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Abstract

A number of test series to investigate passive safety systems for the next generation of Light Water
Reactors have been performed in the PANDA facility at the Paul Scherrer Institute (PSI). The large scale thermal-
hydraulic test facility allows to investigate Passive Containment Cooling Systems (PCCS) and the long-term
containment behaviour after a Loss of Coolant Accident (LOCA). After successful completion of the ALPHA
phase-I test series, where the PCCS performance of the Simplified Boiling Water Reactor (SBWR) was examined,
phase-II was initiated in 1996 with new projects, all with international participation (EC Fourth Framework
Programme on Nuclear Fission Safety). One of these projects is entitled ,,Technology Enhancement for Passive
Safety Systems" (TEPSS). TEPSS is focused on the European Simplified Boiling Water Reactor (ESBWR). Several
new containment features and PCCS long-term response under different LOCA scenarios were investigated in
PANDA. The PCCS start-up was demonstrated under challenging conditions. The effect of nitrogen hidden
somewhere in the drywell and released later in the transient was simulated by injecting air for a certain period into
the drywell. The effect of light gases on the PCCS performance was investigated by helium injection to the drywell.
Finally, the influence of low PCC pool levels on PCCS and containment performance was examined. The main
findings were that the PCCS works as intended and shows generally a favourable and robust long-term post LOCA
behaviour. The system starts working even under extreme conditions and trapped air released from the drywell later
in the transient does only temporarily reduce the PCCS performance. The new PANDA test series provided an
extensive data base which will contribute to further improve containment design of passive plants and allow for
system code assessment in a wide parameter range.

1. INTRODUCTION

The Paul Scherrer Institute initiated in 1991 the experimental and analytical program
ALPHA (Advanced Light Water Reactor Passive Heat Removal and Aerosol Retention Program)
[1]. The objectives of this program are to investigate long-term decay heat removal and aerosol
transport for the next generation of passive light water reactors. During phase I of this program
the long-term LOCA response and performance of the Passive Containment Cooling System
(PCCS) of the General Electric (GE) Simplified Boiling Water Reactor (SBWR) were
investigated. The ALPHA I program included four major parts: the large scale, integral system
behaviour test facility PANDA; an investigation of natural convection and mixing in pools and
large volumes (LINX Experiment); a separate-effect study of aerosol transport and deposition in
headers and tubes of passive containment coolers (AIDA Experiment); finally, the data from the
PANDA facility and supporting separate effects tests were used to develop and qualify models
and provide validation of relevant system codes. After completion of ALPHA I, phase II was
initiated in 1996 with three new projects, all with international participation (European
Commission, Fourth Framework Programme on Nuclear Fission Safety). Different types of
passive containment cooling systems for different advanced light water reactor concepts were
investigated in the existing facilities PANDA, LINX and AIDA. One of these new projects is
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entitled "Technology Enhancement for Passive Safety Systems" (TEPSS) [2]. TEPSS is focused
on the European Simplified Boiling Water Reactor (ESBWR). The project has three Work
Packages (WP). In WP1 suppression pool mixing and stratification phenomena in large pools are
investigated in LINX. The innovative passive decay heat removal system was tested in PANDA
(WP2). The deposition of aerosols in condensers was investigated in AIDA (WP3). The project is
being conducted by partners from the Netherlands (ECN, Stork NUCON BV, KEMA), Spain
(CIEMAT, Universities of Valencia and Catalonia) and Switzerland (PSI). The 1190 MWe
ESBWR is a design evolution of the 670 MWe SBWR and utilizes the modular design of passive
safety systems. Because of the power up-rate, several technology enhancements became
necessary. In order to simulate the ESBWR configuration the PANDA facility was modified
accordingly. A test matrix has been defined and ESBWR system calculations were performed by
the project partners to establish the test initial conditions. Pre-test calculations were done with
different system analysis codes. The PANDA test series started in December 1997 and was
completed in March 1998. The main objectives of the tests were the experimental investigation
of the new containment features and to provide a data base for system code assessment and
analysis of particular phenomena. Post-test calculations with different computer codes (RELAP5,
TRAC-BF, MELCOR and GOTHIC) were performed by the project partners.

