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Abstract

The gravity driven emergency core cooling (ECC) systems are utilized as important components
of passive safety coolant systems of advanced reactors. Most of the published investigations
have been primarily concerned with the presentation of new concepts, a few of their computa-
tional analysis and even fewer studies have been addressed to the experimental investigation of
these systems.

PACTEL (Parallel Channel Test Loop) is an experimental out-of-pile facility designed to
simulate the major components and system behavior of a commercial Pressurized Water Reactor
(PWR) during different postulated LOCAs and transients /I/ . The reference reactor to the
PACTEL facility is Loviisa type VVER-440. The recently made modifications enable experi-
ments to be conducted also on the passive core cooling. In these experiments the passive core
cooling system consisted of one core makeup tank (CMT) and pressure balancing lines from the
pressurizer and from a cold leg connected to the top of the CMT in order to maintain the tank
in pressure equilibrium with the primary system during ECC injection. The line from the
pressurizer to the core makeup tank was normally open. The ECC flow was provided from the
CMT located at a higher elevation than the main part of the primary system. A total number of
nine experiments have been performed by now.

A preliminary series of experiments with gravity driven core cooling was conducted with
PACTEL facility in November 1992 /2/. The simulated transient was a small break loss-of-
coolant accident (SBLOCA) with a break in a hot leg. In these tests a rapid condensation of
vapor interrupted the emergency core cooling flow several times. This behavior was found very
difficult to model in the RELAP5 analysis of the experiments of the first phase. In order to
investigate this behavior more precisely, a second series of experiments with an improved
instrumentation of the facility was performed in November 1993 with a small break in a cold
leg. The tests indicated the that steam condensation in the CMT can prevent continuous ECC
and even lead to partial core uncovery. However, it should be underlined that these tests
presented here are not directly applicable to the safety analyses of any suggested design, because
of the major differences in the geometry between these concepts and PACTEL. Our objective
has been only to simulate the gravity driven ECC and thus to enhance the understanding of the
physical phenomena important in passive safety systems working with low differential pressures.

1. INTRODUCTION

Along with the normal evolution in LWR reactor designs several new interesting concepts have
been presented. These ALWR designs aim at plant simplifications and safety and operability
improvements. The principal tool being used to achieve a safer and simpler reactor is the use of
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passive system designs. Unfortunately, it is not easy to confirm that passive safety systems
operate as intended under all the relevant conditions. More work is needed to evaluate the extent
of improvements in safety which can be realized.

Experiments conducted with thermal hydraulic test facilities are of fundamental importance in
nuclear power plant safety research. At the Lappeenranta University of Technology (LUT) work
has been carried out in this field in co-operation with the Technical Research Centre of Finland
(VTT), for over fifteen years. This paper provides the presentation of gravity driven emergency
core cooling experiments with PACTEL, their analysis and discussion of the phenomena related
to the experiments. The recently made modifications enable experiments to be conducted also
on the passive core cooling.

2. PACTEL FACILITY

The PACTEL facility simulates the major PWR components and systems during small- and
medium-size break LOCAs. The facility consists of a primary system, the secondary side of the
steam generators, and emergency core cooling systems (ECCS). The reactor vessel is simulated
by a U-tube construction including downcomer, lower plenum, core and upper plenum.

The facility is a volumetrically scaled model of the 6-loop VVER-440 PWR (The Finnish
Loviisa plant being the reference) with three separate loops and 144 full-length, electrically-
heated fuel rod simulators arranged in three parallel channels. The fuel rod simulators are heated
indirectly.

The reference reactor has certain unique features differing from other PWR designs. The VVER-
440 has six primary loops with horizontal steam generators. Due to the construction of the steam
generators the driving head for the natural circulation in small break LOCAs is relatively small.
The primary loops have loop seals in both the hot and cold legs. The loop seal is a U-shaped
bend in the leg piping connecting the steam generator to the pressure vessel. It is interesting to
note in the current context that the basic design of the VVER-440 reactor exhibits certain
inherent safety features that are again found by the new designs. The reactor core has low power
density and the primary circuit water inventory is large relative to the power. These
characteristics ensure smooth behaviour in transient conditions.

Volumetric scaling (1:305) preserving the elevations has been applied in the PACTEL design.
Maintaining system component heights and elevations is important for realistic simulation of
small break and natural circulation transients. The main characteristics of the facility are
presented in Table I.

