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Within the scope of the 4th EU Framework Programme IPSS project, two passive
containment cooling systems, the so-called Building Condenser (BC, under an
additional bilateral contract between PSI and Siemens) and Plate Condenser (PC),
have been studied at the PSI PANDA facility. From the two tests series, tests BC4
and PC1 have been selected for analysis with the code GOTHIC 6.0. Particular
phenomena which are of importance with regard to the condensers operating
conditions (mixing/stratification of non-condensable gases, such as air and helium)
have been analysed. The GOTHIC simulations have been complemented by CFD
calculations with CFX-4.

• Introduction

In 1991, the Thermal-Hydraulics Laboratory of the Paul Scherrer Institute initiated the
ALPHA Project to study and evaluate new passive safety concepts for future Light
Water Reactors (LWRs) [1]. The aim of different stages of the ALPHA Project since
that date has always been to increase understanding of the various physical
phenomena present within passive containment systems and evaluate the
performance of new hardware contributing to enhanced safety. Typical accident
scenarios have been studied in the large-scale, integral test facility PANDA. A
parallel analytical activity has been carried out to gain understanding of system
behaviour as well as specific phenomena. One of the most challenging tasks in the
analytical programme is the simulation of mixing in large gas spaces by means of
field codes such as GOTHIC and CFX. In particular, GOTHIC is used to simulate
phases of transients, including all important effects, whereas CFX is used for
validating certain aspects of the simulations performed by GOTHIC.

• The PANDA Facility

For the IPSS tests, two different types of Drywell containment condensers were
tested separately in PANDA - the SWR 1000 Building Condenser (BC) and the Plate
Condenser (PC). The BC was positioned vertically and centrally within DrywelH,
almost midway between the centreline of the connecting pipe between the two
Drywells and the top of DrywelH (Fig. 1). It was composed of two planes of parallel
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finned tubes, with a manifold at each end and feed and return pipework extending
upwards to a storage pool. The Condenser is inclined at close to 10° to the
horizontal. It has a drainage plate positioned below it. The Plate Condenser is at a
similar vertical level within DrywelH to the Building Condenser (Fig. 1), but is of a
significantly different design. It consists of two vertical planes of tubes, positioned
closely together, with the tubes aligned in a vertical direction. The tubes are
embedded within a cast matrix of high-conductivity alloy. Its secondary-side feed and
return pipework extends through the Drywell wall and upper dome.

In the two configurations, for the two tests studied in this paper, the Modified
Auxiliary Steam Line 1 (MASL1) was used for supplying steam or a steam/helium
mixture into the DrywelH bottom. On the other hand, the modified Main Vent Line 1,
also called Hydrogen Overflow Pipe (HOP), starting inside the Drywell 1 above the
Condensers and ending inside the Wetwelh pool, was used for venting gas from the
Drywells into the Wetwells.
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Fig. 1: Siemens Building Condenser and the Plate Condenser Configurations in PANDA

• Brief description of the codes

GOTHIC (Version 6.0 QA) [2]

GOTHIC is a general-purpose, thermal-hydraulics computer program for design,
licensing, safety and operating analysis of NPP containments and other confinement
buildings.

The thermal-hydraulics module is based on the two-phase, multi-fluid formulation
(interpenetrating continua), and solves separate conservation equations for mass,
momentum, and energy for three fields: a multi-component gas mixture, continuous
liquid, and droplets. In addition, mass balances are solved for each component of the
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gas mixture. The phase balance equations are coupled by mechanistic models for
interface mass, energy and momentum transfer. GOTHIC includes full treatment of
the momentum transport terms in multi-dimensional models, with optional models for
turbulent shear and turbulent mass and energy diffusion. The two options for
turbulence are the mixed length model and the high-Reynolds K-e model (used for
the models presented in this paper). The hydraulic model of GOTHIC is based on a
network of computational volumes (one-, two-, or three-dimensional) connected by
flow paths. Subdivision of a volume into a multi-dimensional grid is based on
orthogonal co-ordinates. Energy exchanges between fluid and solid structures
(referred to as thermal conductors) is modelled using a general model for heat
transfer between the structures and steam/gas mixtures or the liquid. Several heat
transfer modes are modelled, including forced and free convection, boiling and
condensation, and radiation.

