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Deendarlianto,1 Thomas Höhne,2 and Michio Murase3
1 Department

of Mechanical & Industrial Engineering, Faculty of Engineering, Gadjah Mada University, Jalan Grafika No. 2,
Yogyakarta 55281, Indonesia
2 Helmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Fluid Dynamics, P.O. Box 510 119, 01314 Dresden, Germany
3 Institute of Nuclear Technology, Institute of Nuclear Safety System, Incorporated, 64 Sata, Mihama-cho, Mikata-gun,
Fukui 919-1205, Japan
Correspondence should be addressed to Thomas Höhne, t.hoehne@hzdr.de
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Steam generators in a pressurized water reactor (PWR)
nuclear power plant transfer heat from a primary coolant
(pressurized water at about 15 MPa) to a secondary coolant
(pressurized water/steam at about 7 MPa). The primary
coolant water is heated in the core and passes through the
steam generators, where it transfers heat to the secondary
coolant water to generate steam. The steam then drives a turbine that turns an electric generator. Steam is condensed and
returns to the steam generator as feedwater. Hot leg pipes
connect the reactor pressure vessel (RPV) and the steam
generator (SG) and consist of a combination of horizontal
sections, single or multiple elbows, and inclined or vertical
sections depending on the manufacturer of the reactor [1].
In the event of hypothetical accident scenarios in PWR,
emergency strategies have to be mapped out, in order to
guarantee the reliable removal of decay heat from the reactor
core, also in case of component breakdown. One essential
passive heat removal mechanism is the reflux cooling mode.
This mode can appear for instance during a small break lossof-coolant accident (LOCA) or because of loss of residual
heat removal (RHR) systems during midloop operation at
plant outage after the reactor shutdown. Here, the accident at
Three Mile Island (TMI) Unit 2 in 1979 has already indicated
that the core heat removal mechanism during a smallbreak (SB) LOCA should be understood more clearly [2]. It
includes a comprehensive study on the natural circulation
cooling capability, such as loop seal clearing and countercurrent flow limitation (CCFL).
In the scenario of an LOCA, it is considered that the
reactor will be depressurized and vaporization will take place,
thereby creating steam in the PWR primary side. Should this

lead to “reflux condensation,” which may be a favourable
event progression, the generated steam will flow to the steam
generator through the hot leg. This steam will condense
in the steam generator, and the condensate will flow back
through the hot leg to the reactor, resulting in countercurrent
steam/water flow. In some scenarios, the success of core
cooling depends on the behaviour of this countercurrent
flow.
In most cases of the CCFL experiments, the liquid flow
rate was kept constant, and the gas flow rate was increased
and decreased in small increments and decrements, respectively. For small gas flow rate, the liquid film flows countercurrently with the gas phase. During this condition, the
pressure diﬀerence inside the test section slightly increases
with the gas mass flow rate. This regime is defined as the
stable countercurrent flow. As the gas flow rate is gradually
increased, thus, there is the maximum gas flow rate in which
the downflowing water mass flow rate is equal to the inlet liquid mass flow rate. This point is defined as the onset of flooding or CCFL. With further increasing of the gas mass flow
rate, the downflowing liquid mass flow rate is close to zero.
This point corresponds to the zero liquid penetration. In this
situation, the cooling of the reactor core from the hot leg is
impossible but may be continued by coolant drained through
the cold leg to the downcomer. The region between the CCFL
and zero liquid penetration is defined as partial delivery
region. In turn, when the gas flow rate is decreased, a point is
reached where a fully counter-current gas-liquid two-phase
flow is established. This is known as the deflooding point.
Over several decades, a number of experimental and
theoretical studies of countercurrent gas-liquid two-phase
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flow have been carried out to understand the fundamental
aspect of the flooding mechanism and to prove practical
knowledge for the safety design of nuclear reactors. They
included experimental, scaling parameter development, analytical and computational modeling. Starting from the
pioneering work of Wallis [3], extensive experimental data
base has been accumulated dealing with a diverse array of
conditions from these studies, leading to the development of
phenomenological correlations and scaling parameters of the
CCFL. Meanwhile, as we can see in the open literature some
contradictory conclusions about flooding mechanisms, they
were carried out under the same experimental conditions.
Therefore, it is very diﬃcult to obtain a general conclusion
from the available data.
On the other hand, the nuclear thermal-hydraulic community is also facing today interesting challenges. These
include the development and validation of new mathematical
and computational tools that will be used for improved and
more detailed analysis as well as new generations of reactors.
For this purpose, the computational fluid dynamics (CFD)
tool is considered to be able to simulate most of twophase flow configurations encountered in nuclear reactor
power plants. The introducing of CFD method on the
countercurrent flow in a model of PWR hot leg includes
the investigation of CCFL mechanisms, heat transfer eﬀects,
flow patterns, hysteresis behaviour, and the extension of
the obtained flow behaviour from small scale to fullreactor scale. However, the available literature regarding this
important topic is rare.
It is expected by the community that the development
of a general model closer to physics and including less
empiricism in the CFD model should be considered [4, 5].
Such models are an essential precondition for the application
of CFD codes to the modeling of flow-related phenomena
in nuclear facilities. Here, the validation of the developed
local geometry-independent models for mass, momentum,
heat transfer, and scalar transport should be conducted.
The necessary validation is performed by comparing model
results against measured data.
In view of the above, it has been decided to bring out
this special issue. The available papers include the state of the
art of CCFL experiment in a simple inclined or vertical pipe,
scale down PWR hot leg model, CFD modeling, and development of new data base using image processing technique.
Thus, this special issue provides the reader with useful
information on the progress of the works regarding CCFL in
a PWR, and also on open questions, requirements for further
research, modeling, and experimental data.
Deendarlianto
Thomas Höhne
Michio Murase
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1 Department

of Mechanical & Indutrial Engineering, Faculty of Engineering, Gadjah Mada University, Jalan Grafika No. 2
Yogyakarta 55281, Indonesia
2 Helmholtz Zentrum Dresden Rossendorf, Institute of Safety Research, P.O. Box 510 119, 01314 Dresden, Germany
Correspondence should be addressed to Deendarlianto, deendarlianto@ugm.ac.id
Received 13 December 2011; Accepted 29 February 2012
Academic Editor: Michio Murase
Copyright © 2012 Sigit Prayitno et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Experimental work about counter current two-phase flow of air and gas in nearly horizontal pipe has been performed. The work
was performed in a 1.1 m long circular transparent acrylic pipe with 50 mm inner diameter, in two inclination angle settings (20◦
and 10◦ from horizontal). The smooth liquid and air inlet was used. Porous liquid inlet and a nozzle connected with calm section
were used as liquid and gas inlet. The eﬀect of liquid properties is examined by using five diﬀerent working fluids (Water, two
diﬀerent concentration of butanol and glycerin aqua solutions). As for results. (1) CCFL causes a drastic change in the delivered
liquid to the lower plenum. (2) The eﬀect of inclination angle is significantly observed. The flooding gas superficial velocity
decreases with inclination angle. (3) The liquid viscosity aﬀects the flooding phenomena.

1. Introduction
Counter current flow in vertical tube has many applications
in a diverse range of process industries. The phenomenon
of flooding is of considerable technological importance, as
flooding can be limiting factor in the operation of equipment. For example, in a pressurized water reactor (PWR), the
counter-current flow of steam (upward) and cold water
(downward) may take place in vertical channels when the
emergency core cooling (ECC) water is injected into the
reactor vessel. This leads to complex processes including the
condensation of steam due to the introduction of cold water
in to the reactor core. Most importantly upward steam flow
may prevent suﬃcient cooling of reactor component by ECC
water. Flooding phenomena have been studied in order to
develop analytical models to predict the onset of flooding
velocity. As a result, a large number of correlations have been
proposed in the literature to predict it for given set of condition. In spite of the large number of reported results, there is
still considerable uncertainty concerning the phenomena at
the onset of flooding.
A previous work by Wallis [1] who studied counter current of liquid-gas flow in vertically channel found the

inversely proportional relationship of the liquid and gas
velocity. To provide a further observation, Hewitt [2] and
Barnea et al. [3] performed an experiment in inclined pipe
and showed the eﬀect of inclination angle. They found that
the eﬀect of inclination angle is complicated. The flow rate
at which flooding occurs increases and then decreases as the
inclination angle is changed from horizontal to vertical. In
the other hand, Pantzali et al. [4] showed the tendency of
the flooding gas flow rate increase with the increase of the
inclination angle.
Another important aspect in flooding is the influence of
the liquid properties. Kamei et al. [5] performed an experimental work about the eﬀect of surface tension in flooding
phenomena. They concluded that the flooding gas 2velocity
increases with the decrease of surface tension. A further
experimental work performed by Suzuki et al. [6] conclude
that the eﬀect of surface tension is complicated. The opposite
result was showed by Ousaka et al. [7], Chung et al. [8], and
Zapke and kröger [9]. They showed that surface tension had
a stabilizing eﬀect on flooding. It is proved by the instability
of interfacial area and the decrease of flooding velocity with
the decrease of surface tension. An experimental work about
the eﬀect of liquid viscosity was performed by Clift et al. [10],
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Figure 1: The schematic of experimental apparatus.

they found the destabilizing eﬀect of viscosity, an increase of
viscosity is followed with the decrease of flooding velocity.
This result is fully in agreement with Tien et al. [11], Chung
et al. [8], Zapke and kröger [9], Mouza et al. [12], and Nariai
et al. [13]. Suzuki et al. [6] found the opposite trend. They
found that the flooding velocity tend to increase with an
increase in liquid viscosity.
The previous experimental works revealed that the
agreement has not been met. The main objective of the work
described in the present experimental work is to examine
the influence of the fluid properties and the pipe inclination
on the CCFL. Air, water, and two diﬀerent butanol and
glycerin aqua solutions were used as the working fluid for
this purpose. The two inclination angles, 20◦ and 10◦ from
horizontal axis are used to provide more observation data
that is very limited in the low-inclination angle.

2. Experimental Apparatus
A scheme of this present experimental facility is shown in
Figure 1. The tests were performed in a 1.1 m long circular
transparent acrylic pipe with 50 mm inner diameter. The
transparent circular acrylic test section was mounted in the
aluminium beam, which designed to be able to be assembled
in two inclination angles: 20 and 10 degree from horizontal
axis. Compressed air was supplied by a reservoir, and the
flow gas was regulated by the digital regulator. Air entered
via nozzle connected to the lower plenum and calm section
to provide a smoother air flow rate entering the test section.
The air flows from the larger to the small section area of the
calm section to minimize the disturbance eﬀect in the air
streamline. This method was used in the previous work done
by Deendarlianto et al. [14]. The liquid was supplied by the
feeder pump connected to the liquid tank. The liquid supply
flow rate and temperature were measured with signet flow

transmitter and the digital thermometer to assure the liquid
supplied as the experimenter expected. The detail of the air
inlet and calm section geometry are shown in Figures 2 and 3.
The porous liquid entry was used as the smooth liquid entry
as shown in Figure 4.
The present experiments were performed using air and
five test liquids, that is water, two diﬀerence concentration
of butanol and glycerin aqua solutions, thus providing test
liquid with a variation of surface tension σ and viscosity
μ. The liquid properties were measured in the ambient
temperature condition, that is, ±22◦ C and their properties
are given in Table 1. The sample of the liquid tests is taken
during the experiment and compared to the data sheet of
liquid properties of the mixtures. A good agreement was
resulted, the mixtures were under soluble condition and met
the liquid properties data sheet.
The onset of flooding was detected as follows, that is,
by stepwise increase with a small increment of air-flow rate
under a constant water flow rate. Firstly we waited for a few
minutes to ensure the flow pattern was in a steady state after
the change of the air flow rate. At the same time, a visual
data observation and the delivered liquid flow rate were
recorded. The onset of flooding was defined as the limiting
point of stability of the counter-current flow, indicated by
the maximum air flow rate at which the delivered liquid flow
rate was equal to the inlet liquid flow rate. As the air flow rate
was increased continuously, a flow pattern transition occurs.
The stable counter current flow tended to be unstable. The
unstable counter current flow was indicated at which the
diﬀerence of the liquid flow rate from upper plenum to the
delivered liquid flow rate in the lower plenum was found.
The delivered liquid flow rate in the lower plenum decreases
with an increase in the air flow rate. This condition is called
as counter current flow limitation (CCFL) or flooding. This
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Table 1: Liquid properties∗ .

Fluid
Water
30% glycerin aqua solution
50% glycerin aqua solution
2% butanol aqua solution
5% butanol aqua solution
∗

Density [kg/m3 ]
997.00
1064.25
1104.6
994
989.5

Surface tension [mN/m]
73.62
69.49
69.34
51.45
39.76

Viscosity [mPa.s]
1.002
2.633
5.164
1.245
1.266

Index
W1
V1
V2
S1
S2

The measured fluid properties were measured in the ambient condition (P = 101325 N/m2 , T = 295 ◦ K).

method was used by the previous investigators such as Celata
et al. [15] and Deendarlianto et al. [14].
The superficial velocity is described as the ratio between
flow rate and crosssection of the circular channel as shown
below:
Q
(1)
Jk = ,
As
at which subscript k indicates G supplied gas and L, d
delivered liquid phase, J superficial velocity, Q flowrate, and
As inner crosssection area of the circular acrylic pipe.
The experimental conditions were conducted in the
range of supplied liquid superficial velocity JL = 0.023 ∼
0.24 m/s and that of air JG = 0 ∼ 13.8 m/s.

3. Results and Discussion
To simplify the explanation in this paper, we use some
abbreviations for the test liquids by referring to their liquid
properties. The significance of abbreviations described in this
paper is as follows: W1: air-water (σ = 0.073 N/m and
μ = 0.001 Pa.s), S1 : 2% butanol aqua solution (σ = 0.051
N/m), S2 : 5% butanol aqua solution (σ = 0.039 N/m), V1
30% glycerin aqua solution (μ = 0.0026 Pa.s) and V2 50%
glycerin aqua solution (μ = 0.0051 Pa.s).
Figure 5 illustrates the eﬀect of pipe inclination angle on
the CCFL in terms of the gas superficial velocities JG and
the delivered liquid superficial velocities JL,d . The eﬀect of
inclination angle was found in the range of JL,d ≤ 0.15 m/s
at which flooding occurs in the pipe section. The flooding
gas superficial velocities observed tend to decrease in the
decrease of the pipe inclination angle. It might be as the
eﬀect of gravitational forces. The decrease of the inclination
angle dilutes the gravity force, it means that the role of
gravity force to counteract the air flow rate becomes weaker
in the decrease of inclination angle, therefore, the air flow
rates needed to make an upward liquid flow decrease in the
decrease of inclination angle. It causes the slope of the plotted
20◦ CCFL curve to be higher than 10◦ CCFL curve as shown
in Figure 5. Figures 5(a), 5(b), 5(c), and 5(d) show that the
eﬀect of inclination angle is getting weaker at high delivered
liquid superficial velocities. It is proved by the two plotted
curves that are closer to each other. It may be considered
as the eﬀect of an irregular wave formed in the liquid inlet
area and tends to block the crosssection. This indicates the
occurrence of the entrance flooding.
In order to observe the behavior of the liquid film on
the CCFL condition, visual observation was performed by

the Redlake Motion Pro high-speed video camera. Bundled
with 500 fps and 1280 × 1024 as the maximum framerate
and resolution, it can assure the good quality of visual
observation data. The camera is set up in the 200 frames per
second to provide a good visual observation data as shown
in Figures 6, 7, and 8. A tendency is observed, the liquid film
flows like a wavy appears at the onset of flooding, then the
waves increase in the height. As the wave height reaches a
certain value, the wave begins to be broken up by the air
flow. There is some droplet entrainment in air flow rate. The
three liquid tests show the same trend, but it is not fully
the same. The diﬀerent phenomena are shown by the three
liquid tests (W1, S2, and V2). V2 shows the higher height
and frequency of the wave formed, compared to W1 in the
same of time range. S2 shows that the droplet entrainment
occurs in the smaller wave compared to W1, it means that
the height of the wave needed to be broken is smaller than
other. These indicate that CCFL characteristic depends on
the liquid properties.
Wallis [1] proposed the dimensionless number or known
as Wallis parameter, Jk ∗ , in terms of the dimensionless
gas and liquid superficial velocities to predict the onset of
flooding in vertical pipe. It is defined as follows:



Jk ∗ = Jk 




ρk

gD ρl −ρg

 ,

(2)

at which subscript k indicates G gas and L, d delivered liquid
phase, ρ the density, and D is the inner diameter of the pipe
used. The correlation is expressed as,
JG ∗

1/2

+ m JL,d ∗

1/2

= C,

(3)

the constants m and C are based on the experiment set up
and condition.
Figure 9 illustrates the eﬀect of surface tension on the
CCFL in terms of the dimensionless number as proposed by
Wallis in which (a) and (b) correspond to the cases of W1,
S1, S2, in the 20 and 10 degree inclination angle. The close
observation of the figure reveals that the eﬀect surface tension on CCFL is not significantly observed. The destabilizing
eﬀect of surface tension was only observed in the liquid film
behavior as shown in Figure 8. The very chaotic flow pattern
was shown. It can be explained as the decrease of surface
tension means a smaller pressure diﬀerence in the liquid-gas
interfacial area can be restrained by the liquid film. It causes
the liquid behavior to be unstable flow easily. Therefore, the
more chaotic flow is performed and the droplet entrainment
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Figure 10: The eﬀect of the liquid viscosity on flooding.

occurs in the smaller wave height. It is very interesting that
the observed chaotic flow pattern does not significantly aﬀect
the plotted gas flooding superficial velocities. It is proved
by the plotted CCFL curve that perform close to each other
as shown in Figure 9. This result is in fully agreement with
Nariai et al. [13] who performed the CCFL experiment in
the same inner diameter pipe used in this present work. The
Figures 9(a) and 9(b) show the diﬀerent slope of the two
plotted inclination angle experiment data. The curve slope
of Figure 9(a) is higher than 9(b), it is considered as the
slope “m” in Wallis correlation closely related to geometrical
dimension. The geometrical dimension here is inclination
angle. The inclination angle corresponds to the gravity force
that dominantly influences the CCFL in both of plotted W1,
S1 and S2 curves.
Further observation was done to examine the eﬀect
of the viscosity on flooding. Figure 10 shows CCFL data
plotted in terms of dimensionless number proposed by
Wallis. An increase in the liquid viscosity means an increase
in the flow resistance. As the liquid flows down, the
liquid film pressure reduces due to the eﬀect of friction,
hence the pressure diﬀerent in the liquid-gas interface area
increases. A fluctuated wave is formed to compensate the
additional pressure diﬀerent in the liquid-gas interface area.
Figure 10(a) shows that the CCFL curves of W1, V1 and V2
are close to each other. It means that the fluctuated wave
does not always correspond to the destabilizing eﬀect, there
is stabilizing mechanism that is able to delay the destabilizing
eﬀect. Chung et al. [8] proposed a new viscous eﬀect, that
is, viscous damping eﬀect which was not accounted before.
Viscous damping as the ability of the liquid to stabilize
the flow behavior will counteract with the destabilizing

eﬀect of viscosity, therefore, the net liquid viscosity eﬀect is
found to be very small. The diﬀerent condition is illustrated
by Figure 10(b), an increase in the viscosity causes the
decrease of the gas superficial velocity. It is considered as
the destabilizing eﬀect of viscosity. The destabilizing eﬀect
of viscosity appears dominantly to the viscous dumping. It is
proved by the high-frequency wave formed as shown in the
Figure 7. It may be caused by the eﬀect of inclination angle
that dilutes the gravity forces that correspond to the viscous
damping eﬀect. Therefore, the CCFL curves of V1 and V2
tend to lag behind the W1.
A comparison is made to know the tendency of the flooding experimental works in inclined pipe. The comparison
in the inclined pipe is made by plotting the data in the
dimensionless number as shown in Figure 11.
Figure 11(a) shows a comparison of the present experimental data with the data resulted by Barnea et al. [3]
and Geweke et al. [16]. Although this present work used
the same inner diameter pipe as Barnea et al. [3] and
Geweke et al. [16], the comparison indicates that there is
a diﬀerent condition observed in these experiments. The
Barnea et al. data shows the highest JG ∗1/2 than others.
It may be caused by the 10 meters long pipe and the
diﬀerence of the definition of the flooding used. Geweke et
al. [16] data shows the closely agreement with the present,
it performs a slightly higher plotting. It may be due to
the higher pressure of the system used than the present
work used. As we knows from the literature that the higher
pressure system condition tends to increase the flooding
velocities, it is considered as the eﬀect of the fluid properties
used, change with the function of pressure, and temperature
condition.
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Figure 11: The data comparison of flooding experimental data.

An increase in the pipe inclination angle, the experimental data resulted by Wallis [1] show a slight lower CCFL curve.
It may due to the diﬀerence diameter used in his vertical pipe
flooding experiment.
Zapke and Kröger [9] examined the countercurrent
gas-liquid flow in inclined tubes. They noted that the
flooding is significantly aﬀected by the liquid properties.
They claim that the constant C in the Wallis correlation is
a function of the liquid properties. Then, they proposed a
dimensionless liquid property parameter to be combined to
Wallis correlation to provide a trend of flooding phenomena.
It was proved successfully to correlate some experimental
data. The liquid property parameter is defined as follows:


ZL =

DρL σ
μL

Jk ∗0.5 /ZL 0.05 to be the axis of the plotted data. This combination was proved as good enough correlation number by
Zapke and Kröger [9]. It was proved by the good correlation
of some experimental work data that concern in examining
the eﬀect of liquid properties.
As shown in Figure 11(b) it is shown that the combination of Wallis and the liquid property does not fully correlate
the data. The data scatter widely, especially for an extremely
change of geometrical dimension like inner diameter and
inclination angle as shown in Ousaka et al. [7] and Pantzali
et al. [4] plotted data. A new parameter is needed to be found
to provide a general flooding correlation.

4. Conclusion
.

(4)

A further comparison is made to evaluate the combination of
Wallis dimensionless number Jk ∗ and Zapke dimensionless
liquid property ZL to correlate the flooding experimental
data. The comparison is made by the combination of

The onset of flooding in nearly horizontal pipe was investigated experimentally. The tube diameter and tube length
were 50 mm an 1.1 m, respectively. The experiments were
carried out using water, two diﬀerent concentrations of
butanol aqua solution and glycerin aqua solution as test
liquids. The results are summarized as follows.
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(1) The flooding is characterized by the inversely proportional relation of the flooding velocities that is, the
flooding gas superficial velocities decrease with an increase in the liquid flow rate.
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[10]

(2) The eﬀect of inclination angle is significantly observed to aﬀect the flooding phenomena. A decrease
of the flooding gas superficial velocities is observed
with the decrease of inclination angle.

