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Abstract

A 1/15-scale CREARE experiment, which simulates the thermal-hydraulic behavior in the
reactor pressure vessel of a PWR during a hypothetical Loss Of Coolant Accident, has been
analyzed using CATHARE code for the associated model assessment to represent the phe-
nomenon. The key parameters examined in the CREARE experiment were known as ECC
water injection rate, ECC water subcooling, system pressure, and steam flow rate coming out
from the core bottom. The present CATHARE simulation, however, has been mainly focused
on qualitative analysis of a countercurrent flow in the downcomer.

The discrepancy of the simulation results with the experimental data is considered arising
primarily from an inadequate numerical representation as well as an interfacial friction model.
Accordingly it is suggested from the sensitivity studies that either multidimensional approach or
further examination of momentum equations at a junction near a volume element in
CATHARE be necessary in order to represent the phenomenon more realistically.
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1. Introduction

During the later stages of blowdown of a Press-
urized Water Reactor (PWR) following a hypothe-
tical Loss Of Coolant Accident(LOCA), steam
generated by various sources flows up the annular
downcomer on its way to the break as shown in
Figure 1. At the same time, Emergency Core
Cooling Water (ECCW) is injected through the
cold legs. Since upflowing steam through annulus
downcomer exerts drag force on the ECCW flow-
ing down, ECCW may either penetrate into the
lower plenum or directly bypass on the way to the
break depending on momentum distribution with-
in the upper plenum, interfacial friction in the
downcomer, dimensional effect of downcomer
and condensation[1].

The main purpose of CREARE experiment is to
develop analytical and empirical tools which will
contribute to best estimate and licensing predic-
tion of larger scale lower plenum filling rate tests.
However, it has not been possible to derive a
reliable analysis of the countercurrent flow be-
havior using formal conservation equations. When
the importance of lower plenum filling related
with the countercurrent flow is reminded, an accu-
rate prediction of physical phenomena occuring in
downcomer is an essential subject to estimate core
coolability. For this reason, overall adequacy as
well as each physical model in CATHARE, French
best estimate, 2-fluid, 6-equation, thermal-hyd-
raulic code developed jointly by CEA, Framatome
and EDF in France[3], contributing to represent
such phenomena, should be examined for its reli-
able use.

In the simulation of 1/15-scale CREARE ex-
periment, liquid delivered into the lower plenum
through annulus downcomer has been estimated
for given steam flow rates and the main para-
meters considered are ECCW subcooling, steam
flow rate, water injection rate, and lower plenum
pressure.
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Fig. 1. Potential Flow Paths for a Cold Leg Break
In a PWR[1]
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2. Description of CREARE Experiment

The CREARE experiment had been conducted
at CREARE Inc. in USA[4,5], and the basic com-
ponent of the test facility is a 1/15—scale cylindric-
al model of a PWR reactor vessel. It has two gap
size options(0.5 and 1.0 inches), two core barrel
lengths (18 and 48 inches), and two vessel
lengths, giving a total of six geometric combina-
tion. The system pressure is elevated either by
increasing a flow resistance at break with valve
closing or by controlling the pressure of contain-
ment-simulating separator vessel into which the
broken leg flow discharges. Figure 2 shows an
expected steam—water flow path during the coun-
tercurrent flow within vessel! downcomer and Fi-
gure 3 illustrates the configuration of the vessel.
The vessel has a multiloop injection configuration
as shown in Figure 4. Each leg is linearly scaled,
and hot and cold legs are interchangeable via
inserts of the appropriate sizes. The vessel is a
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cylinder with an inside diameter of 11.5 inch thick
wall. The core barrel is welded into the flange
which forms the “upper head” of the vessel. Two
core barrels are used to provide downcomer gap
sizes of 0.5 and 1.0 inches. Each of the core
barrels is 24 inches long, giving an 18 inch down-
comer below the cold leg center line. Extensions
are available to achieve 48 inch downcomer
length as well.

System flow paths are illustrated in Figure 5.
The ECC injection loop takes water from the
ECCW tank and injects it into the vessel through
the three simulated cold leg nozzles. Water from
the vessel and separator is collected in drain tank
and recycled. The heating system is also provided
to preheat the metal surface. There is a cold water
spray system in the separator vessel which is used
to help control the simulated-containment
pressure.