CFX-4 [3]

The code CFX-4 has been developed over many years at the Harwell (UK)
Laboratory of AEA Technology, and is currently the CFD code used in the Thermal-
Hydraulics Laboratory at PSI. It is used extensively throughout the world for the
simulation of practical flow problems, and as a vehicle for the development of
advanced physical models and computational techniques. The code operates in both
2-D (Cartesian or cylindrical polar co-ordinates) and 3-D modes, and either steady-
state or transient calculations may be performed. In the latter case, there is an
adaptive time-stepping option with automatic control of the time step to optimize
efficiency (within a user-defined residual error tolerance). CFX-4 has full heat-
transfer capabilities, including conduction in solid regions bounding the flow domain.
It can deal with single-phase, multi-phase or multi-component flows, with the
additional possibility of adding a species concentration to a single-phase fluid, where
the species has no effect upon the carrier fluid but is merely transported by it. The
code also incorporates User Routines which allow the user to add new thermal-
hydraulic models, coded in Fortran, to supplement those built into the code.

The multi-block gridding capability enables geometries of almost arbitrary complexity
to be handled. Boundary conditions and material properties are conveniently defined
block-wise in terms of patches. These may be 2-D - for inlets, outlets, symmetry
planes, etc. - or 3-D - to define flow obstructions or conducting-solid regions. The
version CFX-4.2 was used for the simulations.

• Analysis of test BC4

Test BC4 [4]

PANDA Test BC4 is a simulation of a small-break loss-of-coolant accident at a high
elevation in the Drywell compartment. However, for Test BC4 the malfunction of the
core flooding system in the SWR-1000 is postulated, leading to core overheat and
consequently to a large hydrogen production, simulated in PANDA by injecting a
large amount of helium into the RPV.
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The whole system is immediately pressurised through helium injection into the
Reactor Pressure Vessel. After the end of helium injection, stratification starts to
develop in both Drywell compartments due to the continued steam injection.
Because helium is lighter than steam, it tends to accumulate in the upper part of the
Drywell compartments. The helium is present around the BC, and therefore limits its
heat removal capacity. The Drywell then 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 again increases.

Our analysis will be focused on the pure steam injection phase following the helium
injection phase and the corresponding stratification. Pure steam was discharged
from the RPV into DrywelM, filled with a steam/helium mixture. The location of the
steam discharge pipe outlet (MASL1) in the DrywelH and high velocities at the pipe
outlet certainly played a significant role in the helium distribution in this vessel.

Modelling of test BC4

Analysis with GOTHIC

The BC4 post-test analysis with GOTHIC was focused on the prediction of the non-
condensable gas distribution in the Drywell 1 vessel.

A first model was developed with GOTHIC using a coarse three-dimensional mesh
for the two Drywell vessels (Fig. 2). Due to code limitations, the representation of the
BC was simplified with a set of thermal conductors. The simulation of the heat
exchange processes with both BC and Feed Line was done in order to check the
capability of GOTHIC to predict the BC heat removal. The Drywell walls were
modelled with thermal conductors and the assumption of thermal equilibrium for
steam was used. The presence of the water pool (condensate) at the bottom of
Drywell 1 was neglected.

The Drywell vessels are represented in this model as two subdivided volumes,
connected with four flow paths. The coarse mesh is expected to yield reasonable
prediction of the bulk fluid conditions in the cells adjacent to the BC, and thus to
provide the correct driving force for the condensation rate. Since the evolution of
most variables (including distribution of non-condensables) depends on the total
pressure, it was decided to force the system pressure to follow the experimental
curve, imposing a pressure boundary condition at the HOP outlet. Thus, the effects
of a possible malprediction of the pressure of the model on the prediction of the
gases distribution have been ruled out.

The effect of a finer mesh on the prediction of the mixing/stratification patterns had to
be assessed to verify the results produced by the coarse mesh. Indeed, a
reasonable prediction of the velocity field requires a very fine mesh, although
GOTHIC shows some limitations in the prediction of jet impingement onto a curved
wall [5]. Such a fine mesh (25000 cells, Fig. 3) was created using a reduced model
including only Drywell 1 and by imposing the BC and Feed Line heat removal rates.
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Fig. 2 and 3: GOTHIC Coarse and Fine nodalizations for BC4 simulation