2. ESBWR CONTAINMENT CONFIGURATION AND PASSIVE SAFETY SYSTEMS

The ESBWR is being developed by an international team of utilities, designers and
researchers. The plant is designed to meet the requirements formulated in the European Utility
Requirements Document for future light water reactor power plants. The plant uses the modular
design of the SBWR passive safety system [3] and takes advantage of the economy of scale. As
can be seen from Figure 1, the advanced containment system has several new features. A major
change is related to the passive emergency core cooling system. The gas space above the Gravity
Driven Cooling System (GDCS) water pool is now connected to the wetwell gas space instead of
the drywell. As a consequence, the wetwell gas space volume increases during the GDCS
injection phase, as water drains from the GDCS pools to the reactor pressure vessel. The
increasing wetwell (WW) volume provides more pressure margin for a given WW size. This also
allows for more efficient use of the GDCS pool and WW gas space volumes, leading to a more
compact containment design and improvement of overall plant economics. Another design
change has been made to the PCCS. Because the GDCS pool is now part of the wetwell, it was
necessary to reroute the PCC condensate flow. The drain flow now goes directly from the PCC
lower headers to the reactor pressure vessel. This new arrangement is also shown in Figure 1.

3. PANDA - AN INTEGRAL CONTAINMENT TEST FACILITY

PANDA is a scaled thermal-hydraulic test facility for investigating passive decay heat
removal systems for the next generation of Light Water Reactors (LWR). The PANDA facility
was first used to investigate the LOCA containment response of the Simplified Boiling Water
Reactor (SBWR). As shown in Figure 1, PANDA has a modular structure. The relevant LWR
containment volumes are simulated by six cylindrical pressure vessels representing the Reactor
Pressure Vessel (RPV), Drywell (DW), Wetwell (WW) and Gravity Driven Cooling System
(GDCS) pool. Four rectangular pools open to the atmosphere contain three Passive Containment
Coolers (PCC) and one Isolation Condenser (IC). One PCC is connected to DW1 and two units
are connected to DW2. The Isolation Condenser (IC) is connected to the RPV. Both the drywell
and wetwell are simulated by two vessels. The two drywell vessels are interconnected by a large
diameter pipe. The wetwell has two large interconnecting lines: one in the gas space and the
second connecting the two suppression pools. This arrangement allows for investigation of three
dimensional effects, such as the distribution of steam and non-condensable gases and mixing
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within the containment. The vessels, pools and condensers are interconnected by system lines.
The pressure loss characteristics of these lines can be adjusted to the required values by
exchangeable orifice plates. This arrangement provides flexibility to investigate a variety of
containment designs and passive decay heat removal concepts. The total volume of the vessels is
about 515 M3 and the height of the facility is 25 m. The installed heater power in the reactor
pressure vessel is 1.5 MW and the facility is designed for 10 bar and 180 °C maximum operating
conditions. Auxiliary systems can supply water, steam, and gas to any vessel. The primary
purpose of these systems is to establish the proper test initial conditions (temperature, pressure,
gas concentration and water inventories). Experience from the previous test series has
demonstrated that the specified initial conditions can be matched very precisely (e.g.
temperatures better than ± 2 K). Under certain circumstances, auxiliary systems may also be used
during a test. The facility is controlled with a Programmable Logic Controller (PLC) system,
which is governed by a work station-based graphical display Man/Machine Interface with online
data visualization. More than 600 sensors are installed in the facility for measuring temperatures,
pressures, pressure differences, pool levels, flow rates, gas concentrations, fluid phases and
electrical heater power. The measurements are sampled with an integrated data acquisition
system, which includes data conversion to engineering units. The data are forwarded to a work
station based storage system, which provides capabilities for on-line and off-line time history
representation of measurements. The data are finally transferred to the PANDA experimental
data base.

