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EXECUTIVE SUMMARY 
The main objective of TEMPEST was to validate and improve advanced modelling 

methods for evaluating pressure safety margins of BWR containments. Accurate prediction of 
pressure transients in case of accidents requires capabilities for modelling 3D effects such as 
mixing and stratification of steam, nitrogen and hydrogen in containment compartments. 
Computational Fluid Dynamics (CFD) codes and other advanced codes possess the desired 
capabilities. TEMPEST performed both experimental and analytical research in the areas of:  

Validation of Building Condenser System Models.  

The system behaviour of the SWR1000 containment with Building Condensers (BC) was 
investigated, by simulating the blow-down phase in case of a small leak in the upper part of the 
RPV and non-operation of the core flooding system. Knowledge of the distribution of non-
condensable gases is essential because it may negatively affect the performance of the passive 
BC systems. Simulations were carried out with CFD codes and Lumped Parameter (LP) codes 
(CFX, STAR-CD, GASFLOW, COCOSYS, WAVCO, SPECTRA). From comparisons with 
existing PANDA data, it was concluded that only LP codes appear to be able to provide 
comprehensive predictions for complex long-time transients. Due to limitations in the models 
and available computer resources, CFD codes are either restricted to simulate selected periods 
or to include only parts of the problem. A recommendation could be, to use LP models to get an 
overview of a scenario and for parametric studies. CFD codes can be applied for specific, more 
detailed investigations. Combined LP/CFD approaches could be introduced to split the 
computational region or to improve the depth of modelling. 

Passive Safety Features Assessment and Optimisation.  

The performance of the Passive Containment Cooling System (PCCS) of the ESBWR 
was investigated in PANDA tests for accident scenarios including release of hydrogen from 
reactor core (H2 was simulated by He). During He-release the PCCS heat removal capability 
was degraded, but the considerable increase in containment pressure was mainly caused by the 
amount of gas released. Some time after He-release stopped and the gas was vented to the 
Wetwell (WW), the PCCS recovered and the pressure finally stabilized at higher level. A new 
accident mitigating system (DGRS) showed its capability to retain non-condensable gas in the 
Drywell (DW), thereby slightly reducing containment pressure. The gas stratification patterns 
observed in the DW could be well predicted by CFD codes (CFX, STAR-CD) and by the 3D 
code GOTHIC. CFX and FLUENT confirmed the complex flow pattern observed in PCCs 
during PANDA tests. 

Wetwell Gas Space Modelling and Performance Assessment.  

Tests performed in KALI provided an extended database concerning gas mixing and 
stratification. Hydrogen or helium and steam mixtures were injected into a closed vessel. The 
test conditions were close to the WW parameters used in the PANDA tests. In the KALI tests it 
was also investigated if He is suitable to substitute H2 in system tests, aimed to simulate 
containment and PCCS response in case of accidents with H2 release. KALI tests indicated that 
mixing/stratification behaviours are close for both gases. The stratification and mixing patterns 
calculated by CFX, STAR-CD and GOTHIC showed a qualitatively good agreement with the 
experimental data.  

Plant Evaluation.  
Improved models and insights based on the TEMPEST results have been translated to the 

plant level, in particular to SWR1000 and ESBWR. For the SWR1000, one severe accident 
scenario was analysed with SPECTRA and WAVCO. The system pressure stabilises when the 



 

non-condensable gases are diluted to such a degree that the BC power matches steam release 
from the core. The discrepancy in containment pressure prediction is between 8-13%. Because 
LP codes are not suitable to predict detailed gas distributions, supplementary calculations with 
CFD codes are recommended to improve prediction quality.  

A. OBJECTIVES AND SCOPE 
 The main objective of the TEMPEST project was to validate and improve advanced 
modelling methods for evaluating pressure safety margins of BWR containments [1]. Accurate 
prediction of containment pressure during accidents requires capabilities for modelling three-
dimensional (3D) effects such as mixing and stratification, since these strongly affect the 
performance of passive cooling systems. Computational Fluid Dynamics (CFD) codes, but also 
other advanced modelling methods, possess the desired 3D capabilities. TEMPEST addressed 
both analytical and experimental research to support advances in different areas: The ability of 
CFD codes to predict passive safety system performance of SWR1000 [2] and ESBWR [3] has 
been validated for a broad range of accident conditions. Already existing experimental data and 
new data obtained in integral and separate-effect tests were used. Where necessary, the data 
have been used for model improvement purposes. New system tests have been carried out in 
PANDA to evaluate the effect of hydrogen on condenser performance. The effectiveness of the 
Drywell Gas Re-circulation System (DGRS) in lowering peak and long-term containment 
pressure has been investigated and the PCCS and DGRS systems interaction has also been 
tested. The ability of CFD codes to predict mixing and stratification in containments under 
severe accident conditions has been assessed. The required data were obtained from new 
experiments on mixing/stratification in hydrogen-steam-air atmospheres performed in separate-
effect tests (KALI) and integral system tests (PANDA). Finally, the project results have been 
translated to the plant level.  

B. WORK PROGRAMME 

 B.1Validation of Building Condenser System Models (WP1) 
The motivation for this work was to validate various CFD codes and LP codes against 

existing data with respect to major phenomena occurring in passive cooling systems. The data 
from SWR1000 Building Condenser (BC) tests performed in the PANDA facility within the 
project IPSS (4th FWP) have been evaluated. The tests were characterised with respect to 
significant phenomena (mixing/stratification, jets, plumes) and their major influences on the 
system response. The sensitivity of the BC and the test outcomes to boundary conditions were 
investigated by energy and mass balances based on measured data, backed up by energy 
balances based on results obtained with computer codes. The transportation and deposition of 
energy and distribution of species concentration between the facility components were 
quantified. Analysis of jet impingement in the DW vessel was carried-out with CFD 
calculations. CFD and LP models were validated against test results. Various CFD codes, LP 
codes and combinations of it were applied: Pool boiling on the secondary side of the BC has 
been analysed with CFX in order to assess the code capabilities to describe pool behaviour 
under two-phase conditions. GASFLOW and STAR-CD simulated containment phenomena in 
order to validate modelling of mixing, stratification and condensation. Full scope analysis, 
which features strong temperature stratification was performed with COCOSYS. WAVCO was 
applied for calculations that comprise BC primary side and secondary side, thus assessing the 
modelling of relevant phenomena. A coupled CFX/SPECTRA calculation was done for test 
BC4. The boundary conditions for the CFX calculation were provided by SPECTRA. The CFX 



 

model comprised the complete BC system. The CFX results served to improve pool 
stratification models in SPECTRA. A coupled CFX/COCOCSYS full scope calculation was 
done for one phase of test BC4 in order to demonstrate an alternative simulation method in 
comparison to full CFD analysis and for demonstration of time and cost saving. 

 B.2Passive Safety Features Assessment and Optimisation (WP2) 
This work-package served to investigate several open questions on the performance of the 

ESBWR Passive Containment Cooling System (PCCS) and possible improvements of the 
design. Integral system tests have been performed in the PANDA facility, aimed to assess the 
impact of hydrogen on the performance of the PCCS. This included interactions with drywell, 
wetwell and suppression pool. In the tests helium is used as the substitute for hydrogen. Two 
tests aimed to investigate the performance of the DGRS, a new design feature that can mitigate 
accident consequences and has the potential to provide safety and cost advantages in plant 
design. The PANDA instrumentation has been upgraded in order the to get detailed data about 
temperature and gas concentrations in the Drywell (DW) to satisfy the requirements for CFD 
code validation,. The test matrix has been based on ESBWR accident scenarios. The initial test 
and boundary conditions were defined in cooperation with the reactor vender (GE). The tests 
provided data on gas space mixing and stratification for code validation. To enhance the 
understanding of the experiments, representative tests have been analysed using GOTHIC, a 
containment code with 3D capabilities. The measured distribution of non-condensable gases 
and steam in the DW has been simulated with the CFD codes CFX and STAR-CD. The 
behaviour of the Passive Containment Condensers (PCC) in the presence of light gas has been 
studied by means of the two CFD codes CFX and FLUENT. 

 B.3Wetwell Gas Space Modelling and Performance Assessment (WP3) 
Accurate prediction of containment pressure transients during severe accidents requires 

capabilities for 3D modelling of natural convection; mixing and stratification of multi-
component gases, and condensation as well. These modelling capabilities must be reliable, 
validated and suitable for the nuclear engineering practice. WP3 is devoted to the validation of 
CFD models by performing medium scale tests in the KALI facility. The instrumentation has 
been enhanced in order to measure the local and instantaneous concentrations of the various 
species and the local temperature during the injection tests. Scooping calculations with the 
GOTHIC code provided guidelines for the positioning of instruments and for preparation of the 
test matrix. The KALI separate-effect tests consist in providing gas temperature and 
concentration spatial distribution during a transient in which hydrogen (or helium) and a steam 
mixture are injected into a closed vessel. In addition, the validity of the assumption that helium 
is appropriate to simulate hydrogen has been assessed. The test conditions were defined, to get 
the same main parameters characterizing the flow structures in the wetwell during the integral 
system tests performed in PANDA. KALI tests have been interpreted with the CFD codes 
STAR-CD and CFX and with the 3D containment code GOTHIC. 

 B.4Plant Evaluation (WP4) 
This work-package served to integrate the results of the project and to translate those to 

the plant level. Two designs are considered: the ESBWR and the SWR1000. Concerning the 
ESBWR, the impact of the results of this project on potential containment simplification and 
plant safety has been assessed. The improved and validated models that resulted from this 
project are expected to allow a more accurate containment pressure calculation. Concerning the 
SWR1000, one severe accident scenario relevant for assessing the BC has been analysed in 
order to demonstrate the simulation capability of the validated models. A core melt scenario 



 

after a stuck open safety valve accident was selected for analysis. The necessary plant and 
system data of the SWR1000 and the mass and energy release rates for the scenario have been 
provided. Full-scale calculations of the complete multi-compartment containment with a 
complete BC design were performed with the LP-codes SPECTRA and WAVCO. 

C. WORK PERFORMED AND RESULTS 

 C.1 Validation of Building Condenser System Models 
A number of computer code simulations of the SWR1000 Building Condenser 

experiment BC4 were carried out. The capabilities of the different codes have been compared 
and some guidelines and recommendations for the code users are provided.  

 C.1.1 SWR1000 Building Condenser PANDA Test BC4 

Test BC4 was part of a series of tests performed in the PANDA facility at PSI [4]. BC4 is 
aimed to simulate the behaviour of the SWR1000 containment with Building Condensers (BC) 
under accident conditions. BC4 starts during the blow-down phase, 6 minutes after scram, for 
the case of a small leak in the upper part of the RPV and non-operation of the core flooding 
system. BC4 lasts until all water in the dryer/separator storage pool has been at about 100 °C. 
Figure 1 shows the PANDA configuration used for test BC4. During the blow-down phase, 
steam flows from the RPV into the DW and causes pressure and temperature to rise quickly. 
Due to the relatively high elevation of the leak, the temperature in the DW is stratified and air 
remains in the lower part of the DW, instead to be purged to the WW. The DW conditions at 
about 6 minutes after scram were estimated to be about 1.3 bar and 100 °C. These are the initial 
conditions for test BC4. After the end of the blow-down, due to BC operation and while the heat 
removed from the RPV by the emergency condenser and the SRVs only heats up the core 
flooding pool, the DW temperature decreases together with the pressure. At about 90 minutes 
after scram, and for about one hour, additional steam is produced when water from the core 
flooding pool is supplied to the DW and heated up through heat release from the RPV. The 
resulting power is a combination of the decay heat, additional steam production, and the heat-up 
of the core flooding pool. At about 3 hours SWR 1000 time, the core flooding pool no longer 
stores heat released by the emergency condenser or through the SRVs, and the amount of steam 
produced by the boiling pool corresponds roughly to the actual decay heat power. At about 5 
hours SWR1000 time water starts to react with zirconium and, for about 4 hours, these chemical 
reaction leads to hydrogen release in the RPV, as well as heat release. Then, with increasing H2 
concentration, the emergency condenser no longer removes any heat from the RPV and a 
steam-H2 gas mixture is vented to the core flooding pool through the SRVs. The zirconium-
water reactions last about 4 hours, and when almost all the H2 has been vented to the DW the 
steam production corresponds approximately to the decay heat power. The test scenario is 
divided in four phases (Figure 2). BC4 starts with the simulation of the end of the blow-down to 
investigate the BC system response. BC4 continues with a second phase, simulating the 
pressure drop resulting from BC heat removal. During the third test phase, the RPV heating 
power is incremented regularly to simulate the increasing boiling rate of the core flooding pool, 
and the additional steam production when water from the core flooding pool is supplied to the 
DW and heated up through heat release from the RPV. At the end of the third phase, the RPV 
heating power is automatically controlled to simulate the decay heat power. During the fourth 
phase, He is injected into the RPV to simulate H2 release, and the heating power is incremented 
to simulate the heat release by chemical reaction. This fourth test phase lasts until the dryer-
separator storage pool reaches saturation. BC4 lasted about 4 hours, corresponding to roughly 
23 hours SWR1000 time. 



 

 C.1.2 Simulations of PANDA Test BC4 with Different Codes 

COCOSYS Simulations 

The first analysis for the test BC4 with COCOSYS, reported in [5] was successful, but 
showed some discrepancies in the results, which in turn became the reason for model changes.  
The improvements of a second analysis consist in an increase of subdivisions in the LP 
nodalization in DW2 and WW. The BC is now simulated with five subsequent tube zones 
similar to the BC3-analysis [6]. The secondary side of the BC is included in the COCOSYS 
model. The computational model for COCOSYS consists of 168 zones, 540 junctions and 137 
heat absorbing structures. There is a 2-zone nodalization of the PCC-pool only. For the 
simulation of the water convection between the hot and cold part of the pool-water and the BC 
convection flow, pumps are interconnected. The simulation of the convection processes in the 
pool and BC by pumps was determined by iterative fitting to the test values. There is a detailed 
nodalization of the two DW- and the two WW-vessels. Here, special attention is paid to the 
DW1. Since the BC is installed in the upper part of DW1, the BC is subdivided into five pipe 
zones each lying in a separate DW1 zone. DW1 has a 9-level subdivision with about eight 
zones per level. The DW2 is subdivided with 9 levels and 4 zones per level. There is also a 9-
level subdivision of the two WW vessels with 21 normal zones and three "water zones“. The 
COCOSYS heat transfer models at the inner side consider free- and forced-convection, as well 
as total radiation and a structure covered with water. If the water film evaporates there, the 
drain-wall model switches over to normal condensation mode. At the outer side of the insulated 
vessels, i.e. inside the PANDA building, total radiation and free convection is considered. The 
BC is axially modelled with five similar individual pipe zones and the same number of 
structures, using the same heat transfer models as for the other structures. A constant heat 
transfer coefficient of 1000 W/m2K is used for the structures in the water zones of the WW. To 
simulate the direct heat loss through the steel support skirt from the DW bottoms to the WW 
domes special heat slabs were inserted. 

