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THE PANDA TESTS FOR THE SWR 1000

PASSIVE CONTAINMENT COOLING SYSTEM

J. Dreier, C. Aubert, M. Huggenberger, H.J. Strassberger, G. Yadigarogiu

Since 1992, Siemens has been developing the SWR 1000, a new boiling water reactor with passive safety
features. This development has been performed in close co-operation with the German nuclear utilities and
with support from various European partners. Within the European Union sponsored project "BWR R&D
Cluster for Innovative Passive Safety Systems" and a bilateral contract between Siemens and the Paul
Scherrer Institute, the passive containment cooling system of the SWR 1000 design has been investigated
in the large-scale PANDA test facility at the Paul Scherrer Institute. A series of six tests were performed to
simulate transients selected to cover a range of failure assumptions and accident severity, including core
heat up and hydrogen generation. The results graphically demonstrate the self-regulating character of the
passive heat removal systems and their effectiveness, even under severe load, in limiting the containment
pressurisation. Some tentative conclusions for the SWR1000 are drawn, to be established by detailed
analyses of the data, to support models and codes for application to plant transients.

1 INTRODUCTION

Investigations of the safety characteristics of passive
containment cooling systems have been performed
within the ALPHA (Advanced Light Water Reactor
Passive Heat Removal and Aerosol Retention) Pro-
gramme at the Paul Scherrer Institute (PSI) since
1991. In the framework of international co-operations
including industrial partners, a variety of proposed
Advanced Light Water Reactor (ALWR) designs have
been investigated. The main focal points of the ALPHA
Programme are the experimental and analytical inves-
tigations of two of the main aspects of the contain-
ment, namely long-term decay heat removal and fis-
sion product retention [1,2]. The general approach for
these investigations comprises four basic elements
which were defined during the early phase of the
ALPHA Programme; thus:

• the large-scale integral system test facility PANDA,

• the medium-scale separate-effects test facility
LINX,

• the aerosol retention test facility AIDA/DRAGON,

• analytical investigations (model development, as-
sessment of different types of codes).

During 1996-98, the ALPHA Programme consisted
mainly of three projects within the 4th Framework Pro-
gramme on Nuclear Fission Safety of the European
Union. One of these projects is entitled "BWR R&D
Cluster for Innovative Passive Safety Systems" (IPSS,
[3]), and is focused on the most important innovations
for the safety systems of Boiling Water Reactors
(BWRs). The general objective of this project is to
evaluate the effectiveness of the passive safety sys-
tems. This is achieved through experimental investiga-
tion leading to model development, validation of com-
puter codes and assessment of uncertainties. This
models are then applied to the task of evaluating the
possibility of using passive safety systems for existing
reactors.

For the present work as well as several other activities
in the IPSS Project an innovative BWR design by
Siemens in Germany (SWR 1000, [4]) was used as
main reference design. The present paper refers to the
experimental large-scale transient system investigation
of the passive containment decay heat removal sys-
tem of the SWR 1000 design. Together with the ex-
perimental results of the complementary separate-
effects investigations with the specific SWR 1000 de-
cay heat removal component in the NOKO facility [5],
an extensive data base was generated which is being
used to demonstrate the capability of the various com-
puter codes used within the IPSS Project to predict the
performance of the specific containment decay heat
removal system and its relevant components.

After a description of the SWR 1000 reference design,
the PANDA test facility and its configuration for the
SWR 1000 investigations are presented. A short de-
scription of the experimental programme for the large-
scale integral system test investigations in the PANDA
facility is also given. From the six system tests per-
formed, the main test results and the corresponding
findings are presented. Finally, the main conclusions
related to the experimental results and the SWR 1000
are summarised.

2 THE SWR 1000 REFERENCE DESIGN

Based on the wide operating experience with German
Boiling Water Reactors, Siemens, in close co-
operation with the German nuclear utilities and with
support from various European partners, started in
1992 the development of a new BWR with a power of
about 1000 MWe [4]. The main innovation of the new
design consists of the introduction of passive safety
features which provide redundancy and diversity to the
active safety systems and hence allow a substantial
simplification of the active systems. This enables plant
economics that are comparable to those of large-
capacity nuclear power plants or fossil plants.
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For the SWR 1000 design, the following main safety
goals were defined:

• reduction of the probability of occurrence of a se-
vere accident involving core melt,

• confining of the consequences of an accident in-
volving core melt to the plant itself.