[11]

(3) The liquid viscosity influence in the flooding phenomena is relatively stronger than the surface tension
eﬀect. It is proved by the destabilizing eﬀect of viscosity that is strong enough to decrease the flooding gas
superficial velocities.

[13]

(4) The viscous dumping eﬀect is found as the minor
eﬀect of the liquid viscosity. This eﬀect becomes
stronger in a little change of the liquid viscosity, but
the destabilizing eﬀect of liquid viscosity is to be
dominant in the decrease of inclination angle.

[14]
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In order to investigate the two-phase flow behaviour during counter-current flow limitation in the hot leg of a pressurised water
reactor, dedicated experiments were performed in a scaled down model of Kobe University. The experiments were performed with
air and water at atmospheric pressure and room temperature. At high flow rates, CCFL occurs and the discharge of water to the
reactor pressure vessel simulator is limited by the formation of slugs carrying liquid back to the steam generator. The structure of
the interface was observed from the side of the channel test section using a high-speed video camera. An algorithm was developed to
recognise the stratified interface in the camera frames after background subtraction. This method allows extracting the water level
at any position in the image as well as performing further statistical treatments. The evolution of the interfacial structure along
the horizontal part of the hot leg is shown by the visualisation of the probability distribution of the water level and analysed in
function of the liquid and gas flow rates. The data achieved are useful for the analysis of the flow conditions as well as for the validation of modelling approaches like computational fluid dynamics.

1. Introduction
In the event of hypothetical accident scenarios in a pressurised water reactor (PWR), emergency strategies have to be
mapped out, in order to guarantee the reliable removal of the
decay heat from the reactor core, also in case of component
breakdown. Therefore, the primary circuit is designed to
favour a natural circulation which allows to release the heat
to the secondary circuit over the steam generators (SGs).
One essential passive heat removal mechanism is the reflux
cooling mode. In the reflux condenser mode, the water level
in the reactor pressure vessel (RPV) is already reduced to
the level of the hot leg nozzle or even below, consequently,
only steam flows to the steam generator. The steam coming
from the RPV condenses in the vertical U-tubes of the steam
generator and, in each half of the steam generator, the
condensate flows down the tube in which it has been formed.

Therefore, about one half of the condensate flows as usual
over the pump to the downcomer, whereas the other part
flows over the hot leg back to the upper plenum. In the hot
leg, the condensate has to flow in counter current to the
steam.
However, the stratified counter-current flow of condensate and steam is only stable for a certain range of flow rates.
In fact, if the steam flow increases too much, the condensate
is clogged in the hot leg. This is the onset of the countercurrent flow limitation (CCFL): the liquid is carried over by
the steam and partially entrained in opposite direction to the
steam generator. As a consequence, the hot leg and steam
generator are flooded, which decreases the water level in the
RPV and reduces the core cooling. In case of an additional
increase of the steam flow, the condensate is completely
blocked and the reflux cooling mode ends. In this situation
the cooling of the reactor core from the hot leg is impossible,
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but may be continued by coolant drained through the cold
leg to the downcomer.
The reflux condenser cooling mode can appear for instance
during a small break loss of coolant accident (LOCA) or
because of a loss of residual heat removal (RHR) system
during midloop operation at plant outage after its shutdown.
For the validation and optimisation of accident management strategies, such transient scenarios are reproduced in
dedicated facilities or rather simulated. The use of onedimensional system codes, which are principally based on
empirical correlations, is a common practice. The implemented correlations are adapted to reflect the macroscopic
flow characteristics and were extensively validated in the past;
consequently, they can be used for safety analyses. However,
the correlations do not allow to predict the flow conditions
from first principles, and therefore, present limitations. In
particular for the flow situations dominated by 3D eﬀects, a
computational fluid dynamics (CFDs) approach is required
to evaluate the local behaviour in detail. These simulation
methods are not yet mature and have to be validated before
they can be applied to nuclear reactor safety. Therefore,
dedicated experimental data is needed with high resolution
in space and time.
To support the theoretical model development and the
validation of CFD codes, air/water counter-current flow
experiments were performed in a scaled down model of
the hot leg of a PWR built at Kobe University. The present
study investigates the structure of the interface observed
from the side of the channel test section using a highspeed video camera. After some image scaling evaluations,
an algorithm developed to recognise the stratified interface
in the camera frames after background subtraction will be
presented. Finally, the evolution of the water level along the
hot leg will be analysed in function of the liquid and gas flow
rates with help of statistical treatments showing the global
structure of the interface.

2. Previous Investigations of Counter-Current
Flow Limitation in PWR Hot Legs
The first detailed investigations on counter-current flow
limitation in a hot leg typical geometry (i.e., a horizontal
conduit connected to a riser) date back to the late seventies.
Richter et al. [1] performed air/water experiments in a scaled
down model of the hot leg of a PWR. The test section was
made of acrylic glass in order to allow visual observation
of the two-phase flow. They proposed to correlate the
obtained flooding data with the nondimensional superficial
velocity introduced by Wallis [2] in 1969 for vertical countercurrent flows in pipes. In 1980, Krolewski [3] established the
experimental flooding characteristic of five diﬀerent hot leg
geometries with air and water. She shows that the characteristic of the CCFL depends significantly on the angle of the
riser as well as on the inlet and outlet geometry.
Later on, Ohnuki [4] performed counter-current flow
limitation experiments in a horizontal pipe connected to
an inclined riser with air/water and saturated steam/water
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both under atmospheric pressure conditions. From his
results, Ohnuki concluded that the flooding characteristics
are independent from the fluid combination. Furthermore,
he varied the most important geometrical aspects of the hot
leg: the conduit diameter, the length of the straight pipes,
and the angle of the riser. As a result of his investigations,
Ohnuki proposed an empirical correlation to predict the
onset of flooding by using the Wallis parameter, in which the
y-intercept constant is a function of the length to diameter
ratio of the horizontal pipe as well as of the length of the
inclined riser.
Furthermore, steam/water CCFL experiments under
increased pressure conditions were performed in the Upper
Plenum Test Facility (UPTF), which simulates the primary
circuit of a PWR at full scale. The experiments related by
Weiss and Hertlein [5] simulate the reflux condenser mode
after a small break LOCA. These were conducted at pressures
of 3 and 15 bar and saturation conditions. A comparison of
the results with the correlations of Richter et al. and Ohnuki
confirmed that the Wallis parameter allows a proper geometrical scaling of the eﬀects of counter-current flow limitation.
More recently, Kim and No [6] have merged in one
database the experimental results obtained by eight diﬀerent
research groups, which were published between 1986 and
1999. The database includes cold air/water as well as
steam/water experiments. By the regression through a total of
356 data points, Kim and No proposed a flooding correlation
as function of the length to diameter ratio of the horizontal
part of the hot leg. The prediction error of the correlation
was evaluated against the considered database to 8.7%.
This brief review of the literature shows that previous investigations cover many aspects of the CCFL in hot leg
typical geometries. However, the goal of most of the previous
experiments was the development and validation of one-dimensional system codes. Therefore, the available data mainly
focuses on macroscopic eﬀects, which do not allow a detailed
validation of the CFD codes. In fact, for comparison with
CFD calculations, dedicated experimental data are needed
with high resolution in space and time, for instance by the
application of optical measuring techniques.
Such “CFD grade” experiments were recently performed
at Helmholtz-Zentrum Dresden-Rossendorf (cf. Vallée et al.
[7]). The structure of the two-phase flow was observed
with a high-speed video camera in a model of the hot leg
with rectangular cross-section at reactor typical boundary
conditions (saturated steam/water at up to 50 bar and
264◦ C). However, the large scale of the test facility as
well as the harsh boundary conditions unfortunately do
not allow to observe the complete hot leg. Therefore, the
complementary test facilities available at Kobe University
were used for additional air/water experiments. The first
results obtained in Kobe were reported by Minami et al.
[8], including flow pattern maps, hysteresis eﬀects between
flooding and deflooding as well as the CCFL characteristics.
Furthermore, Nariai et al. [9] investigated the influence
of the fluid properties on the CCFL characteristics, varying the liquid phase viscosity with glycerol/water solutions.
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Figure 1: Hot leg test facility of Kobe University.

3. Experimental Setup and Procedure
Figure 1 shows a schematic of the experimental setup. It
consists of the upper tank corresponding to the inlet plenum
of a steam generator (SG), of the hot leg test section, and
of the lower tank simulating the reactor pressure vessel
(RPV). Furthermore, the experimental setup includes supply
systems for the air and the liquid as well as a water reservoir.
Details of the hot leg test section are shown in Figure 1(b).
The hot leg consists of a horizontal section, a 50◦ elbow and
an inclined section. It is scaled at 1 : 15 compared to the original nuclear power plant, corresponding to an inner diameter
D of 50 mm. The dimensions of the separators are L × H ×
W = 300 × 1000 × 100 mm and 200 × 160 × 300 mm for
the lower and upper tank, respectively. The hot leg and the
separators are made of transparent acrylic resin to allow
optical observations.
Air is supplied from an oil-free compressor through a
control valve and a flow meter (FLT-N, Flowcell, Ltd.) to
the lower tank (cf. Figure 1(a)). The opening for the air is

125.5

Figure 2: Cross-section of the hot leg pipe and position of the
camera.

situated opposite to the one for the hot leg test section. The
liquid (tap water) is injected to the bottom of the upper tank
by a magnet pump via a flow meter (FLT-N, Flowcell, Ltd.)
and flows through the test section into the lower tank.
The experiments were performed at room temperature and
atmospheric pressure, the air being discharged to the environment from the upper tank. The measuring uncertainties
for the inlet superficial water velocity jL,in and for the
superficial gas velocity jG were estimated with 95% of confidence at ±3.0% and ±2.5%, respectively.
The upper tank is divided into two parts by a 105 mm
high weir placed at 110 mm of the left wall (cf. Figure 1(a)).
This volume below the weir simulates the volume of the
original steam generator inlet plenum. When CCFL occurs in
the hot leg, the part of liquid which overflows the weir in the
upper tank is drained into the reservoir. This design allows
quasistationary counter-current flow limitation experiments.
However, the separation area does not simulate the eﬀects
of the steam generator itself. In general, the water head
in the upper tank does not significantly aﬀect the CCFL
characteristics. However, the fluctuation of the water head
aﬀects the fluctuation of pressure in the lower tank as well
as the gas inlet flow rate into the hot leg. Consequently, this
eﬀect influences the CCFL characteristics due to a nonlinear
behaviour. For further general information concerning this
eﬀect, please refer to the study by Navarro [10].
During the experiments, constant water and air flow rates
were injected into the test facility. The air volume flow rate
was varied from 0 to 15.7 L/s (corresponding to superficial
gas velocities jG in the pipe of 0 to 8 m/s) and the inlet
water flow rate from 0.17 to 0.50 L/s (i.e., jL,in = 0.085,. . .,
0.25 m/s). The experimental series were started with high air
flow rates where CCFL is clearly established in order to avoid
hysteresis eﬀects (cf. Minami et al. [8]).

4. Optical Observations
Optical measurements were performed with a high-speed
video camera. The flow was filmed from the side of the
channel at 300 frames per second. Depending on the
fluctuation of the flow structures over time, the recording
time was varied between 20 and 30 s, leading to 6000 to 9000
images.
4.1. Image Scaling. As shown in Figure 2, the camera was
placed at approximately 1.4 m from the channel. The settings
lead to a spatial resolution of the images of about 2.2

4

4.2. Image Processing Method. In order to capture the
gas/liquid interface in the camera frames, an image processing algorithm was developed. As the top of the interface
is diﬃcult to identify automatically (in particular due to
light reflexions on the water surface and to the background
illumination diﬀering for full and empty conditions), the
current procedure detects its bottom limit. The principle of
the capture method is illustrated in Figure 5 and consists in
the following steps:
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Figure 3: Scheme of the simulated optical path through the hot
leg cross-section (distance between camera and channel outer wall:
100 mm).
160
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pixel/mm (cf. example in Figure 5). In order to evaluate
the distortion of the recorded images, the optical path was
modelled from the camera objective to the hot leg model.
As shown in the cross-sectional view (cf. Figure 2), the test
section is not a pipe in a strict sense, it is a rectangular
block of acrylic glass drilled in the centre. The result of
the simulation is shown in Figure 3 for a half-filled test
section and a distance between camera and channel outer
wall of 100 mm. This short distance was chosen in order to
intensify the optical refraction eﬀects. Refractive indexes of
1.00, 1.333, and 1.49 were assumed for the air, the water, and
the acrylic glass, respectively. As shown in Figure 3, the crosssection geometry corresponds to a divergent lens. However,
due to the high index diﬀerence between air and acrylic glass,
the divergence is more important in the empty part of the hot
leg, compared to the domain filled with water. Furthermore,
a part of the channel cannot be observed because of total
reflection on the round acrylic glass interface.
Moreover, the model was used to evaluate the vertical distortion and resolution of the camera observation. Therefore,
it was assumed that the bottom of the interface visible on
the camera images corresponds to its left border in contact
with the acrylic glass. In fact, due to the divergence of the test
section, in the lower half of the channel a lower water level
can only be observed if the interface is more concave than
the inclination of the light path in water. As this does not
apply for the upper half, a second optical path was simulated
assuming that the bottom of the interface corresponds to
the opposite border of the test section (curve “simulation
2” in Figure 4). Furthermore, the model allows to calculate
the limit of total reflection from which the interface is visible
on the image: 2.8 mm for the water and 8.4 mm for the air
from the top or bottom of the pipe (y = ±25 mm in Figure 3),
respectively.
In order to check the model, calibration measurements
were performed before the CCFL experiments. Therefore, the
test section was filled with a defined stratified water level and
recorded with the high-speed video camera. The position of
the interface in the camera images was plotted in function of
the measured water level and compared with the simulation
results in Figure 4. The simulated line was scaled linearly
in pixels in function of the position of the top and bottom
outer border of the test section (at y = ±35 mm, cf. Figure 2).
As shown in Figure 4, the agreement between calibration
measurements and simulation 1 is good, while simulation
2 gives wrong results. Consequently, this modelling shows
that the bottom of the interface visible on the camera images
corresponds to the left contact point between the channel
and the air/water interface.
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Figure 4: Vertical resolution of the optical observation: comparison
between experimental calibration and simulation.

(1) synthesis of a background image (bottom: full channel/top: empty channel, cf. Figure 5(b));
(2) background subtraction (Figure 5(c));
(3) calculation of a vertical gray level gradient over 3
pixels (top and bottom neighbours), cf. Figure 5(d);
(4) searching for the maximum gradient in each vertical
line (Figure 5(e));
(5) filtering and detection of the wrong pixels:
(a) linear interpolation of single outlier with the
neighbours (limit = 7 pixels),
(b) detection of the wrong group of pixels from
their distance to the local moving average
calculated over 10 neighbours to left and right
(distance > 7 pixels);
(6) correction of the wrong group of pixels:
(a) calculation of the linear interpolation line joining the last well detected pixels;
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(a) Original image

(b) Background image

Zoom
(c) Image after background subtraction

Zoom
(e) Points of maximum gradient: good points in red,
as incorrect recognised points in blue

(d) Vertical gray level gradient (red: positive/blue:
negative)

Zoom
(f) Final detected interface (red pixels) over original
image

Figure 5: Visualisation of the main steps of the image processing (image taken during CCFL at jL,in = 0.25 m/s and jG = 4.0 m/s).

(b) downweighting with a normal distribution
weight function the gradient calculated in step
(3) in function of the distance to the linear
interpolation line;
(c) researching for maximum gradient in the vertical line (Figure 5(f)).
As shown in Figure 5(f), the method gives very good results
in the horizontal part of the hot leg. However, due to flanges
and seals, the flow in the last part of the test section to
the RPV simulator is only partially visible, disturbing the
measurement in this region. Furthermore, in the riser to the
SG tank, the low contrast between background and interface
as well as the annular character of the flow leads to a largely
incorrect detection. Consequently, the measurement results
will not be analysed in these problematic regions hereafter.

5. Results
5.1. Water Level History. As an example, the experiment
chosen to illustrate this section was performed at following
boundary conditions:
(i) water flow rate: 0.50 L/s (i.e., jL,in = 0.25 m/s).
(ii) air flow rate: 7.9 L/s (i.e., jG = 4.0 m/s).
The water level in a cross-section as a function of time is
obtained from the coordinates of the pixels detected in the
high-speed camera images over a complete sequence. As an
example, Figure 6 shows the resulting water level history for
7 chosen cross-sections identified by a colour on the picture
above. The axial positions are indicated relatively to the inner
wall of the lower tank (RPV simulator). Because the images
are processed separately, few single outlier were observed in
the time plot, which were averaged with the neighbours if the
position diﬀerence was exceeding 5 pixels.

Along the horizontal part of the hot leg, wavy flow
was observed during CCFL and, consequently, the water
level presents relatively small fluctuations. The propagation
direction of small waves is ambiguous, whereas some larger
waves generated close to the bend pass through the hot leg
to the lower tank (cf. arrow). In the bended region, the
fluctuation of the water level is higher due to the water flow
recirculation as well as slug generation, involving bubble
formation. Here, the waves propagate in both directions,
depending if the wave is high enough to grow unstably to
a slug or not.

5.2. Probability Distribution of the Water Level
5.2.1. Calculation and Graphical Representation. As shown
in previous section, the interface dynamics depends on the
position in the test section. Therefore, a statistical approach
is proposed in order to reflect the structure of the interface
over time. The probability distribution of the water levels
was calculated in each vertical cross-section for the complete
measuring time (30.0 s, i.e., 9000 frames). As the image processing algorithm gives one single water level for each axial
coordinate, the probability of the water levels measured at the
pixel with the coordinates (x, y) is evident to calculate. The
obtained probability distribution was represented according
to a coloured scale and was superposed to the background
picture in Figure 7. This shows relatively thin distributions
with high probabilities in the horizontal part of the hot leg,
especially close to the RPV simulator. In the direction of the
bend, the probability expends due to the generation of larger
waves and slugs as mentioned in previous section. The results
in the problematic regions of the flange and seals close to
RPV simulator as well as in the riser are questionable and
should not be analysed. Consequently, these parts were not
represented hereafter.

6

Science and Technology of Nuclear Installations

Air
Water

Water level (mm)

49
50
25
0
50
25
0
50
25
0
50
25
0
50
25
0
50
25
0
50
25
0

118

187

256
x (mm)

326

395

441

49 mm

118 mm

187 mm
Wave
propagation

256 mm

326 mm

395 mm

441 mm
0

1

2

3

4

5
6
Time (s)

7

8

9

10

Figure 6: Time-dependent water level in chosen cross-sections during CCFL at jL,in = 0.25 m/s and jG = 4.0 m/s.
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1/9
1/18
0

Figure 7: Visualisation of the probability distribution of the water
level (colours) over the background picture (black and white)—
CCFL at jL,in = 0.25 m/s and jG = 4.0 m/s.

5.2.2. Evolution of the Stratified Structure with the Boundary
Conditions during CCFL. A series of experiments was performed at a constant injection of water corresponding to a
superficial velocity of 0.25 m/s, while the air superficial velocity was varied from 0 to 8.0 m/s. The resulting visualisations
of the probability distribution of the water level are shown
in Figure 8. Without air flow rate (cf. Figure 8(a)), the water
flow in the test section is supercritical (Fr > 1) because of
the acceleration occurring down the riser. This explains why
the water level increases in downstream direction due to the
pressure drop. At air superficial velocities higher or equal
to 1.0 m/s, CCFL is reached in the hot leg. According to
the structure of the probability distribution, two diﬀerent
flow behaviours were observed.
(i) At low air flow rates (i.e., 1.0 ≤ jG ≤ 2.0 m/s), the
probability distribution is broad, indicating a highly

fluctuating water level. These large fluctuations are
due to the development of large liquid pockets obstructing the complete cross-section and expelled
to the steam generator separator by the air flow.
These structures originate from large water amounts
intruding regularly into the hot leg from the upper
tank and correspond to the oscillatory flow pattern
described by Minami et al. [8]. This process occurring at relatively long time intervals, the water level
in the hot leg decreases drastically in between of two
water pockets, explaining the amplitude of the probability distribution.
(ii) At high air flow rate (i.e., jG ≥ 4.0 m/s), the water
level is low and relatively stable with high probabilities. This is attributed to the frequent development
of large waves or small slugs, which do not reach the
top of the pipe, transporting the water back to the SG
tank more continuously compared to the large liquid
pockets.
At jG = 8.0 m/s, the discharge liquid flow to the RPV
simulator is null (i.e., zero liquid penetration). The stratified
liquid in the horizontal pipe does not reach the lower exit,
although it is longer than visible in the images due to the
total reflexion eﬀects (cf. Section 4.1). However, compared
to previous CCFL conditions, the general structure of the
interface is not aﬀected by the zero liquid penetration.
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(a) jG = 0 m/s

(a) jL,in = 0.085 m/s

(b) jG = 1.0 m/s

(b) jL,in = 0.17 m/s

(c) jG = 2.0 m/s

0

1/18

1/9

≥1/6

Probability [−]
(c) jL,in = 0.25 m/s

0

(d) jG = 4.0 m/s

Figure 9: Evolution of the probability distribution of the water level
in function of the injected water flow rate for experiments with jG
= 4.0 m/s.

(e) jG = 6.0 m/s

6. Summary and Conclusions

1/18

1/9

≥1/6

Probability [−]
(f) jG = 8.0 m/s

Figure 8: Evolution of the probability distribution of the water level
in function of the air flow rate for experiments with jL,in = 0.25 m/s.

Furthermore, series of experiments were performed to
check the independency of the interface structure to the
inlet water flow rate. As an example, the results obtained
at a constant gas superficial velocity of 4.0 m/s and injected
water superficial velocities of 0.085 to 0.25 m/s are shown
in Figure 9. At these boundary conditions counter-current
flow limitation is achieved in the hot leg. As expected, the
probability distributions of the water level present no visible
dependence on the injected water flow rate.
Moreover, for air superficial velocities higher than
4.0 m/s, the water level in the horizontal section presents an
overall linear increase from left to right (cf. Figures 8 and 9).
This result supports the assumption made to the water level
in a simple CCFL model based on a momentum balance,
which was proposed in the literature (Ohnuki et al. [4]).