Fig. 5. Flow Schematic for CREARE 1/15-Scale
High Pressure Cylindrical Vessel and Facil-
ity[2]

3. CATHARE Simulation

3.1. Nodalization of CREARE Experimental
Facility

Figure 6 illustrates a schematic idealization of
the major elements of CREARE experiment for
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CATHARE simulation. An intact cold leg({COLDIN)
weighted by 3 and a broken cold leg, whose
diameters are two sizes, namely, 3” inner diameter
for an enlarged break and 1.875” inner diameter
for other cases, are all modelled by ‘AXIAL’(PIPE)
with 5 meshes and 10 meshes, respectively.
Downcomer with 20 meshes also has been mod-
elled by ‘AXIAL’ but with annulus geometry. The
upper plenum and the lower plenum extended
scale, consisting of a hemispheric geometry in the
bottom and pipe geometry between core outlet
and top of the hemisphere, are modelled as
‘CAPACITY’(VOLUME) module. The nodalizations
used in both saturated and subcooled ECCW in-
jections are the same, however, in the subcooled
ECCW injection heat structures not involved in
the saturated ECCW injection are modelled in all
the elements due to the temperature difference
between wall and ECCW. ECCW is supplied at a
constant temperature and flow rate so that ‘BC3B’
boundary condition is applied by specifying liquid
velocity. Core steam supply from core outlet is
modelled as ‘BC3E’ boundary condition which
uses a mass flow rate in saturated ECCW injec-
tion. Finally the boundary condition at the end of
the broken cold leg is given as a constant pressure
provided by experimental data.

cu4p {8 Gompour WP VPPLEM (ST Goim i cias
(10) (Capacity) (5)

Fig. 6. Nodalization for 1/15-Scale CREARE Exp.

3.2. Simulation of Experiment

The simulation has been performed in accord-
ance with the actual experiment. Steady state has
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been made by supplying a saturated steam into
the vessel first. 20 time steps of stabilized transient
then begin with start of ECCW injection, reaching
its steady state value with ramped rate for one
second. This time period is arbitrarily chosen to
avoid a numerical difficulty. The result of liquid
delivery rate into the lower plenum(Q;g) is usually
picked up when the lower plenum is filled with
water about 50% of its height. Since it is shown
that a fairly constant rate has been established and
usually CATHARE uses its maximum time step at
this time. Finally, a transient is initiated by starting
the steam injection, opening the break, and start-
ing the ECCW injection at a given steam flow rate
and a containment pressure. The transient is
calculated until final steady state conditions are
reached for some parameters shown in Figures
7-9. In Figure 7, ECCW injection reaches a
steady state value for 1.0 second while core steam
is constantly supplied at a given flow rate. The
water delivery rate reaches a fairly steady state
value after a short time of pertubation and drops
to almost zero when the lower plenum is full.
Consequently the lower plenum liquid level (Fi-
gure 8) and pressure(Figure 9) increase linearly
due to an almost constant water delivery rate.
These calculations confirm physical models in
CATHARE are able to represent such a counter-
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Fig. 7. Calculational Results for ECC Injection
Rate, Steam Flowrate, Liquid Delivery Rate
into the Lower Plenum and Break Flowrate
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Fig. 9. Calculational Result for Pressures of Lower
and Upper Plenum
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Fig. 10. Saturated ECC Flooding Curves at 2 bar

J. Korean Nuclear Society, Vol. 24, No. 3, September 1992

current flow expected in the downcomer
geometry.

4, Results
4.1. Results for Saturated ECCW Injection

Calculational results with available saturated
ECCW data[1] are plotted on Figure 10 and Fi-
gure 11 with experimental data. These results are
corresponding to a system pressure of ~2 bars
and 4~5 bars, respectively. In the plots dimen-
sionless liquid delivery rate(J¥;) and steam flow
rate(d g)which are defined as :

e Podg”

o= TgWierpg] 72 W

. PJ/2

J id [gW(P;—Pg)] 172 (2)
where ;

jg, Ji: superficial velocities of vapour and liquid
Pg, Py:densities of vapour and liquid

g : gravitational acceleration

W : average annulus circumference(34.6”)

These are parameters used for developing correla-
tions in CREARE experiment[1]. Each point in
the figures represents an experimental run at a
given steam flow rate. Experimental data in Figure
10 show smooth decrease of J§ with steam flow
rate while a rapid decrease of J% is observed
around lower steam flow (%< ~0.7), however,
CATHARE predicts almost linear variation of J3
and thus liquid delivery rate into the lower ple-
num(Qy) is relatively overpredicted a near higher
steam flow rate and underestimated at lower one.
In addition, experimental data points correspond-
ing to the lower steam flows tend to decrease
suddenly near the complete delivery point, whose
trend and magnitude are not predicted well by
CATHARE. The calculated trend for the higher
pressure in Figure 11 is similar to that of the lower
pressure but a slight different trend is found in the
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Fig. 11. Saturated ECC Flooding Curves at 4 ~5

Bars
experimental results from Figure 11 comparing
with tho: e from Figure 10. The non—dimensional
parameters in eq. {1} and (2) are suspicious at this
point. On the other hand, the discrepancies in
Figure 11 seem to be smaller than those in Figure
10.

