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I

“We all work for PSA [Risk Analysis [Decision-Making]], we just don't realize it”
- Bob Youngblood “Making Decisions About Safety”, IDPSA Workshop, Stockholm,
Sweden, 2012.

II

III

ABSTRACT
Nordic Boiling Water Reactor (BWR) design employs ex-vessel debris coolability as
a severe accident management strategy (SAM). In case of a severe accident, the
debris ejected from the vessel are expected to fragment, quench and form a debris
bed, which is coolable by a natural circulation of water. Success of the existing SAM
strategy depends on melt release conditions from the vessel which determine
(i) properties of ejected debris and, thus, ex-vessel debris bed coolability, and
(ii) potential for energetic melt-coolant interactions (steam explosion). The strategy
involves complex interactions between physical phenomena (deterministic) and
transient accident scenarios (probabilistic).
The aim of this work is further extension, implementation and application of the
Risk-Oriented Accident Analysis Methodology (ROAAM) to assessment of the severe
accident management strategy effectiveness. ROAAM was originally developed for
rare, high-consequence hazards, where both aleatory (stochastic) and epistemic
(modeling) uncertainties play a significant role in the risk assessment. The main
purpose of ROAAM is to provide the input material to an underlying decision
making regarding current safety design acceptance, procedures and possible design
modifications.
This work reports results of (i) development and implementation of probabilistic
framework (ROAAM+) for streamlining sensitivity analysis, uncertainty
quantification and risk analysis; (ii) analysis of in-vessel phase of accident
progression and melt release conditions in Nordic BWR reactor design with
MELCOR code; (iii) analysis of the effect of melt release conditions predicted by
MELCOR code on the risk of ex-vessel steam explosion.
In ROAAM+, “full models”, such as MELCOR code, are used to develop
computationally efficient “surrogate models” to enable extensive uncertainty
quantification and failure domain analysis. ROAAM+ analysis identified specific
assumptions in MELCOR models, which are currently the major contributors to the
uncertainty in the assessment of the SAM effectiveness.
Keywords
Severe accident management, sensitivity, uncertainty, MELCOR, ROAAM
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SAMMANFATTNING
Den generiska ABB-reaktorn (Nordic BWR) använder inneslutningkyling,
tryckavlastning och filtrering av utsläpp som strategi för hantering av svåra haverier.
Vid ett svårt haveri kommer härdgrus falla ned i nedre primärutrymmet,
fragmentera, och att bilda en s.k. grusbädd där resteffekten kan kylas ned med hjälp
av naturlig cirkulation av vattnet i bassängen. Framgången med den befintliga
strategin beror på härdsmälteförloppet och härdsmältfrigöring från reaktortanken
som bestämmer förutsättningarna för: (i) egenskaper för reaktorgruset och dämed
även grusbädden, och (ii) ångexplosioner som kan inträffa när härdsmältan faller
ned i nedre primärutrymmet.
Strategin är konceptuellt enkel, men den innebär komplexa interaktioner mellan
fysiska fenomenen och processer, och är mycket känslig för olycksscenarierna. Den
kan inte bedömas med hjälp av separerata probabilistiska eller deterministiska
metoder på grund av osäkerhet som uppkommer från interaktioner mellan
olycksscenarierna och deterministiska fenomen.
Därför har så kallad Risk Oriented Accident Analysis Methodology (ROAAM) som
kombinerar probabilistiska med deterministiska metoder föreslagits som
riskvärdering och bedömning huruvida strategin ger ett tillräckligt skydd för
omgivningen. Denna metodologi (ROAAM) utvecklades för bedömning av sällsynta
högkonsekventa händelser där både aleatoriska (stokastiska) och epistemiska
(modelleringsrelaterade) osäkerheter spelar en viktig roll i riskbedömningen.
Huvudsyftet med ROAAMs användning är att ge indata för ett underliggande
beslutsproblem och möjliggöra robust beslutsfattande gällande nuvarande
säkerhetsdesign och procedurer samt möjliga konstruktionsändringar.
Detta arbete är inriktat på vidareutveckling av ROAAM-metodologin, som innefattar
(i) utveckling och genomförande av probabilistiska ramar för riskanalys och
kvantifiering i ROAAM+; (ii) analys av svår haveriutveckling i reaktortanken,
härdsmälteförloppet och förutsättningarna för härdsmältfrigöring från reaktortank
som analyserats med koden MELCOR; och (iii) riskvärdering av ångexplosion i
reaktorinneslutning beroende på förutsättningarna för härdsmältfrigöring från
reaktortank.
I ROAAM+ används "fullmodeller", såsom MELCOR-koden, för att utveckla
beräkningseffektiva "surrogatmodeller" för att möjliggöra omfattande analys av
osäkerhetsfaktorer och identifiera skadedomäner. ROAAM+ analys identifierade
specifika antaganden i MELCOR-modeller, som för närvarande är de viktigaste
bidragsgivarna till osäkerheten i bedömningen av SAM-effektiviteten.
Nyckelord
Svår haverihantering, känslighet och osäkerhetsanalys, MELCOR, ROAAM
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1. INTRODUCTION
1.1.

Severe Accident Management

In Nuclear Power Plants emergency operating procedures (EOPs) are designed to
guide operators to prevent core damage. However, due to some sequences of events
(both internal and external), human factor, etc., emergency operating procedures
can be ineffective and severe core damage can occur (accidents that lead to severe
core damage, thus, called severe accidents) [58].
Severe accident is a type of accident that may challenge safety systems at a level
much higher than expected, or beyond design basis, involving significant core
degradation, which can result in significant environmental impact and financial
consequences.
According to defense-in-depth (DiD) principles (Level 4 of DiD) [59], severe
accident management (SAM) is required, with prime objective to protect remaining
boundaries for fission product release to the environment, and to minimize\limit
actual or possible releases.
International Atomic Energy Association (IAEA) report [60] identified the main
objectives of accident management as follows:






Preventing significant core damage;
Terminating the progress of core damage once it has started;
Maintaining the integrity of the containment as long as possible;
Minimizing releases of radioactive material;
Achieving a long term stable state.

and, in order to achieve these objectives a number of strategies and measures should
be developed.
Different SAM strategies have been developed for different NPP designs in order to
achieve abovementioned objectives, e.g.:
- FILTRA-MVSS Systems, along with debris quenching and cooling in a pool
[58], [61] were introduced after TMI-2 accident in Nordic BWR design, in
order to minimize magnitude of radioactive release;
- in-vessel (e.g. at Loviisa NPP - [12], [14], [62], AP600, Ap1000 [58]) debris
coolability or
- ex-vessel debris quenching and cooling using core catcher (e.g. in VVER
(AES-91/2006) [58], ESBWR designs [4],[63]) or spreading in the dry cavity
(e.g. EPR core catcher design [58])
According to IAEA [60], development of accident management guidance should be
based on best mechanistic analyses. For this purpose, severe accident codes, such as
MAAP, MELCOR [33-36], etc. can be used in order to predict response of the plant

2 | Introduction

and evaluate the magnitude of the release. Furthermore, in the accident
management strategy a proper consideration should be given to uncertainties in
knowledge about the timing and magnitude of phenomena that might occur in the
progression of the accident.
1.2.

Severe Accident Management Strategy in Nordic BWR

Severe accident management (SAM) strategy in Nordic boiling water reactors
(BWRs) employs ex-vessel debris coolability. Molten core materials are released
from the vessel into a deep pool of water under the reactor (see Figure 1) and
expected to fragment, quench, and form a debris bed that is coolable by natural
circulation of water. An energetic steam explosion and formation of non-coolable
debris bed pose credible threats to containment integrity.

Figure 1: Severe Accident in Nordic BWR [77].
Conditions of melt release from the vessel determine (i) debris bed properties and
thus coolability, and (ii) steam explosion energetics. The strategy involves complex
phenomena (see Figure 2) affected by the transient accident scenarios.
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Figure 2: Severe Accident Phenomena in Nordic BWR[2].
The progress that has been achieved during the last few decades in understanding
and predicting physical phenomena, was not sufficient to make a solid conclusion
on the robustness and effectiveness of the existing SAM strategy for Nordic BWR. It
became apparent that the issue is intractable [1, 2] for separate probabilistic or
deterministic analysis due to the uncertainty that comes from the interactions
between multistage accident progression scenarios (see Figure 3) and deterministic
phenomena (see Figure 2).

Figure 3: Severe Accident Progression in Nordic BWR[2].
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1.3.

Risk Oriented Accident Analysis Methodology

The Risk Oriented Accident Analysis Methodology (ROAAM) that marries
probabilistic and deterministic approaches was proposed to address problems where
both stochastic phenomena (aleatory) and phenomenological (epistemic)
uncertainties are significant. The ROAAM was developed and successfully applied
by Professor Theofanous and co-workers for assessment and management of severe
accident risks [3], [4]. After Fukushima accident, the Risk Management Task Force
provided recommendation that NRC should implement a consistent process that
includes both deterministic and probabilistic methods in risk assessments that can
inform decisions about appropriate defense-in-depth measures [5].
The ROAAM integrates risk assessment (analysis) and risk management
(modifications in the design, procedures, etc.) for effective management of rare,
high-consequence hazards. ROAAM requires the simultaneous and consistent
consideration of (i) safety goal, (ii) assessment methodology, and (iii) application
specifics. Important premise of ROAAM is that safety goals can be defined only
qualitatively when epistemic uncertainty is significant. For severe accident the safety
goal is usually defined as: “containment failure is a physically unreasonable event
for any accident sequence that is not remote and speculative” [3]. ROAAM provides
guidelines for bounding of epistemic (modelling) and aleatory (scenario)
uncertainties in a transparent and verifiable manner that enables convergence of
experts’ opinions on the outcomes of the analysis. When the whole community of
experts in a given problem area is convinced that issue resolution is regarded as
successful, the problem may be considered solved in a robust and final way [3].
In order to achieve the transparency and clarity, ROAAM employs its principal
ingredients: (i) identification, separate treatment, and maintenance of separation
(to the end results) of aleatory and epistemic uncertainties; (ii) identification and
bounding/conservative treatment of uncertainties (in parameters and scenarios,
respectively) that are beyond the reach of any reasonably verifiable quantification;
and (iii) the use of external experts in a review, rather than in a primary
quantification capacity.
1.4.

MOTIVATION: Nordic BWR Challenges for ROAAM

While ROAAM has been successful in resolving several severe accident issues (e.g.
[54-57]), when applied to the Nordic BWR plants, the tight coupling between severe
accident threats and high sensitivity of the SAM effectiveness to timing of events
(e.g., vessel failure) and characteristics (e.g., melt release conditions) present new
challenges in decomposition, analysis and integration (see Figure 3). Furthermore,
in classical ROAAM approach applications (e.g. [54][55][56][57]) the safety margins
are (or were made by design modifications) sufficiently large, thus making possible
conservative treatment of uncertainties in risk assessment. In case of SAM of Nordic
BWR it is not possible to demonstrate effectiveness of the SAM with conservative
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assumptions. On the other hand, there is a question if assumptions in the analysis
are too conservative and the SAM can achieve its goal while state-of-the-art
knowledge is insufficient to demonstrate that.
1.5.

Goals and Tasks

To overcome these issues a further extension of ROAAM is necessary. In order to
address the complexity, development and application of the framework is based on
an iterative process of knowledge refinement followed by risk analysis. The process
is a guiding tool for identification and addressing of the major sources of
uncertainty. Therefore, the main goals of this work are:
-

to develop an extension of the original ROAAM and

-

apply this extended approach (called ROAAM+) to assessment of Nordic
BWR severe accident management effectiveness.

The ultimate goal of ROAAM+ is to support decision making regarding the
effectiveness of SAM strategy in Nordic BWR. In order to achieve that aim ROAAM+
framework provides an extended treatment of safety goals in support for both
possible decisions:
(i)

current SAM strategy is sufficiently reliable (“possibility” of the
containment failure is low);

(ii)

SAM strategy is not sufficiently reliable (“necessity” of the containment
failure is high) and thus changes in the SAM design are necessary.

To achieve the goal, a process for construction and adaptive refinement of the risk
assessment framework, models, and data needs to be developed. This approach
should aim to refine the resolution of the framework in order to bound the influence
of the largest contributors to the uncertainty in risk analysis, which can be achieved
through the following tasks:


Task 1: Development and implementation of probabilistic framework of
ROAAM+ – (see Chapter 2):
o Development of theoretical basis for risk quantification in different
“state-of-knowledge” situations, e.g. complete or partial probabilistic
knowledge (Paper I,VI and [9][10]), quantification of both
“possibility” and “necessity” of failure.
o Development and implementation of the top-layer of ROAAM+
framework for Nordic BWR (Papers I and VI) as a general purpose
software tool for risk analysis (Paper VI) and connection to PSA.
o Development of Graphical User Interface (GUI) to facilitate ROAAM+
deployment in practical safety analysis.
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Task 2: Perform risk assessment using complete framework for modeling of
the accident progression from its initiation to containment failure (Paper
VIII) – see Chapter 4.