Hydrodynamic study with CFX

Conditions in the Drywells in test BC4 were at no time steady-state, and the length of
time and complexity of the transient precluded any attempt at simulating it with a
CFD code within the time available. However, it was decided to examine the (steady-
state) flow distribution within DrywelH for conditions that were deemed to help in
assessing the GOTHIC calculations. The mesh model used is shown in Fig. 4, with a
3-D, porous-medium user-patch model of the BC and the plate positioned below it.
The steam inlet pipe was geometrically modelled, and the Helium Overflow Pipe
(HOP) was positioned in its correct geometrical location. Two simplified conditions
were identified as valuable to simulate with CFX:

a) The first was with a homogeneous steam/helium mixture in the vessel and the
same mixture entering at the lower inlet inside the vessel. This simulation would
show how strong the mixture circulation was within the vessel, in the absence of a
layer of light gases in the upper head. The calculation was performed with a single,
incompressible, isothermal fluid simulating the mixture. A constant pressure
boundary condition was imposed at the outlet of the HOP pipe.

b) The second simulation incorporated a defined stratified layer of helium at the top
of the vessel. The same inlet flow (55.145 m/s) and fluid conditions were used as in
the first case, but the calculation was carried out as weakly compressible, meaning
that the energy equation kinetic terms are ignored and the speed of sound is
assumed to be infinite. The CFX-4.2 facility for including a species concentration
within a single-phase fluid was used. Helium was taken as the primary fluid, with
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steam as the species concentration. This avoids the use of a full two-phase
simulation, which takes at least twice as long to run. Also, the two-phase models are
not yet fully validated in the code. Experience has shown, however, that this is a
viable technique for this type of situation. The goal of the second simulation was to
examine the effect of the stratified helium layer on the circulating mixture, and
conversely the eroding influence of the moving mixture on the stratified helium.

The model contained 146702 mesh cells in its final form. The major difficulty in the
simulation was the extremely large differences of scale between the significant
components of the system - the large dimensions of the vessel and the relatively
small sizes of the inlet and extraction orifices and associated pipe-work. Also, the
very high velocity of the incoming fluid and the severe difficulty of obtaining an
optimum mesh size and orientation relative to the obliquely inclined inlet orifice
added to the difficulty of obtaining a converged mathematical solution.

Building
Condenser

Drain pi ale

Speed (m/s)

• >10.0

8 5.0

0.0

Intel pipe

Fig. 4: CFX-4 Model Mesh of DrywelH with the
Siemens Building Condenser

Fig. 5: Velocity vectors in the vertical plane
through centre of inlet orifice

Results

In the steam injection phase, with GOTHIC, the model with the coarse mesh
successfully predicts the formation of a cold steam/helium layer at and above the BC
location (see Fig. 6 at t=50 and 1000 s in Plane 1 from Fig. 2, and Fig. 7), as well as
mixing of the injected steam in the lower part of the vessel, like in the experiment.
Stratification is driven by the presence of the BC and Feed Line at the top of the
vessel. The model also yields very good results for the prediction of the BC
performance and a satisfactory order of magnitude for the Feed Line heat removal.
Nevertheless, the effect of a more realistic prediction of the mixing phenomena in the
lower part of the vessel on the temperature distribution had to be assessed with a
finer mesh.
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Fig. 7: Comparison between DryweiH temperatures
predicted by GOTHIC and test BC4

Fig. 6: DrywelH temperature distribution
by the BC4 coarse mesh model (t=50 s

and 1000 s)
The fine mesh model predicts a large recirculation zone below the BC, and this zone
of high momentum does not extend to the BC. Efficient mixing is produced in this
region and reproduces what happened in the experiment in a better way than the
coarse grid model, where numerical diffusion could influence the results. Both the
coarse and fine grid models predict well the temperature distribution in the vessel
after 50 s in the transient. However, at this time, the mixing was underpredicted in
the lower part of the vessel with the coarse grid model (Fig. 6).
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The predictions with the fine grid
model have to be viewed with great
caution due to code limitations [5].
However, the velocity field calculated
with GOTHIC shows that the upward
penetration of steam above the BC
(with consequent mixing) due to the
initial jet momentum does not occur
(Fig. 8). This result could in principle
be due to the compensation of two
errors of opposite sign. On the one
hand, neglecting the water pool
(condensate) at the bottom of the
vessel tends to conserve the jet
momentum and, consequently, its
propagation capability. On the other
hand, numerical diffusion could have
produced excessive momentum
dissipation, even with such a fine
mesh (25 000 cells).
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Concerning the CFX calculations, for the first case (isothermal flow), the velocity field
in a vertical plane through the inlet (Fig. 5) showed that the incoming fluid impinged
upon the domed base of the vessel, attached to its surface, flowed up the vertical
vessel wall, passed over the domed roof, and continued down the opposite vertical
wall until it was entrained again with incoming fluid.

