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ARTICLE INFO ABSTRACT

Keywords: To promote the safety of the nuclear reactors, numerous authors have carried out investigations of gas/liquid
PWR hot leg counter-current two-phase flow in order to understand the characteristics during the inception of flooding or
CCFL

CCFL. The present work covers an experimental and analytical study on the effect of liquid properties on CCFL
characteristics in a complex geometry representing 1/30 scaled-down version of a German-Konvoi PWR hot leg.
The obtained results reveal that the gas velocity to initiate the flooding monotonically decreases with the in-
crease of the liquid velocity. At high liquid flow rates, it is noticed that with the increase of glycerol percentage,
the gas flow rate needed to initiate the flooding significantly decrease due to either the increase in liquid vis-
cosity or the decrease in corresponding surface tension. Here under the same flow condition, the flooding is
initiated faster by the higher glycerol percentage. Moreover, instead of the well-known Wallis superficial ve-
locity, the Kutateladze-type parameter or a combination of the Wallis parameter and liquid property numbers by
Zapke & Kroger (1996) which were previously proposed by numerous authors to investigate the effects of liquid
properties on CCFL characteristics, a modified non-dimensional Wallis parameter combined with the inverse
viscosity number introduced by Ma et al. (2020) is found herein to more accurately correlate the present
experimental data. Through a dimensional similarity analysis, a new empirical correlation reveals that the liquid
Froude number is the greatest determinant of CCFL characteristics with respect to the effect of the liquid
properties.

Liquid properties
Dimensional analysis

condensate flows back through the hot leg to the RV, counter-currently
with the steam. As the density of the condensate is higher than that of
the steam, a stratified layer occurs in the hot leg in which the condensate
is underneath the steam.

The counter-current flow of steam and condensate is stable only for
certain ranges of the fluid flow rates. Once the gradually increasing
steam flow rate exceeds, a maximum velocity to maintain counter-
current flow, the onset of flooding, which is also known as counter-
current flow limitation (CCFL), occurs. A further increase of the steam
flow rate causes the vapor-liquid interface to be unstable. The conden-
sate is partially entrained, and these entrained droplets may reverse flow
direction to travel co-currently with the steam. Additional increase of
the steam flow rate results can cause complete flow reversal of the liquid

1. Introduction

In a hypothetical scenario during the operation of pressurized water
reactor (PWR) power plant, which is widely known as small break loss-
of-coolant-accident (SBLOCA), vaporization takes place due to depres-
surization of the coolant water in the reactor primary circuit. This
saturated steam due to depressurization along with steam due to core
decay heat flow from the reactor vessel (RV) into the steam generator
(SG) via a channel, namely hot leg. In a type of German-Konvoi PWR,
this conduit comprises a horizontal pipe and an inclined pipe connected
by an elbow. A fraction of the steam condenses in the U-tube steam
generator tubes, and under the action of gravity, the generated
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Nomenclature

Symbols

Jx Phase superficial velocity (m/s)

JK Phase Wallis parameter (-)

Px Phase density (kg/m3)

e Phase dynamic viscosity (kg/m.s)

o1 Liquid surface tension (N/m)

Rex Phase Reynolds number (-)

Kug Phase Kutateladze number (-)

Weg Phase Weber number (-)

g Gravitational acceleration (m/s%)

D Channel diameter (m)

R? Coefficient of determinant (-)

7 Liquid property parameter (-)

N Inverse viscosity number (-)

Bo Bond number (-)

Frx Phase Froude number (-)

Wy Modified Wallis parameter combined with inverse
viscosity number (-)

phase and water cannot return to the RV (Deendarlianto et al., 2012).

Due to the importance of comprehensive knowledge of the critical
conditions leading to CCFL, the present works investigates the effect of
liquid properties on CCFL characteristics through extensively experi-
mental database to assess the significance of non-dimensional groups
employed for CCFL correlation. An empirical correlation to predict the
flooding gas velocity in the corresponding geometry incorporating the
effect of liquid properties is also addressed in conjunction with theo-
retical modeling to develop necessary and sufficient groups of non-
dimensional numbers to correlate the CCFL. However, since the flow
conditions that impede natural circulation limit the adequate core
cooling under postulated accident in light water reactor systems,
comprehensive knowledge of flooding phenomenon is of interest and
essential for establishing appropriate accidental management strategies
(Vierow et al., 2015). Therefore, an extensive understanding of the role
of liquid property allows for better accuracy in analysis to promote
extended operation and improve the reactor safety (Deendarlianto et al.,
2010).

1.1. Previous research on CCFL and fluid properties

Over the years, a large number of studies on counter-current flow
have been conducted to understand the fundamental aspects of CCFL
mechanisms and characteristics in accordance with the safety design of
nuclear reactors. Extensive research data, particularly on the basis of
experimental investigations, have been tabulated and acquired under
diverse conditions. The conditions are imposed either by the test section,
i.e., geometrical aspects governing the CCFL, or the interfacial behaviors
due to the test condition, i.e., applied flow parameters (Murase et al.,
2012). In addition, the influence of the fluid properties on CCFL char-
acteristics have been also investigated, but has received less attention.
Fluid property studies include the effects of the fluid viscosity (Clift
et al., 1966; Suzuki & Ueda, 1977; Zapke & Kroger, 1996; Ghiaasiaan
et al., 1997; Mouza et al., 2003; Kinoshita et al., 2011; Prayitno et al.,
2012; Kusunoki et al., 2015) as well as the influences of the liquid sur-
face tension (Deendarlianto et al., 2004; 2010; Ousaka et al., 2006;
Kinoshita et al., 2011) on the CCFL characteristics. Furthermore, those
accumulated data have also resulted in the developments of empirical
correlations covering various parameters to predict CCFL (Deendar-
lianto et al. 2012).

Regarding the effect of the liquid viscosity, the earliest experimental
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study to measure the flooding gas velocities in wetted wall columns was
reported by Clift et al. (1966). Water and aqueous glycerol solutions
were utilized as the test liquid during the experiment while air was
employed as the gaseous phase. Water-glycerol solutions were employed
because the viscosity could be specified while maintaining a fluid with
Newtonian behavior. The wetted wall columns were comprised of two
Perspex tubing, 31.75 mm of diameter and 1.83 in length. Next, Suzuki
& Ueda (1977) examined the liquid film behaviors during CCFL in a
vertical pipe. The test section was made from transparent acrylic with
28.8 mm of diameter and 1.83 m of length. To measure the maximum
thickness of the liquid film, a contact probe was employed which was
acquired by 1 kHz of a sampling rate. Moreover, the interaction between
waves on liquid film and air stream was further taken into account
during the CCFL characterizations.

Subsequently, Zapke & Kroger (1996) carried out an experimental
investigation on the effect of fluid physical properties on the CCFL
characteristics. Here, a 30 mm inner diameter pipe made of transparent
acrylic was utilized as the test section. The air, argon, helium and
hydrogen were utilized as the gaseous phase, while water, methanol,
isopropanol and aqueous methanol solutions were the tested liquids. To
correlate the obtained experimental data, an improved CCFL empirical
model was proposed. Moreover, a series experimental study on the in-
fluence of fluid properties was conducted to identify the flow pattern
through pressure drop characteristics in rectangular conduits (Zapke &
Kroger, 2000a). The tested fluids also utilized water, methanol, prop-
anol as the liquid phase while air, helium, hydrogen and argon were
used as the gaseous phase. In addition, the validity of the Froude-
Ohnesorge parameter representing the CCFL characteristics was
assessed using several previously results by a number of authors (Zapke
& Kroger, 2000b). Here, the general validity of the non-dimensional
groups was also exhibited by utilizing several previous reports.

Another steady-experimental investigation on the hydrodynamic
characterizations on the effects of liquid properties on both vertical and
inclined counter-current two-phase flow was carried out by Ghiaasiaan
et al. (1997). The test section was a transparent acrylic pipe with 1.9 cm
of inner diameter and 2 m of channel length of pipe. Several water-based
solutions comprised of demineralized water, mineral and paraffinic oils
were employed as the liquid medium while air was utilized as the
gaseous phase. On the other hand, Mouza et al. (2003) investigated the
effect of liquid properties on CCFL in inclined small diameter pipes.
Here, the tested liquids were water and kerosene, while air was utilized
as the gaseous phase. Furthermore, the characteristics of the liquid film
were taken into account on the interpretation of the obtained flooding
data, in which the superficial Reynolds numbers were divided into
several distinct ranges describing different observed phenomena ob-
tained during the experiment. Of interest to the current work, Drosos
et al. (2006) reported an experimental investigation of the effect of
liquid properties on CCFL under relatively low liquid Reynolds numbers.
The test section was a rectangular duct with a 70 cm high and 12 cm
wide made of a Plexiglas material. An amount of air was employed as the
gaseous phase while the liquid was varied by the percentage of butanol.
In this study, the test liquid with the highest concentration of glycerol
will be shown to have a low Reynolds number and a distinct CCFL trend.

