develop into either larger or roll waves. Next, this wave initiates a water 
blockage in the transition area near the riser. The observed phenomenon 
is in agreement to that previously reported by Deendarlianto et al. 
(2011b) in which the inception of flooding coincides with the liquid 
blockage representing the slug formation. Moreover, further increase in 
air velocity to JG = 13.3 m/s increases the slug intensity and causes the 
slug level to reach the upper wall of the conduit. Physically, the phe
nomenon of slug-churn flow in the riser is due to narrowing the airflow 
cross-section during flooding. The narrowing of the cross-sectional 
airflow will accelerate the air on the wave’s surface, causing the 
liquid slug to break into dispersed structures, i.e. bubbles and droplets. 

In general, it is also noticed that CCFL begins with the appearance of 
waves flowing in the opposite direction of the water flow in which a 
gradual increase in the gas flow rate which causes the waves to grow in 
size with time. Furthermore, some waves turn into either large or roll 
waves and develop into a water blockage almost in the inclined section, 
and thus forms a liquid slug. This particular phenomenon confirms that 
previously reported by Lucas et al. (2017). Here also, droplets are 
generated at the crest of the waves and carried by the air flow through 

the riser to the SG separator tank. A further increase in the air flow rate 
causes the intensification of the blockage. The observed flooding phe
nomenon, again confirming the finding by Lucas et al. (2017) through 
the videography, is in good agreement also with those noticed by 
Deendarlianto et al. (2011b), Al Issa and Macián-Juan (2014), and also 
Badarudin et al. (2018b). 

Fig. 5 depicts another typical visualization at JLD = 0.16 m/s and JG 
= 5.7 m/s for both the air/water and steam/water flows. From Fig. 5(a 
and b), it can be seen that in the horizontal section of the hot leg before 
CCFL, the flow obtains a wavy regime. Here, the water holdup tends to 
rise with the location shifts to the bend region. As a result, the gas flow is 
accelerated and generates roll waves. They become unstable with 
respect to the location, and break up into droplets which are carried 
upward the riser to the SG separator tank by the gas. This breaking of the 
roll wave due to the friction indicates CCFL. Moreover, both the air/ 
water and steam/water flows reveal that CCFL occurs in the horizontal 
region. Here, the flooding mechanism at both system pressures obtains 
no significant difference. The observed flooding phenomena, which also 
confirm the visual report by Lucas et al. (2017), are in a good agreement 
with those noticed by Deendarlianto et al. (2011b) during a transient 
investigation on the same test facility. 

Additionally, Figs. 6-9 present the typical time-tracing of both the 
air/water and the steam/water flows for the left and right cameras at 
JLD = 0.16 m/s and JG = 5.7 m/s. They quantitatively illustrate the flow 
developments supported by the visual materials in detailed descriptions 
with respect to the time-location investigations. From the figures, the 
characteristics of the wave growth can be sufficiently noticed. Here it 
can be also seen that at x/Lh = 0–0.48, the wave develops into a roll 
wave. Due to the friction of the air/water interface, the air flow breaks 
the roll wave. A close visual observation also shows that there is no 
blockage on the channel cross sectional area during the break of the roll 
wave as depicted on Fig. 6. Further observation at x/Lh = 0.53–1 shows 

Fig. 4. Air/water flow visualization under the condition of JLD = 0.08 m/s and (a) JG = 10.8 m/s; (b) JG = 11.8 m/s; (c) JG = 13.3 m/s.  
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an increase in the water level along the pipe due to the interfacial fric
tion in which the formation of a roll wave triggers the initial blockage 
and slug that reaches the top wall of the horizontal channel as shown in 
Fig. 7. 

Moreover, from the flooding mechanism for the steam/water flow, it 
is revealed that a similar mechanism is obtained during this flow to the 
air/water at 1 bars of the pressure system. It starts with a wavy flow 
growing into a roll wave and further blocks the entire cross section. 
Close observations also notice that the water holdup is lower than that 
obtained with air/water flow. However, due to the higher pressure, the 
gas density increases. Besides, at x/Lh = 0–0.48, only a wavy flow ap
pears, while at x/Lh = 0.53–1, the water blockage and slug appear 
similar to that obtained with air/water flow as shown in Fig. 8 and 
Fig. 9. This present finding emphasizes what also previously described 

by Deendarlianto et al. (2011b) in which the experiments, conducted 
both in transient and steady, obtain no significant difference on the 
flooding mechanisms. 

