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Abstract

This paper presents the experimental results on flooding of countercurrent flow in vertical
multirod channels, which consists of falling water film and upward air flow. In particular, the
effects of spacer grids, with and without mixing vane, and of blockage in the multirod bundle
on the behaviour of flooding were investigated. The 5X5 zircaloy tube bundle was used for
the test section. The comparison of previous analytical models and empirical correlations with
present data on flooding showed that the existing models and correlations predict much higher
flooding curves. The spacer grid causes the lower flooding air flow rate to compare with the
bare rod bundle. However, the mixing spacer grids need a higher flooding air flow rate for a
constant liquid flow rate than the spacer grids without mixing vanes. The bundle containing
blockages has the highest flooding air flow rate among the bundles with spacer grids and
blockages. Empirical flooding correlations for the three types of test section have been made.

2 o

of TEL ahAsHe 22 ok g ek FARE0R T4 44 chE AL A fE Fel
ool et AYAE BE Aoleh Sl chydol ExAol Lt A3k g Aslol4 2ol o
£971207 Lei 2] A 5ol vl2L Gapo] Zapslgieh Aol & 5X5 2| 2ol kgl 4
Stk Folwol Ak A A4 Tl A 4BAES A Assl nGF 2w
Wk A Fol o9 & FolW TS ol Sl Wk Aslol4] TalL o] Ho] gl 45
shoulaabel de Feie FoIRee debdeh e £gdo] U Aslol4 138 ool gl
£ 2slo) 4 26l wlated & Feld o)l ATk 2HANANE A S50 A%
o Eoly FoAGEE ok Ak WA0) AWE Fol ot AU Felw 4ol Qdely

381



382

1. Introduction

There are some systems in a nuclear reactor in
which the flooding phenomena may occur during
the reflood process following a hypothetical los-
s—of—coolant accident. One of the important cases
is the reactor core itself, which can be cooled by
liquid injected into the upper plenum and subse-
quently falling into the core. In this case, the
flooding phenomena may cause a limitation of the
downward penetration of the emergency core
cooling liquid flow due to the partial blockage by
the updrafting vapor generated in the heated core.
In an extreme case, a high vapor flow may cause
reversal of the liquid flow. Therefore, the flooding
phenomenon is an important concem in safety
assessment of nuclear reactors.

The objective of the present work is to investi-
gate experimentally countercurrent flooding in a
vertical muitirod channel which consists of falling

water film and upward air flow. In particular, the

effects of various spacer grids, with and without

mixing vanes, and of blockages in the multirod
bundle on the behaviour of flooding are investi-
gated. There is a large volume of literature con-
cemning the theoretical analyses and experimental
studies on vertical two—phase countercurrent
flooding. However, most previous studies on
flooding concentrated on a single channel test sec-
tion. In spite of the importance of practical ap-
plication, there are only limited informations re-
ported in the open literature on flooding in multir-
od channel. Moreover, no experimental data are
currently available regarding the influence of spac-
er grids with and witnout mixing vanes on flood-
ing in multirod channels.

In connection with the multi—channel flooding
tests, Hagi[1] performed tests in parallel channels,
and Speyer and Kmetyk [2] did flooding tests for
a four channel test section. The results of both
tests showed that the Wallis correlation [3] for
single channel did not give good agreement. They
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pointed out that all single channel correlations
must be modified to incorporate the multi—chan-
nel effect. Ueda and Suzuki[4] performed air-wa-
ter flooding experiments in annular and rod bun-
dle geometries. They have made a correlation
based on the Froude number. Liu, McCarthy, and
Tien[5] performed experiments on the onset of
flooding with air—water for various multipath con-
traction plates. They primarily investigated the
effects of the contraction plate geometry condi-
tions on the flooding. Recently, Kokkonen and
Tuomisto [6] performed air—water flooding experi-
ments across perforated upper tie plates in multir-
od channel geometries. They correlated the va-
rious flooding equations using Kutateladze num-
bers with their flooding data. However, their ex-
periments were mainly concentrated on the effects
of the presence of the perforated upper tie plates
in the multirod bundle.

