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Abstract:

Gas/liquid two-phase stratified flows in horizontal channels are frequently encountered in
nuclear reactors, oil and gas pipelines, steam generators, refrigeration equipment, reflux
condensers, packed columns, and heat pipes. The phenomenon known as countercurrent flow
limitation, or flooding, is the limiting condition where the flow rates of neither the gas nor the
liquid can be further increased without changing the flow pattern. This is the condition where
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 limiting condition, also known as onset of flooding, can
occur in vertical or horizontal geometry. This work is a review of recent experimental
investigations of countercurrent flow limitation (CCFL) for various hot-leg geometries of
pressurized water reactors (PWRs). We compare results with those obtained from the Nuclear
Technology Development Centre (CDTN) in 2005. Recent experimental results in the
literature are in good agreement with the 2005 findings.
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1. Introduction

Countercurrent flows of water and steam are critically important in safety analysis of nuclear
reactors. Countercurrent flow limitation (CCFL), or flooding, refers to a condition in which gas
flow dominates liquid flow in the opposite direction. This phenomenon is observed in several
devices found in the chemical and mechanical industries. Understanding countercurrent flows of
water and steam is critical for safety analysis of nuclear reactors (Ohnuki et al., 1988; Wongwis,
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1996; Kang et al., 1999; Navarro, 2005; Wintterle et al., 2008; Deendarlianto et al., 2010;
Miniami et al., 2010; Al Issa, 2014). CCFL can occur in the hot-leg of a PWR reactor during a
loss of coolant accident (LOCA), a small break loss of coolant accident (SBLOCA), or during a
loss of residual heat removal in the system (loss of RHR).

The Three Mile Island accident in 1979 highlighted the importance of CCFL for reactor safety.
Because of CCFL, no coolant flowed from the pressurizer to the primary circuit during the
accident at Unit 2.

CCFL has been extensively studied over the past several decades, with various experimental
facilities having been built to study the phenomenon. These experimental facilities have the same
characteristics as a PWR hot leg. We performed a review of the CCFL literature based on
experimental and analytical results regarding CCFL with different scaling and geometric
characteristics, and with various liquid and air velocities.

2. Materials And Methods
2.1. The Onset of Countercurrent Flow Limitation (CCFL) or Flooding Phenomenon

CCFL occurs when liquid and gas flow in opposite directions. A stratified countercurrent flow
gas and liquid is only stable for a certain range of mass flow rates. If the gas mass flow rate
increases too much, the liquid flow stops, is carried over by the gas, and flows partially or
completely in the opposite direction.

CCFL onset corresponds to the limiting condition where neither the gas nor the liquid flow rates
can be further increased without changing the flow pattern and limiting the liquid flow rate
(Wongwises, 1996, 1998a; Navarro, 2005). Alternatively, CCFL onset can be thought of 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
(Deendarlianto et al., 2008). This limiting condition, known also as onset of flooding, can occur
in vertical or horizontal geometry.

In the case of a LOCA or SBLOCA, the supply of cooling water into the reactor core is limited
partially or totally by the occurrence of CCFL at the upper tie plate, reactor vessel downcomer,
pressurizer surge line, in steam generator tubes, or in a hot leg pipe, depending on the situation
(Jeong, 2002; Navarro, 2005; Gargallo et al., 2005; Deendarlianto et al., 2008; Wongwises,
1996; Ohnuki et al., 1988). It is also critical that reflux condensation does not stop during a loss
of RHR event. Figure 1 shows the typical places where a CCFL can occur in a PWR facility.
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Figure 1: Typical places where a CCFL can occur in a PWR facility (Navarro 2005).

Experiments have shown that CCFL takes place when gas velocity increases. Disturbances begin
to appear at the liquid-gas interface. Small waves initiate and grow. Finally, there is the
appearance of instabilities, hydraulic jump, wave growth, droplet entrainment, and chaotic
interface movement (Figs. 2, 3, 4, 5).

hydraulic jump Supercritical
flow

Figure 3: Hydraulic jump at the bend (Al Issa and Macian, 2014).
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Figure 5: Droplets (Al Issa and Macian, 2014)
2.2. Experimental Investigations

To investigate CCFL, many experimental systems have been built (Fig. 6, 7, 8) (Navarro 2005,
Deendarlianto et al. 2011, Al Issa and Macian, 2014). Water and air, at room temperature and
atmospheric pressure, are the working fluids. The arrangements use similar experimental systems
to change the geometrical characteristics and velocities of gas and water. These experimental
systems have the same characteristics as a PWR hot leg.