WAVCO Simulations 

The PANDA test BC4 has been simulated with WAVCO [7]. The pressure evolution 
during the PANDA BC4 test is determined by the condensation of steam in the WW and on the 
building condenser. As these processes depend strongly upon the steam concentration in the 
gaseous atmosphere, the simulation of the convective flow in the vessels and the mixing of the 
different gas components is of great importance. This includes especially the helium injected 
into the facility, replacing the hydrogen that is released from the primary circuit during a 
postulated severe accident in the SWR1000. Because of its low density helium may accumulate 
in the upper part of the vessels, hampering the condensation of steam on the building condenser. 
In general, increasing the number of cells in the numerical model for such a simulation 
improves the quality of the results. On the other hand the necessary amount of computing time 
rises considerably with the number of nodes. Therefore a reasonable compromise must be 
found, optimizing the ratio between the accuracy of the simulation and the expenses of the 
calculations.  

GASFLOW Simulations 

GASFLOW has been used to simulate containment phenomena of test BC4 to validate the 
modelling of mixing, stratification and condensation implemented in the code [8]. The He-
Injection Phase has been simulated. This is the most challenging phase, because the presence of 
He limits the BC heat removal performance and accumulates in the DW. In GASFLOW the 
sources are defined as so-called internal sources, each of them occupying whole numerical cells. 
The original 45° inclination of the source in DW1 is modelled by means of two separate 
sources. One provides an inflow in negative vertical direction, the other an inflow in negative 



 

radial direction. The addition of both vectors results in a 45° angle. However, test calculations 
have shown that the momentum of this source could not be resolved. The use of two cell 
volumes as a source causes an artificial widening of the jet, and hence a corresponding loss of 
momentum. The solution for this problem could be either a much finer resolution of the grid, 
which then will result in an inadequate computation time, or a reposition of the source to better 
represent its momentum. In order to study the influence of the momentum of the relocated 
source on the overall flow pattern in the DWs, a parametric study has been performed using two 
different source locations. The results support the hypothesis that the momentum of the source 
prevents the development of stratification at the BC and leads to a mixed atmosphere. The first 
new location is called the “reflecting position” i.e. the source is now in the position where the 
45° inclined jet would be reflected by the bottom wall/pool water surface of DW1. Closer to the 
centreline, the cells are smaller and provide a smaller cell face area. Since the mass flow rate of 
the source is constant, a smaller cell face area results in a higher velocity of the jet, hence 
keeping a higher momentum. The highest momentum can be achieved by injecting the mixture 
of steam and helium through a source pointing upward. At the start of the He-injection phase, a 
slightly superheated mixture of He and steam flows into the DW1. The standard k-e-model has 
been applied to the whole computational domain. For condensation, the Chilton-Colburn 
analogy is used. The heat sink has a time-dependent surface temperature being applied from the 
temperature readings of the BC4 experiments. As a first approach, the measured water 
temperatures of the secondary (pool) side of the BC are set to be the actual surface temperature 
assuming an infinite heat conduction. A parametric study performed with two sources showed 
the influence of the jet momentum on the overall flow pattern and the pressure in the vessels. A 
low-momentum source pointing in a 45° inclined direction into DW1 has been used in the first 
simulation, a high-momentum source at the same position, just pointing vertically upward, in 
the second. The results are very different: In the simulation with the low-momentum source, the 
code predicts a too high system pressure (0.6 bar) and additionally the development of a strong 
temperature- and helium stratification in DW1 where the BC is located. With the high-
momentum source, the atmosphere is better mixed in DW1 resulting in an over-prediction of 
the system pressure by only 0.2 bar at the end of the He-injection phase. With the low-
momentum source, GASFLOW calculates a condensation rate which is generally too low. The 
high-momentum source shows a much better agreement. The momentum of the source has also 
a strong influence on the He-distribution in the PANDA vessels. More helium is stored in the 
WW in case of a low-momentum source resulting in a higher system pressure (Figure 3). The 
mass of He in DW2 is almost constant. The GASFLOW predictions of the temperature 
evolution in DW2 qualitatively agrees with the measurements, especially the temperature 
inversion is very well predicted. The He mass fraction vs. time, show that cold, but He-rich gas 
accumulates under the top of DW2 whereas warm, but He-lean gas is trapped in the lower part 
of the vessel. The upper volume is quite well mixed, whereas the lower one shows a small 
stratification of about 2 w% between the lowermost temperature sensors. The concentration 
difference between the upper and the lower volume amounts to 5 w%. Summarizing, the high-
momentum source prevents the development of stratification at the BC in DW1. The 
atmosphere is quite well mixed which agrees with the test data. GASFLOW slightly over-
predicts system pressure, but matches the BC heat removal due to condensation quite well. In 
the beginning of the He-injection phase, the condensation rate and hence the power removal is 
too high because the initial conditions don’t match the real conditions of the experiment. 
Therefore, the temperature on DW1 is predicted roughly 5 °C too low. Test BC4 is simulated 
quite well with GASFLOW in the case of a high-momentum source. 

 

 



 

CFX/SPECTRA Simulations 

The objective of the CFX/SPECTRA BC4 simulation was to demonstrate and validate the 
use of a coupled CFD/LP code approach for performing a full scope accident simulation of a 
nuclear power plant. "Full scope" refers here to the whole plant being modelled, including RPV, 
containment, safety systems, reactor building, and environment. The analyses of test BC4 
concentrated on thermal stratification of the BC pool and gas stratification in the space around 
the BC unit, both with respect to their influence on the long-term containment pressure. It is 
well known that system codes based on LP approach are inherently unable to predict 
stratification, whereas CFD codes are in theory applicable for this purpose. However, CFD 
codes suffer from long computational times for typical accident transients, even when applied to 
computational domains encompassing a single or a few compartments, and for this reason are 
unsuitable for system analyses. Therefore, a three-step, combined procedure was followed, 
taking benefit of the strong points of both approaches: Step 1 consists of a full scope analysis 
using the system code SPECTRA. In step 2, CFD analyses of the selected parts of the system 
are performed with CFX. Step 3 consists of an updated full scope analyses with SPECTRA, 
using CFD results to improve SPECTRA model.  

For the CFD computations of the BC pool, a 3D model of the pool was developed. The 
flow domain consists of a turbulent region, separated from a laminar region due to stratification. 
Both the standard k-ε turbulence model as well as a low Reynolds k-ε turbulence model have 
been used in the analyses. For the computation with the standard k-ε turbulence model, a mesh 
consisting of 565.000 cells has been used. Subsequently, this mesh has been refined near the 
walls. The resulting second mesh consists of 754.000 cells. This mesh has been used for the 
computation with the low Reynolds k-ε turbulence model. Since the analyses have been 
performed up to the time where transition to two-phase flow takes place, the analyses were done 
in single-phase. The CFD computations of the DWs have been performed with CFX-4.4. The 
grid of the two DWs consists of 620.000 cells. The gas mixture in the DWs is modelled as a 
multi-component mixture consisting of steam, helium and air. A compressible flow model was 
applied. In the transient computations, an automatic time stepping procedure has been used. The 
wall condensation model developed by NRG was applied. Condensat is removed from the 
computational domain. Since the pool at the bottom of the DWs has not been modelled, the 
problem is reduced to a single-phase problem. SPECTRA was applied for the full scope 
analyses. The model consists of 12 control volumes, 19 junctions, and 10 solid heat conductors. 
All pipes connecting the two DWs and the two WWs were modelled using two parallel 
junctions, representing the lower and the upper part of the connection respectively. This allows 
for counter-current flow and mixing of fluids from the two connected volumes. 

Validation of the CFD Model of the BC Pool: In order to calculate the BC pool water 
outlet temperature correctly, it is essential that mixing in the BC pool is predicted accurately. 
The outlet temperature as predicted by the standard k-ε model is significantly higher than the 
measured value. This is caused by the over-prediction of mixing in combined turbulent-laminar 
stratified flows by the standard k-ε model. It was concluded that mixing cannot be computed 
accurately with this model for flows including stratification/relaminarization. 
Phenomenological, the flow in the BC pool consists of two regions, created by the sparger 
which produces an unstable velocity field in the pool (shown in Figure 4). This velocity field 
results in good turbulent mixing in the upper part of the pool. However, the lower, cold part 
remains stratified during the considered transient time [9].  

Validation and Application of the CFD Model of the DWs: The BC4 transient was 
calculated during the He-injection phase. The gas flow injected into DW1 consisted of about 15 
mass% He and about 85 mass% steam. The computed system pressure corresponds almost 



 

exactly to the measured value during the He-injection phase. The effect of the system 
temperature on the pressure is limited to a few percent. The amount of steam and helium present 
in the DWs is predicted within a few percent. Helium and steam flow rates from DW1 to the 
WW are also calculated within a few percent. The condensation rate of steam at the BC and at 
the walls of both DWs is predicted within 25%. The CFD simulation proved in particular useful 
to understand the helium distribution inside both DW volumes during the test. Due to 
condensation of steam, the He mass fraction in DW1 increases steadily from zero to a 
maximum of about 0.4 at 8000 s. At this time the He concentration in DW1 starts to decrease 
due to the injection of pure steam into DW1. Helium and steam are mixed homogeneously in 
DW1 during the helium injection phase due to the strong re-circulation flow pattern that takes 
place in DW1. He is transported from DW1 to DW2 via the upper half of the large 
interconnecting pipe. Inside DW2, this transported helium gas starts to rise directly due to 
buoyancy. The induced flow results in well mixed conditions above the stratification front [10]. 

Improved Pressure Prediction with the SPECTRA/CFD Model: SPECTRA analyses of 
the BC4 test were performed in order to determine the sensitivity of containment end pressure 
to stratification in DWs and the BC pool, prior to the combined LP/CFD code analysis. The 
effect of thermal stratification of the BC pool on containment end pressure was investigated in 
calculations with various stratification models for the pool, including the perfectly mixed BC 
pool. The SPECTRA internal stratification model, as well as the values obtained from CFD 
analysis of the BC pool were applied. It was concluded that, as far as the containment 
parameters were concerned, there was practically no influence of BC pool stratification on the 
results. The effect of stratification in both DWs and the RPV on containment end pressure was 
determined by varying the level of stratification in these volumes. The results showed a 
significant influence of gas stratification on containment pressure, with the calculated end-
pressures varying between 4.8 and 5.4 bar. Based on this, it was concluded that calculation of 
the stratification in the DWs with CFD would be useful. The SPECTRA analyses also showed 
that the performance of the BC unit was rather similar in all cases. This was caused by the self-
adapting property of the system. It is therefore concluded that it is not necessary to create a 
detailed model of the BC unit within the CFD code. A simple BC model, involving boundary 
heat flux and condensation rate prescribed based on SPECTRA calculations should be 
sufficient. The detailed results of calculations performed within a combined LP/CFD code 
analysis are given in [11]. The overestimation of pressure in the Step 1 calculation is 
characteristic of all system code calculations of the BC4 test. Stable stratification of DW2 is 
accompanied by stable trapping of helium in this volume. With perfect mixing of DW2 as 
assumed in system codes, less helium is trapped in DW2. However, DW1 does not keep the 
helium, which is instead transported through the overflow pipe to the WWs. Consequently, the 
amount of helium present in the WWs is clearly smaller in case of a stratified DW2 than in case 
of a perfectly mixed DW2. Since the WW pressure is the back-pressure of the system, the 
amount of helium ending up in the WW determines the system end pressure.  

Main conclusions: As far as the containment parameters were concerned, there is 
practically no influence of BC pool stratification on the results. The combined SPECTRA/CFX 
approach to passive containment modelling applied to test BC4 resulted in a best-estimate value 
for the calculated containment end pressure, within measurement accuracy of the 
experimentally observed value of 4.7 bar. Sensitivity analyses of the BC4 test with respect to 
stratification in gas spaces showed a worst case value of 5.4 bar. This value should be adopted 
in a bounding analysis. It would translate into 0.7 bar or 15% containment pressure margin. 

STAR-CD Simulations 

The simulation with the CFD code STAR-CD was focused on gas mixing in DW1 of test 
BC4 during the He-injection phase [12]. The code predicts the transient formation of a buoyant 



 

jet, which extends from the source up to the top of the DW. The jet contributes to stratification 
near and above the BC elevation. However, the predicted stratification is not strong enough 
compared to the experiment and the analysis of the BC performance during the steam injection 
phase will demand a special development as far as no condensation model is yet available in 
STAR-CD. Even if not completely realistic, a simplified 2D modelling has shown to be useful 
to initiate some local sensitivity studies, especially in the zones of jet impingement and of 
mixing around the BC location. Before selecting 3D modelling, this 2D geometry is also an 
opportunity to test some specific models for diffusion, condensation and turbulence. As far as 
3D modelling is concerned, the feasibility has been demonstrated that STAR-CD is capable to 
predict mixing and, at least partially, stratification patterns in DW1. From both 2D and 3D 
calculations it can be concluded that during the He-injection phase, the temperature evolution in 
DW1 is correctly predicted and that the steam injection phase reveals a need to improve the BC 
representation. The continuation of theses simulations will be devoted to 3D transient analysis. 
The first attempts with refined 3D models have shown that the time of response is about one 
week for a 1000 s transient, which corresponds to almost one month for both phases of He and 
steam injection analysis. Therefore, these models are not convenient for parametric studies 
contrary to LP codes, all the more as a coarser mesh is not always relevant. The development of 
new subroutines is needed to better model the heat and mass sink induced by the BC and the 
feed line, as well as another subroutine for local gas injection at a prescribed rate in a specified 
cell. Looking to future 3D calculations, two tentative approaches were done and have shown 
promising. These concern first a coupling of 3D steady-state/3D transient calculations. 
Following this strategy, the final temperature field in DW1 after the He-injection phase is 
evaluated through a steady-state analysis, then the results are used as initial conditions for a 
subsequent transient analysis of the steam injection phase. In the second approach a model with 
DW1 only was used for the analysis of the steam injection phase, considering that the flow to 
DW2 is very weak and does not affect the BC performance. It might be very cost effective to 
examine the flow distribution in a model with DW1 only, for conditions that will help to assess 
the future complete STAR-CD calculations. The results obtained are very promising. 