Given the importance of the melt release conditions for the ex-vessel accident
progression, the focus of current work is on the analysis of core degradation, invessel debris formation, vessel failure and melt release phenomena.


Task 3: Analysis of the effect of severe accident scenario and code uncertainty
on the properties of relocated debris in the lower plenum of Nordic BWR,
vessel failure mode and melt release conditions using MELCOR code (see
Chapter 3).
o Development of computational platform for extensive sensitivity and
uncertainty analysis and post-processing of the results for MELCOR
code.
o Analysis of the effect of severe accident scenarios on the process of core
degradation, relocation and respective properties of relocated debris
in LP (Papers II,IV).
o Development of approaches for one-way coupling between MELCOR
code and models for in-vessel debris coolability and vessel failure
mode analysis in Nordic BWR (Paper II and [9]).
o Analysis of the effect of selection of MELCOR versions, models and
parameters on the characteristics of relocated debris in lower plenum
(Papers IV,V).
 Update MELCOR Input deck from version 1.85 to MELCOR
1.86, 2.1 and 2.2.
 Assess sensitivity of the properties of relocated debris in lower
plenum to MELCOR modeling uncertainty.
o Assess sensitivity of the timing and mode of Nordic BWR vessel failure
and melt release to MELCOR user selected models and parameters
(modelling of vessel lower head failure in MELCOR) (Paper VII).
o Develop a computationally efficient melt ejection mode surrogate
model (MEM SM) based on MELCOR analysis results (Paper IX).

1.6.

Main achievements

The following achievements have been made during the course of this work:
1. Probabilistic ROAAM+ framework has been developed and implemented in
MATLAB. The framework uses a second-order probability approach when
only partial or incomplete probabilistic knowledge is available about
distributions of uncertain parameters.
a. A general purpose tool with a graphical user interface has been
developed based on the ROAAM+ probabilistic framework and a used
to produce data for update of large scale PSA model [53].
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2. Computational platform for extensive sensitivity and uncertainty analysis,
post-processing of the results for MELCOR code has been developed using
MATLAB and SNAP Java libraries.
a. The platform has been used to perform large scale MELCOR
calculations.
3. Nordic BWR MELCOR input deck was updated from MELCOR code version
1.85 to MELCOR 1.86, 2.1 and 2.2 to enable comparison of the effect of
MELCOR versions and models on the analysis results.
4. Large data base of MELCOR code simulations of in-vessel phase of accident
progression was generated using different versions of MELCOR code.
a. Important insights regarding the code behavior, effect of MELCOR
models, severe accident scenarios, sensitivity coefficients and user
effects were gained in the process. Two major modes of core
degradation were observed depending on the timing of
depressurization and water injection: (i) retention of debris in the
damaged core region with only small relocation of mostly metallic
debris to the lower head; (ii) relocation of larger fraction of the core.
Significant effect of delay of vessel depressurization on the properties
of the debris in the lower plenum was identified.
b. Major sources of uncertainty in MELCOR code predictions were
identified through extensive sensitivity analysis. Sensitivity analysis
suggests importance of the modeling uncertainty on the results.
c. Based on MELCOR analysis results an approach for loose coupling
between MELCOR code and DECOSIM and ANSYS/PECM was
established and applied.
5. Extensive sensitivity analysis of the vessel failure mode and melt release
conditions has been carried out.
a. The major contributors to the uncertainty in the timing and the mode
of vessel failure were identified.
b. Failure of penetrations was observed earlier in time compared to vessel
lower head wall failure, however failure of penetrations does not
exclude that vessel lower head wall will fail later on.
c. It has been found that the solid debris ejection option in MELCOR
code has the dominant effect on the debris ejection rate, and
significant contribution to the formation of in-vessel melt pool and
probability of creep-rupture of vessel lower head.
6. Based on the results of MELCOR analysis of vessel failure mode and melt
release conditions a vessel failure surrogate model has been developed and
applied in ROAAM+ framework.
7. Risk assessment using complete framework for modeling of the accident
progression from its initiation to containment failure, due to ex-vessel steam
explosion, has been performed using ROAAM+ framework for Nordic BWR.
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a. The analysis performed with complete framework showed that the
probability of containment failure due to ex-vessel steam explosion is
almost entirely determined by the modelling of the phenomena of
multi-component debris ejection from the vessel.
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2. ROAAM+ PROBABILISTIC FRAMEWORK FOR NORDIC BWR
2.1.

Theoretical background

It was emphasized by Kaplan and Garrick [6] that “the purpose of risk analysis and
risk quantification is always to provide input to an underlying decision problem,
which involves not just risks but also other forms of costs and benefits. Risk must
thus be considered always within a decision theory context” [6].The analysis of
complex systems usually involves answering to the three following questions [6]: (i)
what can happen? (ii) how likely? (iii) if it happens, what are the consequences?
Which leads to the “risk triplet idea” presented in Kaplan and Garrick’s paper “On
the quantitative definition of risk” (see [6]), which has become a cornerstone of
modern risk analysis. The risk 𝑅𝑖 associated with a specific scenario 𝑠𝑖 can be
characterized by its frequency 𝑓𝑖 and consequences 𝑐𝑖 . Consequences are obtained
from assessments which are subject to uncertainty due to incomplete knowledge
(epistemic uncertainty, degree of confidence), which can be quantified as probability
𝑃𝑖 (likelihood) of 𝑐𝑖 [6].
𝑅𝑖 = {𝑠𝑖 , 𝑓𝑖 , 𝑃𝑖 (𝑐𝑖 )}

(1)

To quantify the confidence in the assessment of the frequency and consequences,
equation (1) can be written in more general form:
𝑅𝑖 = {𝑠𝑖 , 𝑝𝑑𝑓(𝑓𝑖 , 𝑃𝑖 (𝑐𝑖 ))}

(2)

Consequences 𝑐𝑖 of scenario 𝑠𝑖 can be presented as joint probability density function
pdf𝐶𝑖 𝐿𝑖 (𝐿𝑖 , 𝐶𝑖 ) of loads (𝐿𝑖 ) on the system and its capacity (𝐶𝑖 ) to withstand such loads.
Thus, failure probability 𝑃𝐹𝑖 for scenario 𝑠𝑖 can be evaluated as
𝑃𝐹𝑖 = 𝑃(𝐿𝑖 ≥ 𝐶𝑖 ) = ∬
𝐿𝑖 ≥𝐶𝑖

pdf𝐶𝑖 𝐿𝑖 (𝑐, 𝑙)𝑑𝑐𝑑𝑙

(3)

Residual risk is judged in ROAAM with screening frequency for aleatory, and with
screening probability for epistemic. I.e. plant damage states (𝐷𝑗 ) selected for the
analysis include those that have frequency higher than selected screening frequency
𝑓𝑠 and lower than target frequency 𝑓𝑡 achieved as the prevention goal, that is, 𝑓𝑠 <
𝑓𝑗 (𝐷𝑗 ) < 𝑓𝑡 (severe accident mitigation window [12], see Figure 4). Demonstration of
reaching the safety goal is successful if 𝑃𝐹𝑖 is below respective screening probability
level 𝑃𝑠 . An arbitrary scale for probability is introduced in ROAAM to define a the
process likelihood [3]:
 1/10 - Behavior is within known trends but obtainable only at the edge-ofspectrum parameters;
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1/100 - Behavior cannot be positively excluded, but it is outside the spectrum
of reason;
1/1000 - Behavior is physically unreasonable and violates well-known reality.
Its occurrence can be argued against positively.

Screening frequency for aleatory, and the physically unreasonable concept for
epistemic uncertainties are introduced for clarity and consistency of the ROAAM
analysis results.
Conditional containment failure probability (see Figure 4 – CPUR – conditional
probability of unacceptable release [12]) is considered as an indicator of severe
accident management effectiveness for Nordic BWR. It is instructive to note that
different modes of failure can potentially lead to quite different consequences in
terms of fission products release. At this point we consider any failure mode as
unacceptable for the sake of conservatism.

Figure 4. Severe Accident Mitigation Window.
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2.2.

ROAAM+ Framework for Nordic BWR

One of the key ingredients of ROAAM methodology is decomposition of severe
accident processes into key physical phenomena that can be described by well-posed
mathematical problems that can be solved independently from each other.

Figure 5. ROAAM+ framework for Nordic BWR[2].
Figure 5 illustrates the top layer of the ROAAM+ framework for Nordic BWR which
decomposes severe accident progression into a set of causal relationships (CR)
represented by respective surrogate models (SM) connected through initial and
boundary conditions such that the uncertainty can be propagated from the initial
plant damage state {𝐷𝑖 } to the ex-vessel containment phenomena.
Computational efficiency of the top layer of the framework is achieved through
application of surrogate models (SMs), and is a must for extensive sensitivity and
uncertainty analysis in the forward and reverse analyses:



Forward analysis defines conditional containment failure probability for each
scenario {𝑠𝑖 }.
Reverse analysis identifies failure domains in the space of scenarios {𝑠𝑖 }, and
model input parameters {𝑝𝑖 }.

For each plant damage state {𝐷𝑗 } defined in PSA Level 1 there is a set of respective
scenarios {𝑠𝑗𝑖 } ({𝑠𝑖 } – for brevity) characterized by their frequencies {𝑓𝑖 }. Scenarios
introduce specific combinations of initial and boundary conditions for the models
used in the framework and the structure of the probabilistic framework.
We distinguish four different kinds of parameters in the framework. For example, a
causal relation - 𝐶𝑅𝑘 have:
(i)
scenario {𝑠𝑖 } parameters (determined by initial plant damage states, possible
operator actions and random success/failures of activation of different
systems),
(ii)
model input/output parameters {𝑝𝑘𝑖 } (predicted/used by the models at
earlier/later stages of the framework respectively).
The epistemic (modeling) parameters are treated differently depending on the
degree of knowledge [4], [11].
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(iii)
(iv)

deterministic {𝑑𝑘𝑖 } modeling parameters (internal model parameters)have
complete probabilistic knowledge (i.e. probability distribution).
intangible {𝑖𝑘𝑖 } modeling parameters (internal model parameters). have
incomplete or no probabilistic knowledge, i.e. one can only argue regarding
possible ranges of such parameters.

Grouping and classification of failure scenarios corresponding to the specific initial
plant damage states helps to identify plant vulnerabilities and provides insights into
possible efficient mitigation actions by operator. Failure domain in the space of
deterministic and intangible modeling parameters {𝑑𝑘𝑖 , 𝑖𝑘𝑖 } identifies the need for
improvement of knowledge, modeling and data.
2.2.1. Surrogate models and Full Models
In ROAAM+, the necessary computational efficacy is achieved through extensive
application of Surrogate Models (SMs).
The process of development and validation of the individual surrogate models is the
most important for completeness, consistency, and transparency of the results.
General ideas of the process are illustrated in Figure 6.

Figure 6. Full and Surrogate model development, integration with evidences,
refinement, prediction of failure probability and failure domain identification[2].
ROAAM+ framework employs a two-level coarse-fine analysis and iterative process
of framework refinement in the development of the SMs:
 Initial conditions for FM and SM development and analysis come from the
respective stages of the analysis at the previous stages of the framework
(Figure 5).
 Experimental and other evidences provide a knowledge base for validation of
the FMs and calibration of SMs.
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Full Model (FM) is implemented as detailed fine resolution (computationally
expensive) simulation approach. FMs are used assuming wider possible
ranges of the input parameters:
o To provide better understanding in the key phenomena and
interdependencies.
o To identify transitions between qualitatively different regimes and
failure modes.
o To generate a database of the FM transient solutions.
Surrogate model (SM) is developed as an approximation of the FM model
prediction of the target parameters which employ simplified (coarse
resolution) physical modeling, calibratable closures, or approximations of the
response surface of FM (e.g. using machine learning, such as artificial neural
networks (ANNs) [13]).

This process is iterative in nature and is guided by failure domain analysis, which is
used to identify the needs for further refinement of Full and Surrogate models and
overall structure of the framework.
2.3.