Exhibiting specific attention on the effect of the liquid surface ten-
sion, an investigation of the flow patterns and CCFL characteristics in an
inclined pipe was reported by Deendarlianto et al. (2004). The channel,
made of transparent acrylic, was 16 mm in diameter and 5.5 m in length.
Water-based solutions were employed as the liquid phase whereas air
from compressor was utilized as the gaseous phase. A type of surfactant,
namely oleic acid natrium, was employed to obtain three variations of
the liquid with different surface tension without altering the other
properties, i.e. the density and viscosity. Three pairs of liquid holdup
array probes were employed by constant electric current method. The
obtained experimental data were plotted as flow pattern maps
comprising the CCFL in terms of the superficial velocity, Wallis
parameter, Froude-Ohnesorge number, and also Webber number
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Figure 1. The schematic diagram of the experimental apparatus (a) and test section (b).

comprising both the liquid and gaseous phase, respectively. Further-
more, the wave breakdown location, well known as the locus was pro-
posed through both visualization and signal processing of the time
variation of liquid-holdup as partial flooding characteristics (Deendar-
lianto et al., 2010). In addition, Ousaka et al. (2006) proposed a new
correlation to predict the flooding gas velocity which was developed on
the basis of the obtained experimental data considering the effect of
surface tension as a part of fundamental parameters on the flooding gas
velocity.

Due to the fact that varying a certain fluid property without altering
other properties is a problematic aspect during the experiment in which
a small variation in the remaining properties may causes another
considerable effect, several authors decided to conduct their flooding
experiments considering the influence of both the viscosity and surface
tension of the medium liquid. Here, Kinoshita et al. (2011) carried out
both numerical and experimental studies which were focused on the
effects of liquid properties on the CCFL characteristics in a scaled-down
model of a PWR hot leg. A pipe with 50 mm of cross section diameter and
430 mm of horizontal length representing a 1/15-scale model of the
German-Konvoi hot leg was utilized as the test section. The glycerol-
water solutions were employed as the liquid phase while air was used
as the gaseous phase. Furthermore, a numerical based study was also
embedded to support the investigation on the interfacial drag coefficient
dynamics caused by the change of the liquid viscosity towards the CCFL
characteristics. On the other hand, Prayitno et al. (2012) conducted an
experimental investigation on the effect of liquid properties on CCFL
characteristics in nearly horizontal channels. The test section utilized a
50 mm inner diameter tube that was 1.1 m in length and made of a
transparent acrylic material. On the other hand, various water-based
solutions, comprised of glycerol and butanol, were employed as the

liquid phase while the gaseous phase utilized air from a compressor. The
obtained data were plotted in CCFL curves in terms of phase superficial
velocity, phase Wallis velocity and also modified Wallis parameter
which was also previously employed by Zapke & Kroger (1996).

From the above literature surveys, extensively dedicated experi-
mental data of the hot leg geometries have been carried out utilizing
various scale models. We further notices that the obtained data have
been being correlated due to the different aspects between the test fa-
cilities and the real PWR conditions. However, the conditions of those
facilities may also differ one from another. Here, a large number of
authors reported using atmospheric pressure during their experiments,
whereas, the real primary circuit engages at higher system pressures.
Consequently, this discrepancy in the pressure condition affects the
physical properties of the medium fluids. The higher the pressure, the
larger the viscosity, and the smaller the surface tension of the saturated
water. Therefore, from the aforementioned surveys, it is revealed that
CCFL characteristics depend on the liquid properties. Subsequently, it is
strongly recommended that those extensive data should be reassessed
given the significance of non-dimensional groups employed for general
correlation (Mouza et al., 2003) due to insufficient data taken under
prototypical conditions leading to CCFL that still exists in the literatures
(Drosos et al. 2006).

A number of authors have proposed various non-dimensional groups
to correlate the flooding data even though they only correlate their own
data without assessing applicability of the correlations to the other au-
thors data (Zapke & Kroger, 2000b). Therefore, a comprehensive cor-
relation that accounts for all of the aforementioned effects during the
counter-current flow should be pursued to engage those effect of fluid
properties change (Kinoshita et al., 2011). A large number of correla-
tions to predict the CCFL have also been proposed, but most include
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considerable uncertainties which indicates the limitations of those cor-
relations (Prayitno et al., 2012).

Assessment of the state of knowledge of CCFL from the myriad of past
studies reveals that correlation developments on the basis of experi-
mental data to predict the flooding gas velocity is of considerable
importance since a predictive capability for CCFL requires an extensive
experimental data base (Siddiqui et al., 1986). The developments of
necessary and sufficient groups of non-dimensional numbers to correlate
the CCFL data must be pursued in conjunction with theoretical modeling
(Deendarlianto et al., 2010).

To the authors’ knowledge, empirical correlations to predict the ef-
fect of liquid properties on the flooding gas velocity are limited to a
straight geometry covering either inclined or vertical conduit. Complex
geometries representing models of PWR hot leg receive still smaller
attention. Therefore, the present work also addresses an empirical cor-
relation development to predict the flooding gas velocity during
counter-current flow in a 1/30 scaled-down model of a PWR hot leg
incorporating the effect of liquid properties.

2. Experimental apparatus and procedures

The present work covers an experimental study on the effect of liquid
physical properties on the CCFL in a geometry representing PWR hot leg.
The experiment facility has been developed in the Fluid Mechanics
Laboratory of Universitas Gadjah Mada, Indonesia. It supports the ex-
periments utilizing 1/30 scaled-down model of the German Konvoi type
of hot leg with a circular cross section. The continuous development is
during a multiphase flow research framework which has previously
covered several investigations on counter-current flow investigations on
the basis of both signal and image data processing (Badarudin et al.,
2016; Badarudin et al., 2018a; Badarudin et al., 2018b; Astyanto et al.,
2021a; Astyanto et al., 2021b; Astyanto et al., 2022). Instead of PVC
pipe, elastic rubber materials for the hoses are utilized in order to
minimize the risk of leaking in both the liquid and gas supply systems.
Thanks to the efforts, it also still delivers a relatively constant reading
liquid flow rate into SGs as good as using the previous.

Moreover, the facility provides three liquid outlet from the upper
liquid container. Therefore, every outlet is connected to a single water
supply channel with a control valve installed. On the other hand, an
outlet is also provided for liquid bypass to fasten the cycle time in the
experimental running. Subsequently, instead of a conventional stop-
watch, a time application (operated by android phone) enhanced with
voice notes was applied. The timer installed on the smartphone was
organized at the background so the times are able to be captured and
included during the video recording. It pursues the chance to verify the
delay between the signal and video recording through the visualizations.
To optimize the lighting, beside the background, a spotlight at about 45
degrees of its direction to the test section was added. This enhances more
the lighting intensity for visualization purpose in flow observations.

Furthermore, the prepared test section comprises the combination of
a horizontal and an inclined channel which is connected by an elbow.
The diameter of the test section is 25.4 mm, while the length of the
horizontal and inclined pipe are 635 mm and 100 mm, respectively, with
135° of an inclination angle. They were made of transparent acrylic
resin. Figure 1(a) diagrammatically depicts the experiment facility
reproducing the primary circuit of the PWR, a completely similar
arrangement of experimental apparatus previously utilized by Astyanto
et al. (2022) to investigate the statistical characterization of the inter-
face fluctuations, while Figure 1(b) shows the test section.

The present experimental facility comprises both the main compo-
nents and also supply system of the working fluids, a gas and a liquid.
The main components contain a hot leg model exhibiting parallel wire
array probes, a steam generator (SG) simulator and also a reactor vessel
(RV) simulator. Ten pairs of silver plated copper wire with 0.4 mm and 5
mm in diameter and gap, respectively, are positioned normally to the
liquid flow. Each pair exhibits a distance of 20 mm, and were installed to
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Table 1
Fluid physical properties obtained by in-house measurements
Fluid Index  Density Dynamic Surface
(kg/m3) viscosity (kg/m. tension (N/
s) m)
Air - 1.15 1.87x10° -
Distilled water DW 977.34 7.97x10™ 0.072
Distilled water + G25 1030.19 17.17x10™* 0.066
25%wtGlycerol
Distilled water + G40 1058.13 31.67x10* 0.064
40%wtGlycerol
Distilled water + G50 1088.52 54.23x10°* 0.062
50%wtGlycerol
Distilled water + G60 1126.34 95.72x10™* 0.058
60%wtGlycerol
Table 2
Typical instrumentation
Instrument Type Specification
Gas flowmeter Dwyer RMA 0-70 lpm (4% measurement error)
Liquid flowmeter Dwyer RMB 0-20 gph (3% measurement error)
PT Validyne P55D 86 kPa (0.25% measurement error)
Validyne P55D 54 kPa (0.25% measurement error)
DAQ Advantech 4716AE 200 kS/s; 16-bit; 16 channels
HSVC Phantom Miro LAB310 3200 fps at maximum resolution

measure the interface fluctuations along the horizontal pipe. The SG
simulator as well as the hot leg model were constructed from transparent
acrylic. It aims to allow both the visual and optical observations during
the investigation of the flow phenomena, directly, or by capturing the
video image by the camera recorder. Meanwhile, the RV simulator was
made from transparent glass. This coincides to visual observations to-
ward the water level inside the RV simulator. Besides, a relatively thick
glass material is intended to establish an appropriate strength vessel to
prevent it from damage causing by the pressure during the experiments.
Moreover, the detailed geometries of those main components are pro-
vided by Astyanto et al. (2022).