 C1.3Comparison of Code Performances and Guidelines 

The capabilities of the different codes have been compared [13]. Simulations were done 
by traditional LP codes (WAVCO, SPECTRA, COCOSYS), but there is also one CFD code 
(GASFLOW) and a combined run involving CFX and SPECTRA. GASFLOW was not run 
over the full time of the test. Therefore, the error propagation is not be traced. Test data are used 
at the beginning of the entering point as initial conditions. A general impression is, that if there 
is good agreement with some data, this does not mean, that there is also good agreement with 
others. Apparently, not all quantities are coupled with each other, although the complexity of 
the experiment and the interconnection of the PANDA vessels may this imply. Some major data 
to be compared were selected. In Figure 5 the DW pressure is compared. There have been many 
attempts to simulate the pressure transient. A key feature of a simulation is a very good mixing 
in DW1 and stratification in DW2 to reach good agreement between code prediction and 
experiment. This target can be reached as most simulations show. For the He partial pressure 
the codes show considerable differences. The air partial pressure consequently also reveals 
differences in the time history. In DW2 there is a similar but less strong divergence of 
predictions. In Figure 6 the heat flow through the condenser is depicted. Three methods were 
used to determine the heat transfer. These are condensate flow measurement, energy balance of 
the dryer/separator storage pool and energy balance of the BC pool. GASFLOW data are only 
available for a short time and show some overshoot when the simulation starts. COCOSYS data 
are in good agreement but produced by the help of some experimental data for representation of 
the secondary side. SPECTRA under-predicts the power in the initial phase, when sub-cooled 



 

water flows through the BC tubes. Since the water mass flow rate through the tubes is well 
predicted, this is probably caused by too low heat transfer coefficient on the water side during 
low flow phase. WAVCO shows good agreement in the beginning but later under-estimates the 
heat flow. In summary, all codes appear to be able to simulate the characteristic behavior of the 
BC satisfactorily and most codes were able to provide good predictions. 

The current situation and level of code development, discussed in some detail for test 
BC4, can be characterized as follows: Only LP codes appear to be able to provide 
comprehensive predictions for a complex, long time experiment like BC4. CFD codes due to 
limitations, still existing in the modeled physics and available computer resources, are either 
restricted to simulate selected periods in time or to include only parts of the problem. CFD 
codes are also used to support LP codes (combination of CFX–SPECTRA) in understanding 
special situations or to provide additional information in particular for all phenomena related to 
momentum exchange. LP codes have limitations whenever flow dominates the processes under 
investigation. A good example is the mixing in DW1 and DW2. Here the use of CFD enabled 
an LP code to improve the modeling of mixing in order to obtain more realistic predictions. The 
integral experiments conducted at the PANDA facility have proved to be a challenge to 
simulation by computer codes. In view of up-scaling to full size geometries found in a 
containment and running in blind mode, code application and development should take into 
consideration the following. CFD codes will become able to simulate long-term processes with 
increasing computer power and/or parallelization. Fast running and robust solver algorithms are 
necessary to be implemented. The complexity of the physics, addressed by experiments like 
BC4, calls for the implementation of additional models in CFD codes as a standard feature. 
Among these are wall condensation, simplified heat conduction and sump modeling. 
Furthermore, the codes have to be able to run the physical models in combination with each 
other. Almost each experiment involves special features (building condenser), which have to be 
simplified somehow. Codes must be able to allow users to implement easily user-models and 
additional coding. Also for LP codes is applicable, that models for specific phenomena may be 
missing. Depending on the code this can be simulation of pure water volumes, improvements in 
the BC heat transfer models or condensate treatment involving sump modeling. LP codes have 
clear limitations with processes, which involve momentum dominated transport. In these cases 
the use of CFD codes is recommended. A recommended trend could be, to use LP models to get 
an overview of a scenario and to conduct parametric investigations. CFD codes can be applied 
for specific and more detailed investigations, identified by previous LP runs. Alternatively, 
coupled approaches between LP and CFD to split the computational region or improve the 
depth of modeling in an overlapping set-up could be introduced. 

 C.2 Passive Safety Features Assessment and Optimisation 
Several aspects of passive safety features response on hypothetical LOCAs, including 

BDBAs with hydrogen release, have been studied. Important goals were to better understand 
the relevant phenomena that occur in passive systems and to further improve computer codes 
with 3D capabilities. New integral system tests related to the ESBWR have been performed in 
the PANDA facility. The tests were aimed to assess the impact of hydrogen on the performance 
of PCCS and containment. Two tests were aimed to investigate the Drywell Gas Re-circulation 
System (DGRS), a new design feature that can mitigate accident consequences. The tests have 
been analysed using GOTHIC, a containment code with 3D capabilities. The distribution of 
non-condensable gases and steam observed in the tests has been simulated with CFD codes 
(CFX and STAR-CD). The behaviour of the Passive Containment Condensers (PCC) has been 
studied by means of two CFD codes (CFX, FLUENT). 



 

 C.2.1 Integral System Test Programme in PANDA 

The containment behaviour of the ESBWR in case of an accident has been experimentally 
investigated in PANDA. Five integral system tests were performed to study the long-term 
cooling phase following a postulated LOCA. In addition the effect of hydrogen release in case 
of core over-heat was investigated [14]. The focus of the tests was on the following aspects: 

- Impact of light gas on PCCS performance (Test T1.1); 
- Influence of mixing/stratification on PCCS and containment behaviour (Test T1.2); 
- Significance of additional heat release due to metal-water reaction on PCCS and 

containment behaviour (Test T1.3); 
- Performance of DGRS in reducing long-term containment pressure in case of an 

accident with H2 release (Test 2.1), and without H2 release (Test 2.2). 
 

A comparison between ESBWR and PANDA facility is shown in Figure 7. The 1390 
MWe ESBWR [3] is an evolution of the 670 MWe SBWR [15], designed by General Electric 
(GE). Both concepts make use of passive systems. These systems provide emergency core 
cooling, keep the reactor core cooled and remove decay heat from containment. The systems 
performing these tasks are the Gravity Driven Cooling System, the Isolation Condenser System, 
and the Passive Containment Cooling System (PCCS). The large-scale thermal-hydraulic 
PANDA facility allows for investigating LWR system behaviour and containment phenomena 
[16]. PANDA was first used to study passive decay heat removal systems and containment 
response of the SBWR. Later, system tests were performed for ESBWR and SWR1000. 
PANDA was used again for the projects NACUSP (Natural circulation stability in BWRs) and 
TEMPEST.  

 Test Specification, Initial and Boundary Conditions 

 Test T1.1 (Base Case) investigated the impact of light gas on the PCCS and containment 
performance in case of a MSLB LOCA and release of large amounts of light gas caused by core 
overheat later in the transient. According to the test configuration (shown in Figure 8) the RPV 
is connected to both DWs to equally distribute the break flow to DW1 and DW2. All three 
PCCs are available. Hydrogen release is simulated by injecting helium into the two  break flow 
lines, going from the RPV to the DWs. He-injection started at 10000 s after test initiation for a 
period of two hours. The test is to provide data on PCCS performance in the presence of light 
gas and on gas space mixing/stratification in the DWs.  
 
 Test T1.2 (Stand-by Volume) investigates how light gas affects PCCS and containment 
behaviour in a very special test configuration (Figure 8) where DW1 is acting as a large stand-
by volume. The total break flow goes to DW2. Only PCC2 and PCC3 connected to DW2 are 
used. Helium injection to the DW2 is initiated at 10000 s after test initiation for two hours. This 
test is to provide data about accumulation of non-condensable gas in the DW2 dead-end volume 
and on gas space mixing/stratification. 
 
 Test T1.3 (Asymmetric Case) is aimed to assess the effect of light gas and additional heat 
release due to metal-water (M-W) reaction on PCCS and containment performance in a special 
(asymmetric) facility configuration (Figure 8). The total break flow goes to DW1. Only PCC2 
and PCC3 connected to DW2 are used. He-injection to the DW1 is initiated at 10000 s after test 
initiation for two hours. During He-injection the RPV heater power is increased in order to 
simulate additional heat release caused by M-W reaction. This test provides data on gas 
distribution in a very special configuration and on system behaviour under BDBA conditions. 
 



 

Test T2.1 (Base Case with DGRS) is to assess the combined PCCS and DGRS 
performance when light gas is injected. The test configuration is the same as for the Base Case 
Test T1.1 (Figure 8). The DGRS is activated at 10000 s after test initiation, when He-injection 
starts, and run until the end of test. The test provides data on gas distribution and on PCCS 
performance in the presence of light gas and on the performance of the DGRS in retaining non-
condensable gas in the DW, thereby reducing long-term containment pressure. 
 

Test T2.2 (Base Case with DGRS, no He-release) is to assess the combined PCCS and 
DGRS performance in case of an MSLB LOCA with no hydrogen release. The test 
configuration is the same as for test T2.1 but no helium is injected and the DGRS is activated at 
about 21600 s after test initiation. The test provides data on the performance of the DGRS in 
retaining gas in the DW that is heavier than steam (air).  

 
The initial conditions are the same for all tests and correspond to the plant status predicted 

by TRACG for the ESBWR at one hour after scram, triggered by an MSLB-LOCA. At this time 
DW conditions are at 2.5 bar / 127 °C. The heater power in the PANDA RPV is controlled to 
match the scaled (1:40) decay heat release. The power was 1276 kW at test begin and decreased 
to 638 kW at the end of the 12 hours tests. For tests with only two PCCs available the power is 
accordingly reduced. In test T1.3 the power is increased during He-injection to simulate 
additional heat release caused by M-W reaction. The equivalent mass of He for simulating H2 
release was assessed based on the ESBWR design and assuming 100% cladding M-W reaction. 
The gas re-circulation flow rate of the DGRS is based on a parametric study performed by GE.  

PANDA Experimental Results 

The tests are characterized by three phases showing generally the following typical 
behaviour: 

 
Phase 1 (before He-injection starts): The PCCS started working immediately after test 

start. The PCCs were slightly over-loaded and, therefore, not able to remove all heat released 
from the RPV. Therefore, a steam/air mixture was vented from the DW to the WW for the first 
20 minutes. Within the first hour into the test all residual air in the DW was vented to the WW 
gas space. The venting process leads to an increase in WW pressure, and with it also the DW 
pressure slightly increased in the very beginning of Phase 1 (Figure 9). After all the air was 
purged to the WW, the pressure in DW and RPV decreased slowly, in accordance with the 
decreasing decay heat power and, therefore, increasing over-capacity of the PCCs.  

 
Phase 2 (during He-injection): As soon as He-injection started, the system behaviour 

significantly changed. Helium release caused a continuous increase in system pressure (Figure 
9). An increase in WW pressure is observed because of almost continuous venting from the DW 
to the WW, through the PCC vent lines. During this phase the PCC heat removal capability was 
degraded by the non-condensable gas, which flows together with steam from the DW to the 
condensers. The degradation is reflected in the reduced condensate flow returning to the RPV. 
 

Phase 3 (after completion of He-injection): As shown in Figure 9, the system pressure 
kept on increasing for about 3000 s after He-injection stopped. At around 20000 s into the tests, 
when almost all helium has been purged from the DW to the WW, the PCC performance 
recovered and a kind of new equilibrium was established between heat removal capability and 
actual decay heat release. Consequently, the pressure stabilized at higher level and later slowly 
decreased until the end of test. The pressure level finally reached in the DW is mainly 
determined by the amount of light gas released during the course of the accident. 



 

Observations about mixing and stratification in the Drywell: The tests performed in 
different facility configurations showed a variety of mixing/stratification patterns. The results 
for the Stand-by Volume Test T1.2 are shown in Figure 10. Helium accumulated first in DW2 
to finally reached its maximum concentration of 30% at the end of the injection phase. Shortly 
after He-injection started He also flowed to DW1 (stand-by volume). In the upper region of 
DW1 the helium concentration reached 31% at the end of injection and increased further to 42% 
to the end of test. In the lower region of DW1 the helium concentration decreased after injection 
stopped and approached about zero at the end of test. In DW2 the helium concentration reached 
about the same level as in DW1 at the end of the injection phase but no helium could be 
detected in DW2 about 4000 s later. 

Observations about PCC Behaviour: The PCC behaviour was largely changing during the 
course of the tests. Before He-injection, PCC heat removal was in equilibrium with the decay 
heat release. During the injection phase the PCCs removed less energy from the DW because 
condensation was degraded by non-condensable gas. Based on measured gas temperatures in 
the upper and lower drums of the condenser and in the central tube different operation modes of 
the condenser have been observed during the course of a transient. Figure 11 shows for test 
T1.1 the measured vertical gas temperature profiles, from the upper header through the central 
tube down to the lower header, for three different transient times: at 3500 s (before He-
injection), at 12500 s (during He-release) and at 29000 s (after He-release). Before He-injection, 
a mixture of steam and small amounts of air is supplied to the PCC upper header and passed 
downwards through the condenser tubes. In this phase, temperature measurements indicate two 
separate zones (Figure 11, t=3500 s). In the upper zone steam is condensing at saturation 
temperature. In the lower zone a mixture with air and relatively low steam content is 
accumulating. Here, the gas temperature approaches the PCC pool temperature of about 100 °C.  

