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Abstract

Comparison of MAAP and MELCOR and evaluation of
MELCOR as a deterministic tool within RASTEP

Klas Sunnevik

This master's thesis is an investigation and evaluation of MELCOR (a software tool for
severe accident analyses regarding nuclear power plants), or more correctly of the
(ASEA-Atom BWR 75) reactor model developed for version 1.8.6 of MELCOR. The
main objective was to determine if MELCOR, with the reactor model in question, is
able to produce satisfactory results in severe accident analyses compared to results
made by MAAP, which is currently the only official software tool for this application in
Sweden. 
The thesis work is related to the RASTEP project.  This project has been carried out
in several stages on behalf of SSM since 2009, with a number of specific issues
explored within an NKS funded R&D project carried out 2011-2013. This
investigation is related to the NKS part of the project. The purpose with the RASTEP
project is to develop a method for rapid source term prediction that could aid the
authorities in decision making during a severe accident in a nuclear power plant. A
software tool, which also gave the project its name, i.e. RASTEP (RApid Source TErm
Prediction), is therefore currently under development at Lloyd's Register Consulting.
A software tool for severe accident analyses is needed to calculate the source terms
which are the end result from the predictions made by RASTEP.
A set of issues have been outlined in an earlier comparison between MAAP and
MELCOR. The first objective was therefore to resolve these pre-discovered issues,
but also to address new issues, should they occur. The existing MELCOR reactor
model also had to be further developed through the inclusion of various safety
systems, since these systems are required for certain types of scenarios. Subsequently,
a set of scenarios was simulated to draw conclusions from the additions made to the
reactor model. 
Most of the issues (pre-discovered as well as new ones) could be resolved. However
the work also rendered a set of issues which are in need of further attention and
investigation. The overall conclusion is that MELCOR is indeed a promising alternative
for severe accident analyses in the Swedish work with nuclear safety. 
Several potential benefits from making use of MELCOR besides MAAP have been
identified. In conclusion, they would be valuable assets to each other, e.g. since
deviations in the results (between the two codes) would highlight possible
weaknesses of the simulations. Finally it is recommended that the work on improving
the MELCOR reactor model should continue. 
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POPULÄRVETENSKAPIG SAMMANFATTNING 

Lyckligtvis är olyckor vid kärnkraftverk extremt sällsynta. Ändå har flera sådana inträffat genom 
historien. I några av fallen har dessa också medfört stora negativa konsekvenser för samhället. De mest 
kända olyckorna på grund av sina omfattande följder inträffade i Tjernobyl (1986) och Fukushima 
(2011). Även om dessa skiljer sig åt på många sätt har de ändå en gemensam nämnare i form av 
långtgående följder för det område där olyckorna inträffade. 

Det finns allmänt sett en farhåga för att liknande händelser ska komma att inträffa i framtiden. Dessa 
händelser är oacceptabla och arbetet för att undvika dessa i största möjliga mån fortgår alltjämt. Faktum 
kvarstår dock att det alltid finns en viss risk för olyckor vid kärnkraftverk även i framtiden. Detta gör att 
de länder som har kärnkraft i sina energisystem behöver en krisberedskap som så snabbt som möjligt 
kan vidta de åtgärder som krävs för att följderna för allmänheten ska kunna minimeras vid en eventuell 
incident. 

I Sverige är det Strålsäkerhetsmyndigheten (SSM) som ska tillhandahålla kunskap och ge 
rekommendationer till det verkställande organet. I Sverige mottas denna information av Länsstyrelsen 
som alltså är det organ som ansvarar för att krishanteringen i samhället utförs på rätt sätt. 

För att SSM ska kunna ge en så snabb och riktig information som möjligt under ett förlopp, har man 
utifrån ett EU-projekt gått vidare och initierat utvecklingen av en ny programvara. Denna är tänkt att 
kunna förutspå och ge information (i realtid) om hur ett olycksförlopp kan komma att utveckla sig (givet 
aktuell status hos verket i fråga). Programvaran har givits namnet RASTEP som står för RApid Source 
Term Prediction och en prototypversion utvecklas f.n. av Lloyd's Register Consulting.  

RASTEP matas med information från ett olycksförlopp och kan således förutse hur det kommer att 
fortskrida och dessutom vilka karaktäristika ett eventuellt radioaktivt utsläpp skulle få. Dessa 
utsläppskaraktäristika sammanfattas i en så kallad källterm (source term) och ger myndigheten den 
information den behöver i form av sammansättning, mängd, sannolikhet och höjd. 

RASTEP består av två delar där den ena är dynamisk och utnyttjar ett så kallat Bayesianskt nätverk 
(BBN). Denna dynamiska del tar hänsyn till verkets aktuella status och tillhandahåller sannolikheter för 
okända data och möjliga utfall givet detta. I takt med att kännedomen om verkets status ökar kommer 
konfidensnivån i nätverket, och för möjliga utfall, att öka.  

Källtermerna i sig, vilka är utfallen som RASTEP förutspår, beräknas inte av RASTEP självt utan måste 
tas fram i så kallade deterministiska riskanalyser. Vid sådana analyser tas ingen hänsyn till sannolikhet. 
Istället förutsätter man ett visst utgångsläge för verket och simulerar sedan, i ett program speciellt 
utvecklat för ändamålet, hur verket svarar på detta. För att kunna utföra en så bra analys som möjligt 
måste en så bra modell som möjligt finnas tillgänglig för det aktuella simuleringsprogrammet. I Sverige 
har man länge förlitat sig på ett enda program (MAAP, utvecklas av Fauske International, LCC och ägs 
av Electric Power Reasearch Institute (EPRI)) för dessa simuleringar, men önskemål om att utreda 
ytterligare en sådan programvara har förts fram av SSM. Denna programvara går under namnet 
MELCOR och utvecklas av Sandia National Laboratories i USA (och ägs av United States Nuclear 
Regulatory Commission (U.S.NRC)). 

En modell av en svensk kärnkraftreaktor av typen ASEA-Atom BWR 75 har därför konstruerats för att 
fungera tillsammans med MELCOR. Modellen är fortfarande under utveckling och är vad som 
behandlas i detta examensarbete. 

Reaktormodellen i fråga måste visa sig kunna ge fullgoda beräkningsresultat för att den ska kunna 
användas som verktyg i branschen. För att validera detta utförs simuleringar som sedan jämförs mot 
simuleringsresultat framställda av MAAP. 

Vid en tidigare jämförelse mellan MAAP och MELCOR uppdagades en del avvikelser och frågetecken 
rörande resultaten. Detta gjorde att man tog initiativ till detta examensarbete där dessa avvikelser 
behandlas i syfte att utveckla och förbättra reaktormodellen. 

Det konstaterades också att reaktormodellen inte är komplett, utan saknar bland annat en del viktiga 
säkerhetssystem som behövs för att kunna simulera vissa typer av sekvenser. 
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I detta examensarbete har många avvikelser och problem kunnat lösas samtidigt som några nya frågor 
tillkommit under arbetets gång (även en del av dessa har kunnat besvaras). Reaktormodellen har 
kompletterats genom införandet av några av de säkerhetssystem som saknades samt genom mindre 
förbättringar. 

Totalt sett ger nu reaktormodellen mer realistiska resultat vid simuleringar, men arbetet med att utveckla 
modellen behöver fortgå för att komma till rätta med återstående öppna frågor. Författarens ståndpunkt 
är att MELCOR och reaktormodellen är ett lovande alternativ för användning i det svenska 
kärnkraftsarbetet och att utvecklingen av reaktormodellen därför bör fortgå. 
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EXECUTIVE SUMMARY 

The purpose with this thesis work is to determine if a MELCOR reactor model (of the type ASEA-
Atom BWR 75) has the potential to produce satisfactory results consistent with MAAP (which is 
currently the only official software for severe accident analyses in Sweden).  

Previously discovered issues (regarding the MELCOR reactor model) have been solved and extended 
functionality was added to the reactor model. New issues and questions, in need of further investigation, 
surfaced during this work.  

However, the performance in terms of accuracy was considerably improved and the reactor model is 
now able to produce more realistic results that are more in consistency with those made by MAAP.  

With further work put into the MELCOR reactor model, it is likely to be improved even further.  

It is indicated, and also emphasized, in this thesis that there are clear benefits of having both MELCOR 
and MAAP working in parallel. The ones argued are the strength of a second opinion (from different 
codes) and the fact that weaknesses of one code can be highlighted very efficiently by the other 
(enabling a more efficient quality work with the code(s)).  

It is therefore seen as very likely that the MELCOR BWR 75 reactor model will become a valuable asset 
in the future. It is recommended that the work on improving the reactor model further should continue. 
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1. INTRODUCTION 

Severe accidents at nuclear power plants (NPP's) are fortunately very rare and have only occurred a few 
times in history. However, when they have occurred they have sometimes had large and severe effects 
on society. Since there is a possibility (however small) for future accidents of this kind to occur, it is also 
very important to have emergency preparedness organisations that are able to take the proper actions in 
time. A very important tool to achieve a high level of preparedness is the ability to accurately predict the 
possible radioactive releases due to a supposed accident at a NPP.  

During a crisis, the Swedish radiation safety authority (SSM) receives information from the NPP and 
acts as advisory body for the local county administrative board (Länsstyrelsen), which carries the 
responsibility for all the local protective and rescue actions [1]. 

Today utilities, i.e. owners of the nuclear power plants (NPP's), make forecasts and predictions 
regarding the possible releases (source terms). The source term is a characterisation of possible 
radioactive release. It contains information of composition, magnitude, timing and sometimes also 
height above ground of the radioactive release. 

The results of the forecasts are subsequently transmitted to the authority (SSM). However, through the 
EU project STERPS (Source Term Indicator Based on Plant Status), endeavours was taken towards a 
more on demand approach to these forecasts. The overall goal was to develop methods for authorities 
and utilities to make fast (or instant) predictions regarding source terms and outcome of e.g. an ongoing 
severe accident at a NPP. SSM has therefore evaluated the potential for developing in-house capability 
for rapid source term prediction. 

This thesis work is related to the RASTEP project. The project has been carried out in several stages on 
behalf of SSM since 2009, with a number of specific issues explored within an R&D project funded by 
Nordic Nuclear Safety Research (NKS) carried out 2011-2013. This MSc Thesis work is related to the 
NKS part of the project. The purpose with the RASTEP project is to develop a method for rapid source 
term prediction that could aid the authorities in decision making during a severe accident or crisis in a 
nuclear power plant. A software tool, which also gave the project its name, i.e. RASTEP (RApid Source 
TErm Prediction), is therefore currently under development at Lloyd's Register Consulting on behalf of 
SSM. An external software tool for severe accident analyses is needed within the development of 
RASTEP, i.e. to calculate the source terms which is the end result from the predictions made by 
RASTEP.  

The work with nuclear safety is a continuously ongoing activity, and has a long tradition in Sweden. 
Detailed probabilistic safety assessments (PSA's), see Appendix A, are performed regularly and are 
iteratively updated as new observables are made. The information from these PSA's are connected to-, 
and may be used for, source term prediction. RASTEP takes advantage of this information and also 
builds on the experience and outcome from the STERPS project [2]. 

A characteristic of RASTEP is that the source terms are calculated by an external software tool 
especially designed for severe accident analyses, e.g. MAAP which is currently the only official tool of 
this type in Sweden (see section 2.2.1.1 and [3]) or MELCOR (see section 2.2.1.2, [4] and [5]). These are 
advanced computer software able to evaluate the initiating event and all the various processes that would 
follow during a severe accident in a NPP. Each scenario simulated in these severe accident analyses may, 
or may not, lead to a radioactive release, i.e. which can be quantified into a source term. 

  



 

 11 

1.1 Aim 

The main goal of this thesis work was to improve the ASEA-Atom BWR 75 reactor model developed 
for MELCOR 1.8.6 (section 3).  

This meant improving the level of consistency between simulation results obtained by running severe 
accident sequences in MELCOR (using this reactor model) and results obtained by using MAAP. The 
latter being the only tool used for severe accident analyses in Sweden at the time and therefore seen as 
reference in this case.  

It also meant improving the functionality of the reactor model so that the most relevant sequences 
would be possible to run. 

1.2 Scope 

The scope of this thesis is largely to explore how to improve the BWR 75 reactor model available for 
MELCOR 1.8.6 in order to reach the goals described in section 1.1. 

This involves solving a set of pre-discovered issues (specified in section 3.2), but also new ones when 
they occurred.  

Different safety systems are present or non-present during certain accidental scenarios (see section 3.4). 
It was considered to be within the scope of this thesis to make sure that safety systems needed to run 
relevant sequences were available in the reactor model and that they could be switched on or off. 

Different scenarios should be applied to the reactor model and the results should be evaluated and 
discussed in order to draw conclusions from the changes made in the reactor model. 

Recommendations regarding future development of the reactor model were also considered to be a part 
of the scope of this thesis. 

1.3  Approach 

In order to resolve the known issues from the pre-project (limited comparison) the code itself 
(MELCOR) first had to be understood and ultimately mastered. This in turn required literature studies 
on preceding work [6], [7] and [8] (see also section 3 and 3.2). Knowledge and understanding of the 
RASTEP project was important since MELCOR could prove to be valuable to its development. A set of 
reports, [1], [9] and [10], were used as resources of information for this part. Detailed information 
about BWR 75 reactor systems was obtained from ―Störningshandboken‖ [11] and similar reference 
literature. Last, but certainly not least, the importance of the reference material provided with 
MELCOR, [4] and [5], could not be overrated, i.e. since it contains all necessary information regarding 
the functionality and possibilities of MELCOR.  

Apart from literature studies, Anders Enerholm (Principal Consultant at Lloyd's Energy Consulting and 
supervisor of this thesis) was a valuable asset for support and discussions throughout the work on this 
thesis. 

In order to master MELCOR, a thorough understanding of the BWR 75 reactor model had to be 
acquired. There were however no tutorials or other educational tools available for version 1.8.6 of 
MELCOR. Therefore, with the aid of the manuals [4] and [5], a simple model was created to verify that 
the basic functions of MELCOR could be handled with satisfactory results Appendix B. 

The work continued with interpretation of the BWR 75 reactor model in order to understand it. This 
had to be done in order to determine what assumptions had been made and how they were 
implemented so that possible adjustments and corrections could be explored. This was an iterative 
process  where the MELCOR reactor model was used to simulate the so called case 6 (see section 3.4). 
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Since MAAP is the only official tool for severe accident simulations in Sweden it was seen as reference 
in this case. However, its results were still queried and discussed with the possibility in mind that there 
might be more accurate interpretations.  

The MELCOR results were compared with the reference data calculated by MAAP (running the same 
sequence) in order to identify anomalies and issues in the MELCOR results. The origins of these issues 
were traced back into the reactor model which was modified accordingly. The simulation results were 
thus allowed to gradually improve (see chapter 4).When the simulation results of case 6 were regarded as 
satisfactory, the work went on into a second phase where the reactor model was extended by adding the 
main safety systems that were originally missing and through minor improvements (see chapter 5). 

In the last step of this thesis work a set of sequences were simulated where the added functionality and 
safety systems were needed (section 3.4). The sequences where selected so that they would represent a 
variety of different scenarios with severe consequences for the reactor system (see section 3.4). The 
results from the MELCOR simulations were compared with MAAP results (from the same sequences) 
for interpretation and evaluation (chapter 6).  

1.4 Outline of the report 

The report begins with an introduction (chapter 1) which gives a brief description of the larger context 
into which this thesis is integrated and how severe accident analyses are connected to RASTEP. The aim 
is found in section 1.1 and is followed by the scope (section 1.2). Section 1.3 gives an overview of the 
authors approach on how to reach the goals of this thesis. 

Chapter 2 provides background information containing a description of the RASTEP software as well as 
different tools for severe accident analyses (section 2.2.1). Chapter 2 ends with a discussion regarding 
why different software (for severe accident analyses) should be considered as well as why this is 
interesting in terms of RASTEP (section2.3).  

Chapter 3 states the problem and begins with a short summary of preceding work with MELCOR and 
the BWR 75 reactor model (section 3.1). It also contains the results from the previous limited 
comparison, between MAAP and MELCOR (section 3.2), where issues to be resolved were identified. 
The objectives for this thesis work are outlined in section 3.3 and descriptions of the different sequences 
to be simulated are given in section 3.4.  

The objectives (section 3.3) are dealt with in chapter 4, 5 and 6, where the first objective is treated in 
chapter 4 as the pre-discovered issues (section 3.2) are resolved.  

In chapter 5, the reactor model is extended and improved further as e.g. safety systems are added.  

The work described in chapters 4 and 5 are validated, in chapter 6, through simulations of the scenarios 
described in section 3.4. 

Conclusions are drawn in chapter 7 and the references are found on the last page of the report.  

As complement to the report there is also a set of appendices (subsequent to the reference list) 
containing complementary information e.g. a simple scheme of the reactor system, a summary of 
MELCOR and so on.  
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2. BACKGROUND 

Section 2.1 is taken directly from a previous Master Thesis [12] within the RASTEP project since it  
describes the over-all context of this Master Thesis as well. 

