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EXECUTIVE SUMMARY 

Project title : Hydrogen Management for the VVER 440/213 Containment, 
Hungary 

Project number: PHARE HU2002/000-632-04-01 

Country: Hungary 

Beneficiary: Hungarian Atomic Energy Authority (HAEA) 

Project starting date: 23 January 2004 

Project duration: 21 months 

The analysis of hydrogen distribution in a severe accident in Paks NPP has been 
performed. The accident sequence includes a long time release of steam and hydrogen 
into the containment. The level of hydrogen concentration will be flammable in large 
areas if no mitigation measures are applied. Possible burning or explosion of hydrogen 
would endanger the structural integrity of the containment.  

The first task was to simulate the basic scenario without mitigation measures. The four 
partners each performed this using their own simulation environment. The case and the 
boundary conditions were specified identical for all parties.  

The results of the unmitigated simulations were compared. It was estimated, how large 
would be a flammable cloud of hydrogen in the conditions prevailing in the containment 
during the defined accident sequence. Also it was estimated what would be the end 
pressure if all the hydrogen in the cloud would burn. According to the results the 
volume fraction of hydrogen during the accident sequence is rather high (more than 8% 
vol) in large domains of the containment. Combustion of hydrogen would lead to 
pressure of the order of 5–6 bar (absolute) in some parts of the containment. In the other 
parts with high hydrogen concentration the mixture might be inerted by high 
concentration of water vapour. For example the maximum volume of flammable cloud 
in the containment is 15 000 m3 according to the simulation by VTT and flammable 
conditions prevail after 4 hours to the end of the simulation (up to 7 hours) in different 
parts of the containment.  

There were differences in the concentration fields of different simulations. Some results 
show much lower concentration of water vapour than in the other simulations, which 
affects also to the level of hydrogen concentration. It was recognised that the accurate 
description of heat and mass transfer to the cold surfaces of the structures is essential in 
this case. The cold surfaces condense water vapour and reduce temperature and pressure 
in the containment.  

The second task consisted of four simulations with different layout of passive 
autocatalytic recombiners (PAR). The four layouts with 20 or 30 recombiners were 
delivered to the parties. In all simulations the recombiners worked in the expected 
manner reducing concentration of hydrogen substantially. The conversion also reduces 
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pressure in the containment, because non-condensable gases are converted to water 
vapour and the amount of moles is reduced in the ratio of 3 to 2. The pressure rise due 
to burning of hydrogen was substantially reduced in most cases. In some domains the 
flammable clouds were totally removed. The estimated performance of recombiner 
efficiency varies. For example in VEIKI's simulation (layout 4, 30 recombiners) the 
maximum AICC pressure was dropped from 5.8 to 3.8 bar. In Serco's simulation (layout 
1, 20 recombiners) the pressure drop was from 7 bar to 4.2 bar. Recombiners influence 
very much to the volume and presence of flammable cloud in the different parts of the 
containment. In the localisation tower the volume of flammable cloud has been 
generally reduced to the order of 100 m3 (in simulation by VTT) and duration of 
flammable conditions to 15 minutes. Due to differences in estimated volume fraction of 
water vapour the volume of the flammable domain varies in different simulations. In 
one simulation the mixture may be inerted by steam in the other it is flammable. It is not 
easy to distinguish which part of this difference comes from the layout of recombiners, 
which comes from differences in other modelling.  

Condensation (both surface and bulk) has a significant effect upon the predicted 
pressures and the volume inerted by steam and that needs to be modelled reasonably 
accurately. All significant heat sinks need to represented. It has turned out that 
condensation on the outer wall of the water pool of the bubbler condenser is of high 
relevance to the overall accident history in both unmitigated and mitigated scenarios. 
Further investigation into this matter is recommended. During the plant visit no special 
attention was given to the structure of the bubbler condenser chambers and flow paths to 
the surfaces considering this point of view. The structure should be checked if the 
mixture containing steam has free access to the cold surfaces. As an option the 
insulation of the bubbler condenser chambers is suggested for consideration. When the 
cold surfaces are insulated the volume fraction of steam is elevated above inerting limit 
in large domains during this accident sequence. The drawback of this is elevated 
pressure in the containment. For this reason the option should be further investigated 
before it can be applied.  