After the onset of flooding, a portion of the water is impeded by the air, precipitates in the lower
tank, and accumulates in the right side of the upper tank until reaching a level defined by a
separator plate (H).

Navarro (2005) measured flow rates of falling water and of carried water, using the rates of level
rise in tanks FT and CT, respectively (Fig. 6). These flow rates and the injected water flow rate,
obtained by measuring pressure drop at an orifice plate, make it possible to perform water mass
balance. Pressure drops at orifice plates are also used to measure air flow rates.
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Figure 6: Diagram of experimental circuit (Navarro 2005).

Deendarlianto et al. (2011) used a horizontal rectangular channel to an inclined riser as a model
of a PWR hot leg. The flow was captured by a high-speed camera in the bent region of the hot
leg during a series of flooding and deflooding experiments. Owing to the rectangular cross-
sectional geometry, pictures of the flow provided a detailed view of the stratified interface as
well as of the distribution of dispersed structures (droplet and bubbles). CCFL, or the onset of
flooding, was found by analyzing the water levels measured in the separators.
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Figure 7: Schematic view of the hot leg model test section (Deendarlianto, et al, 2011).

Al Issa and Macian (2014) used two different test facilities: one with a vertical large-diameter
(DN100) and a transparent test section, to investigate steam bubble condensation under various
flow conditions; and another 1/3.9 scale model of a real PWR hot-leg pipe geometry (DN200) in
order to compensate for the lack of experimental data regarding this range of channel size.
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Figure 8: A cross section in COLLIDER showing water and air flow directions (Al Issa and
Macian, 2014).

Other important investigations of CCFL in a flow path, consisting of a horizontal tube connected
to an inclined riser, are displayed in Table 1 (Deendarlianto et al., 2011).

Table 1: Dimensions of the hot-leg geometry in so previous CCFL investigations

CCFL L(m) D I 0 L/D I/D Je Ju Geometry
Investigati (mm (m/s) (m/s)
ons )
Ohnuki et 0.01- | 26- 0.038- |40 |0.38- | 1.5- Air 0.6-9.6 0-0.34 Circular
al. (1988) 0.4 76 0.6 45 | 5.9 11.76 | (D=26) 0-0.124
4.3-100 (D=51) | 0-0.083
7.1-12.4 (D=76)
Steam 7.3
(D=51)
7.74-17.9
(D=76)
Wongwises | 0.55 | 64 1215 |50 |87 19 2.2-15.4 0]0.0124/0.02 |Circular
(1996) 710.8 75 |13 48|
32|1. 90 |22 0.0311
41| 44
2.82
Kangetal. |0.7- |40 0.0648 | 35 | 17.5- | 16.2 0.3316-9.2840 0.013-0.2255 |Circular
(1999) 3.38 84.7
8
092 |80 0- 0- |11.6- | 7.79 0.7985-6.1009 0.0033- Circular
8- 0.623 |03 | 423 0.3747
3.38 5 5
8
Navarro 0.1/0. | 54 0.1/0.3 | 30| | 1.85- | 1.85- |0.6-8 0.022-0.22 Circular
(2005) 30.5| |0.5 50| |14.8 |9.26
0.8 70|
90
0.35] | 36 0.350. |50 |9.72- [9.72- |0.6-8 0.022-0.22  |(Circular
0.8 8 22.2 | 22.22
2
0.42| | 44 0.1 50 |9.54- | 227 0.6-8 0.022-0.22  |(Circular
0.8 18.1
8
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Deendarlian | 2.12 | 50 0.23 50 |8.48 |0.92 0.18-0.34kg/s 0.1-0.9 kg/s |Rectangula
to et al. r
(2010)
Miniamiet | 0.43 |50 0.6 50 | 8.6 12 0-7.4 0.09/0.17|0.2 |Circular
al. (2010) 6
Allssaand |18 [190 [0.356 |50 [9.47 |1.87 |[AJs°°=001 [0.085-0.305 |[Circular
Macian, for almost a
(2014) constant time

periods (=30s)

These experimental results are used to predict a flooding equation. The most frequently used
correlation for flooding was given by Wallis (1961). He expressed his experimental data,
obtained in circular vertical sections, as follows:

