
SWR1000 RELATED CONTAINMENT COOLING SYSTEM TESTS IN PANDA

J. DREIER, C. AUBERT, M. HUGGENBERGER, HJ. STRASSBERGER
Thermal-Hydraulics Laboratory,
Paul Scherrer Institute,
Villigen XA0055020

G. YADIGAROGLU
Swiss Federal Institute of Technology,
ETH-Zentrum/CLT,
Zurich

Switzerland

Abstract

Since 1991 the Paul Scherrer Institute has participated in the investigations of several of the new
passive Advanced Light Water Reactor designs proposed world-wide. The current phase of the project,
ALPHA-II, is focused on both the boiling water and the pressurized water reactor passive designs and consists
of three projects under the sponsorship of the European Commission. The paper describes the performed
PANDA transient system tests related to one of these projects, called "BWR R&D Cluster for Innovative
Passive Safety Systems (IPSS)", and details the PSI contribution to the experimental investigation of passive
containment cooling by a Building Condenser system which is part of the advanced Boiling Water Reactor
SWR 1000 designed by Siemens. First, a short description of the relevant systems of the SWR 1000 design
and its simulation in the PANDA facility are presented. After the description of the experimental programme
for the large-scale integral system test investigations in the PANDA facility, the main results of the performed
tests are also given. Finally, the main conclusions, based on the to date available experimental results and their
analysis, are summarised.

1. INTRODUCTION

In 1991, the Paul Scherrer Institute (PSI) in Switzerland initiated a new project aimed at the
experimental and analytical investigation of long-term containment decay heat removal and aerosol retention
for the next-generation of passive Advanced Light Water Reactors (ALWR). During the first phase of this
project, called ALPHA (Advanced Light Water Reactor Passive Heat Removal and Aerosol Programme [1]),
three medium and large-scale facilities were designed and built: The large-scale integral system test facility
PANDA, LINX-2 for separate-effects investigations of condensation and mixing phenomena, and ATDA for
aerosol retention experiments.

In its first phase, the ALPHA project focused on investigation of the General Electric Simplified Boiling
Water Reactor (SBWR) Passive Containment Cooling System and related phenomena [2,3]. This first phase
of jthe project was successfully closed at the end of 1995 with the completion of the SBWR related tests.

At the beginning of 1996, the second, ALPHA-II phase of the project started consisting of three projects
within the 4th Framework Programme on Nuclear Fission Safety of the European Union (EU). PSI has a major
role in all three projects and, with PANDA, LINX-2 and AID A, provides some of the essential large
experimental facilities. The first project, TEPSS [4] is related to the European Simplified Boiling Water
Reactor [5], which is based on the technology demonstrated at a large scale in the PANDA facility during the
first phase of the ALPHA project, and on other tests. The INCON [6] is aimed at the development of solutions
for passive cooling of double concrete containment's.
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Finally, the IPSS project ("BWR R&D Cluster for Innovative Passive Safety Systems") [7] is focused
on the most important innovations for the safety systems of Boiling Water Reactors (BWRs). The main tasks
of the project are related to natural convection in the Reactor Coolant System (RCS), passive Decay Heat
Removal (DHR) from the RCS, DHR from the RCS with steam jet pumps, the development of passive
initiators for safety functions and the DHR from the reactor containment. The general objective of this project
is detailed investigation of passive safety systems in order to rate their effectiveness experimentally, to improve
models, validate computer codes and assess uncertainties with regard to such systems, and also to evaluate the
possibility of using passive safety systems for existing reactors. For that purpose, existing large-scale test
facilities are used in a co-ordinated experimental research programme that will deliver the experimental data
base which is also used as a basis for the analytical work. An important part of the activities of the IPSS
project is related to an innovative BWR design by Siemens in Germany (SWR 1000, [8]). The present paper
refers to the experimental large-scale transient system investigation of the containment decay heat removal
system of the SWR 1000 design. Besides, complementary separate-effect tests with the specific SWR 1000
DHR component were performed in the NOKO facility at the Research Center Jiilich (FZJ), Germany [9]. The
results of both experimental investigations yield a rather complete data base; the various related analytical
activities will demonstrate the capability of the various computer codes used within the IPSS project to predict
the behaviour of the specific containment DHR system.