In the simulation by VTT the hydrogen concentration in the bubbler condenser 
chambers is elevated at 5.5 hours when a strong steam discharge appears. In the water 
pool the steam in the mixture is condensed giving room to the other components. When 
concentration of steam is reduced from 75% (vol) into 10% the mixture may become 
flammable. The chambers of the bubbler condensers may be filled with flammable 
mixture although in the surrounding localisation shaft the mixture is inerted by steam. In 
the other simulations the trend is same but milder. It should be further investigated 
whether the difference can be explained by the different implementation of boundary 
conditions. In the simulation of VTT the pressure relief valves (DN250) reducing 
pressure in the chambers have been included to the model. The other simulations do not 
share this feature. Due to the relief valves the chambers are able to receive more 
(condensing) gas mixture at the stage described compared to the situation where the 
action of the valves has been omitted. It is not clear if the feature comes only from the 
modelling of the DN250 valves.  

The third step was to compare the different mitigation options. All mitigation options do 
reduce the concentrations of hydrogen, will diminish the volume and shorten the 
presence of the flammable cloud. None of the mitigation options is able to limit the 



HU2002/000-632-04-01 FINAL REPORT DECEMBER 2005 
Phare project No: 632.04.01   

______________________________________________________________________ 

5 

concentration of hydrogen below the flammability limit during the first vigorous release 
of hydrogen in all parts of the containment. There are differences in the simulated 
efficiency of the layouts.  

These simulations show guidance about the sufficient number of recombiner units to be 
used in the containment of Paks NPP in a severe accident with hydrogen release. On the 
other hand the effect of the recombiner layout strategy is not obvious. Some general 
observations can be made.  

It is safe enough to say that 30 recombiners is not too much for the accident sequence 
studied in this work if it is preferred to avoid flammable clouds including more than 8% 
of hydrogen. In all cases there are flammable clouds in the containment and the clouds 
are larger when using only 20 recombiners than is the case with 30 units. In cases of 30 
recombiners there are essentially smaller clouds with 8% of hydrogen than with 20 
units. On base of this layouts 3 and 4 are preferred.  

It is not clear which layout strategy would be favourable. The options are either to place 
the units evenly to the containment or concentrate more units to the steam generator 
room where the discharge enters. The overall efficiency depends on the form of the flow 
field. The several items mentioned in the report above give some guidelines in 
evaluating this matter.  

All mitigation options reduce substantially the predicted maximum AICC pressure (e.g. 
from 5.5 bar to 3.8 bar using layout 4). Using 30 recombiners (layout 4) rather than 20 
recombiners (layout 1) reduces the AICC pressure only from 4.15 bar to 3.8 bar in the 
mitigated case.  

The recombiner layout options show differences in the recombination rate, where less 
efficient options (20 recombiners) need more time to recombine the same amount of 
hydrogen. The time needed to recombine most of the hydrogen available becomes less 
important if outer pool condensation is disabled. In this case high steam fractions avoid 
almost any flammability inside the containment.  

Compared to the base case all the suggested layouts have a significant effect to the 
distribution and flammability of hydrogen clouds in the containment.  

The more detailed comparison and evaluation of the mitigation options are shown in the 
technical task report.  
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PROJECT OBJECTIVE 

The main objective of the project is to support the Hungarian Atomic Energy Authority 
(HAEA) Nuclear Safety Directorate (NSD) in: 

• assessment of approaches to hydrogen mitigation in a severe accident of 
Paks NPP 

• assessment of severe accident management strategies proposed by the 
utility 

It was recognised that this project will not provide the simulation needed for the plant 
licensing.  

To meet the objectives the project was divided in the following tasks: 

1. Hydrogen distribution without mitigation measures (Task 1); 

2. Hydrogen distribution with different mitigation options (Task 2); 

3. Evaluation of effectiveness of mitigation options (Task 3); 

The project includes simulations with different codes. VEIKI uses the GASFLOW code, 
which it has already applied for a more simplified containment mixing analysis, VTT 
uses FLUENT code and GRS and Serco use CFX code. The purpose is to gain 
information whether the finer boundary fitted mesh, used in Fluent and CFX, brings any 
improvement to the accuracy of the simulation compared to the cartesian grid used in 
GASFLOW.  

PROJECT HISTORY 

The project group was formed at the end of 2003. The planned task was to simulate 
hydrogen spread in a containment during a severe nuclear accident both without 
mitigation methods and with the different mitigation options. The effectiveness of 
mitigation options was to be evaluated. The project group consists of four parties: 

• Technical research centre of Finland (VTT), coordinating partner 
• Gesellschaft für Anlagen und Reaktorsicherheit (GRS)  
• Serco Assurances (Serco)  
• Institute for Electric Power Research Co., Nuclear Engineering Division 

(VEIKI)  

The project contract was signed with the Central Finance and Contracts Unit (CFCU) of 
Hungary on 7 January 2004 and the commencement date was set as 23 January 2004. 
The Beneficiary is the Nuclear Safety Directorate (NSD) of the Hungarian Atomic 
Energy Authority (HAEA). 