In order to investigate the two-phase flow behaviour during
counter-current flow limitation in the hot leg of a pressurised
water reactor, dedicated experiments were performed in
a scaled down model of Kobe University. The structure of
the interface was observed from the side of the channel test
section using a high-speed video camera. An algorithm was
developed to recognise the stratified interface in the camera
frames after background subtraction. This method allows
extracting the water level at any location of the image as well
as further statistical treatments. The evolution of the water
level along the horizontal part of the hot leg in function of
the liquid and gas flow rates was shown.
It was found that the flow structure during CCFL
depends on the flow regime in the hot leg: at low gas velocities large liquid pockets were observed, while at high flow
rates the formed slugs are smaller but more frequent. This
eﬀect influences the amplitude of the water level fluctuations
significantly. Furthermore, the probability distributions of
the water level present no visible diﬀerence in function of the
injected water flow rate. Finally, at high air flow rates, the
water level in the horizontal section was found to follow an
overall linear trend, as assumed by simple models developed
to predict CCFL.
The achieved high-resolution data and especially the
visualisation of the probability distribution are of great use
for the analysis of the flow conditions as well as for the validation of modelling approaches, in particular computational
fluid dynamics (CFDs). Consequently, this new quality of
data can help to better understand the processes governing
counter-current flow limitation.
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We have previously done numerical simulations using the two-fluid model implemented in the CFD software FLUENT6.3.26 to
investigate eﬀects of shape of a flow channel and its size on CCFL (countercurrent flow limitation) characteristics in PWR hot leg
models. We confirmed that CCFL characteristics in the hot leg could be well correlated with the Wallis parameters in the diameter
range of 0.05 m ≤ D ≤ 0.75 m. In the present study, we did numerical simulations using the two-fluid model for the air-water
tests with D = 0.0254 m to determine why CCFL characteristics for D = 0.0254 m were severer compared with those in the range,
0.05 m ≤ D ≤ 0.75 m. The predicted CCFL characteristics agreed with the data for D = 0.0254 m and indicated that the CCFL
diﬀerence between D = 0.0254 m and 0.05 mm ≤ D ≤ 0.75 mm was caused by the size eﬀect and not by other factors.

1. Introduction
Reflux condensation by steam generators (SGs) is considered
as one of the possible core cooling methods under hypothetical accident conditions in pressurized water reactors (PWRs).
During the reflux condensation, the water condensed in SG
U-tubes has to flow countercurrent to the steam generated
in the reactor core. The core cooling performance heavily
depends on the occurrence of countercurrent flow limitation
(CCFL) in the hot leg which consists of a horizontal pipe,
an elbow, and an inclined pipe. As reviewed by Al Issa
and MacIan [1], many experiments have been conducted
to investigate the CCFL characteristics in the hot leg, and
empirical correlations have been proposed using Wallis
parameters [2]. The review showed that many diﬀerences
between CCFL data were simply due to geometrical eﬀects.
To compare CCFL characteristics in hot leg models, Vallée et
al. [3] selected three geometrical factors: the horizontal pipe
length to diameter ratio (LH /D), the inclined pipe length to
diameter ratio (LI /D), and the elbow angle θ. They showed
that even for similar geometrical factors, there was clear

deviation between CCFL characteristics due to size eﬀects. In
order to evaluate eﬀects of size better, numerical simulation
using CFD (computational fluid dynamics) software is
expected to be useful.
In order to investigate eﬀects of shape of a flow
channel and its size on CCFL characteristics in hot leg
models, we have previously done numerical simulations
using a two-fluid model implemented in the CFD software
FLUENT6.3.26 [4–6]. We found that the two-fluid model
could reproduce CCFL characteristics under low-pressure
conditions, and we confirmed that those in the hot leg could
be well correlated with the Wallis parameters in the region
of 0.05 m ≤ D ≤ 0.75 m [6]. On the other hand, CCFL
characteristics for D = 0.0254 m measured by Ohnuki et al.
[7] were severer compared with those in the range 0.05 m ≤
D ≤ 0.75 m.
In this paper, we did numerical simulations using the
two-fluid model for the air-water tests (D = 0.0254 m)
conducted by Ohnuki et al. [7] to evaluate whether the CCFL
diﬀerence between D = 0.0254 m and 0.05 m ≤ D ≤ 0.75 m
is because of the size eﬀect or other factors.
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Table 1: Test section dimensions and conditions.

Reference
Ohnuki et al. [7]
Richter et al. [8]
Mayinger et al. [9]
Geﬀraye et al. [10]
Navarro [11]
Minami et al. [12]

LH /D (−)
9.1
4.5
9.0
7.5
9.3
8.4

D (m)
0.0254
0.2032
0.750
0.351
0.054
0.050

LI /D (−)
1.2
0
1.1
3.0
1.9
1.2

θ (deg)
50
45
50
50
50
50

Fluids
Air-water
Air-water
Steam-water
Air-water
Air-water
Air-water

Pressure (MPa)
0.1
0.1
0.3, 1.5
0.1
0.1
0.1

D: diameter, LH : length of horizontal pipe, LI : length of inclined pipe, θ: angle of elbow.

0.7

0.6

JG∗1/2

0.5

0.4

0.3

0.2

0.1

0

0.2

0.3

0.4

0.5

∗1/2

JL

Mayinger et al. [9], Dh = 0.65 m
Geﬀraye et al. [10], D = 0.351 m
Minami et al. [12], D = 0.05 m
Ohnuki et al. [7], D = 0.0254 m
Equation (3) [6]

Figure 1: CCFL characteristics.

2. CCFL Characteristics in a Hot Leg Geometry
CCFL characteristics in a PWR hot leg are generally
expressed by using the Wallis correlation or Wallis parameters which are respectively defined by [2]


JG∗

1/2



+ m JL∗

1/2

= C,
1/2



ρk

,
Jk = Jk
g ·  · ρL − ρG
 = D or H (k = G or L),
∗

(1)



(2)

where J (m/s) is the volumetric flux in the hot leg, m and
C are empirical constants,  (m) is the characteristic length,
D (m) is the diameter of the hot leg, H (m) is the height of
a hot leg model with a rectangular channel, g (m/s2 ) is the
gravity acceleration, and ρ (kg/m3 ) is the density.
Al Issa and MacIan [1] classified CCFL data according
to the horizontal pipe length to diameter ratio into four

groups: (LH /D) = 0–5, 5–10, 10–25, and >40. Vallée et al.
[3] selected experimental studies using the horizontal pipe
length to diameter ratio of (LH /D) = 7–10 to compare CCFL
characteristics in hot leg models. Major test conditions in
previous studies are listed in Table 1. The empirical constant
C in (1) by Richter et al. [8] was about 0.7, and CCFL was
mitigated compared with other cases where C was about 0.6,
because the horizontal pipe length to diameter ratio (LH /D)
was small.
Figure 1 compares the CCFL data listed in Table 1. The
solid line in Figure 1 was an empirical correlation obtained
by fitting the data of the 1/15-scale test given by [6]


JG∗

1/2

 1/2
 
= 0.608 − 0.238 JL∗
− 1.28 JL∗ .

(3)

In the UPTF tests (Mayinger et al. [9]), the diameter of
the hot leg was D = 0.75 m, and the hydraulic diameter in
the region with the ECC (emergency core cooling) injection
tube was Dh = 0.65 m. As can be seen in Figure 1, there
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Figure 2: Computational grids (unit: mm).

were no significant diﬀerences between CCFL characteristics
obtained under conditions of 0.05 m ≤ D ≤ 0.75 m.
However, the empirical constant C by Ohnuki et al. [7] was
about 0.55, and CCFL became severer compared with other
cases. The objective of this study was to evaluate the reason
why CCFL for D = 0.0254 m became severer.

3. Simulation Method
In the numerical simulations, the two-fluid model and
the standard k-ε turbulence model implemented in FLUENT6.3.26 were used. Conservation equations for momentum, volume fraction, turbulent kinetic energy, and turbulent dissipation rate of the gas and liquid phases were solved
using the first-order upwind scheme, because calculations
with the second-order upwind scheme became unstable. The
phase-coupled-SIMPLE method was used for the pressurevelocity coupling.
3.1. Computational Grid. Figure 2 shows the computational
grid for the air-water tests with the D = 0.0254 m [7], which
was reduced from the computational grid for a full-scale
PWR hot leg [6]. Because velocity distributions of gas and
liquid at both ends of the hot leg aﬀect hydraulic behavior,
the calculation region included the lower tank simulating
the upper plenum in the reactor vessel and the upper tank
simulating the SG inlet plenum. There were 460 calculation
cells in the cross-section of the hot leg and about 120,000
calculation cells in total. The diameter of the hot leg and
the length of the horizontal pipe were D = 0.0254 m and
LH = 0.213 m (LH /D = 8.4). The length of the tapered
section was not included in the length of the horizontal pipe
(including the tapered section, LH /D = 8.6). (LH /D) in the
computational grid was a little smaller than that (LH /D = 9.1)
in the tests conducted by Ohnuki et al. [7].

Gas was supplied from the side wall into the lower tank
and flowed into the upper tank through the hot leg. Water
was supplied from the bottom of the upper tank. Some water
gravitationally flowed into the lower tank through the hot
leg. The water flow rate through the hot leg was calculated
from the increasing rate of water volume in the lower tank.
The boundary condition of constant velocity was used at
the inlets of gas and water, and the boundary condition of
constant pressure was used at the outlet of the gas-water
mixture.
3.2. Interfacial Drag Coeﬃcient. In the two-fluid model,
we implemented the interfacial drag coeﬃcients as a user
function of FLUENT. In the momentum equation, the
interfacial drag force Fi (N/m3 ) is defined by
1
Fi = − CD Ai ρG |ur |ur ,
2

(4)

where ur (m/s) is the relative velocity between the gas
and liquid phases and Ai (m2 /m3 ) is the interfacial area
concentration. We used a combination of the following three
correlations of the interfacial drag coeﬃcients (CD Ai ) as a
function of local void fraction α [4]:






CD Ai = min (CD Ai )L , max (CD Ai )M , (CD Ai )H ,

(5)

(CD Ai )L = 2α(1 − α)g/Vgi2 ,

(6)

(CD Ai )M = 9.8(1 − α)3 (4.5α/Dh ),

(7)

(CD Ai )H = 0.02{1 + 75(1 − α)}α0.5 /Dh ,

(8)

where Dh (m) is the hydraulic diameter. Equation (6) was
originally proposed by Andersen [13] for one-dimensional
two-phase flow, and Minato et al. [14] applied it to threedimensional calculations. Equations (7) and (8) are based
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4. Results and Discussion
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Figure 3: Interfacial drag coeﬃcients (Dh = 0.0254 m).

on correlations for slug flow [15] and annular flow [2],
respectively. Equation (7) was simplified from the original
correlation by Ishii and Mishima [15] using αgs = 0, where
αgs is void fraction of small bubbles. In (6), drift velocity
Vg j (m/s) for stagnant liquid, which was simplified from the
original correlation [16], was used:
∗

Vgi = 1.4 Dh

0.125



 
∗

Dh = Dh



gσ ρL − ρG
ρL2

g ρL − ρG
σ

 1/4

,
(9)

 1/2

,

where σ (N/m) is the surface tension.
The combination of (5) through (9) was verified by
numerical simulations [4–6] for the 1/5-scale rectangular
channel tests and the 1/15-scale circular channel tests
conducted at Kobe University and the full-scale UPTF tests
[9]. The two-fluid model with the combination of (5)
through (9) could reproduce CCFL characteristics under low
pressure conditions. In this study, the two-fluid model with
the combination of (5) through (9) and the computational
grid shown in Figure 2 were used in numerical simulations
conducted for the air-water tests with the diameter of
0.0254 m. In order to evaluate the size eﬀect, the simulated
results were compared with the data [7] as well as the
simulated results for D = 0.05 m [5] and 0.75 m [6], which
were predicted by the same method used in this study except
for size.
Figure 3 shows the interfacial drag coeﬃcients (CD Ai )
calculated using (5) through (9) for the air-water system at
0.1 MPa with the diameter of 0.0254 m. Equations (7) and
(8) are functions of void fraction and the hydraulic diameter.
These are inversely proportional to the hydraulic diameter.
On the other hand, (6) is a function of void fraction and drift
velocity, which depends on fluid properties as expressed by
(9). However, the eﬀect of fluid properties on (6) is not large.

4.1. Flow Patterns. Figure 4 shows predicted flow patterns for
D = 0.0254 m compared with a flow pattern observed in the
Ohunki experiments (D = 0.0254 m) [7] versus flow patterns
observed [12] and predicted [4] for the 1/15-scale air-water
tests (D = 0.05 m). Under CCFL conditions in the Ohnuki
experiments, an instable roll wave grew near the elbow in the
horizontal section. Some roll waves grew up, and those waves
were blown up to the upper tank by air upflow. The depth
of the water layer near the agitated region was thicker than
that near the lower tank. The predicted flow patterns for D =
0.0254 m were quite similar to the observed ones. At higher
JG , a water slug fell through the inclined section, where the
two flows combined and formed a roll wave near the elbow,
and CCFL took place at the junction of the elbow and the
horizontal section. The water flow was mainly limited at
this location. Accordingly, the water depth was the highest
at the junction and decreased toward the lower tank. As
JG decreased, water depth in the horizontal section became
higher, and the falling water flow rate through the hot leg
became larger.
As shown in Figures 4(c) and 4(d), the above mentioned
findings about flow patterns for D = 0.0254 m were almost
the same as the observed and predicted flow patterns for
the 1/15-scale hot leg model (D = 0.05 m). Thus, there
was no qualitative diﬀerence between the flow patterns for
D = 0.0254 m and D = 0.05 m.
4.2. CCFL Characteristics. Figure 5 shows the predicted
CCFL characteristics for D = 0.0254 m compared with the
CCFL data measured by Ohnuki et al. [7]. The zero liquid
penetration limits (i.e., CCFL constants C of the Wallis
correlation, (2)) agreed very well with each other. On the
other hand, the numerical simulation slightly underestimated the slope m of the CCFL correlation compared with
the measured data [7]. This may be due to the diﬀerence of
(LH /D) between the two hot leg models.
Figure 5 also shows the CCFL characteristics predicted
by the two-fluid model for the 1/15-scale hot leg model
[5] as well as a full-scale hot leg model [6]. The geometric
characteristics of these hot leg models are summarized in
Table 2. As can be seen in Figure 5, the CCFL characteristics
were well correlated with the Wallis parameters for 0.05 m ≤
D ≤ 0.75 m, and the best-fit CCFL correlation was expressed
by (3). However, the present predicted CCFL characteristics
for D = 0.0254 m were severer compared with those for
0.05 m ≤ D ≤ 0.75 m, which were predicted by the same
calculation model and method except for size. It follows from
these results that the measured CCFL diﬀerence between
D = 0.0254 m and 0.05 m ≤ D ≤ 0.75 m was caused by the
size eﬀect and not by other factors.
4.3. Discussion. In the experiments, there are many diﬀerences such as specification and characteristics of the test
facility and test section, test methods and conditions, and
measurements and data evaluation methods, which may
aﬀect CCFL characteristics. Therefore, it is very important to
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Figure 4: Predicted flow patterns.

Table 2: Test section dimensions and experimental and simulation conditions.
Reference
Experiments
Ohnuki et al. [7]
Simulations
Present study
Minami et al. [5]
Kinoshita et al. [6]

D (m)

LH /D (−)

LI /D (−)

θ (deg)

Fluids

Pressure (MPa)

0.0254

9.06

1.18

50

Air-water

0.1

0.0254
0.05
0.75

8.40
8.40
8.40

1.20
1.20
1.20

50
50
50

Air-water
Air-water
Air-water and steam-water

0.1
0.1
0.1

D: diameter, LH : length of horizontal pipe, LI : length of inclined pipe, θ: angle of elbow.

reproduce the trend of test results by numerical simulations
using the same calculation model and schemes to verify
numerical methods and also confirm test results.
In Figure 6, the CCFL constants C for hot leg models
listed in Tables 1 and 2 were arranged according to diameters
D or hydraulic diameters Dh of the cross-sections. For the
UPTF data (Mayinger et al. [9]), the inner diameter without
Hutze (D = 0.75 m) as well as the hydraulic diameter at the
location of Hutze (Dh = 0.65 m) were used as the characteristics lengths of Wallis parameters, (2). Judging from the
experiments of Ohnuki et al. [7], the CCFL constant for D =

0.75 m without Hutze was estimated to be between the UPTF
data for D = 0.75 m and Dh = 0.65 m. As shown in Figure 6,
the CCFL constants of the measurements for Dh ≥ 0.05 m
were almost the same and approximately 0.61 on average.
Accordingly, the CCFL constant for a real PWR hot
leg (D = 0.75 m) was estimated to be 0.61, which agreed
well with 0.608 in (3). On the contrary, for small hydraulic
diameters (Dh = 0.0254 m), the CCFL constants became
small (i.e., CCFL became severe). As can be seen by
comparing the simulation results with measured results,
the two-fluid model simulation well reproduced the CCFL
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The numerical simulations well reproduced the flow
patterns observed in the air-water test (D = 0.0254 m)
and the measured discrepancy in the CCFL constants seen
between D = 0.0254 m and 0.05 m ≤ D ≤ 0.75 m. This
indicated that the CCFL diﬀerence between D = 0.0254 m
and 0.05 m ≤ D ≤ 0.75 m was caused by the size eﬀect and
not by the other factors.
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References
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Figure 5: Predicted CCFL characteristics.
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0.1
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Predicted
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Figure 6: CCFL constants arranged by hydraulic diameters.

constants of hot leg models in the wide range of Dh =
0.0254 m to 0.75 m.

5. Conclusions
In order to evaluate whether the CCFL diﬀerence between
D = 0.0254 m and 0.05 m is because of the size eﬀect or
other factors, we did numerical simulations using the twofluid model for the air-water tests (D = 0.0254 m) conducted
by Ohnuki et al.
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An experimental study on countercurrent flow limitation (CCFL) in vertical pipes is carried out. Eﬀects of upper tank geometry
and water levels in the upper and lower tanks on CCFL characteristics are investigated for air-water two-phase flows at room
temperature and atmospheric pressure. The following conclusions are obtained: (1) CCFL characteristics for diﬀerent pipe
diameters are well correlated using the Kutateladze number if the tank geometry and the water levels are the same; (2) CCFL
occurs at the junction between the pipe and the upper tank both for the rectangular and cylindrical tanks, and CCFL with the
cylindrical tank occurs not only at the junction but also inside the pipe at high gas flow rates and small pipe diameters; (3) the
flow rate of water entering into the vertical pipe at the junction to the rectangular upper tank is lower than that to the cylindrical
tank because of the presence of low frequency first-mode sloshing in the rectangular tank; (4) increases in the water level in the
upper tank and in the air volume in the lower tank increase water penetration into the pipe, and therefore, they mitigate the flow
limitation.

1. Introduction
During a PWR plant outage for maintenance and refueling,
the reactor coolant is cooled by a residual heat removal
(RHR) system. For a certain period, the reactor coolant level
is kept around the primary loop center in order to carry out
operations like aeration, attachment, or detachment of the
steam generator (SG) nozzle dam. This operation mode is
called mid-loop operation. If a failure of the RHR system
occurs during the mid-loop operation, there is a possibility
of boiling of the reactor coolant. One of the eﬀective methods
to cool the reactor core in this event is reflux cooling by the
SG. During the reflux condensation, steam generated in the
reactor core and water condensed in a pressurizer due to heat
transfer to its vessel wall may form a countercurrent flow in
a surge line connecting the hot leg and the pressurizer. The
ROSA-IV/LSTF (Rig-of-Safety-Assessment No. 4/Large Scale
Test Facility) experiment [1] for the loss of RHR systems
during mid-loop operation showed that water accumulates
in the pressurizer due to the limitation of liquid flow in the

countercurrent flow in the surge line. Thus, understanding
the characteristics of countercurrent flow limitation (CCFL)
in the surge line is of great importance for safety evaluation
of the mid-loop operation.
In our previous study [2], countercurrent flow limitation
(CCFL) in a scale-down model of a PWR surge line, which
consists of a vertical pipe and an inclined pipe with several
elbows, was investigated by measuring the relationship
between the water and gas flow rates in the surge line. The
relationship is referred to as CCFL characteristics. The CCFL
takes place at three locations in the experiments, that is, at
the junction between the vertical pipe and the bottom of the
pressurizer, in the inclined pipe and at the junction between
the inclined pipe and the hot leg. The CCFL characteristics
strongly depend on the location of CCFL. The experiments
imply that the CCFL at the junction between the vertical pipe
and the bottom of the pressurizer plays an important role in
the actual surge line under the reflux cooling.
Many studies on CCFL in vertical pipes have been carried
out [3–11] using the experimental apparatus consisting of a
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Figure 3: CCFL characteristics for rectangular and cylindrical tanks on JG ∗1/2 − JL ∗1/2 plane.

vertical pipe, an upper tank, and a lower tank. Although a
number of experimental data of CCFL for various diameters,
lengths, and end geometries of vertical pipes have been
obtained [9–11], modeling of CCFL in vertical pipes is
insuﬃcient because of a large scatter in the data obtained for
the diﬀerent experiments. This scatter implies that the upper
and lower tank geometries may have nonnegligible influence
on CCFL. Little has, however, been studied on the eﬀect of
tank geometry.
In the present study, the eﬀects of upper tank geometry on CCFL characteristics were investigated by using a
rectangular tank and a cylindrical tank. The flow rate of
water entering into a lower tank was measured to obtain
the CCFL characteristics. Flow patterns in the upper tanks
were observed by using a high-speed video camera and the
pressure diﬀerence between the upper and lower tanks was
measured to understand relations between CCFL characteristics and flow patterns in the tanks. Furthermore eﬀects of
water levels in the cylindrical upper tank and the lower tank
on CCFL characteristics were investigated.