3.2. Time and frequency domain analyses 

A typical time and/or frequency-domain analysis of the air/water 
interface fluctuations using both the PDF and PSDF under the flow 
condition of JLD = 0.08 m/s with respect to the change in air flow rate at 
a measurement location closest to the bend region (x/Lh = 1) are 
depicted in Fig. 10. The figure reveals that at JG = 10.8 m/s, inhibiting a 
low air flow rate, a near-stable interface fluctuation as shown in column 
(a) which forms a unimodal distribution curve corresponding to a high 
void fraction with a very low standard deviation representing a smooth 

Fig. 5. Flow visualization at JLD = 0.16 m/s; JG = 5.7 m/s for (a) air/water flow at 1 bar; (b) steam/water flow 10 bars of system pressure.  

Fig. 6. Time-tracing interface fluctuations of the air/water flow at JLD = 0.16 m/s; JG = 5.7 m/s and 1 bar of system pressure on camera left-camera.  
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wavy interface as shown in column (b) are obtained. Here, the PSDF 
shows a medium-width band spectrum exhibiting a stratified flow. As 
the increase of the air flow rate, the maximum spectrum of the PSDF 
shifts to the lower frequency but in a higher magnitude as can be seen in 
column (c). At the lowest air velocity, the PSDF corresponds to the 
occurrence of the small waves, and it is noticed that the PSDF shows a 
high dominant frequency with a low magnitude. 

Furthermore, when CCFL is reached, the PSDF later invites the 
occurrence of the liquid blockage as the slugs of liquid visibly replace the 
occurrence of the wave. In the PSDF, the maximum spectrum obtains a 
lower frequency but with a much higher magnitude (low frequency peak 
of large amplitude) in which it seems exponentially in its increase. 
Furthermore, it can be seen also that after CCFL is reached, as the air 
superficial velocity increases from JG = 11.8 to 13.3 m/s, the maximum 
spectrum shifts to the lower frequency with the increase of the air ve
locity as shown in column (c). This means that the slug occurrence in
creases the air velocity increases. The obtained result confirms the 
report by Lucas et al. (2017) in which after CCFL was reached, the slug 

frequency on the basis of the pressure measurement along the horizontal 
section declines with the increase of the injected air flow rate. 

Fig. 11 depicts another typical time-domain and frequency-domain 
analysis at JLD = 0.08 m/s and JG = 13.3 m/s with respect to the mea
surement locations. The figure notices that the interface visibly fluctu
ates in which the closest location to the bend exhibits the largest 
fluctuation as can be seen in column (a). Hence, a higher on both the 
average and standard deviation of the interface is exhibited as the 
location is closer to the bend as shown in column (b). Furthermore, the 
magnitude of the PSDF increases while the maximum spectrum tends to 
shift to the lower frequency along the location is closer to the bend re
gion as shown in column (c). The possible reason of the current phe
nomenon is that there is an increase in the interfacial friction as the 
wave propagates in the upstream direction. Meanwhile, in the area of 
bend, as previously notified by Deendarlianto et al. (2011b) and also 
Vallée et al. (2012a), the recirculation of water as well as slug formation 
which involves bubble generation causes the waves propagate in both 

Fig. 7. Time-tracing of the interfacial fluctuations of the air/water flow at JLD 
= 0.16 m/s; JG = 5.7 m/s and 1 bar of system pressure on right-camera. 

Fig. 8. Time-tracing of the interface fluctuations of the steam/water flow at JLD = 0.16 m/s; JG = 5.7 m/s and 10 bars of system pressure on left-camera.  

Fig. 9. Time-tracing of the interface fluctuations of the steam/water flow at 
JLD = 0.16 m/s; JG = 5.7 m/s and 10 bars of system pressure on right-camera. 
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directions. It further explains why in the bend region the interface ob
tains the largest fluctuations with the most agitated flow region. 