Probability of Failure and Failure Domain

Probability of failure and failure domain are the two main outcomes of forward and
reverse analysis in ROAAM+ Framework [1],[2].
Probability of Failure
Probability of failure is determined by forward propagation of uncertainties through
the framework as illustrated in Figure 7.

Figure 7. Failure Probability in Single Stage Process.
In Figure 7 the epistemic uncertainty in prediction of the load {𝐿𝑖 } and capacity {𝐶𝑖 }
is due to the uncertainty in intangible {𝑖𝑖 } and deterministic {𝑑𝑖 } modelling
parameters characterized by a multidimensional probability density function
{ pdf(𝑑𝑖 , 𝑖𝑖 ) }. The joint distribution of the load and capacity define respective
probability of the consequences { 𝑃𝑖 (𝑐𝑖 )} or, more specifically, the probability of
containment failure {𝑃𝐹𝑖 } in scenario {𝑠𝑖 }.
𝑃𝐹𝑖 = 𝑃(𝐿𝑖 ≥ 𝐶𝑖 ) = ∬
𝐿𝑖 ≥𝐶𝑖

pdf𝐶𝑖 𝐿𝑖 (𝑐, 𝑙)𝑑𝑐𝑑𝑙

(4)
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Figure 8. Failure probability in a multistage framework.
Similarly to Figure 7, the probability of failure {𝑃𝐹𝑖 } can be calculated in a multistage
process, where the set of initial conditions {𝑝𝑘𝑖 } for every consequent model is
predicted by an “upstream” model, as illustrated in the Figure 8. Then, the
probability of failure for every step in the multi-stage process can be calculated using
equation (5).
𝑃𝐹 (𝑠𝑖 , 𝑝𝑁−1𝑖 ) = ∬

pdf(𝑝𝑁𝑖 (𝑠𝑖 , 𝑝𝑁−1𝑖 ))𝑑𝑝𝑁𝑖

(5)

L>C

Failure Domain
The failure domain analysis aims to identify the conditions and explain the reasons
for failure. Identification of the failure domain is a product of the “reverse” analysis
which propagates information about failure “backwards” from the last stage of the
accident progression to the spaces of scenario and model input parameters at the
previous stages of the framework. By identifying and grouping scenarios and
conditions that lead to failure, we can determine and explain the reasons for failure
(in terms of key physics and scenarios) using compact representation of information,
amenable to scrutiny.
In general form, the “Failure Domain” (FD) in the space of scenario and model input
parameters {𝑠𝑖 , 𝑝𝑘𝑖 } is defined as a subdomain where the probability of failure {𝑃𝐹𝑖 }
is larger than a “screening” probability level (𝑃𝑆 ) i.e. (𝑃𝐹𝑖 ≥ 𝑃𝑆 ).
{𝑠𝑖 , 𝑝𝑘𝑖 |pdf(𝑑𝑖 , 𝑖𝑖 )}: 𝑃𝐹 (𝑠𝑖 , 𝑝𝑘𝑖 ) ≥ 𝑃𝑆

(6)

More general definition of failure domains used in ROAAM+ is given in section
2.3.2, in order to account for the treatment of model intangible parameters in the
framework, which is discussed in section 2.3.1.
Screening Probability
ROAAM+ framework employs an extended treatment of safety goals and support for
both possible decisions, either to maintain current SAM strategy as sufficiently
reliable (“possibility” of the containment failure is low) or SAM strategy is not
sufficiently reliable (“necessity” of the containment failure is high) and thus changes
are necessary.
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This is achieved through application of two definitions of screening probability levels
𝑃𝑆 for
 “Possibility” of failure: 𝑃𝑠 =1.e-3.
o According to [3] 𝑃𝑠 =1.e-3 defines the process likelihood as physically
unreasonable and violates well-known reality. Its occurrence can be
argued against positively.
 “Necessity” of failure: 𝑃𝑠 =0.999.
o Is equivalent to statement that possibility that containment doesn’t fail
is low (𝑃𝑠 =1.e-3), i.e. the likelihood of success can be considered as
physically unreasonable which would violate well-known reality, thus
non-failure can be argued against positively.
2.3.1. Treatment of Model Intangible Parameters
In classical ROAAM uncertainty in the intangibles can only be qualitatively
approached, but it can always be bounded [3]. Such bounding approach is, in fact,
similar to the interval analysis [8]. In case of large inherent safety margins, the
bounding approach will not affect conclusions from the risk analysis. However, if
failure probability 𝑃𝑓 is sensitive not only to the ranges but also to the distributions,
then the uncertainty in prediction of 𝑃𝑓 with “conservative” or “optimistic” bounding
assumptions might be too large (e.g. probability of failure can range from 0 to 1 in
both cases), and results would not be suitable for decision making.

Figure 9: Treatment of model intangible parameters in ROAAM+ framework for
Nordic BWR[15].
While ranges of the intangible parameters can be always (conservatively) bounded,
the knowledge about distributions within the ranges is missing (i.e. no probabilistic
knowledge [11]). In order to assess the importance of the missing information about
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the distributions we consider distributions as uncertain (i.e. parameters that
characterize probability distributions are considered as uncertain parameters).
We randomly select a set of distributions of model intangible parameters 𝑝𝑑𝑓𝑘 (𝑖𝑁,𝑖 )
and calculate the value of 𝑃𝐹𝑘 for selected combination of model input (𝑝𝑁−1,𝑖 ) and
scenario parameters ( 𝑠𝑖 ). Repeating this process for every possible set of
distributions of 𝑖𝑁,𝑖 would yield a probability distribution of 𝑃𝐹 , which can be
expressed as complimentary cumulative distribution (tail distribution) of
probability of failure – 𝐶𝐶𝐷𝐹 (𝑃𝐹 (𝑠𝑖 , 𝑝𝑁−1,𝑖 )) (Figure 9).
Repeating the same process for each stage of the framework in the reverse analysis
provides distributions of the failure probability for all possible combination of model
input 𝑝𝑘𝑖 and scenario parameters 𝑠𝑖 .
2.3.2. Failure Domain
Failure domain is defined as the domain of model input and scenario parameters
where the values of 𝑃𝑓 exceed respective screening probability level 𝑃𝑆 . In the
analysis we obtain not a single value of failure probability but a distribution of
possible values of 𝑃𝐹 . Figure 10 shows an example of possible CCDFs of 𝑃𝐹 that can
be obtained in ROAAM+ failure domain analysis. These resultant CCDFs can be
color-coded as follows:
o Green: at most in 5% of the cases 𝑃𝑓 > 𝑃𝑠 , i.e. with 95% confidence the
probability of failure 𝑃𝐹 will not exceed selected screening probability 𝑃𝑠 . If
selected 𝑃𝑠 is sufficiently small, then green domain indicates a combination of
parameters where “failure is physically unreasonable” regardless of the
modeling uncertainties.
o Red: at least in 95% of the cases 𝑃𝑓 > 𝑃𝑠 , i.e. with 95% confidence the
probability of failure 𝑃𝐹 will exceed selected screening probability 𝑃𝑠 . If
selected 𝑃𝑠 is sufficiently large, then red domain indicates a combination of
parameters where “failure is imminent” regardless of the modeling
uncertainties.
o Blue: 𝑃𝐹 exceeds 𝑃𝑠 in 5-50% of the cases.
o Purple: 𝑃𝐹 exceeds 𝑃𝑠 in 50-95% of the cases.
In the blue and purple domains we can neither positively exclude failure nor
conclude that the failure is imminent, due to the uncertainties in the model
deterministic and intangible parameters and their distributions. The two colors were
introduced in order to indicate the domains with relatively higher or lower likelihood
of failure.
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a
b
Figure 10. Complimentary cumulative distribution function of probability of failure
𝐶𝐶𝐷𝐹(𝑃𝐹 ) (a) and an example of the failure domain map (b). [15]
2.4.

Probabilistic Framework Implementation

This chapter presents a brief overview of implementation of the probabilistic
framework in ROAAM+ [15].
The top layer of the ROAAM+ framework is implemented as a set of modules
(ROAAM Driver, FoRevAn and SMS), implemented in MATLAB, with respective
methods and properties to perform forward and reverse analysis for the whole
sequence of casual relationship represented by respective surrogate models (SM).
The schematic diagram of probabilistic framework implementation is illustrated in
Figure 11.
The main functions of ROAAM+ Driver are:

User input processing (list of SMs, framework settings for sampling, type of
analysis, etc.).

Generation of the jobs for sensitivity analysis and uncertainty quantification
in FoRevAn (Forward and Reverse Analysis) based on the user input (e.g.
SM execution order and structure, etc.).
FoRevAn module is responsible for carrying out forward (calculation of failure
probability - 𝑃𝑓 ) and reverse (failure domain) analyses. The main functions of
FoRevAn are:

Execution of the jobs received from the ROAAM+ Driver.
- Coupling between SMs and generation of the general input/output
structure for the whole set of SMs to be used in the analysis.

Generation of the sampling set in the space of model input - 𝑝𝑘𝑖 and scenario
𝑠𝑖 parameters with static/adaptive grid.
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Random generation of the set of the parameters characterizing probability
density functions of model intangible parameters {𝑝𝑑𝑓(𝑖𝑘𝑖 )}.
Generation of the set of multidimensional 𝑝𝑑𝑓(𝑑𝑘𝑖 , 𝑖𝑘𝑖 ), given the
information provided by the user.
Calculation of the probability of failure 𝑃𝐹 .
Failure Domain Analysis.
Model (SM) sensitivity analysis for individual and coupled SMs.

Figure 11. Schematic Diagram of Probabilistic Framework[15].
The execution of individual surrogate models is performed in SMS (Surrogate Model
Sampling) Module, where the main functions are:

Iterative generation of the sampling sets in the domains of model
deterministic and intangible parameters according to 𝑝𝑑𝑓(𝑑𝑘𝑖 , 𝑖𝑘𝑖 ) specified
by FoRevAn module.

Execution of the Surrogate model (generating SM input, running the SM,
and collecting SM output, checking output ranges).

Preliminary analysis of the results for each iteration to check statistical
convergence of the SM output.

Reporting of the SM outputs to FoRevAn module.
2.4.1. Sampling
Within the probabilistic framework we perform the sampling in the space of model
input and scenario parameters {𝑝𝑘𝑖 , 𝑠𝑖 }, deterministic modelling and intangible
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parameters {𝑑𝑘𝑖 , 𝑖𝑘𝑖 } and the space of parameters characterizing probability density
functions of model intangible parameters {𝑖𝑘𝑖 }.
For model input and scenario parameters {𝑝𝑘𝑖 , 𝑠𝑖 }, the grid based sampling is used
in order to provide coverage of the uncertainty space and knowledge about failure
domain location. Note that grid based approach is most adequate when the size of
the failure domain is relatively large (as in the specific application to Nordic BWR
case). If size of the failure domain is small and its location is a-priori unknown,
adaptive sampling (e.g. based on global optimum search) would be more adequate.
In this work we use sampling in the space of model input and scenario parameters
{𝑝𝑘𝑖 , 𝑠𝑖 } on the regular (static) grid, with optional Adaptive Mesh Refinement of the
boundary of the failure domain [21],[22]. Application of the grid based sampling
techniques, in general, is computationally expensive, thus, in order to make failure
domain analysis more efficient, it is necessary to identify a few most influential
parameters. This is done by performing model sensitivity analysis (e.g. using Morris
method [23]) with respect to a) individual models; b) coupled models. Model
sensitivity analysis allows to improve our understanding of the impact of each step
in multi-stage analysis process on the final outcome and on the probability of failure
(e.g. Jet diameter – is the most influential parameter for steam explosion, on the
other hand Jet diameter is predicted by Melt-Ejection SM [68] and defined by the
properties of relocated debris in LP, which in turn depends on the accident scenario
and recovery time of safety systems [51].
It is important to note that we use combined space of {𝑝𝑘𝑖 , 𝑠𝑖 } only for the first model
in the multistage analysis involving several SMs, if only one SM is used, then both
parameter types {𝑝𝑖 , 𝑠𝑖 } are treated in the same manner.
In probabilistic framework the probability space of model intangible parameters is
represented by the joined probability density function that characterize the
uncertain parameters. Currently, two distribution families are implemented in the
framework: (i) Truncated normal distribution[19]; (ii) Scaled beta distribution [20].
Parameters that characterize probability distributions of model intangible
parameters are considered uniformly distributed:
 Truncated normal distribution.
o Mean values – 𝜇 are uniformly distributed on the whole range of
respective parameters.
o Standard deviation – 𝜎 is sampled uniformly on the interval (0.10.25)(b-a).
 Beta distribution.
o Beta distribution shape factors - 𝛼, 𝛽 are uniformly distributed on the
range [0.1,10].
This selection was motivated by the wide variety of different shapes that these
distributions can take. Moreover, if evidence is provided that some values of the
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distribution are more likely than the others, these distributions can be easily updated
to non-uniform, based on the new knowledge, and risk analysis results will be
updated (note that consideration of non-uniform distributions of the parameters
that characterize pdf’s of model intangible parameters is beyond the scope of this
work, and subject of the future research).

a.

b.
Figure 12. Example of randomly generated PDFs with different shape factors or
parameters using (a) Truncated Normal Distribution Family; (b) Beta Distribution
Family.