2. THE SWR 1000 REFERENCE DESIGN

Since 1992 Siemens, in close co-operation with the German nuclear utilities and with support from
various European partners, has been developing the SWR 1000, a new boiling water reactor with passive
safety features and an electrical output of about 1000 MW [8]. Reduction of the probability of occurrence of a
severe accident involving core melt and restriction of the consequences of such an accident to the plant itself
have been defined as the main development goals related to plant safety. As a consequence three special design
features have been identified: low core power density and large water inventories within the Reactor Pressure
Vessel (RPV) as well as inside and outside the containment; passive systems together with a reduced number
of active systems for accident control; and additional passive features for controlling a core melt in order to
ensure retention of the molten core inside the RPV.

The actual SWR 1000 design is presented in Figure 1 and its most important passive safety systems are
described briefly in the following. The operation of the passive systems relies solely on basic physical
phenomena, such as gravity or heat transfer induced by temperature differences, and therefore neither
activation of the reactor protection system nor a supply of electric power is needed to initiate their function.

For the initiation of several important safety functions (such as reactor scram, containment isolation and
RPV depressurization), so-called passive pressure pulse transmitters are being considered. The passive
pressure pulse transmitters are permanently connected to the RPV and their initiation function is controlled
only by the water level in the. The gravity core flooding system prevents core uncovery during accidental
transients. In the event of a Loss of Coolant Accident (LOCA), steam or flashing water is discharged in the
containment atmosphere and subsequently automatic depressurization of the RPV takes place. The large RPV
water inventory prevents core uncovery during depressurization. After RPV depressurization, water from the
elevated core flooding pool is discharged to the RPV, assuring water coverage of the core throughout the rest
of the transient. In each of the four core flooding pools, an emergency condenser is installed. Like the passive
pressure pulse transmitters, the emergency condensers are connected to the RPV by non-isolatable steam
discharge and condensate return lines. During normal operation, the emergency condenser is filled with water
and only after a level drop in the RPV does the emergency condenser start removing heat from the primary
system to the core flooding pool. Experimental and/or analytical investigations of several of these systems are
being performed in the IPSS project.[7].

For the long-term decay heat removal from the containment, so-called Building Condensers are provided above
each of the four core flooding pools. The operating principle of the Building Condenser is shown in Figure 2.
At later stages in an accident transient, generation of steam can lead to a rise in temperature and pressure
inside the drywell, thus leading to a temperature difference between the primary (containment) and the
secondary side of the Building Condenser. Steam then starts condensing which limits the containment pressure
and temperature. The secondary side of the Building Condenser is permanently connected to the
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Figure 1: Sketch of the SWR 1000 Containment with Passive Safety Systems

dryer/separator storage pool situated above the containment by feed and return lines. Consequently, the
primary side steam condensation initiates the development of the secondary side natural circulation. The start-
up of the Building Condenser system is therefore fully passive and controlled only by the difference between
the drywell and secondary-side-water temperatures.

3. THE SWR 1000 CONTAINMENT COOLING SYSTEM SIMULATION IN PANDA

PANDA is a large-scale thermal-hydraulic test facility for the investigation of passive ALWR
containment phenomena and simulation of system response [2]. PANDA has a modular structure of six
cylindrical vessels, representing the various containment volumes, interconnected by piping. Four rectangular
pools open to the atmosphere are located on top of the facility. These pools may be equipped with immersed
heat exchangers and used as heat sinks outside the containment, or as cooling water storage pools in other
configurations. The facility, which has a total height of 25 m, offers a broad flexibility and allows
investigation of a variety of containment designs with different passive decay heat removal concepts after a
minimum of modifications.

For preconditioning the various system components in advance of a test, the PANDA facility is
equipped with several auxiliary systems, like air, helium, and demineralized water supplies, and auxiliary
steam and vent systems. The facility is heavily instrumented with some 600 sensors for temperature, pressure,
pressure difference, level or void fraction, flow rate, electrical power, and valve position measurements. In
addition to the classical instruments, the instrumentation includes non-condensable fraction (oxygen) sensors,
phase detectors, and floating thermocouples which measure the surface temperature of pools. The facility is
operated and controlled remotely and interactively by a computer-screen-based system.
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Figure 2: Operating principle of the SWR 1000 Building Condenser

After PANDA was constructed, a number of facility characterisation tests were performed to obtain
information about mass leak rates (especially for helium), vessel and line heat losses as a function of
temperature, and connecting-line pressure loss characteristics. This facility characterisation information is
used both to estimate the system simulation quality and for the analytical and code assessment work.