The Inception Meeting was arranged in Budapest on 16.-18. March 2004. In the 
inception meeting the basis and need of implementation of physical models for the 
simulation were reviewed. The models to be implemented were shared to the different 
parties. The meeting included a visit to the PAKS power plant on 18. March. The plant 



HU2002/000-632-04-01 FINAL REPORT DECEMBER 2005 
Phare project No: 632.04.01   

______________________________________________________________________ 

7 

layout and the present status of hydrogen mitigation equipment were reviewed. 
Photographs from the plant were taken. The final Inception Report was distributed in 
May 2004.  

HAEA opened an FTP site on its server for electronic distribution of project material. 
The photographs taken from the plant, a number of other source documents, CAD-
drawings of the power plant and documents produced in the project were made 
available to the project team and HAEA on the site.  

The CAD-drawings were delivered in May and processed suitable for grid generation 
for a CFD-code in June. Grid generation took place at VTT and GRS for FLUENT and 
CFX-codes respectively. VTT was also responsible in producing grid for Serco using 
CFX. Grid generation took longer than expected.  

Task 1 Workshop and Progress meeting was held in Espoo at VTT on 12.–13. October 
2004. The schedule was revised to include another Workshop of Task 1 subjects. The 
plant layout information was checked for grid generation. First simulation results by 
VEIKI were presented. Other parties were in the process of model definition. Some 
essential models were implemented and tested. 

The grid generation continued at VTT and GRS. A complete set of grid parts was 
delivered to the FTP-server by VTT in beginning of 2005. The VTT grid includes about 
167.000 cells and the grid by GRS about 230.000 cells. Bubble condenser model (VTT), 
wall condensation model (GRS) and bulk condensation model (SERCO) were 
implemented and delivered to the parties. 

VEIKI updated the Task 1 case simulation with the GASFLOW during January-
February with corrections of the input files in the previous (October 2004) simulation. 
The corrections concern the operation of the bubbler condenser under small pressure 
difference conditions. The simulation of the case takes about 1.5 months.  

The second Task 1 Workshop and Progress meeting was held in Espoo at VTT on 22.-
23. March 2005. Task 1 simulation by VEIKI was revised and some other results were 
shown in the workshop. Parallelisation of the codes was in progress. Different 
mitigation options for the Task 2 simulations were defined. It had become clear that the 
recommended options to be investigated are fewer than in the beginning of the project 
was expected (e.g. using sprays in the containment was not recommended any more). 
VEIKI defined the actual options for the four parties.  

The Task 2 Workshop and Progress meeting was held in Köln at GRS on 28.-29. June 
2005. Task 1 results were presented. Preliminary Task 2 results by VEIKI were 
presented.  Revisions were needed for some of the simulations. The recombiner model 
was reviewed and modified in July.  Computer runs succeeded rather well despite of 
some power failures due to thunderstorms. All parties proceeded to the mitigated cases 
by the end of August. The most simulations were accomplished during September, 
although some reruns had to be made. 

The Task 3 Workshop and Final Meeting were held in Budapest on 20.-22. September 
2005. The comparison of the results revealed that none of the layouts is not able to keep 
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hydrogen concentrations in the domains below the ignition limit all the time, but all 
mitigation options were able to reduce both the volume of flammable cloud and the 
AICC pressure (adiabatic isochoric complete combustion) and also restrict the duration 
of flammable conditions. The main results of both unmitigated and mitigated cases were 
presented to the audience in the Final Meeting arranged at the HAEA office. 

The simulations made in the project have been very computing intensive. Each partner 
has used computer resources heavily. The range is approximately from 0.5 CPU years 
(with single processor computer) to 2 CPU years (using 6–8 processors in parallel).  

EXTERNAL PROBLEMS AND OPPORTUNITIES ENCOUNTERED 

The critical thing in the project was the computer resource of the simulations. When 
using large number of computational cells (167 000 or  230 000) it was absolutely 
necessary to run the simulation in parallel in order to keep the project schedule. VEIKI 
has been operating with a fast serial computer with GASFLOW code. This was 
acceptable for the grid with fewer cells. The need of computing resources does not 
come from the grid resolution itself, because the amount of cells is not very large. It 
comes rather from the need to simulate the whole time span of the accident, about 7 
hours, using very small time step to keep the mass balance and spatial resolution of 
solved fields.  

STRENGTHS AND WEAKNESSES OF THE PROJECT; LESSONS 
LEARNT 

The strength of the project has been that all the parties have got a fast background on 
CFD-analysis and heat transfer in nuclear safety matters. That has been in need in this 
kind of challenging project.  