There are some experimental results on flood-
ing in the upper core structures and downcomers
of nuclear reactors. Tobin[7] performed experi-
ments with steam and water in the upper tie plate
open area of a BWR fuel bundle. Sun and Fer-
nandez[8] correlated Tobin’s data with a
Kutateladze—type comelation. Jones[9] performed
another series of tests with steam and water in the
upper region of a BWR fuel bundle. Test results
showed that the method of liquid injection mod-
efately influences the flooding results. Crowley et
al.[10] carried out the flooding tests using a 1/5
scale PWR downcomer model, and they de-
veloped an empirical correlation. Schmacher et al.
[11] found the temperature peak at the upper
part of the flooding region in a series of experi-
ments with steam and water in the test model of a
BWR upper tie plate. Glaeser([12] developed
different correlations for the flooding in the down-
comer and tie plate based on the experimental
data obtained from the tests in the Upper Plenum
Test Facility in Germany. Recently, Chun et al.
[13] investigated the flooding of air-water coun-
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tercurrent flow in a vertical 3 X3 tube bundle with
an egg-crate type spacer grid. They found that the
Kutateladze flooding correlation overpredicts the
flooding gas velocities in the multirod bundle with
spacer grid.

2. Experimental Apparatus and Procedure

The experimental apparatus consisted of two
systems : the fluid flow system and instrumentation
system. The fluid flow system was designed to
circulate air and water in the apparatus and to
form a vertical air-water countercurrent flow in
the test section. The instrumentation system was
utilized to measure and store the air and water
flow rates and pressure drops through the test
section. A schematic diagram of the experimental
apparatus is shown in Figure 1.

The fluid flow system consisted of a test section,
an upper and a lower plenum, and the air and

water circulation and control system. The outer
wall of the test section was made up of a transpa-
rent plexiglas channel 6.3X6.3 cm square and
150 c¢m in height. The 5X5 zircaloy tube bundle
was placed vertically in the plexiglas square chan-
nel. The tube array had the same geometrical
dimensions as a typical 17X17 PWR fuel bundle.
The outside diameter of each tube and the tube
pitch were 9.5 and 12.6 mm, respectively. The
upper and lower plena were installed at the top
and bottom of the test section. Both of the plena
were made of stainless steel. The upper plenum
provided a support for the upper part of test sec-
tion and a means of separating water carry—over
from the air flow. The lower plenum supported
the test section and housed the air and water
inlets. The two inlets were designed in such a way
that a direct interaction between two fluids can be
avoided. Figure 2 shows the details of the test
section.

———

1) Water Storage Tank 12) Air Filter

2) Water Pump 13) Pitot Tube Meter

3) Regulating Valve 14) Air-Water Separator
4) Rotameter 15) Air Exhaust

5) Drain Line 16),17) D/P Transducer
6) Test Section 18) A/D Converter

7),8) Pressure Tap 19) Personal Computer
9),10) Water Collector

11) Air Inlet

———

14
—— Water Flow

——~+ Air Flow

Fig. 1. Schematic Diagram of Test Loop
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' Inverted Vane Spacer Grid Inclined Wave Spacer Grid

Fig. 3. Photographs of Various Spacer Grids

To obtain the experimental informations on the were used. Among them, the standard spacer
effects of spacer grid and blockage in multirod arid(SSG) does not contain mixing vanes, whereas
channel on the flooding behavior, four types of the other three, inclined wave spacer grid(IWSG),
spacer grids as shown in Figure 3, and nine block- wawy split vane spacer grid(WSVSG), and inverted

ed rods arrangement as in shown in Figure 4, vane spacer grid(IVSG), do contain mixing vanes.
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Fig. 4. Details of Blockage and Cross Sectional View
of Test Channel with Blockages

The samples of spacer grids were donated by
ABB Combustion Engineering.

Air was supplied to the apparatus from the
laboratory supply at about 0.5 MPa. A pressure
regulator provided a constant upstream pressure
of 0.1 MPa. The air flowed through the test section
into the upper plenum and was exhausted to the
atmosphere after passing through the upper ple-
num and air-water separator. The air flow rate
was determined by Pitot tube meter pressure
drops, which were indicated by the differential
pressure transducers output. Water was supplied
to the test section through a rotameter by a centri-
fugal-type water pump. The water flow rate was
measured by a rotamter. The water was first intro-
duced into the inlet located at the bottom of the
lower plenum, then it rose up to the top of the
bundle flowing inside of each tube. The water
flowing out of the 25 tubes at the top was then
directed, by the nozzle, to flow in the reverse
direction downward by gravity over the outer sur-
face of 25 tubes forming a continuous annular
water film. The nozzle was placed 30 cm above
the top of test channel in order to form a fully
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developed flow. The pressure drop in the test
section was measured by a pressure transducer,
and its output was stored on the personal compu-
ter. Any water which was separated from the up-
per plenum and the air-water separator was
drained into a collector for the carry--over water.
The water which penetrated through the test sec-
tion was drained into another collector.