In addition, the average of water level under the flow condition of 
JLD = 0.08 m/s is shown in Fig. 12(a). The figure reveals that a certain 
trend occurs for both JG = 11.8 m/s and JG = 13.3 m/s. Here, both 
averages increase as the location is closer to the bend. It further repre
sents the water level increases in the upstream direction. The possible 
reason of this phenomenon is that the waves which are initiated in the 
downstream grow into either larger waves or roll waves as they prop
agate in the upstream direction, and later block the entire cross-sectional 
area of the conduit when they reach the bend as also exhibited by the 
visualization. Additionally, at half of the locations in the downstream, 
both JG = 11.8 m/s and JG = 13.3 m/s obtain almost equivalent water 
levels. On the other hand, at the lowest air velocity, JG = 10.8 m/s, 
another trend is obtained. Here, the water level tends to very slightly 
increase as the location is closer to the bend region. Moreover, Fig. 12(b) 
shows the standard deviation of the interface under at JLD = 0.08 m/s for 
various air velocities and locations. From the figure it can be seen that 
the standard deviation obtains a similar trend to the average. Here, both 
JG = 11.8 m/s and JG = 13.3 m/s reflect that the interface fluctuation 
increases as the location is closer to the bend region while the lowest air 
flow rate, JG = 10.8 m/s obtains different trends in which the interfacial 
fluctuation decreases very slight as the location is closer to the bend 
region. Under the condition of JG = 10.8 m/s, a very small fluctuation is 
obtained in comparison to that of the other air flow rates. A close visual 
observation reveals that a stable supercritical flow with a smooth 
interface is observed during this flow condition on the entire conduit. 
Here also, the acceleration of the water during its flow down from the SG 
separator results in a higher inertial rather than gravitational force. 

Fig. 13 describes the typical interfacial fluctuations, PDF and PSDF at 
JLD = 0.16 m/s and JG = 5.7 m/s for the air/water and steam/water 
flows at the measurement location closest to the bend region, x/Lh = 1. 
The figure notices that high fluctuation interfaces with larger standard 
deviations are detected for both flow conditions as shown in columns (a) 
and (b). Here, the air/water flow obtains a higher fluctuation on the 
water level rather than the steam/water flow. Furthermore, it is inter
esting to be noted that the dominant spectrum shifts with very slight 
increase to the higher frequency while the smaller magnitude is ob
tained with the increase of the system pressure as shown in column (c). 

Again, the present finding confirms those previously reported Lucas 
et al. (2017), although the dependence of the slug frequency on the air 
discharge is very low. It is also confirmed that the slug frequency in
creases with the pressure, and decreases with the increase of the liquid 
discharge. 

In addition, the average of the water levels under the conditions of 
JLD = 0.16 m/s and JG = 5.7 m/s with respect to the system pressure at 
various measurement locations are depicted in Fig. 14(a). From the 
figure, it is revealed that a different trend occurs for both system pres
sures. Here, the average tends to sharply decrease at x/Lh = 0–0.3 and 
increase at x/Lh = 0.3–1 during the air/water flow. It further represents 
the water level during the air/water flow. Although the visualization 
shows a similar flooding mechanism in which waves grow into a roll 
wave and further blocks the entire cross section, the air/water and 
steam/water exhibit different trends in the average of the liquid holdup 
along the horizontal section. Here, the water holdup obtained by steam/ 
water is lower than by air/water flow. This might be caused by the 
different in pressure of those pairs of fluid flow. Since the gas density 
increases with the increase in its pressure, the steam later invites a 
higher density than the air, and therefore the liquid holdup during the 
air/water flow exhibits much lower in the average of the water holdup 
than the steam/water flow. On the other hand, the steam/water flow 
obtains a smooth increase as the location is closer to the bend region. It 
further shows the slight increase of the water level in the upstream 
direction. 