2. Experimental
2.1. Experimental Setup. Figure 1 shows the experimental
setup. It consists of the upper tank, which corresponds
to the bottom part of the pressurizer, the vertical pipe
corresponding to a part of the surge line, the lower tank, the
air supply system, and the water supply system. The pipe and

tanks are made of transparent acrylic resin for observation.
The diameters, D, of vertical pipes are 30, 45, and 60 mm.
Air was supplied from the oil-free compressor (SRL-11P6AI,
Hitachi Ltd.) and flowed into the lower tank from four inlets
through the regulator (R600-20, CKD) and the flowmeter
(FLT, Flowcell, Ltd.). Tap water was supplied using the
magnet pump (MX-F400, Iwaki, Ltd.) and flowed into the
upper tank through the flowmeter (FLT-N, Flowcell, Ltd.).
Experiments were carried out at room temperature and
atmospheric pressure. It is well known that CCFL occurrence
is strongly influenced by junction geometry, for example, the
liquid flow rate with a sharp-edged junction is lower than
that with a round-edged junction [12, 13]. The right-angle
junction is used for the junction between the upper tank and
the vertical pipe to obtain flow limitation at that junction,
whereas the bell-mouth junction is used for the junction
between the lower tank and the pipe to prevent liquid flow
limitation at that junction.
Three types of upper tanks, which we refer to as the
rectangular tank, cylindrical tank (a), and cylindrical tank
(b), are shown in Figures 2(a), 2(b), and 2(c), respectively.
The cylindrical tank (a) and the rectangular tank were used
to investigate the eﬀects of upper tank geometry on CCFL
characteristics. Water levels in the upper tanks were kept
constant by overflowing the supplied water. The eﬀects of
water level were investigated by using the cylindrical tank (b).
The ratio of its diameter to the pipe diameter was determined
so as to be analogous to the actual pressurizer. It has drain
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Figure 6: Pressure diﬀerence ΔP between upper and lower tanks
(D = 45 mm).
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holes on its wall at various elevations. The drain holes used
in each experiment were changed to test various water levels
in the upper tank.
2.2. Experimental Method
2.2.1. CCFL Characteristics. CCFL characteristics were investigated by measuring the time-averaged flow rate, QL , of
water entering into the lower tank at constant gas flow rates,
QG . The QL was calculated from the rise speed of water level

in the lower tank. The ranges of the liquid and gas volume
fluxes, JL and JG , tested were 0 ≤ JL ≤ 0.118 m/s and 2.40 ≤
JG ≤ 16.4 m/s, respectively, where JL and JG are defined by
Qk
(k = L, G).
(1)
A
Here A is the cross-sectional area of the vertical pipe and the
subscripts L and G denote the liquid and gas phases, respectively. The uncertainties in measured JL and JG estimated at
95% confidence were ± 3.0% and ± 2.5%, respectively.
Jk =
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Figure 10: Relation between bubble release and water penetration (JG = 5.8 m/s, JG ∗1/2 = 0.60, KuG 1/2 = 1.1, and D = 30 mm).

2.2.2. Pressure Diﬀerence. The pressure diﬀerence ΔP
(=PLower − PUpper , where PLower and PUpper are the pressures
in the lower and upper tanks, resp.) was measured using a
diﬀerential pressure transducer (DP45, Valydine, Ltd. natural
frequency > 600 Hz). It was connected between the top
of the upper tank and the side wall of the lower tank as
shown in Figure 1. The sampling rate was 1.0 kHz, and
the measurement time was 30 seconds. The uncertainty in
measured ΔP was less than 0.5% of the full scale (6 kPa).
Flows in the upper tank were observed by using a highspeed video camera (Dantec Dynamics, Nano sence Mk3) to
understand the relation between ΔP and the flow behavior in
the upper tank. The frame rate was 100 fps and the recording
time was 30 s.

3. Results and Discussion
3.1. Eﬀects of Upper Tank Geometry. Flow visualization with
the high-speed video camera showed that, under all the test
conditions, the CCFL with the rectangular tank occurred
only at the junction between the vertical pipe and the upper
tank, that is, some water flows into the pipe from the upper

tank, but the remaining water does not and returns to the
reservoir, and then the water entering the pipe forms liquid
film and flows down to the lower tank without flooding in the
pipe. This CCFL taking place at the upper junction is referred
to as CCFL-U. The CCFL characteristics measured using the
rectangular tank are plotted in Figure 3(a), where JL ∗ and JG ∗
are the Wallis parameters [14] defined by


Jk∗ = Jk

ρk

gD ρL − ρG


1/2

(k = L, G),

(2)

where ρ is the density, g the acceleration of gravity and D
the pipe diameter. At constant JG ∗ , JL ∗ becomes smaller
with increasing D, that is, the flow limitation becomes
stronger. Figure 3(b) shows the CCFL characteristics for the
cylindrical tank (a). The CCFL occurs only at the junction at
low JG ∗ , whereas at high JG ∗ and D ≤ 45 mm, some water
penetrating into the vertical pipe intermittently flowed back
into the upper tank due to flooding, that is, the CCFL occurs
not only at the junction but also inside the pipe. This CCFL is
referred to as CCFL-P. Thus, the CCFL characteristics clearly
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depend on the pipe diameter and the location where CCFL
takes place.
Richter [7] and Jayanti et al. [15] suggested that, for prediction of flooding, the Wallis parameter, J ∗ , is appropriate
for small diameter pipes, whereas the Kutateladze number,
Ku, [16] is better for large diameter pipes. Vijayan et al. [17]
carried out flooding experiments using vertical pipes of D =
25, 67, and 99 mm and confirmed that J ∗ is better for small
D (25 mm), whereas Ku is better for large D (67 and 99 mm).
The Kutateladze number is defined by


Kuk = Jk

ρk

gσ ρL − ρG


2

1/4

(k = L, G),

bubble starts to be generated at 0.33 s. The period and the
frequency of this process are about 0.20 s and 5 Hz, which
corresponds to the peak frequency.
A bubble generation process in the rectangular tank at
JG = 4.9 m/s and D = 45 mm is shown in Figure 8. The
ΔP increases as the bubble grows at the junction for t =
0.10–0.15 s. For t > 0.15 s, a trailing bubble is formed
behind the leading bubble. The fluctuation of ΔP for 0.15 <
t < 0.42 s must be due to these trailing bubbles. The next
leading bubble starts to grow at t = 0.45 s. The period of
the generation of leading bubbles is 0.35 s. The single peak at
3 Hz and the broad peak in the range of 5–10 Hz in Figure 5,
therefore, correspond to the leading-bubble generation cycle
and the fluctuation due to the trailing bubbles, respectively.
The first mode sloshing shown in Figure 9 was observed only
for the rectangular tank. The free surface in the tank took
the maximum inclination at t = 0 s as shown in Figure 9(a).
Then the water moved to the left side, and the bubble was
detached from the junction due to water movement in the
horizontal direction (Figure 9(b)). Two leading bubbles were
released during one period of the sloshing (Figures 9(a)–
9(e)). The natural frequency of the first mode sloshing in a
two-dimensional rectangular tank is given by [18]


f =
(3)

where σ is the surface tension. The Wallis parameter includes
D but the Kutateladze number does not. Therefore, the pipe
diameter plays an important role in flooding for small D,
whereas the mechanism of flooding is less dependent on D
in large pipes. The CCFL characteristics are replotted on
the KuL 1/2 − KuG 1/2 plane as shown in Figure 4. The CCFL
characteristics for diﬀerent pipe diameters are well correlated
with the Kutateladze numbers both for the rectangular and
cylindrical tanks when the CCFL occurs only at the junction
(CCFL-U). Therefore, the diameter eﬀect on the CCFL
characteristics is not so significant in these cases. The CCFL
characteristics for the two tanks are compared in Figure 5.
The flow limitation with the cylindrical tank (a) is stronger
than that with the rectangular tank at high KuG because of
the CCFL occurrence inside the pipe. On the other hand, at
low KuG , the CCFL with the rectangular tank is stronger. This
will be discussed later based on the observation of bubble
motions in the upper tanks.
Figure 6 shows the pressure diﬀerences, ΔP, for the
cylindrical and rectangular tanks and their power spectrums
obtained by the fast Fourier transform analysis. The pressure
fluctuations for the cylindrical tank (a) mainly consist of
waves in the range of 5–7 Hz. On the other hand, those
for the rectangular tank consist of single peaks at 3 Hz and
broad peaks in the range of 5–10 Hz. Figure 7 shows a typical
bubble generation process in the cylindrical tank (a) and ΔP
at JG = 4.9 m/s and D = 45 mm. There is no bubble at the
junction at t = 0.13 s. The ΔP increases as a bubble starts to
be generated at the junction until t = 0.18 s. The ΔP then
decreases as the bubble grows for t = 0.18–0.23 s. The bubble
is released from the junction at t = 0.28 s, and then, the next

gk tanh kH
2π



k=



π
,
L

(4)

where H is the height of the free surface and L the width of
the tank. According to (4), the frequency for the rectangular
tank used is 1.53 Hz, which is about half of the bubble
release frequency. The bubble release frequency is, therefore,
strongly governed by the sloshing in the tank.
Figure 10 shows images of flows in the rectangular tank
and the pipe. Water lump penetrated into the pipe when a
bubble detached. The CCFL is, therefore, mitigated when the
bubble release frequency is high. This might be the main
reason why the CCFL with the rectangular tank is stronger
than that with the cylindrical tank (a) at low KuG as shown
in Figure 5.
3.2. Eﬀects of Water Level in Tank. The CCFL characteristics
measured using the cylindrical tank (b) shown in Figure 2(c)
are discussed in this section. Various water levels in the
upper and the lower tanks were tested. The water level in the
lower tank was kept constant throughout each experiment
by manually controlling the drain cock opening. In this case,
QL was calculated from the amount of drain water. Figure 11
shows the CCFL characteristics for various water levels in the
upper tank at constant water levels in the lower tank, where
VLower is the air volume in the lower tank and h the elevation
of the drain holes in the upper tank. The CCFL becomes
stronger as h decreases at VLower = 0.039 m3 . The diﬀerence
in the CCFL characteristics is, however, not so significant.
On the other hand, the CCFL characteristics strongly depend
on h at VLower = 0.092 m3 . Eﬀects of VLower are shown in
Figure 12. The CCFL characteristics do not depend on VLower
at h = 200 mm, whereas the influence of VLower is significant
at h = 600 mm, that is, the increase in VLower mitigates the
CCFL.
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Figure 14: Flow patterns at the middle of the vertical pipe (Cylindrical tank (b), D = 30 mm, h = 450 mm, VLower = 0.092 m3 , and
JG = 9.1 m/s).

Figure 13 shows the pressure diﬀerences for the cylindrical tank (b) and their power spectrums. The time-averaged
ΔP increases with the water level in the upper tank, which
corresponds to the water head in the upper tank. The
amplitude of the pressure fluctuation at h = 450 mm is larger
than that at h = 200 mm, and the fluctuation frequency at
h = 450 mm is lower than that at h = 200 mm. Images
of flow patterns in the middle part of the vertical pipe for
h = 450 mm and VLower = 0.039 m3 are shown in Figure 14.
The amount of falling liquid film is small at t = 0.30 s. The
large water lump falls for 0.32 < t < 0.34 s. The ΔP increases
during the water lump falling. Then the liquid film flows
back to the upper tank and the ΔP decreases. The liquid
film restarts to fall at t = 0.98 s. The amount of the falling
water lump is small at low h and low VLower , and it becomes
larger as h and VLower increase. This is the main cause of the
diﬀerence in the CCFL characteristics for diﬀerent values of
h and VLower .

4. Conclusions
Countercurrent flow limitation (CCFL) in vertical pipes
are measured using an apparatus consisting of the vertical
pipe, the upper tank, and the lower tank to understand
eﬀects of tank geometry and water level in the tanks. The
tank shapes used were rectangular and cylindrical. The pipe
diameters tested were 30, 45, and 60 mm. Air and water at
room temperature and atmospheric pressure were supplied
from the upper tank and from the lower tank, respectively.
The flow rate of water entering into the lower tank was
measured to obtain CCFL characteristics. Flow patterns in
the upper tanks were observed by using a high-speed video
camera and pressure diﬀerences between the upper and
lower tanks were measured to understand relations between
CCFL characteristics and the flow patterns in the tanks. The
main conclusions obtained under the present experimental
conditions are as follows.
(1) The CCFL characteristics for diﬀerent pipe diameters
are well correlated using the Kutateladze number if
the tank geometry and the water levels in the tanks
are the same.

(2) CCFL takes place at the junction between the pipe
and the upper tank both for the rectangular and
cylindrical tanks. In addition, CCFL with the cylindrical tank (a) takes place not only at the junction but
also inside the pipe when the gas flow rate is high and
the pipe diameter is small.
(3) The flow rate of water entering into the vertical pipe
at the junction for the rectangular upper tank is lower
than that for the cylindrical tank (a) because of the
presence of low frequency first-mode sloshing in the
rectangular tank.
(4) Water penetration into the pipe increases with the
water level, h, in the cylindrical upper tank and the
air volume, VLower , in the lower tank, and, therefore,
the flow limitation is to be mitigated with increasing
h and VLower .
These experimental results clearly show that not only
the pipe geometry but also tank geometry and water levels
in the tanks must be taken into account when modelling
characteristics of CCFL in vertical pipes.
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The interfacial behavior during countercurrent two-phase flow of air-water and steam-water in a model of a PWR hot leg was
studied quantitatively using digital image processing of a subsequent recorded video images of the experimental series obtained
from the TOPFLOW facility, Helmholtz-Zentrum Dresden-Rossendorf e.V. (HZDR), Dresden, Germany. The developed image
processing technique provides the transient data of water level inside the hot leg channel up to flooding condition. In this
technique, the filters such as median and Gaussian were used to eliminate the drops and the bubbles from the interface and
the wall of the test section. A Statistical treatment (average, standard deviation, and probability distribution function (PDF))
of the obtained water level data was carried out also to identify the flow behaviors. The obtained data are characterized by a
high resolution in space and time, which makes them suitable for the development and validation of CFD-grade closure models,
for example, for two-fluid model. This information is essential also for the development of mechanistic modeling on the relating
phenomenon. It was clarified that the local water level at the crest of the hydraulic jump is strongly aﬀected by the liquid properties.

1. Introduction
One hypothetical accident scenario in which two-phase
countercurrent flow may occur in a PWR hot leg is a lossof-coolant accident (LOCA), which is caused by the leakage
at any location in the primary circuit. During this scenario
it is considered that the reactor will be depressurized and
vaporization will take place, thereby creating steam in the
PWR primary side. Should this lead to “reflux condensation,”
which may be a favorable event progression, the generated
steam will flow to the steam generator through the hot
leg. This steam will condense in the steam generator, and
the condensate will flow back through the hot leg to the
reactor, resulting in countercurrent steam/water flow. In
some scenarios, the success of core cooling depends on the
behavior of this countercurrent flow.

The stratified countercurrent flow of steam and condensate is only stable for a certain ranges of steam and water
mass flow rates. For a given condensate flow rate, if the
steam mass flow rate increases to a certain value, a portion
of the condensate will exhibit a partial flow reversal and will
be entrained by the steam in the opposite flow direction
towards the steam generator. This phenomenon is known
as countercurrent flow limitation (CCFL) or the onset of
“flooding.” In case of an additional increase of the steam
flow, the condensate is completely blocked and the reflux
cooling mode ends. In this situation the cooling of the reactor
core from the hot leg is impossible but may be continued
by coolant drained through the cold leg to the downcomer.
Figure 1 illustrates the countercurrent flow in the hot leg
under reflux condensation conditions.
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Figure 1: Konvoi German PWR piping configuration and reflux
condensation flow paths [1].

In order to understand safety-related issues in nuclear
power plants, analytical simulations using computational
fluids dynamics (CFD) tools have been done, expecting to
enhance the accuracy of the simulation predictions compared to the established one-dimensional thermal hydraulic
analyses. Compare to the traditionals thermal hydraulic
codes, CFD would supply a more reliable scale up to
the reactor scale, as well as a more flexible behavior in
terms of transferability of models to changes in geometry
and thermodynamic boundary conditions. This due to its
ability to reveal the interactions between the phases, which
are determined by interfacial transfers, and the ability to
substitute geometry-dependent empirical closure relations
with more physically justified closure laws formulated at the
scale of the structures of the interface.
To support the theoretical model development and to
validate the CFD codes, a horizontal rectangular channel
connected to an inclined riser was constructed, as a model
of a PWR hot leg, where air/water countercurrent twophase flow experiments were performed. This equipment
was installed in the pressure chamber of the TOPFLOW
test facility (transient two-phase flow) of HelmholtzZentrum Dresden-Rossendorf (HZDR), Dresden, Germany.
This model allows the investigation of co- and countercurrent flows under reactor typical boundary conditions
(steam/water at pressures up to 5.0 MPa and saturation
temperature). This has become the major experimental
facility of the German CFD-network, initiated by the GRS
(Gesellschaft für Anlagen und Reaktorsicherheit mbH).
For the CFD validation, it is of great importance to
ensure a good access for measurements of distributed
flow parameters, more than to create an exact geometrical
similarity with the original equipment. Also, there is no need
to quantify the critical mass flow rate since it was done

in the past (e.g., UPTF, Germany, in UPTF-Fachtagung IV
[2]). In previous experiments, the recognition of bubbles
and droplets as detailed structures was not possible mainly
because the optical access was limited, and so the observation
of the flow was mainly used to support the interpretation of
results.
Since investigations in the past, performed in pipes [3–
5], were limited by the three-dimensional shape of the
interfacial structure, the new test section has been optimized
for the application of optical observation using a flat channel
model of a PWR hot leg. In order to accelerate the CFD
code validation program, the high-resolution pictures were
analyzed by own developed image-processing algorithms. In
the present paper, experimental procedure and developed
image-processing technique will be presented firstly. Next,
the time variation of water level inside the hot leg channel
around the CCFL will be given. By using this data, the
development of the waves around the CCFL can be clarified.
Next, the statistical treatment of the data will be presented
on the basis of the average parameters. Finally, the eﬀect
of fundamental parameters such as liquid mass flow rate,
system pressure, and liquid properties will be discussed.

2. Experimental System and Image
Processing Technique
2.1. Experimental Setup. A schematic view of the hot leg
model test section is shown in Figure 2. It consists of the test
section, the reactor pressure vessel (RPV) simulator located
at the lower end of the horizontal channel, and the steam
generator (SG) separator connected to the inlet chamber.
This test section is a reproduction of the diameter of PWR
hot leg of a German Konvoi type at a 1 : 3 scale. In order
to provide better viewing conditions, the test section is not
composed of pipes as in the original plant, but rather is a
channel of about 50 mm (wide) which represents a vertical
cut through the midplane of the hot leg and the inlet
chamber of the steam generator. By using a flat section the
error produced by the three-dimensional interface in highspeed videos is eliminated, allowing a closer look of the
interface, including dispersed structures (drops and bubbles)
that cannot be observed in a common pipe. Consequently,
the test section is composed of a horizontal rectangular
channel, a bend that connects it to an upward inclined and
expanded channel, and a quarter of a circle representing the
steam generator inlet chamber. The horizontal part of test
section is 2.12 m long and has a rectangular cross-section of
0.05 m × 0.25 m. The SG and RPV simulators are identical
vessels with 0.8 m × 0.5 m × 1.55 m (D × W × H) cubic
shape.
Unfortunately, due to the overall dimensions of the hot
leg model (3 m long), it was not possible to visualize the
complete test section. Therefore, a region of observation had
to be chosen. Previous investigations (e.g., [3]) indicate that
the most agitated flow region is located near the bend and
that a recirculation zone is formed there. Consequently, it
was chosen to observe the bended region of the hot leg and
the steam generator inlet chamber as shown in Figure 2. The
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Figure 2: Schematic view of the hot leg model test section (dimension in mm).
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Figure 3: Schematic diagram of the experimental apparatus.

flow behavior was recorded by a high-speed video camera at
frequencies of 60 to 100 Hz and a shutter speed of 1/1000 s.
The test section was placed in a pressure chamber, in
which it was operated in pressure equilibrium with the inner
atmosphere of the tank in TOPFLOW (transient two-phase
flow) facility as shown in Figure 3. A special heat exchanger
condenses the exhaust vapor from the test section directly in
the pressure vessel, when steam/water experiments are made.
As shown in Figure 3, the cold end of this condenser and the
inside atmosphere of the vessel are permanently connected,
in order to guarantee full pressure equilibrium at all times
[6]. The vessel can be pressurized up to 5 MPa either with air
for cold experiments or with nitrogen for steam experiments.
Using this method allowed to design the equipment with thin
materials.
The injected water mass flow rate was measured by a
vortex meter. The injected air mass flow rate was measured
and controlled using thermal mass flow meters. The steam
flow rate over the pressure drop was measured through a
venturi’s tube. The temperatures of the fluids were measured

by thermocouples at various positions in the facility. The
water levels in both tanks were determined by the measurement of the diﬀerential pressure between the top and the
bottom of the vessels with diﬀerential pressure transducers.
The pressure drop over the test section was measured by
a diﬀerential pressure transducer placed between the SG
simulator and the RPV separator. These global parameters
were measured via a data acquisition system running at 1 Hz,
which was synchronized with the high-speed video camera.
In this experiment, the air was injected in the RPV
simulator and flowed through the test section to the SG
separator, from which it was released to the inner atmosphere
of the pressure tank. The water from the feed water pump
was injected in the SG separator, from where it can flow in
countercurrent to the air flow through the test section to
the RPV simulator. The onset of flooding was obtained by
a stepwise increase of the gas mass flow rate with a small
increment (9–35 g/s), under a constant water mass flow rate.
Due to the internal buﬀer of the high-speed camera that was
limited to 8 GB, a compromise had to be found in each run
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Table 1: Analyzed experimental data.