The boundary between the two zones is moving upwards during the test because the 
PCCs adjust their heat removal capacity to the actual decay heat release by progressively 
accumulating air in the lower part, thereby reducing the effective condensing area. If not 
sufficient air is available for blanketing enough heat transfer area, then PCC over-capacity 
results and the DW pressure starts to decrease. After initiation of He-injection the PCC 
operation mode changed significantly. In presence of gas that is lighter than steam, buoyant 
forces, arising from steam condensation out of a steam/He mixture, strongly influence the flow 
patterns inside the PCCs. The clear separation into two zones described above disappeared and 
a different vertical temperature gradient is established along the tubes. Two different operation 
modes could be identified: The first mode refers to a situation in which a vertical temperature 
gradient showing higher temperature in the top and lower temperature in the bottom is 
observed. This indicates that the steam/helium mixture is flowing downwards in the tube and is 
becoming more and more helium rich as condensation proceeds This first mode was observed in 
PCC3 in test T1.1 from the beginning of He-injection till t=23500 s into the test (Figure 11, 
t=12500 s)). The second mode refers to the situation in which the temperature levels in the 
upper and lower drums are maintained, while a reverse temperature gradient is established. The 
gas in the tube is colder than in the lower drum, indicating that the flow was re-circulating 
upwards and again becomes colder due to steam condensation (Figure 11, t=29000 s). The PCC 
flow patterns proved to be much more complex for steam/helium mixtures than for steam/air 
mixtures.  

Effect of DGRS on System Response: Test T2.1 demonstrated that the DGRS is able to 
retain non-condensable gas in the DW. As can be seen from Figure 4.2.6 the resulting DW 
pressure (peak and long-term) is about 0.3 bar lower for the test with DGRS activated (T2.1) 
compared to the test with same conditions but without DGRS (T1.1). At the end of test T2.1 the 
DGRS was stopped to simulate a failure of the system. The pressures in DW and WW 



 

immediately started to rise and after 30 minutes approached the same level as measured for test 
T1.1 (with no DGRS). Non-condensable gas is only retained in the DW as long as the DGRS is 
working. It appears that the amount of gas retained in the DW depends also on the configuration 
adopted for the DGRS piping, i.e. the elevation where the re-circulation flow is re-introduced to 
the DW. In the current PANDA configuration the flow is injected at about mid-height of the 
DW. More volume would be available to store gas if the injection would be at the bottom of the 
DW. With respect to the ESBWR containment, the design of such a DGRS system should be 
optimised accordingly.  

Conclusions on PANDA Tests: The containment behaviour of the ESBWR in case of a 
LOCA, including the effect of core over heat with release of hydrogen has been experimentally 
investigated [17 to 23]. An extensive database for model validation and code qualification has 
been produced. All tests showed a similar behaviour of containment and PCCS before He 
release. During He-injection the system pressure increased rapidly, mainly because of the added 
gas and only to a minor degree because of degradation in PCC performance. Some time after 
He-injection stopped and no more gas was vented from DW to WW, the PCC performance 
recovered and the system pressure finally stabilized at higher level. Although during He-
injection PCCS performance was degraded, no significant energy deposition occurred in the 
WW. The tests clearly showed that the PCC operation mode is significantly different for 
steam/helium mixtures and steam/air mixtures. The tests helped to better understand the PCC 
behaviour in the presence of light gas. Nevertheless, new tests with further upgraded 
instrumentation could provide more insight to the complex flow patterns. The DGRS showed its 
capability to retain non-condensable gas in the DW, thereby slightly reducing containment 
pressure. A disadvantage is that in case of a failure the containment pressure raises quickly to 
the level without DGRS.  

C.2.2 Analytical Investigations 

Simulation of Helium Distribution and Condensation in Drywell  

Calculations with GOTHIC 

The PANDA tests provided a unique database for the assessment of the capabilities of the 
GOTHIC code. The stratification patterns produced during the tests with helium in the two 
DWs covered a variety of conditions and controlling phenomena, which put in evidence the 
merits of a 3D modelling of large, connected volumes. The experiments provided conditions to 
test the limitations of the code, as well as of the necessarily coarse mesh used for the long 
transients investigated. The tests have been analysed, using both, LP and 3D representations of 
the DWs. The focus was on prediction of gas distribution in DWs, and its effect on the 
pressurisation of the system. Post-test simulations for test T2.1 with DGRS and the stand-by 
volume tests T1.2 have been performed. A mesh sensitivity study was conducted for test T1.2 to 
verify the modelling detail required to capture strong stratifications. In view of the results 
obtained [24], the most interesting conclusions should refer to the effect of gas distribution on 
system response and to the prediction of local gas accumulation phenomena. 

In general, the coarse meshes used are capable to capture most of the stratification 
patterns observed in the test. The predictions with the 3D model were always closer to the test 
data than those obtained with the LP representation of the DWs for all the conditions where the 
in homogeneity of the gas distribution had a mitigating effect on the pressure build-up. Figure 
12 shows the comparison between the experimental pressure in Test T1.3 and the results 
calculated with the LP model and the 3D, coarse-mesh model. The retention of helium in 
regions of the DW and the purging rates from the regions where it accumulated were predicted 
fairly well, so that the effect of various configuration conditions (including effect of DGRS) on 
the final pressure could be simulated. A mesh sensitivity analysis was performed for the stand-



 

by volume Test T1.2, using a finer mesh representation of DW1. The model of both DWs 
consisted of about 10’000 cells. This sensitivity analysis revealed that the finer mesh would not 
necessarily be required for calculating the global transport of gas from the dead-end region 
(upper half of DW1) to the connected vessel and from there to the WW. No substantial 
difference in the pressure predicted with the two models could be observed, both computing a 
higher pressure than in the test. Figure 13 shows that the simulation with the coarse-mesh of the 
flow patterns in DW1 that are expected to have prevailed in the test, was quite reasonable, and 
reproduced the process of He accumulation in the upper part of DW1 during the second phase 
of the test. The insensitivity of the predictions to the quality of the mesh may be due to the low 
turbulent diffusivities calculated by the code for the low-flow conditions prevailing in DW1, 
which results in the prediction of strong concentration gradients even using a rather coarse 
mesh. As this feature seems to be peculiar of GOTHIC, these conclusions should not be applied 
to other CFD codes. As regards local accumulation phenomena, various interesting results could 
be obtained for Tests T1.2 and T1.3. Notably, the increasing He-concentration in the upper half 
of DW1 during Test T1.2 could only be predicted with the fine-mesh model, whereas a large 
discrepancy with the data was observed in the simulation with the coarse-mesh model. 
However, the dramatic improvement in the prediction of the He-concentration in DW1 obtained 
with the fine-mesh model produced a very minor effect on the prediction of the system pressure. 
The simulation of Test T1.3 performed with the coarse-mesh model, resulted in an inaccurate 
representation of the purging of helium form the upper part of DW1. These two results, as well 
as the incapability of the coarse-mesh model to predict cross-sectional distributions in various 
tests, showed that the prediction of local phenomena may require a very detailed mesh, 
probably finer than that which can be currently afforded with the available computer resources. 
This conclusion shows the limitations of the current capabilities. However, it indicates that 
detailed investigations with CFD codes (for instance to predict the build-up of local pockets of 
dangerous hydrogen-rich mixture in confined spaces) may become a required engineering tool 
to tackle the hydrogen risk problem in a complex geometry as soon as the progress in computer 
sciences will allow large-scale simulations. 

Calculations with CFX 

The objective of modelling Test T1.2 with CFX was to demonstrate and validate the 
capability of the code for predicting stratification in containment volumes. This fits well into an 
overall strategy of containment modelling, to apply system codes for full scope plant analyses, 
and CFD codes to calculate multi-dimensional phenomena. The CFX mesh of the two DWs 
consists of 788.500 cells. A finer mesh has been used for DW2, in which steam and helium are 
injected. Due to this injection, the gradients in the flow quantities in DW2 are larger than in 
DW1. A pool of water is present at the bottom of the two DWs, originating from condensation 
of steam. The gas mixture in the DWs consists of steam, helium, and air. For the transient 
calculations an automatic time stepping procedure has been used. Buoyancy is included. The 
flow is non-isothermal, with the enthalpy equation being solved in the CFD model. A mixed 
turbulent/laminar stratified flow occurs in DW1 during test. Mixing is over predicted using the 
standard k-ε turbulence model for this situation. In contrast, low Reynolds k-ε turbulence 
models are well capable of predicting mixing in combined turbulent/laminar stratified flows. 
However, these turbulence models require a much finer mesh density near the walls in order to 
resolve the boundary layers and are less stable than the standard k-ε turbulence model. 
Therefore, the computations have been performed using the standard k-ε turbulence model. A 
model for wall condensation is not available in CFX-4. Therefore, a model has been developed 
and implemented for calculating the steam condensation and for defining sinks of steam and 
enthalpy. The inlet mass flow rate, the corresponding temperature, and the helium mass fraction 
of the discharge flow into DW2 have been used as the inlet boundary conditions. A pressure 



 

boundary was used at the outlets of the computational domain respectively at the PCC supply 
lines. The measured wall temperatures have been used as boundary conditions.  

The CFX-4.4 model has been applied to calculate the He-injection phase of test T1.2, 
covering the period of 9,500 - 17,000 s [25]. It proved practically impossible to cover also the 
post-He-injection phase, due to the relatively slow convergence of the computation, which 
resulted in a net CPU time of three weeks for 7,500 s of transient time. The calculated mass 
fractions show that the He-distribution in DW2 during the transient is quite homogeneous, 
indicating well mixed conditions, as illustrated in Figure 14. DW2 is well mixed due to the 
strong re-circulation flow pattern generated by injection of helium and steam into DW2. The 
Figure also shows that helium is transported from DW2 to DW1 via the upper half of the 
interconnecting pipe. The helium entering DW1 rises directly due to buoyancy, resulting in 
stratification, with well mixed conditions above the stratification front. The front moves slightly 
downwards during the considered transient time. In the stratified DW1, the helium 
concentrations are predicted within 10% accuracy and the increase of gas temperatures is over 
predicted by 15-25%. In the well-mixed DW2, the helium concentrations are predicted within 
10-15% accuracy, whereas the calculated gas temperatures increase is over predicted by 100%. 
It was not possible to retrieve the cause for the observed discrepancies.  

Calculations with STAR-CD 

For validation purposes of the CFD code STAR-CD 3.15 the tests T1.1 and T2.1 were 
selected. The tests provide challenging data for code analysis on accumulation of non-
condensable gas and on mixing/stratification in the DWs. The modelling strategy used to 
represent the DWs results from previous PANDA simulations, where it showed to provide 
sufficiently accurate results in relation to mixing/stratification processes, even using a coarse 
mesh [12]. The model uses a uniformly spaced Cartesian coordinate system with 2976 cubic 
cells. The flow rate to the PCCs is represented by an outlet velocity profile and the walls of DW 
vessels are supposed to be adiabatic. Buoyancy-driven flows and natural convection are taken 
into account. The standard k-ε turbulence model “High Reynolds number” for the turbulence 
characteristics is used. Condensation is not taken into account. The time steps are constant and 
equal to 1 s. 

 
Test T1.1 results: The detailed 3D-calculation is supposed to start at beginning of He-

injection and to stop 15000 s later, after DW pressure stabilized. Before the PCCs start to 
operate, the DWs can be considered as two closed interconnected tanks. This constitutes a 
discrete fluid oscillator governed by compressibility, which may give rise to resonance-related 
fluctuating forces. In fact, the PCCs are operational and significantly change the system 
behaviour as soon as the He-injection begins. The containment pressure is mainly governed by 
the performance of PCCs and by the amount and transient distribution of non-condensable 
gases initially filling the containment or being released later in the transient from the reactor 
core. The DW pressure increases as long as He is injected and keeps on increasing for about 
3000 s after the end of injection, both in the experiment and in the STAR-CD calculation. The 
highest pressure in the DW is approximately 5.6 bar in this test and 5.6 bar in the calculation. 
Containment temperatures are determined by gas distribution and pressure inside both DWs. As 
far as gas mixing in DW is concerned, right after the beginning of He-injection, helium is 
practically immediately well mixed with steam in the DW, than the measured temperatures 
evolve with time almost in the same ranges for both DWs. Despite the coarse grid, the general 
trend of the temperature profiles is satisfactorily predicted by STAR-CD, as well as the 
stratification patterns originating by symmetric injection conditions of test. 
 



 

Test T2.1 results: Two phases are considered in the calculation: These are Phase 2 (during 
He-injection and DGRS activated) and Phase 3 (after He-injection and DGRS activated). In the 
zone of DGRS operation, the negative buoyancy-generated flow is clearly reproduced by the 
simulation, which also shows the entrainment induced by the strong buoyancy effects in both 
ends of the interconnecting pipe. The pressure history calculated with the 3D-model is nearly 
identical to the experimental evolution during phase 2, but the code over-predicts the pressure 
during phase 3. This major discrepancy does not seem to be related to compression of the gas, 
since the temperatures are not over-predicted in the same range. It might be due to some other 
effects that have not been included in the analysis. During phase 2, a vertical stratification of the 
measured temperature distribution appears in DW1 and DW2. As a consequence of the DGRS 
activation, the gas temperatures in the bottom of the DW increase faster than the temperatures in 
the top of the DW. The general trend of the temperature profiles in DW1 and DW2 is 
satisfactorily predicted by STR-CD. Test T2.1 has given a first insight into the PCCS 
performance and overall system behaviour in a postulated accident, during which a large 
amount of light gas was released to the DW and the DGRS was activated. The simulation has 
shown the difficulties to calculate gas mixing in a condition of double forced convection due to 
the injection jet and due to the DGRS. The pressure in the DW is overestimated by the code and 
no tentative has permitted to improve this situation without deteriorating estimation of other 
relevant variables. It seems that there should be a significant influence of the gas stratification 
on containment pressure. The positive point seems to be that the CFD modelling with coarse 
mesh is able to predict reasonable trends of the temperatures and to reproduce the He 
stratification patterns in the DWs [26]. 

PCC Performance Calculations 

Nitrogen or air, or, in case of severe accident, hydrogen can be present in the PCCs of the 
ESBWR. The presence of non-condensable gas in steam can degrade condensation rate and heat 
transfer. The impact of light gas (H2 in reality, He in PANDA tests) on the PCC behaviour 
during test T1.2 has been analysed by CFD codes (CFX. FLUENT). 