Sampling in the space of model deterministic and intangible parameters {𝑑𝑖 , 𝑖𝑖 } is
performed using Halton[15][17][18] sequence based on respective probability
distributions. The amount of samples in space of {𝑑𝑖 , 𝑖𝑖 } parameters depends on the
convergence of the SM output.
Currently there are two approaches for sampling in the space of model deterministic
and intangible parameters {𝑑𝑖 , 𝑖𝑖 } implemented in the framework. These approaches
are schematically represented in Figure 13 and briefly discussed below:


Monte Carlo sampling.
- In case of Monte Carlo sampling, the sampling in the space of {𝑑𝑖 , 𝑖𝑖 }
is performed based on the joint PDF, which include randomly
generated PDFs for model intangible parameters. The sampling is
performed for every set of randomly generated PDFs until either
convergence of the resultant distribution is achieved or maximum
amount of samplings is reached, defined for both – amount of
randomly generated PDFs and SM samplings.
- The probability of failure is approximated as the fraction of samples
resulted in failure (load exceeding capacity) for every set of randomly
generated PDFs.
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Importance Sampling.
- In case of Importance sampling, the sampling in the space of {𝑑𝑖 , 𝑖𝑖 } is
performed using uniform distribution. The sampling is performed
until convergence of the resultant SM output distribution is reached or
the max. amount of SM samplings is reached.
- The probability of failure is approximated as the fraction of samples
resulted in failure (load exceeding capacity), where every sample is
weighted by the importance weights derived from the target PDF and
sampling PDF (uniform) [25][26]. The sampling of target PDFs is
performed until either convergence of the distribution of probability
of failure or the max. amount of samples is reached.

Figure 13. Schematic representation of approach for quantification of the
uncertainty in 𝑃𝑓 [15].
2.4.2. ROAAM+ GUI
The graphical user interphase has been developed based on the main modules of the
ROAAM+ probabilistic framework, described in the previous chapters. The software
implementation is designed to facilitate the usage of the main features of the
probabilistic framework, such as model (SM) sensitivity analysis, forward and
reverse analysis, post-processing of the results and results visualization.
Furthermore, it provides a quick access to the major part of the framework execution
settings, problem configuration and surrogate model input files.
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Within this software tool the user can perform:
 Model sensitivity analysis (using Morris method).
o For individual and coupled surrogate models.
 Probabilistic framework execution, which include:
o Forward analysis (for coupled and individual surrogate models).
o Reverse analysis (for coupled and individual surrogate models).
 Generation and visualization of failure domains
o Visualization of failure domains can be performed for failure domains
that include up to 3 scenario/input parameters (0D,1D,2D and 3D).
 Data and analysis results export (probability of failure and all relevant data)
to Excel and other formats, to be used in PSA Software (e.g. Risk Spectrum)
[53], or external software or analyses.

Figure 14. ROAAM+ GUI Interface.
2.5.

Summary

The ROAAM+ probabilistic framework has been developed and implemented as a
code with graphical user interphase (GUI) to facilitate ROAAM+ deployment in
practical safety analysis and provides connection with other safety analysis tools.
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The framework employs an approach to risk quantification in different “state-ofknowledge” situations, where the main goal is reduction of the uncertainty to the
level where remaining uncertainty does not affect a decision.
Iterative application of the probabilistic framework in ROAAM+ aims to guide the
process of uncertainty reduction through coupled experimental and analytical
programs.
The developed framework employs extended treatment of safety goals, that can
provide assessments in support for both possible decisions: (i) current SAM strategy
is sufficiently reliable (“possibility” of the containment failure is low); (ii) SAM
strategy is not sufficiently reliable (“necessity” of the containment failure is high)
and thus changes are necessary.
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3. ANALYSIS OF IN-VESSEL PHASE OF ACCIDENT PROGRESSION
AND MELT RELEASE CONDITIONS WITH MELCOR CODE
Severe accidents (SA) progression in nuclear power plants (NPPs) involve a large
range of complex interacting phenomena and is normally divided into in-vessel and
ex-vessel phases. Analysis of the in-vessel phase of SA progression focuses on the
thermal hydraulic behavior in the reactor pressure vessel (RPV) and primary circuit,
degradation and relocation of the core material, debris bed formation in the lower
plenum, debris bed remelting and interactions with vessel lower head and
structures, such as vessel wall, instrumentation guide tubes (IGTs), control rod
guide tubes (CRGTs), that can result in eventual vessel breach and melt release.
Melt release characteristics provide initial conditions for the ex-vessel phase of SA
progression, which involves phenomena that can threaten containment integrity
(e.g. direct containment heating (DCH), fuel-coolant interactions (FCI), hydrogen
combustion and detonation, molten-core-concrete interaction (MCCI), ex-vessel
debris formation and coolability, etc.).
Assessment of severe accident progression is usually performed by means of SA
analysis computer codes, such as MELCOR [35],[36] and MAAP, and subject to
aleatory uncertainty (e.g. different accident scenarios and human actions, etc.) and
state-of-knowledge or epistemic uncertainty (models, modelling options, sensitivity
coefficients).
SAM strategy in Nordic BWR employs ex-vessel debris coolability. Successful
prevention, mitigation, and management of severe accidents is based on
understanding of several phenomena related to different processes during in-vessel
and ex-vessel phases of accident progression. The main goal of this part of the work
is to evaluate the aleatory and epistemic uncertainty of MELCOR code predictions
of the properties of relocated debris in lower plenum, timing and the mode of vessel
failure and melt release conditions.
3.1.

Nordic BWR MELCOR Model

The Nordic BWR MELCOR model was originally developed to support accident
analysis in power uprated plants with MELCOR 1.8.5. More details can be found in
[37]. This model was subsequently used to generate the input to dedicated vessel
failure analysis models [38]. The Nordic BWR MELCOR model was updated to
MELCOR 2.1 and lower plenum nodalization was refined, in order to provide better
insights regarding the in-vessel phase of accident progression and debris behavior
in the lower plenum, as well as to get better spatial resolution of the lower plenum
debris properties. Current MELCOR model (see Figure 15) describes the Nordic
BWR with thermal power capacity of 3900 MW. The core consists of 700 fuel
assemblies of SVEA-96 Optima2 type – which is divided into five non-uniform radial
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rings and eight axial levels. The vessel is represented by a 6-ring, 19-axial level
control volume geometry.

Figure 15: Nordic BWR MELCOR model COR Nadalization.
MELCOR code versions 1.86 (rev2911), 2.1 (rev7544) and 2.2 (rev9541) were used
for prediction of the accident progression.
3.2.

Severe Accident Scenario

Based on PSA L1 analysis for Nordic BWR reference plant design the core damage
sequences are grouped into 4 plant damage states categories: HS1 (ATWS
sequences), HS2 (core damage due to inadequate coolant inventory make-up), HS3
(core damage due to inadequate residual heat removal) and OT2 (rapid overpressure
of the primary system).
The categories (HS1, HS2, OT2) correspond to early core damage scenarios, HS3
corresponds to late core damage. In addressing ex-vessel behavior and
consequences, the following physical phenomena can challenge containment
integrity: direct containment heating (DCH), ex-vessel steam explosions (EVE) and
basemat penetration (BMP) by non-coolable corium debris. DCH scenario
corresponds to high pressure (HP) accident scenario, steam explosion in the
containment (EVE) corresponds to low pressure (LP) scenario. Both HP and LP will
lead to formation of ex-vessel debris bed and potential corium interaction with
containment basemat. The core damage sequences can be grouped together based
on the aforementioned challenges to the containment integrity as shown in Figure
16. Corresponding frequencies are obtained from PSA L1 data.

Analysis of In-Vessel Phase of Accident Progression and Melt Release Conditions
with MELCOR Code| 27

CDF

OT2
Negligible

HS1 – Core damage due to
inadequate reactor shutdown
HS2 – Core damage due to
inadequate make up coolant/
core cooling
HS3 – Core damage due to
inadequate residual heat
removal
OT2 – Quick overpressure of the
primary system

HS1
Low
Contribution

HS2
High
Contribution

Early CD
~64%

TH
High
pressure

TL
Low
pressure

HS3
High
Contribution

Late CD
~36%

SH
High
pressure

SL
Low
pressure

Figure 16. Plant Damage States Classification.
Severe accident initiated by the station blackout (SBO) was considered in the
analysis presented in this work. A simultaneous loss of the offsite power (LOOP) and
backup diesel generators is assumed, which results in the loss of all water injection
systems and leads to core damage (Figure 17, HS2 Plant Damage State (PDS) – core
damage due to inadequate water inventory makeup). This kind of accident is among
the major contributors to the core damage frequency (CDF) for Nordic BWR
according to the PSA Level 1 analysis, and is one of the most challenging accident
scenarios for BWR’s as illustrated by the Fukushima-Daiichi accident [43],[44].

Figure 17. Block diagram for HS2 Plant Damage States.
3.3.
Computational Platform for Sensitivity and Uncertainty
Analysis
Computational platform to perform sensitivity and uncertainty analysis with
MELCOR code has been developed. The platform is implemented in MATLAB (see
Figure 18) and uses SNAP MATLAB Java libraries [27][28] to perform quick
extraction of the results. Computational platform has an interface for DAKOTA [29]
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software, for sampling generation and statistical analysis of the results. The main
functions of the platform are:
 Sampling generation (using MATLAB Packages, DAKOTA or external data);
 MELCOR Input generation;
 Execution of the MELCOR code on a distributed computing network, which
allows performing theoretically unlimited number of simultaneous threads of
calculations;
 Adaptive refinement of the maximum time step and restarting in case of
crashed calculations;
 Extraction of the data to the database of solutions and post-processing of the
results.

Figure 18. Computational Platform for MELCOR simulations [46].
3.4.

Overview of Morris Method for Global Sensitivity Analysis

Sensitivity analysis that has been extensively used within this work has been
performed using extended Morris method [32] which is a global sensitivity analysis
method that aims to determine which factors may be considered to have major or
negligible effects on model outputs, and identify if there are linear or non-linear
interactions with other factors. In Morris sensitivity analysis parameters are varied
“one-factor-at-a-time” (OAT) and the impact of changing every parameter is
evaluated one-at-a-time, through so called ‘Elementary Effect’ - 𝑑𝑖 (𝑥 𝑗 ):
[𝑓(𝑥 𝑖+1 ) − 𝑓(𝑥 𝑖 )]
𝑑𝑖 (𝑥 ) =
∆
𝑗

(7)
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where 𝑓(𝑥) – is the model function, 𝑥 𝑗 – 𝑗-th input vector, ∆ - variation step, which
is linked to the amount of levels (𝑝) as follows:
𝑝
(8)
2(𝑝 − 1)
When 𝑟 – elementary effects are calculated for each input parameter, it was
proposed by Morris [30] and Campolongo [31],[32] to use two sensitivity measures:
∆=

𝑟

𝜇𝑖 = ∑

𝑟
|𝑑𝑖 |
; 𝜎𝑖 = √∑ (𝑑𝑖 − 𝜇)2 /𝑟
𝑖=1 𝑟
𝑖=1

(9)

where the values of 𝜇𝑖∗ , substantially different from zero, indicate significant overall
influence of 𝑖 𝑡ℎ input; and large values of 𝜎𝑖 indicate possible interactions with other
input parameters and non-linear behavior of the output with respect to the input.
According to [31] the suggested choice for the amount of levels is 𝑝 = 4, and for the
sample size should be at least 𝑟 ≥ 4 . The amount of model evaluations to be
performed is calculated by
(10)
𝑁 = 𝑟 ∗ (𝑘 + 1)
where 𝑘 is the number of input factors.
3.5.