Part 3
(steam generator)

Part 2
(inclined)

Part 1
(horizontal)

x/L = 0

x/L = 1

Figure 4: Submatrix segmentations in the image processing.

between the number and duration of the plateau of air flow
rate. The number of plateau realized during one run was
varied between 4 and 8, with a duration of each between 15
and 35 s [7].
The onset of flooding was defined as the limiting point
of stability of the countercurrent flow, indicated by the
maximum air mass flow rate at which the down-flowing
water mass flow rate is equal to the inlet water mass flow rate.
This is a method used previously by Zabaras and Dukler [8]
and Deendarlianto et al. [9]. The experiments were carried
out until the point of zero liquid penetration occurs, when
the down-flowing water mass flow rate was equal to zero [7].
During the onset of flooding, the water level reached
in the horizontal segment of the hot leg, obstructs the
passage of steam enough to generate waves at the interface,
which are eventually transform into slugs. Consequently,
the pressure diﬀerence between the separators increase and
become unstable. Then, the gas that impedes the water to
flow into the RPV accumulates in the SG separator. The
average pressure drop through the test section increases
with the level of water in the steam generator, and the slug
increases until the zero liquid penetration point occurs.
2.2. Image Process Techniques. For the analysis of the highspeed video data obtained from the TOPFLOW experiments,
two programs based on image processing techniques were
used. These programs were written in MATLAB code along
with simulink files. First the program will cut a submatrix from the original data, which becomes separate in
a horizontal, inclined, and steam generator segments of the
image as shown in Figure 4. An example of one image before
processing can be seen in Figure 5(a).
A pre-processing stage is begun in the horizontal segment
of the image in order to improve the interface in this part.
Next step is to eliminate the drops and bubbles in the
interface and the water that is stick in the walls of the test
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section. Here the bubbles and drops were considered as noise
and possible reason of error. In order to correct this, the
smooth filters were used to eliminate any salt and pepper
noise.
In order to improve the uneven light conditions found in
the data before processing, a background was created using
the first image obtained from the Gaussian filter. After this,
the background image is subtracted from the one before
the background development. Next, an image enhancement
function was implemented to improve the contrast. Finally,
the image quality can be improved. An example of the
processing steps of the horizontal segment can be found in
Figure 5(b).
When analyzing the inclined segment, the original image
is rotated about −50 degrees in order to make it become a
horizontal approximation as in Figure 5(c). For the steam
generator, the raw image is cut into a submatrix leaving only
the part of interest. When the preprocessed of the steam
generator segment ends, then all the obtained data is send
from the workspace to a simulink file. In this file, the raw
image is binarized in order to detect the borders of the
hot leg channel. Finally, the water level can be calculated.
An example of the processing steps for the steam generator
segment can be found in the Figure 5(d).
To obtain the local information, the picture was divided
into twelve points for the horizontal segment, nine points
for inclined segment, and ten points for the steam generator
segment. The program for analyzing the steam-water data
works on the same philosophy as the air-water data. Finally,
an example of the detected water level for the steam-water
case is shown in Figures 6(a) and 6(b).
Ten experimental data series of HZDR in total were
studied. Six of them were steam-water, and four of them
were air-water. These sets of data were chosen in order
to obtain a wide variety of parameters’ combinations for
pressure and mass flow rate, where XY-WZ represents the
name of the specific experiment based on the date in which
the experiment was made. The selected series are shown in
Table 1.
Extensive checks were made in order to analyze the
quality of the algorithm, but the most useful method in order
to verify the reliance of the code is an automated one inside
the same algorithm. When the water level’s values are found
in pixels, the algorithm creates markers that are drawn in
the exact place in the original gray-level images where the
water level point was calculated. This allows verifying each
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(a) Example of an original image of steam-water

(b) Image processing, contrast enhancement, and binarization of the
horizontal section for the steam-water data

(c) Image processing, contrast enhancement, and binarization of the
inclined section for the steam-water data

(d) Image processing, contrast enhancement, and binarization of the
steam generator section for the steam-water data

Figure 5: Detected water level and boundaries of the hot leg channel (steam-water).

the markers are saved in a separate folder, which allow the
possibility of verifying the results during any point after the
processing of a set of images.
Analyzing a representative set of data of 5000 pictures
after using the image processing algorithm on them, allowed
to find that 233 points out of 155000 were deviated from the
actual interphase, which represents a discrepancy of 0.15%.

3. Results and Discussions

(a) Horizontal and steam generator

(b) Inclined

Figure 6: Detected water level and boundaries of the hot leg
channel (steam-water).

exact value that is calculated for each water level in every
image. This is made automated, and the result images with

Figures 7(a) and 7(b) show the time variation of the water
level during the CCFL of air-water and steam-water, respectively. The injected liquid mass flow rate was 0.3 kg/s. The
temperature of the fluids for the experiments with air/water
was 18–24◦ C (room temperature) and for stem/water was
saturation temperature. As shown in the figure, the water
level in the horizontal and inclined parts exhibits notable
oscillations, and the shape of the wave varies along the
channel. This indicates that the wave patterns during the
CCFL are space and time dependent. Next, it can be seen
that the successive waves do not follow the direction of liquid
injection, and for that matter the CCFL can be identified.
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Figure 7: Time variation of water level inside the hot leg channel during CCFL.
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Figure 8: Time average of the water level distribution inside the hot leg channel.

In addition, the maximum of the water level was lower than
250 mm. This indicates that there is no total blockage of the
water inside the channel during the CCFL.
3.1. Average Parameters. Figure 8 illustrates the distribution
of the water level inside the hot leg channel. Figures 8(a) and
8(b) correspond to the cases of air-water and steam-water,
respectively. The injected liquid mass flow rate was 0.3 kg/s of
each case. For a meaningful comparison, a nondimensional
gas superficial velocity JG ∗ , namely, as gas Wallis parameter,
is used. Here the gas Wallis parameter in Figure 8 is defined
as follows:


Jk ∗ = JG

ρG
1
,
·
gH
ρL − ρG

(1)

where JG indicates the superficial gas velocity, ρ the density,
g the acceleration of gravity, and H the height of the
channel. Close inspection of Figure 8 reveals that before the
onset of flooding the water levels in horizontal and inclined
parts increase with the increase of the gas Wallis parameter.
Meanwhile it is almost constant in the steam generator until
the onset of flooding. Next, it shows also that the water
level in the horizontal part decreases when x/L closes to the
inclined part. The decrease of water level at the beginning
of the inclined part indicates the change of the liquid film
profile from the subcritical to supercritical condition as
described by Deendarlianto et al. [7]. Meanwhile this profile
changes dramatically when the gas mass flow rate approaches
the onset flooding. This means that the change of wave
direction is begun here. Next, it is noticed the observed
phenomenon of air-water is the same as of the steam-water.
Figure 9 illustrates the standard deviation of water level
inside the hot leg channel. The flow condition was similar to

that of Figure 8. The figure shows that the standard deviation
in horizontal and inclined parts increases with the increase
of gas Wallis parameter. This means that wave fluctuations
increase also with the increase of the gas superficial velocity.
On the other hand, the wave in the steam generator begins
fluctuating near the onset of flooding.
A small algorithm to calculate the probability distribution function was created. The probability distribution of a
random variable can be defined as a function that assigns
the probability that an event occurs to each defined variable.
The program computed the normpdf (X, mu, sigma). This
function determines the PDF for each value of X, using the
data, the average, and standard deviation. The mathematical
function that defined this is


2
1
2
y = f x | μ, σ = √ e−(x−μ) /2σ .
σ 2π

(2)

After the calculation of the PDF, the obtained values are
ordered from highest to lowest to get the PDF chart with the
values placed in a corresponding manner, without requiring
any subsequent operation. This operation is performed for
the 31 data points (x/L).
At the end of the program, the results for the 31 points of
the PDF are stored in two vectors to be used or transferred to
another cell’s working program in the future (e.g., Excel).
Figure 10 shows the example of the probability distribution function (PDF) of the water level at the horizontal
segment. This figure reveals that the PDF begins to spread
when the gas velocity approaches the onset of flooding. From
this result, it is possible to notice that the spread of PDF in the
horizontal position under this flow condition can be used as
a good indicator to detect the occurrence of flooding.
When JG ∗ is small compared with the other values
studied in this case, the probability function is represented
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Figure 10: Probability distribution function (x/L = 0.22, mL = 0.3 kg/s).

by a curve with the smallest dispersion of water levels in
comparison with the rest. This curve is equivalent to a
stratified and almost laminar flow. As JG ∗ increases, the curve
opens and the dispersion of probabilities on the water level
rises. This means that as JG ∗ increases, the flow becomes
more turbulent and less stratified, which is why it can be seen
an opening of the probability to multiple values of water level
instead of tending to one.
In the case of Figure 10(a), before reaching the CCFL
(JG ∗ < 0.33), the values of the liquid phase level in which the

probabilities are greater are displaced to the left, indicating a
lower water level at this point. Then, when the CCFL occurs
(JG ∗ = 0.33), the values became more scattered (less stratified
flow), and the level of the phase is most likely to become
greater in the region near the elbow. It can be seen that, once
the onset of flooding is reached, the curves for higher JG ∗ are
maintaind around the same values.
While in Figure 10(b) could be diﬃcult to find the point
for the onset of flooding, it can be noticed that, based on
the same principle, the values keep changing, becoming
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Figure 12: Eﬀect of system pressure on the water level.

increasingly dispersed until JG ∗ = 0.36. This same pattern
repeats for all the other experimental conditions. One of
the main diﬀerences between air/water and steam/water
experiments when analyzing the PDF is that because the
steam/water interphase is not completely laminar since low
values JG ∗ , then the change to the onset of flooding seems
more drastic in the air/water experiments.
Figures 11 to 13 show the eﬀects of the fundamental
parameters such as the injected liquid mass flow rate, system
pressure, and liquid properties on the water level inside the
hot leg channel, respectively. The shown data is the water
level at the horizontal part of x/L = 0.32, which is the closest
location to the elbow. It was taken due to the consideration

Figure 13: Eﬀect of physical properties on the water level.

that the flooding coincides to the slugging inception in the
lower leg of the elbow close to the bend [10, 11].
Figure 11 shows that for the conditions presented, when
every parameter but the liquid mass flow rate is fixed,
the water level will depend of this last value. When mL
= 0.30 kg/s, the water level will be approximately 100 mm
greater than that when a liquid mass flow rate of 0.15 kg/s
is used.
In Figure 12, the eﬀect of system pressure of water level is
shown. It can be seen that, when every parameter is fixed but
the system pressure, the water phase is maintained almost at
the same level. Finally, Figure 13 shows the eﬀect of physical
properties over the water level, where it can be seen that
when air-water are used as the fluids for the experiments,
the water level in the onset of flooding increases in around
80 mm when compared to the experiment in which the
steam-water are the working fluids. The same pattern repeats
when other experiments are analyzed. This clearly indicates
that the liquid mass flow rate and the physical properties
greatly aﬀect the onset of flooding in the experiments, while
the pressure is a parameter that would not aﬀect the water
level in a drastic way when changed.
Then, it is shown that before the onset of flooding the
water level increases with the increase of gas superficial
velocity. Meanwhile, at the onset of flooding, it is dependent
on the injected liquid mass flow rate and the physical
properties. Those eﬀects were not considered by previous
researches; therefore, the proposed flooding correlations in
their literature were not successful.

4. Conclusions
An image-processing technique was developed to analyse the
sequence video images of the countercurrent gas-liquid twophase flow of air-water and steam-water in a model of PWR
hot leg. The data images were taken from the experimental

10
series of TOPFLOW facility, HZDR, Dresden, Germany. This
technique allows us to access the quantitative local flow
information; therefore, a detailed CFD-grade data for the
water level evolution inside the hot leg channel including
its statistic characteristics were set up. Extensive checks were
also made with regard to the quality of the method. The data
can be used to validate the CFD code, and physics behind
the observed phenomenon were clarified by being able to
understand more in deep the behavior of the system and the
particular properties that aﬀected the water level during the
onset of flooding, as well as the eﬀect of the JG ∗ in the water
level and the time-dependent interfacial behavior of the flow.
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This paper describes an experimental study of gas/liquid countercurrent flow in a vertical circular tube. CCFL experiments were
carried out with three diﬀerent water levels in the upper plenum, two diﬀerent tube diameters. Measurements were made for liquid
and gas flow rates, time variations of pressure at locations of the upper entry of the tube and lower plenum. Visual observations
were also conducted to investigate the relationship between rising gas bubble characteristics and time variation of gas pressure at
the upper entry of the tube. The results indicate that one bubble formation cycle (e.g., bubble growth, expansion, and detachment
into the water pool) corresponds to one pressure fluctuation cycle. For the 20 mm diameter tube, it was confirmed that there was a
characteristic waiting time between bubble cycles in which no bubble was formed at the upper entry of the tube. The waiting time
is a favorable time for a liquid introduction into the tube from the upper plenum. The bubble volumes are compared with existing
bubble formation correlations.

1. Introduction
Countercurrent gas/liquid flow is generally characterized by
an interaction between a gas flowing upwards inside a conduit and a liquid falling counter-currently along its wall. It
has been an important design criterion in a variety of industrial equipments, such as chemical reaction in a chemical
reactor, evaporators, reflux condensers, and two phase heat
exchangers. The departure from stable countercurrent gas/
liquid flow is of major importance in the operation of Emergency Core Cooling System (ECCS) during a postulated loss
of coolant accident in light water nuclear reactor. There is a
possibility that the downward flow of emergency coolant may
be limited by uprising steam generated from coolant evaporation, therefore, accurate prediction of CCFL is a significant aspect for evaluating the performance of core cooling devices. Countercurrent flow has been studied both
experimentally and theoretically for a long time by many
researchers. Although many studies have been made on the

fundamental processes of the countercurrent flow, there is
still some uncertainty about the precise mechanism in countercurrent flow transition.
The countercurrent flow transition can be classified into
two regimes. One is generally called flooding which means
the flow transition from the annular flow to the mixing flow
occurred through an entire length of a flow channel and
initiated by a large liquid entrainment due to choking of
the gas flow path in the channel on increasing gas flow rate
and/or liquid flow rate. The other is called the countercurrent
flow limiting, CCFL, which occurs locally at an upper end
of a channel connecting to a liquid pool besides a steady
annular flow indicated on the other locations inside the
channel. The most widely used empirical correlation for
air/water countercurrent flow was proposed by Wallis [1].
This correlation derived from experiments in vertical small
diameter tubes and it can be expressed as follows:
jg∗0.5 + m jl∗0.5 = C,

(1)

2
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Figure 1: Schematic diagram of experimental apparatus.
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jl∗ = jl 



ρg

gD ρl − ρg

.

(3)

In (1), m and C are nondimensional constants which
mainly depend on geometry, such as the liquid inlet and
exit and tube diameter. In general, the value of m is equal
to 1.0 approximately and the value of C lies between 0.6 to
1.0. Since most of the proposed correlations are not based on
the physical mechanisms that cause flooding, a satisfactory
correlation appreciable over a wide range of operating
condition, fluid properties, and pipe geometry is still lacking.
In addition, it is known that most analytical models used a
forced balance equation for wall shear, interfacial shear, and
gravity to determine a downward liquid flow rate flowing
against an upward gas flow rate (Richter [2] and No and
Jeong [3]). In the analysis, however, the interfacial shear
force has a predominant eﬀect on the predicted results
and all established correlation for the interfacial shear were
empirically obtained to be applicable to limited conditions.
Therefore, even in update thermal-hydraulic computer codes
like TRAC and RELAP, the Wallis-type empirical correlation

is still used with the optional constant values, m and C, to
predict downward liquid flow rate.
In a laboratory scale gas/liquid countercurrent flow experiments, typical equipments consist of upper and lower
plenums connected by a vertical tube, in which liquid flow
downward by gravity from the upper to the lower plenum.
Gas is introduced into the lower plenum and flows upward
counter-currently through the vertical tube. A pool of liquid
in the upper plenum above the upper end of the tube
provides the liquid penetrate into downward. Investigations
using this experimental configuration include those of
Kaminaga et al. [4], Imura et al. [5], Bharathan and Wallis
[6], and Lu et al. [7]. In this experimental configuration,
although the constant static head is kept in the upper
plenum, the downward liquid flow rate is not generally kept
constant. The downward liquid flow rate is influenced by
not only flow behavior, such as interfacial shear or wall
shear in the vertical tube but also bubble dynamics, such as
bubble formation, growth, and departure at the upper end of
the tube. Therefore, in order to predict countercurrent flow
limit, it is important to clarify the relationship between rising
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Figure 5: Time variations of pressure at the upper entry of the tube (PT1) and corresponding bubble formation and expansion process (tube
diameter D = 20 mm, jg∗0.5 = 0.68, indicated as (b) in Figure 3).

bubble behavior at the upper end of the tube and downward
liquid flow rate leading to flow transition.
Consequently, the purposes of this study are to experimentally examine adiabatic air/water countercurrent flow
focusing on relationship between the downward liquid flow
rate and behaviors of bubbles purged into the liquid pool.
In this study, the experimental results from simultaneous
measurements of the time variations of pressure inside the
upper end of the tube and visual observations of bubble
formation are presented.

2. Experimental Apparatus
A schematic diagram of the experimental apparatus is shown
in Figure 1. It consists of a test tubean upper plenum, a
lower plenuman air supply system, and data acquisition
system. The test tube is made of circular transparent acrylic
resin to facilitate visual observation and has a length of
1000 mm. The upper plenum (430 mm long, 320 mm wide,
and 500 mm high) and the lower circular plenum (200 mm
i.d. and 500 mm high) are interconnected by the vertical test

tube. In order to examine the tube diameter eﬀect on bubble
formation, the tubes having 12 and 20 mm in diameter were
used.
For the experiments, water at 293 K (±3 K) is pumped
from a reservoir tank and is fed into the upper plenum. In the
upper plenum, the water level was maintained to be constant
by a weir and overflow water is fed back to the reservoir tank
by gravity. The downward water flow rate through the vertical test tube was determined by collecting it in a measuring
sub tank over a certain period of time. Air is directly fed to
the lower plenum from the air compressor via a needle valve
and air flow meter and allowed to flow upwards through the
test tube.
Details of the upper and lower end geometries are shown
in Figure 2. The upper end of the tube is sharp-edged geometry that a horizontal circular plate is attached at the end
of the test tube. As shown in Figure 2(b), compressed air
enters directly into the tapered tube bottom, through a small
injection nozzle (i.d. = 4 mm) in the lower plenum. The
injection nozzle is aligned accurately with the center of the
vertical test tube. This air entrance section is designed to
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time (tube diameter D = 20 mm, jg∗0.5 = 0.41, indicated as (c) in Figure 3).

minimize the interaction between the falling water and the
air near the lower end and make the flow controlled only
by the flow behavior near the upper entry of the tube. The
air supplied from the bottom injection nozzle goes up in the
tube with a countercurrent flow regime and purged into the
water pool with a large bubble regime. The water level is
varied from 50 mm to 200 mm to examine an eﬀect of the
water level on a downward liquid flow rate in the CCFL condition. The water level in the upper plenum was controlled by
the height of weir. In the present experiment, three diﬀerent
heights of weirs were used.
In each experiment, initially some amount of air only
flows in the test section and then the water level in the
upper plenum is set at a specified level to make a steady state
countercurrent flow in the test section. During the steadystate, the air and downward water flow rates, the pressure at
the upper entry of the tube (PT1), and the lower plenum
pressure (PT2) were recorded. Both pressures of PT1 and

PT2 are measured by a piezo electric pressure transducer.
Datasets of pressure are collected for a period of 40 sec with
a sampling frequency of 1 kHz. Since one of the aims of the
experiments is to examine the bubble characteristics in the
CCFL condition, visualization experiments were also carried
out using a high-speed camera. The camera was fixed on
a stand very close to the upper entry of the test tube to
visualize both the bubble formation process and the behavior
of the water. In the present experiments, pictures were taken
at a speed of 250 frames per second and a shutter rate of
1/2000. After steady-state measurements were over, the air
flow rate was progressively increased by small steps. These
measurements and bubble observations were conducted at
several air flow rates until the reversal of the liquid flow was
initiated. Initiation of liquid flow reversal was observed by
naked eye.
The two pressure transducers were calibrated using digital pressure gage before experiments. The air flow meter was
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Figure 7: Video images of bubble “neck” at the upper entry of tube and sequence of water flow at the upper entry.

also calibrated using a dry-type gas flow meter. From these
calibrations, the uncertainties of pressure measurements
and air flow rate are ±5% and ±7%, respectively. The
reproducibility and uncertainties of water flow rate was
confirmed by repeating the measurements under the same
air flow rate. From there measurements, the uncertainties of
water flow rate are ±6%.

3. Experimental Results and Discussions
3.1. Eﬀect of Tube Diameter. Figure 3 indicates relationship
between a downward liquid flow and an upward gas flow
rates. In the figure, the data are plotted in square terms of
dimensionless superficial gas velocity jg∗ versus the corresponding dimensionless liquid superficial velocity jl∗ . The
figure shows that, for both tubes, the slopes are almost linear
throughout the entire range and can be fitted by straight
lines by (1). It is clearly shown that the slopes of lines are
aﬀected by the tube diameter in the present countercurrent
flow condition. The values of m and C obtained by fitting the
present data with (1) were indicated in the figure.
Figure 4(a) shows typical time variations of pressure
measured at the upper entry of the tube for the diameter
of 12 mm. Here, the dimensionless gas velocity jg∗0.5 was
set at 0.88. As shown in this figure, there are four pressure

fluctuation cycles ranging in peak height from 4 to 7 kPa. One
of pressure fluctuation cycles is shown in Figure 4(b). Some
of video images at the upper entry of the tube are shown in
Figure 4(c) to illustrate this bubble cycle. The corresponding
video images in Figure 4(c) are indicated as (1) to (8) in
Figure 4(b). It can be seen that at the initial stage of bubble
formation, the bubble size gradually increases with large
pressure fluctuation. The bubble gradually changes with a
hemispherical shape at the upper entry surface (Figure 4(c),
(1) to (3)). As the bubble size increases, the buoyancy force
is dominant, and then the bubble gradually became oblate
spheroid (Figure 4(c), (4) to (6)) as it rises towards upward.
At this stage, the pressure fluctuation gradually decreases. It
should be noted that in Figure 4(c) (6), the “neck” can be
seen in the bottom of the bubble.
Figures 5(a), 5(b), and 5(c) also show time variations
of pressure and video images taken for the 20 mm tube
diameter. The dimensionless gas velocity jg∗0.5 was set at
0.68. As shown in Figure 5(a), the time variation of pressure
fluctuation also consists of the fluctuation cycles. One of
the fluctuation cycle is shown in Figure 5(b), and some of
the corresponding video images are shown in Figure 5(c).
As shown in Figure 5(c), the bubble appears to be more
deformed and its size became larger than that of 12 mm
tube diameter. Similar to the 12 mm diameter tube, at the
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Figure 8: Typical time traces of pressure at the upper entry of the tube (PT1).

initial stage of the bubble growth (Figure 5(c) (1)–(5)), the
pressure fluctuation is relatively large. As the bubble volume
increases and it moves upward, the pressure fluctuation
gradually decreased (Figure 5(c) (8)). As shown in the figure,
the bubble clearly detached from the surface(Figure 5(c) (8)).
This means that there is a discrete time interval between
one bubble and next bubble formation. This discrete time
interval, named a “waiting time,” was observed only in the
20 mm diameter tube.
Typical video images including the waiting time are
shown in Figure 6. As shown in Figure 6, the waiting time
(indicated as (1) to (4) in Figure 6(b)) is characterized by the
period in which no bubble is newly formed into the pool. It
is noted that the water enters the tube in this waiting time
between the bubble detachment and an initiation of next
bubble formation. In addition, the waiting time was observed
especially low air flow rate condition below jg∗0.5 = 0.6.
Above observations indicate the importance of relationship between the bubble formation and the behavior of the
water in the upper plenum. Particularity, the bubble deformation during detachment process is important. Figure 7(a)
includes the sequence of pictures showing “neck,” where
the bubble diameter gradually decreases at the tube entry.
The time interval between two frames is 4 msec (1/250).
Moreover, the water in the upper plenum continues to move
downwards until next bubble will be formed at the upper
entry. Sequence of this process is shown in Figure 7(b). When

the gas bubble fully covers the tube diameter, the water cannot penetrate into the tube. However, as the bubble volume
increased and the “neck” formed during detachment process,
the water in the upper plenum can flows into the test tube.
Examples of the time variations of measured pressure
at the location of the upper entry of the tube (PT1) are
summarized in Figure 8. Although the measured data have
similar time variations, the pressure of 12 mm diameter tube
indicates larger fluctuations with a high frequency than that
of 20 mm diameter tube. Typical power spectral densities
(PSDs) of pressure fluctuations for the 12 mm diameter tube
are shown in Figure 9 for three diﬀerent values of air flow
rates. The PSD data are corresponding to the locations of
upper entry of the tube (PT1) and lower plenum (PT2),
respectively. For the case of the upper entry of the tube,
it appears that as increasing the gas flow rate, the peak of
PSD is observed at frequencies between 13 and 15 Hz, while
for the lower plenum pressure, this maximum corresponds
to a frequencies between 5 and 11 Hz. The PSD of the
pressure fluctuations measured in the 20 mm diameter tube
is shown in Figure 10. For the larger tube diameter, the
figure clearly shows sharp distinct peak both upper and the
lower pressure fluctuations. Although the time variations of
measured pressure shows similar trend, the calculated values
of PSD are quite diﬀerent. In particulary, the calculated
“Power” of 20 mm diameter tube is much larger than that
of 12 mm diameter tube. This fact suggests that the bubble
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Figure 9: Power spectrum density (PSD) of pressure fluctuations for various air flow rate (tube diameter, D = 12 mm).

formation cycle of 20 mm diameter tube is more repeatedly
and periodically than that of 12 mm diameter tube.
3.2. Eﬀect of Water Level in the Upper Plenum. In order to
investigate the water level eﬀect on the downward liquid
flow rate in the CCFL condition, experiments are performed
for three diﬀerent water levels: 50, 100, and 200 mm,
respectively. For the 12 mm diameter tube, relationship
between dimensionless fluxes for three diﬀerent water levels
is shown in Figure 11(a). It seems that the water level eﬀect
on the liquid flow rate is small at high gas flow rate. It can
be seen that although the parameter C in (1) is the same,
the slope of the line slightly depends on water heights. On
the other hand, the m and C are almost constant for the tube

diameter of 20 mm as shown in Figure 11(b). This water level
eﬀect on downward liquid flow rate is found to occur only in
the 12 mm diameter tube and not in 20 mm diameter tube.
For the 20 mm diameter tube, since the bubble formation
including the “waiting time” periodically occurs, the water
in the upper plenum smoothly flows into the tube. Therefore,
the downward liquid flow rate is not influenced by the water
level in the upper plenum. On the other hand, for the 12 mm
diameter tube, the downward liquid flow rate depends on
the “neck” formation during bubble detachment process.
Therefore, if the water level is small, the bubble reaches
the free surface before the detachment occurs. Thus, the
downward liquid flow rate for 12 diameter tube is aﬀected
by the water level in the upper plenum.
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Figure 10: Power spectrum density (PSD) of pressure fluctuations for various air flow rate (tube diameter, D = 20 mm).