To meet these goals 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,
the above mentioned passive safety systems, and
additional passive features to ensure retention of the
molten core inside the RPV.

The operation of the passive systems is actuated and
controlled by basic physical phenomena, such as
gravity or heat transfer induced by temperature differ-
ences, without the need for activation by the reactor
protection system or a supply of electric power. The
passive system are designed in such a way that, even
under the assumption that all the active safety systems
fail, they are capable of removing the decay heat from
the core entirely by themselves for a period of several
days without any need for manual intervention.

The SWR 1000 reference design is shown in Fig. 1
[4,6]. At present, however, the SWR 1000 is still in the
design phase, so that design changes are still possi-
ble, especially following the results of on-going investi-
gations. In the following, the main components and
passive safety systems relevant to the present investi-
gations are described briefly.

The gravity driven core flooding system prevents a
core uncovery in the event of an accident. In the event
of a loss of coolant accident, steam or flashing water is
discharged into the containment atmosphere and sub-
sequent automatic de-pressurization takes place. The
large RPV water inventory prevents core uncovery
during de-pressurization. After RPV de-pressurization,
water from the four elevated core flooding pools is
discharged into the RPV, assuring water coverage of
the core throughout the rest of the transient.

The core flooding pools are used as primary heat sinks
in connection with both the safety relief valves (SRVs),
and the emergency condensers (ECs). Through pipes
equipped with spargers, energy from steam dis-
charged from the RPV through the SRVs is deposited
in the core flooding pool. Near the bottom of each core
flooding pool an EC is installed. The ECs are designed
for full RPV pressure and are connected to the RPV by
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Fig. 1: Sketch of the SWR 1000 containment with passive safety systems.
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non-isolatable steam discharge and condensate return
lines. When a water level drop in the RPV occurs,
water from the ECs drains and steam from the RPV
starts condensing there, hence energy is transferred
from the RPV to the core flooding pool. Depending on
the type of accident transient, a part or all of the en-
ergy initially present in the RPV is therefore transferred
to the core flooding pools and slowly raises their tem-
perature. Only after several hours the core flooding
pool water reaches saturated conditions and steam
release into the drywell starts.

Oryer-Separ.-
Siorage Pool
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Fig. 2: Operating principle of the SWR 1000 Building
Condenser.

For the long-term decay heat removal from the con-
tainment, so-called building condensers (BC) are in-
stalled above each of the four core flooding pools. The
operating principle of the BC is shown in Fig. 2. During
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
BC. Steam then starts condensing and this limits the
containment pressure and temperature. The secon-
dary side of the BC is permanently connected to the
dryer/separator storage pool situated above the con-
tainment by feed and return lines. Consequently, the
primary side steam condensation initiates the devel-
opment of the secondary side natural circulation. The
start-up of the BC system is therefore fully passive and
controlled only by the difference between the drywell
and secondary-side-water temperatures.

During an accident transient there is a broad variation
of the thermal-hydraulic conditions on the BC primary
side in terms of pressure, non-condensable gas con-
centration and natural circulation in the drywell. On the

BC secondary side, the discharge of the heated up
storage pool water involves water plume, stratification
and mixing phenomena which have an important influ-
ence on the secondary side thermal-hydraulic condi-
tions. Finally, the thermal-hydraulic conditions on both
sides determine the rate of heat removal by the BC. If
this power is smaller than the actual energy release
into the drywell gas space, the drywell pressure will
increase and thereby improve the BC heat removal
power, and vice versa.

In addition to the known condensation or main vent
pipes, the hydrogen overflow pipe is a similar connec-
tion from the drywell to the wetwell, but with a signifi-
cant smaller immersion depth in the pressure suppres-
sion pool (about 3 m). The inlet to this pipe is well
located above the BC in the core flooding pool com-
partment. For sufficient large drywell to wetwell over-
pressures the hydrogen overflow pipe will clear, i.e.
steam/non-condensable gas mixture actually present
at the inlet of the pipe in the drywell is vented into the
pressure suppression pool. Most of the steam con-
denses in the pressure suppression pool and the re-
sidual steam together with non-condensable gas are
released in the wetwell gas space, thus pressurising
the wetwell. Because the wetwell determines the back-
pressure of the whole containment system, the con-
tainment pressure correspondingly increases.