Summary of MELCOR Analysis Results

3.5.1. An Approach
ANSYS/PECM.

for

Coupling

between

MELCOR

and

An approach for coupling between core degradation and relocation and in-vessel
debris coolability and vessel failure frameworks in ROAAM+ for Nordic BWR (see
Figure 5) has been developed [47].
In ROAAM+, core relocation framework predicts the impact of the accident scenario
on the spatial configuration and properties of the debris bed in the lower plenum
[2]. MELCOR code was used as a full model (FM) in the Core Relocation framework
[81]. The debris properties are provided as initial conditions for analysis of in-vessel
debris bed cooling, melt-vessel interactions and vessel failure modes in the Vessel
Failure framework (see Figure 5 and Figure 19). Full deterministic models employed
in the vessel failure framework are DECOSIM and PECM/ANSYS codes. DECOSIM
is a multi-fluid numerical code developed for analysis of the debris bed formation
and cooling [39][40]. Phase-change Effective Convectively Model (PECM)
implemented in ANSYS code is used for calculating thermal loads on the vessel
structures in coupled thermo-mechanical analysis of the melt pool formation and
vessel creep [9][38].
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Figure 19. Severe Accident progression, connection between Core relocation and
Melt-Vessel Interaction/Vessel Failure Frameworks [47].
The approach to coupling between core relocation analysis and vessel failure
analysis is based on post-processing of the results, generated by MELCOR code
using pattern analysis[48][49]. One of the challenges for implementation of the
loose coupling between the frameworks is the definition of the timing for transition
from one stage to another such that the changes in debris configuration due to
continuing relocation of the remaining debris after the transition should have no
significant effect on the vessel failure analysis. We use pattern analysis in order to
characterize transient behavior of different accident scenarios. Scenarios with
similar debris relocation patterns and debris properties are grouped into clusters.
The analysis of the results generated by MELCOR code (Figure 20) showed that in
~97% of the cases over 75% of the total relocated mass of the debris relocates during
a relatively short time window (~30-90 minutes) followed the core support plate
failure timing (𝑇𝑟𝑒𝑓 ). Thus, the timing of transition from the core relocation to vessel
failure analyses in ROAAM+ was determined as 𝑇𝑡𝑟 = 𝑇𝑟𝑒𝑓 + 60𝑚𝑖𝑛. At this point in
time the major part of core material is already relocated to the LP, but, on the other
hand, the thermal loads produced by relocated debris are still small [47].
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Figure 20. Debris Mass in LP (kg). a) as a function of time b) as a function of
activation time of ADS and ECCS [47].
3.5.2. In-vessel phase of accident progression in Nordic BWR
The analysis of the effect of severe accident scenario (defined in terms of the timings
of safety systems activation and recovery (ADS and ECCS timings)) on the in-vessel
phase of severe accident progression and resultant properties of relocated debris in
the lower plenum of Nordic BWR has been performed using MELCOR code
(versions 1.86 (rev2911), 2.1 (rev7544) and 2.2 (rev9541)).

Figure 21. Block diagram for HS2 PDS and recovery of ADS and ECCS.
In the analysis we employ uniform mesh sampling in the space of possible severe
accident scenarios represented by the timings combinations of ADS and ECCS
recovery, which results in 120 unique combinations, where ADS and ECCS recovery
time is uniformly sampled between 1200 and 10000sec after the initiating event.
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Based on the sensitivity analysis results, presented in [46], the MELCOR maximum
time step can affect the code predictions and it is difficult to obtain convergence with
respect to the time step. The maximum time step (MTS) has some non-negligible
effect on the extent of core oxidation, which is linked to the amount of hydrogen
produced and the extent of debris oxidation. Such effect can be caused by the
complex non-linear interactions between physical models in MELCOR and
thresholds for transition from one regime to another. Thus, in the analysis we
considered 4 different values (except MELCOR 1.86, where only two values were
considered) of the maximum time step (0.01,0.1,0.5,1sec). The results of the
simulations are presented in the form of median values of the MELCOR predicted
quantities, obtained with different values of the maximum time step.

a.

b.

c.
Figure 22. Debris Mass in Nordic BWR Lower Plenum at 𝑇𝑡𝑟 as a function of ADS
and ECCS recovery time obtained with (a). MELCOR 1.86. (b) MELCOR 2.1. (c)
MELCOR 2.2.[51].
Results presented in Figure 22 illustrate the mass of relocated debris in the LP at the
time of transition (𝑇𝑡𝑟 ) – which is defined as the time of core support plate failure
𝑇𝑟𝑒𝑓 plus 3600sec, this value was chosen based on the pattern analysis performed in
[47], and used as a time point for providing initial conditions from MELCOR code
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to DECOSIM [39] and ANSYS/PECM [38] codes used for analysis of in-vessel debris
coolability and vessel failure mode respectively (see [47] for details). Note that the
vessel breach condition was not implemented in the analysis, since the analysis is
expected to provide the initial conditions for ANSYS/PECM and DECOSIM models.
The results show that the total amount of the debris in the LP and its properties are
very sensitive to the timings of safety systems activation and recovery:
 Delay in activation of ADS can significantly delay massive core relocation into
the LP (see Figure 22).
 Delay in activation of ADS result in significant increase the extent of core and
debris oxidation (see Figure 23);
 ECCS is effective in preventing massive core relocation only within a
relatively small time window after activation of ADS (applies only to
MELCOR versions 1.86 and 2.1).
 Massive relocation into the LP can be avoided by latter activation of ADS
system and recovery of the onsite power or external grid within ~5000
seconds after the initiating event (in MELCOR versions 1.86 and 2.1, up to
~10000 sec for MELCOR 2.2).
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Figure 23. Hydrogen mass generated during the accident as a function of ADS time
and ECCS time obtained with (a). MELCOR 1.86. (b) MELCOR 2.1. (c) MELCOR
2.2. [51].
The results of the analysis showed that the MELCOR code versions 1.86 and 2.1
generate qualitatively similar results and the most of the differences between the
code versions (1.86, 2.1) can be explained by the changes in the modelling of the fuel
rod collapse. MELCOR 1.86 employs temperature threshold for oxidized fuel failure,
while MELCOR 2.1 employs more advanced “time-at-temperature” model developed
during SOARCA study [42].
We found a significant difference in predictions of the total debris mass, time of core
support plate failure between MELCOR code versions 1.86/2.1 and 2.2. MELCOR
2.2 predicts that in scenarios with late depressurization (in the range of ~4000-7000
sec.) and reflooding it is possible to prevent massive core relocation into the LP and
effectively stop accident progression. The possible explanations for this difference
are (i) changes in the modelling of degradation of the core components (e.g. canister
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degradation and candling) (ii) changes in the Lipinski dry-out model, which is not
used above the core support plate in MELCOR 2.2.
From the severe accident scenario perspective, all MELCOR code versions predict
that a delay in depressurization, followed by water injection can significantly delay
failure of the core support plate and debris relocation to the lower plenum. Based on
the results, the accident can be stopped and debris can be quenched in the core
region up to ~1h after initiating event in MELCOR 1.86, ~1.5h in MELCOR 2.1 and
over ~2.5h after initiating event in MELCOR 2.2. This can provide valuable insights
into the time available to operators for recovery of safety systems that provide the
possibility of arresting the core within the reactor pressure vessel, and hence provide
the best possibility to limit the releases. The human reliability analysis regarding
recovery actions is based on the available time for the operator action. It can be noted
that the dominating sequences for loss of feedwater from PSA level 1 are due to loss
of external power supply and failure of back-up power systems. The time for
possibility of manual recovery of back-up power systems and the time for possibility
of return of off-site power are therefore very important for the quantitative results
in PSA.
Sensitivity analysis using extended Morris method [30][31] [32] has been performed
for a set of representative cases with:
(i) early activation of automatic depressurization system - ADS (ADS Time –
1500sec) and late power recovery and activation of emergency core cooling
system - ECCS (ECCS Time – 10000sec) activation (Case A)
(ii) late ADS (ADS Time (10000sec) and late ECCS (ECCS Time – 10000sec)
activation (Case B). These scenarios represent a typical behavior of accident
progression with early and late depressurization and late water injection.
Sensitivity analysis was performed in order to address the effect of the MELCOR
modeling uncertainties on the processes of core degradation and relocation, and
resulting properties of relocated debris in the lower plenum of a Nordic BWR in
different accident scenarios.
Two different MELCOR code versions, i.e. MELCOR 2.1 rev7544 and MELCOR 2.2
rev9541 were used in order to address the effect of new models and modeling
improvements on the codes predictions. The list with parameters and correspondent
ranges selected for MELCOR sensitivity study is summarized in Table 1.
Table 1. Selected MELCOR parameters and their ranges.
Parameter name
Range
Particulate Debris Porosity (PDPor)
Velocity of falling debris (VFALL)
LP Particulate debris equivalent diameter
(DHYPDLP)
Molten Cladding (pool) drainage rate (SC11412)

Units

[0.3-0.5]
[0.01-1.0]

m/s

[0.002-0.005]

m

[0.1-2.0]

kg/m-s
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Molten Zircaloy melt break-through temperature
(SC11312)
Time Constant for radial (solid) debris relocation
(SC10201)
Time Constant for radial (liquid) debris relocation
(SC10202)
Heat transfer coefficient from in-vessel falling
debris to pool (CORCHTP)
Radiation Heat Transfer Parameters (FCELRA)
Refreezing Heat Transfer Coefficients for Zr
(HFRZZR)
Refreezing Heat Transfer Coefficients for SS&CP
(HFRZSS)

[2100-2540]

K

[180-720]

sec

[30-120]

sec

[200-2000]

W/m2-K

[0.1-0.25]

-

[1000-7500]

W/m2-K

[1000-2500]

W/m2-K

Figure 24 and Figure 25 show the scaled Morris sensitivity indices (green curve) for
the mass of relocated debris in LP at the time 𝑇𝑡𝑟 and the mass of hydrogen generated
during the transient simulation.
The results of sensitivity analysis are presented in parallel coordinates plots, where
scaled Morris 𝜇̅𝑖 = 𝜇𝑖 /𝜇max values are plotted for every parameter considered in this
study. The values substantially different from zero, indicate significant overall
influence of the respective input parameter on the output.

Figure 24. Sensitivity of lower plenum debris mass to modelling parameters in
MELCOR (2.1,2.2). Solid curves with square markers correspond to MELCOR 2.1
results, dashed curves with diamond markers correspond to MELCOR 2.2
results.[50]
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The results show that the importance of MELCOR modelling parameters depends
on the severe accident scenario and system response quantity. For example, if we
consider the mass of relocated debris in the LP (Figure 24 and Figure 26), in Case A
the most influential parameters (Morris 𝜇̅ value closer to 1) are the molten Zircaloy
melt break-through temperature (SC1131-2), time constant for radial solid & liquid
debris relocation (SC1020-1&2) and refreezing heat transfer coefficient for stainless
steel and control poison (HFRZSS) in MELCOR 2.1 & MELCOR 2.2 together with
particulate debris porosity (PDPor), velocity of falling debris (VFALL) in MELCOR
2.1.
In Case B the most influential parameter is SC1131-2 in MELCOR 2.1, while in
MELCOR 2.2 the most influential parameters are the molten cladding/pool drainage
rate (SC1141-2) and refreezing heat transfer coefficients (HFRZZR) and (HFRZSS).
For the hydrogen mass generated during the accident (Figure 25 and Figure 27), in
Case A the most influential parameters are PDPor, SC1141-2 and SC1020-1 in
MELCOR 2.1, and PDPor in MELCOR 2.2. In Case B the most influential parameters
are SC1141-2 and SC1131-2 in both code versions.

Figure 25. Sensitivity of Hydrogen Mass generate during the accident to modelling
parameters in MELCOR (2.1, 2.2). Solid curves with square markers correspond to
MELCOR 2.1 results, dashed curves with diamond markers correspond to
MELCOR 2.2 results.[50]
Furthermore, it is instructive to note that the shape (trend) of the scaled Morris 𝜇̅
curves is qualitatively similar between MELCOR 2.1 and 2.2. The differences in the
values is due to the effect of the differences between MELCOR models used in
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MELCOR 2.1 and 2.2 (e.g. canister material candling logic, Lipinski dry-out
model,[45]). This effect is also illustrated in Figure 26 and Figure 27. The
uncertainty in the MELCOR predictions is significantly larger in MELCOR 2.2
compared to MELCOR 2.1.

Figure 26. Box-and-whisker plot of relocated debris mass in LP(kg).1 [50]

Figure 27. Box-and-whisker plot of hydrogen mass generated (kg).1 [50].
Figure 28 illustrate the overall effect of the MELCOR modelling parameters on the
different system response quantities (debris mass in LP (kg), hydrogen mass
generated (kg), mass fraction of metallic debris in LP (kg), etc. ) in form of mean
value of the Morris 𝜇̅ values obtained for different MELCOR predicted quantities.
The values closer to 1 indicate higher overall importance of the parameter on the
results.