2.1 Background and over-all context of the project 

"This Master Thesis is part of a R&D project run by Lloyd’s Register Consulting as part of the research 
programme of NKS, Nordic Nuclear Safety Research (NKS-RASTEP). It is also indirectly related to the 
previous EU Project STERPS and to a major ongoing project at SSM, the Swedish Radiation Safety 
Authority (SSM-RASTEP). 

Both SSM-RASTEP and NKS-RASTEP take as their starting point the outcome of the EU project 
STERPS (Source Term Indicator Based on Plant Status). The STERPS project was part of the European 
Union 5th and 6th Euroatom Framework program, and had the objective to develop for trial use a tool 
for rapid and early diagnosis of plant status and estimation of likely environmental releases. The EU 
project showed the feasibility of using BBN technique (see Appendix E) for modelling of severe 
accidents, but also identified some issues and challenges related to this. The Swedish contribution to the 
project (through KTH, Lloyd's Register Consulting (Scandpower)) aimed at the development of a first 
prototype version of a BBN model for the Swedish boiling water reactor (ASEA-Atom BWR 75). 

SSM-RASTEP aims at the development of BBN models for all Swedish nuclear power plants, using the 
basic approach defined by the STERPS project, i.e. a model consisting of two different parts; a BBN 
model used to predict plant states and release paths and a source term definition part used to 
characterise the source term (height, composition, amount and timing). This development is to include 
the development and documentation of an analysis methodology, including the necessary QA (Quality 
Assurance) procedures and procedures for validation and verification of developed BBN models, as well 
as the definition of procedures for update and maintenance of the specific NPP (Nuclear Power Plant) 
models in RASTEP. During the past years a basic BBN model (with associated source term definitions) 
has been developed and largely validated for a BWR 75. In later stages, further models have been 
developed for other Swedish plants. The BWR 75 reactor model developed as part of the SSM project is 
the reference also for NKS-RASTEP. 

The basic aim of NKS-RASTEP is to address a number of advanced topics that constitute R&D 
challenges in the application of BBN to source term predictions during an NPP severe accident. The 
NKS project has been run in two phases, with phase 1 run in 2011-2012, and the second phase in 2012-
2013. The project has dealt mainly with the following issues: 

x Definition of the source terms (ways to improve precision and functionality of the source term 
module of RASTEP; supported through two M.Sc. theses). 

x Comparison of codes for accident sequence and source term calculation (comparison between 
analysis codes MAAP and MELCOR; (subject of the M.Sc. thesis presented in this report). 

x Challenges in BBN structure and quantification (supported by a double M.Sc. thesis). 

x Methods for dealing with sensitivity with respect to parameters and model structure. 

x Development of a systematic approach for defining complex CPTs in a BBN." [12] 

2.2 Overview of RASTEP 

RASTEP is a software program built to assist the authorities during a crisis or severe event at a NPP 
through its capability of foreseeing different outcomes given a certain state, and the development, of a 
certain event. The idea is that these calculations should be able to keep up with an ongoing severe event 
and be able to account for changes in the development, i.e. constantly providing the authorities with 
relevant information of the ongoing crisis and thus assist them in their decision making. 

RASTEP is separated into two parts where one, the BBN model, is dynamic (constantly evolving and 
adapting itself to changes that occur in the system). It is designed to model accident progression, predict 
plant states and release paths. The second part is static and contains a library of different source terms 
corresponding to different end states of pre-simulated severe accident scenarios [13].  
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The dynamic part utilizes the Bayesian theory and thus consists of a Bayesian Belief Network (BBN) 
(see Appendix E for an example) powered by the BBN engine Netica (developed by Norsys Software 
Corp) [14]. The network consists of nodes representing single events with probabilities for different 
states. The nodes in a BBN ideally represent all possible ways of progression through time for a given 
scenario. The probability for a particular end state depends on the progression of an ongoing scenario, 
i.e. may change over time as the scenario develops. All relevant nodes are taken into consideration 
during the progression of the calculation process. 

A major benefit of the Bayesian Belief theory, and one of the reasons for choosing it, is that if the state 
for one (or several) node(s) is unknown, it may instead be provided with a probability distribution, from 
e.g. expert opinions [12], a PSA model or historical statistics. This makes it possible to make valid 
interpretations of the current state of the plant in question without actually knowing it. However, if the 
state of a certain node (or several nodes) becomes known, i.e. the probability for this (these) node(s) 
state(s) is equal to one (1) or zero (0), all the probabilities in the entire BBN are affected. Thus, the BBN 
is constantly evolving and changing as new information is entered. The accuracy of the prediction, made 
by RASTEP, is therefore also directly dependent on the quality of the information [1]. 

The static part, i.e. the library with source terms, is provided by an external software tool especially 
designed to calculate the response of a NPP given its status, e.g. with respect to safety functions 
available etc., during a certain severe accident. This is the part utilising MAAP (or MELCOR). These 
simulations are so called deterministic safety (risk) assessments (DSA's/DRA's), i.e. they do not consider 
any probabilities what so ever but only treat questions of the sort ''what if?''. For instance, they interpret 
the chain of events leading to a particular end state, with a corresponding source term, given a certain 
initial state of the plant and a particular initiating event.  

2.2.1 Software tools for source term calculation through severe accident simulation 

As previously stated (section 2.2) the source term for a specific scenario is calculated in a DSA, i.e. 
through a severe accident analysis. The source term is also the end result of the predictions made by 
RASTEP. Therefore it is of paramount importance that the severe accident progression analyses are 
made in the best possible manner. The software tool itself will of course play an important, if not 
leading, role in this.  

There are several software tools available for performing DSA's through simulations of severe nuclear 
accidents. Two of the most widely used software tools in the world today are MAAP and MELCOR. 
These are both state of the art software and are largely what is under the scope in this thesis (see section 
1.2). However there is of course other suitable software for severe accident analysis as well. One 
example is RELAP5 which, like MELCOR, is supported by the United States Nuclear Regulatory 
Commission (U.S.NRC) but developed by the Idaho National Laboratory [15]. Another is ASTEC 
which is jointly developed by Institute de Radioprotection et de Sûreté Nucléaire (IRSN) and 
Gesellschaft für Anlagen und Reaktorsicherheit mbH (GRS) [16].  

MAAP is under the radar within this thesis due to the fact that it is the (only) official software of this 
type in Sweden today, and thus functions as sort of reference (although its results will not be trusted 
blindly). A benefit from this is that there exists a large library of simulation results that may be used for 
comparison to other software. The second choice for evaluation fell upon MELCOR. Apart from being 
one of the most widely trusted software of this type on the market, MELCOR is also available to SSM 
through its cooperation with the U.S.NRC.  

2.2.1.1 MAAP (Modular Accident Analysis Program) 

MAAP was originally developed by Fauske & Associates LCC (FAI) in the early 1980's. The ownership 
has since then been transferred to the Electric Power Research Institute (EPRI) which is still in 
possession of the rights. However FAI is contractor for maintaining the code. The maintenance work is 
continuously reviewed by Engineering and Research Inc (ERIN). MAAP4 was introduced in the mid 
1990's and is still the version in use, i.e. several updates have been released since the introduction.  
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MAAP is designed to predict the response of a NPP, and more specifically of light water reactors 
(LWR's), during a severe accident. It is therefore required to handle all the key processes during such an 
event. Results from these simulations are used in level 1 and 2 PSA's (see Appendix A). MAAP does the 
following: 

x "Predict the timing of key events (for example, core uncovery, core damage, core relocation to the lower plenum, and 
vessel failure) 

x Evaluate the influence of mitigative systems, including the impact of the timing of their operation 
x Evaluate the effects of operator actions 
x Predict the magnitude and timing of fission product releases 
x Investigate uncertainties in severe accident phenomena" [17] 

" MAAP4 is an integral code. It treats the full spectrum of important phenomena that could occur during an accident, 
simultaneously modeling those that relate to the thermal hydraulics and to the fission products. It also simultaneously 
models the primary system and the containment andreactor/auxiliary building." [17] 

2.2.1.2 MELCOR 

The latest version of MELCOR is version 2.x. However, version 1.8.6 is still in use since the latest 
version has not yet been approved everywhere. Furthermore, the BWR 75 reactor model provided, i.e. 
under the scope within this thesis, is developed for version 1.8.6 which makes it the version of choice. 

MELCOR is developed by Sandia Laboratories International under a contract with the U.S.NRC and is, 
like MAAP, designed to treat all relevant phenomena to predict the response of a NPP, of LWR type, 
during a severe accident. MELCOR contains a large set of packages where each of them governs a 
specific type of physical phenomena. For instance, the core package governs the physical processes of 
the core while it is still inside of the reactor pressure vessel (RPV), e.g. fission product release and 
relocation (at meltdown). At melt through of the RPV, the properties of the core is transferred by the 
transfer package to the cavity package, i.e. the package that handles e.g. fission product release and heat 
transfer from the debris to the surroundings. The decay heat is constantly calculated by yet another 
package and so on. All of the physical activities are simultaneously simulated in parallel by the different 
packages during the simulations.  

Further description of some of the MELCOR packages is found in Appendix C.4. For a more 
comprehensive reference set, the reader is recommended to study the MELCOR manuals, [4] and [5]. 

2.2.2 Implementation of source terms into RASTEP and utilisation of its predictions 

The DSA simulations are quite time consuming (usually several hours). Therefore, evaluation of the 
potential for integrating a fast running code i.e. MARS into RASTEP have been made. This strive 
involves a thesis work, performed during 2013, with the purpose to investigate the possibilities of such 
an integration. It was concluded, in the report, that an integration of MARS into RASTEP looks very 
promising in theory, but that it would be very resource demanding and that to do so there are still 
several questions to be answered and issues to be resolved [10]. 

The present solution, i.e. with a library of pre-simulated source terms, is therefore still the one of choice, 
i.e. since it is currently seen as more realistic [10]. However, the current concept needs to evolve into the 
next step. This means evaluating the possibilities of developing a larger library with higher scenario 
resolution and better precision, i.e. more realistic data [10]. 

The pre-calculated source terms, produced by e.g. MELCOR or MAAP, are paired with (connected to) 
the proper end states foreseen by RASTEP, and thus a complete interpretation of the scenario (in the 
NPP) will be obtained. 

The source term prediction (end states) made by RASTEP can be further used in offsite consequence 
codes like ARGOS, or LENA [9]. Assessments made by these kind of software take into account what 
the impacts of a particular release would be on society (health and environment) based on consideration 
of release trajectory, release rate and magnitude, as well as the size of the affected area and its 
demographical properties [18]. Thus the importance of accuracy, in the source term assessment, is even 
more emphasised. 
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2.3 Why consider alternative codes for severe accident analyses? 

MAAP is currently used for characterising the source terms in the RASTEP model.  However, options 
other than MAAP might be considered as well for severe accident analyses, and consequently for source 
term characterisation in RASTEP. 

2.3.1 General benefits 

Comparisons between different codes could function as a quality check of the methods used in the 
safety work around NPPs. It is likely that different codes will have different strengths and weaknesses to 
consider. In this way, a deeper knowledge and awareness of the present tools capabilities is obtained. 

One possible outcome is that the existing code (MAAP) is the best alternative for simulations of certain 
sequences, whilst another code shows better performance for other types of scenarios. The most 
complete picture of reality would thus be obtained if different codes were used for different scenarios.  

Different codes could also prove themselves the strongest alternative within different parts of the same 
simulation, e.g. one of the codes shows best performance in the initial part of the simulation, and 
another code performs better towards the middle or the end of the sequence. In such cases the best 
result would be given if the codes were run in parallel. 

It could also be difficult, in some situations, to decide which result is closer to reality, e.g. physical 
models may be inadequate for certain rapid events etc. This is also an argument for using several codes 
since their validity can be regarded as equal in this case, i.e. with the assumption that both codes have 
been carefully selected e.g. due to their excellent track record etc. 

A comparison between different codes could result in two, or more, codes being used in parallel for the 
entire accident sequence. A clear benefit from this is the effect of a second opinion (also stated by [6]). 
This also has the possible effect of an increased number of minds working with deterministic safety 
analysis, i.e. since MAAP is only available to a limited number of actors on the market.  

Since the development of safety assessments within the nuclear industry is, largely, an international 
operation, comparisons of different codes could also help to increase the awareness, of strengths and 
weaknesses, regarding the safety work. However, it should be emphasized that this is by no means a new 
idea. In fact comparisons, of the kind mentioned, are regularly carried out by numerous actors in the 
nuclear communities around the world. In Sweden though, MAAP has so far been the only software 
tool in official use for severe accident analyses (regarding NPP's). The need to investigate alternatives as 
complementary tools for these kinds of analyses has therefore been stressed (see section 2.1). 

In the end, it is important to perform comparisons between different codes for severe accident analyses, 
e.g. to identify weaknesses in order to make improvements. Thus it is also important to obtain 
knowledge about how to compare different codes in the best possible way. Therefore, regardless of 
what decision the results may lead to, a comparison between different codes is always interesting and 
relevant to the, forever ongoing, development of safety work around nuclear power plants. 

2.3.2 Benefits in terms of RASTEP 

Since RASTEP is supposed to make predictions in real time, it must also be very adaptive in terms of 
how a particular scenario evolves. This sets high demands in terms of flexibility, and thus a sufficiently 
large library of pre-calculated source terms is required, since no realistic option for real time calculation 
of the source term is available at present time. 

To build a large library of source terms, the use of some alternative to MAAP could prove to be a 
valuable resource. In order to increase the resolution in the source term library, simulations of 
complementary scenarios are likely to be necessary. Furthermore, if the reactor model would have to be 
altered for some reason, e.g. due to new regulations (or requirements) for the reactor system etc., this 
process could prove to be even more of a bottleneck. These are just a few arguments to why a more 
available code would be a valuable asset to streamline the development of RASTEP. 

Finally, in terms of flexibility and credibility, it could also prove even more efficient to make use of 
several codes in parallel. Thus several independent parties could perform analysis for evaluation and 
comparison. The strength of a second opinion would thus be enhanced even more. This would, 
indirectly, also increase the credibility for RASTEP, i.e. since its level of accuracy highly depends on 
external codes. 
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3. STATING THE PROBLEM 

3.1 Preceding work with MELCOR and development of the BWR 75 reactor model  

It was stated in section 1.2 (and chapter 2) that the scope of this thesis is to evaluate MELCOR (2.2.1.2) 
as a complement to MAAP which is currently the standard tool for severe accident analyses in Sweden.  

In order to be able to evaluate MELCOR, a reactor model of a Swedish reactor (BWR 75) was 
developed for the 1.8.5 version of the code [8]. The BWR 75 reactor model was then adapted for severe 
accident analysis by The Swedish Royal Institute of Technology (KTH) [6]. This project was funded by 
the SSM.  

It was stated, in the KTH-report, that the 1.8.6 version of MELCOR contains several crucial upgrades 
compared to 1.8.5 [6]. The reactor model was therefore converted, at KTH, to fit the 1.8.6 version of 
MELCOR, but the 1.8.5 model was used for their own simulations and analyses. 

The BWR 75 reactor model was however used in a subsequent limited comparison between MAAP and 
MELCOR, performed within the first phase of NKS-RASTEP (see section 3.2), where a station 
blackout (SBO) scenario (case 6 in section 3.4) was simulated. This thesis is, in many ways, a follow-up 
on the results from this comparison.  

3.2 The previous limited comparison of MAAP and MELCOR 

This section summarises the results from the preceding comparison between MELCOR and MAAP, 
carried out by Anders Enerholm at Lloyd's Register Consulting as part of the previous phase of NKS-
RASTEP. In this project a station black out (SBO) scenario was simulated [7]. During a SBO, the NPP 
is left completely without power supply apart from backup batteries.  

“The analysis case is a station blackout where all manual actions regarding recovery and consequence mitigating systems 
(RAMA systems) fail. However, all automatic functions of the RAMA systems are actuated. 

This leads to the following sequence: 

- Station blackout  
- Loss of all core cooling and residual heat removal 
- Boil down in the reactor vessel and heat up of the core 
- Successful pressure regulation and later automatic depressurisation of the primary system 
- Successful water filling of the lower drywell 
- Melt down of the core and vessel melt through 
- Heat up and pressurisation of the containment due to the core debris in LDW 
- Automatic opening (rupture disc) of the containment venting system 

The accident is analysed for 24 h (86 400 s).” [7]. 
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Several differences between the simulation results from MELCOR and MAAP were identified, and 
some issues regarding the MELCOR results were pointed out [7]. These are specified in the bulleted list 
below. 

- Reactor vessel melt through occurs earlier in MAAP (4.0 h) than in MELCOR (7.0 h). The debris is 
also located at the bottom of lower plenum (in the RPV) for a longer period of time in MELCOR. 

- The containment pressure venting system is activated earlier in MAAP (4.6 h) than in MELCOR 
(9.9 h), i.e. the pressure increase is more rapid in MAAP. 

- The temperature difference between the debris and the surrounding water in lower drywell is about 
600 °C in MELCOR after 24 h. At that time the corresponding temperature difference in MAAP 
was only 6 °C. Conclusively the debris is not quenchable in the MELCOR simulation. 

- No molten core concrete interactions (MCCI) could be observed in either of the two simulations 
(i.e. both MELCOR and MAAP show the same results). 

- The decontamination factor (DF) was only 7 in MELCOR, which is far below the requirement of 
100. Decontamination factors up to 500 have been observed in the verification program of the 
venturi-scrubbers. 