The flooding experiments were carried-out using air and five tested
liquids as the fluid media. The liquid was varied by the concentration of
glycerol. The temperature and pressure of the liquid corresponded to
ambient conditions, and the relevant physical properties are given in
Table 1. From the table it can be noticed that the effect of the glycerol
concentration on liquid properties is primarily on the viscosity. Density
changes by less than 15% and surface tension by less than 20% between
pure distilled water and distilled water with the maximum glycerol
concentration of 60%wt. The viscosity changes by about 120%, there-
fore dominating the effect of fluid property variations.

Dwyer model RMB flow meters were employed to measure the liquid
flow rate at the liquid supply system. The calibration of the liquid flow
meters was conducted by measuring the volume of liquid passed in a
certain time range. The present method of the liquid flowmeter was
previously employed by Clift et al. (1966). Dwyer model RMA flow
meters were employed to measure the air flow rate at the gas supply
systems. The air flow meters were calibrated by passing the air flow
through the merit while another standard air flowmeter was connected
in order to correlate the reading flow rate. The previous method was
early employed by both Clift et al. (1966) and also Deendarlianto et al.
(2011). Table 2 provides the description of the measurement in-
strumentations and their error reading which were used during the data
tabulation.

The experiment is described as follows. An amount of liquid was
pumped from the lower tank (LT) to the supply tank (ST) by using a
pump. From the ST, due to the gravity acceleration, downwardly the
liquid flows through a selected conduit, and filled the SG simulator. The
liquid flow rate was adjusted using a control valve while its magnitude
was read from the flowmeter which was installed on the supply pipe
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system. In a meantime, air from a compressor was introduced from RV
simulator through the test section. To adjust the pressure and the gas
mass flow rate, an air pressure regulator, ensuring unperturbed air flow
(Choi & No, 1995), and air flowmeters were utilized, respectively. Here,
the gas flow rate was controlled by the flowmeter’s tuner which were
parallel installed in the gas supply system.

The flooding experiments were carried out by adjusting and keeping
the liquid flow rate as a constant variable, while the gas flow rate was
stepwise increased with a small increment within the point in which the
onset of flooding was reached. Deendarlianto et al. (2012) clearly
noticed that during the counter-current flow, increasing the gas flow
rate stepwise with a small increment under a constant liquid flow rate
led to the flooding. This also agrees to the counter-current flow exper-
iment which was previously conducted by Wongwises (1996) in which
the onset of flooding was determined by keeping the injected liquid flow
rate constant and the air flow rate was stepwise increased until the CCFL
was reached, and further increased in order to reach the ZP to the RV
simulator.

To confirm the repeatability of the data, partial experiments under
the same test conditions were carried out. The subsequent experiments
showed that the flooding points determined by a constant gas flow ob-
tained were identical to those obtained during the constant liquid flow
rate experiments. Moreover, the visual observations and the pressure
drop data acquisitions were performed to obtain the flooding charac-
teristics in which certain condition, the CCFL was reported to depend on
the injected liquid flow rate. Subsequently, the liquid flow rate was
stepwise increased to obtain several points of the onset of flooding with
respect to the liquid flow rate change. In addition, several curves
comprising the non-dimensional numbers were presented to describe
the CCFL characteristics which strongly represents the relationship be-
tween the gas and liquid flow rates.

The interfacial behaviors during the counter-current flow were
visually observed. From the observations, the visual data of the counter-
current flow were also recorded by using a high speed video camera
(HSVCQ). It comprised the flow developments and its corresponding
phenomena, i.e., the flow regimes, hydraulic jump (HJ), subcritical and
supercritical flow, wave development, etc. Here, the conceptual analysis
involves visual observations of the flow structures, and the curve fitting
on the basis of several non-dimensional parameters which were also
utilized by a large number of authors. Furthermore, the raw data exhibit
the optical objects as the high-quality videos describing the phenomena
lead to the flooding characteristics. In addition, to obtain time-series
signals of the fluctuation of the pressure differences between the SG
and RV simulator, a pressure transducer (PT) was employed. Mean-
while, the water level in the RV simulator was also observed through a
measurement line, and validated by signals acquired employing another
PT. Those pressure probes were empowered by 12 VDC power adaptors
and connected to an analog to digital converter data logger (DAQ) which
was connected to a personal data storage computer. Subsequently, those
data were acquired with 1 kHz of a sampling rate.

3. Results and Discussion

3.1. CCFL characteristics of the present experimental data in terms of
existing group of non-dimensional numbers

The characteristics of counter-current flow limitation (CCFL) are
often graphically described as the relation between the phase superficial
velocities when a limit of the stability of the counter-current flow is
reached before the liquid is carried over by the gas and partially
entrained in the opposite direction (Vallée et al., 2011). The definition of
the limitation may represent the maximum mass flow rate of the gas in
which the discharge liquid flow leaving the channel is equal to the liquid
flow rate in the inlet (Deendarlianto et al., 2012). Here, the CCFL is often
visually determined through the first appearance of liquid flow reversal
accompanied by either sharp rise of pressure drops or higher pressure
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Figure 2. The CCFL characteristics in terms of phase superficial velocities

fluctuations in the channel due to the blockage of the gas flow by the
liquid (Clift et al., 1966; Mouza et al., 2003, Deendarlianto et al., 2011;
Vallée et al., 2012; Badarudin et al., 2018b). In addition, Zapke & Kroger
(1996) earlier noticed that Diehl & Koppany (1969) as well as Chung
et al. (1980) also defined the CCFL in terms of that similar determina-
tion, i.e., an abruptly increase in pressure drop across the conduit.
Moreover, assessing the significance of non-dimensional numbers cor-
responding to the CCFL characteristics’ investigations, we briefly
describe the present experimental data of CCFL curve in several terms of
those dimensionless corresponding numbers. The present manner has
been successfully employed by Zapke & Kroger (1996; 2000b) and also
Mouza et al. (2003) as well as Ma et al. (2020) in which it may elucidate
either the influence of either the liquid properties or the channel di-
ameters on CCFL characteristics.

In the present work, the experimental data are firstly plotted in term
of a dimensional CCFL characteristic utilizing the phase superficial ve-
locities (Jk). The present term has also been conducted by several of the
mentioned authors. Here the present data exhibit that the critical gas
superficial velocity or flooding gas velocity (J;) decreases with the in-
crease of the liquid superficial velocity (J;) for the entire tested liquids’
employed in the experiments. Furthermore, in the higher liquid flow
rates, the change of the gas flow rate to initiate flooding tends to smaller.
The higher the liquid flow rate, the smaller the change of the gas flow
rate to obtain the CCFL. In several higher liquid flow rates, it is also
revealed that an equivalent gas flow rate is able to initiate the flooding.
Nevertheless, a gas flow rate seems to exhibit the CCFL of several liquid
flow rates. It further implies a significance of the gas flow rate change to
reach the CCFL towards the liquid flow rate. The CCFL characteristic
curve in terms of phase superficial velocity for the present experimental
data is depicted in Figure 2.

In addition, it is also obviously noticed from the curve that at a
higher liquid flow rate, a smaller incremental increase in the gas velocity
leads to the onset of flooding. This trend applies to all glycerol con-
centrations. It means that the higher the liquid flow rate, the more sig-
nificant effect of liquid property’s change on the CCFL. Here, the CCFL
tends to be reached faster for the liquid with the higher glycerol per-
centage, or, the flooding gas velocity decreases with the increase in the
glycerol percentage of the test liquid. Therefore, it can be clearly seen
that the higher the glycerol concentration, the shallower the slope of the
curve. The obtained curves which monotonically decline with an
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increase in the glycerol percentage represents the liquid properties
exhibit a clear trend and effect. Taken from Suzuki & Ueda (1977), the
present result is in an extensive agreement to the report by Clift et al.
(1966) in which the flooding gas velocity reduces with the increase of
liquid viscosity (4;), as a result of increasing the glycerol percentage
under a constant liquid flow rate. Besides, the present result also implies
a partial agreement to those experimental findings which were previ-
ously reported by Zapke & Kroger (2000a), Kinoshita et al. (2011) and
also Prayitno et al. (2012) during the investigation of the effect of the
liquid viscosity on the CCFL. As earlier published also by Chung et al.
(1980), the liquids with the higher viscosity flood at low gas flow rates
(Zapke & Kroger, 2000b). This trend is further confirmed by numerical
studies reported by Utanohara et al. (2012) and also Pratama et al.
(2021).