3 SWR 1000 CONTAINMENT SIMULATION IN
THE PANDA FACILITY

PANDA is a large-scale thermal-hydraulic test facility,
well suited for the investigation of containment multi-
compartment and 3D effects. Due to the modular con-
struction and a broad variety of vessel interconnec-
tions, the effort for modification and adaptation to spe-
cific uses can be minimised. In essence, the PANDA
facility consists of six cylindrical vessels (with a total
volume of 460 m3) and four pools above the vessels
(with a total volume of 60 m3). The height of the facility
is 25 m. Heaters with a maximum power of 1.5 MW
are installed in one of the vessels, to simulate, typi-
cally, the RPV. The facility is designed for maximum
operating conditions of 10 bar over-pressure and
180°C. Some detailed information about the different
auxiliary systems, which are used for preconditioning
the contents of the various PANDA components, in-
strumentation and the data acquisition system, the
computer-screen based operating and control system,
and the facility characterisation tests already per-
formed, can be found in [2,6].

Fig. 3 shows the PANDA facility configuration after
modifications for the investigation of the passive heat
removal from the containment by the BC system of the
SWR 1000 design (cf. Section 2, Fig. 1 and 2, [4]).
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 which simulate the history of core
decay heat generation. One of two the PANDA
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Fig. 3: PANDA facility configuration for Building Con-
denser system tests.

drywells (4 m diameter, 8 m high) simulates a BC
compartment and the second one (same size) an
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) simulate the suppression chamber
including the pressure suppression pool. They have
two interconnections, one in the gas space (1 m di-
ameter) 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 different types of breaks and
steam sources three RPV steam discharge lines into
the drywell compartments are installed (cf. Fig. 3):

A) low momentum steam discharge near the top of the
drywell compartment (allows for maximum stratifi-
cation),

B) high momentum steam discharge near the bottom
of the drywell compartment (allows for maximum
mixing in the lower part of the drywell),

C) similar to B), but at the bottom of the core flooding
pool compartment.

As also shown in Fig. 3 are the inlet to the PANDA
hydrogen overflow pipe which is located about 1 m
above the BC and the outlet in the PANDA wetwell
which is 1 m below the pressure suppression pool
water surface.

The PANDA core flooding pool compartment contains
a scaled model of an SWR 1000 Building Condenser.
Between two collector pipes 25 prototypical finned
tubes (with a slightly shorter length) are arranged in
two layers. The BC secondary side feed line starts
near the bottom of the PANDA Storage Pool and is
connected to the lower collector pipe of the BC. The
upper collector pipe is connected to the BC secondary
side return line which discharges the warmed up water
back to the storage pool.

For the investigations presented in this paper, only the
important systems in relation to the passive contain-
ment cooling system of the SWR 1000 have been
simulated. Therefore, the core flooding pools, including
the emergency condensers and the safety relief valve
spargers were not simulated, since they do not materi-
ally affect the main goals of the BC investigations.

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 volume and power (including the BC).
The representation is prototypical with respect to im-
portant 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 the same factor, the heat-up
of the PANDA storage pool can be simulated and
therefore the BC secondary side conditions as well.
For the simulations in PANDA, the fluids and thermo-
dynamic conditions are prototypical. However, nitrogen
and hydrogen are replaced by air and helium, respec-
tively.

4 SWR 1000 PASSIVE CONTAINMENT COOLING
SYSTEM TEST PROGRAMME IN THE LARGE-
SCALE PANDA FACILITY

Steam released to the drywell during an accident tran-
sient increases the containment pressure and tem-
perature. Due to the consequent temperature increase
in the drywell the BC system starts automatically re-
moving heat from the containment to the
dryer/separator storage pool outside the containment.
Thus, the heat removal capacity of the BC system
during an accident transient determines the maximum
containment pressure, which must be within the design
pressure of the containment. The heat removal capac-
ity of the BC depends, among others, strongly on the
non-condensable gas concentration at the BC primary
side (cf. Section 2), which depends on the behaviour
of the steam and non-condensable gas inside the
containment with respect to mixing and stratification
during the transient.

Thanks to its BC configuration (cf. Fig. 3) and large
scale, the PANDA facility can realistically simulate the
range of conditions expected for the various SWR
1000 accident transients, including important three-
dimensional effects. Especially, the PANDA two-vessel
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concept for the simulation of a drywell can ideally be
used for the simulation of two different type of drywell
compartments, namely the core flooding pool com-
partment as well as a standard drywell compartment.
The main objectives of the PANDA BC transient sys-
tem 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 con-
ditions 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.