- MELCOR needed 13.3 h to complete the calculation whereas MAAP needed 1 h. MELCOR is 
known to be very mechanistic. MAAP on the other hand uses cleaver simplifications in its 
calculations. It is however likely that there are other explanations to this big difference. 

- The radioactive release could not be plotted in a satisfactory way by MELCOR (i.e. problem with 
the plot routine). 

Another problem was that the MELCOR BWR 75 reactor model was lacking some of the most 
important safety systems present in Swedish NPP's, i.e. the residual heat removal (RHR) system, the 
auxiliary feed water (AFW) system and the emergency core cooling system (ECCS) (see Appendix G). 
These have to be implemented into the reactor model in order to run certain sequences.  

3.3 Objectives 

Section 3.2 contains previously identified issues regarding the results made with the MELCOR reactor 
model. Finding solutions to these already known issues was the first objective within this thesis. In order 
to trace and correct these issues, MAAP simulation results was used for comparison with calculations 
made with MELCOR (and the existing BWR 75 reactor model). Any other issues or anomalies found 
were to be traced, explained and corrected if possible (and necessary). This objective is handled in 
chapter 4. 

The second objective was to further develop and extend the reactor model with more safety systems 
(the RHR system, the ECCS and the AFW system) and functionality. By doing so the reactor model 
became able to produce even more realistic results and more scenarios could be simulated, i.e. since 
these safety systems are required in many of the scenarios considered important in PSA level 2 (source 
term calculation). This objective is reached in chapter 5. 

In order to evaluate the effects of the steps taken, i.e. correction of previously known issues and 
improvement of the reactor model, more scenarios were simulated (specified in Table 3.1 and Table 
3.2). This was the third objective which is handled in chapter 6. 

The fourth objective was to draw conclusions from the evaluation above. A statement should be made 
regarding if the BWR 75 reactor model is ready for use or if further development is needed. This last 
objective was taken care of in chapter 7. 

3.4 Scenarios 

All of the scenarios referred to in this report are scenarios used by Lloyd's Register Consulting in their 
work with PSAs (Appendix A) for Swedish power plants. However, the sequences selected for this 
thesis (Table 3.1 and Table 3.2) are just a sample from the collection of sequences available to Lloyd's 
Register Consulting. These sequences were selected since they provide a good variety of conditions 
suitable for the work performed on the MELCOR reactor model within this thesis. Their names were 
not changed (from their original ones) which is the reason to why their numbering might seem 
somewhat confusing or un-logical to the reader. This was done for internal traceability purposes (for 
Lloyd's Register Consulting) but the numbers has no further meaning to the reader other than being 
names of the specific sequences. 
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As a reminder it is hereby pointed out that simulations of case 6 (see Table 3.1 and Table 3.2) was 
to be used to solve the identified issues specified in section 3.2, since this sequence was also used in 
the preceding comparison where the issues where first discovered. 

As already mentioned (section 3.3) a set of sequences was also run and evaluated subsequently to 
the work with improving the reactor model. These sequences were chosen to provide a variety of 
conditions from which the response of the reactor system (reactor model) could be calculated. The 
sequences were divided into two groups, one with Loss of Coolant Accidents (LOCA's) as 
initiating event (specified in Table 3.1) and the other with transients as initiating event (described in 
Table 3.2, case 6 belongs to the second category). 

For better understanding of how a severe accident sequence could develop in a NPP, the reader 
unfamiliar with severe accident progression is advised to study the simplified demonstration of case 
6 provided in Appendix F. 

HS3 sequences (specified under ''Type'' in Table 3.1 and Table 3.2) are scenarios where at least one 
of the core cooling systems, i.e. the ECCS or the AFW system (section 5.2, Appendix G.1 and 
Appendix G.2), are in operation initially while the RHR system fails. HS is an acronym for the 
Swedish word "härdskada" meaning core damage. HS3 thus stands for core damage due to RHR 
system failure. In the HS2 sequences on the other hand the core damage follows from the failure of 
all core cooling systems (ECCS and AFW), whereas the RHR system may or may not be 
operational [11]. 

See chapter 6 for a summary of the simulation results from all sequences simulated. Chapter 6 also 
includes a discussion about the results. 

3.4.1 The different volumes within the reactor system 

In this section the reader unfamiliar with BWR 75 is provided with a rough overview of the most 
important volumes within the reactor system (Figure 3.1). It also displays the rupture discs that burst as 
the containment venting system (CVS) initiates. However, the illustration is not accurate, or true to 
reality, in terms of dimensions. Nor is it complete regarding components, e.g. the MVSS system, primary 
system etc. 

 
 
 
 
 
 
 
 
 
 
 

1. Reactor Pressure Vessel (RPV) 
2. Wetwell (WW) 
3. Lower Drywell (LDW) 
4. Upper Drywell (UDW) 
5. Containment Venting System  

(CVS) with the Multi Venturi  
Scrubber System (MVSS),  
(Scrubber) 

6. CVS - MVSS (Moist Separator) 
7. Pre Scrubber Rupture Disc 
8. Post Scrubber Rupture Disc 

 

Figure 3.1: An outline of the reactor system, i.e. not complete and dimensions not true to scale due 
to confidentiality. 
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3.4.2 An example of a severe accident sequence (case 21) 

To assist the reader in interpretation of Table 3.1 and Table 3.2 an explanation of case 21 hereby follows 
(see also Appendix F which graphically explains case 6). 

x The sequence starts with a Loss Of Coolant Accident (LOCA), or more specifically a large size 
steam line break. The steam lines are part of the primary system, i.e. which is also connected to 
the large turbines that in turn drive the electric generators of the plant.  

x Case 21 is also a HS3 sequence which in this case means that the ECCS starts to feed water into 
the RPV to maintain core cooling. To enable the ECCS, the RPV must first be relieved of its 
high pressure which is done through blow down of steam, from the RPV into the water of 
WW. This also initiates flooding of the LDW through opening of the valves located in the wall 
between WW and LDW. The LDW is the (normally dry) space directly beneath the RPV and 
the WW is placed outside the LDW surrounding it, and thus resembling the shape of a 
doughnut. 

x The RHR system fails to initiate which leads to a temperature increase in WW.  

x The high water temperature in WW causes the ECCS pumps to fail (due to cavitations).  

x The absence of the ECCS inevitably leads to boil down (of the water level) in the RPV with a 
following melt through (of the RPV) as a consequence.  

x The molten core debris falls down to the cavity below the RPV (the LDW) which is now 
flooded with water. 

x Consequently (due to the water in LDW) the debris is quenched.  

x The containment isolation is successful which means that the containment depressurisation 
system (CPS) (illustrated as flow path in Appendix D) remained shut, i.e. which it should after a 
certain amount of time (section 5.3.1).  

x The diffuse leakage is present in all sequences, i.e. it simulates the maximum allowed amount of 
leakage out of a confined reactor building (section 4.2).  

x The CVS is used to bring down the pressure of the containment through relief of steam to the 
atmosphere of the environment. The CVS also contains the multi venturi scrubber system 
(MVSS) whose function is to suppress the amount of radioactive aerosols that escapes to the 
environment during a pressure relief of the containment (section 4.6). The CPS on the other 
hand does not possess such filtering capacity. Both the CVS (Figure 3.1) and the CPS 
(Appendix D) are activated upon high pressure in the containment to assure its integrity. 

x In this case the CVS malfunctions which inevitably leads to containment failure (rupture) with 
an unfiltered release of radioactivity as result. 
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Table 3.1: Sequences with a LOCA as initiating event. 

Sequence Case 2b Case 4b Case 15 Case 21 

Initiating Event LOCA (medium size 
steam line break) 

LOCA (medium size 
steam line break) 

LOCA (medium size 
steam line break) 

LOCA  (LARGE size 
steam line break) 

Type HS2 HS2 HS2 HS3 

Core Cooling FAIL FAIL FAIL ECCS, Stop: High 
temp in WW pool 

Residual Heat Removal Active FAIL FAIL FAIL 
Pressure Regulation and 
Depressurization of RPV OK OK OK OK 

Flooding of LDW OK OK OK OK 
Meltdown YES YES YES YES 
Melt through YES YES YES YES 
Containment Isolation YES YES FAIL YES 
Diffuse Leakage YES YES YES YES 
Filtered Release         

CVS NO NO YES, before melt through 
(only MELCOR) NO 

Unfiltered Release         
CPS NO NO YES, at melt through NO 

Containment Failure NO YES, after melt 
through NO YES, after melt 

through 
 

Table 3.2: Sequences with a transient as initiating event. 

Sequence Case 6 Case 13 b Case 11 
Initiating Event Transient Transient Transient 
Type HS2 HS2 HS3 

Core Cooling FAIL FAIL AFW, Stop: High temp in 
WW pool 

Residual Heat Removal FAIL FAIL FAIL 
Pressure Regulation and 
Depressurization of RPV OK OK OK 

Flooding of LDW OK OK OK 
Meltdown YES YES YES 
Melt through YES YES YES 
Containment Isolation YES FAIL YES 
Diffuse Leakage (release) YES YES YES 
Filtered Release       
CVS YES, after melt through NO YES, before melt through 
Unfiltered Release       
CPS NO YES, at melt through NO 
Containment Failure NO NO NO 
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4. TREATING THE PREVIOUSLY DISCOVERED ISSUES 

In this chapter the pre-discovered issues are dealt with. The issues are found under different headlines 
where one or several of the issues are being treated. Under each headline, there are separate sections 
dealing with method, result and discussion. The method sections describe how the different solutions 
came about and why. The result sections simply illustrate and summarise the results from the changes 
brought to the MELCOR BWR 75 reactor model. In the discussion sections, the results are explained 
and connected to the measures described in the method. If there are uncertainties in the results, these 
are also reported in the discussion. 

As previously mentioned, the issues were discovered when the MELCOR BWR 75 reactor model was 
tested in the previous phase of NKS-RASTEP. It was also mentioned that this was done in a limited 
comparison between simulation results, from the sequence called case 6 (see section 3.4), calculated by 
MELCOR on one hand and MAAP on the other. It was therefore seen as a logical choice to make use 
of case 6 once again when treating the issues, i.e. case 6 is the sequence used during all issues described 
in chapter 4.  

Generally the method was to qualitatively interpret the results from each simulation, e.g. what could be 
the cause of a specific response from the system to determine what changes should be made. This was 
continuously followed up by quantitative analyses, i.e. to determine how the implemented changes 
affected the results. Iterations of this approach were used consequently throughout the progression of 
this thesis. 

More specifically, anomalies found in the results from the simulations of case 6 (in MELCOR) were to 
be explained and traced to its origin within the MELCOR BWR 75 reactor model. To do so the model 
itself had to be investigated and understood. There are a vast variety of possible options within 
MELCOR when constructing a model (see [4], [5] and Appendix C). 

In order to determine what behaviours and results would actually make sense the reactor system had to 
be studied continuously. Anders Enerholm also provided his expertise in the matter and possible 
modifications, and actions, were continuously discussed along the way. 

Although the MAAP simulations were seen as reference it was also considered possible that the 
MELCOR interpretations might be as true as, or better than, those made by MAAP. The differences 
were therefore looked upon and discussed with open minds. Some differences could not be traced back 
to the reactor model, i.e. they could possibly be caused by different mathematical models being used 
within the two software codes. It should also be emphasized that the causes to these differences may 
very well reside in the reactor model but, however, could not be found within this thesis work. 

Due to confidentiality, the values have been excluded from the y-axis in all figures. Furthermore, most 
of the presented values are expressed as relative to MAAP, i.e. the MAAP values are always equal to one 
(=1) whereas the MELCOR values can be e.g. 1.5 in relation to the MAAP value. 
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4.1 Simulation time 

4.1.1 Method 

The time to complete a simulation in MELCOR was more than 10 times the run time required for 
MAAP to complete the same sequence (section 3.2). A similar conclusion was also made in another 
comparison between MAAP, MELCOR and RELAP5, i.e. that MAAP demands considerably shorter 
simulation times than the other two [19]. However, in this case the difference was only 2-3 times.  

4.1.2 Results 

It was found at an early stage (in this thesis work) that MELCOR could be set to take longer time steps. 
The run time for case 6 (in MELCOR) was reduced to 1/3 through the use of longer time steps, i.e. 
which is a similar result as comparison mentioned in section 4.1.1 [19]. However, it was also discovered 
that this approach affects the results in terms of timing. Even so this discovery enabled a shorter run 
times during the work with the issues e.g. when checking the effects of a certain change made to the 
model and so on. In any case, the final simulation must always be allowed to run with correct time steps 
for the sake of accuracy. It should also be emphasised that the run time can in fact be decreased (in 
some cases) without affecting the timing negatively. This can be done by increasing the time steps in 
time regions where rate of change is low, e.g. after pressure relief of the containment etc. To what extent 
this will affect the total run time highly depends on the scenario simulated, i.e. slow scenarios may take 
longer time to simulate even though this cannot be said to be true in all cases. 

In section 4.6 the modification of the MVSS (also briefly described in section 3.4.2) is described. Apart 
from improving the MVSS technical characteristics, this reduced the run time considerably. It was 
previously mentioned that the run time could be decreased to 1/3 by an increment of the time steps. 
With the same time steps chosen the change of the MVSS model resulted in a run time in the order of 
1/7 compared to the original case (case 6), i.e. which is about 1.5 times the run time required for MAAP. 
However, with the time steps increased only after pressure relief of the containment, the run time 
increased again to 1/3 (about 3 times the run time of MAAP) of the initial case while the timing 
accuracy could be maintained. 

4.1.3 Discussion 

It should be emphasized at this point that changing the time steps, i.e. enabling longer time steps, is a 
potential source of uncertainties since it may bring unexpected, and unwanted, effects to the simulation 
results. It is therefore recommended that this method should be used with caution and with a one step 
at a time approach. 

4.2 Additional leakage and the activation of the containment venting system (CVS) 

4.2.1 Method 

In reality there is always a diffuse leakage out of the containment due to pressure difference in the 
atmospheres inside and outside of the containment. The maximum allowed rate of this leakage, 
however, is defined in regulation. The criterion is expressed in terms of the maximum amount of the gas 
volume inside the containment that is allowed to escape during a 24-hour period of time and under 
constant pressure [20]. For a particular reactor with a given volume this corresponds to an opening with 
a certain (small) cross section. The maximum allowed leakage was assumed in all simulations (and cases). 
Therefore an open flow path out of the containment with a cross section corresponding to the leakage 
was added to the model (see Appendix D). 

The CVS is set to activate at a certain threshold depending on the pressure inside the containment. This 
threshold was set too low in the MELCOR reactor model which can be spotted by comparing the 
pressure curves (Figure 4.1), where the peak of the pressure curve in MELCOR is lower than the one 
from the MAAP simulation. The MELCOR model was adjusted accordingly and the consequences from 
this are illustrated in (Figure 4.2). 
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4.2.2 Results 

 
Figure 4.1: Pressure curves from the MAAP-, and the MELCOR, results respectively (using the 
unmodified reactor model). The dotted line represents the reference calculated by MAAP while the 
green line represents the MELCOR results. 

Figure 4.1 illustrates the difference between the pressure curves from simulations using the unmodified 
model of the reactor. Evidently MELCOR calculates a more rapid increase of the pressure in the initial 
part. Both curves displays a small two step pressure increase, however the MELCOR curve is elevated 
more.  MAAP, on the other hand, foresees a large and rapid increase of the pressure at melt through of 
the RPV. It can also be seen that the vessel melt through occurs at an earlier stage in the MAAP (4.0 
hours) result compared to MELCOR (6.6 hours), i.e. this is represented by a step like part of the 
pressure curve (larger step in MAAP than in MELCOR). The pressure peak is also interpreted by 
MAAP to occur earlier (4.6 hours) than the case stated by MELCOR (8.4 hours). The CVS 
(Containment Venting System) is activated at the pressure peak whereby the pressure decreases, i.e. this 
decrement is what causes the peak. The activation of the CVS occurs at a higher pressure in MAAP 
compared to MELCOR (a factor 0.91 compared to the pressure in MAAP). Both MELCOR and MAAP 
calculate the pressure decrement to approximately the same level, followed by another pressure increase. 
However the pressure soon becomes stabilised in MAAP, while a new pressure peak is predicted by 
MELCOR which calculates a more unstable pressure curve (see section 4.5 for explanation).  

 
Figure 4.2: The MAAP curve (dotted) compared to the unmodified MELCOR curve (green) and 
another (orange) curve calculated by MELCOR after the threshold for the CVS was adjusted for 
resemblance with MAAP. 
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Figure 4.2 illustrates the impact, of the increased threshold for the CVS and the added leakage 
(mentioned in section 4.2), on the pressure curve. The pressure peak is evidently reached a bit later (9.4 
hours) due to this adjustment. The RPV melt through has also been delayed to about 7.3 hours. Thus, 
the time between melt through and activation of the CVS is then increased slightly to 2.2 hours 
(compared to 2.1 hours in the initial case). Another effect is that the pressure curve is elevated even 
further than before at approximately 8000 seconds, though the two-step behaviour still remains. The 
pressure, in MELCOR, shows an even more oscillating behaviour, after the pressure relief (through the 
CVS), than before. 

