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ABSTRACT

At an unheated 4x4 rod bundle air/water
test facility optical investigations of the
entrainment behavior and counter current flow
experiments were performed with a large varie-
ty of test conditions:

- flow duct geometry
- internals ({tie-plate, bundle length,
number of grid spacers,
rod cdiameter)
- type of injection (different nozzles,
porous sinter metal)
- different mass flux for air and water

In addition several flooding models were
compared with the own experimental data.

In conclusion it was found that the type
of injection has only a weak influence whereas
the geometrical conditions upstream of the
narrowest flow area (presence of bundle, grid
spacer) have an important effect on the floo-
ding behavior. In addition a comparison of the
applicability of different flooding models
shows that only the models based on dimension~
less numbers expressed by superficial veloci-
ties, show a2 good agreement with the own ex-
perimental data. ’

INTRODUCTION

Countercurrent flow of a gas and a liquid
occurs during emergency core cooling condi-
tions in the region of the downcomer and the
core. In the FRG~PWR, two separate emergency
core cooling systems are provided which re-
flood the core, the top injection (hot leg
injection) and the bottom injection (cold leg
injection).

From the top injection the water must pass
through the upper plenum and the end-box into
the core region. Furthermore steam will be
generated from the bottom and the top ECCS
water and this steam will flow upward through

the core and into the upper plenum region.

The action of steam flowing upwards while
coolant water flows downward can lead to a
condition defined as countercurrent flow limi-
ting (CCFL), which tends to restrict the water
down flow.

Furthermore water droplets will be en-
trained at the bottom and at the top gquench
front by sputtering and a part of these drop-
lets is transported by the steam flow through
the. ccre and deentrains in the upper plenum
region. This deentrained water and the upward
flowing steam can lead to the same fluid dyna-
mic behavior discussed before.

The purpose of this paper is to discuss the
influence of flow restrictions, .like the tie-
plate and the grid spacers, onto the counter-
current flow limitation.

For these experiments an air-water test
device with a 4x4 unheated rod bundle, repre-
senting 1/16 th of the upper part of a FRG-PWR
fuel-element was constructed, shown in Fig. 1.

DESCRIPTION OF THE TEST SET-UP

The test set-up (Fig. 1) consists of an
air loop, one water loop for bottom injection
and, another water loop for top injection. The
test vessel includes the flow duct of sguare
cross section with the 4x4 unheated rod bundle,
3 grid spacers, the tie-plate and the injec-
tion device for CCF-experiments. The inlet
mass flows are measured by flow element flow
meters with different ranges and the outlet
water mass flow - fall back and carry over -
are measured by collecting tanks.

Fig. 2 gives informations about the in-
ternals of the square flow duct. The injec-
tion device which injects water through porous
sinter metal walls into the flow duct is loca-
ted 200 mm above the tie-nlate. The thickness
of the tie-plate is 20 mm and the hole dia-
meters are d4=10.5 mm for the 59x59 mm flow
duct and d= 10.0 mm for the 57x57 mm flow duct.
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The 16 rods are fixed by 1 or 3 original KWU
grid spacers,dependent . on the bundle lenght.

For the entrainmment investigations at
countercurrent flow conditions an optical in-
vestigation device was developed and construc-
ted, shown in Fig. 3. In general, at two-phase
flows in a flow duct the shroud walls are wet-
ted by a liquid film. This ligquid film pre-
vents the radial photography of the entrained
droplets in the gas core.

The weir elements through which the paral-
lel light passes turnes round the liquid £ilm.
Droplets, which enter the seperating volume
and wet the windows, are removed by a small
air jet and drained.

In the case of co-corrent flow the water
is injected in the bottom part of the test
channel by a two-phase nozzle, therefore the
porous sinter section can be used to suck off
the above mentioned upclimbing ligquid £ilm.The
photographs which we got from this optical ar-
rangement,working with a parallel light tech-
nique, are shadow photographs.

FIG. 2 FLOW DUCT WITH INTERNALS AND
WATER INJECTION DEVICE
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FIG. 3 TEST DEVICE FOR ENTRAINMENT PHOTOGRAPHES
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FIG. 4 ENTRAINMENT PHOTOGRAPHS
OPTICAL INVESTIGATIONS

Fig. 4 shows typical examples of droplets
entrained at co -current conditions. The air
and water mass fluxes were varied in a large
range. These entrainment photographs show that
an increasing water mass flux at constant air
mass flux leads to droplets which become lar-
ger in size whereas at constant water mass
flux and increasing air mass flux the drop
size becomes smaller.