4.2. Results for Subcooled ECCW Injection

The calculated results are compared with ex-
perimental data in dimensionless form of steam
upflow and delivered liquid flow in Figure 12 and
13. The agreement is satisfactory for the complete
bypass point and for the high steam flow. Howev-
er, the flow rate of liquid delivered to the lower
plenum is underestimated in case of low steam
flow rates. No high liquid flow has been calculated
even with a very low steam flow rate. As very low
steam flow was enough to keep back much water
from entering the lower plenum, so the code
seems to overpredict the interfacial friction for a
low steam flow. Larger discrepancy was
obtained for high subcooling (Figure 13) than for
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Fig. 13. 70C Subcooled ECC Flooding Curves at 3
Bar

slightly subcooled(Figure 12) or saturated cases.
Higher delivered liquid flow rates are expected
with high subcooling than in slightly subcooled
cases with the same injected steam and liquid flow
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rates due to condensation, but the calculations
give very small difference between these cases.
This fact reveals underestimation of condensation
effect.

5. Analysis
5.1. Sensitivity Study

As an effort to identify the main parameters
affecting on a liquid delivey rate(Q), the first
attempt is a change of mesh size by dividing the
downcomer into from 5 to 100 nodes as given in
Table 1. Three runs, denoted by asterisks, result in
different liquid delivery rates and different press-
ures. All Qgu’s decrease with mesh numbers but
they do not converge. On the other hand the
change of the maximum time step does not affect
on the liquid delivery rates(Table 2). For a quan-
titative investigation, those terms comprising a
momentum conservation equation are evaluated

Table 1. Effect of Downcomer Mesh Size on Qg
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Table 2. Effect of Maximum Tims Step on Qg

# of mesh
Mox. AL 5 20 5 10
0.4 sec 2.079 | 1.343 | 0.260 | 2.003
0.8 sec 3.081 | 1.343 | 0.260 | 2.002
5.0 sec 3.080 | 1.341 | 0.261 | 2.001
10.0sec | 3.080 | 1.381 | 0.263 20

to examine for the relative importances on the
results by comparing with each other. Three mesh
numbers, namely, 5, 20 and 50 are chosen at 3
different axial positions along the downcomer,
which are the adjacent node to the upper plenum
junction, middle, and the node next to the lower
plenum junction, respectively. The comparison of
these results is given in Table 3. Important terms
are usually those of gravitation, liquid acceleration
and interfacial shear stress, whereas other terms
are order of magnitude smaller than above terms.
Among those terms the variation of liquid accel-

# of Qia Exp. 2—-1360 1-1356 2-1362 *2-1349
mesh (Exp) No 3.444kg/s 0.713kg/s 0.113kg/s 1.665kg/s
5 3.080 1.976 0.263 2.365
10 3.863 1.634 0.148 2.0
20 2.600 1.381 bypassed 1.665
50 2.086 1.063 bypassed 1.333
100 1.829 0.9250 bypassed 1.207

Table 3. Effect of Mesh No on Each Term in Momentum Eq.