In each of the flooding tests, a steady water
flow rate was established. Then a low air flow rate
was introduced. Both the air and water flow rates
were maintained at constant levels for about 5
minutes to ensure that steady-state had been
reached. Next, the air flow rate was increased in
small steps, and so forth. The range of these steps
included operation from complete water penetra-
tion to nearly complete water entrainment. During
this step operation, the onset of flooding could be
readily found by visual observation and pressure
drop tracing data. The onset of flooding corres-
ponds to the onset of water carry—over. At the
end of a test with a fixed water flow rate, the air
flow was shut off, and a new water flow rate was
established for the next test.

Major quantities measured for each test were
water inlet flow rate, air inlet flow rate, water
penetration rate, water carry—over rate and test
channel pressure drop. Test conditions are shown
in Table 1.

Table 1. Test Conditions

Maximum Temperature Test Examined
Flow Rate K Pressure Spacer
(Kg/sec) (MPa) Grid

Air: 0.04 Air : 288 0.1 SSG

Water:0.17 Water : 283 WSVSG
VSG
IWSG

3. Experimental Results and Discussion

3.1. Observation of Flooding Process
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Visual observations of the phenomena in the
test section are useful to understand the flooding
process. For the bared (no spacer grid) multirod
bundle test section, four distinct flow regimes were
observed with increase of the air flow rate at a
constant water flow rate : separated two—phase
countercurrent flow, water slug formation in the
bottom of the test section with wavy annular water
flow, water slug formation in the bottom of the
test section with partial climbing flow of water film,
and complete water canry—over. The water slug
formation phenomenon is sometimes called
“air~water mixed flow”[14]. The third flow regime
is herein called the onset of flooding. The flooding
is associated with a sudden increase of water car-
ry—over with a small increase in air flow rate. The
onset of flooding is always initiated at the lower
‘part of the test section in the case of the bared
bundle. The fourth flow regime is completely up-
ward cocurrent two—phase flow configuration.

The flooding process in the multirod bundle
with spacer grid is almost similar to that in the
bared bundle except for the shift of the flooding
initiation level. For the multirod bundle with the
spacer grid test section, the flooding first occurred
at the upper side of the spacer grid. Figure 5
shows a set of photographic view of the flow
regimes in the multirod bundle with spacer grid
test section. Figure 5(a) is a view of separated
two—phase countercurrent flow. Figure 5(b) shows
water slug formation at the upper side of the
spacer grid with wavy annular water flow in the
upper part of the test section. Figure 5(c) shows a
view of the onset of flooding in the upper part of
the spacer grid. Finally, Figure 5(d) shows a com-
plete water carry—over flow configuration. It was
observed that there was no significant difference
in flow configuration between the spacer grids
with and without mixing vanes. A similar trend
was also observed in the bundle containing block-
ages.

An important characteristics of the flooding phe-

nomena is the appearance of a large disturbance
at the gas-liquid interface. The pressure drop trac-
ing provides detailed information about the in-
teraction between gas and liquid, and it may be
used to complement the visual observations. Many
investigators observed a sudden increase in the
pressure drop after the onset of flooding due to
the abrupt increase of the interfacial drag force
between the gas flow and the entrained liquid
droplets. The traces of pressure drop during the
flooding process for the bared bundle and the
spacer grid(SSG) attached bundle under the same
condition of 0.056 kg/sec water flow rate are
shown in Figure 6. As seen in this figure, these
pressure drop curves are significanly different in
those shapes. For the bared bundle, the pressure
drop rises sharply up to maximum value at the air
velocity corresponding to the onset of flooding.
Further increases in the air velocity tend to de-
crease the pressure drop because the climbing
water film appears to form a cocurrent two—phase
flow. A similar result was previously obtained by
Hawley and Wallis[15] in a vertical single tube.
For the spacer grid attached bundles, the jump of
pressure drop occurred at a substantially lower
flooding air velocity, and the height of the jump is
remarkably less than that in the bared bundle.
After the jump, pressure drop is still gradually
increased up to maxinum value with increasing he
air velocity. The total amount of pressure drop in
the bundle with spacer grids is somewhat smaller
than that in the bared bundle. This difference may
be attributed to a shift in the location of flooding
occurence in the bundle with the spacer grids.
The shift of the flooding point shortens the length
of the flooding region, resulting in a lower press-
ure drop.