From the aforementioned findings, as reported by Zapke & Kroger
(1996), and also Kinoshita et al. (2011), the physical explanations which
are possible to be mapped out is that in the two phase flows, the shear
force between the channel’s wall and the liquid is strongly affected by
the liquid viscosity. Here, the increase in the liquid viscosity, which
mainly corresponds to the increase in the glycerol’s percentage, affects
the shear force between the fluid and the wall, especially in the high
liquid flow rates. As the viscosity increases the shear force between the
wall and the liquid increases. It further probably causes the amount of
the falling liquid reduces (Kusunoki et al., 2015). On the other hand, the
flooding is then also reported to be very close to the phenomenon of a
drag in which the liquid weight is counter-balanced by the drag force
exerted by the gas flow (Zapke & Kroger, 1996), even though Kinoshita
et al. (2011) later suggested that the liquid viscosity affects the wall
friction instead of the interfacial drag force. In addition, Prayitno et al.
(2012) elaborated their findings to the previous findings in which the
increase in the liquid viscosity corresponds to the increase in the flow
resistance. Here, during the liquid flow, the pressure of the liquid film
decreases as a result of the friction, while the pressure difference on the
interface increases. This leads the interface to fluctuate due to the
compensation of the pressure change on the fluid interface. Moreover,
the liquid flowing in the conduit declines as the liquid viscosity de-
creases as early reported by Clift et al. (1966) during the investigation of
the influence of the fluid viscosity on the vertical CCFL.

Empirically, during the characterization of the CCFL, both the fluid
properties and flow parameters are mostly proposed to be correlated in
terms of a group of dimensionless phase superficial velocity (Jy), well
known as the Wallis velocity, elaborating a balance of inertia and hy-
drostatic forces (Kang et al., 1999). Deendarlianto et al. (2012) noticed
that Wallis (1961) successfully initialized a dimensionless parameter
representing a modification of the Froude number, which is also defined
as the ratio of inertia to buoyancy force and formulated as expressed in
Eq.(1). Here also, in accordance with the density ratio, the fluid densities
due to the pressure have been taken into account by the Wallis velocity
(Vallée et al., 2012). Therefore, even though this non-dimensional
number was originally proposed during a CCFL investigation in the
vertical pipes, numerous authors have also extensively employed this
parameter to characterize their CCFL data utilizing the inclined as well
as the horizontal conduit, or even a complex geometry comprises hori-
zontal and inclined section connected by an elbow representing a PWR
hot leg. Accordingly, the CCFL characteristics may be correlated as
expressed in Eq.(2).
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Here in the Eq.(1) and Eq.(2), the subscription K represents the gas
(G) or liquid (L) phase, while p denotes the fluid density, g stands for the
gravitational acceleration, and D corresponds to the channel diameter.
Furthermore, the constant m and C were determined by experimental

Nuclear Engineering and Design 399 (2022) 112052

X Present work-DW

@ Present work-G25

W Present work-G40

A Present work-G50

@ Present work-G60
ONavarro (2005)

A Minami et al. (2010)

=+ Kinoshita et al. (2011)
Ovallee et al. (2011)

@ Pratama et al. (2021)-W
Ml Pratama et al. (2021)-G10

(J*G)O'S

0O 01 02 03 04 05 06 07

(J*L)O'5

Figure 3. The CCFL characteristics in terms of non-dimensional square root of
phase Wallis parameters
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Figure 4. Comparison of the present correlation to several others which were
previously obtained by other authors who also employee the Wallis parameter
to reveal CCFL characteristics in the typical hot leg geometries

data in which there is no theoretical basis was derived for the use of the
above correlation.

Figure 3 exhibits the curve of CCFL characteristics in terms of
dimensionless square root of phase Wallis velocity. From the figure, it is
clearly noticed that the gas flooding velocity decreases with the increase
in the glycerol’s percentage of the test liquid. On one hand, considering
that the increase in the percentage of glycerol affects the liquid surface
tension decreases, this might be further interpreted that the lower the
liquid surface tension, the faster the flooding is initiated. Thus the pre-
sent result is in a fair agreement to what previously reported by Deen-
darlianto et al. (2004; 2010) and also Ousaka et al. (2006) during the
investigation of the effect of surface tension on CCFL in inclined pipes.
On the other hand, calling that the viscosity increases with the increase
of glycerol percentage, this could later satisfy such results as described in
the previous passages in which the flooding gas velocity declines with
the increase of the liquid viscosity.

As a comparison, several results obtained by Navarro (2005), Min-
ami et al. (2010), Kinoshita et al. (2011), Vallée et al. (2011), and also
Pratama et al. (2021) are also included in the graph employing the
Wallis superficial parameter. It can be seen from the figure that the
comparison exhibits an agreement to the present data in which the gas
flow needed to initiate the flooding decreases as the liquid flow in-
creases. Here, data from Navarro (2005), Minami et al. (2010),
Kinoshita et al. (2011), Vallée et al. (2011) were obtained through
experimental studies. On the other hand, Pratama et al. (2021), whose it
case study was taken from the same facility scaling, i.e. 1/30-scale,
carried-out a simulation study using Ansys Fluent.

Moreover, since the Wallis correlation may also be intended to
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Table 3
Geometrical designations on several works in PWR hot leg typical CCFL
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Authors D(mm) Scale L/D 1/D 6(deg.) Cross section P(MPa) Fluid medium

Richter et al. (1978) 203.2 1/3.7 4.5 0 45 Circular 0.1 Air/water

Ardron & Banerjee (1986) Theoretical modelling

Ohnuki (1986) Varied; 25.4 1/30 9.1 1.2 50 Circular Varied Air/water; steam/water
Kang et al. (1999) Varied Circular 0.1 Air/water

Kim & No (2002) Varied Circular 0.1 Air/water

Navarro (2005) Varied; 54 1/15 9.3 1.9 50 Circular 0.1 Air/water

Kinoshita et al. (2010) 50 1/15 8.6 1.2 50 Circular 0.1 Air/water-glycerol
Murase et al. (2012) Numerical simulation

Present work 25.4 1/30 24 1.9 50 Circular 0.1 Air/water-glycerol

comprise the effect of viscosity (Suzuki & Ueda, 1977), therefore,
applying 20% of relative deviation band, the present experimental data
are also match the applied boundary, excepted several data obtained

from G60 in the range of (JZ)l/ % > 0.5. Accordingly, through a linear

regression with a 0.8785 of coefficient determinant/R-square (R?), the
experimental data invite a formula as written in Eq.(3).

()" +1.0207(7;)* = 0.667 3)

A plot of flooding diagram employing the Wallis velocity has been
being common to describe a meaningful comparison of the experimental
CCFL data (Vallée et al., 2012). Therefore, Figure 4 illustrates the
comparison of the present data represented by Eq.(3), to several data
which were previously obtained by other authors who also employee the
Wallis parameter to reveal the CCFL characteristics. Here, those authors
reported their experimental data on the predictions of the gas flooding
velocity during the counter-current flow in the PWR hot leg typical
geometries. The proposed correlations by Richter et al. (1978), Ardron &
Banerjee (1986), Ohnuki (1986), Kang et al. (1999), Kim & No (2002),
Navarro (2005), Kinoshita et al. (2010), and also Murase et al. (2012)
expressed by either a linier or quadratic polynomial equation, respec-
tively, are formulated as written in Egs.(4) to (11). (Ardron & Banerjee,
1986) (Ohnuki, 1986) (Kang et al., 1999) (Kim & No, 2002) (Navarro,
2005) (Kinoshita et al., 2010) (Murase et al., 2012)
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In addition, Figure 4 depicts the carried out comparisons. From the
figure it can be seen that the present correlation, expressed by a linear
equation, obtains a larger slope than the empirical correlations proposed
by Kang et al. (1999) and Kim & No (2002), also in linier expressions.
Furthermore, an almost similar slope to the empirical correlation by
Richter et al. (1978) is observed, but the correlation by Richter et al.
(1978) over predicts the present data. On the other hand, the correlation
by Ohnuki (1986) largely underestimates the present data. Additionally,
Ardron & Banerjee (1986), Navarro (2005), Kinoshita et al. (2010), and

also Murase et al. (2012) proposed the CCFL correlation in a quadratic
equation, respectively. Here, Ardron & Banerjee (1986) proposed a
theoretical approaches considering a case with an ideal frictionless in
the vertical to horizontal elbow while Kinoshita et al. (2010) carried out
a numerical study.