For the evaluation of the droplet phocto-
graphs an automatic image analysing system is
developed by us. The image will be digitized
by a scanner into discrete pixels with 256 dif-
ferent grey levels and the sharp droplets can
be detected by a computer program on the basis
of differential operations.

A practicable method of representing size
distributions is the cumulative distribution
plot, formed by plotting the cumulative pre-
bability percentage of droplets greater or
less than a given size, against the size.

Fig. 5 shows results of drop size investi-
gations, Fig. 5a shows the droplet distribu-
tion for a constant liguid flux and different
air fluxes and Fig. 5b for a constant air flux
and different liguid fluxes. These figures con-
firm the conclusions which were illustrated
by the photographs, namely a decreasing in
drop size with increasing air mass flux and

gained from our own single tube tests

with decreasing water mass flux.
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FIG. 5 DROPLET SIZE DISTRIBUTIONS

A) FOR CONSTANT LIQUID FLUX AND DIF-
FERENT AIR FLUX

B) FOR CONSTANT AIR FLUX AND DIFFEREINT

LIQUID FLUX

The curves are shown in this diagram were
gained by a smoothing calculation. The curves
represent a logarithmic distribution which is
based on the following expression with x-drop
diameter and a,b -parameters:

1 inx - c)z

F(x) = ° dx (1)
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A comparison of droplet size distributiecns
/“ 12/
and tests from other authors /3,4/ with re-
sults gained from our own bundle tests (Fig.¢€)
shows, that under identical mass flux condi-
tions the drops become greater in size with
bundle tests. In the case of single tube tests
the droplets are generated by undercutting of
disturbance waves or by breakdown (rolling) of
disturbance waves /4/.

This droplet generation mechanism leads
to very small droplets whereas the droplet ge-
neration mechanism at the top of the rods,
the break off of the upwards flowing liguid
film from the rods and the sputtering mecha-



nism on the cross pieces of the tie-plate
yields to larger droplets at this mass flux
conditions.
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FIG. 6 COMPARISON BETWEEN BUNDLE TEST AND

SINGLE TUBE TEST RESULTS

Fig. 7 shows a typical example of the drop-
lets formation at the edges of the tie-plate
holes. At co-current conditions an upwards
climbing liquid film is breaking off at the
edges of the holes and droplets are be formed.
During countercurrent flow conditions a small
liguid layer is weeping at the cross pieces
between the holes and a partial blockage of
the holes by liguid takes place. This liquid
is blown out in the form c¢f droplets. Depen-
dending on the diameter and the gas velocity
these droplets are carried over or fall back.

The formation of a splashing regime is
shown in Fig. 8. The upper part of this figure
shows photographs of different flow situations
dependending enthe air superficial velocity. At
the onset of flooding we can observe a rapidly
growing of the droplet splashing regime. In
the bottom part of this figure the ratio of
the carried over water to the total injected
water is shown as a function of the air velo-
city. Furthermore the flow conditions are in-
dicated at which the photographs were taken.
The onset of carry over depends on the maxi-
mum countercurrent water which can penetrate
at this air flux. A detailed discussion is
given in the next chapter.

COMPARISON OF SEVERAL DIFFERENT FLOODING
MODELS

In the past a lot of flooding models were
presented in the literature. In general we can
distinguish between four models which are ba-
sing on

o dimensionless numbers formed by

superficial velocities " .
) = f(C.Jg)
proposed by:

Wallis /S5/, Kutateladze /6/, Bankoff /7/,

Feind/8/, Alekseev /9/, Susuki /10/,
Grolms /11/

FIG. 7 SPLASHING MECHANISM AT THE TIE-PLATE

o separated film flow models

proposed by:
Dukler /12/, Taitel et al /13/

0 instability models of surface waves
Z
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Pproposed by:

Sherer et al /14/, Centinbudakler /15/,
Imura /16/, Richter /17/, Zvirin anéd Duffev
/18/



o perforated plate weeping models

proposed by:
wallis et al /19/, Naitoh /20/, Liu /21/
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FIG: 8 FORMATION OF A SPLASHING REGION AT
FLOODING CONDITIONS