Whiskers lengths are calculated according to 𝑞1 ± (𝑞3 − 𝑞1 ), where 𝑞1 and 𝑞3 are 0.25 and 0.75
quantiles of the distribution.
1
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The results indicate that the parameters that contribute the most to the uncertainty
in the results are the porosity of particulate debris (PDPor), refreezing heat transfer
coefficient for stainless steel, control poison materials in candling model (HFRZSS),
molten pool/cladding drainage rate (SC1141-2) and molten zircaloy melt breakthrough temperature (SC1131-2). Other parameters considered in present study
have either moderate or small influence on the results.

Figure 28. Overall effect of MELCOR modelling parameters (Green dashed – Case
A M2.1, blue dashed – Case B M2.1, red dashed – Case A M2.2, black dashed –
Case B M2.2, green solid – M2.1 (Case A+B), blue solid – M2.2 (Case A+B))[50].
3.5.3. Vessel Failure Mode and Melt Release Conditions
Analysis of vessel lower head failure and melt release conditions was performed with
MELCOR 2.1 (rev.7544) for unmitigated station blackout scenario (SBO) with and
without depressurization (SBO LP and SBO HP – respectively), with aim to find
possible limiting factors that can affect melt release conditions from the vessel in the
design, scenarios, or phenomena. This was achieved through extensive sensitivity
and uncertainty analyses.

Figure 29. Block diagram for SBO LP and SBO HP accident scenarios.
In the analysis, lower head penetrations and correspondent failure modes were only
modelled for instrumentation guide tubes (IGTs), since, according to [63] and
Nordic BWR design, the control rod drive housing support located under the vessel
limits downward displacement of control rod drive tubes (CRGTs) to approximately
3cm, while the thickness of the vessel lower head is around 20cm, therefore the
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scenario with ejection of CRGTs was not considered. Furthermore, in the analysis
we assume two options for IGT failure, i.e. we assume that either 25% or 100% of
IGTs would fail in every radial ring (EIGT25 and EIGT100), once correspondent
failure criterion is reached, to account for inherit randomness of the process and
possible clamping of IGTs due to, for instance, vessel lower head deformation, which
was demonstrated in [64].
After vessel lower head failure the MELCOR assumes two options for debris ejection
from the vessel, provided by so called solid debris ejection switch (IDEJ)[35][36]:




In the default option (ON, IDEJ = 0), the masses of each material available
for ejection are the total debris and molten material masses, regardless of
whether or how much they are molten.
In the second option (OFF, IDEJ = 1), the masses of Steel, Zircaloy, and UO2
available for ejection are simply the masses of these materials that are molten;
the masses of steel oxide and control poison materials available for ejection
are the masses of each of these materials multiplied by the steel melt fraction,
based on an assumption of proportional mixing; the mass of ZrO2 available
for ejection is the ZrO2 mass multiplied by the Zircaloy melt fraction.
Additionally, the mass of solid UO2 available for ejection is the Zircaloy melt
fraction times the mass of UO2 that could be relocated with the Zircaloy as
calculated in the candling model using the secondary material transport
model [35][36].

In is instructive to note, that in case of gross failure of vessel wall, it is assumed that
all debris in the bottom axial level of the corresponding ring, regardless its state, is
discharged linearly over 1s time step without taking into account failure opening
diameter.
In total 8 sets of MELCOR code runs (8x247 cases), considering the code uncertain
parameters (Table 2), were performed for combinations of:
- two accident scenarios (SBO LP and HP),
- two different modelling options of penetration failure (EIGT25 and EIGT100)
and
- two melt release options in MELCOR code (IDEJ0 and IDEJ1).
Note that, the results in the discussion are denoted as e.g. EIGT100 IDEJ0 LP –
which corresponds to: SBO LP scenario with assumption that 100% of penetrations
would fail (EIGT100) and solid debris ejection – on (IDEJ0).
Table 2. Selected MELCOR parameters and their ranges.
Parameter name
Range
Particulate Debris Porosity (PDPor)
[0.3-0.5]
Debris
LP Particulate debris equivalent
[0.002Properties
diameter (DHYPDLP)
0.005]
Time Constant for radial (solid) debris
[180relocation (SC10201)
720]

Units
[-]
m
sec
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Radial and Axial
Debris
Relocation

Candling Model

Vessel Failure
Modelling

Time Constant for radial (liquid) debris
relocation (SC10202)

[30-120]

sec

Velocity of falling debris (VFALL)

[0.011.0]

m/s

[21002540]

K

Molten Zircaloy Melt Break Through
Temperature (SC1131-2)
Molten cladding/pool drainage rate
(SC1141-2)
Refreezing heat transfer coefficient for
Zircaloy (HFRZZR)
Refreezing heat transfer coefficient for
stainless steel, control rod poison
material (HFRZSS)
Heat transfer coefficient from debris to
penetration structures (HDBPN)
Penetration Failure Temperature
(TPFAIL)

[0.1-2.0] kg/m-s

Fraction of strain at which lower head
failure occurs (SC1601-4)

[10007500]

W/m2K

[10002500]

W/m2K

[1001000]
[12731600]
[0.16
0.20]

W/m2K
K
[-]

Figure 30 illustrates the timing of vessel breach, which is distributed in relatively
wide range, starting from ~6000sec up to 20000sec with median value equal to
~18000sec after initiating event in high pressure scenario, and from ~5500sec up to
19000sec with median value equal to ~13000sec after initiating event in lower
pressure scenario.

Figure 30. Vessel beach time 𝑇𝐵𝑅𝐶𝐻 (sec)[52].
According to sensitivity analysis results, presented in Figure 31, the most influential
parameters are PDPor, VFALL, SC1141-2 and HDBPN in high pressure scenario
(SBO HP), and PDPor, DHYPDLP, DHBPN and TPFAIL in low pressure scenario
(SBO LP).
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Figure 31. Sensitivity of vessel breach time 𝑇𝐵𝑅𝐶𝐻 (sec).[52]
It should be noted that in ~99% of the cases in high pressure scenario and 100%
cases in low pressure scenario (see Figure 33), the first mode of vessel breach was
penetration failure, and only in ~1% of the cases in high pressure scenario i.e. creeprupture occurred prior to penetration failure.
Note that vessel lower head wall can fail in MELCOR code either due to creeprupture which can occur as a result of mechanical loading under conditions of
material weakening at elevated temperatures, or when the temperature of the
bottom lower head node exceeds the penetration failure temperature TPFAIL
defined by the user. Figure 32 shows the distributions of the timing of the vessel
lower head failure in different accident scenarios and the fraction of scenarios that
resulted in this mode of failure.

Figure 32. Timing of the vessel LH wall failure - 𝑇𝑉𝐹 (sec). [52]
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The results show that the timing of vessel lower head wall failure is distributed in
relatively wide range. The median in most of the cases is approximately around
20000sec after initiating event.
There is significant effect of the solid debris ejection mode (IDEJ) on the results. In
case of solid debris ejection – on (IDEJ 0), approximately 34% of high pressure and
22% of low pressure scenarios resulted in vessel lower head wall failure, however in
case of solid debris ejection – off (IDEJ 1) 100% of the simulation performed resulted
in this mode of failure. The effect of total breach area for the penetration failure
(EIGT25 vs EIGT100), has very little effect on the timing and the probability of vessel
lower head failure.
The MELCOR code predicts that if vessel lower head wall failure occurs, it happens
on average ~6000 sec after initial vessel breach due to penetration failure in one of
the radial rings, regardless of the accident scenario (Figure 33). Moreover, solid
debris ejection mode (IDEJ) has significant effect on the uncertainty in the timing
of vessel LH wall failure, i.e. in case of (IDEJ 1) it is in the range of [3000-10000]sec,
while in case of (IDEJ0) it ranges from 3000sec up to approximately 20000sec after
𝑇𝐵𝑅𝐶𝐻 .

Figure 33. Time delay between 𝑇𝑉𝐹 and 𝑇𝐵𝑅𝐶𝐻 (sec). [52]
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Figure 34. Debris mass in the LP at 𝑇𝑉𝐹 (kg). [52]
Figure 34 suggest that in case of (IDEJ0) the major part of the in-vessel debris is
ejected from the vessel and the mass remaining at the time of vessel creep rupture is
in the range from 0 to 50 tons for high pressure scenario and up to 100tons for low
pressure scenario with respective median values equal to ~15 and 20 tons. In case of
solid debris ejection off (IDEJ1) the ejected mass is limited to the molten materials
and the mass that remains in-vessel is significantly higher, ranging from ~175 tons
to almost 300 tons, with median values equal to ~250 and 225 tons for high and low
pressure scenarios respectively.

Figure 35. Mass averaged temperature of the debris in the LP at the time of vessel
LH wall failure (K). [52]
Figure 35 shows the mass averaged temperature of the debris in the lower plenum
at the time of vessel lower head wall failure. The temperature of the LP debris is
significantly lower in scenarios simulated with solid debris ejection – on (IDEJ0)
compared to (IDEJ1), e.g. in case of IDEJ0 the median value is ~1500 K while in case
of IDEJ1 the median value is ~2200 K, which means that the major part of stainless
steel and metallic zirconium will be molten at the time of vessel wall failure. On the
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other hand, the temperature is below 2500 K in most of the cases, which means that
the mass of molten oxides will be small and mostly represented by stainless steel
oxide.
The results presented in Figure 32, 34 and 35 show that there is significant difference
in melt release conditions between scenarios simulated with solid debris ejection –
on (IDEJ0) compared to scenarios simulated with solid debris ejection – off (IDEJ1).
Figure 36 illustrate the results of pattern analysis performed for the mass of ejected
debris for SBO LP scenario with EIGT100 with solid debris ejection (IDEJ) switch
on (a) and off (b). The pattern analysis was performed based on the fraction of
ejected debris mass in different time frames during melt release as described in [47].
The results presented in Figure 36 show the most typical pattern for debris ejection
from the vessel with solid debris ejection on and off.
In case of solid debris ejection – on (see Figure 36a), the in-vessel debris is ejected
gradually over long period of time, while in case of solid debris ejection – off – the
major part of in-vessel debris is ejected approximately at 4000-5000 sec after the
onset of melt release from the vessel, during a very short period of time. It is
instructive to note that 4000-5000 sec after the onset of melt release is the time
when the vessel lower head failure is predicted by MELCOR code for EIGT100IDEJ1-LP scenario, as illustrated in Figure 33.
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a.

b.
Figure 36. Typical debris ejection patterns in LP scenario with EIGT100 and solid
debris ejection (IDEJ) a) – on; b) – off; (black curves – represent moving averages
over all scenarios in the respective patterns).
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a.

b.
Figure 37. Moving average of a) debris ejection rate (with solid debris ejection –
on) (kg/s); b) debris ejection rate (with solid debris ejection – off) (kg/s) [52].
Figure 37 show the summary of the results of melt release from the vessel as a
function of time as predicted by MELCOR code for different accident scenarios
(high/low pressure), debris ejection mode (solid debris ejection On/Off) and
penetration modelling option (EIGT25 vs. EIGT100). The results are presented
starting from the time of the onset of the release (𝑇𝑅𝐸𝐿 ) as a moving average of the
time dependent data (in total 247 cases).
The results show that there is significant effect of solid debris ejection mode (IDEJ).
In case of solid debris ejection – on (IDEJ 0, see Figure 37a) – the ejection starts
with approximately 200-300 kg/s for the first 100 seconds of the release, slightly
increasing in case of EIGT100. Then, in case of low pressure scenario (LP) in both
cases with EIGT25 and EIGT100 – the ejection rates on average slowly decrease over
time, while in high pressure scenario (HP) the ejection rate start to increase again
after 1000 sec, up to ~100 kg/s. The ejection rate drops sharply after 7000-9000 sec
after initiation of the release, to the values of several kilograms per second.
Note that the results (moving average) presented in Figure 37 should be considered
as indicative and aim to illustrate the statistical trends in timing and magnitudes of
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releases in different scenarios, rather than actual values of instantaneous
melt/debris ejection rate. Dripping release mode, or rapid changes in release rate
over small periods of time are smeared in the time averaging process of a large
number of time dependent scenarios. A more adequate way to represent
characteristics of individual releases can be the mass averaged debris ejection rate
(kg/s), presented in Figure 38.