Table 1 : PANDA Building Condenser Transient
System Test Matrix.

Test No.

BC1

BC2

BC3

BC4

BC5

BC6

Test Characterisation

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

Based on preliminary analyses, the important SWR
1000 accident transients were identified. Together with
the above listed objectives, they led to the PANDA BC
transient system test matrix given in Tab. 1. The fol-
lowing main test parameters are investigated:

• RPV heater power/steam production rate,

• drywell steam injection location and velocity with
respect to the effect on steam/non-condensable
gas stratification and mixing,

• quantity, type, and distribution of non-condensable
gases.

5 OVERVIEW PANDA SYSTEM TEST RESULTS

As mentioned in Section 3, the core flooding pool,
emergency condenser and SRV discharge pipes are
not simulated in the present PANDA BC test series.

Instead, during the early phase of the accident tran-
sients, i.e. during the time periods when the core
flooding pool absorbs a significant amount of energy,
the expected thermal-hydraulic conditions in the core
flooding pool compartment gas space are obtained by
a corresponding steam release from the PANDA RPV.
To compensate during the same time period, a smaller
time acceleration factor for the PANDA transient is
used because only a part of the energy is removed to
the Dryer/Separator Storage Pool. After the core
flooding pool becomes saturated the time acceleration
factor of 7.8 (cf. Section 3) is used because the steam
release into the drywell corresponds now to the actual
decay heat power and the storage pool constitutes the
main heat sink.

Establishment of saturated conditions (i.e. ~ 99°C) in
the PANDA storage pool was the test termination crite-
ria for all six BC system tests performed in the PANDA
facility and presented below.

5.1 TestBCI

Test BC1 simulates a transient without loss of coolant,
i.e. the transient starts from cold conditions and with
mainly air present in the containment. During this tran-
sient the energy released from the RPV is always
transferred to the core flooding pool, and correspond-
ingly steam injection point C) (cf. Section 3, Fig. 3)
was used throughout the whole test.
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During a first test phase, simulating heat up of the core
flooding pool to saturated conditions with respect to
drywell pressure, the temperature and pressure con-
tinuously increase in the drywell (cf. Fig. 4, 5). Due to
the large air concentration in the vicinity of the BC, its
heat removal capacity at the beginning of the test is
almost zero, but increases continuously to a value of
about 300 kW till the end of the first test phase. The
increase is the result of the temperature increase in
the core flooding pool compartment (cf. Fig. 5), but
also of the decreasing air concentration around the BC
(cf. Fig. 4). Because the steam discharge power into
the drywell is larger than the BC capacity, the hydro-
gen overflow pipe clears, causing a continuous venting
of air to the wetwell. Thus the whole containment is
pressurised.

During the second test phase, the RPV heater power
corresponds to the decay heat power. The above
mentioned phenomena continue and almost pure
steam conditions are established in the core flooding
pool compartment until the end of the test (cf.
Fig. 4, 5).

In contrast, the drywell compartment shows a clear
stratification at the end of the test. Because air is
heavier than steam, almost pure air accumulates in the
lower part of this compartment. Above the large con-
nection pipe (cf. Fig. 3) the air is replaced by steam
more slowly (cf. Fig.5) than in the core flooding pool
compartment, but towards the end of the test almost
pure steam conditions are also established there.

The still increasing system pressure at the end of the
test demonstrates the too small BC capacity at that
time, but the pressure increase improves the capacity
until it matches the actual decay heat power. Had the
test continued the pressure would have levelled out. In
Fig. 5, the BC secondary side feed and return line
temperature are also shown. As mentioned in Sec-
tion 2, the feed line temperature is determined by the
mixing/stratification phenomena in the storage pool. As
can be seen from Fig. 5, this continuously decreases
the heat transfer driving temperature difference
(between BC primary and secondary side) until the
storage pool is saturated. Between about 6000 s to
11000 s, the transition from single phase to two phase
flow natural circulation takes place on the BC secon-
dary side. During this limited time period flow oscilla-
tions takes place on the secondary side which are
indicated by the temperature oscillations in Fig. 5 (cf.
Section 6).

Test BC1 lasted about 15'000 s which corresponds to
about 34 hours SWR 1000 transient time.