A comparison of our own experimental rod The wallis correlation is given by:
bundle flooding data with several different
flooding models is shown in Fig. 9 where the

superficial velocity of the countercurrent *x 172 %172

water are cross plotted to the air superfic.ial J +mJd, =¢

velocity. This comparison shows a nonuniform 8 {

behavior of the several models, only the mo-

dels of Wallis, Kutateladze and Bankoff, j o "2[ DI -2
which based on dimensionless numbers formed g'Jg'gg g- g, - gg”

by superficial velocities, show a good agree-

ment with the experimental data. In the follo- x 12 -172
wing these three models will be discussed. J|=Jl-gl [g. D(g|- ggH

D characteristic length
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FIG: 9 COMPARISON OF SEVERAL FLOODING MODELS

In the case of bundle experiments it is very
problematic to determine the characteristic
lenght D, especially if the influence of geo-
metrical conditions on the flooding behavior
shall be studied and discussed. For that the
nondimensional velocities model proposed by
Kutateladze is a useful way.

If the characteristic length of the Wallis
correlation will be substituted by the Lap-
lace constant

LP=lo/glg-g " )

the Wallis correlation changes to the Kutate-
ladze correlation. ’

112 12
Kg +MK/ "= N (6)

112

=i -1
Kg=lg-9g lg-olg -g )]

(7)

. 12 -
Kizji-g, [g-olg ~g )1 ™" ()

For perforated plates Bankoff et al have
introduced a new modified Wallis correlation,

Eg. (9), which interpolates between the charac-

teristic length D (a geometrical length) and
the Laplace diameter LP, which is influenced
by thermodynamic properties.

*1/2 12
Hg +Fﬁ =C (9)

H; .-.jg[gg]"z.[gw(gl _gg”-vz (10)

and

H: =J',lgllmt[gw(gl-gg)]'"2 (11)
vhere the interpolative length scale is

w =D Lp" 0=ps1 (12

if B becomes O, H* becomes equal to J* and if
B becomes 1,H" becomes equal to K.

The parameter 8 can be expressed by the
following function

B=tanh (yk D) (13)

where the critical wave number k_ = 2w/tp cor-
responds to the maximum waveleng%h which can
be sustained on an interface of lenght tp,
the plate thickness and Y the perforation
ratio, is the fraction of the plate area oc-
cupied by holes. -

For the constant C the following equa-
tions are given:

C:=107+4.33x103Bo  Bo <200 (14)
C=2 Bo > 200 (15)

where the Bond number Bo is defined as

Bo=nnD{g(g g )]

with n as the number of holes.

A comparison of the Bankoff K® - model and the
Kutateladze K-model with our own experimental
data has shown, that the K-curve gives a bex-
ter agreement with the experimental data. The
data for this comparison gained from tests,
at which only the tie-plate was installed i=n
the test channel - at similar experimental
conditions, at which the H* - model was deve-
loped by Bankoff.

The Wallis-correlation and the Kutatelad:ze
correlation are identical in this case, be-
cause the tests are performed at constant
thermodynamic conditions and consequently the
Laplace diameter is constant.

Therefore in the next chapter only the
Kutateladze-correlation will be discussed.

}
/2 (16)

THE CARRY OVER RATIO DIAGRAM

Fig. 10 describes the ratio of the car-
ried over water to the total injected water
vs. the air mass flow and the influence of <the
total injected water mass flow rate on the
ratioc of the carried over water.

The experimental results show that at ccn-
stant injected water flux and increasing air
superficial velocitiy the carried over water
ratio increased from 0 % up to 100 %. The on-
set of carry over depends on the maximum cou-
tercurrent water which can penetrate at this
air-velocity into tne bottom plenum. At an
air velocity of about 12 m/s all injected wa-
ter is carried over.
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FIG: 10

The curves plotted in this diagram are
gained from a computer correlation on the ba-
sis of the mass balance

=0y _ | an
o Jihz 1 - —JUL (18)
J, i

anéd the Kutateladze eguation.

From the Kutateladze correlation we get
the relation between the CCF-water superficial
velocity jlb and the air superficial velocity

Je
g

Z 2
jo = (4 }/[7gct(g1 -gg)/gf]”’ - 1V Vigla /9] ) (9

the constants N and M are correlated from the
experimental data by the least squares method.