The pressure diﬀerence and the downward liquid flow
rate measured in the 12 mm tube diameter are plotted as
a function of superficial air velocity in Figure 12(a). Here,
the pressure diﬀerence indicates the diﬀerence of pressure
between the upper entry of the tube (PT1) and the lower
plenum pressure (PT2). The figures show that the pressure
diﬀerence does not change appreciably, the downward flow
rate decreases gradually as increasing the gas flow rate. Since
the downward liquid flow rate depends on the bubble frequency at the upper entry of the tube, it gradually decreases
as increasing the superficial air velocity. In addition, since the
amount of downward liquid flow rate is small for 12 mm
diameter tube, the liquid film in the tube is thin, and the
pressure diﬀerence ΔP may not be influenced by the air
superficial velocity.
The pressure diﬀerence and downward liquid flow rate
measured in the 20 mm diameter tube is also presented in
Figure 12(b). It is seen that for the 20 mm diameter tube, the
pressure diﬀerence gradually increases as increasing the air
flow rate. The downward liquid flow rate is almost inversely
proportional to air superficial velocity. Since the bubble

volume of the 20 mm tube diameter is much larger than that
of the 12 mm tube diameter, the bubble detachment at the
upper entry of the tube produces large pressure fluctuation
in the lower plenum (PT2). Therefore, the dependence of ΔP
on air superficial velocity is slightly diﬀerent for two tube
diameters.
Figures 13(a) and 13(b) show the power spectral density
(PSD) measured in the 12 mm diameter tube for the upper
entry of the tube and lower plenum, respectively. As shown
in Figure 13(a), a distinct peak is not evident at the lowest air
flow rate. However, as increasing the air flow rate, the peak
gradually appears between 10 to 15 Hz. On the contrary, the
PSD of the lower plenum indicates diﬀerent tendency. When
the air flow rate is relatively small, the frequency peak appears
between 5 and 8 Hz. However, at the largest air flow rate, the
peak is not clear except water height of 50 mm. The PSD for
the 20 mm diameter tube is also shown in Figure 14 for the
upper entry of the tube and the lower plenum, respectively.
For this condition, it is apparent that the distinct peak clearly
can be seen for all experimental conditions. The dominant
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Figure 11: Eﬀect of water level on dimensionless liquid flow rate against gas flow rate in CCFL condition.

frequency is slightly dependent on the water height in the
upper plenum.
Figure 15 shows the dominant frequency in the PSD as
a function of gas flow rate for diﬀerent three water levels.
The dominant frequency was calculated using least-square
method in the frequency ranges below 30 Hz. According
to the visual observation, the bubble formation frequency,
much less than 30 Hz, therefore, this frequency range was
selected. As shown in Figure 15(a), the dominant frequency
in the 12 mm diameter tube decreases with increasing gas
flow rate. On the contrary, as shown in Figure 15(b), the
dominant frequency of 20 mm diameter tube increases as
increasing the gas flow rate.
Figures 15(a) and 15(b) show that the dependence of
dominant frequency on the gas flow rate is quite diﬀerent
for two diameter tubes. One of the reasons of this diﬀerence
depends on the bubble formation cycle. As shown in
Figures 5, 6, and 14, the single bubble was periodically
formed for 20 mm diameter tube. On the contrary, for
the 12 mm diameter tube, the bubble detachment process
is very complicated and two or three bubbles coalescence
was observed at the upper entry as shown in Figure 4(c)
(8). It should be noted that the bubble flow pattern at the
upper entry of the tube becomes more complicated one as
increasing the gas flow rate.
3.3. Comparison of Bubble Frequency Data with the Prediction.
In the present experiment, visual images show that the
bubble formation, expansion, and its detachment from the
upper entry of the tube apparently occurred repeatedly. It is

well known that there are number of correlations to predict
the bubble formation from the orifice. Since the bubble
formation significantly aﬀects the downward liquid flow rate
in the CCFL condition, the present results were compared
with the proposed bubble formation correlations.
Davidson and Shuler [8] proposed the theoretical model
for the periodic formation of bubbles due to the flow of gas
into an inviscid liquid. The bubble formation expansion by
an air injection into a pool might be controlled by forces of
buoyancy, inertia due to momentum change of the liquid
surrounding the bubble, drag, and surface tension. For a
constant pressure condition, bubble is expanded very rapidly
just after the pressure exceeds the required value for the
bubble to advance into a pool. Therefore, the buoyancy and
liquid inertia forces were considered in the force balance.
The buoyancy force is




ρl − ρg gVB ≈ ρl gVB ,

(4)

where, VB means the bubble volume and the liquid inertia
force is




ds
d
m
,
dt
dt

(5)

where s is a distance from the air injection point to a gravity
center of the bubble and m is a virtual mass added to the
bubble by the surrounding fluid and assumed as follows [8]:
m=

11
ρl VB .
16

(6)
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The force balance gives


ρl gVB =



d 11
ds
.
ρl VB
dt 16
dt

(7)

If the air flow rate is constant Qg , then the bubble volume is
given by
VB = Qg t.

(8)

Integrating the above diﬀerential equation using the
initial condition that s = 0 and ds/dt = 0 when t = 0, the
following equation for the bubble volume is obtained:
VB = 1.378Qg6/5 g −3/5 .

(9)

Among the other bubble formation correlations, Wraith
[9] proposed a simple two-stage model a plate orifice
submerged in an inviscid liquid, for high gas flow rate. In
his model, the first stage corresponds to the growth of a
hemispherical bubble pressed to the plate by the inertial

force. When the buoyancy force becomes dominant, a second
stage develops and the bubble formation is dealt with as a
virtual mass problem like Davidson model. The solution for
the two-stage growth model by Wraith gives the following
correlation:
VB = 1.090Qg6/5 g −3/5 .

(10)

It is interesting to note that these two models take the
following form:
VB = kQg6/5 g −3/5 ,

(11)

where k is the constant coeﬃcient.
The data obtained in the present study are compared in
Figures 16(a) and 16(b) with the correlations of Davidson
(7) and of Wraith (8). In order to compare the experimental
results with the correlations, an average volume of one
detached bubble was calculated by following equation:
VB =

Qg
,
f

(12)
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Figure 13: Power spectrum density (PSD) of pressure fluctuations for various air flow rates and water levels (tube diameter D = 12 mm).

where Qg is the gas volumetric flow rate (cm3 ) and f
is the dominant frequency of the pressure fluctuations
in the upper entry of the tube. The figure shows that
mea-sured bubble volumes increases monotonically with
the gas flow rate. Figure 16(a) shows the data for 12 mm
diameter tube, and it can be seen that Wraith correlation
by (10) agree: with the data for water level of 100 mm
and 200 mm. However, as shown in the figure, (9) and
(10) slightly underestimate the data of the water level of
50 mm. The data in the 20 mm diameter tube are compared
in Figure 16(b); the slope of the analytical relation is a
little larger than the measured one and at a lower gas flow
rate it underestimates the bubble volume and that the data

gradually approach the analytical relation, and at a larger
gas flow rate, the analysis can give a fairly good prediction.
The calculated dominant frequency of 20 mm diameter tube
includes the bubble “waiting time” in which no bubbles are
formed at the tube entry. Therefore, in order to evaluate
the detached bubble volume more precisely, the influence
of bubble waiting time on pressure fluctuation should be
well understood.

4. Conclusions
An experimental study has been conducted to study the
Counter Current Flow Limitation in the tubes of 12 mm and
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Figure 14: Power spectrum density (PSD) of pressure fluctuations for various air flow rates and water levels (tube diameter D = 20 mm).

20 mm diameter. The pressures at the upper entry of the
tube, lower plenum, and downward falling liquid flow rate
were measured over a range of liquid and air flow rates. In
addition, the relationship between the downward liquid flow
and behaviors of bubbles purged into the liquid pool in the
CCFL condition was also investigated using high-speed video
camera. The following conclusions were made.
(1) The CCFL superficial velocities of gas and liquid obtained in the present experiments for two diﬀerent diameter
tubes are predicted well by correlation of Wallis. The water
level in the upper plenum slightly aﬀects the slope of the
curve for the 12 mm i.d. tube, especially at low gas flow rate.
On the other hand, for the 20 mm i.d. diameter tube, the

slope of the curve is not aﬀected by the water depth in the
upper plenum.
(2) The “bubble one cycle” at the upper entry of the tube
corresponds to characteristic one pressure fluctuation cycle.
In this bubble cycle, the bubble growth, coalescence, and
detachment at the upper entry of the tube were clearly
observed. The bubble detachment process is quite diﬀerent
for two diameter tubes. For the 12 mm diameter tube, the
formation of the “neck” during bubble detachment is important for evaluating the downward liquid flow rate. On the
contrary, for the 20 mm diameter tube, a “waiting time” in
which no bubble is observed at the upper entry is important
to evaluate the downward liquid flow rate.
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Figure 16: Comparison of present experimental data with proposed
correlations for bubble formation.
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(3) The detaching bubble volume is predicted well by
Davidson and Wraith correlations for 12 mm diameter tube.
However, for the tube diameter of 20 mm, the correlations
underestimate the experimental bubble volume especially at
the low air flow rate. In the present experiments, the data
for 20 mm diameter tube include the eﬀect of “waiting time,”
therefore, the calculated bubble frequency may be aﬀected by
this characteristic period. It should be noted that the waiting
time may be a favorable period for a liquid introduction into
the test tube from the upper plenum.

References
[1] G. B. Wallis, One-Dimensional Two-Phase Flow, McGraw Hill,
NewYork, NY, USA, 1969.
[2] H. J. Richter, “Flooding in tubes and annuli,” International
Journal of Multiphase Flow, vol. 7, no. 6, pp. 647–658, 1981.
[3] H. C. No and J. H. Jeong, “Flooding correlation based on the
concept of hyperbolicity breaking in a vertical annular flow,”
Nuclear Engineering and Design, vol. 166, no. 2, pp. 249–258,
1996.
[4] F. Kaminaga, K. Matsumura, A. Ouchi, and Y. Shibata, “Study
on relationship between rising gas bubble and falling liquid
flow in CCFL condition,” in Proceedings of the 6th International
Conference on Nuclear Engineering (ICONE ’98), 1998.
[5] H. Imura, H. Kusuda, and S. Funatsu, “Flooding velocity in a
counter-current annular two-phase flow,” Chemical Engineering
Science, vol. 32, no. 1, pp. 79–87, 1977.
[6] D. Bharathan and G. B. Wallis, “Air-water countercurrent annular flow,” International Journal of Multiphase Flow, vol. 9, no. 4,
pp. 349–366, 1983.
[7] D. C. Lu, N. S. Liao, and K. H. Wu, “Experimental investigation
of counter-current steam-water flooding in a vertical circular
pipe,” in Proceedings of the ASME-JSME Thermal Engineering
Joint Conference, vol. 1, pp. 243–249, Honolulu, Hawaii, USA,
1983.
[8] J. F. Davidson and B. O. G. Shuler, “Bubble formation at an
orifice in an inviscid liquid,” Transactions of the Institute of
Chemical Engineers, vol. 38, pp. 335–342, 1960.
[9] A. E. Wraith, “Two stage bubble growth at a submerged plate
orifice,” Chemical Engineering Science, vol. 26, no. 10, pp. 1659–
1671, 1971.

15

Hindawi Publishing Corporation
Science and Technology of Nuclear Installations
Volume 2012, Article ID 935391, 9 pages
doi:10.1155/2012/935391

Research Article
VOF Calculations of Countercurrent Gas-Liquid Flow in
a PWR Hot Leg
M. Murase,1 A. Tomiyama,2 I. Kinoshita,1, 2 Y. Utanohara,1 Chihiro Yanagi,1
T. Takata,3 and A. Yamaguchi3
1 Institute

of Nuclear Technology, Institute of Nuclear Safety System, Inc., 64 Sata, Mihama-cho, Mikata-gun, Fukui 919-1205, Japan
of Mechanical Engineering, Kobe University, 1-1 Rokkodai, Nada-ku, Kobe, 657-8501, Japan
3 Department of Sustainable Energy and Environmental Engineering, Osaka University, 2-1 Yamadaoka, Suita-shi,
Osaka 565-0871, Japan
2 Department

Correspondence should be addressed to M. Murase, murase@inss.co.jp
Received 11 October 2011; Accepted 9 November 2011
Academic Editor: Deendarlianto
Copyright © 2012 M. Murase et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
We improved the computational grid and schemes in the VOF (volume of fluid) method with the standard k − ε turbulent model
in our previous study to evaluate CCFL (countercurrent flow limitation) characteristics in a full-scale PWR hot leg (750 mm
diameter), and the calculated CCFL characteristics agreed well with the UPTF data at 1.5 MPa. In this paper, therefore, to evaluate
applicability of the VOF method to diﬀerent fluid properties and a diﬀerent scale, we did numerical simulations for full-scale airwater conditions and the 1/15-scale air-water tests (50 mm diameter), respectively. The results calculated for full-scale conditions
agreed well with CCFL data and showed that CCFL characteristics in the Wallis diagram were mitigated under 1.5 MPa steam-water
conditions comparing with air-water flows. However, the results calculated for the 1/15-scale air-water tests greatly underestimated
the falling water flow rates in calculations with the standard k − ε turbulent model, but agreed well with the CCFL data in
calculations with a laminar flow model. This indicated that suitable calculation models and conditions should be selected to
get good agreement with data for each scale.

1. Introduction
Reflux condensation by steam generators (SGs) is considered
as one of the possible core cooling methods under hypothetical accident conditions in pressurized water reactors
(PWRs). In the reflux condensation, the steam generated
in the core and the water condensed in the SG form
a countercurrent flow in a hot leg, which consists of a
horizontal pipe, an elbow and an inclined pipe. As reviewed
by Al Issa and Macian [1], many experiments have been
conducted to investigate the countercurrent flow limitation
(CCFL) in the hot leg, and empirical correlations were
proposed using Wallis parameters [2]. The review showed
that many diﬀerences between CCFL data were simply due to
geometrical eﬀects. To compare CCFL characteristics in hot
leg models, Vallée et al. [3] selected three geometrical factors,
which were the horizontal pipe length to diameter ratio
(LH /D), the inclined pipe length to diameter ratio (LI /D),

and the elbow angle θ. They showed that even for similar
geometrical factors there was clear deviation between CCFL
characteristics due to scale eﬀects. Moreover, eﬀects of fluid
properties on CCFL characteristics in a hot leg have not been
clearly discussed. Therefore, in order to evaluate eﬀects of
scale and fluid properties better, numerical simulation using
CFD (computational fluid dynamics) software is expected to
be useful.
In order to investigate eﬀects of scale and fluid properties
on CCFL characteristics in hot leg models, we have done
numerical simulations using a two-fluid model and a
VOF (volume of fluid) method implemented in the CFD
software, FLUENT6.3.26. We found that the two-fluid model
could reproduce CCFL characteristics under low pressure
conditions and we confirmed that those in the hot leg could
be well correlated with the Wallis parameters in the region of
50 mm ≤ D ≤ 750 mm [4]. The two-fluid model, however,
did not give good results for a large gas density. On the
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Figure 1: Experimental apparatus and test section used by Minami et al. [8] (unit: mm).

other hand, the VOF method could reproduce the eﬀects
of fluid properties on CCFL characteristics in a rectangular
channel [5], but could not simulate CCFL characteristics
in a circular channel. Therefore, the computational grid
and schemes were improved in the VOF method [6], and
the CCFL characteristics calculated for full-scale conditions
agreed well with the UPTF data [7] at 1.5 MPa.
In this paper, in order to evaluate applicability of the VOF
method to diﬀerent fluid properties and a diﬀerent scale, we
did numerical simulations using the VOF method employed
in the previous study [6] for full-scale air-water conditions
(750 mm diameter) and the 1/15-scale air-water tests (50 mm
diameter) reported by Minami et al. [8], respectively.

2. Summary of Previous Studies
In this section, major results of previous studies are summarized and subjects of our own studies are described.
CCFL characteristics in a PWR hot leg are generally
expressed by using the Wallis correlation or Wallis parameters which are, respectively, defined by [2]


JG∗

1/2


Jk∗ = Jk



+ m JL∗

1/2

=C

(1)

 1/2

ρk
 ,
g ·  · ρL − ρG


(2)

 = D or H (k = G or L),
where J (m/s) is the volumetric flux in the hot leg, m and
C are empirical constants,  (m) is the characteristic length,

D (m) is the diameter of the hot leg, H (m) is the height of
a hot leg model with a rectangular channel, g (m/s2 ) is the
gravity acceleration, and ρ (kg/m3 ) is the density.
2.1. Experimental Studies. Al Issa and Macian [1] classified
CCFL data according to the horizontal pipe length to
diameter ratio into four groups: (LH /D) = 0–5, 5–10, 10–
25, and >40. However, they did not clearly distinguish (1)
locations of flooding and (2) onset of flooding or CCFL.
Minami et al. [8] observed three flooding locations using
the 1/15-scale model (50 mm diameter) shown in Figure 1;
they were (A) the upper end of the inclined pipe (i.e.,
water inlet into the hot leg); (B) the gas inlet into the
hot leg; (C) the horizontal pipe near the elbow. Flooding
at (A) appeared only under large feed water flow rates
in the process of increasing air flow rates, and onset of
flooding conditions (i.e., test conditions of JG and JLin at
initiation of flooding) and CCFL characteristics under the
quasisteady state (i.e., relationship between JG and JL ) after
onset of flooding were diﬀerent. When they were diﬀerent,
hysteresis between increasing and decreasing air flow rates
appeared. Continuously increasing the air flow rate with
flooding at (A) caused a flow pattern transition in the hot
leg and flooding in (C). Falling water flow rate (JL ) under
the quasisteady state was much smaller in flooding in (C)
than that at (A). Flooding at (B) appeared only under
relatively small feed water flow rates and large air flow rates
in the process of increasing air flow rates, and it caused a
flow pattern transition in the hot leg and flooding in (C).
Under the quasisteady state after onset of flooding at (B),
falling water flow rate became zero (JL = 0) due to the
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Table 1: Test section dimensions and conditions.
Reference
Richter et al. [10]
Ohnuki et al. [11]
Mayinger et al. [7]
Geﬀraye et al. [12]
Navarro [9]
Minami et al. [8]

D (mm)
203.2
25.4
750
351
54
50

LH /D (−)
4.5
9.1
9.0
7.5
9.3
8.4

LI /D (−)
0
1.2
1.1
3.0
1.9
1.2

θ (deg)
45
50
50
50
50
50

Fluids
Air-Water
Air-Water
Stream-Water
Air-Water
Air-Water
Air-Water

Pressure (MPa)
0.1
0.1
0.3, 1.5
0.1
0.1
0.1

D: diameter, LH : length of horizontal pipe, LI : length of inclined pipe, θ: angle of elbow.

large air flow rate at onset of flooding. Therefore, CCFL
characteristics at the gas inlet were measured only under
limited conditions. In the process of decreasing air flow rates,
flooding in (C) continued, and deflooding conditions and
CCFL characteristics agreed well with each other. The similar
hysteresis between increasing and decreasing air flow rates
was observed by Navarro [9]. In a PWR hot leg with the
expansion of the inclined pipe, which was not simulated in
Figure 1, flooding at (A) may not appear due to mitigation of
CCFL with a large flow area and low gas velocity [4]. In most
experimental studies, focus was on CCFL characteristics due
to flooding in (C).
Vallée et al. [3] selected experimental studies using the
horizontal pipe length to diameter ratio of (LH /D) = 7–10
to compare CCFL characteristics in hot leg models. Major
test conditions in previous studies are listed in Table 1. The
empirical constant C in (1) by Richter et al. [10] was about
0.7 and CCFL was mitigated compared with other cases
where C was about 0.6, because the horizontal pipe length
to diameter ratio (LH /D) was small. On the other hand, the
empirical constant C by Ohnuki et al. [11] was about 0.55
and CCFL became severe compared with other cases, because
the diameter of 25.4 mm was too small. Therefore, CCFL data
applicable to a PWR hot leg, which is our interest, are limited.
2.2. Numerical Studies. Wang and Mayinger [13] conducted
two-dimensional analyses of countercurrent flows in the hot
leg of the UPTF tests [7] using a Euler-Euler model. They
gave boundary conditions at the inlet and outlet of the hot
leg, which might aﬀect the calculated flow patterns in the
hot leg. Minami et al. [14] conducted numerical simulations
using the CFD software FLUENT6.3.26 and an Euler-Euler
model (i.e., two-fluid model) for countercurrent air-water
tests using a 1/5-scale rectangular channel. Flow patterns
in the hot leg were not reproduced by two-dimensional
calculations due to eﬀects of the wall friction but were
successfully reproduced by three-dimensional calculations
including the lower and upper tanks. Deendarlianto et
al. [15] conducted numerical simulations using the CFD
software ANSYS CFX 12.0 and a Euler-Euler model for
countercurrent air-water tests using a 1/3-scale rectangular
channel [3]. Good agreement with data was obtained for the
transition process from flooding at the gas inlet to flooding
in the horizontal section near the elbow. The computational
grid consisted of 248,610 hexahedral elements and 281,076
nodes, and a long computer time was generally needed.