5.2 TestBC2

A small leak at the bottom of the RPV was simulated in
Test BC2. At the beginning of this transient, hot pres-
surised water is discharged into the drywell generating
a large amount of steam. Thus, the drywell is pressur-
ised and a steam/nitrogen mixture is vented to the

wetwell. The simulation of the transient in PANDA
starts near the end of this de-pressurisation phase, i.e.
when the containment pressure is at about 2 bar. At
that time in the transient, the air partial pressure in the
drywell is about 0.5 bar.

During a first phase, the energy removal from the RPV
mainly takes place through the leak, which is simu-
lated by the steam injection point B (Bottom of drywell
compartment, cf. Fig. 3 and Section 3). Due to the low
air concentration and a higher temperature of about
110°C (compared to the beginning of Test BC1), the
BC heat removal is already significant and exceeds
the RPV steam release, leading to a de-pressurisation
of the drywell to about 1.4 bar (cf. Fig. 6).

-1000 1000 3000 5000 7000 9000 11000 13000 15000
Time [s]

Fig. 6: PANDA Test BC2: Drywell pressure and air
partial pressures.

Subsequently, the core flooding pool heat-up starts,
which is simulated during a second test phase by in-
jecting steam also at the bottom of the core flooding
pool compartment (injection point C). During this
phase the drywell is re-pressurised following the
flooding pool water temperature increase.

Finally, the core flooding pool starts boiling and the
PANDA RPV heater power corresponds to the actual
decay heat power (third test phase). During this
phase, only steam injection point C is used, in order to
simulate the boiling core flooding pool. As shown in
Fig. 6, the containment pressure increases during this
third phase until the end of the test, indicating the self-
adjusting behaviour of the BC system, described
above for pure steam conditions around the BC.

Fig. 6 also shows the air partial pressure at the bottom
of the drywell and the core flooding pool compartment.
Depending on the drywell steam injection location, air
removal or accumulation takes place. During the third
test phase almost all air is removed from the bottom of
the core flooding pool compartment, whereas air ac-
cumulation occurs at the bottom of the drywell com-
partment. Due to the lower initial air concentration and
the different transient history, significantly less air has
accumulated at the end of Test BC2, in comparison to
Test BC1.

Test BC2 lasted about 14000s which corresponds to
about 23 hours SWR 1000 transient time.
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5.3 TestBC3

Test BC3 simulated a small-break loss of coolant acci-
dent at a high elevation in the drywell compartment.
This transient has a very similar sequence of phases
as described for Test BC2, namely: RPV de-
pressurisation with a large steam release through the
leak, time period of BC heat removal over-capacity
and corresponding drywell de-pressurisation, core
flooding pool heat-up with drywell re-pressurisation,
and finally the boiling core flooding pool phase. The
transient simulation in PANDA started just before the
end of the RPV blow-down phase. At this time in the
transient, the RPV pressure is about 1.9 bar, while the
drywell pressure is about 1.3 bar including 0.3 bar air.

As shown in Fig. 7, the RPV de-pressurisation is ter-
minated about 500s after the start of the test, i.e. the
RPV and drywell pressure are almost equal. Due to
the BC heat removal over capacity, the drywell starts
to de-pressurise. As soon as the drywell temperature
reaches that of the core flooding pool, the drywell tem-
perature follows the core flooding pool heat-up and re-
pressurisation occurs. Finally, the core flooding pool
starts boiling and the decay heat power is applied to
the RPV heaters.
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Fig. 7: PANDA Test BC3: Drywell pressure and air
partial pressures and Wetwell pressure.
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Fig. 8: PANDA Test BC3: Wetwell suppression pool
and gas space temperatures.

Although almost pure steam conditions were estab-
lished in the vicinity of the BC, due to the low drywell
pressure (only about 1.5 bar) the BC heat removal rate
is well below the decay heat power and significant

amount of steam is vented to the wetwell. Therefore,
the wetwell constitutes a significant heat sink during
the last phase of this transient, and causing the con-
tinuously increasing pressure shown in Fig. 7.

The effect of steam venting on the wetwell tempera-
tures is shown in Fig. 8. At the outlet of the immersed
hydrogen overflow pipe, the vented steam is rapidly
condensed by the cold suppression pool water. The
water is locally warmed-up and rises to the pool sur-
face and causes some mixing in the upper part of the
suppression pool. Due to the increased pool water
surface temperature, the wetwell gas space is pres-
surised by increasing steam partial pressure and cor-
responding heat-up of the air present in the gas space.
As is also shown in Fig. 8, the lower part of the sup-
pression pool (i.e. below the hydrogen overflow pipe
exit) is not influenced by the venting process and stays
at a constant temperature.