Figure 3 shows the PANDA facility configuration for the investigation of the passive decay heat
removal from the containment by the Building Condenser (BC) system of the SWR 1000 design. The Reactor
Pressure Vessel (RPV) of the SWR 1000 is simulated by the PANDA RPV (1.25 m diameter, 20 m high)
which is equipped with programmable 1.5 MW electrical heaters simulating the history of core decay heat
generation. One PANDA Drywell (4 m diameter, 8 m high) simulates a Building Condenser compartment and
the second one (same size) a SWR 1000 Drywell compartment. The two PANDA Drywells are interconnected
by a large (1 m diameter) pipe. The two PANDA Wetwells (each 4 m diameter and 10 m high) are simulating
the suppression chamber including the pressure suppression pool. They have two interconnections, one in the
gas space (1 m diameter) and one in the pool region (1.5 m diameter). The dryer-Separator Storage Pool is
represented by one of the PANDA pools (1.5 m by 2 m, 5 m high) on top of the facility.

For the simulation of the SWR 1000 pipes and postulated breaks, the following PANDA system lines
are used (cf. Figure 3):

• Main Steam Line 1& 2 and part of the auxiliary steam system with two discharge locations in the core
flooding pool compartment (Drywell 1) for the simulation of breaks and steam sources

• and with two discharge locations in Drywell 2 for the simulation of different types of breaks
• Main Vent Line 1 for the simulation of the Hydrogen Overflow Pipe (starting inside Drywell 1 just

above the BC and ending inside Wetwell 1 about 1 m below the pressure suppression pool water
surface)
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Figure 3: PANDA Facility Configuration for Building Condenser System Tests

Drywell 1 contains a scaled model (i.e. a reduced number of prototypical finned tubes with a slightly
shorter length) of an SWR 1000 Building Condenser (Figure 3). The BC secondary side water loop consists of
the Dryer-Separator Storage Pool, the BC Feed Line, which connects the pool with the lower collector pipe of
the BC, the inside of the condenser tubes, and the BC Return Line, which connects the upper collector of the
BC with the Storage Pool. In addition to the general PANDA instrumentation available during the BC tests,
specific Building Condenser instrumentation has been added. The new instruments are mainly temperature
measurements on the primary and secondary side of the Building Condenser and in the Dryer-Separator
Storage Pool. Both the primary side condensate drain and the secondary side natural circulation flow are
measured.

Because the main focus of these first BC system investigations is the BC behaviour, the influence of the
BC on the containment, and the behaviour of the secondary-side natural circulation loop, not all of the passive
safety features of the SWR 1000 design have been simulated. Simulation of the core flooding pools, including
the emergency condensers, would have been a major effort, but with negligible benefit for the main goals of the
BC system investigations. Therefore, they were not modelled for the investigations presented in this paper.
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Based on the actual SWR 1000 design and the size of the PANDA components, the configuration
described above represents the SWR 1000 at a scale of 1:26 with respect to volumes and power (including the
BC) and about prototypically with respect to important heights. The only relevant scaling distortion results
from the volume of the PANDA Storage Pool, which, at the above mentioned scale, is 7.8 times too small.
Nevertheless, by accelerating the simulated transients in PANDA by a factor of 7.8, the heat-up of the
PANDA Storage Pool can be simulated properly and therefore the BC secondary side conditions as well. For
the simulations in PANDA, prototypical fluids at prototypical thermodynamic conditions are used. However,
nitrogen and hydrogen are replaced by air and helium, respectively.