The objectives of our studies were to find a practical
numerical method for sensitivity analyses and to evaluate
eﬀects of scale and fluid properties on CCFL characteristics
in the hot leg. Based on the CCFL data from air-water tests
with the diameter of 50 mm [8] and CCFL characteristics
calculated for a full-scale model with the diameter of 750 mm
using the two-fluid model, we proposed the following
correlation for low pressures below 0.3 MPa [4]:


JG∗

1/2

 1/2
 
= 0.608 − 0.238 JL∗
− 1.28 JL∗ .

(3)

Figure 2 compares (3) with CCFL data listed in Table 1 and
values calculated by the two-fluid model. The correlation by
Navarro [9], derived from air-water tests (54 mm diameter),
was very close to (3). There were no significant diﬀerences
between CCFL characteristics obtained under the conditions
of 7.5 ≤ L/D ≤ 9.3 (cf. Table 1) and 50 mm ≤ Dh ≤
750 mm. In the UPTF tests, the diameter of the hot leg
was D = 750 mm, and the hydraulic diameter in the region
with the ECC (emergency core cooling) injection tube
was Dh = 650 mm. In Figure 2, CCFL characteristics at
0.3 MPa evaluated using Dh = 650 mm in (2) are shown.
As shown in Figure 2(b), the two-fluid model reproduced
CCFL characteristics under low pressure conditions using the
same correlation for interfacial drag coeﬃcients. The twofluid model, however, greatly underestimated falling water
flow rates at 1.5 MPa compared with the UPTF data [7] at
1.5 MPa.
In order to evaluate eﬀects of fluid properties on CCFL
characteristics, we improved the computational grid and
schemes in the VOF method [6] and compared the CCFL
characteristics calculated for full scale conditions with the
UPTF data [7] at 1.5 MPa. Good agreement was obtained
between them. In order to fit the calculated falling water
flow rate with one UPTF data point at 1.5 MPa; however, the
maximum value of the turbulent viscosity ratio was changed
from the default value of 105 in FLUENT6.3.26 to 104 [6].
Therefore, the applicability of the VOF method to diﬀerent
fluid properties should be confirmed.
In this paper, we first did numerical simulations for fullscale air-water conditions (750 mm diameter), and compared
the calculated CCFL characteristics with (3) to evaluate the
applicability of the VOF method to diﬀerent fluid properties.
And then, to evaluate applicability of the VOF method to a
diﬀerent scale, we did numerical simulations for the 1/15scale air-water tests with the diameter of 50 mm [8].
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Figure 2: CCFL characteristics.

3. Simulation Method
In numerical simulations, the VOF method implemented in
the CFD software FLUENT6.3.26 was used. The computational grid and schemes we used were the same as those in
our previous report [6].
3.1. Computational Grid. Figure 3 shows the computational
grid for the 1/15-scale hot leg model shown in Figure 1,
which was reduced from the computational grid for a fullscale PWR hot leg [6]. Because velocity distributions of
gas and liquid at both ends of the hot leg aﬀect hydraulic
behavior, the calculation region included the lower tank
simulating the upper plenum in the reactor vessel and the
upper tank simulating the SG inlet plenum. The expansion
of the inclined pipe was not simulated in the experimental
apparatus but was simulated in the grid shown in Figure 3.
There were 299 calculation cells in the cross-section of the
hot leg, and about 59,000 calculation cells in total. The
diameter of the hot leg and the length of the horizontal pipe
were D = 50 mm and LH = 420 mm (LH /D = 8.4). The length
of the tapered section was not included in the length of the
horizontal pipe. Gas was supplied from the side wall into
the lower tank and flowed into the upper tank through the
hot leg. Water was supplied from the bottom of the upper
tank. Some water gravitationally flowed into the lower tank
through the hot leg. The water flow rate through the hot leg
was calculated from the increasing rate of water volume in

Lower tank
(upper plenum)

Gas
inlet

Upper tank
(SG inlet plenum)

Water
Mixture

420 mm (6.3 m ∗ )

Cross section
of hot leg
60 mm
(0.9 m ∗ )

φ 50 mm (0.75 m ∗ )
Hot leg

Figure 3: Computational grid (∗ full scale).

the lower tank. The boundary condition of constant velocity
was used at the inlets of gas and water, and the boundary
condition of constant pressure was used at the outlet of the
gas-water mixture.
3.2. Computational Schemes. The standard k − ε turbulent model was used for the gas and liquid phases. On
wall surfaces, conditions of nonslip and the standard wall
function were used. Momentum, volume fraction, turbulent
kinetic energy, and turbulent dissipation rate of the gas and
liquid phases were calculated using the first-order upwind
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scheme. For the pressure-velocity coupling, the PISO method
implemented in FLUENT6.3.26 and the noniterative time
advancement with the neighbor correction of 3 were used.
The variable time step was used. The time step was on the
order of 0.1 ms for low pressures. In order to fit the calculated
falling water flow rate with one UPTF data point at 1.5 MPa,
the maximum value of the turbulent viscosity ratio was
changed from the default value of 105 in FLUENT6.3.26 to
104 [6].

4. Calculated Results
Numerical simulations for full-scale air-water conditions
(750 mm diameter) were first conducted, and the calculated
CCFL characteristics were compared with (3) to evaluate the
applicability of the VOF method to diﬀerent fluid properties.
And then, numerical simulations for the 1/15-scale airwater tests (50 mm diameter) [8] were conducted to evaluate
applicability of the VOF method to a diﬀerent scale.
4.1. Full-Scale Condition Results. The maximum value of the
turbulent viscosity ratio is 105 in the default values of FLUENT6.3.26. However, the maximum value of 104 was used
to get good agreement with the UPTF data [7] at 1.5 MPa as
shown in Figure 4. VOF calculations were done for steamwater flows at 1.5 MPa under PWR full-scale conditions with
the diameter of 0.75 m [6]. For UPTF data, the hydraulic
diameter of Dh = 0.65 m in the region with the ECC injection
tube was used in (2) because flooding might occur in the
region. CCFL characteristics at 1.5 MPa were fitted by


JG∗

1/2

 1/2
= 0.68 − 0.79 JL∗
.

(4)

From the results in Figure 4, the maximum value of 104 was
used for the turbulent viscosity ratio in the following VOF
calculations.
In order to evaluate capability to predict eﬀects of fluid
properties on CCFL characteristics, VOF calculations were
conducted for air-water conditions at 0.1 MPa, where many
experiments simulating a PWR hot leg have been carried
out. Figure 5 compares flow patterns calculated by the
VOF method with a flow pattern observed in the 1/15scale air-water tests [8]. Under flooding conditions in the
tests, the water flow rate was restricted at the elbow side
of the horizontal pipe. In the elbow and inclined pipe,
large waves with droplets periodically flowed upward, water
flowed downward from the upper tank, and recirculation
of water with bubbles and droplets formed. Therefore, the
observed flow pattern fluctuated in the elbow and inclined
pipe. The calculation conditions were for air-water in a fullscale hot leg and diﬀerent from the test conditions. However
the calculated flow patterns were similar to the observed flow
pattern. Comparing with the 1/15-scale tests, gas volumetric
fluxes JG were larger due to a large diameter. Stable stratified
flow formed in the horizontal pipe because small waves could
not be calculated with the rather large calculation cells used.
A large wave periodically appeared near the elbow and the
water flow rate was restricted there. With increasing JG , water
depth became shallow in the horizontal section.
Figure 6(a) shows the calculated water volume in the
lower tank after the quasisteady state, which was used to
obtain the time-averaged water flow rate through the hot
leg. Figure 6(b) compares the calculated CCFL characteristics
with (3) for low pressure conditions. The calculated results
agreed very well with (3) except for (JG∗ )1/2 = 0.5, where
the falling water flow rate was underestimated. The results
showed capability to predict eﬀects of fluid properties on
CCFL characteristics and confirmed that CCFL characteristics in the Wallis diagram were mitigated under 1.5 MPa
steam-water conditions comparing with air-water flows at
0.1 MPa.
4.2. Standard k − ε Turbulent Model Results for the 1/15Scale Air-Water Tests. Figure 7 shows results calculated using
the standard k − ε turbulent model. Figure 7(a) shows the
calculated water volume in the lower tank simulating the
upper plenum after establishment of the quasisteady state,
which was used to obtain the time-averaged water flow rate
through the hot leg. The maximum value of the turbulent
viscosity ratio was 104 . The results during the initial 5–10 s of
the calculation were not used because they included transient
eﬀects after the change of calculation conditions. Figure 7(b)
compares calculated CCFL characteristics with test data [8].
The falling water flow rates (JL∗ ) were greatly underestimated.
Even when the maximum value of the turbulent viscosity
ratio was reduced to 103 , the calculated (JL∗ ) did not change.
4.3. Laminar Model Results for the 1/15-Scale Air-Water Tests.
As shown in Figure 7(b), the standard k − ε turbulent model
greatly underestimated the falling water flow rates (JL∗ ).
Therefore, the laminar model was used.
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Figure 6: Results calculated for the full-scale hot leg.

Figure 8 shows flow patterns calculated by the VOF
method. The calculated flow patterns were similar to the
observed flow patterns shown in Figure 5(a). Because small
waves could not be captured with the rather large calculation
cells used, stratified flow formed in the horizontal pipe, but
water near the gas-liquid interface flowed toward the elbow.

A large rolling wave periodically appeared near the elbow
and the water flow rate was restricted there. The gas-liquid
interface in the horizontal pipe fluctuated and it caused
fluctuation of the falling water flow rate through the hot leg.
Figure 9 shows results calculated using the laminar
model. Figure 9(a) shows the calculated water volume in the
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Figure 8: Flow patterns for the 1/5-scale tests (laminar model).

lower tank, which fluctuated due to fluctuation of the gasliquid interface in the horizontal pipe. The results during
the initial 10 s of the calculation were not used for CCFL
characteristics because they included transient eﬀects after
the change of calculation conditions. Figure 9(b) compares

calculated CCFL characteristics with test data [8] and values
calculated by the two-fluid model [16]. The falling water flow
rates (JL∗ ) calculated by the VOF method with the laminar
model agreed well with the test data and calculated results of
the two-fluid model.
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Figure 9: Results calculated using the laminar model for the 1/5-scale tests (D = 50 mm, air-water).
Table 2: Summary of CCFL prediction.
Shape and scale
1/5 rectangular
1/3 rectangular
1/15 circular
Full scale

Two-fluid∗
 (—) [14]

 ( ) [17]
 (—) [16]
 (×) [4]

Size
H = 150 mm
H = 250 mm
D = 50 mm
D = 750 mm

VOF: remarks
 (): k − ε(TVR=105 ) [5]

(): k − ε(TVR=105 ) [17]
 (—): laminar [p]
 (): k − ε (TVR = 104 ) [p]

∗

Standard k − ε turbulent model, maximum turbulent viscosity ratio (TVR) = 105 ,
D: diameter, H: height ofrectangular channel,
: very good, : good, : poor, ×: very poor, —: not available,
( ): eﬀects of fluid properties, []: references, [p]: present study.

4.4. Discussion. The standard k − ε turbulent model gave a
good CCFL prediction for full-scale hot leg conditions as
shown in Figure 6(b). For 1/15-scale conditions, however,
it greatly underestimated the falling water flow rates, and
the laminar model gave a better CCFL prediction. Figure 10
shows the calculated Reynolds numbers of gas and liquid
phases, which are defined by
Rek =

Jk D
, (k = G or L) ,
νk

(5)

where ν (m2 /s) is the kinematic viscosity. The gas phase
was turbulent in both the full scale and 1/15 scale. The
liquid phase was turbulent except at low JL in the full scale
conditions, but it was laminar except at high JL in the 1/15scale conditions. This may be related to why the laminar
model gave the better CCFL prediction for the 1/15-scale
conditions. On the other hand, however, in the two-fluid
model, the standard k − ε turbulent model gave a good CCFL
prediction for both the 1/15-scale and full-scale conditions as
shown in Figure 2(b).

Table 2 summarizes results of the CCFL prediction.
The two-fluid model with the standard k − ε turbulent
model gave good CCFL prediction for eﬀects of shape
and scale [4, 14, 16, 17]. Its prediction was very good
for circular channels, but poor or very poor for eﬀects
of fluid properties. Under large gas density conditions, it
greatly underestimated the falling water flow rates. On the
other hand, the VOF method gave good CCFL prediction
for eﬀects of fluid properties [5, 17]. However, it was not
suitable for circular channels, and the flow model should
be changed to get good agreement with CCFL data. Table 2
indicates that suitable calculation models and conditions
should be selected to get good agreement with data for each
scale.

5. Conclusions
In order to evaluate applicability of the VOF method to
diﬀerent fluid properties and a diﬀerent scale, we did
numerical simulations for full-scale air-water conditions
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(750 mm diameter) and the 1/15-scale air-water tests (50 mm
diameter), respectively.
The results calculated using the standard k − ε turbulent
model for full-scale conditions agreed well with CCFL data,
and confirmed that CCFL characteristics in the Wallis diagram were mitigated under 1.5 MPa steam-water conditions
comparing with air-water flows at 0.1 MPa.
The results calculated using the standard k − ε turbulent
model for the 1/15-scale air-water tests greatly underestimated the falling water flow rates. Therefore, a laminar
flow model was used, and the calculated results agreed well
with the CCFL data. This indicated that suitable calculation
models and conditions should be selected to get good
agreement with data for each scale.

[11]
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Steam generated in a reactor core and water condensed in a pressurizer form a countercurrent flow in a surge line between a hot
leg and the pressurizer during reflux cooling. Characteristics of countercurrent flow limitation (CCFL) in a 1/10-scale model of
the surge line were measured using air and water at atmospheric pressure and room temperature. The experimental results show
that CCFL takes place at three diﬀerent locations, that is, at the upper junction, in the surge line, and at the lower junction, and
its characteristics are governed by the most dominating flow limitation among the three. Eﬀects of inclination angle and elbows of
the surge line on CCFL characteristics were also investigated experimentally. The eﬀects of inclination angle on CCFL depend on
the flow direction, that is, the eﬀect is large for the nearly horizontal flow and small for the vertical flow at the upper junction. The
presence of elbows increases the flow limitation in the surge line, whereas the flow limitations at the upper and lower junctions do
not depend on the presence of elbows.

1. Introduction
The mid-loop operation is to be conducted during plant
refueling and maintenance of a PWR (Pressurized Water
Reactor). In this operation, the reactor coolant level is kept
around the primary loop center, and decay heat is removed
by RHR (Residual Heat Removal) systems. If the loss of
cooling systems such as RHR and/or other cooling systems
takes place, cooling water in the reactor core may be heated
up to boil and the top of the fuel assembly can be exposed
to the air. In such an event, reflux cooling by the steam
generators (SG) is regarded as one of the possible and
eﬀective core cooling methods. The reflux cooling is a way of
core cooling by making use of water condensed in SGs. The
steam generated in the reactor core and water condensed in
the SG form a countercurrent flow in the hot leg. The authors
therefore measured CCFL (Countercurrent Flow Limitation)
characteristics in a scale-down model of a hot leg using air
and water [1] and reported that CCFL can be accurately

evaluated based on a one dimensional momentum balance
for air-water two-phase flow [2]. In addition to this CCFL,
the steam generated in the reactor core and water condensed
in the pressurizer due to heat transfer to the vessel wall
may also form a countercurrent flow in a surge line which
connects the hot leg and the pressurizer. The ROSA-IV/LSTF
(Rig-of-Safety-Assessment No. 4/Large Scale Test Facility)
experiment [3], which simulated the loss of RHR systems
during mid-loop operation, reported that water actually
accumulated in the pressurizer due to CCFL in the surge line.
When the core coolant moves to the primary coolant system
and remains there, the reactor core water level decreases.
Thus, characteristics of CCFL in the surge line must be well
understood for safety evaluation of the mid-loop operation.
Takeuchi et al. [4] calculated CCFL characteristics for a
slightly inclined surge line of an AP600 using the momentum
equations for steam and water. They reported that (1)
CCFL in a vertical pipe is more dominant than that in
a slightly inclined pipe, (2) the horizontal elbow increases
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the falling water volume, and (3) CCFL in the vertical
pipe is the most dominant among various CCFLs taking
place at diﬀerent locations in the surge line. Although their
prediction overestimated the falling water volume compared
with the small break LOCA (Loss of Coolant Accident)
data conducted at the AP600-scale test facility (APEX)
[5, 6], there are no experimental data for validating their
predictions. The surge line consists of a vertical pipe, a
vertical elbow and an inclined pipe with several elbows. The
flow in the surge line is very complicated due to its complex
geometry, and therefore, it is diﬃcult to apply the data and
knowledge of CCFL obtained in a simple geometry such as
straight pipes and ducts to CCFL in the surge line.
In this study, we carried out experiments using air and
water in a 1/10-scale model and measured CCFL characteristics in the surge line. Eﬀects of inclination angle and
elbows in the surge line on CCFL characteristics were also
investigated.

Upper tank

Vertical pipe

Lower tank
Surge line

Hot leg

Vertical
elbow
Drain

θ
Air
QG

Water

QL

QLin
F
F
Drain
Reservoir
P
P

R
R

F
F

Compressor

(F: flow meter, P: pressure gage, R: regulator)

2. Experimental Setup

Figure 1: Experimental setup (Surge line).

Figure 1 shows the experimental setup. It consists of the
lower tank corresponding to a reactor vessel, the surge line,
the upper tank simulating a pressurizer, and the air and water
supply systems. The surge line is made of acrylic resin for
the observation of flow pattern in the pipe. The internal
diameter is 30 mm. The geometry of the surge line is shown
in Figure 2. Air is supplied through the sidewall of the lower
tank. Water is supplied through the bottom face of the upper
tank. They form a countercurrent flow in the surge line. The
elbow is made of two acrylic blocks with semicircular grooves
to keep the channel cross-section circle. At a constant flow
rate QLin of water supplied to the upper tank, the flow rate
QL of water falling into the lower tank was measured at each
gas flow rate QG to obtain a relationship between QL and
QG . The QL was measured not only by increasing QG but
also by decreasing QG to check a possibility of hysteresis in
CCFL. The experimental ranges were JLin (= 4QLin /πD2 ) =
0.02–0.12 m/s and JG (= 4QG /πD2 ) = 0–5.5 m/s. CCFL
data were plotted by using the dimensionless gas and liquid
volumetric fluxes, JG∗ and JL∗ , given by [6]
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Figure 2: Geometry of surge line.

∗

Jk = Jk

ρk

gD ρL − ρG


1/2

,

(k = G, L),

(1)

where J is the superficial velocity, ρ the density, g the acceleration of gravity, and D the pipe diameter. The subscripts
G and L denote the gas and liquid phases, respectively. The
inclination angle θ of the surge line was changed from 0.0
to 5.0 deg. (0.0, 0.6, 1.0, 2.0 and 5.0 deg.) to investigate the
eﬀects of θ on CCFL characteristics. We also measured CCFL
characteristics by replacing the surge line with the straight
pipe shown in Figure 3 to examine eﬀects of elbows.