The end of Test BC3 corresponds to about 37 hours
SWR 1000 transient time.

5.4 TestBC6

An SWR 1000 double-ended Main Steam Line break
was the reference transient for PANDA Test BC6.
According to the evaluated SWR 1000 transient sce-
nario, the simulation in PANDA was composed of five
different test phases.
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Fig. 9: PANDA Test BC6: RPV, Drywell and Wetwell
pressures.

The simulation started with the first phase just before
the end of the RPV de-pressurisation, i.e. at pressures
of about 5 and 3 bar in the RPV and the containment,
respectively (cf. Fig. 9). Violent steam release into the
drywell, especially during the very first phase of the
SWR 1000 transient, caused all the air and a signifi-
cant amount of steam to have already been vented to
the wetwell at this time. Accordingly, from the very
beginning of the transient simulation, the pure steam
and high temperature conditions in the drywell result in
very favourable heat removal performance of the BC.

Therefore, the second test phase which simulates heat
up of the drywell structures and core flooding pool is
characterised by an over-capacity of the BC, resulting
in a drywell pressure decrease. Drywell de-pressuri-
sation is also the main effect during the third test
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phase, except in the early part when additional steam
is generated due to the external RPV cooling and a
slight re-pressurisation of the drywell takes place.
Early in the fourth test phase, the minimum drywell
pressure of about 2 bar is reached and the re-
pressurisation starts.

The final 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 increases to about 3 bar at
which the BC performance just matches the decay
heat power.

Except for a short time period at the beginning of the
third test phase, after the RPV de-pressurisation no
energy is deposited into the wetwell until the end of
Test BC6. This is indicated by the constant wetwell
pressure throughout this part of the transient, which is
also shown in Fig. 9.

Test BC6 lasted about 13500s which corresponds to
about 28 hours SWR 1000 transient time.

5.5 TestBC4

PANDA Test BC4 is again a simulation of a small
break loss of coolant accident at a high elevation in the
drywell compartment, and is 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 inject-
ing a large amount of helium into the PANDA RPV)
were simulated during the corresponding phase of
Test BC4.

Until the helium injection starts, Test BC4 follows the
same course as Test BC3 (the two tests were also
started with the same initial conditions). The only dif-
ference is a slightly larger steam release to the drywell
during the third phase of Test BC4 due to RPV outside
cooling after initiation of the drywell flooding system.
Nevertheless, the drywell pressure at the beginning of
the fourth test phase, simulating the boiling of the core
flooding pool, is essentially the same for both tests (cf.
Fig. 7,10).

Through helium injection into the Reactor Pressure
Vessel the whole system is immediately pressurised
(cf. Fig. 10) and about half of the steam/helium mixture
flows through the Hydrogen Overflow Pipe to the
wetwell. After the end of helium injection, stratification
starts to develop in both drywell compartments due to
the continued steam injection near the bottom of the
core flooding pool compartment. Because helium is
lighter than steam, it tends to accumulate in the upper
part of the drywell compartments. The helium is pres-
ent around the BC, and therefore limits the heat re-
moval capacity. Therefore the drywell becomes further
pressurised and the steam/helium vent flow to the
wetwell continues. This removes helium from the BC
region and the BC heat removal increases again. The

Fig.
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10: PANDA Test BC4: Reactor Pressure Vessel,
Drywell and Wetwell pressures.

Fig.
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11: PANDA Test BC4: Drywell compartment
temperatures.

system pressure finally levels off when the BC heat
removal capacity corresponds to the actual decay
heat.

In Fig. 11 some drywell compartment temperatures
are shown in order to demonstrate, under the as-
sumption of saturated conditions, the helium stratifica-
tion in this compartment. After the helium injection
ended, the temperatures in the lower part (i.e. below
the large drywell connection pipe, cf. Fig. 3) of the
drywell compartment continue to increase and ap-
proach the saturation temperature, towards the end of
the test. This demonstrates that the non-condensable
gas was being removed from this part of the drywell
compartment. The temperature near the top of the
drywell compartment stays essentially constant after
the end of the helium injection phase. The temperature
of about 120°C implies a helium partial pressure of
2.5 bar at the end of the test and indicates the signifi-
cant helium accumulation in the upper part of the dry-
well compartment.