Calculations with CFX-4 

The PCC behaviour was analysed with CFX-4, first to develop and to validate a CFD 
model for predicting the condensation rate of a PCC, second to analyse by means of the CFD 
model the phenomenology of the PCC in the presence of helium. The CFD model should be 
suitable for conditions typical of phase1 (injection of steam-only) and 2 (injection of He-steam 
mixture). During phase1, with steam-air atmosphere in DWs, PCC operation is characterized by 
steam condensation taking place in the upper region of tubes. Measured gas and tube wall 
temperatures drop to the pool level temperature in the lower region. During phase2, with 
sufficient helium present in the DWs, inversion of the temperature profile was observed in some 
of the PCC tubes, which is attributed to flow reversal in these tubes. During the He-injection 
phase, the response of PCC2 and PCC3 differ and also tubes within a single PCC behave 
differently, complicating prediction of PCC phenomenology.  

The CFX model comprises one quarter of PCC geometry. Although the PCC actually is 
not fourfold symmetric, it is believed that the typical behaviour can be simulated with this 
model. The mesh consists of 143900 cells. A low Reynolds turbulence model would be best to 
predict the flow field in the PCC tubes, which is characterized by mixed laminar/turbulent flow 
with buoyancy effects. However, this model require a very fine mesh near the walls in order to 
resolve the boundary layers and is less stable than the standard k-ε turbulence models. 
Therefore, the standard k-ε turbulence model was applied. The wall condensation model 
developed by NRG was used. A constant film thickness at the tube walls was assumed, whereas 
in the experiment the film thickness increases with decreasing vertical position due to the 



 

condensation of steam. The model has been validated against experiments. The CFD model did 
not allow for calculating the whole transient, due to the complex behaviour of the PCC. Instead 
three cases have been defined. Case 1 corresponds to the conditions at the end of phase1 at 
10000 s. Cases 2A and 2B correspond to the conditions at 11000 s in phase2. The influence of 
the presence of He on PCC behaviour has been analysed by comparing the results of cases 2A 
and 2B with those of case 1 (with no He present in the system). In Case 2A the feed flow rate 
has been increased compared to the experimental value to a value where no flow reversal 
occurred. In Case 2B the actual experimental value has been prescribed. The effect of flow 
reversal on PCC performance could be investigated by comparison of Cases 2A and 2B [27]. 
Case 1: The calculated condensation rate of one PCC is in good agreement with the test. Note 
that a high condensation rate is accompanied by a large temperature difference across film and 
tubes. The required removal of condensation heat is limiting the condensation rate. The 
calculated tube wall temperature distribution agrees qualitatively well with the experiment.  
Case 2A: The driving force for steam condensation (partial steam pressure difference between 
bulk and film) decreases with respect to Case 1, because of the presence of He. Therefore, the 
calculated steam condensation rate decreases by 32%. Because of the low condensation rate in 
the outer tube, the gas is cooled significantly. The He fraction increases from 4.3% at the top to 
approximately 22% at the bottom. A net (upward) buoyancy force exists in the tube, since the 
effect of the increasing He fraction dominates over the temperature effect. The buoyancy force 
effectively balances the downward pressure force originating from the forced flow through the 
PCC. Hence, the flow is normal, not reverted. 
Case 2B is a transient calculation of 20 s physical time, in which the flow field as calculated in 
case 2A is used as initial condition. Figure 15 shows the conditions in the PCC tubes at the end 
of the transient. For the outermost tube, the upward buoyancy force on the He bubble in the 
lower part of the tube now exceeds the downward pressure force because of the decreased flow 
rate in comparison with case 2A. The result is reversal of flow. A new, stable flow field 
develops in the tube. Hence, the tube is effectively blocked for normal gas flow. Helium flows 
upwards in the tube, becomes diluted with steam-air in the upper drum, and flows back to the 
lower drum through the other tubes. Thus part of the He is re-circulated in the PCC. 
Condensation of steam in the lower part of the tube further increases the He fraction and the 
associated buoyancy force, driving the process. Flow reversal is accompanied by inversion of 
the vertical temperature profile, as also found experimentally.  

Calculations with FLUENT 

The PCC behaviour in Test T1.2 was simulated using CFD code FLUENT 4. Due to the 
long duration of the experiment, only selected periods were simulated. Two cases were 
calculated: 1) Steady-state before He-injection, 2) Transient calculation after He-injection. The 
FLUENT model considered only 1/4 of the of the PCC geometry due to symmetry reasons. 
Standard k-ε model with wall functions was used for turbulence modelling. A simple 
condensation model developed at VTT was used in the simulation. In the model, the amount of 
condensation is based on the difference of steam partial pressures at the tube wall and in the 
flow. The tube wall temperatures and the condensation rate are solved iteratively. Based on the 
calculated condensation rate, sink terms were defined for pressure, species and enthalpy 
equations.  

The simulation reproduced the flow reversal that was observed in the experiment, but 
quantitatively the prediction of condensation rate was not correct. In the case 1 of no helium and 
only residual air in the steam, the condensation rate was underestimated in the calculation by 
almost 50 %. The temperature profile along one tube in the simulation clearly indicates that the 
condensation was not complete in the PCC, like it was in the experiment. In case 2 (transient 
calculation with He-injection) the condensation rate was slightly overestimated. The flow 



 

reversal, as the helium concentration increased in the lower header, occurred also in the 
simulation (Figure 16). Main reasons for the differences between measured and simulated 
condensation rates are probably inaccuracies in modelling boundary conditions (PCC pool heat 
transfer) and turbulence. The detailed results are given in [28.29]. 

C.2.3 Conclusions on Analytical Investigations 

The global system response including distribution of non-condensable gas and steam in 
the DWs could be captured fairly well by the all the codes applied (GOTHIC, CFX , STAR-
CD). The prediction of the PCC behaviour in the presence of light gas turned out to be quite 
challenging for the CFD codes CFX and FLUENT. The effect of flow reversal that has been 
observed in the experiments could be qualitatively reproduced by both codes. In summary, the 
extended experimental database and the improved codes will contribute to a more accurate 
design basis that will allow for further optimising passive safety features. 

C.3 Wetwell Gas Space Modelling and Performance Assessment 
Accurate prediction of containment pressure transients during severe accidents requires 

capabilities for 3D modelling of natural convection, mixing and stratification of multi-
component gases, and condensation as well. These modelling capabilities must be reliable, 
validated and suitable for engineering practice. Therefore, medium-scale tests in the KALI 
facility have been performed in order to provide an extended database, which is suitable for the 
validation of CFD models. Also, the KALI tests were aimed to investigate if helium is suitable 
to substitute hydrogen in PANDA system tests aimed to simulate the response of containment 
and passive safety systems in the case of a BDBA with release of hydrogen. The KALI separate 
effect tests provided gas temperature and concentration spatial distribution during transient test 
in which hydrogen or helium and steam were injected into the vessel.  

C.3.1 Separate-Effect Test Programme in KALI 

The test facility KALI [30] consists mainly of a pressure vessel of 2.1 m in diameter and 
4.6 m in height. Auxiliary systems allow for pre-conditioning the facility to the test initial 
conditions and to inject and purge gas and/or steam during a test. The maximum operating 
conditions for pressure/temperature are 12bar/200°C, and up to 10% of dry air for the hydrogen 
molar concentration. Figure 17 shows a schematic of the facility. The locations for temperature 
and gas concentration measurements inside the vessel are shown in Figure 18. 

Test Specification 

In the KALI transient tests hydrogen or helium and steam mixture is injecting in a closed 
vessel. Before injection starts the vessel walls are preheated to 80°C and the air atmosphere is at 
80°C and 2 bar. These conditions represent the status of the wetwell during PANDA tests. The 
diameter of the injection pipe is 200 mm, based on scaling considerations. The molar fraction of 
H2 or He and steam mixture injected to the vessel ranges from 100% / 0% to 60% / 40%. The 
temperature of the injected gas is 140 °C and the flow average velocity ranges from 0.2 m/s to 1 
m/s. The injection time is defined to get the expected final average molar gas concentration at 
the end of injection. The final concentration ranges from 8% for H2 test to 15% for He tests. For 
comparison of He and H2 tests, similitude rules were applied to select the relevant parameters to 
get similar test injection conditions. This concerns the average final molar concentration, the 
injection pipe geometry and the Richardson number at the beginning of the injection. Table I 
summarizes the main characteristics of the KALI tests [30]. 

 

 



 

KALI Experimental Results 

Concerning initial test conditions, an inhomogeneous temperature distribution in gas 
space and vessel walls could not be avoid. The reason seems to be heat losses through the vessel 
wall which are not homogeneous. We can also suppose an effect coming from the natural 
convection above the pre-heated injection pipe. Despite we were particularly vigilant with the 
uniformity of these temperatures it was impossible to get a better homogeneous distribution 
under the conditions initially defined in the test matrix. Thus, the strategy consisted in having as 
much as possible the same initial temperature distribution for all tests. As a homogeneous 
distribution could be obtained at room temperature, we performed an additional test at “cold” 
initial atmosphere, to assess the influence of this initial temperature distribution. Some 
difficulties to obtain stable injection temperature and velocity were encountered. It could be 
relevant for codes interpretation that during the injection period the velocity field at the outlet of 
the injection pipe was not completely homogeneous and depends on the use of the additional 
porous plate at the outlet of the injection pipe. The results should be considered only like 
possible trends, since the test conditions are very different and the accuracy of the measurement 
was not so good. By looking at the global evolution of the concentration and temperature 
measurements during the injection period, we can consider that the gas mixing is driven by 
forced convection effects, since a correlation is observed between the injection velocity and the 
first concentration and temperature measurements located in the central vertical axis of the 
vessel, above the injection pipe. Important information concerning the injection period is that 
the gas injected is immediately mixed with the initial air atmosphere. At the end of injection, the 
gas convection obviously has a slower kinetics, resulting in buoyant convection and diffusion 
effect. By looking at the concentration measurements we can see a spatial and temporal 
evolution of the gas stratification. After the injection the concentration distribution of the light 
gas splits into two distinct areas: a lower concentration rate in the lower middle volume of the 
vessel and a higher concentration in the higher middle volume. The transition zone between 
these two volumes moves up along the vertical axis, initially located in the lower level (at about 
1.4 m) without over passing the height of 3.4 m. Thus, the light gas seems to concentrate more 
in the lower part of the vessel, overtime. By comparing the evolution of the measurements 
located on the central vertical axis and those located on the vertical axis at 0.7 m from the 
central axis, the variation of the light gas concentration in the transition zone seems to be more 
precocious and faster in the centre of the vessel than close to the wall. The light gas 
concentration seems to be homogeneous on each horizontal section. By examining the 
temperature, we can observe a regular decrease in temperature during the test, mainly driven by 
the heat losses through the vessel wall. The complementary analysis related to the 
reproducibility of the KALI test, the axis-symmetrical behaviour in the vessel, the similarity 
between helium and hydrogen tests and the various separate effects, is based on a comparative 
approach, consisting in underlining the particularity observed in each test compared to the 
global behaviour. From these observations, we concluded that reproducibility in KALI is of 
suitable quality. The detailed KALI results are given in [31].  

Similarity between helium and hydrogen tests was investigated by comparing test 1.1grid 
of 15/10 (He) and test 1.2grid of 28/10 (H2). The injection temperature of hydrogen test is about 
15 °C lower than for helium test. The average velocity field in the injection pipe, just upstream 
of the outlet area, is similar for both tests. The gas mass injected is 11% higher for H2 test than 
for He test. The global evolution of the concentration after injection, shows that the kinetics of 
the spatial gas mixing evolution is slightly slower for H2 than for He. This is confirmed by the 
“instantaneous” concentration and temperature distributions within the vessel for various 
instants after beginning of injection. This tendency probably comes from the difference in the 
injection temperature. For the same initial conditions, a lower injection temperature leads to a 



 

slower kinetics of the spatial gas mixing evolution. We can see a difference in the light gas 
concentration rate, which is higher for H2-test than for He-test by about 1% after the end of 
injection. In particular, the “instantaneous” concentration and temperature distributions within 
the vessel for various time after the beginning of the injection allow us to get a clear view on 
that point. This difference mainly comes from the difference in the gas mass injected. The 
pressure of the initial air atmosphere, which is lower for the H2 than for the He-test, reinforces 
the difference. The difference in the measured concentration rate, seems to be consistent with 
this analysis. By looking at the temperature measurements, we see that the regular decrease all 
along the recording duration is similar for both tests. From this comparison between H2 and He 
tests, we consider that the gas mixing and stratification behaviours are close for both tests. 