Viewing the flow distribution in a plane through the outlet demonstrated the three-
dimensional character of the flow and its rapid acceleration as it gathered to enter
this outflow pipe. However, due to the structured mesh required by the code, it was
impossible to refine the mesh in the zones of relatively high velocities close to inlet
and outlet, without encompassing significant regions of the vessel as well. This would
have increased the model size unacceptably. Coupled with the inherent instability of
the flow of a high-speed jet within a large vessel, the degree of convergence of the
code was thus relatively low, with a cyclic behaviour indicating this instability.

For the second case (steam-helium mixture, with assigned stratification at the
beginning of the calculation), the presence of the layer of helium at the top of the
drum significantly modified the re-circulation behaviour of the fluid. The jet impinges
upon the stratified helium layer with sufficient momentum (velocities larger than
30 cm/s) to cause it to become unstable, and to erode it (Fig. 9). This calculation was
performed as a false transient, and is primarily a qualitative indication of the
processes operating within the Drywell. It does, however, demonstrate that a
stratified layer of helium is unstable under these conditions of high momentum
injection and under the influence of outflow through the HOP. It can only exist if it is
replenished by helium fed into it from the condenser when it receives a steam/helium
mixture and the steam is condensed out.

Mass fraction (-)

n 0.818

0.0001

Fig. 9: Mass fraction contours through the plane of the inlet pipe

The velocities along the upper dome (inside the helium region) are about 1 m/s (up
to 2 m/s near to the HOP outlet), whereas the velocity of the mixture impinging on
the interface between the layers is above 0.3 m/s. In the calculations with GOTHIC,
the velocities above the BC (mainly due to a steam/helium mixture flowing upwards
from the BC surface after condensation, see Fig. 8) were negligible. These results
indicate that the stable stratification obtained with GOTHIC could actually be the
result of two compensating errors, as mentioned above.

• Analysis of test PC1

Test PC1 [6]

Test PC1 simulated the behaviour of the containment, with a plate condenser in
place of the building condenser, during an accident transient without loss of coolant.
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The analysis is focused on the beginning of the first test phase. The heat-up of the
core flooding pool is simulated in PANDA by the injection of pure steam into
DrywelH, initially almost filled with pure air at low temperature. No venting to the
Wetwells was observed in the first 6500 seconds of the test, because of the low
pressure, so that the modelling was simplified to consist of only two Drywells. The
injection of pure steam at high momentum into DrywelM caused good mixing in this
vessel, where the PC is located. However, air was stored below the connecting pipe
elevation in Drywell2 at low temperature, whereas the steam/air mixture was well
mixed in the upper part of this vessel. The stratification of air in Drywell2 and good
mixing in the Drywelli vessel are two interesting phenomena for modelling.

Modelling of test PC1

Analysis with GOTHIC

Two GOTHIC models were built up for the Drywell vessels and the PC only, with
coarse and fine nodalization for Drywelli. The heat exchange process was simulated
in the model with the fine mesh, whereas the heat removal rate was imposed in the
model using the coarse mesh.

A first model was defined with a coarse nodalization to simulate 5000 s of the first
phase of test PC1 (i.e the test period from 1500 s to 6500 s). The Drywells are
represented as two volumes, each divided into 250 cells, and connected by two flow
paths (Fig. 10). The height of the PANDA Drywell (8 m) was conserved, as well as
the positions of the HOP outlet and the PC. Actually, the model was not built to give
any information about the DrywelH velocity field, but only to provide good mixing
between air and steam in DrywelM and to simulate the air stratification in Drywell2.
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Fig. 10: GOTHIC Coarse nodalization forPCI simulation

The high momentum released in Drywell 1 in the test is responsible for good mixing in
the vessel, which led to the choice of a second model with a fine nodalization. The
grid for the DrywelH vessel is composed of 35 levels (vertical subdivisions) and 238
channels (subdivision of the cross section), giving a total number of cells of around
8000 (Fig. 11). The grid was refined in the lower part of the vessel to improve the
prediction of jet spreading and impingement on the bottom of the vessel.
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Drywell2 was represented by a much coarser nodalization. With this model, only a
1000 s transient (i.e the test period from 1500 s to 2500 s) could be simulated due to
large computation times.
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In the two models, only the most important heat sinks in the system were taken into
account: heat-up of the Drywell wall structures and heat removal from the PC
system. The PC was simulated with thermal conductors, representing either a
Drywell boundary condition (coarse grid model) or modelling the secondary side (fine
grid model). The same constraints as those revealed by the BC modelling appeared
with the PC modelling: 1) the PC corrugated surface area cannot be easily modelled
with heat conductors in GOTHIC, and 2) the DrywelH shape has to fit into a
cartesian grid. An important modelling assumption was thermal equilibrium.