4.2.3 Discussion 

The time before pressure relief of the containment was increased due to the increased threshold. This is 
only logical and there is no need for any further discussion regarding this. On the other hand, the fact 
that the pressure curve, i.e. for the containment, is more elevated and that the melt through occurs 
earlier is harder to explain. This result indicates a higher steam, or gas, production. Thus, the conclusion 
would be that it originates from an increased heat production of some sort, or from a tightened 
compartment with less pressure loss. However, since nothing had been done at this stage that would 
affect any heat production, this possibility could be ruled out. Furthermore, since a constant leakage was 
added to the model, the compartment was actually made more open. Thus, the result seen here cannot 
be explained at this stage but is of little importance in any case, i.e. since the absolute increase of the 
pressure is quite small.  

4.3 Quenching of the debris 

4.3.1 Method 

One of the issues pointed out (section 3.2) was that the temperature difference between the internals of 
the debris and the surrounding water was too large, i.e. that the debris remained unquenchable in the 
MELCOR simulation (Figure 4.3). This would evidently not be the case in reality, e.g. showed in the 
KTH-experiments where the debris broke up into small bits and pieces forming a, completely 
quenchable, gravel like pile in the bottom of LDW [21]. The cool down of a gavel like pile of debris is 
more efficient compared to one single lump, i.e. since a larger area is exposed to the water surrounding 
the debris in LDW. This also increases the likelihood for debris-water interactions of which some could 
have a substantial effect on pressure increase, i.e. H2-production from metal-water reactions. Most of 
these reactions are due to the immense heat produced by the decay of fission products inside of the 
debris. 

The solution to this issue was to make use of the built in parameters for regulation of the heat transfer 
coefficients of the debris available in MELCOR, i.e. heat conduction-, heat transfer- and boiling 
coefficients [4]. In this way, the heat transport from the internals of the debris bed could be increased to 
resemble the heat transport from a bed with more porosity. An increment of these parameters should 
not have a significant impact on other phenomena in the simulations, i.e. since the most important roles 
for the debris bed are to function as heat source (for steam and gas production) and to release fission 
products (which are volatile and therefore escaped before the debris entered the LDW). 

Each of the coefficients was altered separately at first since it was unclear how the built in model 
handled them, i.e. it was possible that some of them were a limiting factor. For instance the built in 
model is supposed to have a complete set of boiling curves [5], thus increment of only the heat 
conduction- and transfer coefficients was thought to be enough. However, it was found that also the 
boiling parameter had to be altered for sufficient heat transportation from the debris to the surrounding 
water. 

The increment of these coefficients would also increase the likelihood of molten core concrete 
interactions (MCCI). However, MCCI was absent in the simulation results, i.e. since the temperature was 
still too low for MCCI to occur. This is not pursued or discussed any further within this report. 
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4.3.2 Results 

 
Figure 4.3: The temperature curves of the inside of the debris and in the surrounding water in LDW. 
The dotted lines represent the results from the MAAP calculations while the fully drawn lines represent 
MELCOR (debris temperatures are in red colour). 

Figure 4.3 illustrates the temperature change in the debris, and in the water, as the debris falls into the 
cavity, ending up at the bottom of LDW, and onwards. The plots indicate that there is a temperature 
spike, i.e. a rapid increase of the temperature, at approximately 14 000 seconds in MAAP and 26 000 
seconds in MELCOR. However, these temperature spikes simply indicate when the debris enters the 
cavity, i.e. since the functions that handle the temperature of the debris are not activated until melt 
through of the RPV. Before this occurs the temperature of the molten core is governed by other 
functions that are utilized only until the molten core debris falls down into the LDW upon melt 
through. The melt through of the RPV happens earlier in MAAP compared to MELCOR (see also 
previous section and chapter 6). The debris is rapidly cooled off to the same temperature as the 
surrounding water in the MAAP result. MELCOR, on the other hand, calculates that the debris never 
reaches the temperature of the surrounding water at all. Instead a steady state with a large temperature 
difference is established, i.e. an unquenched debris bed. 

 
Figure 4.4: Same as Figure 4.3 but with adjusted parameters for heat transportation in the MELCOR 
BWR 75 reactor model. 

A completely quenched debris bed was obtained (Figure 4.4) due to modification of the coefficients for 
heat conduction (inside of the debris), heat transfer (between the layers in the debris) and boiling (from 
the debris surface to the surrounding water) (section 4.3). MELCOR specifies the initial temperature of 
the debris, as it enters the cavity, as lower in Figure 4.4, compared to Figure 4.3. 
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4.3.3 Discussion 

By increasing the heat transfer coefficients, a completely quenchable debris bed was obtained. Thus the 
heat inside the debris bed was transferred to the surrounding water which was the goal set out to reach, 
i.e. since this is known to be the case in reality (section 4.3). A comparison between Figure 4.3 and 
Figure 4.4 indicate that the debris temperature in MELCOR becomes lower at melt through after the 
heat transfer coefficients have been increased. This is however just an artefact of the plot since the 
properties of the debris are obtained from the calculations of the pre-melt through phase, i.e. when the 
molten core is still inside the RPV. Thus, the initial temperature of the debris is actually the same in both 
Figure 4.3 and Figure 4.4. The cool down of the debris is a little more rapid in MAAP but this is 
regarded as a negligible difference. Thus the measure taken can be regarded as successful.  

On the contrary, as stated in section 4.3, the debris bed would in reality resemble a pile of gravel, i.e. 
which is still not the case in MELCOR. Apart from quenching the debris, the larger area of the debris 
exposed to the water, would arguably also increase the possibility for H2-production. However, since 
water-metal reactions of this sort only occur at high temperature, they would mainly contribute to the 
pressure increase during a short period of time, i.e. as the debris exits the RPV and enters the water 
where it rapidly cools off. An issue here is that MELCOR misses to account for the "falling down-part" 
of the melt through process, i.e. the part where the debris falls out of the RPV and through the water 
before it reaches the floor of LDW. Instead the debris is directly transferred from the RPV to the LDW 
floor at melt through, i.e. without having to travel any distance. As may be seen in chapter 6, the H2-
production in MELCOR after melt through is quite low. Since MELCOR provides a lot of possibilities 
for the user to implement all sorts of functions, it may be possible to overcome this issue. However, this 
has not yet been resolved and thus needs further attention. 

It should also be pointed out that a cautious approach should be taken when changing parameters of 
this kind, i.e. as they might be connected to other functions of the model bringing unwanted changes to 
e.g. calculations of physics etc.  

Discussion regarding the importance of water-metal reactions, i.e. H2-production for pressure increase 
in the containment, continues in section 4.7. 

4.4 Timing for melt through of the RPV and pressure relief of the containment 

4.4.1 Method 

No matter how much the heat coefficients were increased the time before the CVS was activated could 
not be reduced enough, i.e. for resemblance with MAAP. However, during the investigation of this a 
new anomaly was discovered, i.e. that the decay heat was 37 % lower in MELCOR compared to MAAP 
(Figure 4.5). It was revealed that an alternative model for the decay heat, called 'ORIGEN', was used in 
the MELCOR BWR 75 reactor model, [8], [4] and [5]. Normally, the 'ANS' decay heat model is used for 
MAAP calculations in Sweden. The input was therefore changed from 'ORIGEN' to 'ANS' in the 
MELCOR BWR 75 reactor model as well [22]. However, it still had to be adjusted (amplified by a factor 
of 1.17) for resemblance with the decay heat in MAAP (Figure 4.6). 

Later on it was also discovered that the maximum fuel irradiation time, i.e. the oldest fuel elements in 
the core, was shorter in MELCOR (2 years) than in MAAP (6 years). This would result in different 
fission product compositions within the core and therefore also different decay heat levels. The 
maximum fuel irradiation time was therefore increased to 6 years in the MELCOR reactor model. 
Consequently the need for amplification of the decay heat curve was reduced to a value of 1.13. Figure 
4.7 illustrates the result from the changes made. 
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4.4.2 Results 

 

Figure 4.5: Decay heat curves, before modification, for MELCOR (red) and MAAP (grey, dotted). 

The decay heat curves of MAAP and MELCOR are not equal (Figure 4.5). The curve calculated by 
MELCOR is about 37 % lower compared to the one from the MAAP simulation. As stated in section 
4.4, it was found that the ORIGEN model was used (instead of the standard ANS curve).  

 

Figure 4.6: Decay heat curves, after modification, for MELCOR (red) and MAAP (grey, dotted). 

Figure 4.6 shows two, more or less, equivalent decay heat curves. In this case the ANS curve was used in 
MELCOR as well. However, for complete resemblance with MAAP, the MELCOR curve still had to be 
elevated by a factor 1.13. The MELCOR ANS model shows a discontinuity at about 10,000seconds. 
This is only a matter of how the ANS curve is modelled in MELCOR, i.e. it uses two different models 
for different time regions [5]. 
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Figure 4.7: MAAP is represented by the dotted curve. MELCOR is represented by the coloured 
curves, where the green and orange curves represent the same as in Figure 4.2 (section 4.2). The red 
curve represents the most recent modification, i.e. with adjusted decay heat. 

Figure 4.7 shows the effects from increased decay heat on the pressure curve calculated by MELCOR. 
The vessel melt through now occurs at 4.6 hours (4.0 hours in MAAP), and the pressure increase is 
faster (1.1 hours). Thus the pressure now peaks after 5.7 hours in MELCOR (4.6 hours in MAAP). 

4.4.3 Discussion 

By changing the model of the decay heat to the ANS model, and by setting the radiation time to the 
value used in MAAP, the anomaly showed by MELCOR could be decreased. However, the fact that the 
MELCOR curve still had to be elevated (by a factor 1.13), to reach the same level as in MAAP, indicates 
that there might be other causes to the level difference seen in Figure 4.5. This is of little importance for 
thermo hydraulics where the most important aspect is the heat delivered from the debris to the 
containment. However, since the cause to this difference is unknown at this stage, one cannot be 
absolutely certain that there are no other unwanted side effects due to this. 

The knowledge possessed by the author in this matter is inadequate to pursue it any further. However, it 
is strongly suggested that the work on resolving this issue continues, i.e. to outline the cause to this 
difference and what effects it could have on the system besides thermo hydraulics. 

The result in Figure 4.7 shows that after equalizing the decay heat curves of MAAP and MELCOR, the 
pressure curves now show much more coherent behaviour. The pressure spike at melt through reaches 
the same height in MAAP and MELCOR. One difference is that MELCOR predicts a higher pressure 
initially, which is caught up by MAAP at melt through. The initial pressure difference is likely to 
originate from a larger H2-production calculated by MELCOR (compared to MAAP) before melt 
through. After melt through, the pressure increase is a little more rapid in MAAP. This could also be 
traced back to a larger H2-production, but this time in MAAP and after melt through. The H2-
production will be further discussed in section 4.7. 

4.5 Pressure fluctuations 

4.5.1 Method 

It can be seen in Figure 4.1, Figure 4.2 and Figure 4.7 that the pressure curve of the containment 
fluctuates after the pressure relief through the CVS. The reason for this behaviour follows from a 
thermal hydraulic competition between the decay heat in the debris and the cold water that flows into 
LDW from WW. The water in the LDW is heated and evaporated by the decay heat with a pressure 
increase as result. At the same time, pressurised vapour flows through the pressure suppression (PS) 
system from the upper drywell (UDW) into the WW causing "cool" water to flow into the LDW. Thus, 
the evaporation inside LDW stops and the pressure decreases until the water is heated enough for a new 
cycle to take its turn. 
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The exact same phenomenon could be spotted in earlier MAAP simulations. However, due to previous 
debates whether this cyclic behaviour is actually real or simply a mathematical artefact, it was decided to 
suppress this within MAAP simulations [7]. The reason for this is that the removal of these fluctuations, 
real or not, is more conservative than to have them still, since the fluctuations would provide a pumping 
effect inside the containment enabling the safety systems to work more effectively. 

To prevent these fluctuations, in MAAP, the cross section of the pipes in the LDW flooding system was 
narrowed, i.e. since this path stays open after initiation enabling water to flow between WW and LDW. 
This change caused the water to flow in a more controlled manner and thus the fluctuations were 
suppressed. The same approach was used in order to resolve this issue in MELCOR. Therefore a set of 
control functions (see Appendix C.6) was added to the model that would decrease the cross section of 
the LDW flooding system. It is initiated when the pressure has decreased to a preset level after 
activation of the CVS, i.e. the CVS must have been activated first. The cross sectional decrement is slow 
and takes 1000 seconds to complete. Figure 4.8 displays the effect from this measure. 

4.5.2 Result 

 
Figure 4.8: Pressure curves showing the influences from the measures taken so far. The black curve 
shows the results from the latest adjustment (mitigated fluctuations). The green, orange and red 
curves represent MELCOR in the same way as previously described (e.g. Figure 4.7). The dotted line 
still represents the reference case calculated by MAAP. 

The black curve (Figure 4.8) shows the pressure in the containment (in MELCOR) after implementation 
of the measure presented in section 4.5.1, i.e. a reduced cross sectional area for the flow path between 
WW and LDW. Figure 4.8 also shows historical results from the previous adjustments made so far (the 
green, orange and red curves). 

4.5.3 Discussion 

The pressure fluctuations were mitigated by the means outlined in section 4.5.1. This method was 
already known to have functioned well in MAAP earlier so the positive result, seen in Figure 4.8, was 
expected. 
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4.6 Modification of the Multi Venturi Scrubber System (MVSS) model 

4.6.1 Method 

During the simulations, an anomaly in the radioactive release curves was discovered in the MELCOR 
results. It could be traced to the implementation of the CVS (Containment Venting System), or more 
specifically the MVSS (Multi Venturi Scrubber System) within the reactor model. 

The MVSS is modelled as a pool of water into which the radioactive gases are released. Due to this 
(simplified) way of modelling the scrubber, the decontaminating function will consist of pool scrubbing 
only. Thus, as the water starts to boil the scrubbing effect is reduced considerably. This is seen in the 
release curve as a large step where the level of release is increased many times (Figure 4.10). This also 
becomes evident when looking at the decontamination factor (DF) defined as the ratio between the total 
amount of activity released to the MVSS and the activity released from the MVSS to the environment. 
See the paragraph sequent to Figure 4.10. 

                                
                                                   

In reality there is no such reduction in efficiency of the MVSS. During its development, this system was 
put through extensive and thorough testing [23]. For extra conservatism, water scrubbing-effects were 
never taken into account, i.e. boiling was assumed to occur in the scrubber soon after its activation. 
Instead the evaluation solely considered the inertial scrubbing created by the venturi-nozzles, i.e. high 
velocity collisions with high frequency between water and contaminated gas. The efficiency of this 
system is insensitive to boiling, i.e. which was one of the reasons to why it was chosen it in the first 
place. Furthermore, the decontamination factor was proven at least five times higher than the required 
value of 100 for BWR’s [23]. 

Since the scrubbing function could be seen as more or less constant during the simulation. It was 
considered a better option to use a more simplified model of the MVSS. Therefore, the original pool 
scrubbing-model was deactivated in the modelled MVSS pool. Instead, an aerosol filter with a fixed 
decontamination factor of 500 was implemented. Noble gases were set to pass undisturbed through the 
filter though, i.e. since they are inert and non condensable. In this way the scrubber geometry and 
thermodynamic properties were maintained while the scrubbing effect could be held constant 
throughout the simulation. 

At this point it should also be clarified that the abovementioned decrement in efficiency of the scrubber 
is also seen in the MAAP simulations, i.e. the efficiency of the scrubber is reduced due to boiling in the 
scrubber pool [24] and the level of radioactive release is increased (e.g. Figure 4.11). However, due to the 
facts presented above this should not be the case. Therefore, a constant DF of 500 was introduced to 
the release data of MAAP as well (see results in Figure 4.12). 

Figure 4.9 shows a figurative illustration of how the filter was implemented into the reactor model. 
There are two pathways for release in the illustration. One is directly from the UDW to the 
environment, this is the CPS. The other pathway is through the CVS which contains the MVSS. This 
release path can be described as: UDW → Scrubber (SC) → Moist Separator (MS) → Environment. As 
described earlier, the scrubber function (pool scrubbing) was replaced by a filter while the scrubber 
volume was kept (UDW → Filter → SC volume → MS → Environment). 

 
Figure 4.9: A cut out, and modification, of  (Appendix D) showing a figurative illustration of how 
the filter was implemented into the reactor model. 
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4.6.2 Result 

 
Figure 4.10: Releases of CsOH (black) and CsI (red) into the environment for MAAP (dotted) and 
MELCOR (fully drawn) respectively. MELCOR (original), indicated by ''dashed-dotted'' lines, 
specifies the releases calculated by MELCOR before any changes at all had been made to the 
MELCOR BWR 75 reactor model. The results seen in Figure 4.10 are obtained from the scrubber 
function modelled with pool scrubbing only. 

The ―dashed-dotted‖ lines, MELCOR (original), in Figure 4.10 are displayed in order to give the reader 
a figurative idea of the impact on the releases, from the changes brought to the MELCOR reactor model 
(sections 4.2 - 4.5). Thus the ―fully drawn‖ lines specify the releases, calculated by MELCOR, due to 
these changes which take into account everything except the change regarding the MVSS scrubber 
model. 