Fig. 14(b) shows the standard deviations of the interface fluctuations 
under the flow condition of JLD = 0.16 m/s and JG = 5.7 m/s with 
respect to the measurement locations for both air/water and steam 
water flows at 1 bar and 10 bars of the systems pressure, respectively. 
From the figure it can be seen that the standard deviation shows a 
similar trend for both air/water and steam/water flows. It is noticed that 
the interface fluctuation gradually increases as the location is closer to 
the bend region while the location closest to the bend obtains suddenly 
an increase of fluctuation for the steam/water flow. A possible reason for 
this phenomenon is that the acceleration of the water during its flow 
down from the SG separator results in a higher inertial rather than 
gravitational force. Here, the bend region obtains the largest accelera
tion. Additionally, the steam/water flow correlates to a higher pressure 
rather than the air/water flow. It further affects both the density and 

Fig. 10. Typical air/water interface fluctuations, PDF and PSD under JLD = 0.08 m/s with respect to the air flow rate change at x/Lh = 1.  

A.H. Astyanto et al.                                                                                                                                                                                                                            



Nuclear Engineering and Design 404 (2023) 112179

11

Fig. 11. Typical air/water interface fluctuations, PDF and PSD at JLD = 0.08 m/s and JG = 13.3 m/s with respect to the measurement location.  

Fig. 12. The (a) average; (b) standard deviation of the liquid film thickness at JLD = 0.08 m/s on various air discharges and locations.  
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viscosity of the flow medium, respectively. Due the higher kinematic 
viscosity of the flow medium during the air/water flow, the higher 
interface fluctuation is then obtained. It results in the higher fluctuation 
obtained by the air/water flow. This phenomenon is in an agreement 
with the result which was previously reported by Kinoshita et al. (2011), 
and also Prayitno et al. (2012). In addition, due to the larger wall fric
tion, the intensification of the slug was reported to increase with the 
decrease of the liquid viscosity (Utanohara et al., 2012). 

3.3. Wavelet decomposition 

In this investigation, a type of DWT, i.e. Daubechies 4 (db4), as 
previously also utilized by a number of researchers (Elperin & Klochko, 
2002; Jana et al., 2006; Zhang et al., 2010; De Kerpel et al., 2015; 
Morshed et al., 2020; Catrawedarma et al., 2021a; Catrawedarma et al., 
2021b; Wijayanta et al., 2022; Astyanto et al., 2022a) was employed to 
decompose time-series signals of the fluctuations of interface into five 
(5) levels with different frequency bands. Fig. 15 provides an exemplary 
typical decomposition at JLD = 0.08 m/s and JG = 13.3 m/s at the 
measurement location closest to the bend region, x/Lh = 1. In the figure, 
detail D1 corresponds to the highest frequency band with the smallest 
time-scale, while D2, D3, D4, and D5 obtain the lower frequency bands 
with higher time-scales, respectively. On the other hand, approximation 
A5 represents the largest-scale approximation with the smallest band of 
frequency. Thus, as proposed by Astyanto et al. (2022a) and also 
Catrawedarma et al. (2021a), as well as Jana et al. (2006), the 
approximation of signals, A5, may be investigated further to reveal the 
fluctuation characteristics due to the wave movements of the continuous 
interface. 

A typical approximation and detail of the wavelet decomposition 
under the flow condition of JLD = 0.08 m/s with respect to the change of 
the air flow rate at the measurement location closest to the bend region, 
x/Lh = 1, is shown in Fig. 16. The figure reveals that as the air flow rate 
increases from JG = 10.8 m/s to JG = 11.8 m/s, the larger amplitudes of 
the fluctuations of both the A5 and D1, respectively, are obtained as 
shown in columns (a) and (b). Here, the maximum wavelet variance, 
representing the fluctuation energy, shifts from a higher to a lower 
frequency band as can be seen in column (c). Further increase in air 
discharge from JG = 11.8 m/s to JG = 13.3 m/s exhibits a slight decrease 
on both the approximation and detail as depicted in columns (a) and (b), 
without being followed by a shifting of the frequency band of maximum 
energy as can be seen in column (c). Additionally, two trends of wavelet 
energy distribution as also shown in column (c) are obtained. They 
correspond to the different wavy interfacial characteristics during the 
flow. Before CCFL, the wavelet energy is distributed from D1 to D5 in 
which it obtains the highest variance in D3. It seems to correspond to the 
largest fluctuation energy which is obtained from the occurrence of 
either the large waves or the roll waves. On the other hand, when the 
inception of flooding is reached, the wavelet energy obtains a gradual 
increase from D1 to A5. It represents the largest fluctuation energy ob
tained from the liquid blockage which has a small frequency occurrence. 