C.3.2 Analytical Investigations 

Simulation of Gas Space Mixing with GOTHIC 

The validation of GOTHIC mostly refers to the analysis of the two KALI tests without the 
third grid (porous plate), and makes nearly exclusive use of data on helium or hydrogen 
concentrations. The conditions investigated are considered of general use for assessing the code 
capabilities to predict mixing in a single vessel driven by a strongly buoyant plume [32]. The 
prediction of stratification with GOTHIC can only be done by taking into consideration 
turbulence. Calculations with the laminar flow model resulted in over-prediction of stratification 
and substantial delay in the propagation of He in the lower half of the vessel, even when a 
coarse mesh was used. The standard k-ε turbulence model in GOTHIC tends to predict smaller 
values of the turbulent diffusivity than predicted by commercial CFD codes, and seems to be 
adequate to provide upper bounds for the strength of the stratification. This model seems to be 
sufficient for best-estimate predictions for light gas distribution. The RNG k-ε turbulence model 
as well as other models that are often taken into consideration as alternative to the expectedly 
too diffusive standard model, when implemented in GOTHIC seems not to be superior to the 
standard model. The standard model tends to under-predict mixing, so that a model that further 
reduces turbulent diffusivity can only find application in sensitivity studies. Concentrations and 
concentration gradients along the vessel axis (inside plume) were all strongly over-predicted 
using the reference, fine-mesh model, and the nearly perfect mixing in the upper half of the 
vessel could not be reproduced. Concentration gradients have also been overestimated in the 
bulk of the fluid. A very positive result is that the propagation of the gas concentration front in 
the nearly stagnant region of the flow domain (lower half of vessel outside plume) is predicted 
fairly well. This is especially remarkable in view of the importance to predict the accumulation 
of hydrogen in the zones of a multi-compartment containment where little mixing is driven by 
weak convective currents. A coarse mesh seems to be able at reproducing the results obtained 
by means of a fine mesh used for most of the 2D calculations carried out. The results obtained 
(shown in Figure 19) are very important in consideration of the practical applications of 
GOTHIC for containment analysis, where 3D models are required and only a coarse mesh can 
be afforded. In principle, it should be verified that the quality of the predictions obtained with a 
coarse mesh using a 2D model is still adequate when using a 3D model. The results depend on 
the turbulence level at the injection. As the turbulent viscosity at the outlet of the pipe is under-
predicted by GOTHIC (with respect to predictions with a CFD code), mixing is under-predicted 
using the reference mesh. However, with a different representation of the pipe exit region, 
which was leading to higher turbulence levels, the code could correctly predict the helium 
dilution along the axis of the plume. This result is of little practical consequence, as for safety 
calculations the geometry of the source (break) is not known and assumptions must be made. 
Moreover, the influence of the injection conditions are somewhat overemphasised in the tests 
analysed, as the KALI vessel is small and the aspect ratio of the plume is low and not 
representative of realistic conditions in the containment. In summary, GOTHIC showed its 



 

capability to provide reliable predictions of mixing in a single vessel using the standard k-ε 
turbulence model, and simulations with a coarse mesh seem to be adequate. Limitations of the 
code include inaccurate prediction of turbulence close to the injection and lack of a model, 
which can account for the effect of bulk velocity on the heat transfer rate between fluid and 
structures. Both limitations, however, are related to the non-prototypical conditions of the KALI 
tests, and are not expected to have a major significance in safety calculations for NPP 
containments.  

Calculations with CFX-4 

KALI experiments relevant to the response of the wetwell during postulated accident 
were simulated with CFX-4 [33]. The focus of the calculations was on modelling of the 
transient gas distribution in the vessel, upon He or H2-injection into the initially air-filled 
vessel. All computations are conducted for the 2D axis-symmetric case. Scooping calculations 
with GOTHIC had previously suggested that a reverse flow might occur at the pipe outlet in the 
case of low-velocity injection. Indeed, the performed analysis revealed intermittent intervals of 
reverse flow in the pipe, occurring in the initial phase of injection. However, the nature of gas in 
the pipe was further clarified. The results showed that it should be attributed to the turbulent 
diffusion (instead reverse flow). The calculated pressure shows a good agreement with 
experimental data (Figure 20). Almost all concentrations are predicted very well with the 
standard k-ε turbulence model, as shown in Figure 21. Only at the location where the injected 
gas arrives at latest, the gas front propagation resulted in a moderate over-prediction. The RNG 
k-ε turbulence model proved to be capable of accurately predicting concentration at this point. 
In the case with pipe area reduction (by means of perforated plate), acceptable predictions were 
obtained. Because of uncertainties in the inlet temperature and the initial wall and gas 
temperatures, as well as probable non-homogenous heat losses, a reliable comparison between 
the simulated and measured data is difficult. In the tests with the perforated plate, both 
concentrations and temperatures are controlled by the mixing patterns at the mixing chamber 
exit. The importance of the accurate resolution of turbulent diffusion downstream the mixing 
chamber exit, and the mesh effect are emphasised. Inconsistency in some test data does not 
allow a statement whether He can represent the behaviour of H2. In summary, the results 
obtained showed that CFX4 is capable of reliable prediction of buoyant flows in the simple 
confined geometry, if the turbulence is properly accounted for. The predictions are better for 
higher injection velocities where buoyancy is less dominant. 

Calculations with CFX-5 

Two KALI experiments T1.1 (15/10) and T1.2 (28/10) were simulated with CFX-5 [34]. 
The simplicity of the test vessel suggests the creation of a purely structured grid. Although 
symmetry could be used to save computing resources, it was decided to create a full 3D model 
and use the simulations as a test for larger and non-symmetric arrangements. It is also known 
that some mixing effects only develop in a full 3D representation of the experimental setup. 
Three grids with different resolution above the injection pipe and close to the outer walls were 
investigated. The number of cells varies between 50496 and 207872. Both selected experiments 
are identical except the properties of He and H2. The code options used are: Two component 
mixture (H2 or He in air) and turbulent flow with shear stress transport model with scalable wall 
functions. Heat losses to the outer walls are considered with a constant heat transfer coefficient. 
The outflow pattern from the injection pipe is assumed to be purely flat and vertical. This is 
justified by the additional grid close to the upper end of the pipe, introduced to avoid back flow 
into the pipe. The gas atmosphere in the vessel is completely calm but has temperature 
stratification of 6 to 10 °C. The stratification is accordingly applied to the outer walls. From the 
given gas temperatures, it can also derived that there was not only a vertical but also horizontal 



 

profile. Figure 22 shows for Test T1.1 the distribution of temperature, helium and velocity 
during the inflow of He close to the end of the injection phase. The pressure history is shown in 
Figure 23. The comparison made with three sensors in the mixing chamber shows good 
agreement. The He mole fraction distribution is simulated very well (Figure 24). The test data 
did not completely describe the temperature distribution by the coarse grid of sensors. Hence, it 
was not possible to capture all details. Remaining disagreement of the simulations with the 
measurements may be caused to some degree by the mismatch of test boundary and initial 
conditions. This makes it difficult to answer the question about the substitution of hydrogen by 
helium in experiments. Furthermore it is hard to evaluate the models in CFX in terms of 
turbulence, mixing and heat transfer. For the He experiment T1.1 a better agreement with the 
measured data was achieved compared with the H2 test T1.2. On the computational side care 
was taken to exclude most of possible adverse affects on the quality of results. Therefore several 
meshes with a high number of cells were created and the vessel was set-up as a 3D model, 
although symmetry could be used. In the 3D model influences of the code solver on the 
symmetry of the solution could be studied.  

Calculations with STAR-CD 

In STARD-CD buoyancy forces are taken into account. Other physical properties 
(specific heat, viscosity, thermal conductivity) are mass weighted averages. The mass fraction 
of each species is solved via transport-diffusion equation. For turbulence modelling a standard 
number k- ε  model has been used. For the grid a 2D axis-symmetric model is used. The wall 
temperatures are not uniform. The air is hotter at the vessel top and colder near the wall. For all 
tests, despite the use of grids we have a 3D distribution of the velocity field at injector outlet. 
The gas is mainly injected in one side of the injector. This is probably due to the anti-detonation 
system, upstream the injector. We must distinguish the temperature of the gas at the outlet of the 
injector and the gas temperature far upstream the injector. For all tests, the gas at the outlet of 
the injector is colder than those upstream despite the thermal insulation and the specific 
electrical heaters. The temperature difference is nearly 50 °C, excepted for the test T6bis, where 
it is nearly 10 °C. We think, that at the outlet of the injector we have lot of turbulence. 
Consequently, the injected hot helium (or H2) is quickly mixed and cooled by the surrounding 
cold air initially in the vessel. These mixing and cooling effects are less efficient when the 
injection velocity is high. This is the case in test T6bis. As we do not consider any grids in our 
calculations, we have not only considered that pure and hot He (or H2) is injected in the vessel. 
We have also considered a mixture [He (H2)+air] with a given temperature. STAR-CD results 
are reported in [35]. We used the He test T1.1 of 01/08. The conditions in the initially are 2 bar 
and 75.5 °C and the injection temperature is 85 °C. Two kinds of calculations with an injection 
of 100 % He with adiabatic condition and with an injection of a mixture with 38.7 % He with 
wall heat losses were considered. Injected He leads to very high concentration values. To have 
better results, we have chosen to inject a mixture with 38.7 % helium. We can see that the code 
is able to reproduce the measured concentration time history. It became clear that we need to 
consider heat losses at the wall. The velocity fields calculated for two different transient times 
are shown in Figure 25. 

C.3.3 Conclusions on Code Performances 

Based on the 2D studies carried out, the GOTHIC code is capable to provide reliable 
predictions of mixing in a single vessel using the standard k-ε turbulence model, and 
simulations with a coarse mesh seem to be adequate. In the future, the assessment should be 
focussed on multi-compartment geometries, using 3D models. Limitations of the code include 
inaccurate prediction of turbulence close to the injection and lack of a model which can account 
for the effect of bulk velocity on the heat transfer rate between fluid and structures. Both 



 

limitations, however, are related to the non-prototypical conditions of the separate-effect tests in 
KALI, and are not expected to have a major significance in safety calculations for containments. 
The results obtained with CFX-4 lead to the conclusion that the code is capable of reliable 
prediction of buoyant flows in a simple confined geometry, if the turbulence is properly 
accounted for. These predictions are better for higher injection velocities where buoyancy is less 
dominant. The experiments were analysed with CFX-5. Because the test data are quite non-
uniform, and concerning the gas temperatures not completely described by the coarse grid of 
sensors, it was not possible to capture all details in the simulations. For the He-test a better 
agreement with the data was achieved compared with the H2-test. The STAR-CD study 
concerns the results from He-test T1.1. The code demonstrated its capability to reproduce the 
concentration time history. 

C.4 Plant Evaluation 
TEMPEST was devoted to study passive decay heat removal systems for advanced 

BWRs, in particular the ESBWR and SWR1000. The results reported in the previous chapters 
were translated to the plant level. Plant analyses of the SWR1000 were performed with the 
codes SPECTRA and WAVCO. Improved models and insights obtained from PANDA BC4 
test, new PANDA and KALI tests on the effect of stratification on containment end pressure 
were applied. Concerning SWR1000, one severe accident scenario was analysed in order to 
demonstrate the simulation capability of the validated models. Concerning ESBWR, the impact 
of the project results on potential containment simplification and plant safety are assessed.  

C.4.1 SWR1000 Containment Analyses 

For the SWR1000, a core melt scenario after a stuck open safety valve accident was 
selected for analysis. Full-scale calculations of the complete multi-compartment containment 
with a complete Building Condenser design were performed with the LP codes SPECTRA and 
WAVCO. The analyses served first, to obtain an estimate of code-to-code differences on results 
of plant analyses. This was to be achieved through a comparative analysis of a common 
accident scenario for the SWR1000 with SPECTRA and WAVCO. Second, to estimate the 
effect of gas space stratification modelling on the predicted containment end-pressure. This was 
to be achieved through a sensitivity study with SPECTRA. Third, the functioning of the BC in 
the presence of hydrogen was evaluated. The passive decay heat removal system for SWR1000 
(Figure 26) consists, among others, of the BC, a tube heat exchanger placed near the top of the 
DW. Experimental investigation of the BC performance has been performed in the PANDA 
facility. Test BC4 has been designed to study the BC performance under severe accident 
conditions, with hydrogen being generated in the core, and released to the containment. This 
test has been analysed using both CFD [10] and system [11] codes. It was concluded that with 
CFD codes one can predict accurately gas stratification in certain parts of the containment, and 
that this stratification leads to lower containment pressure than calculated by a system code with 
perfectly mixed control volumes. A real size SWR1000 power plant was investigated. The 
computer model of SWR1000 was built for SPECTRA and WAVCO. SPECTRA contains 
models allowing the user to force stratification in certain parts of the system. The Parametric 
Density Stratification model was used in several sensitivity calculations to investigate the 
influence of stratification on the containment pressure in the full size SWR1000 plant. The same 
accident scenario for SWR1000 was analysed by WAVCO and SPECTRA. Comparison of 
results obtained with the two codes allows to estimate the uncertainties related to differences in 
code models as well as the user effect, such as choice of nodalisation, optional models, etc. 

 

 



 

WAVCO Calculations 

According to LP code practice the SWR1000 containment was modelled as a system of 
nodes (35 zones, 78 connections). Another 34 nodes with 36 connections were used to model 
the BCs with associated piping and the Shielding/Storage Pool. The compartments with BC 
were represented using four nodes. This nodalisation promotes stratification and therefore the 
WAVCO analysis is expected to give conservative results concerning the containment 
pressure. In the SPECTRA model each compartment was represented by a single volume, but 
in SPECTRA analysis gas density stratification was imposed on these volumes. Therefore, 
SPECTRA and WAVCO give conservative pressure estimation. The BC pool was divided 
vertically in four nodes. This nodalisation results in strong thermal stratification, as only the 
upper node is heated by the hot water from the BC outlet and no mixing with lower nodes is 
allowed by using a single stack of computational cells. This is a good representation of the 
reality, although not conservative because BCs are always supplied with the coldest water 
available, making their cooling capacity most efficient. Stratification of the BC pool has very 
little influence on the overall results. The WAVCO results [36] are summarized as follows: 
Non-condensable gases are transferred from the DW into the WW only during two restricted 
time intervals of the whole event sequence: In the initial phase when most of the original 
nitrogen contents is pushed and flushed out of the DW, and in the third phase when part of the 
released H2 is pushed into the WW. In both cases only the narrow H2 vent pipes are sufficient 
to maintain the pressure difference between DW and WW below the clearing pressure of the 
large vent pipes. The strong temperature stratification in the flooding pool ensures that the 
BCs are always supplied with the coldest water available, making their cooling capacity most 
efficient. These heat removal powers, derived from the BC’s inlet and outlet water 
temperatures and the mass flow rates, are shown in Figure 27. From this diagram the positive 
effect of a high steam concentration as well as the negative effect of a high hydrogen 
concentration upon the Building Condenser performance is obvious. Depending upon the 
operation conditions the cooling power of one BC varies between ∼0.2 MW (dry atmosphere) 
and ∼4 MW (superheated steam with low gas admixture). The maximum containment 
pressure of the discussed accident sequence amounts to 4.7 bar and is reached during the 
release of very hot steam and hydrogen after core dump (Figure 28). To the end of the 
calculation the pressure has fallen to 3.6 bar.  

SPECTRA Calculations 

The SWR1000 accident scenario analysed with WAVCO was also analysed with 
SPECTRA [37]: First, to determine the sensitivity of the calculated results, in particular the 
prediction for containment end-pressure, to possible stratification in containment volumes. 
Second, to provide a code-to-code comparison with WAVCO. Comparison of results obtained 
with two different codes allows to estimate the uncertainties related to differences in code 
models as well as the user effect, such as choice of nodalisation, optional models, etc., but 
does not allow statements on code accuracy, because of the absence of experimental data.  