With the expressions (18) and (19) the
carry over ratio becomes

lu‘_ _ 1 /N _ 296 _ 1 f 7T \?
p =1 ] (% Vigalg g )/g/] M Vig (g /9] ) (20)

For these geometrical conditions the con-
stants are determined to N = 1.94 and M = 1.14
and the calculated curves show a good agree-
ment with the experimental results.

INFLUENCE OF LIQUID INJECTION AND FLOW DUCT
GEOMETRY ON THE FLOODING CONDITIONS -

For single tube tests a strong influence
of the water inlet conditions on the floo-
éding behavior were found by different authors
e.g. Feiné /8/, Wallis /5/, Imura /16/.

To get an idea how the type of injection
and the geometrical conditions are influen-
cing the own bundle experiments, a large vari-
ty cof test-conditions were used. Table 1 shows
the test matrix and Fig. 11 the influence of

different internals on the relative free flow
area.
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Fig. 11 COMPARISON OF THE RELATIVE FREE FLOW

AREAS AT DIFFERENT TEST CONDITIONS

In Fig. 12 a .comparison is plotted of
tests at which the water was injected through
porous sinter metal walls into the flow duct
and tests at which the water was injected by
nozzles. In both cases the injection level was

. located 200 mm abcve the tie-plate at which

the nozzles were arranged in the center of the
flow duct.
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Fig. 12 INFLUENCE OF DIFFERENT WATER INJECTION

DEVICES ON THE FLOODING BEHAVIOR



Test No|Type of water Channel | internals
njection goomatrios
111101 |woter injection | 5959 mm {1S00mm rod bundel with 3 spocer and he-plate
by porous square rod diometer 10mm

111103 |sinter metal tlow cuct only tie-plate

111105 SO mm rod bundel with tspacer and tie-plote
rog diometer 10 mm

111107 1500 mm rod bunde! with 3 spacer and tie-plate
rod dicmeter 10.8 mm

111108 150 mm rod bundel with 1spacer and tie-plate
rog giometer 30.8 mm

111201 57257mm {1500 mm roc bunaal with tie-oiote

111202 square with 3 spacer [ no tie-plote

131201 pyo small nozzie | flow duct |[rod diometer 10 mm o with tie- plate

141201 by ¢ lorge with tie- plote

141202 nozzte ) no tie- plate

TAB 1 TEST MATRIX FOR THE AIR/WATER COUNTER-

CURRENT FLOW EXPERIMENTS

The comparison of experimental results of
these test series shows that all test data are
well represented by one flooding curve i.e. at
these test conditions the flooding curve is
not influenced by the type of injection.

Furthermore the experiments resulted that
tests at which a short bundle (150 mm with one
spacer) had been installed are well represented
by the same flooding curve.
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FIG 13 INFLUENCE OF THE ROD DIAMETER ON THE

FLOODING BEHAVICR

Experiments at which the rod diameter of
the bundle was varied, are described in Fig.13.
At constant flow duct geometry a change of
the rod diameter leads to different flooding
curves in the Kutateladze-diagram. It means
the constants of the Kutateladze~correlation
depend on the relative free flow area and ob-
tain other values. Because of the small chan-
ge of the geometry we can observe only a weak
influence on the flooding curve.
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FIG. 14 INFLUENCE OF THE BUNDLE PRESENCE ON
THE FLOODING BEHAVIOR
Fig. 14 and 15 show a comparison of tests

at which only a tie-plate was installed in

the flow duct and tests at which a rod bundle
was arranged upstream the tie-plate. These

two figures, Fig. 14 and 15, illustrate
clearly the strong influence of the rod bundle
on the flooding behavior and the importance

of the correctly simulated flow conditions up-
stream the narrowest flow area for the deter-
mination of flooding curves, especially if
these experiments shall contribute to an im-
provement of LOCA/ECCS-computer codes.
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FIG. 15 INFLUENCE OF THE BUNDLE PRESENCE
ON THE CARRY-OVER RATIO
Fig. 15 makes evident the importance of

the bundle presence. At a volumetric air flux
of 7 m/s all water is penetrating through the
perforated plate, if only the tie-plate is
installed, whereas at flow conditions at which
the bundle is installed too, 60 % of the in-
jected water is carried over.
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blocked cross section of the flow
duct

free cross section of the flow
duct

total cross section of the flow
duct

Wallis parameter
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diameter

gravity constant

superficial velocity

wave number
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Kutateladze parameter
Kutateladze parameter

density

surface tension
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