Figure 4.10 shows that the releases according to MAAP (dotted) and MELCOR (fully drawn) are of very 
similar magnitude at around 20,000 seconds. MELCOR then indicates two distinct changes while 
MAAP specifies a more graded increase, which also occurs several hours later than what MELCOR 
predicts. The final release amounts in MELCOR, relative to MAAP, are 1.68 and 4.38 for CsOH and 
CsI respectively. The interrelations, between CsOH and CsI, specified by the two codes are contrary. 
The DF (decontamination factor) calculated by MELCOR amounts to 63 at around 25,000 seconds and 
then decreases to a value of 18 due to boiling in the scrubber pool. MAAP calculates the DF to 546 
between 30,000 and 45,000 seconds with a following decrease to 126 at about 110,000 seconds. 

 
Figure 4.11: Releases of CsOH (black) and CsI (red) into the environment for MAAP (dotted) and 
MELCOR (fully drawn) respectively. The pool scrubbing model in MELCOR has now been replaced 
by a filter with a constant filter factor of 500. 
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The releases calculated by MELCOR are now decreased to 0.10 and 0.23 (compared to MAAP) for 
CsOH and CsI respectively. The scrubbing effect in MELCOR is now constant due to the modification 
of the scrubber model. The levels of release calculated by MELCOR and MAAP are now similar up to 
about 50.000 seconds, i.e. where MAAP foresees an increase of radioactive release and a decrement of 
the DF due to boiling.  

 
Figure 4.12: MAAP release data equalised to obtain a constant DF of 500 (the same as in MELCOR), 
i.e. to suppress the negative impact on the DF due to boiling water in the scrubber pool. 

Figure 4.12 illustrates the simulation results, using equalised DF’s, corresponding to scrubber efficiencies 
in parallel for MAAP and MELCOR. The end results stated by MAAP are now decreased, by 
approximately ¾, i.e. the relative values of MELCOR (compared to MAAP) are now 0.42 and 0.92 for 
CsOH and CsI respectively. 

The releases appear to start at approximately the same time in both MELCOR and MAAP. There is also 
a pronounced elevation of the curves at the time for activation of the CVS specified by both codes. The 
difference seems to be that MELCOR specifies a larger release initially. MAAP almost catches up at 
containment depressurisation (through the CVS) at approximately 17,000 seconds. However, the 
MELCOR curve is slightly more elevated to about 50,000 seconds where MAAP still calculates an 
increase in radioactive release (but with a non decreasing DF this time). Figure 4.13 indicates that 
MAAP predicts a small release of airborne fission products into the containment (from the RPV) during 
the same period of time as the increase in releases seen in Figure 4.12. 

 
Figure 4.13: Mass of airborne fission products in the RPV (red) and in the containment (black), i.e. in 
the MAAP calculation. 

A side effect (not seen here) from the changes brought to the model was that the simulation time could 
be reduced, i.e. since the filter model is less CPU intense than the pool scrubbing model (see also section 
4.1). 
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4.6.3 Discussion 

Figure 4.10 and Figure 4.11 illustrates that the second step (at about 30.000 seconds) initially seen in the 
MELCOR curve was due to boiling in the scrubber, i.e. which reduced the scrubbing efficiency. The 
implementation of the constant filter factor completely removed this second step. In MAAP on the 
other hand, the second increase is evidently only partly due to boiling in the scrubber pool (Figure 4.11 
and Figure 4.12). The equalisation of the MAAP data, i.e. with a constant DF of 500, only reduced the 
magnitude of the second increase, and thus suggests that there is some other process (apart from 
boiling) causing this increment of radioactive release. 

Figure 4.13 indicates that there is some release of airborne fission products (in the MAAP simulation) 
from the RPV to the containment, which correlates well to the increased radioactive release seen in 
Figure 4.12. This increment is likely to originate from re-vaporisation of fission products (due to the 
internal decay heat which they themselves produce) that has settled upon the internal structures of the 
RPV. This release is small compared to the total amount of radioactive substances already discharged 
from the debris. Normally, these fission products would be blown down into the WW pool, through the 
blow down pipes, where they would be trapped due to the pool scrubbing function. However, since the 
vessel is now molten through, they would in this case be directly released into the atmosphere of the 
containment. The pool scrubbing function is quite effective which makes the fraction of radioactive 
aerosols in the atmosphere (of the containment) relatively low. Despite of being a good thing, this also 
means that even a small release into the containment would make a considerable difference to the total 
amount of radioactivity in its atmosphere. Furthermore, it would consequently also lead to a substantial 
increment in radioactive release to the environment, i.e. since the CVS remains open after activation. 
Thus, the conclusion must be that the second increase, seen in the release curve of MAAP (Figure 4.12), 
is indeed due to the small release from the reactor vessel (Figure 4.13). It should hereby be noted that 
this kind of re-vaporisation is not seen in the MELCOR simulation (even though they are quite likely to 
occur under the "right" circumstances). Further investigation on this is needed. 

Despite the remaining differences, the source terms calculated by the two codes are actually very similar, 
both in terms of timing and magnitude. MELCOR calculates a larger release initially. This follows from 
a more rapid pressure increase calculated by MELCOR, i.e. a higher pressure in the containment will 
force a larger amount of radioactive aerosols out of the containment and into the environment (due to 
the constant diffuse leakage, see section 4.2). However, MAAP also calculates a release at this stage, only 
smaller. The MAAP calculation ends up with a larger release (due to re-vaporisation of fission products 
in the vessel), but the difference is not overwhelming. 

Since no pool scrubbing, nor filter, model is adequate to fully simulate the real function of the venturi 
scrubber, the impact from these simplifications should be further investigated, i.e. are they negligible or 
not. It is most likely possible to construct a very realistic scrubber model. However, if the demand for 
computer power becomes very large due to the use of a very realistic model, it might not be worth it. 
Given that the benefits (in terms of accuracy) from such a model is small. In any case, further 
exploration is recommended regarding this. 

An important aspect to take note of, regarding the results from the work with the DF (via the change of 
MVSS model), is the power of having two codes running in parallel, i.e. the difference seen in re-
vaporisation between the two codes was highlighted in the investigation regarding the DF. This could in 
turn lead to a possible discussion regarding the re-vaporisation seen in MAAP, i.e. if it should occur at 
this stage or later or perhaps not at all. It should be emphasized that the power with this lies in the fact 
that issues like these are highlighted which supposedly encourages experts in the matters to re-
investigate, correct or re-think etc. 

  



 

 35 

4.7 Correlations (H2, aerosols, pressure and radioactive release) 

4.7.1 Method 

The reason for plotting the H2-production, and the amount of aerosols in the containment, was that the 
differences seen in the pressure curves, as well as in the release curves, could originate from a larger 
production of H2 gas initially in MELCOR. This would increase the pressure more rapidly inside the 
RPV. The pressure relief would then release the gas together with radioactive aerosols into the 
containment. Hence, an earlier pressure increase of the containment would follow as well as an early 
release of radioactive aerosols through the constant diffuse leakage out of the containment, i.e. which is 
always present (see section 4.2). According to Thomas Augustsson, researching engineer [24], there is 
always some porosity in the melting core according to MELCOR, whereas MAAP calculates a non 
penetrable core when enough molten material has re-solidified in lower core nodes. 

4.7.2 Result 

 

Figure 4.14: The amount of H2 gas in WW (light blue) and DW. MAAP is represented by dotted lines. 

Figure 4.14 indicates a larger amount of H2 gas produced initially in the MELCOR case. The difference 
between MELCOR and MAAP approaches a factor 5.5, between 5,000 and 14,000 seconds, in the DW. 
MAAP specifies a pronounced peak in hydrogen gas production, corresponding to the time of RPV 
melt through, where the curve exceeds the one calculated by MELCOR by a factor 1.8. Both codes state 
a decrement in hydrogen mass, in the containment, at activation of the CVS. The higher amount of H2 
initially in MELCOR correlates to the earlier pressure increase (compared to MAAP) specified in Figure 
4.1, Figure 4.2, Figure 4.7 and Figure 4.8. 
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Figure 4.15: The amount of H2 and aerosols in DW. The H2 curve has been scaled down by a factor 
100 to illustrate the correlation between the presence of H2 gas and radioactive aerosols in DW. 

Figure 4.15 illustrates the correlation between H2 and radioactive aerosols in the DW. It can be seen that 
every increase in H2 is followed by an increase in aerosols (due to pressure relief of the vessel before 
melt through and directly into the atmosphere of the DW after melt through). It can also be seen that 
the aerosols start to settle, and that their mass in the atmosphere thereby decreases if no significant H2-
production (or more accurately water-debris interaction) occurs. Thus, the amount of aerosols in the 
containment correlates to H2-production as well as pressure increase in the containment and radioactive 
release into the environment. 

4.7.3 Discussion 

As seen in Figure 4.14 and Figure 4.15 the H2 gas produced in the RPV is released into the DW together 
with radioactive aerosols. Hence, the H2-production is also what causes the differences seen in the initial 
part of the pressure curves (and also in the release curves). The higher porosity in MELCOR would 
arguably lead to a larger contact area between water and metallic bits of the debris. Hence, more H2 gas 
could be produced as a result from this, i.e. since the H2-production is mainly caused by high 
temperature reactions between water and metal. The porosity seems to be a likely explanation to the 
larger H2-production seen in MELCOR before melt through.  
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4.8 Numeric results from the changes made to the MELCOR reactor model 

Table 4.1: Simulation results before (pre) and after (post) changes were made to the MELCOR BWR 
75 reactor model. 

  MAAP 6 (HS2) MELCOR 6 (HS2) 
Pre Changes 

MELCOR 6 (HS2) 
Post Changes 

Emergency Systems (time) - - - 
        
Core Uncovered (time) 1 1.23 1.03 
Vessel Melt Through (time) 1 1.66 1.25 
        
H2 - Pre Melt Through (mass) 1 3.11 3.33 
H2 – Post Melt Though (mass) 1 0.005 0.005 
H2 - Total (mass) 1 1.05 1.12 
        
Radioactive Release (fraction)       
Noble Gases 1 1.96 1.96 
CsI 1 1.99 0.92 
CsOH 1 0.64 0.42 
        
Release Path (time)       
Diffuse Leakage 1 NO 0.58 
CVS 1 1.82 1.24 
CPS - - - 
Containment Failure - - - 

Table 4.1 shows numeric results from simulations of case 6 made with the MELCOR reactor model 
before and after the changes were made to it. The results calculated by MELCOR are expressed in 
relative terms with the MAAP results as reference. By comparison between the MELCOR 
simulations pre- and post changes (made to the MELCOR reactor model) it becomes clear that the 
timing was improved significantly for core uncovery, vessel melt through and CVS activation. The 
releases are still in the same order of magnitude with only minor changes due to the improvements 
made, and the H2-production shows a slight increase. 

No further discussion is provided here since it has already been covered in the earlier sections of 
this chapter (4). 

  



 

 38 

5. FURTHER DEVELOPMENT AND IMPROVEMENT OF THE REACTOR 
MODEL 

This section describes how some of the safety systems missing in the MELCOR BWR 75 reactor model, 
i.e. for residual heat removal (RHR) and core cooling (ECCS and AFW), were added. It also describes 
measures taken to correct errors in the modelling of existing systems as well as how additional 
functionality was brought to those systems. The core cooling systems are necessary in order to run the 
so called HS3 sequences (see section 3.4), i.e. sequences where some (or several) of the core cooling 
systems are operational while the RHR system fails. In the HS2 sequences on the other hand, the core 
cooling systems fail while the RHR system may or may not be available.  

Central for these tasks was the use of the control function package (see Appendix C.6) even though 
other packages were required as well, e.g. flow path package and control volume package etc. (see 
Appendix C.4). Only the final solutions for these systems will be presented although in reality it was an 
iterative process before the systems could be regarded as operational. 

5.1 Residual Heat Removal (RHR system) 

5.1.1 Method 

The RHR system removes heat from the containment by circulating water from the WW through a heat 
exchanger, connected via an intermediate circuit to a third circuit with sea water circulating inside. The 
cooled water is then brought back and sprayed into the atmosphere of the containment. Apart from 
removing the residual heat from the system the spray functionality also reduces the pressure in the 
atmosphere of the containment through the large number of tiny droplets (from the spray) creating a 
large combined surface onto which the steam condensates. The spray also reduces the amount of 
radioactive aerosols in the atmosphere considerably. In reality there are four RHR circuits where one 
only provides spray functionality for the atmosphere of WW. The other three are also directed into WW 
but may also be directed to the atmosphere of UDW after a certain amount of time [11]. See Appendix 
G.3 for further specifications of the system. 

The modelled system consists of two circuits with spray functionality, one connected to WW and one to 
UDW. Initially, the RHR system is only allowed to spray water into the WW but after a certain amount 
of time the operator is allowed to activate spray into the UDW as well. The user of the reactor model is 
therefore given the same opportunity. The user may also choose if the WW spray should be shut off 
upon activation of the spray in UDW or if it should continue to operate. If the WW spray is shut off the 
total capacity is maintained while the capacity is doubled if it is to continue. 

The modelled system starts with a one-way flow path from WW to an insignificantly small control 
volume, here referred to as the RHR volume (Figure 5.1). A temperature dependent negative heat source 
is placed in the RHR volume to simulate the capacity of heat removal through the heat exchanger. The 
temperature dependency refers to the temperature difference between the WW and the intermediate 
circuit, i.e. into which the heat is to be transferred before it is transferred to the sea water circuit.  

One spray is placed in the ceiling of WW and one in the ceiling of UDW. Both of them are specified to 
use as water source the small volume where the negative power source resides. 

Activation of the negative heat source and the sprays is set to be simultaneous, i.e. heat removal from 
the small volume starts as the WW spray is activated. If the WW spray is to continue after activation of 
the UDW spray the capacity of the power source is increased accordingly. As water is drawn from the 
small volume by the sprays the same amount of water flows into it from WW and thus the water content 
inside the RHR volume is kept constant. 
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The thresholds for activation and deactivation of the system are dependent on the water temperature in 
the WW. The system starts to remove heat from the system when the water temperature has gone up to 
a certain level. If the RHR system fails to remove the required amount of heat from the WW pool the 
water temperature will rise which causes the pumps to cavitate with system failure as result.  

For better understanding of the model of the RHR system, an illustration of it is given in Figure 5.1. 

 
Figure 5.1: The two circuits of the RHR system connected to the small RHR volume. The negative 
heat source (representing the heat exchanger cooling) is indicated by the dotted yellow square with a 
minus sign in it. The flow path from WW to the RHR volume is one-way only. 

5.1.2 Result 

 
Figure 5.2: The residual heat removal (RHR) system. The light blue line represents the spray in WW 
while the darker blue line represents spray in the UDW. 

It can be seen that the RHR system initiates soon after the incident with spray into the atmosphere of 
WW (Figure 5.2). Half an hour later the spray is redirected to the circuit leading to UDW. Thus, the 
WW spray stops and the UDW spray takes over, i.e. the flow through the RHR system remains constant 
apart from the dip seen (at approximately 2,000 seconds) as the flow gets redirected (from WW to 
UDW). 
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Figure 5.3: The water temperature in LDW (red) and in WW (orange). 

The water in WW is at its saturation temperature, i.e. at its current pressure (Figure 5.3), through most 
of the simulation. The RHR system cools the water down and starts to spray it into UDW from just 
before 5,000 seconds (Figure 5.2). This keeps the water temperature cool enough in LDW, i.e. below its 
boiling point at the current pressure. The temperature increases slightly over time but seems to stabilize 
at approximately 80,000 seconds where also the temperature in WW seems to be more or less stable. 
This corresponds to the pressure development seen in Figure 5.4. 

 
Figure 5.4 illustrate the pressure in UDW (blue) and WW (dark blue). 

A pressure dip (WW) is seen at around 5,000 seconds (Figure 5.4) which corresponds to the time when 
the ADS is activated and water flows from WW and fills LDW. This is also what enables activation of 
the ECCS (Figure 5.6). The pressure difference between UDW and WW is, more or less, stable from 
approximately 22,000 seconds. 
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5.1.3 Discussion 

The result from Figure 5.2 shows that the flow and redirection works to satisfaction. The WW spray 
starts at the set threshold for the temperature in WW, and stops when the flow is redirected to UDW 
after half an hour. There seems to be a dip in total flow at the time for redirection, i.e. between WW and 
UDW at approximately 2,000 seconds. However, this is an artefact from the chosen step length in the 
plot, i.e. 120 seconds exactly. 

Figure 5.3 shows that the system has a significant effect on the water temperature, i.e. the temperature 
difference seen between WW and LDW is entirely due to the RHR system. This also implies that the 
system as such is quite capable, i.e. since only one out of four circuits was used in this demonstration. As 
described in section 5.1.1, the benefit of the RHR system is threefold. It stabilizes the temperature in the 
containment, by removing heat from the containment through the heat exchanger. It also mitigates the 
pressure increase of the reactor-system through the spray function which also decreases the amount of 
radioactive aerosols in the atmosphere. These functionalities, of course, make the RHR system crucial 
for the safety of the reactor-system. 