Term | Mesh | Position Near upper plenum Middle Near lower plenum
No 5 20 50 5 20 50 5 20 50
a; 0.795 } 0.793 | 0.746 | 0.828 | 0.869 | 0.888 | 0.828 | 0.870 | 0.888
(P—Pgg 9010 | 9102 | 9005 | 9005 | 9005 § 9005 | 9003 | 9001 | 8999
£ Vi(dVi/dz) —3922|-5851|—6495[—1527|-873.2} —549 | —905 | 146 | 427
r(a(l—a)) 2563 | 2317 | 2311 | 2734 | 2418 | 2225 | 2860 | 2514 | 2302
P,V (dV,/dz) 48 | 721 [2380] 9.7 | -1.1 | -1.3 | 101.6 | 293 | 602
(P/a(l—a))(da/dz) -37.0 |-195.4{-5225! -8.7 | -55 | -34 | 85 | 239 | 48.0
(Twg/9)*+(T,/(1-a)) [-275]|-10.0| —-4.7 | -51.8 | -62.4 | —68.0 | -55.8 | —67.4 | -70.6
(Pu;/(1—a)) -05 | -27 | -35 | 23 34 3.7 23 3.0 29
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eration is particularly noticed at the adjacent node
to the upper plenum. Slight changes of this term
are also found at other points but the magnitudes
are so small that they may not affect significantly
on an overall momentum balance. Therefore, it is
presumed that the inconsistency concerned with
mesh number might result from the liquid accel-
eration term near the upper plenum. This fact
could be confirmed by dividing downcomer with
unequal mesh numbers instead of equal meshes.
So the downcomer is divided into 8, 4, 8 and 8,
24, 8 meshes at near the upper plenum, middle,
and near the lower plenum, respectively. The re-
sults are shown in Table 4 and 5 with equal
meshes, i.e., 20 and 50. It is obvious from these
results that the liquid delivery rate into the lower
plenum is sensitive to mesh size near the upper
plenum since the same mesh sizes near the upper
plenum give consistent values for the liquid deliv-
ery rates regardless of total mesh numbers,
however, only a different mesh size at this point
gives another.

5.2. Analysis for ‘CAPACITY’ Module in
CATHARE

A possible diagnosis for the observations caused
by inconsistency existing in the momentum equa-
tions may be an inadequate numerical representa-
tion of the junction between a capacity module
and an axial element. In CATHARE ‘VOLUME’

Table 5. Upper Plenum(2% Zmax=0.0035m)
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Table 4. Effect of Mesh No Distribution on Qg4

Mesh
No
Qi 1345 | 1.346 | 1.665 | 1.333
Mesh size | 0.0086 | 0.0086 | 0.0210 | 0.0084

848 |8248 20 50

module is presented by 2 sub—volume( o, o)
with a separation level Zc as shown in Figure 14.
For each sub-volume «(void Fraction), H;(liquid
enthalpy), Hq(gas enthalpy) are assumed uniform
and calculated pressures(P) are located at the
average elevation of each volume. However one
pressure equation represents the total volume.
The applied conservation equations are 2 mass
balance equations, 2 energy balance equations,
and 1 mass balance equation per noncondensable
gas. Two momentum equations are considered at
each junction while strongly simplified hydrostatic

pressure equation ;

Z
p—p* =(a" gt (l.—aT)P f)7
(3)

Zmax_zc
2
is used to determine separation level between two

+etef +1+at)rfg )

sub—volumes. Among terms comprising momen-
tum balance at the junction the finite—difference
form of velocity derivatives dV/dZ, which is essen-
tial part in the representation of the accelerational
pressure drop for a ‘VOLUME-TUBE’ type
junction(Fig.15) has the following form :

Term | Mesh | Position Near upper plenum Middle Near Lower plenum
No 848 8.24.8 8438 8.24.8 848 8248
q 0.747 0.746 0.889 0.888 0.887 0.887
(P—Pg)g 9013 9013 9004 9006 9022 9022
£, Vi(dVy/dz) —6482 —6492 -370 —485 570 651
t/a(l—a) 2306 2299 2250 2227 2306 2303
2, V,(dV,/d2) 229 229 -29 -1.9 817 812
P/ a(1—a))da/dZ) —506 ~506 -0.8 -2.8 61 62
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—-——=for outflow case M 4)
AZ+2%H
vi)
+~——rfor inflow case m (5)

where 2%H=2% of maximum height
So the accelerational pressure drop depends on
mesh size at ‘VOLUME-TUBE’ type junction and
thus gives different velocity distribution along the
downcomer as well as different liquid delivery
rates. The main problem encountered due to
mesh size really results from the dependence of
the velocity derivatives for an inflow case on the
axial mesh size. The ideal solution could be a
multidimensional approach, however, another
realistic approach would be to define a fixed
velocity at a fixed point inside the volume. For a
large volume zero velocity could be chosen as the
fixed velocity with relatively large distance. Figure
16 gives the consistent results with different mesh
numbers by choosing zero velocity at 25% of the

maximum height[6].
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Fig. 16. Results for Liquid Delivery Rates for Mesh
Number 3 and 10

5.3. Comparison with Experimental Data

Similar investigations are conducted to clarify
the discrepancy observed in Figures 10 and 11.
Since these results are obtained from saturated
ECCW injections and thus mass or energy ex-
changes are considered relatively unimportant, a
typical underestimated point at a low steam flow
and an overpredicted one at a high steam flowrate
are chosen to compare each term in momentum
conservation equations. The calculated results are
summerized in Table 6. Larger differences are
found in both liquid acceleration and interfacial
shear stress,however, the interfacial shear stress
varies consistently at different positions. A relative
contribution of the liquid acceleration to a press-
ure drop increases drastically at the adjacent node
to the upper plenum when the steam flow is low,
which leads a higher pressure drop resulting in a
low downcomer liquid delivery.