3. PACTEL MODIFICATIONS AND TEST MATRICES FOR PASSIVE CORE COOLING
EXPERIMENTS

The passive core cooling system used in the experiments consists of one core makeup tank and
pressure balancing lines from the pressurizer and from a cold leg connected to the top of the
core makeup tank in order to maintain the tank in pressure equilibrium with the primary system
during injection. The line from the pressurizer to the core makeup tank is normally open. The
core makeup tank is located above the reactor coolant loops and steam generators, so the motive
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TABLE I. MAIN CHARACTERISTICS OF PACTEL FACILITY

Reference power plant VVER-440
Volumetric scaling factor 1:305
Scaling factor for elevations 1:1
Number of primary loops 3
Maximum heating power 1 MW
Number of fuel rod simulators 144
Outer diameter of fuel rods 9.1 mm
Heated length of fuel rods 2420 mm
Axial power distribution chopped cosine
Axial peaking factor 1.4
Maximum temperature of fuel rods 800 °C
Maximum primary pressure 8.0 MPa
Maximum operating temperature 295 °C
Maximum secondary pressure 4.65 MPa

force for injection is the gravity head, Figure 1. The makeup tank used limits the primary
pressure to 5 MPa in the experiments. Since the PACTEL facility is not a model of any of the
proposed passive ALWR designs, the modifications in the facility are intended only to simulate
the gravity driven flow to the primary system. Neither automatic depressurization system (ADS)
nor special valves are simulated. The primary system is depressurized from the pressurizer relief
valve.

3.1 First series of experiments

The first stage of each experiment involved heating the facility to the proper temperature. Before
the tests the core power was set to 80 kW corresponding to 1.8% of the 1375 MW thermal
power of the Loviisa reactor. The fluid temperature and pressure reached a quasi steady state
near 220 °C and 40 bars and at this point the pressurizer heater power was reduced to 2 - 4 kW.
These conditions were maintained for about half an hour permitting the fluid to attain a more
uniform temperature and allowing the heat losses through flanges and support structures to
approach an equilibrium. The SG feedwater injection was adjusted manually to keep the water
level in the SGs constant. Because of the large water inventory on the secondary side no fast
automatic control was needed. Before each experiment, the CMT was filled to the top with
water at a temperature and pressure of about 40 °C and 38 bar, respectively.

The experiments were started by opening the break simulation valve in hot leg number 1 at time
t = 0s. Three different break sizes ( 0 2, 4 and 6mm) were used. Simultaneously with the break
valve opening, the ECC line valve and the cold leg PBL valve were opened. The power of the
pressurizer heaters was turned off. The first two tests, GDE01 and GDE02, were terminated
when a rapid condensation of vapor in the CMT vapor space depressurized the CMT. Check
valves prevented the collapsed vapor space in the CMT to be filled with liquid drawn from the
ECC line. In order to investigate the flow restrictions in the ECC line the armature of the line
was varied during the three first tests. Neither the primary system nor the secondary system
were depressurized by the operator in the GDE01 and GDE02 tests.

In tests GDE03, GDE04, and GDE05 the secondary side valve was also opened. The primary
system was depressurized in stages through the pressurizer relief valve before the anticipated
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CMT flow interruption in the GDE03 and GDE04 tests. For the large 6 mm (in dia.) break in
the GDE05 test no extra depressurization was needed. These three tests were terminated when
a thermal hydraulic status quo and a low pressure level was reached.The first series consisted
of five experiments, Table II.

Figure 1. Component elevations in the passive ECC system of the PACTEL.

3.2 Second series of experiments

The gravity-driven emergency core cooling system (ECCs) behaviour was investigated more in
the second phase of the tests with particular emphasis on break location, pressure reductions,
reproducibility of the condensation manouvered experiments and system operation for the case
of a small break LOCA. The major parameters and phenomena of concern during experiments
are the break mass flow rate and the associated total primary coolant mass inventory, coolant
distribution, different types and alternate paths of natural circulation in the loops, condensation
and related heat transfer characteristics. For the second set of experiments the instrumentation
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TABLE H. TEST MATRIX/PHASE 1

DESCRIPTION

GDEOV
low power
(< 80 kW) 2.0% (4
mm) hot leg break
with gravity driven
ECC.

GDE02/
2.0% (4 mm) hot leg
break with gravity
driven ECC.

GDE03/
2.0% (4 mm) hot leg
break. Gravity driven
ECC with sudden
depressurization of
primary system.

GDE04/
2.0 % (2 mm) hot leg
break. Gravity driven
ECC with sudden
depressurization of
primary system.

GDE05/
4.4% (6 mm) hot leg
break. Gravity driven
ECC.

FORESEEN PHENOMENA/AIMS

Investigation of the btowdown
process at low pressure.Gravity
driven ECC effectiveness. Flow
regimes. Phase separation and
stratification. Condensation. Break
flow. Coolant distribution.

As above.

Effect of primary side
depressurization.

Effect of break area.

As above.

NOTES

For all of PCC-tests initial primary
pressure = 40 bars. Steady-state
initial conditions.

Initial conditions as above.
Minimized flow restrictions in the
ECC line.

As above. Primary and secondary
side depressurization. Optimized
flow restrictions in the ECC line.