5.2 Core Cooling Systems 

5.2.1 Method 

In case of emergency, there are two separate systems available to supply the RPV with water for core 
cooling. One of them is the Auxiliary Feed Water System (AFW system) which is also used during the 
shutdown and start up phases of the reactor operation for feed water supply. This system has relatively 
low capacity (see Appendix G.2) and may not be sufficient in a very serious event, e.g. during a LOCA 
etc. For such circumstances, there is another system available the Emergency Core Cooling System 
(ECCS). The ECCS has much higher capacity than the AFW system enabling it to handle larger losses of 
water. In fact it is dimensioned to handle a complete ―guillotine break‖ on any pipe connected to the 
RPV [25].  

The AFW system is able to deliver its maximum flow over the entire pressure span of the RPV, i.e. from 
a completely depressurised reactor vessel to its upper limit where the safety valves blows of steam to 
prevent RPV failure. The ECCS cannot operate against high pressures, i.e. if a situation should occur 
when the AFW system cannot maintain the water level inside the RPV, the vessel must first be relieved 
of its high pressure (7.0 MPa) before the ECCS can be activated.  

Like the RHR system, both the AFW system and the ECCS fail at high water temperature in WW, i.e. 
due to cavitations in the system pumps. See appendices Appendix G.1 and Appendix G.2 for a more 
detailed description of these systems. Both systems are illustrated in Figure 5.5 for better understanding 
of how they were modelled. 
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5.2.2 The Auxiliary Feed Water System (AFW system) 

MELCOR provides two ways for modelling pumps, i.e. as eligible parts of the flow path package. One 
possible way of input is to specify the maximum pressure to which the pump is supposed to work 
together with maximum flow at minimum pressure and minimum flow at maximal pressure. MELCOR 
then assumes a linear relationship between the points set up. The other way is to specify a table of 
pressure-mass flow relationships to specify a nonlinear pressure curve for the pump (MELCOR again 
assumes a linear relationship between the points in the curve) [4]. However, since the AFW system is 
known to deliver its maximum capacity regardless of pressure none of the above possibilities were 
chosen. 

To create a steady flow into the RPV regardless of pressure a set of mass sources, control volumes and 
flow paths was set up to form the system. The system begins with a one-way flow path from WW to a 
small control volume with a negative heat source inside, i.e. a mass source corresponding to the 
maximum flow of the system and the specific enthalpy of the water inside WW. Thus a flow of water 
was created out from WW and in to the small volume. This process was then reversed at the opposite 
side of the system where water is fed to the RPV. Thus a positive mass source was set up (exactly as the 
negative one but with opposite sign) inside a small control volume with a one-way flow path directed to 
the RPV. Thus, the mass and energy flow into the RPV will at all times correspond to the one directed 
out from WW. The flow will also be stable at all times (when active) since it is not pressure dependent. 

The system is run in on-off operation. Thus, it is set to initiate at a certain criterion for low water level 
inside the RPV. Thereafter it will be shut off at high water level and get reactivated at low water level (a 
little higher than the initiating one). Thus, if the capacity is sufficient the water level will move up and 
down between those two levels, i.e. up due to the water flow from the AFW system and down due to 
the evaporation caused by the decay heat in the core. Constant feeding of water (into the RPV) through 
the AFW system is activated if the temperature of the containment atmosphere reaches a certain 
threshold (for high temperature). 

5.2.3 The Emergency Core Cooling System (ECCS) 

For this system a table, or tabular function (see Appendix C), was used to specify a pump curve 
corresponding to a set of pressure levels. As previously described this feature is built into the flow path 
packages. This is also the case with valves of which one was added to the system, i.e. to control the 
activation/deactivation of the system. A flow path containing these two elements was set to stretch 
from WW to the RPV. Thus, when the criteria for activation are met the pump starts and the valve 
opens so that water starts to flow into the RPV. The magnitude of the mass flow will depend on the 
pressure inside the RPV which is evaluated at every time step during each simulation. The ECCS is 
enabled at a certain water level (lower than the AFW system activation criteria), however the pressure of 
the RPV which the pump is set to work against must also decrease to the level where water actually 
starts to flow. 
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Figure 5.5: The ECCS (Emergency Core Cooling System) and the AFW (Auxiliary Feed Water) 
system, connected between WW (wetwell) and the RPV (Reactor Pressure Vessel). The ECCS uses a 
pump and a valve defined in its flow path (indicated as a blue square with a ―P‖ inside). The AFW 
system is separated into one mass consuming system (blue square, ―-― inside) and one mass-
producing system (blue square, ―+‖ inside). The mass consuming part creates a flow out of WW and 
the mass-producing part creates a flow into the RPV. Dimensions are not true to scale. 

5.2.4 Result 

 
Figure 5.6: The core cooling systems. The blue line represents the Emergency Core Cooling System 
(ECCS) and the green line represents the Auxiliary Feed Water (AFW) system. The Automatic 
Depressurisation System of the RPV (ADS) is also plotted and represented by a dotted light blue 
line. Note that the ADS actually activates earlier, i.e. the line plotted in this case only shows the water 
fraction blown of through the system (there is also e.g. steam). 

Figure 5.6 illustrates when the core cooling systems are activated and deactivated, and also shows their 
proportional capacity. The AFW system starts immediately after the initiating event, due to low water 
level, and delivers a constant flow into the RPV. When the water level has sunk even further the ECCS 
starts to fill the tank, i.e. since the AFW system cannot maintain the water level by itself in this case 
(only one out of four circuits active). The AFW system remains on until high water level is detected 
whereby it is shut off. The ECCS, on the other hand, continues to feed water into the RPV. The dotted 
grey line indicates that, when the level inside the RPV is high enough, water also starts to flow out 
through the automatic depressurisation system (ADS), i.e. ending up in WW. A slight flow decrease is 
seen in the ECCS over time. This has to do with declining specific volume (volume/mass-ratio) of the 
water, i.e. due to increasing temperature in WW which is the water source for the ECCS. 
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Figure 5.7: Mass flow in the two parts of the AFW system, i.e. out from LDW (light blue) and into 
the RPV (blue). 

The AFW system is evidently activated and deactivated throughout the simulation (Figure 5.7). By 
inspection of Figure 5.8 it becomes clear that the system is shut off at a certain (high) water level and 
reactivated at a lower water level. However, it can also be seen (Figure 5.7) that the LDW part shows a 
transient behaviour in the beginning and at approximately 15,000 seconds, i.e. the light blue line 
representing the LDW part is only visual at these points since it is hidden behind the blue line elsewhere. 

 
Figure 5.8: The water level inside of the RPV. 

Figure 5.8 illustrates how the water level increases when the AFW system is active. The AFW system 
remains on until the criteria for high water level is reached, i.e. where it is shut off. It remains off until 
the water level reaches the threshold for reactivation. Note that the first dip in the curve is deeper than 
the rest, i.e. since the threshold for first activation corresponds to a lower water level than the one 
corresponding to reactivation (see section 5.2.2). 

5.2.5 Discussion 

Figure 5.6 shows the behaviour of the AFW system and the ECCS. The AFW system starts to feed 
water at low water level. However, in this case only one circuit is active which is not enough to maintain 
the water level in the RPV. Consequently, the AFW system feeds water, into the RPV, at a constant rate. 
The water level soon reaches the threshold for the ADS to relieve the RPV of its high pressure so that 
the ECCS can be activated. The much higher flow capacity of the ECCS enables the water level in the 
RPV to rise again. At high water level the AFW system is shut down while the ECCS continues to feed 
water constantly. As mentioned in the results (section 5.2.4), the slight decrease in water flow in the 
ECCS, seen in Figure 5.6, is most likely due to increasing temperature in WW which also leads to a 
decreasing specific volume of the water. 
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The AFW system on the other hand is not governed by a pump curve. The reason for this choice is that 
the code could not seem to interpret a flat pump curve, i.e. constant flow rate regardless of the pressure, 
correctly. Thus, the pressure would deviate from its set value even though it should not, i.e. when a flat 
pump curve was used. In reality the flow rate of the AFW system is at its maximum at a certain high 
pressure, but the flow rate does not increase with declining pressure, i.e. it remains constant since it is 
already at its maximum. Therefore, the AFW system was told to feed water at a constant rate, regardless 
of the pressure, when active. The result from this is seen in Figure 5.7, i.e. the flow is on – off – on – off 
and so on. The transient behaviour, seen as "spikes" in the plot, could not be solved (even though much 
effort was put into trying to do so), but does however not affect the outcome from using the AFW 
system, i.e. this issue was considered of minor importance and was therefore dropped. 

Figure 5.8 shows that, when the flow rate is enough to maintain the water level, the AFW system works 
as it was intended to, i.e. it starts at a low water level and fills the RPV to a certain high water level 
where the system is shut off. The water level consequently drops and the AFW system is reactivated at 
low level.  

As mentioned in section 3.4, all three systems, i.e. the RHR system, the AFW system and the ECCS, 
fails at high water temperature in WW due to cavitations in the system pumps. This is simulated by 
system shutdown at a certain water temperature level which has also been confirmed to work but is not 
shown explicitly here. It may however be spotted indirectly in the results of chapter 6, i.e. as the systems 
actually stop in the HS3 sequences (cases 11 and 21). 

5.3 Various improvements of the reactor model 

5.3.1 Method 

In addition to the added safety systems described above some other improvements and functionality 
were also implemented into the reactor model. One correction made was that the CPS should only be 
possible to activate up to 20 minutes after initiating event (if activated, it should be closed at 20 minutes 
after the initiating event). Functionality to simulate failure of the containment was also implemented to 
be used in cases where all the various venting, and depressurisation, systems fail or are insufficient. 

Since LOCA’s are interesting to simulate, due to the seriousness of their nature, the possibility to 
simulate LOCA events was also implemented into the model. 

The LOCA as well as containment failure capabilities were implemented through the addition of flow 
paths with adequate cross sections. Control functions with the right initiation criteria were also added to 
govern the functionality. 

To make the model more user friendly a separate file for ―switches‖ was also added. These switches may 
be set to on or off and provides an easy way for the user to set up the model for a certain scenario, e.g. 
if there should be a LOCA, if the RHR system should be operational or not etc.  

The available options in the present ―switch-file‖ are: 

- Functionality to open the CPS (Containment Pressure relief System) upon vessel melt trough to 
simulate a rapid pressure increase, e.g. detonation or deflagration. 

- Manual activation of the CVS (Containment Ventilation System), i.e. to activate it before it is 
automatically initiated. 

- Functionality to disable the depressurisation of the RPV by choice. 
- ON or OFF functionality for  

AFW (Auxiliary Feed Water) system 
ECCS (Emergency Core Cooling System) 
RHR (Residual Heat Removal) 
ICS (Independent Containment Spray), system already in model. 

- Two LOCA-switches (ON or OFF) 
Steam Line Break 
Feed Water Line Break 
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6. SUMMARY OF SIMULATED SEQUENCES 

6.1.1 Method 

In order to obtain a more extensive and detailed picture of the similarities and differences in the results 
between MELCOR and MAAP, a set of complementary scenarios were simulated. All the scenarios 
described in section 3.4 were simulated with the exception of case 6, i.e. which was previously simulated 
in order to resolve the issues (section 3.2). These complementary simulations were carried out 
subsequent to the work described in chapter 4 and 0, i.e. since the issues had to be resolved and the 
safety systems were needed in order to run certain sequences (e.g. HS3 sequences). Specifications of the 
different scenarios are given in sections 6.2 and 6.3. 

6.2 LOCA sequences 

6.2.1 Result 

Table 6.1 shows a summary of the results from the LOCA sequences simulated by MELCOR and 
MAAP. All values are relative to the values of MAAP, i.e. the MAAP values are always =1 (one). 
Thus, the MELCOR values specify the deviation of the MELCOR calculations relative to those 
made by MAAP. 

    MAAP 
2b (HS2) 

MELCOR 
2b (HS2) 

MAAP 4b 
(HS2) 

MELCOR 
4b (HS2) 

MAAP 
15 

(HS2) 

MELCOR 
15 (HS2) 

MAAP 
21 

(HS3) 

MELCOR 
21 (HS3) 

Emergency Systems (time)   
        AFW Start - - - - - - - - 

Contiuous Feeding Start - - - - - - - - 
  Stop - - - - - - - - 
ECCS Start - - - - - - 1 1.09 
  Stop - - - - - - 1 0.83 
RHR Start 1 1.65 - - - - - - 
  Stop - - - - - - - - 
    

        Core Uncovered (time)   1 1.30 1 1.30 1 1.30 1 0.86 
Vessel Melt Through (time) 1 1.07 1 1.11 1 1.01 1 0.99 
    

        H2 - Pre Melt Through (mass) 1 2.74 1 1.61 1 1.59 1 1.69 
H2 - Post Melt Through (mass) 1 0.17 1 0.01 1 0.10 1 0.01 
H2 - Total (mass)   1 1.11 1 0.84 1 0.84 1 1.10 
    

        Radioactive Release (fraction) 
        Noble Gases   1 0.42 1 1.00 1 1.05 1 0.99 

CsI   1 0.55 1 0.50 1 0.46 1 0.28 
CsOH   1 0.51 1 0.45 1 0.90 1 0.40 
    

        Release Path (time)   
        Diffuse Leakage   1 1.28 1 1.28 1 0.80 1 0.89 

CVS   - - - - NO YES - - 
CPS   - - - - 1 1.01 - - 
Containment Failure   - - 1 0.77 - - 1 0.79 

According to Table 6.1, the activation time of the RHR system (case 2b) is postponed in MELCOR 
relative to the MAAP calculation. The same situation can be seen for the ECCS activation. However, 
this system is shut down sooner according to MELCOR making the effective cooling time shorter than 
in the MAAP case. 

The only HS3 sequence, i.e. with active core emergency cooling, is case 21. This is the only case where 
the core is uncovered earlier in MELCOR compared to MAAP. Regarding melt through time, the 
difference is 1 – 10 % between the two codes. 
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The results are consistent regarding the H2-production. MELCOR interprets the main production to 
occur pre melt through, while MAAP calculates a larger production after melt through of the RPV. The 
H2-production calculated by MELCOR after melt through is between 1/100 – 1/10 compared to the 
MAAP case. 

The releases are almost equal regarding the noble gases, apart from case 2b where MELCOR predicts 
roughly half of the amount calculated by MAAP. Regarding the releases of CsOH and CsI, MELCOR 
generally calculates lower releases than MAAP. In general the releases calculated by MELCOR are in the 
region of 50 % relative to the releases predicted by MAAP. 

The starting point for the diffuse leakage (radioactive release) differs and is calculated by MELCOR as 
earlier for some sequences (case 15 and 21), and later for others (case 2b and 4b) relative to MAAP. 
Containment failure, case 4b and 21, occurs sooner in MELCOR compared to MAAP. Note that for 
case 15, MAAP calculates the CPS (unfiltered release) as only release path, apart from the diffuse leakage 
that is always present, whereas MELCOR calculates that the threshold for CVS activation is reached as 
well. The consequence being an earlier release (through the CVS) in MELCOR compared to the MAAP 
case. 

6.2.2 Discussion 

The timing for core uncovery differs a bit between the codes. However, the difference is still not very 
large considering they they are done with different codes that use slightly different methods for 
calculation of the development. Furthermore, the timing for vessel melt through in the two codes are 
more or less in parallel, i.e. as the maximum deviation in the simulated cases is 11 %. It is possible that 
simulations of other LOCA-sequences would render larger differences, but they are not expected to 
differ greatly from each other considering the results in section 6.2.1.  

The largest difference seen in the results is obviously the modelling of where and when most of the H2-
production would occur. It is hereby argued that it would be reasonable for the molten core to have 
some porosity. The larger H2-production before melt through in MELCOR is probably due to this 
(since this porosity is nonexistent in MAAP, see section 4.7.1). This result, i.e. the one made by 
MELCOR, is therefore seen as the most probable one. After melt through, the molten core flows down 
into the water below the RPV ending up as a quenched debris bed at the bottom of LDW. However, 
before the debris is quenched there is certainly a possibility for plenty of H2-production in the LDW as 
well. In this case MAAP seems to provide the better modelling. It is hereby emphasised that this matter 
requires further investigation. It seems quite odd that both codes calculate so similar total amounts of 
H2 produced while the timing, and location, for this production differs substantially. One question to be 
answered is if there is some kind of limit to the total amount of H2 to be produced, i.e. given e.g. the 
available amount of heat etc. 

The major issue to be resolved, in terms of the source term, is the difference in release between MAAP 
and MELCOR. Regarding the release of CsI and CsOH, MELCOR can be said to calculate roughly half 
of the quantity that MAAP predicts. The reason for this has not been found.  

Regarding the timing for the source terms, the results are again more similar between the codes. A 
maximum deviation of 23 %, i.e. for the end release, might seem as a large difference, but considering 
that the calculation is quite complex, involving several sub systems and energy flows etc., it is regarded 
as a quite successful result. 
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6.3 Transient sequences 

6.3.1 Results 

Table 6.2 summarises the results from the transient sequences simulated by MELCOR and MAAP. 
Values are relative to MAAP, i.e. the values of MAAP are always = 1 (one). Thus, the MELCOR 
values specify the deviation of the MELCOR results relative to those of MAAP.  