The end of Test BC4 corresponds to about 23 hours
SWR 1000 transient time.

5.6 TestBC5

Test BC5 simulates a feed-water line break with a
postulated core overheat. For this transient the failure
of both the core and the drywell flooding system is
assumed. The steam from the RPV is discharged to
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the drywell through the feed water leak during the
whole transient, so that only the discharge point A (top
of drywell compartment, cf. Fig. 3 and Section 3) was
used. At the beginning of this transient a large amount
of steam is discharged to the drywell, leading to the
same initial conditions as for Test BC6 (main steam
line break transient), namely pure steam at 3 bar in the
drywell, almost 3 bar wetwell pressure, and a RPV
pressure of about 5 bar. This simulated the end of the
blow-down phase.

As shown in Fig. 12, the system response of Test BC5
is very similar to Test BC6 (cf. Fig. 9) until the third test
phase. At about 3000 s, zirconium oxidation starts and
the hydrogen produced in the RPV shuts down the
emergency condenser. Thus, heat-up of the core
flooding pool stops and all the heat produced in the
RPV (decay heat plus zirconium oxidation) is directly
discharged to the drywell compartment (start of fourth
test phase).
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Fig. 12: PANDA Test BC5: Reactor Pressure Ves-
sel, Drywell and Wetwell pressures.
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Fig. 13: PANDA Test BC5: Drywell compartment
temperatures.

In a similar manner to Test BC4, the helium is injected
into the RPV and immediately pressurises the whole
system. The steam discharge location into the drywell
is the main difference corresponding to the transient
scenario after the core overheat phase (i.e. end of
helium injection), between the Tests BC4 and BC5. In
fact, the steam release at top of the drywell compart-
ment prevents helium accumulation in the upper part
of the drywell compartment. Consequently, much more

helium, is vented to the wetwell, compared to Test
BC4, which results in a significantly higher contain-
ment pressure at trie end of Test BC5.

In Fig. 13 the same drywell compartment temperatures
are shown as in Fig. 11 for Test BC4. The temperature
traces in Fig. 13 indicate that the drywell compartment
is well mixed after the end of helium injection and the
non-condensable gas is continuously removed from
the whole compartment. Thus all temperatures ap-
proaches the saturation temperature towards the end
of the test.

Test BC5 lasted about 12000s which corresponds to
about 20 hours SWR 1000 transient time.

6 CONCLUSIONS

Based on the experimental results of all six PANDA
BC tests and the analysis of the experimental data
performed up to now the following conclusions can be
drawn:

• the operation of the Building Condenser Concept
for passive heat removal from a BWR containment
was successfully demonstrated for a variety of ac-
cident scenarios, including core overheat;

• the BC system in combination with the wetwell
constitutes a self-regulating system with respect to
BC heat removal capacity;

• non-condensable gases are automatically removed
from the Building Condenser primary side and thus
creating favourable (i.e. pure steam) heat removal
conditions;

• the occurrence of temperature/non-condensable
gas stratification is a key issue in the containment
design concept and this was demonstrated very
well throughout the tests;

• no flow instabilities on the BC primary side were
observed in any of the tests;

• steam/non-condensable gas mixture venting from
the drywell through the hydrogen overflow pipe to
the wetwell occurs smoothly and efficiently;

• the system pressure stayed always below 3 bar,
during all design basis accident transients;

• the maximum pressure reached was about 6.5 bar,
during accident transients with core overheat;

• temporary flow oscillations on the BC secondary
side are unavoidable under certain conditions. With
this knowledge it will be possible to eliminate ad-
verse effects from the SWR 1000 by suitable de-
sign.

From the experimental results of the Building Con-
denser investigations in the PANDA facility and the
above listed conclusions, several conclusions with
respect to the SWR 1000, especially related to the
Building Condenser design, can also be drawn.
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12 hours after the initiation of an accident transient,
the influence of non-condensable gases on the BC
primary side is almost negligible, i.e. the use of finned
tubes, from a thermal-hydraulic standpoint of view, is
not essential. Only about one day after accident initia-
tion the heat removal capacity of the BC should match
the actual SWR 1000 decay heat power, thus the de-
sign criteria for the BC heat removal capacity can be
improved.
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