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Abstract

An experimental study was performed to investigate the air-water countercurrent flow
limitation through perforated plates inside a vertical tube. Effects of plate thicknesses,
multiple holes and the location of air vent line on the onset of water accumulation or on the
onset of countercurrent flow limitation were examined. In addition, the influence of the
location of air vent line on water level distributions was investigated. A new Kutateladze
type correlation for the onset of water accumulation was developed and present experimental
results were compared with existing correlations and data.

1. Introduction

During the reflood phase of a large break loss of coolant accident (LBLOCA) in a PWR,
steam-water countercurrent flow can occur between the steam flow from the core region and
the water de-entrained in the upper plenum. Since the occurrence of countercurrent flow
limitation (CCFL) in the upper core support plate (UCSP), end box, and tie plate have
considerable influence on the effectiveness of the emergency core cooling [1], it is very



important to investigate the factors affecting the onsets of water accumulation and
countercurrent flow limitation (CCFL).

Although numerous studies on the gas-liquid mixing and CCFL in perforated plates have
aready been conducted extensively ([2]-[6]), there are no available experimental data that are
applicable to plates with large hole diameters like UCSP.  Test section geometries and main
objectives used in previous experiments are summarized in Table 1.

The main purposes of the present study are to evaluate the parametric effects of plate
thickness, multiple large holes, and air vent line locations on the onsets of water
accumulation, CCFL, and water level distributions.

2. Experiments

2.1 Experimental Apparatus

A schematic diagram of the experimental apparatus is shown Fig. 1. The main
components of the system are (1) test section, (2) the water supply system, (3) the air supply
system, and (4) the data acquisition system.

In the present study, the perforated plate with 4 or 12 holes (same diameter of 0.05m and
pitch of 0.096m) is installed at the middle height of the vessel (a height of 2m and inner
diameter of 0.48m) to simulate the UCSP and the upper plenum of aPWR. Plate geometries
used in the present test are shown in Fig. 2.

Flow conditions in the upper plenum during the reflood phase of LBLOCAS are simulated
using air and water. The water was supplied from the water storage tank maintained
constant head and injected into the upper plenum through four water injection lines. A
concentric barrier wasinstalled in thevessel. Thus, the injected water into the upper

plenum bumped into this barrier, spread widely, and consequently, flowed downward.
The water flow rate was measured by the rotameter.

Air, which was supplied by an air blower, was injected into the lower plenum through two
air injection lines and passed through the plate holes, the upper plenum and the air vent line.
The air flow rate was measured by the vortex flow meter.

2.2 Test Parameters and Test Procedure

The controllable test parameters were the flow rates of air and water, the number of plate
holes, the plate thickness, and the location of air vent line. In the present experiment, the



water flow rate was held constant while the air flow rate was increased step by step. The
onsets of water accumulation and CCFL were determined by the change in collapsed water
level on the plate. The two-phase mixture level on the plate is evaluated by the visual
observation and the collapsed water level is determined by measuring the change in the
pressure difference between the bottom and the top of the upper plenum.

3. Data Analysis

The most widely used flooding (or CCFL) correlation is the Wallis type correlation and the
Kutatetladze type correlation expressed as
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where m and C are empirically determined constants.  The parameters, j, and K, , are
the dimensionless superficial velocity and the Kutateladze number of each phase k (f denotes
liquid phase and g denotes gas phase), respectively and expressed as
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In the above equations, j, and p, are the superficial velocity and the density of each
phaseof k,andD and o arethe tube diameter and the surface tension.
Celataet al. [2] proposed a Wallis type correlation for the CCFL with

m,=1 C,=r" (Eq.5)

For perforated plates, Bankoff et al. [3] suggested a correlation using the dimensionless
parameter H, expressed as

H; l/2+ H’; 1/2: Cb (Eq- 6)

where H, isthe dimensionless flux of each phase of k and has the form
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where w isthe interpolative length scale given by
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where k, isthecritical wave number and t isthe plate thickness.

Equations 7 and 9 imply that the parameter H, approaches j, for small hole diameters,
small perforation ratios, and large plate thicknesses, while it approaches K, for large hole
diameters, large perforation ratios and thin plates.