    MAAP 6 
(HS2) 

MELCOR 6 
(HS2) 

MAAP 13b 
(HS2) 

MELCOR 13b 
(HS2) 

MAAP 11 
(HS3) 

MELCOR 11 
(HS3) 

Emergency Systems (time)               
AFW Start - - - - 1 0.07 
Contiuous Feeding Start - - - - 1 1.57 
  Stop - - - - 1 0.71 
ECCS Start - - - - - - 
  Stop - - - - - - 
RHR Start - - - - - - 
  Stop - - - - - - 
                
Core Uncovered (time)   1 1.03 1 0.93 1 0.77 
Vessel Melt Through (time)   1 1.25 1 1.13 1 1.03 
                
H2 - Pre Melt Through (mass)   1 3.33 1 2.28 1 1.57 
H2 - Post Melt Through (mass)  1 1.96 1 0.01 1 0.01 
H2 - Total (mass)   1 0.92 1 0.82 1 1.01 
      0.42         
Radioactive Release (fraction)               
Noble Gases   1   1 1.00 1 0.99 
CsI   1 0.58 1 0.10 1 0.77 
CsOH   1 1.24 1 0.29 1 0.35 
      -         
Release Path (time)     -         
Diffuse Leakage   1 

 
1 0.58 1 0.80 

CVS   1 
 

- - 1 0.78 
CPS   - 

 
1 1.13 - - 

Containment Failure   - 
 

- - - - 
 

Regarding the only HS3 sequence (case 11), the AFW system is activated earlier in MELCOR compared 
to MAAP. Even so, the state where continuous water feeding starts (due to high temperature in DW) 
occurs earlier in the MAAP simulation. The AFW system fails at high temperature in the WW pool. 
MELCOR once again predicts the earliest point of time for this.  

Core uncovery occurs earlier or approximately at the same time in MELCOR compared to MAAP. The 
time for melt through of the RPV is always postponed in the MELCOR simulations relative to the 
MAAP simulations. Furthermore, the time between core uncovery to melt through is always shorter in 
the MAAP simulations. 
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The trend, previously seen for the LOCA simulations, regarding the H2-production remains, i.e. 
MELCOR predicts a large H2-production before melt through, but approximately none after. MAAP on 
the other hand still predicts a larger H2-production after melt through. In terms of total amount of H2 
produced (at the end of the simulations) the results are quite similar, i.e. with at maximum deviation of 
18 % between the two codes. 

The releases of noble gas are calculated equally by MAAP and MELCOR except for case 6 where the 
release is approximately twice as high in MELCOR. The CsOH releases are roughly half in MELCOR 
compared to the predictions of MAAP. For the releases of CsI, the deviation between the two codes is 
more inconsistent, i.e. varying between 10 and 200 %. 

The diffuse leakage always begins earlier in MELCOR than in MAAP due to the early H2-production 
seen in MELCOR (since radioactive aerosols are released together with the H2 gas, see section 4.7). The 
timing for end release through the CVS, or through the CPS, is calculated quite similar by MAAP and 
MELCOR.  

6.3.2 Discussion 

Regarding the only HS3 transient-sequence the activation of the AFW system might seem to differ 
heavily between the codes. However, since the system is activated very early in the calculation, the 
absolute number is of no importance at all. This becomes clear when looking at the other two numbers 
concerning the operation of the AFW system, i.e. that the continuous feeding starts much later and that 
the system stops earlier in MELCOR. The continuous feeding starts at low level in the RPV which 
seems to occur quite a bit later in MELCOR than in MAAP. Even so, the core is uncovered earlier in 
MELCOR than in MAAP which is a bit contradictory. This indicates that the criteria for activation of 
the continuous feeding differs between the codes (the criteria in MELCOR is set according to [11]). 
Thus, both failure of the AFW system and core uncovery occurs earlier in MELCOR. The deviation 
seen could probably be reduced if the AFW system is activated at an earlier stage in MELCOR. 

Given that the above mentioned hypothesis is right, the timing for core uncovery could be said to be 
very similarly calculated by MAAP and MELCOR. Regarding this it can be seen that the corrections 
made to the model during simulation of case 6 gave considerable results (see also section 4.8). The same 
goes for the timing of the vessel melt through, which generally is quite in parallel for the transient 
scenarios as well.  

As expected, the difference regarding the H2-production, seen in the LOCA sequences, is present in the 
transient scenarios as well. The same goes for the releases, i.e. the differences in the transient sequences 
seem to be equal with the ones in the LOCA sequences. 

In terms of timing for the end releases, the results in the transient cases are also in line with those from 
the LOCA sequences. Therefore, the same conclusion is hereby drawn in terms of differences, i.e. that 
they are quite acceptable. 
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7. CONCLUSIONS 

This thesis project has rendered answers to several issues (old and new ones) which have led to a 
performance increase of the BWR 75 reactor model developed for MELCOR 1.8.6.  The reactor model 
was also extended with the addition of the RHR system, the AFW system and the ECCS which enabled 
the possibility to run more sequences (section 3.4). It has been demonstrated that the MELCOR results 
are now more in line with those calculated by MAAP due to the changes made within this thesis work. 
With this it is concluded that the goals set up in section 1.1 have been fulfilled.  

Furthermore, the work with MELCOR resulted in a deeper knowledge of what possibilities it provides 
the user with, e.g. in terms of how the results of the calculation can be influenced and how systems and 
functionalities could be added.  

MELCOR as a package, i.e. MELCOR itself together with the manuals, provides a high degree of 
freedom which enables the user to add almost any functionality to the system. It also gives the user 
extensive possibilities for adjustments of the different packages, e.g. through the various sensitivity 
coefficients and parameters available. MELCOR is also fairly easy to use with the support of the 
manuals. However, in order to exploit the full potential and flexibility of the code a great deal of 
experience is needed (due to the richness and vastness of the possibilities provided). 

New questions yet to be answered also surfaced during this work. Since the changes made consists of 
corrections of issues identified in this project or in the pilot project (section 3.2), and since the 
correction of these issues brought the results of MELCOR and MAAP closer together, it is likely that 
further work on solving the remaining issues (both issues that has already been discovered as well as the 
ones that are yet to be revealed) will bring the results of the two codes even closer towards each other.  

However, the differences are not likely to be completely removed (since the codes use slightly different 
methods for modelling the events) nor should this be strived for since both codes show strengths as 
well as weaknesses in different areas, e.g. considering the H2-production described in section 4.7 and 
chapter 6.  

It is hereby recommended that both codes (MAAP and MELCOR) should be used within the work on 
severe accident analyses in Sweden since they would probably complement each other, i.e. where one of 
the codes is lacking the other seems to provide a more accurate prediction, e.g. the already mentioned 
H2-production. Another benefit from using both codes is that odd or deviating results could be more 
easily discovered, i.e. if the deviation between the results (of MELCOR and MAAP) is high it could be 
an indication of e.g. high uncertainty that would require further and deeper investigation. An example of 
such a discovery in this thesis is the one regarding the re-vaporisation shown in MAAP but not in 
MELCOR (section 4.6). A third strong argument for the use of both codes is simply the value of a 
second opinion, i.e. where deviations once again could be used to identify modelling errors and to pin 
point weaknesses and uncertainties. 

In conclusion, the main issues that have been resolved during this thesis are: 

x The simulation time was decreased. 

x A quenchable debris bed was obtained. 

x The decay heat curve was corrected 

x The timing for vessel melt through and pressure relief of the containment was improved due to the 
corrections regarding quenching of the debris and the decay heat curve. 

x The MVSS model was modified for closer resemblance with reality, i.e. with a constant 
decontamination factor. 

x The model was also further developed with the implementation of the RHR system, the ECCS and 
the AFW system, but also by other minor improvements. The simulation library was extended by a 
set of sequences which were also used to outline general trends in the differences seen between 
MAAP and MELCOR. 
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Due to the correction of the issues a performance increase of MELCOR was obtained. This suggests 
that most of the remaining issues with MELCOR probably can be solved through further work with the 
reactor model. The remaining issues needed to be resolved are the following: 

1. Why is there almost no H2-production in MELCOR after melt through? 

2. A factor of 1.13 had to be added to the decay heat curve of MELCOR, even though both 
MELCOR and MAAP now utilize the same model (the ANS-model). What is the cause for this?  

3. Why is there no re-vaporisation of fission products seen in MELCOR? 

4. Why does MELCOR constantly predict a lower level of radioactive release than MAAP? 

It is therefore recommended that the work with the MELCOR BWR 75 reactor model should continue 
so that it may be considered a best estimate. Further development of the reactor models (for MAAP and 
MELCOR) should thereafter be performed in parallel so that the quality of the results could be kept at 
the highest level possible.  

  



 

 52 

8. REFERENCES 

1. Hedtjärn Swaling, Vidar, et al. Using PSA to Develop a Tool for Rapid Source Term Prediction Based on Bayesian 
Belief Networks. Stockholm : Scandpower AB - Lloyds Register, 2011. 
2. Knochenhauer, Michael. Activity Plan ''RASTEP - Using Bayesian Belief Network (BBN) Modelling for 
Rapid Source Term Prediction''. Solna : Lloyd's Register Consulting (Scandpower), 2010. Project nr: 210137. 
3. MAAP - Modular Accident Analysis Program. Fauske & Associates, LCC. [Online] 2014. 
http://www.fauske.com/nuclear/maap-modular-accident-analysis-program. 
4. R. O. Gauntt, J.E. Cash, R. K. Cole, C. M. Erickson, L.L. Humphries, S. B. Rodriguez, and M. F. 
Young. MELCOR Computer Code Manuals Vol. 1 Primer and User's Guide Version 1.8.6. s.l. : Sandia National 
Laboratories, 2005. 
5. —. Melcor Computer Code Manuals Vol.2 Reference Manuals Version 1.8.6. s.l. : Sandia National Laboratories, 
2005. 
6. Ma, Weimin and Dinh, Truc-Nam. MELCOR Analysis for Severe Accident Scenarios of the Oskarshamn-3 BWR 
Related to Power Update. Stockholm : KTH for Swedish Nuclear Power Inspectrate (SKI), 2008. SKI 
2006/656/200607004. 
7. Enerholm, Anders. MELCOR vs MAAP Calculation of Station Blackout. Stockholm : Lloyd's Register 
Consulting - Energy AB, 2013. 210829-01/R1. 
8. Nilsson, Lars. Development of an Input Model to MELCOR 1.8.5 for Oskarshamn 3 BWR . Nyköping : Swedish 
Nuclear Power Inspectrate (SKI), 2006. ISRN SKI-R-07/05-SE . 
9. Knochenhauer, Michael, Hedtjärn Swaling, Vidar and Alfheim, Per. Using Bayesian Belief Network (BBN) 
Modelling for Rapid Source Term Prediction – RASTEP Phase 1 . Stockholm : Scandpower AB, 2012. ISBN 978-87-
7893-340-9 . 
10. Francesco, Di Dedda. Definition of a dynamic source term module within RASTEP. Gothenburg : Chalmers 
University, 2013. 
11. SKI, ES-konsult Energi och Säkerhet AB, PCI information AB, Safetech Engineering AB. 
Störningshandboken BWR. Stockholm : SKI ( Swedish Nuclear Power Inspectorate), 2003. 
12. Hansson, Frida and Sjökvist, Stina. Modelling Expert Judgement Into a Bayesian Belief Network - A Method for 
Consistent and Robust Determination of Conditional Probability Tables. Lund : Lund University, 2013. ISSN: 1404-6342. 
13. Knochenhauer, Michael. RASTEP. nks (Nordic nuclear safety research). [Online] 2013.  
14. Netica Application. Norsys Software Corp. [Online] 2014. http://www.norsys.com/netica.html. 
15. INL - Idaho National Laboratory. Relap5 3D. [Online] 2014 http://www.inl.gov/relap5/. 
16. The ASTEC Software Package. Institute de Radioprotection et de Sûreté Nucléaire. [Online] 2014. 
http://www.irsn.fr/EN/Research/Scientific-tools/Computer-codes/Pages/The-ASTEC-Software-Package-
2949.aspx. 
17. MAAP4 Applications Guidance Desktop Reference for Using MAAP4 Software, Revision 2. Palo Alto : EPRI, 2010. 
1020236. 
18. PDC-ARGOS. PDC-ARGOS, CBRN Crisis Management. ARGOS for Nuclear Incidents. [Online] 2013. 
http://www.pdc-argos.com/nuclear.html. 
19. Severe accident analysis of a PWR station blackout with the MELCOR, MAAP4 and SCDAP/RELAP5 codes. 
Vierow, K., et al. s.l. : Nuclear Engineering and Design, 2004, Vols. 234 (2004) 129–145. 
20. (…) SäkerhetsTekniska driftsFörustättningar. (…)  
21. Sehgal, Bal Raj, et al. APRI-6 Accident Phenomena of Risk Importance. s.l. : Strålsäkerhetsmyndigheten 
(Swedisg Radiation Safety Authority), 2009. 2009:25. 
22. Reaktorfysik, fördjupad kurs - Kraftindustrins utbildningspaket. s.l. : KSU, 2011. E-104-2. 
23. Hamnér, Björn. (…) Verifiering av vattenskrubber. s.l (…) 
24. Augustsson, Thomas. Utredningsingenjör/TRA, (…) 2013 29-11. 
25. Fritzon, Lisa. Lågtryckshärdkylsystem. (…) s.l. Vol. 3.0. 122030; 119339. 
26. Drouin, M, et al. Glossary of Risk-Related Terms in Support of Risk-Informed Decisionmaking. s.l. : U.S.NRC, 2013. 
NUREG-2122. 
27. A. Introduction to Bayes Nets . Norsys Software Corp. [Online] 2013 . 
http://www.norsys.com/tutorials/netica/secA/tut_A1.htm. 
28. Local computations with probabilities on graphical structures and their application to expert systems. Lauritzen, Steffen L 
and Spiegelhalter, David J. 1988, Royal Statistics Society B, 50(2), , pp. 157-194. 
29. Fritzon, Lisa. Hjälpmatarvattensystem. (…)  s.l. Vol. 4.0. 122032; 119339. 
30. CNSC. Probabilistic Safety Assessment (PSA) for Nuclear Power Plants. Ottawa : Canadian Nuclear Safety 
Commission, 2005. ISBN 0-662-40139-5. 
 



 

 53 

 

 

 

 

 

 

 

 

 

 

APPENDICES 
 

  



 

 54 

APPENDIX A. PROBABILISTIC SAFETY ASSESSMENT (PSA) 

PSA is a commonly used expression, as is PRA which stands for probabilistic risk assessment. The 
meaning of the two (PSA and PRA) are the same and the choice is therefore completely arbitrary. In a 
PSA the likelihood of a certain single event, or chain of events, is assessed. In this way the level of safety 
for the event (or chain of events) can be quantized. The PSA methodology may be applied of different 
kinds of systems where the safety of the system needs to be assessed. The nuclear power industry is a 
good example of a sector where the PSA methodology is crucial for the work with safety. There are 
three different levels considered within the PSAs for nuclear power. These levels depend on the extent 
of the system boundaries and are described in the bulleted list below [26]. 

- Level 1 PSA/PRA: Assessment of the risk for core damage. 

- Level 2 PSA/PRA: Proceeds further and assess the risk, quantity, composition and timing of the 
possible release of radioactive material from the nuclear power plant (NPP), i.e. assessment of the 
source term. 

- Level 3 PSA/PRA: The source term is used to assess the consequences associated with it, i.e. on 
public health and wild life as well as economical and demographical consequences etc. 
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APPENDIX B. A BASIC MODEL AND A SIMPLE SCENARIO (USING 
MELCOR) 

A basic level of mastery, and understanding, of the MELCOR implementation structure, and how to run 
the program, was assured through the setup of a very basic model followed by a simple scenario. 

In this case the model consisted of a finite volume (barrel), filled with water to a certain level, with a 
hole in the bottom. Thus the barrel contained both water and a pressurised atmosphere above the water 
surface. The barrel was placed, floating in the air, inside a larger finite volume (environment) with an 
ambient pressure of 0.1 MPa on the barrel. 

 
Figure B.1: An illustration of the simple model consisting of a small volume (barrel), with water 
and atmosphere (0.55 MPa), inside a larger volume (environment) with an air filled atmosphere of 
0.1 MPa. 

MELCOR actually consists of two separate programs. One part handles the model and assures that it 
has been set up correctly (so that it is able to run), this part is called MELGEN. The other part is 
MELCOR itself and performs the actual calculation. Thus the model is built up (in one or several text 
files) and pointed to by MELCOR which in turn tells MELGEN to verify the input. When all is clear 
MELCOR performs the actual calculations. The results are preferably displayed by an add-in program 
for Microsoft Excel which makes handling fairly straight forward. A flow chart of this process is given 
in Figure B.2. 

 
Figure B.2: A flow chart of the running process of MELCOR. 

 

The result from the simulation of the simple scenario was as follows. The scenario started with water 
spraying out through the hole in the bottom of the barrel due to the over pressure inside. The pressure 
difference between the barrel and the environment evened out, and the water ended up in the 
environment all in accordance to physical laws. 

The running of this simple case confirmed that a geometrical model with thermodynamic properties 
could be constructed in MELCOR. It also confirmed that a simple sequence with progression through 
time was set up successfully. 
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APPENDIX C. MELCOR 1.8.6 

Appendix C.1. Forewords 

This section describes MELCOR 1.8.6 from the author's point of view, and is intended to give a brief 
description of the functionality and complexity of the code. However, for deeper insight and knowledge 
the reader is hereby advised to study the manual and the reference guide provided with MELCOR 1.8.6 
[4] and [5]. 