Fig. 17 depicts typical approximations, details and wavelet energy 
distributions under the flow condition of JLD = 0.08 m/s and JG = 13.3 
m/s with respect to the measurement location. From the figure it is 
noticed that the closer the location to the bend, the higher the fluctua
tion’s amplitude of both the approximation and the detail as depicted in 
columns (a) and (b), respectively. The possible reason of the corre
sponding phenomenon is that as confirmed also by the visualization 

Fig. 13. Typical interface fluctuations, PDF and PSDF under JLD = 0.16 m/s and JG = 5.7 m/s at x/Lh = 1 for the air/water and steam/water flows.  

Fig. 14. The (a) average; (b) standard deviation of the liquid film thickness under the flow condition of JLD = 0.16 m/s and JG = 5.7 m/s with respect to the 
measurement location for the air/water and steam/water flows, respectively. 
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Fig. 15. Typical wavelet decomposition at JLD = 0.08 m/s and JG = 13.3 m/s at x/Lh = 1.  

Fig. 16. Typical approximation, detail and wavelet variance of the water level fluctuations at JLD = 0.08 m/s with respect to the air flow rate change at x/Lh = 1.  
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Fig. 17. Typical approximation, detail and energy distribution of the water level fluctuations at JLD = 0.08 m/s and JG = 13.3 m/s with respect to the measure
ment locations. 
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through video recording, approaching the bend, waves perform higher 
frequency due to the increase of the frictional force on the fluid inter
face. Besides, a recirculated region may be formed near the bend as a 
result of geometrical effect. In addition, a similar distribution trend of 
the wavelet variance as can be seen in column (c) corresponds to the 
relatively identical wave movements that occur during the flow. During 
the partial delivery regime, the wavelet variance obtains a gradual in
crease from D1 to A5. Moreover, Fig. 18 shows typical approximations, 
details and distribution of wavelet variance at JLD = 0.16 m/s and JG =

5.7 m/s at x/Lh = 1 for both air/water and steam/water flows, respec
tively. A close observation of the figure reveals that the air/water flow 
obtains higher amplitude of the fluctuations for both the approximation 
and the detail as shown in columns (a) and (b). Moreover, the wavelet 
variance tends to increase from the higher to the lower frequency bands. 
Here, the variance distribution reveals that the steam/water flow ob
tains a higher frequency but with a smaller magnitude on its maximum 
variance rather than the air/water flow. 

In addition, Fig. 19(a) describes characteristics of the approxima
tions at JLD = 0.08 m/s at various measurement locations with respect to 
the change of the air velocity. It further corresponds to the wave dy
namics which are obtained when the air discharge is stepwise increased. 
From the figure it is revealed that JG = 10.8 m/s obtains a slight increase 
in the wavelet energy while its location shifts closer to the bend region. 
Hence, at both JG = 11.8 m/s and JG = 13.3 m/s, the wavelet energies 
tend to decrease while their location shifts closer to the bend area. The 
previous findings may reveal that the air flow rate obtains either 
unconcluded or unclear effects on the interfacial wave movements. 
Fig. 19(b) depicts another characteristic of the approximations under 
the flow condition of JLD = 0.16 m/s, JG = 5.7 m/s at x/Lh = 1 for both 
air/water and steam/water flow, respectively. They represent the 
interfacial wave movements which are obtained with respect to the 
system pressure change due to the different gaseous utilized. 

Moreover, Fig. 19(b) implies that in both air/water and steam/water 
flows, the wavelet energy decreases as the location is closer to the bend 
region. Despite the system pressure having strong effects on the gas 
density, the fluctuation energy obtains a similar trend with the increase 
of the system pressure. It then reveals that the system pressure does not 
significantly change the characteristics of the wave movements. This 
finding is further in a partial agreement with Vallée et al. (2012a), as 

well as Ohnuki (1986), who reported that there were not essential dif
ferences observed during investigations for both air/water and steam/ 
water CCF. Moreover, during this partial delivery, the increase of system 
pressure at a constant gas flow may result in more water to flow counter- 
currently with the gas, while a slightly increase in the system pressure 
occurs during the zero liquid penetration (Lucas et al., 2017). 