In Figure 7, the interfacial friction factors de-
duced from the pressure drop data for various
multirod bundles during the flooding process
under the condition of 0.056 kg/sec water flow
rate are shown as a function of liquid void frac-
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Fig. 5. Photographical View of Flooding Process in Multirod Channels with Spacer Grid



Air-Water Flooding in Multirod Channels : Effects of---J.H. Cha and H.G. Jun

0.8
——g—— Bared
—r— SS§G
——  IVSG
§os
[
]
[=]
S 0.2
0.0 A
] 5 10

Air Velocity (m/sec )

Fig. 6. Pressure Drop Variation with Air Flow Rate
During Flooding Process

tion. The interfacial friction factor was calculated
by considering the force balance for an assumed
gas core[16]. As seen in this figure, most of the
calculated friction factors lie much higher than the
Wallis correlation curve[3].

3.2. Comparison with Previous Models and

Correlations

Comparisons of present flooding data with
some previous analytical models and empirical
correlations are shown in Figure 8. For these com-
parisons, the Wallis parameters were chosen as
the basic variables because most analytical models
and empirical correlations are expressed in terms
of these parameters. Present experimental data
are included herein for the bared bundie and for
the bundle with standard spacer grid. The selected
analytical models are : a) potential flow model[17]
, b) roll wave model[18], and c) separated cylin-
ders model[19]. Two correlations developed by
Wallis[3] and Chung et al.[20] are selected.
These are mostly for single tube. For the present
test section geometry, the equivalent diameter in
the Wallis parameter was calculated in the follow-
ing way :

4A
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Fig. 8. Comparison of Present Flooding Data with Va-
rious Analytical Models and Empirical Correla-
tions
(a) Potential Flow Moder
(b) Roll Wave Model
(c) Separate Cylinders Model
(d) Chung et al.
(e) Suzuki and Ueda

where A is the flow cross sectional area, B is the
inside width of the test section, n is the number of
rods, and d is the tube outer diameter.
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As shown in Figure 8, most of the present
flooding points lie under the existing analytical
and empirical flooding curves. This means that the
flooding for the multirod channels occurred at
lower gas flow rate with a fixed liquid flow rate
compared to the single channel. This may be attri-
buted to disturbance of the liquid flow due to the
interaction of liquid films between adjacent chan-
nels.

A comparison of the present flooding data in
the bundle with spacer grid to the bared bundle
shows that the former lies under the latter in Fi-
gure 8. It‘appears that the spacer grid acts to
rupture the stable liquiuid film partially, and to
lead to the formation of liquid slugs and/or bridg-
ing at the upper side of the spacer grid. The
chaotic state can easily reach the flooding condi-
tion even at lower gas flow rates.

The Wallis correlation[3] represents gas
momentum flux versus liquid momentum flux ver-
sus liquid momentum flux under the flooding con-
ditions as follows,

I 2 +mdf2=C @)
p 1/2
*__. k
I "‘[ PDe(P—Py) ] @)

where constants m and C in the equation are
determined by experiment. In the present experi-
ments,

for the bared bundle, m=0.80 and C=0.76

for the SSG bundle, m=0.80 and C=0.63
where obtained. During the data process, the
effect of spacer grid was taken into account for
the calculation of superficial velocity.