The interpretation of the geometry from the CAD-drawings and grid generation took 
essentially more time than expected. Therefore the Task 1 phase had to be extended. 
This made the schedule tight for the following tasks. Those, however, did not to require 
new grid generation phases, and were more straightforward than the Task 1.  

After the simulations have been performed it may be estimated that with slightly coarser 
grid resolution, allowing faster simulation, the accuracy would not have deteriorated too 
much in this case.  

PROJECT COMPLETION REPORT 

Compliance with the Inception report 

The project has proceeded according to the guidelines given in the Inception report. The 
schedules have been revised when problems arose with the grid generation, but the 
different Tasks have been accomplished with sufficient accuracy. The different 
simulations have given deeper insight to the case in question and have revealed new 
details of the hydrogen distribution problem and simulation methods.  
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Unmitigated case, Task 1 

The first simulation was same for the all parties: analysis of hydrogen distribution 
without mitigation measures. All parties simulated the case using their own CFD 
environments. The results were compared. There were differences in the concentration 
fields of species, but the estimates of pressure rise due to explosion were roughly the 
same in most domains. The simulations revealed the essential features of the flow field, 
e.g. stratification in the steam generator room at some time intervals, the lack of 
stratification in the localisation tower, which can't be identified by using lumped 
parameter models.  

Specifically it was found advantageous to simulate the same case with all simulation 
environments at the first phase. That revealed the importance of different boundary 
conditions to the results of simulations. In most cases the differences in the results 
correlated to the differences in implemented models or boundary conditions. The 
comparison of the results simulated with coarse and fine grid did not clearly reveal the 
influence of grid refinement in this case. The differences in applying the boundary 
conditions (valves, direction of flow) and models (condensation of steam) influence so 
much to the results that it is difficult to recognise the effect of grid refinement.  

Very high steam and hydrogen concentrations were predicted at the top of the hydro-
accumulator and pressuriser towers and the reactor dome. The mixture is mostly steam 
inerted, however, the mixture may become flammable if steam is condensed, e.g. in 
another sequence involving spray operation. Upper SG room regions are inerted by 
steam discharge at the end of the blowdown. Lower SG room regions become rich in 
hydrogen with flammable conditions. Very high flammable hydrogen concentrations 
were found in the localisation shaft. 

The simulations of unmitigated case demonstrated clearly the need of mitigation 
measures in the case of a severe accident in Paks NPP. The concentration and volume of 
flammable hydrogen clouds may become large. Without mitigation measures hydrogen 
forms clouds exceeding concentrations leading to higher combustion pressures (volume 
fraction of hydrogen more than 8%) in large domains of the containment.  

The Task 1 has been accomplished according to the requirements given in the Terms of 
Reference (TOR) and the Inception report. The successful accomplishment of the Task 
1 is the basis for the next simulation with different mitigation options, where each party 
has got an own simulation case and the results have to be comparable.  

Mitigated case, Task 2 

Second task included four different cases simulated by four partners. Each partner had a 
different case. The task was in principle more straightforward than the first task because 
it did not include any more grid generation.  

The simulations showed that hydrogen concentrations were significantly reduced in the 
mitigated sequence, though flammable conditions still existed at the beginning of the 
hydrogen release, but they decreased in later phase of the sequence due to the operation 
of the recombiners.  
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The simulations of mitigated cases demonstrated the efficiency of different mitigation 
options. In all cases there is substantial reduction in the maximum pressure due to the 
operation of the recombiners. Also the volumes of flammable clouds have been 
essentially reduced.  

The Task 2 has been accomplished according to the requirements given in the Terms of 
Reference (TOR) and the Inception report. A careful comparison and evaluation is 
needed to judge the performance of different layouts.  

Evaluation of different mitigation options, Task 3 

The comparison and evaluation of the simulations of different recombiner layouts is not 
a simple task. The results can be compared in a straightforward manner, but as the 
simulations have been performed in different environments, the results have to be 
evaluated taking the first 'calibration' Task 1 results into account. The more detailed 
comparison is presented in the technical task reports.  

The results from the simulations show that the number of recombiners should be 30 
instead of 20 if it is important to avoid clouds including more than 8% of hydrogen. It is 
not clear which layout strategy would be favourable. The options are either to place the 
units evenly to the containment or concentrate more units to the steam generator room 
where the discharge enters. The overall efficiency depends on the form of the flow field.  

The Task 3 has been accomplished according to the requirements given in the Terms of 
Reference (TOR) and the Inception report.  