3.4. Chaotic entropy 

A chaotic analysis enables the investigation of the degree of unpre
dictability of a two-phase flow system due to the disturbances during the 
growth rate, in which a low entropy represents a regular information, 
while a higher entropy corresponds to the chaotic characteristics of a 
system (Catrawedarma et al., 2021a). The Kolmogorov entropy which is 
expressed in term of bits/second correlates the information loss during 
both an average time-cycle and real time (Johnsson et al., 2000). A non- 
linear analysis of the signal entropy during the determination of the flow 
regime behavior was successfully reported by Jin et al. (2003). Besides, 
the investigation of information loss rate of the pressure fluctuation 
signal to detect transition points of the internal-loop airlift reactor was 
proposed by Zhang et al. (2010) through this entropy calculation. 
Furthermore, another measurement of the degree of unpredictability by 
using the Kolmogorov entropy was reported by Catrawedarma et al. 
(2021a) to investigate the effect of the gas discharge on the flow en
tropy. Currently, during the horizontal co-current stratified flow, the 
fluid physical properties was investigated to affect the flow entropy due 
to the stabilizing effect (Wijayanta et al., 2022) while the flow entropy 
corresponding to the randomly obtained characteristics due to the 
change of liquid velocity during gas/liquid CCF on a small-scale PWR 
hot leg geometry was also briefly assessed (Astyanto et al., 2022a). 

In the present investigation, the Kolmogorov entropy of the fluctu
ations of interface at JLD = 0.08 m/s with respect to the air flow rate 
change and the measurement locations is depicted in Fig. 20(a). From 
the figure it is revealed that both JG = 11.8 m/s and JG = 13.3 m/s 
obtain a similar trend. Here, the entropy slightly decreases with a 
relatively small fluctuation while the location is closer to the bend re
gion. Furthermore, the lowest air flow rate, JG = 10.8 m/s, despite its 
tendency to decline along the location is closer to the bend, the flow 
obtains a larger fluctuated entropy in comparison to the others. 

Fig. 18. Typical approximation, detail and wavelet variance of the water level fluctuations under the flow condition of JLD = 0.16 m/s and JG = 5.7 m/s at x/Lh = 1 
for air/water and steam/water flows. 
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However, the figure also exhibits that this air flow rate obtains the 
highest entropy at the entire measurement locations. It later seems to 
correspond to the highest chaotic level with respect to the air discharge. 
From the visualization, it can be observed that during this flow condi
tion, the air/water interface obtains a stable-wave performing a higher 
frequency due to the increase of the frictional force on the air/water 
interface during its location closer to the bend region. Here, there is also 
observed that the fluctuations in the water level due to deceleration of 
water flow are very smooth. 

A further increase of the air flow rate leads to the increase on the 
friction of the air/water interface causing the water to decelerate, and 
the water level to rise in the horizontal section with a wavier interface. 
The air flow is thus accelerated, due to either the rise of water level or 
the wave in which its amplitude grows and results in the free cross- 
sectional area for the air flow to decrease. In the next second moment, 
the wave grows larger in size and develops into a roll wave due to 
interface disturbances caused by the air flow. This roll wave later ini
tiates a water blockage in the transition area closer to the bend region. 
On the other hand, a further increase in air velocity increases the slug
ging’s intensity. Physically, the phenomenon of slug-churn flow in the 
riser is strongly identified due to the narrowing of the airflow cross- 
section during the flooding. Moreover, it accelerates the air on the 
wave’s surface, and causes the liquid slug to break into dispersed both 
bubbles and droplets. Al Issa & Macian (2014), through a detailed visual 
observation, reported that at the bend region both the turbulence and 
chaotic change of resistance was possibly obtained during the occur
rence of CCFL due to the large blockages of the air path. Therefore, the 

present phenomenon may also be empirically correlated to the result 
obtained by Catrawedarma et al. (2021) who reported that the effect of 
the gas discharge on the entropy was very complicated due to different 
dynamic behaviors which are obtained by each of the flow regimes. 