3. Results and Discussion
3.1. Classification of CCFL. Depending on the inclination
angle θ and JG , CCFL took place at three diﬀerent locations,
that is, at the upper junction, in the surge line, and at the
lower junction as shown in Figure 4. Hereafter, CCFL at the
upper junction between the surge line and the upper tank,
in the surge line and that at the lower junction between the
surge line and the hot leg will be referred to as CCFL-U,
CCFL-S, and CCFL-L, respectively.
In CCFL-U, the flow limitation occurs only at the upper
junction of the surge line as shown in Figure 5(a), and
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gas-liquid interface. There is, however, no diﬀerence in the
dependence of JL∗ on JG∗ between the processes of increasing
and decreasing JG∗ .
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Figure 3: Experimental apparatus with straight pipe.
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Figure 4: Flow limitation locations and CCFL classification.

therefore, water in the surge line and at the lower junction
smoothly flows toward the lower tank. To the contrary, the
flow limitation occurs not only at the upper junction but
also in the surge line in CCFL-S as shown in Figure 5(b).
Waves are generated in the surge line and move toward the
upper junction. In CCFL-L, the flow limitation occurs at
the lower junction as well as at the upper junction. Water
is accumulated near the lower junction to form large liquid
slugs and periodically flows back toward the upper junction
as shown in Figure 5(c).
3.2. CCFL Characteristics at Reference Condition. Figure 6
shows CCFL characteristics at JLin = 0.07 m/s and θ =
0.6 deg. As JG∗ increases from zero, flow limitation takes
place when JG∗ reaches a certain critical value (point A in
Figure 6). At point A, waves form in the surge line and move
toward the upper junction. At the same time, JL∗ suddenly
decreases to the flooding point (point B in Figure 6), that
is, CCFL-S occurs. Further increase in JG∗ reduces JL∗ , and
all the water returns to the upper tank at the flow reversal
point (point C in Figure 6). When JG∗ is decreased from
the flow reversal point C, JL∗ gradually increases as shown
in Figure 6. The minimum JG∗ observed in the decreasing
process is smaller than JG∗ at the flooding point B. Thus,
hysteresis exists in the CCFL characteristics. The hysteresis is
caused by the diﬀerence in the presence of initial waves on the

3.3. Eﬀects of θ. Figure 7 shows CCFL characteristics at
various θ. At θ = 0.0 and 0.6 deg., only CCFL-S takes place
at any values of JG . At θ = 1.0 deg., CCFL disappears in the
surge line, and therefore, it is classified as CCFL-U when JG is
low, whereas CCFL-S occurs at high JG . This disappearance
of CCFL in the surge line is due to the enhancement of water
drainage by increasing θ. At θ = 2.0 and 5.0 deg., CCFLL appears instead of CCFL-S at high JG . This indicates that
the flow limitation at the lower junction becomes dominant
because CCFL in the surge line is mitigated by the increase
in θ. At low JG , CCFL-U occurs not only for θ = 2.0 and
5.0 deg. but also for θ = 1.0 deg. These results show that type
of CCFL depends on θ and JG∗ , and the dependence of the
relation between JG∗ and JL∗ on θ is diﬀerent among CCFL-S,
CCFL-U, and CCFL-L.
Figure 8 shows characteristics of CCFL-S at various θ.
A small change in θ causes a large change in the falling
water flow rate, that is, the dependence of CCFL-S on the
inclination angle is very large. The increase in θ results in
the mitigation of flow limitation in the surge line due to the
enhancement of water drainage. Hence, CCFL-S occurs only
at low θ.
Figure 9 shows characteristics of CCFL-L at various θ.
CCFL-L is also aﬀected by θ, and the flow limitation becomes
weaker as θ increases. The dependence of CCFL-L on the
inclination angle, however, is weaker than that of CCFL-S.
Since the holdup at the lower junction depends not only on
the water velocity along the surge line but also on the velocity
of water falling into the lower tank, the weak dependence of
the falling water velocity on θ might be a cause of the small
dependency of CCFL-L on θ.
Figure 10 shows characteristics of CCFL-U at various θ.
CCFL-U is the limitation at the upper junction between the
upper tank and the vertical pipe, and the gravity force acting
on the water along the surge line (the vertical pipe) is ρg cos
θ. Hence, CCFL-U has a very weak dependence on θ at small
θ as shown in Figure 10.
These experimental results confirm that the eﬀect of θ
on CCFL depends on the flow direction, that is, the eﬀect is
large for the nearly horizontal flow in the surge line, small for
the vertical flow at the upper junction, and intermediate for
the flow at the lower junction at which the flow changes its
direction from horizontal to vertical directions. The CCFL
in the surge line is determined by the most strong flow
limitation among CCFL-S, CCFL-U and CCFL-L.
3.4. Onset of Flooding. The gas volumetric flux at the onset
of flooding is important information when designing surge
lines. Figure 11 shows the onset of flooding measured by
increasing the gas volumetric flux. Flooding-S, Flooding-U,
and Flooding-L in Figure 11 represent that the flooding takes
place in the surge line, at the upper junction and at the lower
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Figure 5: Typical flow pattern at CCFL conditions.
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Figure 7: CCFL characteristics (eﬀects of θ).

junction, respectively. The line in Figure 11 is drawn by using
the Wallis’s model [7–9]:


∗
JG∗ + JLin
= 1.

0

∗1/2

Figure 6: CCFL characteristics (θ = 0.6 deg.).



0.4

(2)

∗
The JG∗ at the onset of flooding decreases as JLin
increases, and
∗
JG increases with θ. The flooding always occurs in the surge
line at low θ. On the other hand, at high θ, it occurs at the

∗
lower junction when JLin
is low and at the upper junction at
∗
high JLin . Since the flooding at the upper junction is similar
to that in a vertical pipe, the points of Flooding-U are not far
from (2).

3.5. Eﬀects of JLin . Figure 12 shows the CCFL characteristics
under three diﬀerent JLin conditions (JLin = 0.02, 0.07, and
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0.12 m/s) for θ = 0.6 and 5.0 deg. The volumetric flux JL∗
of the falling water does not depend on the volumetric flux
JLin of the supplied water in the upper tank, irrespective of θ
and a type of CCFL (CCFL-S, CCFL-U, and CCFL-L). This is
because the water level in the upper tank depends not on JLin
but on the height of the partition in the upper tank when the
flow limitation takes place.
3.6. Eﬀects of Elbows. Figure 13 shows comparisons of CCFL
characteristics between the surge line and the straight pipe.
CCFL in the straight pipe is also classified into CCFL-S,

0

0.2

0.4

0.6

0.8

1

∗1/2
JLin

Figure 11: Onset of flooding.

CCFL-U, and CCFL-S. CCFL-S occurs at low θ whereas
CCFL-U, and CCFL-L appear at high θ. The flow limitation
in the surge line is stronger than that in the straight pipe
as shown in Figure 13(a). The elbows, therefore, enhance
the flow limitation in the surge line, which contradicts the
predictions obtained by Takeuchi et al. [4]. They explained
that centrifugal force in the elbow section stabilizes the gasliquid interface and inhibits the flow limitation. However,
the centrifugal force would make the liquid film thinner and
increase the wall friction. In addition, the presence of elbows
would increase pressure drop in the line, in other words,
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increases the force acting on water in the upstream direction.
These eﬀects would result in enhancement of flow limitation.
The present result, therefore, supports the latter speculation
rather than Takeuchi’s one. On the other hand, CCFL-U and
CCFL-L do not depend on the presence of elbows as shown in
Figure 13(b). This is because the flow limitation occurs at the
junctions, and therefore, it has no relation with the elbows in
the surge line.

3.7. Discussion on Eﬀects of Size and Fluid Properties on
CCFL Characteristics. Minami et al. [10] measured CCFL
characteristics in a scale-down model of PWR hot leg and
confirmed thorough comparisons with literature [11–14]
that the eﬀects of the size and fluid properties are small.
Since CCFL-L and CCFL-S in the surge line are similar to
CCFL in the hot leg, this result implies that their dependence
on the size and fluid properties is also small. On the other
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hand, CCFL-U is similar to CCFL in a vertical pipe. Many
researches, which are summarized in textbooks [7, 15, 16],
have been carried out for CCFL in a vertical pipe. These
researches indicate that the Kutateladze number is more
appropriate than the dimensionless volumetric flux Jk∗ for
large diameter tubes, and that the fluid properties can be
taken into account by using the Bond number, viscosity ratio
and/or Grashof number. This kind of knowledge can be
utilized when applying the present results to a system with
diﬀerent pipe sizes or diﬀerent fluid properties.

4. Conclusions
Countercurrent air-water flow in a scale-down model of a
PWR pressurizer surge line was measured to understand
characteristics of countercurrent flow limitation, CCFL. As
a result, the following conclusions were obtained.
(1) CCFL takes place at three diﬀerent locations, that
is, at the upper junction, in the surge line, and at
the lower junction. CCFL characteristics are governed
by the most dominating flow limitation among the
three.
(2) CCFL characteristics depend on the inclination angle
of the surge line and the air flow rate. The eﬀects
of inclination angle on CCFL depend on the flow
direction, that is, the eﬀect is large for the nearly
horizontal flow in the surge line, small for the vertical
flow at the upper junction, and intermediate for the
flow at the lower junction at which the flow changes
its direction from horizontal to vertical directions.
(3) The presence of elbows enhances the flow limitation
in the surge line, whereas the flow limitations at the
upper and lower junctions do not depend on the
presence of elbows.
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Nomenclature
D:
g:
J:
J ∗:
Q:
ρ:
θ:

Pipe diameter [m]
Acceleration of gravity [m/s2 ]
Volumetric flux [m/s]
Dimensionless volumetric flux
Volume flow rate [m3 /s]
Density [kg/m3 ]
Angle of inclination [deg.].
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Subscripts
G: Gas phase
L: Liquid phase
Lin: Liquid phase supplied to the upper tank.
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In this paper, the TRACE model for IIST facility is developed and verified with the Small Break loss of coolant accident (SBLOCA)
experiment of IIST (Institute of Nuclear Energy Research Integral System Test) facility. By using the Wallis and Kutateladze
correlations of countercurrent flow limitation (CCFL) model, the TRACE analyses results, such as break flow rate, primary
pressure, and the temperature of cold-leg and hot-leg, are consistent with the IIST data. The results show the Kutateladze
correlation of CCFL model can well predict the SBLOCA behavior and present good agreement with IIST experiment data in
this paper. Besides, the sensitivity study results of Kutateladze correlation in CCFL model are verified and compared with the IIST
data.

1. Introduction
A reduced-height and reduced-pressure IIST facility has
been established for safety studies of the Westinghouse
three loops pressurized water reactor (PWR) since 1992.
The research purposes of the IIST facility are enhancement
of understanding of thermal hydraulics phenomena during
the accidents [1–3], contributing to evaluate and develop
the safety computer codes [4, 5], and validation of EOP
during the accidents of PWR [6]. The IIST facility has three
loops as well as all the systems associated with Westinghouse
PWR plant system transients. The maximum operating
pressure of the IIST facility is 2.1 MPa. CCFL is an important
phenomenon in a reactor system. In a PWR, countercurrent
flow (CCF) may occur in both the hot-leg and the entrance
to the steam generator during LOCA. CCF also occurs
during blowdown as the Emergency Core Cooling Systems
(ECCSs) fill water into the downcomer. When the CCFL
occurs, the mass and heat transfer between gas and liquid
phases reduces, and a water pool forms. This phenomenon

prevents the core from cooling such that the fuel temperature
rapidly increases [7]. Therefore, studies on CCF and CCFL
are essential for proper nuclear reactor safety.
The codes used in this paper are TRACE v 5.0p2 and
SNAP v 2.0.3. TRACE (TRAC/RELAP Advanced Computational Engine) is an advanced and best estimate reactor systems code for analyzing thermal hydraulic behaviors in light
water reactors [8]. TRACE consolidates the capabilities of
the four codes, TRAC-P, TRAC-B, RELAP 5, and RAMONA,
into one modernized code. One of the features of TRACE is
its capability to model the reactor vessel with 3D geometry.
It can support a more accurate and detailed safety analysis
of nuclear power plants. TRACE has a greater simulation
capability for loss of coolant accident. Furthermore, a
graphic user interface program, SNAP (Symbolic Nuclear
Analysis Package), which is being under development by
Applied Programming Technology, Inc. for conveniently
creating and editing the input decks.
According to the best LOCA simulation capability of
TRACE, this paper focuses on the development of TRACE
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Figure 1: The TRACE model for IIST facility.

IIST model and analysis of the SBLOCA with the IIST experiment data. The results of diﬀerent form of CCFL model,
such as Wallis correlation and Kutateladze correlation, are
also verified with the IIST data in this study. Furthermore,
the sensitivity studies of CCFL model in water level and core
cladding temperature are discussed.

2. IIST Facility and SBLOCA Experiment
Figure 1 shows the TRACE model of IIST facility. IIST facility
is established in order to simulate the thermal hydraulics
phenomena of Maanshan NPP, which is a Westinghouse
three loops PWR. The IIST facility consists of a pressure
vessel and three loops. Each loop has a steam generator (SG)
and a coolant pump [9]. Except that there is a pressurizer in
the loop 1, the three loops are identical. The scaling factors
of height and volume in the RCS are approximately 1/4 and
1/400, respectively. Scaled safety injection systems (include
HPI and accumulators) inject cooling water into the cold-leg
of each loop. During the SBLOCA experiment [10], a catch
tank is simulated to collect and measure the eﬄuent from
the simulated break. The comparison of major parameters
between IIST facility and the Maanshan NPP is shown in
Table 1.
The experiment of IIST facility was performed in order
to simulate a 2% cold-leg break (the break area is 2% of
the scaled cold-leg cross-section area) with total HPI failure
[11]. This break is located in loop 2 of IIST facility, which
is one of the two loops that do not have a pressurizer. In
this experiment, the core power decay and pump coastdown

during the SBLOCA experiment were not simulated. The
initial condition of the experiment is shown in Table 2.

3. CCFL Model in TRACE
CCFL is an important issue related to the safety analysis
of PWRs. CCFL phenomenon determines the maximum
velocity of one phase relative to the other one when the
velocity of neither of the two phases can increase further
without flow regime change [12]. CCFL may occur in the
downcomer, the upper core tie plate, the hot legs, the
entrance of the SG inlet plenum, and the pressurizer surge
line, where the flow direction or flow area changes. The
TRACE code has the ability to calculate the CCF and predict
the CCFL by applying the CCFL model at the flow path.
The CCFL correlation can be applied at specific locations in
the 3D component and in the 1D vertical component. The
CCFL correlations can be represented as Wallis form [13],
Kutateladze form [14], and Bankoﬀ form [15]. In TRACE,
the CCFL model basically uses the Bankoﬀ correlation,
because the correlation reverts to the Wallis form by setting
the scaling constant β = 0, and reverts to the Kutateladze
form by setting β = 1.
Equations (1) and (2) show the Wallis correlation and
Kutateladze correlation, respectively,
Jg1/2 + mW Jl1/2 = CW ,

(1)

Kg1/2 + mK Kl1/2 = CK ,

(2)
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Table 1: The comparison of major parameters between IIST facility and the Maanshan NPP.
Parameter
Design pressure (MPa)
Maximum core power (MW)
Primary system volume (m3 )
Number of loops
Core
Height (m)
Hydraulic diameter (m)
Bypass area (m2 )
Hot leg
Inner diameter, D (m)
Length, L (m)
√
L/ D (m0.5 )
U-tube in one SG
Number
Average length (m)
Inner diameter (mm)
Volume (m3 )
Cold leg
Inner diameter, D (m)
Length, L (m)
√
L/ D (m0.5 )
Downcomer
Flow area (m2 )
Hydraulic diameter (m)
Pressurizer
Volume (m3 )
Surge-line flow area (m2 )

IIST
2.1
0.45
5.37 × 10−1
3

Maanshan PWR
15.6
2775
2.15 × 102
3

IIST/PWR
1.35 × 10−1
1.62 × 10−4
2.50 × 10−3
1

1.0
1.08 × 10−1
7.2 × 10−5

3.6
1.22 × 10−2
1.54 × 10−2

2.77 × 10−1
8.85
4.67 × 10−3

5.25 × 10−2
2.0
8.72

7.35 × 10−1
7.28
8.48

7.13 × 10−2
2.75 × 10−1
1.03

30
4.08
15.4
2.28 × 10−2

5626
16.85
15.4
18.44

5.33 × 10−3
2.24 × 10−1
1.0
1.23 × 10−3

5.25 × 10−2
5.0
21.8

7.87 × 10−1
15.7
17.69

6.67 × 10−2
3.18 × 10−1
1.22

0.0185
4.12 × 10−2

2.63
4.8 × 10−1

7.03 × 10−2
8.58 × 10−2

9.32 × 10−2
3.44 × 10−4

39.64
6.38 × 10−2

2.35 × 10−3
5.39 × 10−3

where Jk and Kk are dimensionless mass flux (k: gas or liquid). The m and C are constants determined from the experiments
⎡

Jk = jk ⎣



ρk

gd ρ f − ρg

⎡

Kk = j k ⎣



⎤1/2
⎦

ρk2

gσ ρ f − ρg

,
(3)

⎤1/4
⎦

.

Here, jk and ρk are the superficial velocity and the density of
phase (k: gas or liquid), d is the hole diameter, and σ is the
surface tension.

4. Results and Discussions
4.1. Analysis Results of CCFL Model. In this study, the
CCF may occur in the hot leg, the entrance to the steam
generator, and the pressurizer surge line in IIST SBLOCA
experiment. In order to verify the SBLOCA prediction of
TRACE CCFL model, the comparisons of the results among
Wallis correlation, Kutateladze correlation, and IIST data are
considered in this paper. From (3), the hydraulic diameters

Table 2: The initial condition of the IIST SBLOCA experiment.
Parameter

IIST test data
Primary coolant system

Core power (kW)
Pressurizer pressure (MPa)
Pressurizer water level (m)
Loop flow rate (kg/s)
Hot-leg temperature (K)
Cold-leg temperature (K)
Secondary coolant system
Secondary-side pressure (MPa)
Secondary-side fluid temperature (K)

126
0.958
1.459
0.217
450
409
0.295
407

of pipe from 2.5 to 200 mm are calculated for the Wallis
correlation and Kutateladze correlation of CCFL model, as
shown in Figures 2 and 3. The pipe hydraulic diameter of
reactor coolant system is 52.5 mm in IIST facility, so it is
chosen the 50 mm results for the IIST CCFL model analysis
in this study. Figure 2 shows the Wallis correlation plotted
against the data. The constant mw and Cw are both set to
1 from the results of Figure 2. The Kutateladze correlation
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plotted against the data is shown in Figure 3. The constant
mk and Ck are set to 0.6 and 1, respectively.
Figure 4 shows the comparison of break flow rate and
primary system pressure among Wallis form, Kutateladze
form, and IIST data. The break flow rate and primary system
pressure trends of Wallis form, and Kutateladze form are
similar with the IIST data. Asymmetric natural-circulation
flow rates were observed in the three loops during the IIST
SBLOCA experiment. Figure 5 shows the comparison of loop
1 and loop 3 flow rate among Wallis form, Kutateladze form,
and IIST data in the SBLOCA experiment. The trends of
Wallis form and Kutateladze form are similar to the IIST
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Figure 5: The comparison of loop 1 and loop 3 flow rate among
Wallis form, Kutateladze form, and IIST data.

data. For loop 1, the IIST data show the inlet and outlet
plenum of SG1 to empty after 500 s, as shown in Figure 6.
Figure 6 indicates the Wallis form of CCFL model results
compared with the IIST data are overpredicted during 400∼
1600 s. The Kutateladze form predictions of water level in
the SG1 inlet plenum are the same trends with IIST data,
except at 100∼700 s. Figure 6 also shows the Wallis form and
Kutateladze form overpredicted water level in the SG1 outlet
plenum at 300∼800 s. Figure 7 shows the comparison of the
liquid holdup in the SG2 inlet plenum and SG3 outlet among
Wallis form, Kutateladze form, and IIST data. There are the
similar trends in this parameter. However, the water level of
Wallis form and Kutateladze form predicted are lower than
IIST data after 300 sec. According to the results of SG3 outlet
plenum liquid level predicted by Wallis form and Kutateladze
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Figure 9: The comparison of core water level and cladding temperature among Wallis form, Kutateladze form, and IIST data.

form, the trends compared with IIST data are generally
consistent in 0∼700 s and overpredicted after 700 s. Figure 8
shows the fluid temperatures of the cold-leg and hot-leg in
loop 3. The TRACE predicted the loop 3 fluid temperature
to be in good agreement with the IIST experiment data.
Figure 9 shows the comparison of the core liquid level and
cladding temperature among Wallis form, Kutateladze form,
and IIST data. The trends of their curves are similar. Besides,
the TRACE can predict the time to reach the core uncover,
which caused the core cladding temperature increase, as
shown in Figure 9. The results show that the core cladding
temperatures of Kutateladze form predicted are the same
trends with IIST data. The core cladding temperature begins
to increase when the core uncovered. Comparing to IIST

data and Kutateladze form, the trends of core cladding
temperature predicted by Wallis correlation do not increase.
4.2. Sensitivity Studies of Kutateladze Correlation. From the
results of Section 4.1, it is indicated using Kutateladze form
of CCFL model in the IIST that TRACE model has a
good SBLOCA behaviors prediction capability. Furthermore,
the sensitivity studies of Kutateladze correlation for the
water levels and core cladding temperature are verified and
discussed in this paper. According to the results of Figure 3,
the base values of Ck and mk are 1 and 0.6, respectively.
The sensitivity studies for Kutateladze correlation are setting
the diﬀerence value for mk and Ck . The first method is to
maintain the constant Ck , and set the value of mk for 1.0,
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0.8, 0.6, and 0.4, respectively. The other one is to maintain
the constant mk and set the value of Ck for 1.2, 1.0, 0.8,
and 0.6, respectively. Figure 10 shows the sensitivity study
of mk for SG1 inlet water level. The results of mk = 1.0
case overpredicted the water level after 400 s. By the way,
the trends are almost the same without CCFL model. The
results of mk = 0.8 are diﬀerent from the mk = 0.6 and
mk = 0.4 between 600∼800 s. It also indicates that the results
of mk = 0.6 and mk = 0.4 are consistence. Figure 11 shows
the sensitivity study of mk for core cladding temperature.
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Figure 13: The CCFL sensitivity study of Ck for core cladding
temperature.

The results of mk = 0.6 and mk = 0.4 show to predict the
same times to reach the core uncover and to increase the core
cladding temperature. The time of mk = 0.8 predicted is later
than mk = 0.6 and mk = 0.4. The core cladding temperature
curve of mk = 1.0 does not increase. Figure 12 shows the
sensitivity study of Ck for SG1 inlet water level. The results
of Ck = 0.6∼1.2 are almost the same. It indicates that the
diﬀerent values of Ck follow the same trend. The results are
also shown in Figure 13. The diﬀerent values of Ck predict
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Figure 14: Animation of the IIST facility TRACE model for SBLOCA analysis.

the same times to reach the core uncover, and to increase the
core cladding temperature.
For the 50 mm pipe of the reactor coolant system analysis, the above sensitivity studies of CCFL in IIST TRACE
model indicate that using the values of mk = 0.6 and Ck = 1
for Kutateladze correlation can well predict the SBLOCA
behavior and the results present good agreement with IIST
SBLOCA experiment data.
Furthermore, the animation of the IIST TRACE model is
presented using the animation function of TRACE/SNAP
interface with analysis results, such as primary pressure,
break flow rate, and core cladding temperature. The animation model of IIST is shown in Figure 14.

5. Conclusions
By TRACE/SNAP code, the TRACE model for IIST facility
is developed and verified with the SBLOCA experiment of
IIST facility. In TRACE code, the CCFL model includes
the Wallis correlation and Kutateladze correlation. In order
to verify the SBLOCA prediction of TRACE CCFL model,
the comparisons of the results among Wallis correlation,
Kutateladze correlation, and IIST data are considered in this
paper. The TRACE analyses results, such as break flow rate,
primary pressure, the temperature of cold leg and hot leg,
and core cladding temperature, are consistent with the IIST
data. It also indicates that the results of Kutateladze form
predicted can best represent the results of IIST data. Besides,

the sensitivity studies of Kutateladze correlation are verified
and discussed in this paper. The best values of mk and Ck for
IIST TRACE model are 0.6 and 1, respectively. In summary,
since our current paper has shown good agreements between
IIST data and TRACE results using Kutateladze correlation
of CCFL model, future applications of this model are highly
recommended for SBLOCA analysis.
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