Another point is that a higher void fraction is
predicted for a higher steam flow rate and it re-
mains almost constant along the downcomer while
the void fraction for a lower steam flow near the
upper plenum is reduced about 20% from that
near the lower plenum. This fact represents steam
flowing upward is more accelerated for the lower
steam flow than for the higher one, probably due

to the lower interfacial friction which affects posi-
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Table 6. Effect of Steam Flow Rate on Each Term in Momentum Eq.(Qg,=3.6kg/sec)

Position Near upper plenum Middle Near lower plenum
Exp. No Steam flow | 2-1360 2-1358 -160 —1358 -1360 —1358
Terms 0.0391(kg/s){0.1141(kg/s)
Qul(Exp.) 3.44(kg/s) |0.326(kg/s)
Qi(CATHARE) 2.60(kg/s) | 0.918(kg/s)
a 0.692 0.851 0.836 0.902 0.842 0.898
(P—Pgg 9262 9248 9258 9242 9255 9238
P Vi(dV/d2) —~7489 —3933 —1805 -194 —431 359
t/a(1-a) 1016 4134 050 4083 1138 4193
P, Vi(dV/d2) 39.8 85.7 ~2.13 -2.62 132.4 568.9

tively on the steam flow. Since the term represent-
ing the interfacial friction is not affected by the
void fraction so sensitively, the interfacial friction is
considered underestimated comparing with the
acceleration term for a larger relative velocity,
which corresponds to the case of the lower steam
flow rate. According to the reference [7], the
interfacial shear steress is completely based on
Wallis drift flux model and somhow simplified due
to numerical reason.

Therefore the dominant discrepancy seems to
come from unrealistic representation on liquid
acceleration near the upper plenum because
downward liquid flow depends usually on the
momentum distribution at each junction in the
upper plenum. The volume average velocity and
the length which characterizes the velocity, which
comprise the eq. {5),are those of the key para-
meters to be improved in the acceleration term.
The interfacial shear stress is also to be examined
on a separated effect test with different relative
velocities for a better simulation including further
sensitivity studies.

6. Conclusions

Based on the calculational results, following
conclusions are obtained :
1. CATHARE does not predict the experimental
trend and magnitude well, specially for the
lower pressure(~2 bars), which results in the

under— and over—prediction of the liquid deliv-
ery rates(Qq) at lower and higher steam flow
rates, respectively. The code also under--esti-
mates the condensation phenomena in highly
subcooled case.

2. The numerical modelling of the CATHARE at
‘VOLUME-TUBEFE’ junction associated with the
volume average velocity and the correspond-
ing characteristic length in eq.(5) should be
improved through both numerical study and
experiment, since the effect of the liquid accel-
eration near the upper plenum is regarded as a
dominent factor affecting on the liquid delivery
rate.

3. The analysis of discrepancy observed at a low

system pressure(~2 bars) shows the under-
estimation of the interfacial shear stress com-

paring with the acceleration term for a larger
relative phasic velocity. Since the interfacial
shear stress is mostly composed of ex-
perimentally determined correlation, it is sug-
gested that the correlations be fitted on the
CREARE experiment first and then they would
be validated against a different scale experi-
ment.

4. Multi-dimensional analysis would be another
option to overcome problems related with
momentum distribution in the upper plenum in
order to analyze ECC injection into the core.

5. Quantitative sensitivity studies associated with
physical models are almost impossible with in
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a few years because most of such models are
usually based on the experimental correlations,
for which properly designed experimental facil-
ity does not exist in this country. Accorodingly,
an alternative approach would be studying the
experiments and modellings obtained from
other countries for a while until envimment for
such studies is matured enough.

6. The trends in Figure 10 and that in Figure 11
are different. This fact leads to the suspection of
either the inconsistencies of the experiments
or inadequate representation of the non-
—dimensional parameters in eq. (1) and (2). It
also requires another experiments with a diffe-
rent system pressure and the additional numer-
ical tests in the future.
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