The parameter C is a function only of geometry and reflects entrance and exit effects,
Bankoff et al. [3] suggested C of the form

C,=1.07+4.33x10°L (L <200)

Eqg. 11
C,=2 (L > 200) (Eq. 1)
where L isaBond number defined as
g( _ ) 1/2
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(o2

and n isthe number of holes.

4. Results and Discussion

4.1 Definition of Onsets of Water Accumulation and CCFL

Figure 3 shows the definition of onsets of water accumulation and CCFL. In this study,
the air flow rate was increased step by step for given water flow rate (10 Ipm) as shown in
Fig. 3. At thevery low air flow rate, air and water flow countercurrently in the form of the
separated flow without large disturbances (region A).  But, asthe air flow rate increased, air-
water mixing occurred at plate holes suddenly. Consequently, air-water two-phase mixture



level began to increase dramatically. This point was defined as the onset of water
accumulation in this study. Liu et a. [4] and Lee et a. [5] used terms like ‘onset of
flooding’ or ‘onset of mixing’ to represent the change of the flow configuration from separate
to mixing flow (onset of water accumulation) at the plate holes.

After the onset of water accumulation, both the air-water mixture level and the collapsed
water level remain constant but increase with an increase in the air flow rate (region B).
The constant collapsed water means that all the water flow rate injected into the upper
plenum flows downward, that is, thereis no real limitation of water downward flow.

Asthe air flow rate is further increased to a sufficiently high flow rate, the collapsed water
level increases continuously in spite of the constant air flow rate (region C). In thisregion,
the water penetration rate through the plate is smaller than the injected water flow rate and
this point is defined as the onset of CCFL. Zhang et a. [6] used the term of ‘onset of
flooding’ to represent the point at which the superficial liquid penetration velocity begins to
decrease (onset of CCFL in this study) and used the term of CCFL to represent the liquid zero
penetration.

4.2 Effects of Number of Holes and the Plate Thickness on the Onset of Water Accumulation

The effect of the number of plate holes was investigated by comparing the results between
4-hole plate (perforation ratio, y = 4.3%) and 12-hole plate (y = 13%). In addition, the
effect of the plate thickness on the onset of water accumulation was also examined by
comparing the results between 1cm-plate and 4cm-plate.  In the present study, d, t, n, and p
denote the hole diameter, the plate thickness, the number of holes, and the pitch between
holes, respectively.

In Fig. 4, some present experimental data for the onset of water accumulation were plotted
in the form of Kutateladze numbers. Since there was no difference between the injected
water flow rate and the downward water penetration rate before the onset of CCFL, water
Kutateladze numbers were calculated from the inlet water flow rates.

Results show that the onset of water accumulation is promoted as the number of holes
decrease, while the plate thickness has a negligible effect on the onset of water accumulation.
In case the number of holesis reduced, the water downward flow can be strongly affected by
the uprising air flow because the air and water must go through a small number of holes.
Therefore, the onset of water accumulation can occur at the lower air flow rate per hole.
But, this result is incompatible with Liu’'s experimental data. Liu et al. [4] reported that the



onset of water accumulation was promoted by a larger number of paths though the influence
appeared to be weak. They suggested that the surface waves generated from the ‘early-
flooded’ holes by the initial uneven water distribution were responsible for inducing the
remaining holes to flood.

4.3 Effect of the Location of Air Vent Line on the Onset of Water Accumulation

In order to investigate the effect of asymmetric air flow on the onset of water accumulation
in the upper plenum, a hot-leg (inner diameter = 10cm) was installed at the middle height of
the upper plenum (50cm distance from the UCSP). In case the hot-leg was installed, the air
vent line located at the top of the upper plenum was closed completely, and so air was vented
only through the hot-leg. From the results shown in Fig. 5, it is obvious that the location of
the air vent line in the upper plenum does not affect the gas flow rate required for the onset of
water accumulation. In Fig.5, the term ‘without hot-leg’ means that the top air vent line is
used. A small amount of water carry-over out of the test vessel occurred when the hot-leg
was installed, but those amounts were at most 0.9% in comparison with the injected water
flow rate. Thus, carry-over rates were ignored in calculating the water Kutateladze numbers.