A detailed scaling analysis was performed for the PANDA SBWR-related test program.
This scaling study has been updated by Stork NUCON for the new ESBWR test series relating to
a higher power level reactor plant design with its slightly altered passive decay heat rejection
systems. The main results of the study were: The ratio between the corresponding scales of
prototype and PANDA is ~ 1:40 for power and volume. The relevant heights are ~ 1:1.
Prototypical fluids under prototypical thermodynamic conditions were used in PANDA; the
nitrogen initially filling the containment was, however, replaced by air. The hydrogen released in
case of a severe accident was simulated by helium. A number of facility characterisation tests
were performed to obtain data about mass leak rates, heat losses and system line pressure losses
[4]-

4. TRANSIENT SYSTEM TEST MATRIX

The main objective of the PANDA test program was to make a significant contribution to
the technology enhancement of passive safety systems by experimentally investigating the new

. containment features of the ESBWR design. The first test (PI) represents the "Base Case Test"
which is a simulation of the long-term PCCS cooling phase following a LOG A caused by a Main
Steam Line Break (MSLB). Perturbations are made to this basic test to assess the effect of
specific systems, PCCS start-up, system interactions, and to investigate three-dimensional effects
such as the distribution of steam and noncondensable gases (air and helium) within the
containment. The test matrix includes eight transient system tests (PI to P8). The main
characteristics and the facility configurations for the individual tests are given in Figure 2.

5. TEST RESULTS

The "Base Case Test" PI started with initial conditions which correspond to the status of
the system at one hour after main steam line break initiation. At that time the RPV was
depressurized, the GDCS injection phase was over and steam production caused by decay heat in
the RPV had resumed. The initial system pressure was roughly 2.5 bar. The facility configuration
(Figure 2) was as follows: The break flow from the RPV was directed equally to both dry wells
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and all three PCC units were connected to the DWs. The RPV heater power followed the scaled
decay heat curve. The test duration was 20 hours. The "PCC Pool Boil Down Test" P8 was
performed as an extension of PI. The objective was to investigate the effect of low PCC pool
levels on the PCCS performance and containment behaviour in the case where the PCC pools
would not be refilled after the ,no operator action" period and the pools would boil off further.

The PCCS started working immediately after test PI was initiated. The main vents
cleared during the first 20 minutes into the test. After that the PCCS removed all decay heat. The
PCC vent lines cleared during the first half hour after test initiation. There was no significant
energy addition to the suppression pool over the duration of test PI. Figure 3 shows the RPV,
DW and WW pressure responses. About 3.5 hours after test start the DW pressure had dropped
below WW pressure and the vacuum breaker between DW1 and WW1 opened for a short time.
The air content of the drywell increased momentarily and the condensation rate of the PCCs were
temporarily reduced because of air accumulation in the PCC tubes. Consequently, the DW
pressure rose to the initial value and then remained almost constant for the first 15 hours into the
test. Later on, the pressure slightly decreased until the end of test PI. Figure 4 shows the water
levels in the hydraulically isolated PCC pools. At about 10 hours into the test the PCC tubes
started to be partially uncovered (top of PCC tube bundle is at 2.8 m). At the end of test PI only
0.60 m of the 1.75 m long PCC tubes were covered with water. The partially uncovered tubes to
the end of PI did not adversely impact the overall system performance, because there was still
more than enough heat transfer area available to condense all the steam. The water levels in all
three PCC pools dropped fairly equal, indicating that each PCC took roughly the same load. This
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is also confirmed by the measured feed flows to the individual PCC units. The "Base Case Test"
PI has demonstrated a favourable and robust long-term PCCS and containment behaviour.

The "PCC Pool Boil Down Test" P8 was run as an extension of PI. During test P8 the
RPV heater power was kept constant at the scaled decay heat level reached at the end of PI (570
kW). The initial PCC pool levels were roughly 1.65 m. For the first 2 hours into test P8, the
PCCS was able to condense all the steam from the containment. At the end of this period the
PCC pool levels had dropped to 1.45 m and only 0.4 m of the PCC tubes were still covered with
water. That means that 23% of the 1.75 m long PCC tube bundles were sufficient to remove 570
kW from the containment. Two hours into test P8, the RPV water level started to drop
significantly faster than before, indicating that less condensate from the PCCs returned to the
RPV. The PCC vent phase detectors indicated frequent flow from the PCC lower drums through
the PCC vent lines down to the suppression chamber. As a consequence of the excess steam
vented to the suppression pool, the water temperatures in the upper pool region and the WW gas
space temperatures started to rise. This finally resulted in an increasing system pressure (Figure
3). The test was completed after the PCC pool levels reached the top of the PCC lower drums.
The "PCC Pool Boil Down Test" demonstrated that the PCCs are able to take a significant
amount of decay heat from the containment, even at very low PCC pool levels.