Hydrodynamic study with CFX

A steady-state simulation of Plate Condenser test PC1 was performed at the point
1500 s into the test period, at which point in time the experimental data indicated that
conditions in DrywelH were only changing slowly. The conditions were characterised
by pure steam injection into a single vessel filled with a steam/air mixture.

The mesh model used, containing 83200 mesh cells, is shown in Fig. 12, with a
simple 3-D, porous-medium user-patch model for the PC. The secondary-side
pipework for the PC was not modelled, and the heat and mass transfer to it were
incorporated within the vessel in the CFX-4.2 simulation. The steam inlet pipe was
geometrically modelled as for BC4. CFX-4.2 was again used with a species
concentration defined within a single-phase fluid. Air was taken as the primary fluid,
with steam as the species concentration. As CFX-4.2 had no condensation model, a
model was developed to calculate within the User Subroutines the mass and energy
transfer to the vessel and condenser surfaces. All walls were treated as adiabatic,
with no thermal capacity, and the heat capacity of the system was thus not treated as
a variable.
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Fig. 13: Velocity vectors in vertical plane through
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The two GOTHIC models give satisfactory results with respect to the system total
pressure. The predictions using the coarse grid model are also successful with
regard to the temperature distribution in DrywelM and Drywell2. Perfect mixing is
predicted in DrywelH. Air stratification is predicted in Drywell2 (Fig. 14). Coarse
nodalization is thus sufficient for predicting the formation of the stratification of air in
the dead-end region of Drywell2 of PANDA. The energy flows (to the Drywell walls,
for example) are correctly predicted. On the other hand, PC performance is slightly
underestimated.

DRYWELL1 DRYWELL 2

Minim urn = 57 (G)
Maximum = 77 w
Time= 6003.01 seconds

Fig. 14: Temperature contour plot with the coarse
mesh at t=5OOOs (Fig. 10, Plane 3)

Vmax= OS (mfe)
Scaling Power =1 (linear scaling)
Time= 501.244

Fig. 15: Velocity field with the fine mesh
at t=500 s (Fig. 11, Plane 4)
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The fine-grid model results demonstrate as expected good mixing in DrywelH (Fig.
15). Although GOTHIC shows deficiencies in the prediction of jet impingement onto a
curved surface, the calculations predict a large re-circulation zone in the DrywelM
vessel resulting from the high injection velocities. Nevertheless, the predictions for
the velocity field have to be considered with great caution. The velocities after
impingement in the vicinity of the walls are certainly underestimated, but still cause
good mixing in the DrywelM vessel.

The jet and plume behaviour predicted by CFX agrees rather well with the GOTHIC
calculations at the simulation time of 500 s (Fig. 13 and 15), considering the rather
coarse modelling with the latter code. Indeed, the maximum velocity in the buoyant
jet just below the elevation of the PC is about 1 m/s in both calculations. The two
noticeable differences from the GOTHIC calculation are the persistent attachment to
the wall of the upward jet/plume and the much stronger re-circulating flow in the
region above the condenser and along the wall opposite to the upward wall jet.

• Conclusions

Analysis of test BC4 with GOTHIC and CFX showed that the predictive flow field in
DrywelM (where the BC is located) is very sensitive to details in modelling the high
velocity gas jet discharged from the blow down line. Nevertheless, in spite of possibly
large inaccuracies in the prediction of the flow field, the stable layer of relatively cold
helium/steam mixture at the top of the vessel during the steam injection phase could
be predicted with GOTHIC with a coarse mesh. However, due to the conflicting
results of GOTHIC and CFX with respect to the capability of the high-momentum jet
to penetrate above the BC and the influence of the HOP outflow, the issue remains
open as to whether these good results are due to a compensation of errors. On the
other hand, the mixing in DrywelM and the air stratification in DrywelI2 in test PC1
were satisfactorily reproduced with GOTHIC. For this case, the flow field predicted by
GOTHIC was confirmed by the CFX calculations.
In spite of GOTHIC limitations and the very challenging conditions of both of these
tests, the code yielded surprisingly good results, which is an encouragement for
using GOTHIC for future simulations.
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