Accordingly, from the figure it is clearly revealed that the compari-
son shows that there is a clear trend in which the gas velocity to initiate
the flooding monotonically decreases with the increase of the corre-
sponding liquid velocity. However, the distinguished slopes of the
curves may correspond to the difference in either geometry or the fluid
employed. For an instance, the scaling model and L/D which were uti-
lized are different one to another. Here, except Ohnuki (1986) whose the
model scale utilized was the same as the present experiment, i.e. 1/30
scaled-down geometry, the other investigators used the larger scales of
hot leg models. Furthermore, in the perspective of the tested fluids,
Richter et al. (1978), Kang et al. (1999), Kim & No (2002), and also
Navarro (2005) employed a pair of air/water. Meanwhile, Kinoshita
et al. (2010) utilized pairs of both air/water and steam/water in several
scale models and also system pressures. Table 3 describes the geomet-
rical aspects and medium fluid from the previous data which are
compared to the present work.

Generally, the differences on the CCFL characteristics obtained by
extensive authors have been reported to be affected by various aspects, i.
e., the difference in model scale as well as the channel geometry, also
system pressure and the fluid physical properties. The difference in
scaling model might correspond to the significance effect of the fluid
density to the stratified layer just before the CCFL. Here, the effect of
density obtains the larger influence for the larger scaling model and/or
channel diameter, while in the small diameter, the surface tension ex-
hibits stronger effect. The larger diameter invites the lower drag force at
the interface. Furthermore, the drag force affects the obtained liquid
holdup in which the higher the drag, the larger the liquid holdup, and
the smaller available area of the gas flow. Therefore, the smaller the gas
flow area exhibited by the higher the drag force, the easier the break-
down of wave is obtained. As a result, the incipient of flooding occurs at
a lower gas flow rate in which the liquid holdup increases as either the
channel is longer (Ousaka et al., 2006), or the surface tension decreases
(Deendarlianto et al., 2010).

Moreover, Al Issa & Macian-Juan (2014) reported that the diameter
affects the interfacial area and the contact of the fluid, mainly for the
liquid with the wall which further results on the interfacial force, the
friction and also the surface tension. However, during the counter-
current flow, the gravity force, parallel to the flow direction and
opposed by the interfacial shear generated by the rather high gas ve-
locity as well as the wall shear stress, regulates the liquid flow, while the
surface tension and gravity force component perpendicular to the flow
direction exert a stabilizing effect on the waves caused by the increase
on gas flow rate (Mouza et al., 2003). Additionally, the viscous force is
also reported to be gradually more active with the decline in channel
diameter due to its dependency on both the viscosity coefficient and
velocity gradient of the fluids. Therefore, the effect of viscous force
become larger by the decrease of the diameter corresponding to increase
of the velocity gradient (Ma et al., 2020). Hence, during a correlation
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Figure 5. The CCFL characteristics in terms of phase Reynolds numbers

development for the typical hot leg geometry, Murase et al. (2012) as
well as Kinoshita et al. (2010) also partially reported that the Wallis
parameter strongly exhibits the effect of both the liquid viscosity and the
channel diameter on the CCFL characteristics.

In conjunction to another geometrical point of view, the difference
on characteristic length to diameter (L/D) ratio leads to how long will
the regime reach the onset of flooding. Suzuki & Ueda (1977), con-
firming also the report from McQuilland & Whalley (1985), noticed that
flooding gas velocity decreases as the increase of the channel length.
Here, Navarro (2005) reported that the gas superficial velocity needed
to start pushing the entire liquid decreases with the increase of hori-
zontal length.

Zapke & Kroger (1996) reported that during the investigation of the
effect of fluid properties on the CCFL characteristics, the flooding was
independent from the gas Reynolds number. They suggested that the
non-dimensional superficial gas momentum flux was the one to be
correlated during the investigation on CCFL characteristics. On the other
hand, Mouza et al. (2003) previously presented a plot of CCFL charac-
teristic in terms of phase Reynolds numbers. They noticed clearly that
the slope of the flooding curve depends on the liquid properties as well
as the channel diameter.

Figure 5 illustrates the CCFL characteristics of the present data in
terms of phase Reynolds numbers. From the figure it can be seen that the
flooding gas Reynolds number (Reg) monotonically decreases with the
corresponding liquid Reynolds number (Re;). Here also, under a given
liquid Reynold number, the gas Reynolds number to initiate flooding
decreases with the increase of the glycerol percentage of the liquid.
Furthermore, the highest glycerol percentage exhibits the largest slope
on CCFL characteristic curve. However, the larger gas Reynolds number
exhibits the higher gas superficial velocity, while here also, the larger
glycerol concentration corresponds to the higher viscosity and the lower
surface tension. Therefore, the CCFL characteristic in terms of phase
Reynolds numbers also displays similar trend lines, i.e. concave shapes,
to that phase superficial velocities obtains. Moreover, the present results
are in a fair agreement to that reported by Mouza et al. (2003) in which
their CCFL characteristic curve revealed that the liquid with the higher
viscosity exhibits the smaller slope while for the same liquid Reynolds
number, the gas Reynolds number exhibited to initiate flooding is
smaller for the lower surface tension due to both the spreading of lateral
liquid and wave formation. Here also, from the figure it can be seen that
G60 which corresponds to the highest concentration of glycerol exhibits
a very small range of Reynolds number.

In addition, during the investigation the effect of liquid properties on
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Figure 6. The CCFL characteristics in terms Reg/Ka®* against the corre-
sponding liquid Reynold number

counter-current flow with low Reynolds numbers, considering the the-
ory of stability analysis previously proposed by Cetinbudaklar &
Jameson (1969), Mouza et al. (2003) as well as Drosos et al. (2006)
attempted to correlate the CCFL data by utilizing gas Froude (Frg) and
Kapitza (Ka) numbers to the corresponding liquid Froude number.
However, they reported that the critical flooding velocities is propor-
tional to the corresponding Kapitza number. Therefore, the applicability
of the Kapitza number was proper to be taken into consideration during
the investigation of the effects of the liquid properties on the CCFL
characteristics (Murase et al., (2012). Here, the Kapitza number, rep-
resenting the ratio of the surface tension to inertial force, is expressed as
written in Eq.(12).

- 1/3
Ka=2 C‘p—L) 12)
He \ML8

Here, ¢ denotes the surface tension, while y represents the liquid
dynamic viscosity. As previously proposed by Ousaka et al. (2006), it is
important to include the surface tension to correlate the obtained
flooding data. Additionally, Figure 6 depicts the CCFL characteristics in
terms of the quantity gas Reynolds to Kapitza (Reg/Ka’*) number
against the corresponding liquid Reynolds number, Re;. The figure
shows that Reg/Ka’* decreases as the increase in liquid Reynolds
number in which the DW obtains the highest trend line among the
others. Here as the increase of liquid Reynolds number, smoother
decline in Reg/Ka’* is obtained. Furthermore, the present result also
exhibits a similar trend to the obtained results by both Mouza et al.
(2003) and also Drosos et al. (2006) during the investigation of liquid
viscosity effect on CCFL characteristics in both vertical and inclined
conduits. Additionally, the present experimental data which widely
scatter due to the increase of liquid Reynolds number represent that the
corresponding numbers are probably inadequate to correlate CCFL
characteristics in hot leg geometry.

As described in a report by Zapke & Kroger (2000b), Cetinbudaklar &
Jameson (1969) through a theoretical analysis investigated the liquid
viscosity effects on the liquid film behavior during two-phase flow. Here,
the instability of the liquid film increases with the increase in the vis-
cosity due to the less viscous damping effect at the wall. Furthermore,
during a constant liquid flow rate, the higher the viscosity, the smaller
the liquid film thickness. They proposed a non-dimensional parameter, i.
e. the Ohnesorge number (Ohy), which increases as the flow instability
increases, to indicate the stability of the liquid film draining down the
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Figure 8. The CCFL characteristics in terms of densimetric liquid Froude and
Ohnesorge numbers against the corresponding gas Froude number

conduit wall. In addition, particular stabilizing effect due to the liquid
surface tension is also taken into account by this dimensionless number.
Therefore, considering that flooding is also governed by the gas Froude
number (Frg), Zapke & Kroger (2000a) proposed a new correlation for
flooding through a modified dimensionless groups connecting the
Ohnesorge to liquid Froude number, (Fr,)**(Oh;)%3. The phase Froude
and the liquid Ohnesorge numbers, representing the ratio of inertial to
buoyance forces and the liquid viscous to surface tension, respectively,
are expressed as written in Egs.(13) and (14).
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Figure 9. The CCFL characteristics in terms of phase Weber numbers

Considering that the momentum flux and the liquid density are
exhibited in the corresponding phase Froude numbers, and also the ef-
fect of the liquid properties on the gas flooding velocity counted by the
Ohnesorge number, Deendarlianto et al. (2004) later utilized the pro-
posed non-dimensional number by Zapke & Kroger (1996) on the CCFL
data plotted to investigate the effect of surface tension on the flow
pattern and CCFL in an inclined pipe. However, they later found that the
proposed dimensionless number is not appropriate to predict CCFL in
incline channel.