As above.

As above. No depressurizations.

of the facility was improved. In order to investigate the temperature stratification in the CMT
ten thermocouples were installed to the upper part of the CMT, Fig 2. The water level in the
CMT was measured with a pressure difference transducer. One loop of the three loop facility
was isolated. When compared to the first series of experiments, the main differences are that the
second series was carried out with two active loops, insulated PBLs and an improved instru-
mentation in the CMT.

The experiments were started by opening the break simulation valve in cold leg number 1 at
time t = Os. Two different break sizes (0 4 and 2mm) were used. Simultaneously with the break
valve opening, the ECC line valve and the cold leg PBL valve were opened. The power of the
pressurizer heaters was turned off. The first two tests, GDE11 and GDE12, were terminated by
operator at t= 3000s. Neither the primary system nor the secondary system were depressurized
by the operator in the GDE11 and GDE12 tests.

In test GDE13 the secondary side valve was also opened and the primary system was
depressurized in stages through the pressurizer relief valve before the anticipated CMT flow
interruption. This test was terminated at t=2000s by the operator.
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Fig. 2. Temperature measurement in the CMT tank.
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For the small 2 mm (in dia.) break in the GDE14 test no depressurization was used. A high
water level in the pressurizer was used in the initiation of the test in order to achieve circulation
through the CMT in the early stage of the transient. The test was interrupted immediately after
the condensation initiation at t=117Os. The test matrix is presented in Table III.

TABLE IE. TEST MATRIX FOR PASSIVE CORE COOLING EXPERIMENTS

TEST MATRIX/PHASE II

TEST/
DESCRIPTION

GDE11 /
low power
(<80kW), 2.0%
(4 mm) cold leg
break with
gravity driven
ECCS.

GDE12/
2.0% (4 mm)
cold leg break
with gravity
driven ECCs.

GDE13/
2.0% (4 mm)
cold leg break
with gravity
driven ECCs.
Sudden
depressuriza-
tion of the
primary system.

GDE14/
0.5% (2 mm)
cold leg break
with gravity
driven ECCs.

FORESEEN PHENOMENA/AIMS

Gravity driven ECC effectiveness.
Flow regimes. Phase separation and
stratification. Condensation. Break
ftow. Coolant distribution.
Investigation of the blowdown
process at low pressure. Break
location.

As above. Reproducibility.

Effect of depressurization.

CMT natural circulation.
Effect of break size.

NOTES

For all PCC-tests pressure = 40
bars. Steady-state initial conditions.
No depressurization of the primary
or the secondary system.

As above. Initial conditions as well
as possible same as above.

As above. Depressurization of the
primary and the secondary
systems.

As above without depressurizations.
High pressurizer level at test
initiation.

4. THE RELAP5 REPRESENTATION OF PACTEL

A base RELAP5/Mod3 input deck for PACTEL was modified to include the gravity driven
emergency core cooling system. The additions included the CMT and associated pressurizer and
cold leg pressure balancing connections. The model was composed of 257 hydrodynamic vol-
umes, 284 junctions, and 394 heat structures. Although this input served as a starting point for
the calculations, many modifications were made to it during the course of the analysis.
Revisions were made to the original model as new information became available and as input
deficiences were discovered. Those modifications that were expected to have the most effect on
these calculations, and the corresponding input changes are discussed next.

In the CMT, modelled as a cylinder, the effect of nodalization was investigated by changing the
number of CMT nodes. These calculations showed that there was no significant difference
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between 2, 5 and 10 node CMT models for the overall CMT behavior. However, the amount of
rapid depressurizations of the CMT varied between 2, 5 and 10 node models and none of the
models corresponded to the amount or timing of the depressurizations in the tests. The results
with a CMT modelled as a branch did not give any prediction for rapid pressure drops in the
CMT.

It was also found that the modelling of pressure losses in the PBLs had a significant effect on
CMT depressurization behavior. Unfortunately no measured data was available for pressure
losses in the PBLs. A sensitivity study on pressure losses in the cold leg PBL, pressurizer PBL,
and the ECC line was performed and it was found that depressurization modelling was very
sensitive especially for the value of pressure loss in the cold leg PBL.

The junctions between the cold legs and the downcomer, and between the upper plenum and the
hot legs were at first modelled as crossflow junctions, but later modified as normal junctions in
order to achieve realistic flow paths and water levels in the upper plenum and the upper part of
the downcomer. The modelling of these junctions also had an effect on the heat loss distribution
in the primary system and this way to the primary pressure when the coolant flow was near
stagnation.

The subcooled discharge coefficient at the break was also varied for a better presentation of the
leak mass flow of the experiments.