Figure 38. Mass averaged debris ejection rate (kg/s). [52]
The results show that the effect of solid debris ejection model has the dominant effect
on the mass release rates from the vessel. The effect of the opening area (EIGT25
and EIGT100) is noticeable, but only in case of solid debris ejection – on (IDEJ 0),
where the larger opening area results in larger values of mass and energy release
rates. The effect of severe accident scenario has also noticeable effect only in case of
solid debris ejection – on (IDEJ 0), where the high pressure scenario results in
slightly smaller median values of the mass and energy release rates compared to the
low pressure scenario.
Other MELCOR modelling parameters also have noticeable effect on the results.
Figure 39 shows the sensitivity indices of the mass averaged debris ejection rate. In
case of solid debris ejection – on (IDEJ 0) – the most influential parameters are
TPFAIL and HDBPN in low pressure scenario, and HDBPN and SC1020-1 (only in
EIGT100) in high pressure scenario. In case of solid debris ejection – off (IDEJ 1)
the most influential parameter is VFALL in both accident scenarios and both
penetration modelling options considered in the analysis.
It should be noted, that in-vessel – ex-vessel pressure difference does have a slight
effect on initial debris ejection rate, but only in case of solid debris ejection – on
(IDEJ0), where the medium release rates can reach ~600-700kg/s for high pressure
scenario.
The dominating effect of VFALL in case of IDEJ1 can be explained by the modelling
of vessel lower head wall failure in MELCOR code. As it was demonstrated in Figure
34 – in case of IDEJ1 100% of scenarios simulated result in eventual vessel lower
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head wall failure, and the mass of the in-vessel debris is in the range from ~200 to
300 tons. Note, that the debris ejection rate is limited only by (i) the amount of the
debris in the cell with failed vessel LH segment and (ii) debris supply to the failure
location – which is majorly controlled by VFALL [33],[34].

Figure 39. Sensitivity of the mass averaged debris ejection rate (kg/s). [52]
We found that the solid debris ejection mode (IDEJ) in MELCOR code have the
dominant effect on the mode of failure and melt release from the vessel. In case of
solid debris ejection – off (IDEJ 1, i.e. only molten materials can be released), 100%
of the cases simulated with MELCOR code resulted in eventual failure of the vessel
lower head wall, on average ~7000sec after initial vessel breach due to penetration
failure, while in case of solid debris ejection – on (IDEJ 0) only 22-34% (in low and
high pressure scenarios respectively) of the cases resulted in the vessel LH wall
failure. The median value of the in-vessel debris mass at the time of vessel lower
head wall failure (in case of IDEJ 1) is ~250 tons, which means that only small
amount of the debris has been released through the failed penetrations before the
vessel LH wall failure; on the other hand, there are significant amounts of molten
metallic debris remaining in-vessel at the time of vessel LH wall failure. This can be
explained by the assumption that particulate debris will sink into a molten pool,
displacing the molten pool volume upwards.
In case of solid debris ejection – on, the release of both solid and liquid debris can
start once there is a small fraction of molten material in a cell adjacent to a failed
penetration. The release frees a volume in the cell making it available for debris
relocation from the axial levels located above. This mechanism results in continuous
supply of hot solid debris + melt mixture that can be gradually released from the
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vessel, and it is limited by the failure opening area and debris supply to the failure
location.
3.5.4. Melt Ejection Surrogate Model
Uncertainty analysis in ROAAM+ framework requires a large number of model
executions. In order to make computational costs feasible, the model should be
sufficiently fast, and accurate. For this reasons “surrogate models” SMs are
developed and used in ROAAM+ framework for Nordic BWR. SM is an
approximation of the full model predictions of the target parameters. The Melt
Ejection Mode (MEM SM) surrogate model has been developed using regression tree
learning [76].
Regression tree learning applies so called recursive partitioning of the global input
space into smaller sub-domains, where simple models can be applied. The global
predictive model has two parts: (i) the recursive partitioning, and (ii) a model for
each final cell (leaf node) of the partition (regression tree).
In this work the regression trees were trained on the post-processed results of
MELCOR code analysis of vessel failure mode and melt release conditions in
unmitigated station blackout scenario with depressurization (SBO LP) [78]. This
scenario corresponds to HS2-TL4 plant damage state in PSA L1. Fraction of failed
penetrations and debris ejection mode (solid debris ejection switch) are treated as
splinters [3] in ROAAM+ considering the (i) high sensitivity of MELCOR results to
the selection of these parameters and (ii) lack of knowledge about them.
Splinter scenario in ROAAM [3] is defined as a scenario where relevant epistemic
uncertainties are beyond the reach of any reasonably verifiable quantification.
Thus, in total 4 different splinter scenarios, with respective surrogate models are
considered in the analysis:





Solid debris ejection – on (IDEJ0) with 100% of IGTs ejected at
failure in respective radial ring (EIGT100 IDEJ0 LP)
Solid debris ejection – off (IDEJ1) with 100% of IGTs ejected at
failure in respective radial ring (EIGT100 IDEJ1 LP).
Solid debris ejection – on (IDEJ0) with 25% of IGTs ejected at
failure in respective radial ring (EIGT25 IDEJ0 LP).
Solid debris ejection – off (IDEJ1) with 25% of IGTs ejected at
failure in respective radial ring (EIGT25 IDEJ1 LP).

penetration
penetration
penetration
penetration

In Figures 40-43 we show the results in form of respective cumulative distribution
functions (CDFs) of different MEM SM response quantities generated with random
sampling of MEM SM in ROAAM+ Framework. The results are compared to the
original MELCOR data distribution, obtained with random sampling of the
MELCOR code [79].
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The results show that the MEM SM reproduces the distributions of the different
characteristics of melt release from the vessel (e.g. Jet radius - RPARN (mm) and Jet
velocity – UPIN (m/s)) in Nordic BWR in different splinter scenarios. This feature
of the SM is crucial for the risk analysis. The results show that in some cases the
MEM SM slightly underestimates the tails of the distribution, however these
discrepancies can be taken into account by application of the approaches for
quantification of the uncertainty due to SM approximation of FM [80].
One of the disadvantages of application of the regression trees is a non-smooth
response, which is observable on the plots – blue lines on Figures 40-43. However,
it does not affect significantly the statistical result. Smoothness can be achieved by
increasing a number of leaf nodes in the tree. However, it might lead to overfitting,
and overall reduction of predictive capability of the model.
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Figure 40. Cumulative distribution of
MEM SM (red) EIGT100-IDEJ1-LP;
(blue) EIGT100-IDEJ0-LP predictions
of RPARN (jet radius (m)) compared to
cumulative distribution of original data.

Figure 42. Cumulative distribution of
MEM SM (red) EIGT100-IDEJ1-LP;
(blue) EIGT100-IDEJ0-LP predictions
of UPIN (jet speed (m/s)) compared to
cumulative distribution of original data.

Figure 41. Cumulative distribution of
MEM SM (red) EIGT25-IDEJ1-LP;
(blue) EIGT25-IDEJ0-LP predictions of
RPARN (jet radius (m)) compared to
cumulative distribution of original data.

Figure 43. Cumulative distribution of
MEM SM (red) EIGT25-IDEJ1-LP;
(blue) EIGT25-IDEJ0-LP predictions of
UPIN (jet speed (m/s)) compared to
cumulative distribution of original data.
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4. RISK ASSESSMENT OF EX-VESSEL STEAM EXPLOSION USING
ROAAM+ FRAMEWORK FOR NORDIC BWR.
4.1.

Surrogate Models Overview

In this section a brief overview of the surrogate models used in the analysis is
presented.
4.1.1. Melt Ejection Mode Surrogate Model
Melt ejection mode surrogate model (MEM SM) is based on the MELCOR analysis
results of vessel failure mode and melt release conditions in Nordic BWR [78]. The
MEM SM is built for the unmitigated SBO scenario with depressurization, which
corresponds to HS2-TL4 plant damage state (core damage due to inadequate coolant
inventory make-up, low system pressure) in PSA L1 for Nordic BWR. We consider 4
splinter scenarios discussed in Section 3.5.4
The list of MEM SM input parameters and their ranges is presented in Table 3. The
list of MEM SM outputs and their ranges is presented in Table 4.
Table 3. MEM SM input parameters and their ranges.
Parameter name
Range
Particulate Debris Porosity (PDPor)
[0.3-0.5]
[0.002LP Particulate debris equivalent diameter (DHYPDLP)
0.005]
Time Constant for radial (solid) debris relocation
[180(SC10201)
720]
Time Constant for radial (liquid) debris relocation
[30-120]
(SC10202)
[0.01Velocity of falling debris (VFALL)
1.0]
Molten Zircaloy Melt Break Through Temperature
[2100(SC1131-2)
2540]
Molten cladding/pool drainage rate (SC1141-2)
[0.1-2.0]
Refreezing heat transfer coefficient for Zircaloy
[1000(HFRZZR)
7500]
Refreezing heat transfer coefficient for stainless steel,
[1000control rod poison material (HFRZSS)
2500]
Heat transfer coefficient from debris to penetration
[100structures (HDBPN)
1000]
[1273Penetration Failure Temperature (TPFAIL)
1600]
Table 4. MEM SM output parameters and their ranges.
Parameter name
Range
Lower drywell pool depth
[2-9]
Lower drywell pressure
[1.e5-5.5e5]

Units
[-]
m
sec
sec
m/s
K
kg/m-s
W/m2K
W/m2K
W/m2K
K

Units
M
Pa
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Lower drywell pool temperature
Jet radius
Melt inlet temperature
Initial jet velocity

[293-393]
[0.035-0.3]
[1700-3200]
[0-8]

K
m
K
m/s

It is important to note that current ex-vessel steam explosion surrogate model (SEIM
SM, see references [72][73] for details) is implemented to predict steam explosion
loads on the containment assuming single melt jet, without taking into account
possibility of multiple jet release. Thus, current implementation of the MEM SM is
limited to melt release conditions (such as jet radius, initial jet velocity) per single
jet. More details on assumptions and limitations of current implementation of the
MEM SM can be found in [68].
4.1.2. Ex-Vessel Steam Explosion Surrogate Model
A fast running surrogate model (SEIM SM) has been developed for the assessment
of the risk of containment failure due to steam explosion (more details about SM
implementation, data base of TEXAS-V code solutions can be found in [72][73]). The
surrogate model is based on TEXAS-V code results, and developed using deep (2
hidden layers) Multilayer Perceptron Artificial Neural Network (ANN) [72][73]. The
ANN predicts impulses which correspond to certain percentiles of the impulse
distribution for given melt release characteristics (see the list of the parameters in
Table 5) and arbitrary triggering time[72][73].
Table 5. SEIM SM input parameters and their ranges.
Parameter name
Range
Water level (XPW)
[2-9]
System pressure (PO)
[1.e5-5.5e5]
Water temperature (TLO)
[288-368]
Initial Jet radius (RPARN)
[0.035-0.3]
Fuel heat capacity (CP)
[350-490]
Fuel density (RHOP)
[7500-7900]
Fuel latent heat (PHEAT)
[2.6e5-3.0e5]
Fuel melting temperature (TMELT)
1700
Fuel inlet temperature (TPIN)
[1710-2800]
Melt release velocity (UPIN)
[1-8]
Fuel thermal conductivity (KFUEL)
[2-32]
Proportionality constant for the rate of fuel fine
[2.e-3-2.7e-3]
fragmentation (CFR)
Fragmentation time (TFRAGLIMIT)
[0.5e03-2.5e-3]

Units
m
Pa
K
m
J/kg*K
kg/m3
J/kg
K
K
m/s
W/m*K
s

Note that since MELCOR code in most of the cases predicts melt release
temperatures below 2500-2700K [52][68] we assume mostly “metallic release”, thus
melt properties (such as, CP, RHOP, KFUEL, etc.) are adjusted accordingly.
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4.2.