The model used for sensitivity studies was somewhat different from that used for the 
code-to-code comparison. The sensitivity runs were performed with a stand-alone SPECTRA 
model of SWR1000, while the SPECTRA/WAVCO comparison was performed using the 
source from the primary system as calculated by MELCOR. The primary system results 
obtained from MELCOR and SPECTRA were very similar. Three sensitivity cases were 
analysed in order to investigate the influence of hydrogen stratification on the calculated 
containment pressure: 

1. Run SOSV. Perfect mixing case: typically analyses with system codes are performed 
using the perfect mixing assumption. 



 

2. Run SOSV-S. Stratification in the CF pool volumes (gas space around the BC units). 
3. Run SOSV-SP. Stratification in the Passage Rooms (volumes without BC). 
 

When stratification was active, H2 was assumed to create an almost perfectly stratified 
layer at the top of a given Control Volume. In the stratified case SOSV-S the high H2 
concentration around the BCs degraded their performance and caused the containment pressure 
to increase more than in case of well mixed volumes. At the end of the analysed period, the H2 
level stabilised at about middle elevation of the BCs. The H2 level increases until condensation 
on the “uncovered” part of the BC units approximately balances the steam produced in the core. 
At such time the pressure stops increasing, and the system becomes approximately stable. In the 
well-mixed case (SOSV) H2 is distributed evenly, however the self-stabilising property of the 
system, discussed above, still works. This time the pressure stabilises when the hydrogen is 
diluted to such a degree that the condensation on the BC units approximately matches the steam 
production in the RPV. Finally, in the run SOSV-SP Hydrogen creates a stratified layer in the 
Passage rooms between the Building Condenser compartments. This allows trapping more H2 
in these rooms and preventing it from being vented into the Suppression Pool. Consequently the 
final containment pressure is lower. 

The CFD analyses of PANDA BC4 test have shown that strong stratification developed in 
the volume without BC. Simultaneously the volume around BC remained well mixed; a 
consequence of a strong jet of incoming gas. In case of the SWR1000 plant the gas from the 
primary system enters the containment in the compartments containing BC. Therefore it is 
expected that the case (c) in Table II is the most realistic case. It is concluded that results 
obtained with well mixed volumes (typical system codes) are expected to give conservative 
containment pressure. In the analysed scenario the overestimation of the pressure by a “well-
mixed” code is about 7%. This conclusion will not be valid in case of a scenario in which 
stratification would develop in the volume around the BC units. In such case the results 
obtained with the well-mixed volumes would be too optimistic. The results shown in Table II 
indicate that the underestimation of the pressure would be about 6%. The question whether 
stratification would or would not develop in certain parts of the system can only be answered by 
detailed CFD analyses involving the critical parts of the containment. It is therefore 
recommended that in the analyses of SWR1000 and other advanced plants, CFD calculations 
should be performed as supplementary calculations, to determine whether stratification might 
be expected and where. To limit the computational expense, the CFD computational domain 
should be limited to the critical parts of the containment; the necessary boundary conditions at 
the cut-off points would be taken from a system code. If no CFD analysis is performed, then a 
bounding case should be sought using sensitivity study. 

SPECTRA/WAVCO Comparison 

The SPECTRA/WAVCO comparison is discussed in [36]. The scenario analysed by 
SPECTRA [38] and by WAVCO was somewhat different from the scenario analysed for the 
sensitivity study. The main difference was the uncovered safety valve outlet. As a consequence, 
very hot steam (above 1100 K) coming from the reactor vessel at about 28,000 s was entering 
the space around the BC units directly, without first passing through the pool. The gas 
temperatures around the BC pool exhibit a sharp peak around this time. The same is happening 
with the BC power and the containment pressure. The containment pressure reached its 
maximum value during the relatively short peak around 28,000 s. The peak pressure was equal 
to 5.4 bar in SPECTRA and about 4.7 bar in WAVCO. The code-to-code discrepancy is 
therefore equal to about 13%. It should be noted that the SPECTRA run was made with 
stratification maximised around the BC units. Using the numbers in Table II one can estimate 
that in case of perfect mixing in those volumes, the SPECTRA peak pressure would be 0.3 bar 



 

lower, which means 5.1 bar. The code-to-code discrepancy would in such case be about 8 %. In 
WAVCO the space around the BC units was divided into several control volumes. With this 
division hydrogen stratification has developed, as well as gas temperature stratification with hot 
steam residing in the lower part of the compartment and cold hydrogen in the upper part of the 
compartment. This is evidently different from SPECTRA where this inverse temperature 
stratification could not be calculated by definition, since the compartments were represented by 
single control volumes. The significant stratification calculated by WAVCO is a consequence of 
the nodalisation chosen for the compartments around the BCs. The hydrogen and hot steam 
enter the lower part of the compartment and condensation occurs in on the BC surface. The 
applied nodalisation does not promote natural circulation, and therefore a relatively large 
stratification is obtained. (This will be the case with all system codes, and is not WAVCO 
specific). If an alternative nodalisation is applied, one that will allow natural circulation, mixing 
will be mach better and the degree of stratification smaller. The fact that the results will depend 
strongly on the applied nodalisation makes it impossible to use typical system codes, such as 
WAVCO, SPECTRA, as well as RELAP, TRAC, etc., to predict stratification. For that CFD 
codes are necessary. Moreover, presence of stratification depends on factors such as jet 
formation at the source from the primary system. The reason for obtaining well-mixed condition 
in the volume around the BC unit in test BC4 was a jet of gas coming from the RPV. In general, 
stratification may develop when energy of incoming fluid is low (plume formation) while it 
cannot develop when the energy is large (jet formation). The phenomena involved are quite 
complicated, and difficult for numerical simulation. They can be successfully simulated only 
using a CFD code with an advanced turbulence model. 

C.4.2 Impact of TEMPEST Results on SWR1000 and on ESBWR Design  

The BC operation is characterised by a self-stabilising property; the pressure stabilises 
when the non-condensable gases are diluted (purged to the WW) to such a degree that the 
condensing power matches the steam production in the core. Eventual inaccuracies in the code 
model of the condensing unit result in additional containment pressure changes needed to 
stabilise the operation at the same power. 

To understand the usefulness of PANDA tests it is necessary to know some key aspects 
about the ESBWR containment behaviour. A brief description of the system response under 
conditions relevant to the PANDA tests is provided to understand the relevance of these tests to 
further develop the ESBWR design. During normal operation the ESBWR containment is 
inerted with Nitrogen. During a LOCA steam is released to the DW from the RPV forcing a 
mixture of steam and non-condensable gas into the WW through the PCC and main vents. 
Compressing gas into the WW is the primary cause of containment pressure increase. During 
normal operation DW and WW pressure are approximately equal. During an accident the non-
condensable gas is swept into the WW and the containment pressure increases. The maximum 
achievable pressure is obtained when all of the Nitrogen has been swept into the WW. In 
addition to this, steam entering the suppression pool is condensed and increases the pool 
temperature. As the surface of the pool heats up, the steam pressure in the WW gas space 
increases too, contributing to an increase in containment pressure. In the long-term, it is 
important for the PCC to condense the steam generated by decay heat so that the suppression 
pool does not continue to heat up and pressurize the containment. The containment pressure is 
primarily determined by the quantity of non-condensable gas that is in the WW and the amount 
of energy deposited in the upper layer of the suppression pool. During a severe accident it is 
possible that the zirconium in the core will oxidize producing hydrogen. This additional gas can 
also be swept into the WW resulting in increased pressures. Figure 29 shows the range of 
containment pressures for the amount of hydrogen that would be generated if 100% of the 



 

cladding in the core oxidized during accident. The PANDA tests were run to simulate the 
conditions with both hydrogen and nitrogen present in the containment.  

 
PCC Behaviour: During the early part of an accident, when the decay heat exceeds the 

capacity of the PCC, a mixture of steam and non-condensable gas flows through the PCC and to 
the suppression pool. The PCC condenses steam out of this flow at its maximum capability. 
There is no accumulation of non-condensable gas in the PCC under these conditions. The heat 
removal capability of the PCC is reduced in the presence of non-condensable gas. This is shown 
in Figure 30. Early in an accident, the non-condensable fraction in the DW is high and the 
degradation of the PCC heat removal is larger. As the non-condensable gas is moved to the 
WW and the concentration in the DW decreases the degradation decreases too. Later in an 
accident with decreasing decay heat level the PCC has excess heat removal capacity. Testing 
and analyses have shown that under these conditions, the PCC self regulates by accumulating 
non-condensable gas, thereby blanketing parts of the tubes and reducing the heat transfer area. 
As the decay heat is gradually reduced the PCC adjusts by accumulating more non-condensable 
gas until the heat removal capacity matches the heat load.  

 
DGRS Operation: The Drywell Gas Re-circulation System (DGRS) reduces the 

containment pressure by shifting non-condensable gas from the WW to the DW and then 
keeping the gas in the DW. Figure 29 illustrates that this effect will decrease the containment 
pressure. The DGRS fan clears stored non-condensable gas out of the PCC and blows it into the 
DW. The system reaches equilibrium (PCC heat removal matches decay heat load) with a 
higher concentration of non-condensable gas in the DW. Depending on the size of the fan it is 
possible that equilibrium will be reached with some accumulated non-condensable gas 
remaining in the PCC If the DGRS is shut off the containment state will revert to approximately 
the state it had before the DGRS was put into action: there is no significant cumulative effect 
from operating the DGRS. This simplified description assumes that the non-condensable gas in 
the DW is uniformly distributed so that the non-condensable gas fraction at the PCC inlet is the 
same as it is in the entire DW. As demonstrated by the PANDA tests it is possible for 
stratification to occur in the DW. This can increase or decrease the impact of the DGRS, 
depending on the configuration of the stratification. 

 
Implications of PANDA Tests: The primary information gained from the PANDA tests is 

the proof of principle for the DGRS. The test showed that containment pressure is reduced with 
the DGRS in operation for both Nitrogen conditions and mixtures of Nitrogen and Helium. The 
tests also showed that after the DGRS stopped working the conditions rapidly returned to the 
conditions existing before the DGRS was operated. This means that the DGRS and its power 
supply would have to be very reliable in order to rely on it for controlling pressure. In addition 
the test showed that the DGRS was susceptible to degradation by stratification in the DW. The 
beneficial impact of the DGRS was significantly less than predicted with uniform mixing 
assumption due to stratification. Although this effect could be mitigated by careful design of the 
DGRS inlet and discharge locations it pointed to a vulnerability of the DGRS system. In the 
end, a decision was made to not use the DGRS as part of the base design. The PANDA tests 
also provided information on containment performance over a wide range of conditions 
representing the conditions that might be present after a severe accident. The stratification that 
was induced in the DW and the difficulty in predicting the stratification with numerous 
computer codes influenced the decision to use a bounding approach for treating stratification for 
design basis analysis. 



 

C.4.3 Conclusions and Recommendations 

From the SPECTRA sensitivity runs it was concluded that the BC operation is 
characterised by a self-stabilising property; the pressure stabilises when the non-condensable 
gases are diluted (by pushing them to the WW) to such a degree that the condensing power 
matches the steam production in the core. Eventual inaccuracies in code model of the 
condensing unit result in additional containment pressure changes needed to stabilise the 
operation at the same power. It is further concluded that results obtained with well mixed 
volumes (typical system codes) are expected to give conservative containment pressure. In the 
analysed scenario the overestimation of the pressure by a well-mixed code is 7 %. The above 
conclusion will not be valid in case of a scenario in which stratification would develop in the 
volume around the BC units. In such case the results obtained with the well-mixed volumes 
would be too optimistic. Results indicate that in the analysed scenario the underestimation of 
the pressure would be about 6 %. From code-to-code comparisons it was concluded that the 
discrepancy in containment pressure of about 8 – 13 % is attributed to code-to-code differences. 
Typical system codes, such as WAVCO, SPECTRA, RELAP, TRAC, etc., are not suitable to 
predict stratification. Stratification may develop when energy of incoming fluid is low (plume 
formation) while it cannot develop when the energy is large (jet formation). The phenomena 
involved are quite complicated, and difficult for numerical simulation. They can successfully be 
simulated only using a CFD code with an advanced turbulence model. For plant modelling it is 
recommended that in the analyses of SWR1000 and other advanced plants, CFD calculations 
should be performed as supplementary calculations, to determine whether stratification might 
be expected and where. To limit the computational expense, the CFD computational domain 
should be limited to the critical parts of the containment; the necessary boundary conditions at 
the cut-off points would be taken from a system code. If no CFD analysis is performed, then a 
bounding case should be sought, using a sensitivity study. 