Test P2 is the "Early Start Test". The test objective was to provide data for the transition
period from the GDCS injection phase to the long-term PCCS cooling phase of the post-LOCA
transient. The test initial conditions for P2 were established based on the predicted state of the
ESBWR at 20 minutes into the LOCA. At that time the water level in the RPV was low and
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subcooled water from the GDCS pool was draining to the RPV, suppressing steam production in
the RPV. Immediately after test initiation the pressure in the drywell dropped below wetwell
pressure and the vacuum breakers opened. After GDCS flow to the RPV had stopped, the steam
production finally recovered and the PCCS started to operate. After a short period with main vent
clearing, all decay heat was removed equally by the three PCC units. The biased open check
valve in the GDCS drain line allowed some back flow from RPV to the GDCS pool. Later, this
water was drained back to the RPV, causing an other vacuum breaker opening at 7000 seconds
into the transient. The overall system behaviour was not affected by the vacuum breaker opening
and there was no significant energy deposition in the wetwell. Test P2 has successfully
demonstrated the transition period from the GDCS injection phase to the long-term PCCS
cooling phase.

Test P3 is the "PCCS Startup Test". The test initial conditions were quite different from
the other P-series tests. The drywell and the condensers were initially filled with air. The system
pressure was roughly 1.3 bar (instead of 2.5 bar) and the DW temperature was about 30 °C
(instead of 130 °C). The RPV heater power remained constant throughout the test (0.85 MW).
Immediately after test initiation the PCCS started purging the air from the drywell to the wetwell.
The drywell was heated up and pressurized to the "normal" post LOCA conditions within the
first 5000 seconds. Then the main vents started to clear because only two PCCs were not
sufficient to take the whole heat load. Because of this continues energy transfer to the wetwell,
the system pressure increased slightly until the end of test. Test P3 successfully demonstrated the
PCCS start-up under extremely difficult conditions.

The "Trapped Air Test" P4 investigated how trapped air somewhere in the DW and
released later in the transient does affect the PCCS performance. The release of non-condensable
gas was simulated by injecting air to the top of DW1 for a period of 30 minutes. The initial
conditions and the facility configuration were the same as for the "Base Case Test". The test
duration was 8 hours. Before air injection was initiated the test showed the same system
behaviour as the "Base Case Test". At four hours into the test, system pressure started to
increase, caused by the injected air. The PCCS heat removal capability was slightly reduced by
the non-condensable gas. After the injection phase was completed the air was purged from DW
to WW and the system showed again normal long-term PCCS operation. Trapped air, released
from DW later in the transient, only temporarily affected the PCCS performance.

Test P5 is the "Symmetric Case with Two PCCs only". As shown in Figure 2, each DW
had one PCC connected and the break flow was directed equally to both drywells. The initial
conditions for this test were the same as for the "Base Case Test". During the first 4 hours of test,
two PCCs were not able to remove all decay heat from the drywell, therefore, the main vents to
the suppression pool cleared and energy was transferred to the WW. Consequently, the WW
pressure slightly rised. Like in test P4, air was injected to DW1, starting at 4 hours into the
transient for a period of 30 minutes. As could be expected the PCCS heat removal capability was
temporarily reduced until the injected air was transferred from DW to the WW gas space.

The objective of test P6 was to examine the interaction between the IC operating in
parallel with all PCC units. In addition, the effect of drywell to wetwell bypass leakage on
containment performance was investigated. The facility configuration is shown in Figure 2. The
steam produced in the RPV was directed to the IC and via the drywells to the three PCC units.
Four hours after test initiation the vacuum breaker bypass leakage path was opened. The IC was
shut off 7 hours after test start. The duration of the "Systems Interaction Test" was 12 hours.
During test phase 1 when the IC was operational and there was no DW to WW leakage, the IC
took roughly one third of the total decay heat load. The DW to WW pressure difference was
continuously reduced. During phase 2 the IC was in operation and DW to WW leakage path was
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open. Because of the small DW to WW pressure difference there was no relevant leakage flow
and the system pressure remained almost constant. At the beginning of phase 3 the IC was shut
off. The three PCC units immediately took over the additional load and the DW to WW pressure
difference rised (to approximately the PCC vent line submergence head). As a consequence the
DW to WW leakage flow first increased, causing a continuous drop in DW pressure and
accordingly decreasing DW to WW pressure difference. To the end of the test, both, pressure
difference and bypass flow vent to zero. The PCCS removed all decay heat under these
conditions. In summary the ICS operation in parallel with the PCCS had positive effect on
overall system behaviour and DW to WW leakage did not cause a relevant system pressure
increase.