5. COMPARISON OF TESTS AND COMPUTATIONS OF THE FIRST TEST SERIES

The test results from the transients performed in the PACTEL loop were compared to computer
simulations by the RELAP5/Mod3 program. The actual starting steady state conditions in
individual tests were used as input to the computer simulations. All the calculated transients
began with the opening of the break valve. Also the ECC line valve and the cold leg PBL valve
were opened simultaneously. Condensation of steam in the CMT was observed in all
experiments.

In the calculation of the GDE01, there were five rapid pressure peaks against the measured one
at 1860 s, Fig 3. The experiment was terminated after this. It was found that changing the
maximum time step had an effect on the peak appearance. On the other hand, RELAP5 changed
the flow chart from vertically stratified flow to bubbly flow in the CMT at the initiation of
condensation. Also the pressure of the pressurizer, the ECC flow and the vapor content of the
upmost CMT node increased at the condensation initiation.

The best approximation for the condensation induced pressure peaks was achieved in the
modelling of GDE03 experiment, where also the oscillatory period after the condensation was
modelled, Fig 4. However, there were extra pressure peaks also here.

6. EXPERIMENTAL RESULTS FROM THE SECOND TEST SERIES

In the second series of experiments condensation behavior differed a lot from that observed in
the preliminary tests. As the ECC flow in the first tests stopped totally several times because of
rapid and very short condensations there was now only one condensation phase which lasted
much longer. Good reproducibility was achieved in GDE11 and GDE12 test. The CMT
pressures in GDE11 and GDE12 tests are shown in Fig. 5. In both experiments there was a
condensation phase starting at about 1700s and lasting for 300s.
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The operator activated primary system depressurization in stages affected to the total collapse
of the vapour space, because in the GDE13 test there were three short condensations observed
in the CMT, Fig. 6.
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Fig. 5. The CMT pressures in GDEll and GDE12 tests
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Fig. 6. The CMT pressure in GDE13

The first condensation was already at t= 1100 straight after the depressurization initiation.
Similar period of short condensations were observed in the experiments of first series in both
experiments with or without depressurizations. This behavior was found difficult to model in the
RELAP5 analysis of the experiments of the first phase /3/. During the long condensation period
in the GDEll and GDE12 experiments the water level decreased to the top of core and even
slightly below. The uncovery lasted only a short time and no significant heat-up in the core was
found. In the GDE13 and GDE14 experiments no core uncovery was found.

A very steep vertical temperature gradient was formed inside the CMT in all tests. Fig. 6. shows
that the temperature difference just before the condensation in the GDEll experiment was 180
K in a water layer 0.15 m thick (the thermocouple numbering corresponds to that shown in Fig.
2.).
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An effort for preventing the rapid condensation was done by carrying a thick, insulating level
of hot water to the CMT with a natural circulation loop formed between the CMT and the
primary system via the cold leg PBL and ECC line. For this reason the water level in
pressurizer was set high and a small break size was chosen at the GDE14 test initiation. This
natural circulation phase of the CMT was also in the ROSA-V/LSTF experiment /4/. With these
preconditions a short natural circulation phase was then observed in the GDE14 experiment.
However, this natural circulation phase was not effective enough to form a sufficient layer of
hot water in the CMT. In PACTEL the total water volume above the CMT is small since there
are horizontal steam generators.
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Fig. 7. Temperature distribution in the CMT at GDE11 test

7. CONCLUSIONS

No core uncovery was found in any of the tests of the first series. However, the emergency core
cooling flow from the core makeup tank was stopped when rapid condensation collapsed the
core makeup tank pressure. The tank repressurized rather quickly and the emergency core
cooling flow was provided until the next condensation phase.

In the second series of experiments only two of the three loops of the facility were used as in
the first series of experiments all the loops were active. The break was now located to the cold
leg and two different break sizes were used. In one of the tests both the primary system and the
secondary system were depressurized. In all the four experiments performed steam was flowing
into the CMT and then later condensed to the cold water of the CMT. There were striking
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changes in the vertical temperature gradient of the CMT. It was experienced that condensation
was then initiated easily by steam or water flow from the PBLs as the steep stratification in the
CMT was broken. Especially the changes in water level in the pressurizer seemed to be
responsible for most of the condensation periods.

We have also simulated the first five gravity driven core cooling experiments with
RELAP5/mod3.1. The comparison of calculations and experiments show a good agreement both
in magnitude and time of occurrence for most of the different physical events. The main
observed discrepancy was due to limitations in the RELAP5 code to accurately predict rapid
condensation in the CMT. The most critical aspect in the calculational results was that the
appearance of condensation was dependent also on computational features, such as the time step
and the nodalization.

Condensation of steam in the CMT could be avoided with some technical arrangements in the
test facility. However, even though improvements were made to gravity driven ECC systems,
we cannot guarantee that current computational models will provide accurate answers.
Therefore, to build this confidence more experimental data has to be obtained and new
computational models developed.
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