Figure 7 depicts the CCFL characteristics in terms of phase Froude
numbers. From the figure it can be seen that the highest trend for
flooding gas Froude number is obtained for distilled water. Here, it
seems that the gas Froude number decreases with the increase of the
percentage of glycerol. A similar trend was previously reported by Zapke
& Kroger (2000b) during the addition of the percentage of methanol to
the medium water. They strongly noticed that the smallest Ohnesorge
number obtained by the pure water exhibits the highest Froude number,
and vice versa. The liquid with the highest Ohnesorge number floods at
lower gas velocities. Therefore, the gas Froude number at flooding is
then a function of the liquid Froude number and the Ohnesorge number.

Moreover, Figure 8 depicts the CCFL characteristics in terms of

densimetric phase Froude-Ohnesorge numbers, (Fr;)®*(0Oh;)%3, which
was proposed by Zapke & Kroger (2000a), and subsequently validated to
several previous data obtained by Clift et al. (1966) and Chung et al.
(1980) (Zapke & Kroger, 2000b). Furthermore, this non-dimensional
group was also utilized by Deendarlianto et al. (2004) during the
investigation of the effect of liquid surface tension on CCFL character-
istics. The present non-dimensional group was strongly recommended
by Zapke & Kroger (2000b) to correlate the flooding data due to the
effect of the liquid properties. They proposed that since the Ohnesorge
number was an indication of the stability of the liquid film, so that as the
Ohnesorge number increases, the liquid viscosity increases, and the
liquid film becomes more unstable causing the onset of CCFL to be
reached at lower gas flow rates.

In addition, from the figure it is noticed that the present experi-
mental data are not well correlated employing this non-dimensional
grouping although the Ohnesorge number, which considers surface
tension, is included to the present model. From the finding, it may be
concluded that the model, involving the Ohnesorge number, is not suf-
ficient to correlate the CCFL data in the PWR hot leg typical geometry.
This result also partially emphasizes the previous finding obtained by



A.H. Astyanto et al.

Nuclear Engineering and Design 399 (2022) 112052

O

(J6")2>/(Z,)0%

0.2

X Present work-DW

@ Present work-G25

[l Present work-G40

A Present work-G50

@ Present work-G60

O Navarro (2005)

/\ Minami et al. (2010)
=+ Kinoshita et al. (2011)
Ovallee et al. (2011)

0 01 02 0

3 04
IR A

0.6

Figure 10. The CCFL characteristics in terms of groups (Jx) 03 /Z2%5 proposed by Zapke & Kroger (1996)

Deendarlianto et al. (2004) in which the current model proposed by
Zapke & Kroger (2000a) was found not suitable to be applied during
CCFL prediction in inclined pipes. However, as previously also reported
by Murase et al. (2012) since the Wallis parameter comprises the in-
fluence of the characteristic length, the Ohnesorge number may not be
necessary to correlate the CCFL data obtained from hot leg models.

Since the CCFL involves a flow pattern transition, the Weber number
(We), elucidating the effect of inertia to surface tension in a flow tran-
sition, may be considered to correlate the CCFL data due to the different
values of surface tension. Here, the Weber number is formulated as
written in Eq.(15).
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Figure 9 illustrates the CCFL characteristics in terms of phase Weber
numbers. From the figure it is noticed that the air/distilled water pair
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Figure 11. The CCFL characteristics in terms of non-dimensional square root of
inverse liquid viscosity against the corresponding gas Wallis parameter

10

elaborates the highest flooding gas Weber number. Here it seems that
the flooding gas Weber number decreases with the increase of the per-
centage of glycerol. It further means that the higher interfacial surface
tension, representing by the larger percentage of glycerol, the lower the
flooding gas Weber number. Thus, it exhibits similar trends to what was
previously exhibited by using the terms of phase Froude numbers as
demonstrated in Figure 7. Moreover, in an agreement to the result of
Deendarlianto et al. (2004) who previously investigated the effect of
liquid surface tension on the flow pattern transition during counter-
current flow in an inclined pipe, the Weber number alone does not
satisfactorily correlate the present experimental data.

It is very common to realize that varying one liquid property without
affecting the other properties is often not achievable during experiments
in which a small variation in the remaining properties obtains another
considerable influence (Zapke & Kroger, 1996). Therefore, the liquid
property parameter (Z;), representing the inverse of the Ohnesorge
number, is thus proposed considering those relative effects which might
be experienced by the flow, and defined as expressed in Eq.(16).

(p,Do)™
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Figure 10 depicts the CCFL characteristics with respect to the liquid
properties in terms of proposed groups, (J,*()O'5 /229, which was previ-
ously introduced by Zapke & Kroger (2000b), and also utilized by
Prayitno et al. (2012). Those authors reported that the groups are able to
indicate the relative effects of the fluid properties on CCFL. Here, the
liquid property parameter (Z;), which takes into account the effect of
fluid properties, and the corresponding phase Wallis numbers, is further
correlated as written in Eq.(17). (Zapke & Kroger, 1996; Mouza et al.,
2003).

()" +m()"” =z an

Moreover, Figure 10 reveals that at low liquid velocities, the larger
the concentration of glycerol in the test liquid, which then corresponds
to the higher liquid viscosity, the higher the (J;)os /229 to reach CCFL.
On the other hand, at higher liquid flow rates, the larger the percentage
of glycerol, the lower (J:;)O'S /Z2% to reach CCFL. Furthermore, in a

partial agreement to Zapke & Kroger (1996), the group of dimensionless
numbers successfully correlates the present experimental data.
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Figure 12. The CCFL characteristics in terms of phase Kutateladze numbers

Therefore, in a partial disagreement with Prayitno et al. (2012), as well
as Mouza et al. (2003), it may be concluded that the group appears valid
enough to correlate the data obtained from the PWR hot leg model as
well as the straight pipes.

Furthermore, the inverse dimensionless viscosity (N), as expressed
in Eq.(18), during the experimental investigation on the effect of
diameter on the horizontal counter-current flow was also proposed by
Wallis (1969) and successfully applied by both Ghiaasiaan et al. (1997)
and Zapke & Kroger (2000b) to investigate the effect of medium fluid
properties, respectively, and also Ma et al. (2020) to identify the influ-
ence of diameter on CCFL characteristics. It corresponds to a correction
for the Wallis model considering the effects of liquid viscosity, ;. Here,
during the flow involving high viscous liquid, the liquid inertia was
proposed to be proportionally taken into account during the effect of
viscous force. Accordingly, the proposed model representing the ratio
between the viscous and buoyancy force (Ghiaasiaan et al., 1997) is
expressed as shown in Eq.(19).
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Figure 11 presents the CCFL characteristics in terms of liquid Wallis

velocity involving the inverse viscosity, (J;/NL)O'S, versus its corre-
sponding gas Wallis velocity. From the figure it is clearly showed that
the current model is not sufficient to correlate the present data during
the data largely scatter even it comprises the effect of liquid properties to
this normalized expression. Furthermore, it was noticed from Ghiaa-
siaan et al. (1997) that Wallis (1969) proposed that in the vertical
conduit, an inertial dominated regime is indicated by N;, > 300 during a
slug flow. Therefore, it is also implied that CCFL may correspond to an
inertial dominated regime in which the viscosity performs a smaller
effect rather than the density.

On the other hand, Deendarlianto et al. (2012) clearly remarked that
Alekseev et al. (1972), as well as Pushkina & Sorokin (1969), proposed
the liquid surface tension () to be considered instead of the diameter
(D) to correlate another dimensionless quantity due to the effect of fluid
properties. This non-dimensional parameter, well known as the Kuta-
teladze number (Ku;), was derived as the stability of liquid film
consideration due to the effect of liquid surface tension, and expressed as
written in Eq.(20). Additionally, this non-dimensional number, covering
characteristic dimension of gravity (g), surface tension (6) and phase
densities (pg), does not comprise any physical dimension, so although it

is reported to be more appropriate for flow in channels free of such ef-

fects, such as large-diameter pipes, it mainly does not exhibit the
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physical effect of the conduit (Zapke & Kroger, 2000a). Therefore, the
CCFL characteristics in terms of the phase Kutateladze numbers, corre-
sponding to stability loss of gas/liquid interface, may further be corre-
lated to examine the effect of the fluid properties. Moreover, Mayinger
et al. (1993) also reported that the Kutateladze number would be well
defined as a scaling parameter for homogeneous flow conditions. Here,
the model involving phase Kutateladze number which is defined as the
ratio of viscosity to surface tension of liquid is further expressed as
written in Eq.(21).