P7 is the "Severe Accident Test". The objective was to investigate the PCCS performance
under a severe accident scenario were one PCC unit was not operable and considerable quantities
of hydrogen were released. The hydrogen release was simulated by injecting helium to the
drywell later in the transient. Only the two PCCs connected to DW2 were available for decay
heat removal and all break flow was directed to DW2. As can be seen from Figure 2, P7 had
extremely asymmetric conditions. The PCC units started working just after test initiation. For the
first two hours only two PCCs were not able to take the whole heat load. Consequently, the DW
to WW pressure difference increased until the main vent lines began to clear. About 3 hours into
the test, the DW pressure started to drop because of decreasing decay heat power and PCC over
capacity. The first phase of test P7 (before helium injection) demonstrated that only two out of
three PCC units in operation cause an extended main vent clearing period with accordingly
higher energy transfer to the wetwell. Consequently, the temperatures in the wetwell increased
and with it also the WW pressure continuously rised. Four hours after test start the helium
injection phase was initiated. Cold helium (at room temperature) was injected with a flow rate of
4 g/s to the top of DW1 for a time period of 2 hours. Immediately after helium injection was
initiated the topmost thermocouple in DWI gas space showed a sharp drop in temperature by
more than 20 °C. The "cold" helium front moved downwards in DWI. About 1 hour after helium
injection started the region between DW top and the connecting line between the two DW
vessels was filled with helium. Then the helium began to flow from DWI to DW2 through the
connecting line. The temperatures in the lower region of DWI remained roughly at saturation
temperature. The gas temperatures in DW2 indicated that DW2 was well mixed all the time.
From the measured PCC tube gas temperatures it was clear that the PCC performance was
negatively affected once the steam/helium mixture reached the condensers. This was also
confirmed by the reduced PCC condensate flow rates. The pressure difference between DW and
WW increased continuously. About 50 minutes after helium injection was initiated the main vent
lines began to clear for a period of roughly 30 minutes. After the helium injection phase was
completed, there was still some helium flow from DWI to DW2 and the system pressure
increased slightly until the end of test. From the measured PCC fluid temperature distribution it
was concluded that the helium accumulated in mid to upper region of the PCC units. This is
because the upward buoyant forces overcome the downward flow forces. All the steam/air tests
showed a different behaviour. The air accumulated in the PCC lower region and the steam/air
interface moved in a self adjusting process, in order to maintain always sufficient heat transfer
area. Test P7 demonstrated that helium injected to the drywell later in the transient affected the
performance of PCCS and containment. The test also showed that the PCCS behaves slightly
different depending if a light or heavier gas than steam is entering the condensers. Additional
investigations would be necessary to come up with final conclusions.
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6. CONCLUSIONS

A series of eight transient system tests were performed in the PANDA facility to
investigate the performance of the passive containment cooling system of the European
Simplified Boiling Water Reactor. The main findings are summarized as follows. The PCCS
showed generally a favourable and robust long-term post LOCA behaviour. The PCCs started
working even under extreme conditions. Also, the transition period from the GDCS injection
phase to the PCCS long-term operation phase has been successfully demonstrated. Trapped air
somewhere in the drywell and released later in the transient did only temporarily reduce the
PCCS performance. Helium injected to the drywell later in the transient did adversely affect the
PCCS performance. This is an issue which would need more detailed investigation. The effect of
drywell to wetwell leakage on system behaviour was moderate (at least in the investigated
parameter range). The operation of the isolation condenser system in parallel with the passive
containment cooling system had positive effect on the overall system behaviour. Finally, it was
demonstrated that the PCCS was still able to remove a remarkable amount of decay heat from the
containment after the PCC pool boil-off exceeded the expected inventory loss over the ,no
operator action period". In summary, the test series successfully demonstrated that the passive
decay heat removal systems operate as intended under different accident scenarios. The extensive
data base will contribute to further improve containment cooling systems and containment design
of passive plants and allow for system code assessment in a wide parameter range.
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