EFFECTIVENESS OF PROJECT IMPLEMENTATION 

The project group has been in close contact with the representatives of the beneficiary. 
The representatives of HAEA have taken part to the meetings and have been aware of 
the project status and messages changed between parties. The partners have been able to 
form an efficient group and change of information has been fruitful. 

The initial phase of the project could have been more efficient. We received the layout 
drawings in May 2004, whereas they would have been useful already before the 
Inception meeting on March. There also exists a 3D database of the Paks NPP, which 
could have been utilised in defining the computational grid. The link between the 3D-
database and CAD-codes was missing. After the grid has been generated in a hard way, 
it can be understood that grid generation had been easier and we had saved much time if 
we had been able to utilise the database.  

DELIVERABLES 

The final results are shown in the Task reports (shown in the list below). All results are 
reviewed in the common task reports. VEIKI and GRS have prepared also own reports 
of both Task 1 and Task 2 simulations. These give a more detailed insight of the 
specific simulations.  
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Other technical work documents produced in the project have been uploaded to the 
project server supported by HAEA in Budapest. Those include the CAD-files, grid files 
for the CFD codes, the definitions of the boundary conditions, Workshop presentations 
and several animations visualising the results.  

Pál Kostka, Zsolt Téchy: Analysis of hydrogen/steam distribution, combustion and 
pressure loads in the VVER-440/213 containment without mitigation measures. 
Hydrogen Management for the VVER-440/213 Containment, HU2002/000-632-04-01, 
Task 1. Budapest 2005. 42 p.  

Matthias Heitsch, Berthold Schramm: Simulation of the Unmitigated SG-Tube Rupture 
Accident at PAKS with CFX, Hydrogen Management for the VVER-440/213 
Containment, HU2002/000-632-04-01, GRS Cologne, 2005. 64 p.  

Hydrogen distribution in a severe accident without mitigation – Task 1 report. EU Phare 
project HU2002/000-632-04-01. Hydrogen management for the VVER 440/213 
containment, Hungary. November 2005. 83 p.  

Matthias Heitsch: Evaluation of catalytic recombiner reaction correlations. Phare 
Project Hydrogen management for the VVER440/213, HU2002/000-632-04-01. GRS 
Cologne, 2005. 18p.  

Pál Kostka, Zsolt Téchy: Analysis of hydrogen/steam distribution, combustion and 
pressure loads in the VVER-440/213 containment with mitigation measures. Hydrogen 
Management for the VVER-440/213 Containment, HU2002/000-632-04-01, Task 2. 
Budapest 2005. 62 p.  

Matthias Heitsch, Berthold Schramm: Simulation of the Mitigated SG-Tube Rupture 
Accident at PAKS with CFX, Hydrogen Management for the VVER-440/213 
Containment, HU2002/000-632-04-01, GRS Cologne, 2005.  

Analysis of hydrogen distribution, combustion and pressure loads in theVVER-440/213 
containment with four different mitigation options applied – Task 2 report. Comparison 
of base case with results of different mitigation options and evaluation of their 
effectiveness for hydrogen management in VVER-440/213 – Task 3 report. Hydrogen 
management for the VVER 440/213 containment, Hungary. December 2005. 83 p.  

Hydrogen Management for the VVER 440/213 Containment, Hungary. Final report. 
Phare project service contract No HU2002/000-632-04-01. December 2005. 12 p+ app. 
38p. (this report)  
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MEETINGS AND WORKSHOPS 

The meetings and workshops arranged in this project are: 

The Inception Meeting in Budapest on 16.-17. March 2004 and visit to the Paks NPP on 
18. March 2004.  

The Workshop and Progress Meeting for Task 1 in Espoo, Finland on 12.-13. October 
2004. 

The Workshop and Progress Meeting for Task 1 in Espoo, Finland on 22.-23. March 
2005.  

The Workshop and Progress meeting for Task 2 in Köln on 28.-29. June 2005.  

The Workshop for Task 3 and the Final Meeting were held in Budapest on 20.-22. 
September 2005. The main results were presented to the audience in the Final Meeting 
arranged at the HAEA office.  

The minutes of the meetings are enclosed in the Appendix.  

APPENDIX  
Minutes of the Inception meeting in Budapest 16.-18.3.2004. (17p.) 

Minutes of the Workshop and Progress Meeting, 12.-13. October 2004. (3p+app. 1p.) 

Minutes of the Workshop and Progress Meeting, 22.-23. March 2005. (6p+app. 1p.) 

Minutes of the Workshop and Progress Meeting, 28.-29. June 2005. (4p) 

Minutes of the Workshop and Final Meeting, 20.-22. September 2005. (5p+app. 1p.) 
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