0.5
Ku;( _ %(m (20)
[go(pL —p6) |
(Kuy)™ +m(kuy)*™ =€ 1)

Figure 12 describes the CCFL characteristics in terms of phase
Kutateladze numbers. It can be seen from the figure that in the range of

0< (KuZ)l/ 2« 0.4, the curves almost coincide one another. It means
that for the mentioned range, an empirical correlation may be raised due
to the effect of the liquid properties on the CCFL characteristics.
Furthermore, for the entire present experimental data range, applying
20% of relative deviation, the experimental data are also match the
boundary, excepted several data obtained from G60. This means that the
Kutateladze number gives a better agreement, even though it might not
be the most satisfactory approximation. Thus, even though the Kutate-
ladze model had been reported to lost its importance on the literatures
during the CCFL in the hot leg geometry, the present result obtains a
significant importance of this non-dimensional number. However, the
obtained correlation exhibits smaller scattering data rather than the
previous correlation utilizing the phase Wallis non-dimensional
numbers in the above. Despite during their experiment in a large scale
with flat model of hot leg geometry Vallée et al. (2012) concluded that
the Kutateladze number failed to correlate the obtained flooding data
rather than the Wallis parameter, the present data performs different
trend. Moreover, the present result also appears in a partial contrary to
what Zapke & Kroger (2000b) previously proposed in which the
Kutateladze-type correlation is not applicable for pipe diameters less
than 30 mm. In addition, through a linear regression with a R? =
0.9243, the present experimental data obtain a formula as written in Eq.
(22).

(Kug) " +0.0038 (Ku,)"* = 0.1065 >

However, a report by Mayinger et al. (1993), Hertlein and Herr,
(1989), as well as Gleaser (1989) proposed that a modification of the
Kutateladze-scaling would be needed for applying to heterogeneous
flow conditions. Furthermore, during the consideration of the effect of
liquid surface tension, Zapke & Kroger (2000b) proposed the CCFL
characteristics in terms of ratio of Kutateladze to Bond number, Bo,
which was previously introduced by Chung et al. (1980) as given in the
Eq.(23) and Eq.(24), respectively. Again, Zapke & Kroger (2000b) pro-
posed that the combination of the Kutateladze and Bond number also
appears not to be able to correlate the obtained experimental data. On
the other hand, in the present experimental data, the CCFL characteristic
implied from the proposed non-dimensional parameter obtains a similar
characteristic to the used of the previous dimensionless number due to
the very small effect of the surface tension effect during the present
experiment employing water based solution as described previously in
Table 1. However, the surface tension effect has been addressed to be
smaller with the increase in channel diameter. Therefore, the previous
result reported by Ma et al. (2020) that experiments employing larger
than 20 mm in diameter, invite a negligible small influence of liquid
surface tension has been confirmed.

_ D (p, — pe)
o

Bo (23)
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Figure 13. The CCFL characteristics in terms of modified dimensionless Wallis
and inverse viscosity proposed by Ma et al. (2020)

(Ku*c)o5 +m(1(u2)0'5 = ¢ tanh [02(30)0'125} 24)

Recently, Ma et al. (2020) proposed a novel non-dimensional model
applying the inverse viscosity parameter to the Wallis correlation in
order to account for the effect of the diameter on the CCFL character-
istics. Here it corresponds to the dimensionless inertia and viscous force,
as expressed in Eq.(25), while the developed correlation for D<100 mm,
accordingly, is formulated as shown in Eq.(26).

0.5

p ]2 u 7 0.3
Wy = KK 4 ( KK ) (25)
K gD(p, — pg) gD*(p, — pg)
(W;)" +0.88(W;)™* =0.79 (26)

Figure 13 shows the effects of the liquid properties on CCFL char-
acteristics in terms of the square root of the modified non-dimensional
Wallis involving the additional of inverse viscosity (Wj)*°
ously proposed by Ma et al. (2020). From the figure it can be seen that
even though the novel parameter was basically proposed for the inves-
tigation of the effect of diameter on the CCFL characteristics, it is also
able to correlate the present experimental data. Comparing to Eq.(21), it
is clearly seen that the correlation proposed by Ma et al. (2020) un-
derestimates the present experimental data. Furthermore, by applying

as previ-

+10% of relative deviation limit, the obtained experimental data mostly
match the boundary. Accordingly, through a linear regression with a
R? =0.9368, the experimental data correlate the CCFL characteristics as
written in Eq.(27).

(W5)"" + 1.4538(W;)"* = 1.2544 27)

However, as earlier noticed, the grouping of non-dimensional
numbers proposed by Ma et al. (2020) was derived during the investi-
gation of the influence of the channel’s diameter on the CCFL charac-
teristics in straight horizontal pipes. Furthermore, their data were taken
from a horizontal configuration of several channels with different di-
ameters. On the other hand, the present experiment was conducted by
employing a single-diameter channel with several tested liquids. It
further strongly addresses a distinguishable purpose. Thus, even though
the effect of liquid properties may be induced on the diameter effect on
the CCFL characteristics, other investigations are still pursued to be
carried out in order to widely recognize those corresponding models.

3.2. Dimensional-similarity analysis of present experimental data

A scientific review accomplished by Deendarlianto et al. (2012)
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Table 4

Variables of dimensional analysis.
Variable Symbol Dimension

Mass Length Time

Diameter D 0 1 0
Density p 1 3 0
Dynamic viscosity H 1 1 -1
Surface tension 4 1 0 2
Gravitational acceleration g 0 1 -2
Velocity J 0 1 -1

strongly noticed that the existing group of non-dimensional numbers
derived for CCFL characteristics in straight channels, comprising either
vertical or horizontal conduits, have not taken into consideration the
mass exchange between the phases as experienced by the flow in a hot
leg typical geometry. Therefore, the hot leg CCFL may embed different
characteristics due to different behaviors in the corresponding phe-
nomena. Firstly, in vertical channels with uninterrupted flow, the
instability of the interface which initiates CCFL due to the momentum
exchange at the interface determines the CCFL trigger with continuous
interfaces. On the other hand, here in the hot leg typical geometry,
secondary flows within phasic interactions at beyond just a continuous
interface are initiated due to the flow experiences an interruption at the
bend.

Secondly, the mass flow rate of either phase should be a variable with
location in the channel when saturated steam is being condensed as the
condensation reduces the mass flow rate and drastically decreases the
amount of momentum that the steam is able to transfer to the conden-
sate. As a result, such force ratios previously introduced by those authors
in straight channels are not sufficient to predict the hot leg CCFL since
the correlations are being used in situations beyond those they were
intended for. Therefore, the preceding description further emphasizes
the importance on developing alternative empirical models to correlate
the experimental data due to the flow nature in the hot leg.

A dimensional-similarities analysis, originally proposed as a method
of correlation development during experimental works, is often carried
out to exhibit the factors influencing a parameter. It was successfully
applied by Juwana et al. (2019) and also Mawarni et al. (2022) during
both the estimation of average bubble diameter and the prediction of
volumetric mass transfer coefficient in microbubble generator (MBG)
systems. Furthermore, Hudaya et al. (2019) as well as Wijayanta and
Deendarlianto (2022, in press) developed dimensional analyses to reveal
the dominant factor affecting the wave frequency during stratified co-
current flow. Moreover, an empirical correlation to estimate the water
superficial velocity during the investigation of hydrodynamic behaviors
in the airlift pump MBG type was proposed by Catrawedarma et al.
(2021).

In the present investigation the authors consider that the gas su-
perficial velocity is the function of the liquid superficial velocity,
channel’s diameter, both phase densities and dynamic viscosities, liquid
surface tension and also the gravitational acceleration. Furthermore,
those parameters may be written as shown in Eq.(28), while Table 4
comprises the variables of dimensional analysis.

-]G :f(JLsDJ)vaGv/"Lv”Gvavg) (28)

Taking the pipe diameter D, liquid superficial velocity J;, and liquid
density p, as the repeated variables, those parameter relationships may
be then arranged as listed in Egs.(29) to (34).

Jo

I, == 29

=7 (29)

m, =2¢ (30)
PL
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Table 5

Non-dimensional numbers utilized to correlate the present flooding data
Non-dimensional number Symbol Definition
Reynolds number Re pJD/u
Kutateladze number Ku 2257/ (go(p, — pe) 1°%
Bond number Bo 8D (py —pg)/o
Weber number We pJ?D /o
Froude number Fr J?/gD
Mass flux rate - peda/piiL
Density ratio - pelpL
Viscosity ratio - HelHy
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Figure 14. Correlation of the experimental data with Eq. (35)

He
I; = 31
2= oD (€20)]
Hg
I, = 32
=t (32)
c
_ 33
5= 7D (33)
D,
Hﬁsz 34)
Ji

Here from Egs.(29) to (34), it is clearly noticed that the ratio of fluid
viscosity will not be included for the purpose of correlating the flooding
data. This is also in a partial agreement to what previously reported by
Zapke & Kroger (2000b) during the flooding data correlation for vertical
and inclined ducts. Moreover, the general form of the parameter rela-
tionship is arranged as written in Egs.(35) to (37).