4. BC TRANSIENT SYSTEM TESTS

For the design of the containment, the heat removal efficiency of the Building Condenser is important,
because it controls the long-term containment pressure. Depending on the type of accidental transient, the
BC's primary side is exposed to different and/or varying conditions, i.e. steam/non-condensable gas mixtures
at different pressures, depending on how mixing and stratification develop in the Drywell during the transient.
Because of its realistic BC configuration (cf. Section 3) and large scale, the PANDA facility is very well
qualified to simulate the range of conditions expected for the various types of accident transients, including the
relevant three-dimensional effects. The main objectives of the PANDA Building Condenser transient system
test programme are to investigate the following:

• Containment behaviour in the presence of a heat sink inside the Drywell: concept demonstration
• Building Condenser behaviour under different conditions in the Drywell
• Influence of a large amount of light non-condensable gas on system behaviour and BC heat removal

performance
• Influence of secondary side natural convection on the BC heat removal performance
• Generation of an experimental data base for model development and computer code validation

These objectives, together with a first analysis of different accident transients, has led to the PANDA
BC transient system test matrix of Table I.

Test BC1 is the simulation of a transient without loss of coolant, i.e. the transient starts from cold
conditions and with mainly air present in the containment. For this transient, there are two phases, each
characterised by a different main heat sink. During the first phase, the decay heat and the energy released by
coolant depressurization are transferred mainly to the core flooding pool. The dryer/separator storage pool,
and also the Wetwell, if the BC heat removal performance is too low, are the main heat sinks for the second

Table I: PANDA Building Condenser Transient System Test Matrix

Test No.

BC1

BC2

BC3

BC4-

BC5

BC6

Test Characterization

Transient without loss of coolant

Small break without core overheat,

little stratification

Small break without core overheat,

strong stratification

Small break with core overheat,

strong stratification

Medium break with core overheat,

little stratification

Large break without core overheat
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phase. During the second phase, decay heat is the only heat source and the emergency condenser transfers this
heat to the core flooding pool. Steam generated in that pool is released in the BC compartment. This situation
is simulated in PANDA by the steam discharge in the lower part of Drywell 1, while Drywell 2 acts as a
stand-by vessel. The experimental results (cf. Figure 4) demonstrate the self-adjusting behaviour of the BC
system: if the heat removal performance of the Building Condenser is poor, the Drywell pressure increases and
Hydrogen Overflow pipe clearing occurs. By that, air and/or steam is vented from the Core Flooding Pool
Compartment to the Wetwell, leading, if air is present, to a lower air concentration around the BC, and to a
higher system pressure with corresponding temperature increase. Both effects are improving the BC heat
removal performance. When the BC performance finally matches the actual decay heat level, the system
pressure stops increasing. The air initially present above the large connection pipe in Drywell 2, is, mainly
during the first phase of the transient, transferred to Drywell 1 and vented to the Wetwell. But the air below
the connection pipe stays in the lower part of Drywell 2 throughout the end of the test. Hence, a clear steam/air
stratification is established in Drywell 2 during the test and a corresponding amount of almost pure air is
accumulated in the lower part of this Drywell.

A small leak at the bottom of the RPV was simulated in Test BC2. At the beginning of this transient,
hot pressurized water is discharged into the Drywell generating a large amount of steam. The simulation of the
transient in the PANDA facility starts near the end of the RPV depressurization with a short first phase (cf.
Figure 5). At that time, a significant pan of the initial air content in the Drywell is already purged to the
Wetwell and the containment pressure is about 2 bar. During this first test phase, the leak is simulated by
injecting steam at the bottom of Drywell 2. Due to the low air concentration and a higher temperature of about
110 °C (compared to the beginning of Test BCD, there is already significant BC heat removal which exceeds
the RPV steam release and leads to depressurization of the Drywell. In a second test phase, the core flooding
pool heat-up is simulated by injecting steam also at the bottom of Dry well 1. During this phase the Drywell is
repressurized following the flooding pool water temperature increase. Finally, the core flooding pool starts
boiling and the steam release into the Drywell (simulated by steam injection at the bottom of PANDA Drywell
1) corresponds to the actual decay heat power. During this last test phase, the BC heat removal capability is
less than the decay heat power and, according to the self-adjusting behaviour of the BC system described
above, the system pressure is still slightly increasing. The air distribution at the end of Test BC2, in
comparison with Test BC1, shows that, due to the presence of a leak at the bottom of Drywell 2 during the
first and the second test phases, there was no air accumulation in Drywell 2. Instead, almost all the Drywell air
was vented to the Wetwell, leading to a higher Wetwell and consequently system pressure.
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Figure 4: PANDA Test BC1: Drywell Pressure and Air Partial Pressures
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Figure 5: PANDA Test BC2: Drywell Pressure and Air Partial Pressures

PANDA Test BC3 was aimed at the simulation of a small-break loss of coolant accident at a high
elevation in the Drywell. This transient has a very similar sequence of phases as described for Test BC2. The
experimental results of Test BC3 confirmed mainly the findings of Tests BC1 & BC2, but at slightly different
conditions related to air concentrations and pressure levels: the high-elevation leak simulated in PANDA
Drywetl 2 confirmed the stratification and air accumulation at the bottom of Drywell 2 and the self-adjusting
BC behaviour was demonstrated once again.