D. CONCLUSIONS AND RECOMMENDATIONS 
The cooperation between the seven project partners from five different countries has 

turned out to be beneficial for the project and as such a relevant contribution to the overall 
objectives of the 5th Euratom Framework Programme in the area of “Evolutionary Safety 
Concepts” has been accomplished. The experimental as well as the analytical work were of high 
quality. The impact of hydrogen on passive safety systems and on containment pressure has 
been studied. The new experimental data represent a significant addition to the database and, 
because of their improved spatial resolution they are especially suited for the validation of CFD 
codes and other codes with 3D capabilities. CFD codes were shown to be able to accurately 
predict stratification in gas spaces and water pools. Lumped parameter codes showed overall 
satisfactory performance in passive containment analyses, but tend to over predict system 
pressure due to their inability to account for stratification effects. Combined LP code and CFD 
code approaches has been considered for improved performance. TEMPEST substantially 
contributed to create innovative and validated tools and methods that help to maintain and 
further improve the safety of existing as well as future reactors. There was not always a 
consensus between all partners. This is reflected by sometimes different, or even contra 
dictionary statements related to certain issues addressed in TEMPEST. The main conclusions 
and recommendations are summarized below: 

Validation of Building Condenser System Models: A number of simulations of the 
PANDA Test BC4 were carried out with various CFD and LP codes (CFX, STAR-CD, 
GASFLOW, COCOSYS, WAVCO, SPECTRA). Also combinations of CFD and LP codes 
have been used. The experiment BC4 simulates the system behaviour of the SWR1000 



 

containment with a building condenser, starting during the blow-down phase, for the case of a 
small leak in the upper part of the reactor pressure vessel and non-operation of the core flooding 
system. Based on the BC4 calculations, it was concluded that currently only LP codes appear to 
be able to provide comprehensive predictions for a complex, long time experiment like BC4. 
Due to limitations in the modeled physics and available computer resources, CFD codes are 
either restricted to simulate selected periods in time or to include only parts of the problem. 
CFD codes were also used to support LP codes (combination of CFX – SPECTRA) in under-
standing special situations or to provide additional information in particular for phenomena 
related to momentum exchange. LP codes have limitations whenever flow dominates the 
processes under investigation. The use of CFD enabled an LP code to improve the modelling of 
mixing in order to obtain more realistic predictions. This resolves a long lasting discussion in 
which the cause of the consistent over-prediction of LP codes of the containment pressure in 
PANDA BC tests was attributed to deficiencies of the tests. As was now demonstrated by 
means of CFD, the discrepancy was due to stratification in the BC stand-by volumes, which 
was not correctly represented in the LP models. The integral experiments conducted in PANDA 
have proved to be a challenge to simulation by computer codes. In view of up-scaling to full 
size geometries found in a containment, code application and development should take into 
consideration the following: CFD codes will become able to simulate also long-term processes 
(with increasing computer power and/or parallelization and fast running, robust solver 
algorithms). The complexity of the physics calls for the implementation of additional models in 
CFD codes as a standard feature (wall condensation, simplified heat conduction). Also for LP 
codes is applicable, that models for specific phenomena may be missing. LP codes have clear 
limitations with processes, which involve momentum dominated transport. Here, the use of 
CFD codes is advantageous. A recommended trend could be to use LP models to get an 
overview of a scenario and to conduct parametric studies. CFD codes can be applied for specific 
and more detailed investigations, identified by previous LP runs. Alternatively, coupled 
approaches of LP and CFD to split computational regions or to improve the depth of modeling 
could be applied. 

Passive Safety Features Assessment and Optimisation: The performance of the Passive 
Containment Cooling System (PCCS) of the ESBWR has been experimentally investigated in 
PANDA for different accident scenarios including release of large amount of hydrogen. (In 
PANDA H2 was simulated by He). The impact of light gas and its distribution within different 
containment compartments on PCCS and containment behaviour has been demonstrated. 
Although, during the He-injection phase the PCCS heat removal capability was degraded, no 
significant energy deposition in the suppression pool occurred. Shortly after release of helium to 
the DW stopped the PCCS recovered and the containment pressure finally stabilized at higher 
level. The pressure increase in an accident with release of light gas is mainly driven by the 
amount of gas released from the reactor core and less by the degradation of the heat removal 
capability of the PCCS. The new accident mitigating Drywell Gas Re-circulation System 
(DGRS) showed its capability to retain non-condensable gases in the DW, thereby slightly 
reducing containment pressure. In case the DGRS fails, however, the containment pressure will 
rise within short time to its normal value that would result without DGRS. The steam/helium 
stratification patterns measured in the DW under very different conditions could be well 
reproduced by CFD codes (CFX, STAR-CD) and by the 3D code GOTHIC. Calculations with 
CFX and FLUENT could qualitatively confirm the complex flow pattern indicated by the 
measurements inside the Passive Containment Coolers (PCC). In summary, the extended 
experimental database and the improved codes will contribute to a more accurate design basis 
that will allow for further optimisation of passive safety features with respect to enhanced safety 
and reduced costs. The behaviour of the PCCs in the presence of non-condensable gas is 
different depending if the gas is heavier (air, nitrogen) or lighter (H2, He) than steam. Heavier 



 

gases are collected in the bottom region of the condenser. The behaviour of light gas is more 
complex. When steam is condensing in the tubes, the non-condensable concentration increases, 
and the density of the mixture decreases. If the concentration of the light gas is high enough, the 
buoyancy force can overcome the driving pressure difference, and the gas can start to flow 
upwards in some of the tubes. To better understand the complex flow pattern indicated by the 
performed PANDA test, new tests with upgraded instrumentation could provide a more detailed 
insight. Because the PCC units used in PANDA represent just a slice of the ESBWR full-scale 
unit, scale-up to plant size could also be an issue asking for further clarification. The global 
system response including the distribution of non-condensable gas and steam in the drywells 
could be captured fairly well by the all the codes applied (GOTHIC, CFX, STAR-CD). The 
prediction of the PCC behaviour in the presence of light gas turned out to be quite challenging 
for the two codes applied (CFX, FLUENT). The effect of flow reversal that has been observed 
in the experiments could be qualitatively reproduced by the codes. In summary, the extended 
experimental database and the improved codes will contribute to a more accurate design basis 
that will allow for further optimising passive safety features with respect to enhanced safety and 
reduced costs. 

Wetwell Gas Space Modelling and Performance Assessment: A series of medium-
scale tests has been performed in the upgraded KALI facility to provide an extended database 
concerning gas mixing and stratification in gas spaces. These separate effect tests provided gas 
temperature and concentration spatial distribution during transients in which hydrogen or 
helium and steam mixtures are injected into a closed vessel. The test conditions were close to 
the WW parameters used in the PANDA tests. One major objective was to investigate if helium 
is suitable to substitute hydrogen in order to simulate hydrogen effects (as has been done in the 
PANDA integral system tests). A comparison between a hydrogen test and a helium test, 
performed in the KALI facility, showed that the gas mixing and stratification behaviours are 
close for both tests. But, to provide a stronger and more reliable statement, it seems necessary to 
compare the hydrogen and helium behaviour under additional and various test conditions. The 
gas stratification and mixing patterns measured in the KALI vessel under different test 
conditions has been calculated by two CFD codes (CFX, STAR-CD) and also by the 3D code 
GOTHIC. The calculations could qualitatively confirm the complex flow pattern encountered in 
the KALI experiments. In summary, these experiments contributed to a better understanding of 
mixing and stratification phenomena and the extended database allowed for further validating 
codes for predicting more accurately the gas distribution inside containment compartments. 

Plant Evaluation: Pant analysis of the SWR1000 was performed with the SPECTRA and 
WAVCO codes. Improved models and insights obtained on the effect of stratification on 
containment end pressure obtained from PANDA BC4 tests, new PANDA and KALI tests, 
were applied. Concerning the SWR-1000, one severe accident scenario relevant for assessing 
the BC was analysed in order to demonstrate the simulation capability of the validated models. 
Concerning the ESBWR, the impact of the results of this project on potential containment 
simplification and plant safety was assessed. The main conclusions from SPECTRA sensitivity 
runs were as follows: The BC operation is characterised by a self-stabilising property; the 
pressure stabilises when the non-condensable gases are diluted (by pushing them to the 
Suppression Pool) to such a degree that the condensing power matches the steam production in 
the core. Eventual inaccuracies in code model of the condensing unit result in additional 
containment pressure changes needed to stabilise the operation at the same power. It is further 
concluded that results obtained with well mixed volumes (typical system codes) are expected to 
give conservative containment pressure. In the analysed scenario the overestimation of the 
pressure by a well-mixed code is 7%. The above conclusion will not be valid in case of a 
scenario in which stratification would develop in the volume around the BC units. In such case 



 

the results obtained with the well-mixed volumes would be too optimistic. Results indicate that 
in the analysed scenario the underestimation of the pressure would be about 6%. From code-to-
code comparisons it was concluded that the discrepancy in the containment pressure of about 8-
13% is attributed to code-to-code differences. Typical system codes, such as WAVCO, 
SPECTRA, as well as RELAP, TRAC, etc., are not suitable to predict stratification. 
Stratification may develop when energy of incoming fluid is low (plume formation) while it 
cannot develop when the energy is large (jet formation). The phenomena involved are quite 
complicated, and difficult for numerical simulation. They can successfully simulated only using 
a CFD code with an advanced turbulence model. For plant modelling it is recommended that in 
the analyses of SWR1000 and ESBWR or other advanced plants, CFD calculations should be 
performed as supplementary calculations, to determine whether stratification might be expected 
and where. To limit the computational expense, the CFD computational domain should be 
limited to the critical parts of the containment; the necessary boundary conditions at the cut-off 
points would be taken from a system code. If no CFD analysis is performed, then a bounding 
case should be sought, using a sensitivity study. 
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Tables 
Table I: Main Characteristics of the KALI Tests 

Test Gas injected 

Additional 
porous plate 

just at the 
outlet of the 

injection pipe 
(third grid)

Representative 
temperature just 
upstream of the 

outlet area of the 
injection pipe 

(°C)

Flow average velocity, calculated 
from the flow meter measurement  
(cross section corresponding to 
Φ200 mm) : [max value obtained 

during the first seconds of the 
injection] and stabilized value 
obtained after the initial peak 

(m/s)

Injection  
time 

Recording time 
(from the 

beginning of the 
injection)

T1.1 of 01/08 100% He (106 mol) no 85 [0,7]   0,2 3' 30 s 9800 s
T1.1 of 30/09 100% He (85 mol) no 95 [1]   0,2 3' 30 s 3800 s
T1.3 of 1/10 100% He (86 mol) no 115 [0,9]   0,2 3' 30 s 5700 s
T1.1grid of 15/10 100% He (82 mol) yes 145 [0,7]   0,2 3' 30 s 7000 s
T1.3grid of 27/10 100% He (82 mol) yes 135 [0,9]   0,2 3' 30 s 10200 s
T1.2grid of 28/10 100% H2 (91 mol) yes 130 [0,6]   0,2 3' 30 s 8500 s
T6bis of 30/09 100% He (234 mol) no 125 [1,6]   1 2' 6 s 4700 s
T1.1grid_cold_init_ 
atmos of 29/10 100% He (85 mol) yes 95 [0,4]   0,2 3' 30 s 9600 s

For all tests : Injection pipe geometry :  Φ 200mm, initial air atmosphere at 80°C and 2 bar (except test n°1.1grid_cold_initial_atmosphere : about 40°C and 
2 bar)  

Table II: Influence of Stratification on Predicted Containment Pressure 

Case Containment Pressure at 64,000 s 

(a) H2 stratification around BC units, run SOSV-S 5.0×105 Pa 
(b) No H2 stratification, run SOSV 4.7×105 Pa 
(c) H2 stratification in passage rooms, run SOSV-SP 4.4×105 Pa 
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Figure 1: PANDA Facility Configuration used for Integral System Test BC4 



 

 
Figure 2: Measured Temperatures in DW1 during different Phases of PANDA Test BC4 
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Figure 3: GASFLOW BC Simulations: Calculated and 
 Measured Pressure in DW1 

Figure 4: Calculated Velocity Field 
 in the BC Pool 
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 Experiment 

Figure 6: BC Power; Comparison between 
 Code Predictions and Experiment 
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Figure 7: Comparison between ESBWR Containment including Passive Safety Systems  

and PANDA Facility 
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Figure 9: Pressures Measured in the Drywell during PANDA System Tests 



 

 
Vertical gas temperature profiles in DW1 

 

 
Vertical gas temperature profiles in DW2 
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Helium concentrations in DW1 
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Helium concentrations in DW2 
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Stratification patterns at transient times A), B) and C) 

(horizontal lines indicate helium-rich mixture, vertical lines indicate nearly pure steam conditions) 
Figure 10: Test T1.2: Mixing/Stratification in Drywells; Measured Gas Temperatures (top), 

   Measured Helium Concentrations (middle), Stratification Patterns (bottom) 

 

 

Figure 11: Measured Vertical Gas Temperature 
Distributions in PCC3  
Central Tube and Headers  
Before, During and After Helium 
Release (PANDA Test T1.1) 
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Figure 12: PANDA Test T1.3: Comparison between Calculated and Experimental Pressures 

 
Figure 13: PANDA Test T1.2: Comparison between Calculated and Experimental Helium 

Molar Concentrations in DW1 at three Elevations 

 
Figure 14: Helium Mass Fraction Distribution in DW1 (right) and DW2 (left), Calculated 

with CFX-4 at Transient Time 15,000 s into PANDA Test T1.2 



 

   
Figure 15: Condensation Flux [kg/m2/s] (Left), Helium Mass Fraction (Centre), Gas 

Temperature [K] (Right) in the Tubes, CFX-Results Case 2B. PANDA Test T1.2 
 

 

 

 

Figure 16: Helium Distribution in a 
Cross Section through the 
PCC, Calculated by 
FLUENT for PANDA Test 
T1.2 
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Figure 17: Schematic of the KALI Configuration for TEMPEST Tests 



 

 

 

 

Figure 18: Sensor Locations inside KALI Vessel a) and Mixing Chamber b) 
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Figure 19: KALI Test T1.1: Comparison between Calculated (GOTHIC) and Experimental 

Vertical Distribution of Helium along the Axis, Calculated with Coarse Mesh 



 

 
Figure 20:Computed (CFX4) and Measured 

Pressure for KALI Test T1.1 Sep 
Figure 21: Computed (CFX-4) and Measured 

Concentrations, KALI Test T1.1 Sep 

 

 

 

Figure 22: Temperature, Helium and Velocity 
Distribution, Simulated with CFX-
5, Close to the End of Helium 
Injection for  
KALI Test T1.1 (15/10) 
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Figure 23: Pressure History for the CFX-5 

Simulation of KALI Test T1.1 
Figure 24: Helium Concentration Simulated 

with CFX-5 (KALI Test T1.1) 



 

  

Figure 25: Velocity Fields Calculated with STAR-CD for KALI Test T1.1 at 4 sec (left) and at 
100 sec (right) 

 
Figure 26: SWR1000 Containment including Passive Safety Systems 

 



 

SWR1000, Stuck Open Safety Valve Accident - Calculation with WAVCO
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Figure 27: Heat Removal by Building
Condensers (WAVCO Prediction) 

SWR1000, Stuck Open Safety Valve Accident - Calculation with WAVCO
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Figure 28: Gas Pressure in Drywell  
(WAVCO Prediction) 
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Figure 29: ESBWR Containment Pressure as a Function of Non-Condensable Fraction 
in the Wetwell for 100 % Melt-Water Reaction 
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Figure 30: PCC Efficiency as a Function of Non-Condensable Inlet Fraction 
 