In addition, a typical Kolmogorov entropy characteristic of the 
interfacial fluctuations at JLD = 0.16 m/s and JG = 5.7 m/s for both the 
air/water and steam/water flows, respectively, is depicted in Fig. 20(b). 
From the figure it is noticed that both the air/water and steam/water 
flows obtain fluctuated trends. Here, the air/water flow obtains a higher 
entropy rather than the steam/water flow. A close visual observation 
reveals that the increase in the water level along x/Lh = 0.53 – 1 is 
clearly seen in which the formation of a roll wave triggers the initial 
liquid blockage which reaches the top wall. Meanwhile, for steam/water 
flow at 10 bars of the system pressure, it is also revealed that a similar 
mechanism is obtained in which a wavy flow starts, and grows up into a 
roll wave and creates blockage along the entire cross-sectional area of 
the conduit. Thus, the possible reason for this phenomenon is that since 
the steam/water flow correlates a higher pressure rather than the air/ 
water flow, it further affects to both the density and viscosity of the flow 
mediums, respectively. Therefore, here a higher entropy seems to 
represent a higher fluctuation which is obtained by the air/water flow in 
which the higher the liquid viscosity, the larger the fluid resistance from 
internal forces acting to stabilize the interface fluctuation rather than 
the steam/water flow in which its lower viscosity exhibits a smaller 
stabilizing effect. This phenomenon is in an agreement to the results 
which were previously reported by Prayitno et al. (2012), and also 
Wijayanta et al. (2022). 

Fig. 19. The approximation of the energy fluctuation at (a) JLD = 0.08 m/s with various air discharges; (b) JLD = 0.16 m/s and JG = 5.7 m/s with various sys
tem pressures. 

Fig. 20. The Kolmogorov entropy with respect to (a) the gas flow rates; (b) the system pressures at various measurement locations.  
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4. Concluding remarks 

A study was conducted to identify the behaviors of interface which 
are obtained by an image processing technique to the visual data during 
gas/liquid CCF on a large scale PWR hot leg. Statistical characterizations 
comprising time and/or frequency-domain analysis were carried out, 
and also embedded with its chaotic entropy to elaborate the behaviors of 
interface. Several remarks to be concluded are noticed as follows:  

1. The flooding mechanisms are started with the appearance of waves 
which develop in size with the time along with the gradual increase 
of the gas flow rate, and later turn into roll waves and develop into a 
water blockage in the horizontal section close to the bend region. 
Here, the water level tends to rise with the location shifting closer to 
the bend region. As a result, the gas accelerates and generates roll 
waves. As the time proceeds, the waves become unstable with respect 
to the location, and break up into droplets which are carried upward 
to the riser to the SG separator tank by either the gas. The breaking of 
the roll wave due to the friction indicates CCFL. A further increase in 
gas discharge causes intensification of the water blockage. 

2. The higher the pressure of system, the higher the frequency occur
rence of slugging, while the injected gas flow rate obtained a 
different trend. However, the flooding mechanisms for both air/ 
water and steam water flow obtain no significant difference. More
over, both the air/water flow at 1 bar, and steam/water flow at 10 
bar of the system pressures reveal that CCFL occurs in the horizontal 
region.  

3. At high liquid flow rate, the wavelet variance, representing the 
fluctuation energy of signals, tends to decline as the location is closer 
to the bend. Both the air/water and steam/water flows exhibit the 
same trend. Before CCFL, the interface fluctuations remain smooth in 
which the wavelet variance distributes from the highest to the lowest 
frequency band. As CCFL is reached and followed by partial delivery, 
the regime is further characterized by fluctuations in the frequency 
and the occurrence of large wavy interfaces. Here, the wavelet 
variance gradually increases from the highest to the lowest frequency 
band.  

4. The Kolmogorov entropy enables to correlate the stabilizing effect 
due to the fluid resistance which corresponds to either the system 
pressure or the fluid physical properties. 
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Zapke, A., Kröger, D.G., 1996. The influence of fluid properties and inlet geometry on 
flooding in vertical and inclined tubes. International Journal of Multiphase Flow 22 
(3), 461–472. https://doi.org/10.1016/0301-9322(95)00076-3. 

