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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 air-
water 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 hypo-
thetical 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 summa-
rized 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 param-
eters which are, respectively, defined by [2]

(
J∗G
)1/2 + m

(
J∗L
)1/2 = C (1)

J∗k = Jk

{
ρk

g · � · (ρL − ρG
)

}

,
1/2

� = D or H (k = G or L),

(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.

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 D (mm) LH /D (−) LI /D (−) θ (deg) Fluids Pressure (MPa)

Richter et al. [10] 203.2 4.5 0 45 Air-Water 0.1

Ohnuki et al. [11] 25.4 9.1 1.2 50 Air-Water 0.1

Mayinger et al. [7] 750 9.0 1.1 50 Stream-Water 0.3, 1.5

Geffraye et al. [12] 351 7.5 3.0 50 Air-Water 0.1

Navarro [9] 54 9.3 1.9 50 Air-Water 0.1

Minami et al. [8] 50 8.4 1.2 50 Air-Water 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]:

(
J∗G
)1/2 = 0.608− 0.238

(
J∗L
)1/2 − 1.28

(
J∗L
)
. (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 two-
fluid 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 full-
scale 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 1/15-
scale 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 computa-
tional 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 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. 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
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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 turbu-
lent 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 air-
water 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 FLU-
ENT6.3.26. 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 steam-
water 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

(
J∗G
)1/2 = 0.68− 0.79

(
J∗L
)1/2

. (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 1/15-
scale 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 full-
scale 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 (J∗G )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 character-
istics 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 1/15-
Scale 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 (J∗L ) were greatly underestimated.
Even when the maximum value of the turbulent viscosity
ratio was reduced to 103, the calculated (J∗L ) 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 (J∗L ).
Therefore, the laminar model was used.
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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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lower tank, which fluctuated due to fluctuation of the gas-
liquid 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 (J∗L ) 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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Table 2: Summary of CCFL prediction.

Shape and scale Size Two-fluid∗ VOF: remarks

1/5 rectangular H = 150 mm © (—) [14] © (©): k − ε(TVR=105) [5]

1/3 rectangular H = 250 mm © (
�

) [17]
�

(©): k − ε(TVR=105) [17]

1/15 circular D = 50 mm � (—) [16] � (—): laminar [p]

Full scale D = 750 mm � (×) [4] � (�): k − ε (TVR = 104) [p]
∗

Standard k − ε turbulent model, maximum turbulent viscosity ratio (TVR) = 105,
D: diameter, H : height of rectangular 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 = JkD

νk
, (k = G or L) , (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 1/15-
scale 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 dia-
gram 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 underesti-
mated 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.
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