4.4 Effect of the Location of Air Vent Line on the Distribution of Collapsed Water Level

Figure 6 shows the effect of asymmetric air flow on the distribution of collapsed water

level on the 12- hole plate with 4cm-thickness. To investigate the level distribution,
collapsed water levels were measured at different two points, namely, Level 1 and Level 2 as
shown in Fig. 2 and the distance between two points was 19.2cm.
The results shows that collapsed water levels increase with the flow rates of air or water.
But, there is no change in collapsed water levels between two points in spite of the
asymmetric air flow in the upper plenum. The collapsed water levels remain constant at a
relatively low water flow rate, while those are highly agitated at high water flow rate.

4.5 Development of an Empirical Correlation for the Onset of Water Accumulation

Based on the present experimental data, a new Kutateladze type correlation for the onset of
water accumulation was devel oped using aleast-square fit method as follows:



K2 +117K "2 =136 (Eg. 13)

Eq. 13 can be applicable to the present plate conditions as shown in Table. 1.

The present experimental data were also compared with Liu'sdata[4]. Ascan be seenin
Fig. 7, the onsets of water accumulation occur at slightly higher air flow rates in the present
experiment. However, it is difficult to quantify the reasons for this because there are large
differences in experimental conditions such as the hole diameter, the number of holes and the
distance between holes.

4.6 Effect of the Plate Thickness on Onsets of Water Accumulation and CCFL

Figures 8 through 10 show the effect of plate thickness on the onset of CCFL at the 4-hole
plate. For given water flow rate, the onset of CCFL occurred at the nearly same air flow
rate regardless of the plate thickness (1cm-thickness and 4cm-thickness). Thus, when the
present data were expressed with the dimensionless superficial velocity or the Kutateladze
number, the results were nearly the same for two kinds of plate thicknesses as shown in Figs.
8and 9. InFig. 8, itisevident that Celata’s correlation [2] is not applicable to the very low
perforation ratios.

The present CCFL data were also compared with Bankoff’s correlation [2] and Zhang's
CCFL data [6] in Fig. 10. The result shows that there is a large difference between the
present data and the Bankoff’s correlation. The reasons for this difference may be due to the
followings. Firstly, the dimensionless volumetric flux, H, , includes the information of
plate thickness. Secondly, thereis an appreciable difference in experimental conditions such
as perforation ratios and plate hole diameters.

5. Conclusions

An experimental study was performed to investigate the air-water countercurrent flow
limitation through perforated plates in the vertica tube. The main conclusions of the
present work can be summarized as follows:

(1) The onset of water accumulation is promoted as the number of holes decreases, while the
plate thickness has a negligible effect on the onset of water accumulation.
(2) In the present experiment, the location of the air vent line in the upper plenum does not



affect the onset of water accumulation and the collapsed water level distribution.

(3) Based on the present experimental data, a new Kutateladze type correlation for the onset
of water accumulation was devel oped.

(4) For given water flow rate, the onset of CCFL occurs at the nearly same air flow rate
regardless of the plate thickness.
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Table 1 Test section geometries and main objectives of previous experiments

Test Section Geometries

Main Objectives

.Tube Pl ate Plgte Hole No. of Pitch Perforation
Diameter | Thickness | Diameter Holes (cm) Ratio (%)
(cm) (cm) (cm) 0
Liuetal. 146 1.27 1.27,1.905 1237 0~4.7 1.7~11.9 Onset of w_aier
(1982) plate, stub (5cases) (5 cases) accumulation
Leeet al. 10.08 107 257~7.62 123 ) 194~57.1 Onset of liquid
(1982) (5 cases) (3 cases) carry-over
Bankoff et chltZ:gu?:r 20 0.48, 1.05, 2,35 <3.58 8.47 ~42.34 CCFL
al. (1982) hanndl 2.86 9,15,40 (5 cases) (6 cases)
Ceataetal. | oo | o150 g, | 07719 L4 ] 36 ~ 100 CCEL
(1989) (9 cases) (8 cases)
Zhang et al.
(1992) 10 7.2,36,72 3.6 3 11.6 38.9 CCFL
Onset of water
48 1,4 5 4,12 9.6 43,13 accumulation,
Present Level distribution
Experiment
(2004)
48 1,4 5 4 9.6 43 Onset of CCFL
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