Zhang, W.H., Li, H., Li, X., 2010. Identification of regime transitions in an inner-loop 
airlift reactor using local bubble-induced pressure fluctuation signals. Chemical 
Engineering Journal 162 (1), 296–300. https://doi.org/10.1016/j.cej.2010.04.038. 

A.H. Astyanto et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0029-5493(23)00028-6/h0105
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0105
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0110
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0110
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0110
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0110
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0115
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0115
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0115
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0115
https://doi.org/10.1016/j.flowmeasinst.2010.04.006
https://doi.org/10.1007/s00348-002-0415-x
https://doi.org/10.1007/s00348-002-0415-x
https://doi.org/10.1016/j.nucengdes.2004.11.002
https://doi.org/10.1016/j.nucengdes.2004.11.002
https://doi.org/10.1016/s0301-9322(97)00027-x
https://doi.org/10.1016/j.ces.2012.08.042
https://doi.org/10.1016/j.ces.2012.08.042
https://doi.org/10.1016/j.ijmultiphaseflow.2012.12.007
https://doi.org/10.1016/j.expthermflusci.2019.01.021
https://doi.org/10.1016/j.ces.2005.09.001
https://doi.org/10.1016/S0955-5986(03)00022-0
https://doi.org/10.1016/S0955-5986(03)00022-0
https://doi.org/10.1016/S0301-9322(99)00028-2
https://doi.org/10.1016/S0301-9322(99)00028-2
https://doi.org/10.1299/jpes.5.316
https://doi.org/10.1016/j.nucengdes.2015.07.007
https://doi.org/10.1016/j.nucengdes.2015.07.007
https://doi.org/10.1016/j.nucengdes.2017.07.032
https://doi.org/10.1016/j.nucengdes.2020.110645
https://doi.org/10.1016/0029-5493(93)90058-H
https://doi.org/10.1016/0029-5493(93)90058-H
https://doi.org/10.1080/18811248.2010.9711938
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0200
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0200
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0200
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0200
https://doi.org/10.3390/app10093272
https://doi.org/10.1016/j.nucengdes.2005.02.010
https://doi.org/10.1016/j.ijmultiphaseflow.2010.04.007
https://doi.org/10.1016/j.ijmultiphaseflow.2010.04.007
https://doi.org/10.1080/18811248.1986.9734975
https://doi.org/10.1016/j.nucengdes.2005.12.001
https://doi.org/10.1016/j.nucengdes.2005.12.001
https://doi.org/10.1016/S0029-5493(99)00005-9
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0235
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0235
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0235
https://doi.org/10.1016/j.expthermflusci.2020.110203
https://doi.org/10.1016/j.expthermflusci.2020.110203
https://doi.org/10.1016/j.nucengdes.2019.110446
https://doi.org/10.1016/j.expthermflusci.2015.10.008
https://doi.org/10.1016/j.expthermflusci.2015.10.008
https://doi.org/10.1016/j.nucengdes.2011.05.041
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0260
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0260
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0260
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0260
https://doi.org/10.1016/j.nucengdes.2012.01.001
https://doi.org/10.1016/j.flowmeasinst.2017.12.015
https://doi.org/10.1016/j.flowmeasinst.2021.102107
https://doi.org/10.1016/j.ijmultiphaseflow.2022.104300
https://doi.org/10.1016/j.ijmultiphaseflow.2022.104300
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0285
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0285
http://refhub.elsevier.com/S0029-5493(23)00028-6/h0285
https://doi.org/10.1016/j.nucengdes.2010.08.016
https://doi.org/10.1016/j.nucengdes.2010.08.016
https://doi.org/10.1016/0301-9322(95)00076-3
https://doi.org/10.1016/j.cej.2010.04.038

	Statistical characterization of the interfacial behavior captured by a novel image processing algorithm during the gas/liqu ...
	1 Introduction
	2 Research methodology
	2.1 Outline of experimental apparatus and procedures
	2.2 Outline of image processing and data analyses procedures

	3 Results and discussions
	3.1 Flooding mechanisms
	3.2 Time and frequency domain analyses
	3.3 Wavelet decomposition
	3.4 Chaotic entropy

	4 Concluding remarks
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References