A SWR 1000 double-ended Main Steam Line break was the reference transient for the PANDA Test
BC6. According to the evaluated SWR 1000 transient scenario, the simulation in PANDA was composed of
five different test phases. The simulation started with the first phase just before the end of the RPV
depressurization, i.e. at pressures of about 5 and 3 bar in the RPV and the containment, respectively (cf.
Figure 6). Caused by the violent steam release into the Drywell, especially during the very first phase of the
SWR 1000 transient, all the air and a significant amount of steam have already been vented to the Wetwell at
this time. Accordingly, from the very beginning of the transient simulation in the PANDA facility, the pure
steam and high temperature conditions in the Drywell result in very favourable heat removal performance of

-1000 1000 3000 5000 7000
Time [s]

9000 11000 13000

Figure 6: PANDA Test BC6: RPV, Drywell and Wetwell Pressure
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the Building Condenser. Therefore, the three following test phases which simulate the containment structures
and core flooding pool heat-up and the cooling of the RPV structure are characterised by an over-capacity of
the BC, resulting in a Drywell pressure decrease of roughly 1 bar. The last test phase simulates the boiling of
the core flooding pool and the steam release into the Drywell corresponds to the decay heat power. During this
phase the Drywell pressure is increasing to about 3 bar and at that pressure the BC performance just matches
the decay heat power.

PANDA Test BC4 is again a simulation of a small break loss of coolant accident at a high elevation in
the Drywell, hence very similar to Test BC3. However, for Test BC4 the malfunction of the core flooding
system is postulated, leading to a core overheat. Both, the. additional heat production by the strongly
exothermic zirconium-water reaction as well as the corresponding hydrogen production (by injecting a large
amount of helium into the PANDA RPV) have been simulated during the corresponding phase of Test BC4.
Through helium injection into the Reactor Pressure Vessel the whole system is immediately pressurized and
about half of the steam/helium mixture flows through the Hydrogen Overflow Pipe to the Wetwell. After the
helium injection stops, stratification starts developing in Drywell land 2 according to the steam injection
location near the bottom of Dryweil 1 (simulating the boiling core flooding pool). Because helium is lighter
than steam, it tends to accumulate in the upper part of the Drywells, i.e. above the large Drywell connection
line in Drywell 2 and in the upper part of Drywell 1. The helium present around the BC, reduces the BC heat
removal. Therefore the Drywell becomes further pressurized and the steam/helium vent flow to the Wetwell
continues. This removes helium from the BC region and the BC heat removal performance increases again.
The system pressure increase finally stops when the BC heat removal performance corresponds to the actual
decay heat.

Test BC5 is the simulation of a feed-water line break with a postulated core overheat. Related to the
transient scenario after the core overheat phase, the steam discharge location into the Drywell is the main
difference between the Tests BC4 and BC5. In fact, the steam release at top of Drywell 2 prevents helium
accumulation in the upper part of Drywell 2. Consequently, much more helium, compared to Test BC4, is
vented to the Wetwell which results in a significant higher containment pressure at the end of Test BC5.
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Figure 7: PANDA Test BC4: Drywell and Wetwell Pressure

5. CONCLUSIONS

Based on the experimental results available to date the following conclusions can be drawn:

• The Building Condenser behaves as expected under the range of conditions simulated in the different
tests.
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• The Building Condenser Decay Heat Removal System always generates favourable (i.e. pure steam)
conditions on the Building Condenser primary (i.e. containment) side.

• Temperature/non-condensable gas stratification is a key issue in the concept investigated and was
demonstrated very well throughout the tests.

• Operation of the Building Condenser Concept for Decay Heat Removal from a BWR containment was
successfully demonstrated for a variety of accident scenarios, including a postulated core overheat.
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