3.3. Effects of Mixing Spacer Grids and Block-
ages

In a tube bundle, flow channels formed by four

adjacent tubes are open to each other through the

gap between two neighboring tubes. The flow in

one channel mixes with that of the others. One of

the functions of the spacer grid containing mixing
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vane, simply called the mixing spacer grid here, is
to enhance the mixing effect in the flow channel.
In order to investigate the degree of mixing effect
in the flow channel with the mixing spacer grids or
the blockages, separate flow tests[21] were con-
ducted with the present test model with water
using the Laser Dopbler Velocimeter. Figure 9
shows the typical measured turbulent intensity as
a function of transverse location of the test sec-
tion. The turbulent intensity which is represented
the degree of mixing, T is defined as:

~—~ %100 4
=5 @

where v is the measured transverse instantaneous
velocity, and U is the average axial velocity in the
test channel flow.

The value of the turbulent intensity depends on
the flow conditions as well as on the axial location
in the channel, but the general trend is similar. As
seen in Figure 9, the lowest value can be found at
the SSG bundle, and then it increases in the order
of WSVSG, IWSG, and IVSG. The IVSG bundle
has a relatively high degree of mixing effect. It
should be noted that the highest turbulent intensi-
ty appears at the mid region of the blocked
bundle.

In the flooding process, air flow is dispersed by
the mixing'spacer grid. It appears that the amount

0 L "
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 9. Turbulent Intensity Variations for Each Type of
Bundle )
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of this dispersion directly relates the magnitude of
turbulent intensity, and the turbulence prevents
the formation of water slug at the upper part of
the mixing spacer grid. Consequently, the required
flooding air flow rate must be increased for the
mixing spacer grid. The present flooding data on
the effects of mixing spacer grids and blockages
will be presented in the later section.

3.4. Empirical Correlations of Flooding Data

The other type of flooding correlation takes into
account the interfacial instabilities. The geometric
length in the Wallis parameter can be replaced a

Laplace Length to obtain the following
Kutateladze number[22] :

= sz 1/4 (5)
K*‘U"[ P ]

Several investigators prefer to use the following
correlation form for the flooding data, especially
for nuclear reactor structures, based on the
Kutateladze number,

Kgl/2+mK¢1/2=C (6)

Figure 10 shows the whole set of experimental
data from the present tests on air-water flooding
in the K; versus K; plane. Three experimental
flooding curves are plotted for bared, SSG, and
IVSG bundles and are compared with CREARE
[10] and Chung et al.[20] correlations. From
these experimental curves, the following
Kutateladze type empirical flooding correlations
for bared, SSG, and IVSG bundles are obtained :

for bared bundle : K}/2+0.8K;Y2=1.39 (7)
for SSG bundle : K}/2+0.8K{2=1.16 8)

for IVSG bundle : K}/2+0.8K/?=1.24 ©)

As shown in Figure 10, the slopes of ex-
perimental flooding curves for present data are

Bared
SSG
WSVSG
IWSG
1VSG
Blockage

®

¢ 4, 0m o8

1.5

“0.0 0.2 0.4 0.6 0.8
K
Fig. 10. Comparison of Present Flooding Data with
Previous Correlations (a) Chung et al.(b)
CREARE

similar to those of previous correlations. However,
the existing Kutateladze flooding correlations
greatly overpredict the flooding gas mass flux
compared with the data multirod channel. As sug-
gested by Speyer and Kmetyk[2], the existing
flooding correlations for single channel must be
modified to incorporate the multi-channel effect.

In connection with the flooding data in the mul-
tirod bundle with mixing spacer grid or blockage,
the flooding air mass flux increased in the order of
turbulent intensity increasing at a constant water
mass flux. As mentioned in the above section, this
trend may be attributed primarily to the effect of
air dispersion by the mixing spacer grids or block-

ages.
4. Conclusions

An experimental study of air-water flooding in
vertical multirod channel has been performed.
This study was especially focused primarily on the
effects of various spacer grids and blockages in
the multirod bundle. Based on the results of this
study, the following conclusions could be made :
(1) For the multirod bundle with the spacer grid,
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flooding first occurred at the upper side of the X coordinate
spacer grid, whereas flooding is initiated at a void fraction
the bottom of the test section for the bared P density, kg/m?®
bubndle. '

(2) The existing analytical models and correlations
on flooding, mainly for single channel, over- Subscripts
predict the flooding gas mass flux compared f liquid

with the data for the multirod channel. g gas
(3) For the spacer grid, the flooding phenomenon i interfacial

occurs at the lower flooding air mass flux to k gorf

compare with the bare rods.
(4) In the multirod bundle with mixing spacer grid

or blockage, the flooding air mass flux in- References
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