M, = f(IL,, 11, T, 115, T (35)

Io _ (&LLL%) 36)

Ju pL P iD’ p LD pJiD’ J;

- G G
Jr pr) \pudiD) \p,JiD) \p JtD) \Ji

In addition, several groups obtained above elaborate several well-
known numbers as listed in Table 5, while the coefficient constant a, b,
c,d, e, f are obtained by curve fitting through the tabulated experi-
mental data. Accordingly, from the fitting, we obtain the constants as
written in Eq.(38).

Jo ) 0.1 u
9) =095(2€)  (Re ‘”(p G
(JL> </7L> (Res) LD

Here the correlation as expressed in Eq.(38) implies that the inverse

0.05
) (WeL)O,OS (FrL)—O.S (38)
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liquid Froude number obtains the highest effect on the phase superficial
velocity ratio by the power of 0.8, while the liquid Weber number ob-
tains the lowest by the power of 0.05. On the other hand, the superficial
velocity ratio is proportional to ;%! due to the liquid viscosity is only
included in the liquid Reynolds number (-0.1 power). Subsequently, the
superficial velocity ratio is also proportional to ¢,%% since the liquid

surface tension is only comprised in the liquid Weber number (-0.05
power). Therefore, the developed correlation notices that the liquid
viscosity obtains higher effect rather than its surface tension. The pre-
sent result is in a partial agreement to what reported by Suzuki & Ueda
(1977).

Moreover, Figure 14 presents the correlation of the experimental
data with Eq.(38). From the figure, it is implied that by the relative
deviation of +35 %, the developed correlation fairly estimated the
flooding superficial velocity ratio. Accordingly, in a comparison to
previously experimental data obtained by other authors, the present
empirical correlation over predict the data obtained by Navarro (2005),
Kinoshita et al. (2011), and Vallée et al. (2011). Taking into account that
the present experiment was carried out in a 1/30 scaled-down geometry
whereas Vallée et al. (2011) and Kinoshita et al. (2011) as well as
Navarro (2005) employed 1/15 scaled-down model. Here, the scale
model probably exhibits a distinguished aspect. However, the present
developed correlation notices that the pipe diameter which is still
covered in the liquid Reynolds number (0.1 power), yg/p;Ji.D (-0.05

power), liquid Weber number (0.05 power), and liquid Froude number
(0.8 power) obtains the highest power, in which the superficial velocity
ratio is proportional to D% (0.1 - 0.05 + 0.05 + 0.8 = 0.9).

3.3. Uncertainty analysis

The accuracy of volumetric flow rate measurements may cause
experimental uncertainty. In the present work, the measured quantities
were evaluated according to Moffat (1988). Similar analyses were pre-
viously reported by Wongwises (1994) on investigation of flooding in
counter-current flow, and also Catrawedarma et al. (2022) during the
study of hydrodynamic behaviors of air/water two-phase flow in water
lifting in a bubble generator type of airlift pump system. In the present
work, the uncertainty analysis covers the uncertainty in both gas and
liquid flow measurements. In the gas flow rate measurement, the cor-
relation provided by the flow meter manufacturer is given in Eq.(39).

R
S

g

Oac = Orc (39)

Taking into account an adiabatic system during the data tabulation,
the ambient temperature (T,) is then considered the same as the gas
temperature (Tf). Therefore, the Eq.(39) may be further expressed as
written in Eq.(40).

P
O = QRG\/—FE

Here in the Eq.(40), the actual gas volumetric flow rate (Qg) is a
function of the reading volumetric flow rate (Qrg) and the pressure
maintained by air pressure regulator (P;), and may be expressed as
shown in Eq.(41).

Qc = f(Qrs: Py)

According to Moffat (1988), a measured quantity on the Eq.(41) can
be written as expressed in Eq.(42).

0 2 /0 2
oo (2 ) + (eor,)

Solving Eq.(42), then the uncertainty of gas volumetric flow rate
(0qq) as expressed in Eq.(43) is obtained.

(40)

(41D

(42)
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Table 6

Test matrix and uncertainties of the experimental results
Test liquid Qu corrected (§PH) Ji, (m/s) Uncertainties of Q;, (%) QG corrected (Ipm) Jg (m/s) Uncertainties of J; (%)
DW 2.13-57.95 0.0044 - 0.1202 1.47 - 6.5 21.1 -158.6 0.69 - 5.22 7.48 - 7.59
G25 1.45 - 50.37 0.0030 - 0.1045 1.71-9.74 21.1-169.2 0.69 - 5.57 7.48 - 7.59
G40 0.73- 43.40 0.0015 - 0.0900 1.95-13.5 21.1-169.2 0.69 - 5.57 7.48 - 7.59
G50 0.48 - 38.83 0.0010 - 0.0805 1.45-13.2 21.1-190.3 0.69 - 6.26 7.48 - 7.59
G60 0.15 - 29.57 0.0003 - 0.0613 1.56 - 9.45 10.6 - 200.9 0.35-6.61 7.48 - 7.89

2 uncertainties of Qg are less than 8%.
1.57080rc 05 2
o0 = £\ (—pos e | + (3.1415P,"%65,) (43)
8

On the other hand, in the liquid volumetric flow rate measurement,
the actual volumetric flow rate is measured employing a measurement
glass and a timer. Thus, the obtained liquid volumetric flow rate is the
measured volume divided by the time as expressed in Eq.(44).

Var

QAL:_

; (44)

Here in the Eq.(44), since the actual liquid volumetric flow rate (Qa;)
is a function of the reading volumetric liquid flow rate (V,;) and the time
(t), and the corresponding equation may be further expressed as shown
in Eq.(45).

Oar =f(Var, 1)

Accordingly, a measured quantity corresponding to the uncertainty

(45)

of actual liquid flow rate (oq,, ) can be obtained as expressed in Eq.(46).

B 0w\, (00x
on i\/(aVALO_VAL> +< ot Oy

Solving Eq.(46), then then the uncertainty of actual liquid volumetric
flow rate (cq,, ) as expressed in Eq.(47) is obtained.

1 o~V
GQALi\/<tO-VAL> +< 2 01

Moreover, the liquid flowmeter reading (Qg:) also invites an uncer-
tainty. Therefore, utilizing a linier regression, the relation between the
reading and the actual liquid flowrate (Q4.) can be obtained by its
correlation gradient (m), and expressed as written in Eq.(48) & (49).

(48)

(46)

47)

Qar = mQpr +¢

m :f(QAL-,QRL)

Accordingly, the measured quantity corresponding to the uncer-
tainty of correlation gradient (¢,,) can be written as expressed in Eq.(50).

i (0m0 )2+<6mo_ >2
" 9Qu 0Qu. "

(49)

(50)
Solving Eq.(50), then Eq.(51) is obtained.
\/ () 2 CcOg Q o) 2
o=y [ (22w 4 (Lom T ) (51)
( Ore ) ( Ori® Ort®

Therefore, the total uncertainty of liquid volumetric flow rate (g, ) is
formulated as expressed in Eq.(52).

6p =+ 10 2+ 7VALO_ 2+ 00, 2+ COQpy QALGQRL :
e r £ Ore % Ort*

Moreover, Table 6 provides the quantities of uncertainty combined
with the listing of flow range. Herein, except for the smallest liquid
volumetric flow rate delivered by both the air/G40 and air/G50 flow,
the uncertainties of Q; are mostly less than 10%. On the other hand, the

(52)
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4. Concluding remarks

An attempt to reveal the influence of the liquid properties on the
CCFL characteristics in the German Konvoi PWR hot leg was carried out.
Experiments were conducted with five test liquids in a 1/30-scale fa-
cility. From analysis of these data, the main conclusions are as follows:

1. The gas flow rate needed to initiate the flooding monotonically de-
creases as the liquid flow rate increases. In the higher liquid flow
rates, adding the concentration of glycerol into the test liquid in-
creases the sensitivity of flooding initiation to the gas flow rate. Here,
under a given flow condition, the onset of flooding is obtained faster
by a higher glycerol concentration.

2. Instead of the well-known phasic Wallis parameters, Kutateladze-
type numbers, or the group of Wallis-liquid property by Zapke &
Kroger (1996), a modified non-dimensional phasic Wallis parameter
involving inverse viscosity numbers introduced by Ma et al. (2020)
shown to better correlate the present experimental data with respect
to the effect of liquid properties on CCFL characteristics.

3. The proposed empirical correlation obtained from the present data
implies that due to the effect of liquid properties, the viscosity ex-
hibits greater influence on CCFL than the corresponding surface
tension.

4. The finding of the present work provides extensive database of the
critical conditions leading to CCFL considering the effect of liquid
properties to assess the significance of non-dimensional groups
employed for CCFL correlation. A developed empirical correlation to
predict the flooding gas to liquid superficial velocity ratio is
addressed in conjunction with theoretical modeling to develop
necessary and sufficient groups of non-dimensional numbers to
correlate the CCFL data. It further enhances the understanding of the
role of liquid property allows for better accuracy in analysis to pro-
mote extended operation and improve the reactor safety.
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