(&) 2+ M) 2 = C (1)
Where j: And j; are the dimensionless superficial velocities of gas (air) and liquid (water),
respectively. For the phase K, this gives:

ko PK
JK =K gpGorpa) @

where Ji is the superficial velocity of the k-phase (k =1 (liquid); k = g (gas)), pk IS the respective
density, D is the characteristic length of the flow channel (D = diameter for circular sections),
and g is the gravitational constant. In this model, M and C are constants, which are adjusted to
the experimental results. In the Wallis experiments, M assumed values from 0.8 -1.0, and 0.7 < C
< 1. This correlation has been used frequently by investigators to correlate experimental results
obtained not only in vertical pipes, but in other geometric forms and constants assuming the
following ranges: 0.6 <M <1.2and 0.3<C< 1.

Some important investigations of flooding in a flow path consisting of a horizontal tube
connected to an inclined riser, are listed in Table 2. (Al Issa and Macian, 2011).

Table 2: Investigations of flooding in a flow path with a horizontal tube connected to an inclined
riser.

Experiments Proposed Correlation

Richter el al. (1978) jit g it =07

Ohnuki (1986)

L 1 —0.066
Jj&** +0.75 ;% =1In ((5) : (7)) +0.88

Ardron & Benerjee (1986)

ji'l2 = 1.444 — 0.0044 — Cosh{A°0057 (FI)=0020(j*1/2y07)

p

Ohnuki et al. (1988) Ly 1y 0066
j&* 4075 =1n ((—) . (—)) +0.88

D/ \I
Kawaji et al. (1989) Iy 1y 0066
ja** +0.75j;%° =In ((5> : (7)) +0.88
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Wongwises (1996) je%5 +0.798 j;%° = 0.619
h Yu (1 L
Chun and Yu (1999) ji05 +0.397j:%5 = 0.603 — 0.00234 (5)
K I (1 L
ang et al. (1999) ji05 +0.397j:%5 = 0.603 — 0.00234 (5)
Navarro (2005) je05 +0.24525;%° = 0.5963 — 1.17j;
Minami et al. (2010) jo05 +0.64j;%5 = 0.7
Deendarlianto et al. (2008, | jz%5 + 0.64j;%° = 0.58
2011)
Al Issa and Macian, (2014) Y @ 1,
x /o _ . %
j& /2 + e (038 + 4.14 exp( —0_14)) it
L
= 0.6a8° ~ 0.00234%

3. Results and Discussions

Navarro (2005) performed several experiments with various hot-leg geometries for the bend and
riser connecting to the upper tank (Fig. 3). These experiments include various water and air flow
rates for each test section configuration (Ly, Ly, D, 6, H, Table 1). Table 1 also shows the ranges
of superficial velocities of the injected and precipitated water (J, J;), and of the air (Jg). Navarro

(2005) verified that:

a) The onset of flooding does not depend only on the dimensional characteristics of the test
section, but also depends on the injected water flow rate. Depending on this flow rate, various
mechanisms may lead to onset of flooding, which can occur at different positions of the test
section: at the horizontal pipe, close to the bend at low flow rates, due to formation of a
hydraulic jump; at the lower end at intermediate flow rates, with the formation of a slug in this
position; and at the upper extremity, due to area reduction of air flow at higher injected flow

rates.
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Figure 9: Onset of flooding as a function of water injection rate (Navarro, 2005).
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b) The limitation phase with partial delivery, however, does not depend on injected water flow
rate, and is influenced only by the dimensional characteristics of the test section. From the
analysis of the influences of the geometric characteristics of the test section on the flooding
curve with partial delivery, the following conclusions are drawn: for a fixed air velocity, an
increase in the horizontal length or in the inclined length of the flow channel provokes an
increase in the amount of water carried out by the air, while an increase of diameter leads to a
decrease of the carried water. Little difference was observed among the curves with
inclinations lower than 90°. For this inclination, however, the amount of carried water tends to
be larger than that of other angles for a fixed air velocity.
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Figure 10: Effect of inclined length of the test section on partial delivery (Navarro, 2005).
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Figure 11: Flooding diagram for different water injection rates (Navarro, 2005).