Appendix C.2. Current versions 

MELCOR is a severe accident code developed by Sandia Laboratories International under contract with 
the United States Nuclear Regulatory Commission (U.S.NRC). The latest version(s) of the code is 2.x. 
However, the 2.x version(s) apparently has not yet been recognised by the industry and thus couldn’t be 
regarded as the official tool just yet. Thus the latest version that has been approved is the preceding 
1.8.6 version which therefore is the one to consider today. 

Appendix C.3. MELGEN and MELCOR 

MELCOR 1.8.6 is divided into two different parts, one that interprets the model built up by the user 
(MELGEN) and one that governs the progression of the calculation (MELCOR). As a result MELGEN 
is actually the one that requires the most amount of effort as a large set of inputs is required to complete 
a valid model, i.e. since a model rapidly gets quite complicated when structures, flow paths, valves, 
pumps and functionality etc. are added to the model. MELCOR on the other hand only requires a 
relatively short input file with e.g. time step information, simulation length and reference to MELGEN 
files etc. However, some input required by the packages is implemented into the MELCOR file (see the 
reference guide). 

Appendix C.4. Packages 

The various calculations performed by MELCOR during a simulation are separated into different 
packages, where each package governs a specific task during a calculation. Some of the packages also 
provide user input and are used to build up the model (that is to be interpreted by MELGEN). Each 
package is set to keep track of e.g. a certain physical phenomena, object or functionality etc. However, 
not all packages require, nor do they provide, user input. Instead, they receive all the information they 
need from other packages. Thus there is a constant flow of information between packages taking place 
during a simulation.  

The packages that do require user input are also the ones that are used to build up a model. For 
example, the control volume package (CVH – package) is used to set up the dimensions and the 
geometry of a model. The flow path package (FL – package) is then used to connect these control 
volumes for physical and thermodynamic interaction. To create walls and other materialised structures 
the heat structure package (HS – package) is used. The core also has its own package (COR – package), 
the radionuclide's are governed by yet another package and so forth. 

  



 

 57 

Appendix C.5. Legacy and input structure 

MELCOR utilizes the ancient Fortran 77 language that was introduced back in 1978 but originate from 
the 1950’s. The input is therefore originally developed for punched cards which where commonly used 
for data input back then. The legacy of the punched cards is still noticeable by the way the input is built 
up. Each function or object in a model is input through a set of predetermined letters and numbers and 
also a small set of eligible numbers (for separation of different objects etc.). An example input of a 
control volume (for the CVH-package) is seen below. 

CV00100 ’Control Volume’ 2 2 2  
CV00101 0 0 
CV00102 0.0 0.0 
CV00103 10.0 
CV001b1 2.0 0.0 
CV001b2 2.1 1.0 
CV001b3 10.0 1.5 
CV001a1 PVOL 1.0e+05 
CV001a2 TATM 293.0 
CV001a3 RHUM 0.5 

The first two letters is the designation of a control volume, i.e. an object governed by the control 
volume package. The three first numbers is arbitrary numbers (001-999) set by the user to distinguish 
this particular control volume from the others. The following two numbers ''00'' indicates that this is the 
first line in the control volume input. This sequence of letters and numbers, i.e. CV plus the arbitrary 
three numbers and the ''00'', now determines what the rest of that line should contain. The following 
first element is always present on the first line of any function or object and sets its name (Control 
Volume in this case). Furthermore, this input then requires three numbers, where the first ''2'' set non 
equilibrium thermodynamics to this control volume, the second ''2'' states vertical flow and the last one 
assigns this control volume to the arbitrary category 2.  

The following lines each have their own functions, e.g. b1-b3 sets the volume at a certain height from 
the reference height in the model etc. Some lines are mandatory while others may be left out if the 
default value is preferable. Since each ''package'' has its own set of predefined functionality for each 
letter/number sequence, it is hereby recommended that the manuals are kept close at hand while 
working with any model. 

Appendix C.6. The control function package 

One package is a little bit different than the others, i.e. the control function package. As the name 
suggests this package is used to control the system built up, and to bring functionality to the model. It 
can be used to control e.g. pumps, leaks, valves, power, mass etc. Furthermore, almost any property, e.g. 
pressure, mass flow or temperature etc., can be set to trigger a particular function. 

An example of the input for a small control function explains how they can be used. 

CF00100 ’P-Threshold’ L-GT  2 1.0 0.0 
CF00110 1.0 0.0  CVH-P.001 
CF00111 0.0 2.0e+05 TIME 

The first line indicates that it is a control function (''CF''), that the number is ''001'' and that it is the 
actually the first line (''00''). The name of the control function is P-Threshold. Its purpose is to indicate 
when the pressure inside control volume 001 (the one previously created) reaches 2.0e+05 Pa. L-GT 
specifies the logic of this particular control function, i.e. IFF a > b THEN TRUE. The ''2'' specifies the 
number of values to be compared and is in fact the only option in this case. ''1.0'' and ''0.0'' are a 
multiplier and an additive constant respectively, and are used to scale all the input values equally if 
desired. 

The input values are the lines CF00110 and CF00111. Note that the first value is not denoted CF00110, 
i.e. since the end-numbers 01-09 are used for other functions [4]. The first element is again a multiplier, 
but does only affects the value on the row it occupies. The same goes for the second element which is 
an additive constant.  
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CF00111 thus states that some reference value should be multiplied by zero and that 2.0e+05 is to be 
added to that zero. The reference to be affected in this case is TIME (the time from the beginning of the 
simulation). In this way a constant of 2.0e+05 has been created. 

CF00110 points to the pressure inside control volume 001 (CVH-P.001), multiplies it by 1.0 and adds 
0.0 to it. As a whole this control function is interpreted by MELCOR as: IF the pressure in control 
volume 001 is GREATER THAN 2.0e+05 Pa THEN TRUE, i.e. it becomes TRUE when the pressure 
reaches above the desired threshold of 2.0e+05 Pa. 

Appendix C.7. Sensitivity Coefficients 

Besides the choices given in the ''normal'' package input the simulation results can also be altered via the 
so called sensitivity coefficients. There are a set of sensitivity coefficients for most packages in 
MELCOR. Their function is to scale different properties of the model with an eligible factor set by the 
user.  The result can be, for instance, increased energy transfer from one material to another, i.e. through 
increment of its heat transfer coefficient etc. An advice of caution is hereby given regarding the use of 
this function. The advice is that this function should only be used if there is sufficient knowledge about 
the impact of the alternation of the coefficient in question, i.e. unexpected and unwanted results may 
arise since many of these sensitivity coefficients actually alters the physical properties of the model (see 
[4] and [5] for further information). 

Appendix C.8. Over-all impression of MELCOR 

MELCOR is a fairly straight forward and easy to use software tool (given that the reference material is 
used for information continuously). It provides a lot of freedom to the user in many aspects. For 
instance, since any model is built up from scratch there is also almost complete freedom provided in 
terms of how to implement it and what model to use for different phenomena. However, this also sets 
high demand on the designer in terms knowledge of the system to be modelled and its physical laws. 
There is an add-in program available for Microsoft Excel which enables the user to plot most of the 
processes calculated in the simulations. This makes after processing very easy and the results also 
becomes very transparent to the user, i.e. since results from the majority of the processes have been 
made available. 
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APPENDIX D. CONNECTIONS, AND FLOW PATHS, WITHIN THE 
MELCOR REACTOR MODEL 

In MELCOR, the model is built up by control volumes and flow paths that interconnects them, 
enabling flow of energy and matter between the control volume.  gives an idea of how the MELCOR 
model is set up with the different flow paths (arrows) intersecting the borders of the control volumes. 

ENV: Environment 

RPV: Reactor Pressure Vessel 

UDW: Upper Drywell 

LDW: Lower Drywell 

BDP: Blow Down Pipes 

OFP: Overflow Pipes 

WW: Wetwell 

SC: Scrubber 

MS: Moist Separator 

 

 

 

 

 

 

 

 

 
 

  

Figure D.1: An outline of the model with control volumes, and the flow paths that 
interconnects them (not complete due to confidentiality). 
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APPENDIX E. AN EXAMPLE DESCRIBING A BAYESIAN BELIEF 
NETWORK (BBN) 

In this section a simple and popular example of a BBN will be illustrated to provide the unfamiliar 
reader with understanding of the Bayesian Belief concept. No further information about the Bayesian 
theory will be provided since this example should be enough for a basic understanding. The example is 
called Asia and may be found at the Norsys (developers of the Netica software) website [27], but was 
first introduced by Lauritzen & Spiegelhalter [28]. 

Asia describes a scenario of people arriving at a clinic with different probabilities for having a certain 
condition (being in a certain state). The probabilities, for the different states, are dependent on different 
actions amongst the patients. In this case, meaning that some of the patients have recently been to Asia 
while some (the rest) have not. Furthermore, some of the patients are smokers while the rest aren't. 
These two properties (Visit to Asia/No visit to Asia and Smoker/Non smoker) provide the network 
(Figure E.1) with initial conditions. 

 
Figure E.1: The BBN corresponding to the Asia example. 

The arcs between the nodes (Figure E.1) indicate causal relations (between nodes) in the network. For 
instance, a trip to Asia could potentially lead to receiving Tuberculosis, but there is no such causal 
relationship between visiting Asia and receiving lung cancer and so on. The conditions, represented by 
the different nodes, all have their own conditional probability distribution (CPD) which could be 
represented by a corresponding conditional probability table (CPT) (Figure E.2).  

 
Figure E.2: A copy of the Netica interface [27] illustrating the same network as in Figure E.1 but 
with the corresponding CPT's for each node 

Evidently, the CPT's for the nodes in Figure E.2 corresponds to a population where 1 % has been to 
Asia and where 50 % of the population are smokers. Next we shall see how an observable regarding a 
patient's state affects the entire BBN and thus displaying the likelihood of other conditions given the 
observable. In this case the symptom is dyspnea (trouble in catching breath). Thus, the observable is 
dyspnea, in this case with a 100 % certainty, which affects all CPT's in the network (Figure E.3), i.e. 
since dyspnea is a symptom from all three deceases. 
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Figure E.3: A copy of the Netica interface showing the impact on the CPT's due to the observable 
indicated with a grey box (dyspnea with a likelihood of 100 %). 

The identification of the symptom evidently increased the likelihood of all three deceases. This example 
illustrates the strength of the BBN. The initial information sets the entire system into a state with 
different CPT's for different nodes. Observations, and new information about different nodes, changes 
all the CPT's instantly. As more and more information (with good quality) is fed to the system there is 
also an automatic increase in likelihood towards the most probable end state. 
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APPENDIX F. THE PROGRESSION OF A CRITICAL EVENT IN A 
NUCLEAR POWER PLANT (CASE 6) 

This section is intended to aid the unfamiliar reader in understanding of how a critical event in a nuclear 
power plant could develop. Case 6 was chosen to function as an example for this purpose. With the aid 
of this section, the reader is expected to give some thought to other scenarios presented in this report 
and draw conclusions of their development through time. 

The initiating event of case 6 is a station black out which leaves the facility with no access to electrical 
power apart from batteries, i.e. for regulation purposes etc. Both core cooling systems (not shown) fail 
whereby the water (inside the RPV) is boiled off rapidly. Otherwise, the core cooling systems would 
maintain the water level, and thus prevent a boil down. Furthermore, the residual heat removal (not 
shown) also fails which leads to pressure and temperature increase of the whole system. As the name 
implies, the function of the residual heat removal is simply to remove the heat, produced by the decay of 
the fission products in the debris, from the system. This is done through the use of a heat exchanger 
with sea water as heat sink. 

x Initiating event (Station Black Out, SBO) 
x All core cooling (ECCS, AFW) failure 
x Residual Heat Removal  (RHR) failure 
x Boil down in the RPV and heat up of the CORE 
x Successful flooding of LDW 
x Successful pressure regulation, and later 

depressurisation of the primary system (PRV) 
x CORE meltdown and RPV melt through 
x Radioactive release to the containment atmosphere 
x Heat up and pressurisation of the containment due 

to the CORE debris in LDW 

x Filtered release of radioactivity through automatic 
activation of the CVS system (SCRUBBER and 
MOIST SEPARATOR) through the burst of the 
two RUPTURE DISCS (7 and 8). 

 

 

x Initiating event (Station Black Out, SBO) 
x All core cooling (ECCS, AFW) failure 
x Residual Heat Removal  (RHR) failure 
x Boil down in the RPV and heat up of the CORE 
x Successful flooding of LDW 
x Successful pressure regulation, and later 

depressurisation of the primary system (PRV) 
x CORE meltdown and RPV melt through 
x Radioactive release to the containment 

atmosphere 
x Heat up and pressurisation of the containment 

due to the CORE debris in LDW 
x Filtered release of radioactivity through 

automatic activation of the CVS system 
(SCRUBBER and MOIST SEPARATOR) 
through the burst of the two RUPTURE DISCS 
(7 and 8)  

Figure F.1: System at incident. 

Figure F.2: System after boil down. 
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x Initiating event (Station Black Out, SBO) 
x All core cooling (ECCS, AFW) failure 
x Residual Heat Removal  (RHR) failure 
x Boil down in the RPV and heat up of the CORE 
x Successful flooding of LDW 
x Successful pressure regulation, and later 

depressurisation of the primary system (PRV) 
x CORE meltdown and RPV melt through 
x Radioactive release to the containment 

atmosphere 
x Heat up and pressurisation of the containment 

due to the CORE debris in LDW 
x Filtered release of radioactivity through 

automatic activation of the CVS system 
(SCRUBBER and MOIST SEPARATOR) 
through the burst of the two RUPTURE DISCS 
(7 and 8). 

 

x Initiating event (Station Black Out, SBO) 
x All core cooling (ECCS, AFW) failure 
x Residual Heat Removal  (RHR) failure 
x Boil down in the RPV and heat up of the 

CORE 
x Successful flooding of LDW 
x Successful pressure regulation, and later 

depressurisation of the primary system (PRV) 
x CORE meltdown and RPV melt through 
x Radioactive release to the containment 

atmosphere 
x Heat up and pressurisation of the containment 

due to the CORE debris in LDW 
x Filtered release of radioactivity through 

automatic activation of the CVS system 
(SCRUBBER and MOIST SEPARATOR) 
through the burst of the two RUPTURE 
DISCS (7 and 8). 

 

x Initiating event (Station Black Out, SBO) 
x All core cooling (ECCS, AFW) failure 
x Residual Heat Removal  (RHR) failure 
x Boil down in the RPV and heat up of the 

CORE 
x Successful flooding of LDW 
x Successful pressure regulation, and later 

depressurisation of the primary system (PRV) 
x CORE meltdown and RPV melt through 
x Radioactive release to the containment 

atmosphere 
x Heat up and pressurisation of the containment 

due to the CORE debris in LDW 
x Filtered release of radioactivity through 

automatic activation of the CVS system 
(SCRUBBER and MOIST SEPARATOR) 
through the burst of the two RUPTURE 
DISCS (7 and 8). 

Figure F.3: System after meltdown. 

Figure F.4: System after melt through. 

Figure F.5: The reactor system at radioactive 
release via the CVS: System after melt through. 
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APPENDIX G. SAFETY SYSTEMS 

Appendix G.1. Emergency Core Cooling System (ECCS) 

The ECCS has high flow capacity but the RPV needs to be depressurised for it to be able to 
operate. It utilizes WW as water source and feeds water into the downcomer (DC) in the RPV [25]. 

Table G.1 Data chart of the ECCS 

Maximum flow per circuit 377 kg/s (@ 0.1 MPa) 

Number of circuits 4 

Total capacity 1508 kg/s (@ 0.1 MPa) 

Activation  Low level in DC (L6) 

Automatic shutdown High temperature in WW 

Appendix G.2. Auxiliary Feed Water system (AFW system) 

The AFW system is capable of feeding water at maximum flow capacity to the RPV under full pressure, 
but its capacity is lower than that of the ECCS. The AFW system also feeds water into the DC and 
utilizes WW as water source [29].  

Table G.2 Data chart of the AFW system 

Maximum flow per circuit CONFIDENTIAL  

Number of circuits " 

Total capacity " 

Activation  "  

Operates " 

Automatic shutdown " 

 

Appendix G.3. Residual Heat Removal (RHR – system) 

The function of the system for residual heat removal is simply to remove heat from the 
containment to the outside world. This is done by circulating water, from WW, through a heat 
exchanger with seawater circulating on the opposite side. The flow is governed by conventional 
pumps with high capacity (see table Table G.3) and is run through a maximum of four circuits. At 
the end of each circuit the flow is spread in a spray nozzle mounted in the sealing of WW (one 
circuit) and in UDW (three circuits). In short, the residual heat is moved into the sea while the 
water inside the circuit is cooled. The water is then sprayed into the atmosphere of WW and/or 
drywell where, as a result, the pressure is suppressed1. Initially the flow is only directed into WW, 
but may be redirected into the UDW after one half hour.  

Table G.3: Specifications for the Residual Heat Removal system 

Cooling capacity per circuit CONFIDENTIAL 

Flow capacity in each circuit " 

Number of circuits " 

 

                                                
1 The large amount of cool droplets from the spray nozzles creates a large total area onto which the steam may condense more effectively. 

CONFIDENTIAL

CONFIDENTIAL

CONFIDENTIAL