Http://www.ijetmr.com®©International Journal of Engineering Technologies and Management Research [206]


http://www.granthaalayah.com/

[Mesquita et. al., Vol.5 (Iss.2): February, 2018] ISSN: 2454-1907
DOI: 10.5281/zen0do.1188712

¢) A new flooding correlation was derived by regression through the experimental points in the
dimensional ranges: 1.85 < LI/D < 9.25; 1.85 < LH/D < 22.2; 30° < 6 < 90°. Although the
developed correlation had been obtained from experiments in small scale reproductions of hot
legs of PWRs, for (j*g)1/2 < 0.5, the model presents reasonable agreement with experimental
results obtained in the real scale of a PWR, and for jg*1/2 > 0.45. It agrees well with the
model obtained by Kim et al. (2001) by regression through experimental results of several

investigators.
0.8

—o— Ohnuki
0.7 + Navaro

0.6

0.5 -

0.4 -

- |
=

0.3 4

0.2 4

0.1

*1/2

] jg*m:o,5963-0,2452,',‘”2-1,17j|*

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

112
h

Figure 12: Comparison of the Navarro model with the Ohnuki model, applied to the dimensions
of a PWR hot leg (Navarro, 2005).

Miniami et al. (2010) studied CCFL in hot-leg geometry that had characteristics according to
Table 1.

CCFL characteristics were found to be strongly connected with flow patterns. Two partial
delivery lines with different Wallis constants were identified: an inclined line and a horizontal
line. The difference comes from different CCFL mechanisms that occur at the riser and at the
horizontal segment (Fig. 10).
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Figure 13: CCFL characteristics change according to flow pattern change (Minami et al., 2010).
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Figure 14 shows that the CCFL mechanism depends upon water flow rate in the Minami
experiments.

-
=]

Flow Map/increasing Jg & Transition Stratified to Wavy+

| | | —&— Transition into Wawy-

Jaimig)
[ [#%) E =y n [=2] =4 oo o

0 0.05 0.1 0.15 0.2 0.25
Jifmis)

Figure 14: Flow pattern map while increasing gas velocity (Minami et al., 2010).

During the experiment, different flow patterns along with a pattern map while increasing gas

velocity were observed.

Figure 15: Various flow patterns while increasing gas velocity (Minami et al., 2010).

Deendarlianto et al. (2010) showed that initiation of flooding coincides with formation of liquid
slugs that develop near the bend. The onset of flooding is affected by system pressure: the higher
the system pressure, the higher the air mass flow rate needed to initiate flooding. Moreover, a
slight hysteresis was found between the flooding and deflooding experiments that increases for
higher water flow rates (Figure 16).
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Figure 16: Experimental flooding data for system pressures of 0.15 and 0.30 MPa (Deendarlianto
etal., 2010)
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Figure 18: Flooding and deflooding points in experiments performed at system pressure of 0.30
MPa (Deendarlianto et al., 2010)

These experimental data were compared with some CCFL correlations for various pipe system
geometries found in the literature (Fig. 15). For this comparison, we see that the Wallis-

parameter (j*x) can be applied to rectangular cross-sections by using the channel height as

length, instead of the diameter.
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Figure 19: Comparison between some correlations

Al Issa and Macian, (2014) studied CCFL in two hot-leg geometries that had characteristics
according to Table 1. High-quality high speed recording (HSC) was used to visualize the
air/water interface. Their results are similar to those of Minami, who observed different patterns
along with a pattern map while increasing gas velocity.
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A summary of experimental onset of CCFL curves (or flooding curves) and deflooding curves
for all experiments discussed are shown in Figures 20 and 21.
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Figure 21: Deflooding limit derived from various experiments
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A similar result is observed for the deflooding limit. Navarro (2005) demonstrates good
agreement with these results. The best agreement is seen with Al Issa and Macian (2014).
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4. Conclusions & Recommendations

The air-water countercurrent flow limitation has been investigated worldwide in many
geometries of PWR hot legs in various experimental set-ups (velocity of air, velocity of water,
pressure).

Flooding correlation was proposed in many studies. The Wallis equation was developed using
circular vertical sections. However, it has been used for circular horizontal sections according to
Deendarlianto et al., (2011). The Wallis-parameter can be applied to rectangular cross-sections
using the channel height as length, instead of the diameter.

Comparing recent results to those of Navarro (2005), for flooding and deflooding curves, we
observe good agreement between recent studies and those of Navarro (2005). Any differences
that are observed are probably due to different experimental set-ups and geometrical parameters.
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