Results

4.2.1. Risk Analysis Using Ex-Vessel Steam Explosion Surrogate
Model
The analysis of the risk of containment failure due to ex-vessel steam explosion has
been performed using surrogate model for ex-vessel steam explosion in Nordic BWR
[72][73]. In the analysis two fragility limits for containment hatch door located in
the lower drywell of Nordic BWR were considered, where fragility limit for: (i) for
original design “non-reinforced hatch door” – 6kPa*s; and for (ii) modified design
“reinforced hatch door” – 50kPa*s.
The ROAAM+ treatment for Nordic BWR SAM is iterative in nature and aims to
reduce the uncertainty to the level where a robust decision can be made (i.e. decision
becomes insensitive to the remaining uncertainty). Therefore, as the first step of the
analysis we treat all parameters presented in Table 5 as model intangible
parameters, i.e. with incomplete probabilistic knowledge.
Using ROAAM+ probabilistic framework the complementary cumulative
distribution of probability of failure 𝐶𝐶𝐷𝐹(𝑃𝐹 ) can be obtained using SEIM SM.
Figure 44 illustrate 𝐶𝐶𝐷𝐹(𝑃𝐹 ) obtained for non-reinforced and reinforced hatch
door. The results show that the screening probability 𝑃𝑠 =1.e-3 which corresponds
to “physically unreasonable” limit (see [3][75] for details) is exceeded in
approximately 99% of the cases with non-reinforced hatch door and in ~70% of the
cases with reinforced hatch door. Thus it is not possible to demonstrate that failure
is physically impossible (i.e. “possibility” of containment failure is low) even with
reinforced door.
If consider “necessity” of containment failure, i.e. the possibility that containment
doesn’t fail. For that we set the screening probability to 𝑃𝑠 = 0.999. The fraction of
scenarios where 𝑃𝐹 > 𝑃𝑠 = 0.999, is approximately 0.06 and 0.003 for the original
and modified designs respectively. The “necessity” of the containment failure due to
ex-vessel steam explosion is not sufficiently high to claim that the failure is
unavoidable.
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Figure 44. Complimentary CDF of conditional containment failure due to ex-vessel
steam explosion: (red) given 6kPa*s fragility limit (non-reinforced hatch door),
(blue) given 50kPa*s fragility limit (reinforced hatch door) using SEIM SM[15].
Analysis based on the total failure probability distribution is useful for an overall
assessment of system reliability and can be used for decision making in cases when
both the possibility and necessity of failure are either low or high simultaneously.
However, in cases such as shown in Figure 44, where possibility of failure can be
large but necessity is relatively small, further understanding of the system might be
useful in order to make a decision. Note that risk assessments are based on available
knowledge. Thus there can be two possible decisions:
(i)

(ii)

Collect more knowledge, if it is likely that reduced uncertainty and
conservatism in the analysis can help to demonstrate effectiveness of the
strategy (focus on the improvement of the risk assessment).
Modify current SAM strategy, if it is unlikely that more knowledge will
change conclusion (focus on the risk management).

By considering the failure probability distribution, it might be hard to choose
between those decisions. In this example further clarification of the importance of
different input parameters for steam explosion analysis will be helpful in order to
converge to a decision with respect to (i) effectiveness of SAM, or (ii) need for more
information, or (iii) the need to modify the design.
In order to tell which parameters’ uncertainty should be addressed first, we perform
global sensitivity analysis using Morris method (see [23] for details). In the analysis
we considered the effect of SEIM SM input parameters, presented in Table 5 on the
magnitude of explosion impulse, predicted by the SEIM SM.
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Figure 45. SEIM SM Morris Sensitivity Analysis Results [15]
The results of sensitivity analysis are presented in Figure 45 in the form of Morris
diagram, where the parameters in the legend are ordered according to their
influence on the SEIM SM response, characterized by the Morris 𝜇 values (see [23]
for details).
The results show that the most influential parameters are RPARN (initial jet radius),
TPIN (fuel inlet temperature) and XPW (water pool depth).
The next step in ROAAM+ is failure domain analysis, performed to identify
combinations of the most influential parameters that lead to failure (or success).
Failure domain analysis is performed using probabilistic framework, where
respective complementary cumulative distributions of probability of failure
𝐶𝐶𝐷𝐹(𝑃𝐹 ) are obtained in the space of the influential parameters. In failure domains
every 𝐶𝐶𝐷𝐹(𝑃𝐹 ) is color coded with respect to the exceedance frequency of screening
probability level 𝑃𝑠 , as shown in Figure 10.
Figure 46 illustrate the failure domain maps for SEIM SM in the space of TPIN (fuel
inlet temperature) and RPARN (jet radius) considering different fragility limits that
correspond to non-reinforced (6kPa*s) and reinforced hatch door (50kPa*s).
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b.
Figure 46. SEIM SM Failure Domain (a) given 6kPa*s fragility limit (nonreinforced hatch door), (b) given 50kPa*s fragility limit (reinforced hatch
door)[15].

The results presented in Figure 46 show that failure can be considered as physically
unreasonable even with original design (non-reinforced hatch door), regardless of
modeling uncertainty if one can demonstrate that the jet radius (RPARN) will be
limited to 0.05m (corresponds to vessel lower head opening with only slightly
ablated failure of the penetration for instrumentation guide tube (IGT)). If the
temperature of ejected debris is below 2400K then the jet radiuses up to 0.09 m
(slightly ablated failure of the control rod guide tube (CRGT) penetration) can be
considered as safe for ex-vessel steam explosion.
In case of modified design, i.e. reinforced hatch door, containment failure due to exvessel stream explosion can be considered as physically unreasonable regardless of
the modeling uncertainty if one can demonstrate that the jet radius (RPARN) will be
limited to ~0.15 m (corresponds to the vessel LH opening with significantly ablated
CRGT penetration failure).
Neither original nor modified design can ensure that containment failure due to
steam explosion is physically unreasonable, unless one can demonstrate that the size
of the melt jet diameter and initial melt temperature can be limited. Such reduction
of uncertainty in the input parameters for steam explosion analysis would require
consideration of the effect of phenomena and scenarios at the previous stages of the
accident progression. However, analysis of the failure domains suggest that it is
quite unlikely that such a demonstration (that jet size is sufficiently small) can be
provided for the original design because the maximum “safe” size of the jet is smaller
than the size of the CRGT penetrations. On the other hand, reduction of uncertainty
in the initial jet diameter and melt temperature might be fruitful for the modified
design where “safe” jet size is much larger than the size of CRGT penetration. E.g.
one can investigate if the vessel ablation after initial failure of a penetration can be
limited, considering prototypic accident scenario conditions.
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The lack of clear demonstration of effectiveness of SAM strategy sometimes might
be insufficient for rejection of the SAM design by the decision makers. An argument
can be that the analysis of the possibility of failure was done too conservative. In
order to address the argument, let’s consider the question about what is the
possibility that containment doesn’t fail. Figure 47 illustrates the results of failure
domain analysis with screening probability 𝑃𝑠 = 0.999. The original design (Figure
47a) has a relatively large domain of input parameters with jet radiuses RPARN >
~0.2 m and fuel temperatures TPIN > ~2300 K, where 𝑃𝐹 > 𝑃𝑠 = 0.999 in more than
95% cases (i.e. necessity of containment failure is high). In the modified design with
reinforced hatch door (see Figure 47b) the size of the domain with high necessity of
failure is significantly reduced (𝑃𝐹 > 𝑃𝑠 = 0.999 in more than 5% cases when RPARN
> ~0.25 m and fuel temperatures TPIN > ~2400 K).

a.

b.
Figure 47. SEIM SM Failure Domain at 𝑃𝑠 =0.999 (a) given 6kPa*s fragility limit
(non-reinforced hatch door), (b) given 50kPa*s fragility limit (reinforced hatch
door). Using scaled beta distribution family and importance sampling.

The failure domain analysis suggests that it is unlikely that the design with nonreinforced hatch door can be demonstrated as an effective SAM strategy because
(i) the maximum “safe” size of the jet is quite small and (ii) the size of the failure
domain where necessity of failure is large. Modified design with reinforced door also
cannot be proven as an effective strategy, given the current state of knowledge.
However, the sizes of the failure domain for both possibility and especially necessity
of failure are fairly small. Thus there is much better chance that obtaining more
knowledge about vessel failure and melt release phenomena, e.g. about vessel
ablation that determines the size of the jet, can lead to a successful demonstration of
the SAM effectiveness.
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4.2.2. Risk Analysis Using Complete Framework
The results of sensitivity analysis (see Figure 45) and failure domain analysis (see
Figure 46) for ex-vessel steam explosion surrogate model show that the radius of the
jet, water pool depth and the temperature of the melt – are the most influential
parameters on the magnitude of loads on the containment produced by ex-vessel
steam explosion in Nordic BWR. These parameters depend on the in-vessel phase of
accident progression, vessel failure mode and melt release conditions predicted by
the melt ejection surrogate model in ROAAM+ framework for Nordic BWR.
The ROAAM+ analysis of probability of failure has been performed using complete
framework (MEM SM and SEIM SM) for unmitigated SBO scenario with
depressurization (see [52] for details). In the analysis using complete framework,
SEIM SM predicts steam explosion loads on the containment depending on MEM
SM predictions of melt release conditions for 4 splinter scenarios (see Chapter 4.1.1).
The results are presented in Figures 48-51.
The results show the dominant effect of solid debris ejection mode (IDEJ0 and 1) on
melt release conditions from the vessel and resultant loads on the containment due
to ex-vessel steam explosion.
In case of IDEJ0 (solid debris ejection – on) – the melt and debris mixture is
released in a dripping mode, resulting in relatively small values of jet radius
(RPARN), melt release velocity (UPIN) and melt temperature (TPIN) compared to
IDEJ1 (solid debris ejection – off) – where the major part of in-vessel debris is
ejected in form of massive release (due to vessel lower head wall failure).
Initial breach area due to failed penetrations (EIGT25 vs EIGT100) also has quite
significant effect on the results, however it does not change the conclusions in case
of a single jet SEIM model. The effects of the number of failed penetrations on melt
release conditions and ex-vessel steam explosion are subject to future research and
are beyond the scope of the present work.
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Figure 48. Complimentary CDF of conditional containment failure due to ex-vessel
steam explosion: (red) given 6kPa*s fragility limit (non-reinforced hatch door),
(blue) given 50kPa*s fragility limit (reinforced hatch door) using complete
framework for EIGT100IDEJ1 Scenario.

Figure 49. Complimentary CDF of conditional containment failure due to ex-vessel
steam explosion: (red) given 6kPa*s fragility limit (non-reinforced hatch door),
(blue) given 50kPa*s fragility limit (reinforced hatch door) using complete
framework for EIGT25IDEJ1 Scenario.
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Figure 50. Complimentary CDF of conditional containment failure due to ex-vessel
steam explosion: (red) given 6kPa*s fragility limit (non-reinforced hatch door),
(blue) given 50kPa*s fragility limit (reinforced hatch door) using complete
framework for EIGT100IDEJ0 Scenario.

Figure 51. Complimentary CDF of conditional containment failure due to ex-vessel
steam explosion: (red) given 6kPa*s fragility limit (non-reinforced hatch door),
(blue) given 50kPa*s fragility limit (reinforced hatch door) using complete
framework for EIGT25IDEJ0 Scenario.
The results show that the probability of containment failure due to ex-vessel steam
explosion strongly depends on debris ejection mode from the vessel (solid debris
ejection option – IDEJ1 vs IDEJ0). In case of solid debris ejection – off (IDEJ1)
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containment failure due to ex-vessel steam explosion cannot be considered as
physically unreasonable, even in modified design with reinforced hatch door
(50kPa*s, see Figures 48 and 49). Furthermore, in the original design the necessity
of failure is high (e.g. all values of 𝑃𝑓 > 𝑃𝑠 = 0.999 [75]).
In case of solid debris ejection –on (IDEJ0) – containment failure due to ex-vessel
steam explosion can be considered as physically unreasonable only in case of
modified design (with reinforced hatch door); in the original design – physically
unreasonable level is exceeded in ~15-25% of the cases, however the necessity of
failure is small, therefore further reduction of uncertainty can yield positive results.
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5. SUMMARY
Severe accident management strategy in Nordic BWR employs melt fragmentation
and quenching in a deep pool of water. The outcome of the ex-vessel accident
progression and the risk that the melt arrest will not be achieved are contingent on
the uncertainty in the accident scenarios, phenomena and their interactions.
The ultimate goal of this work was to develop an extension of the original Risk
Oriented Accident Analysis Methodology (ROAAM+) and apply it to assessment of
the effectiveness Nordic BWR severe accident management strategy.
Approach for risk quantification in different “state-of-knowledge” situations has
been developed and implemented in the ROAAM+ probabilistic framework. The
probabilistic framework has been implemented as a MATLAB code with graphical
user interphase (GUI) to facilitate ROAAM+ deployment in practical safety analysis.
In order to enable comprehensive uncertainty quantification, the framework
extensively uses computationally efficient surrogate models.
Risk assessment of ex-vessel steam explosion in Nordic BWR has been performed
for individual and coupled surrogate models using developed ROAAM+ framework.
The analysis performed with individual model (SEIM SM) showed the dominating
effect of melt release conditions, in particular – jet radius, pool depth and melt
temperature, on the probability of containment failure due to ex-vessel steam
explosion.
Vessel failure mode and melt release conditions are affected by in-vessel phase of
severe accident progression and the properties of relocated debris, such as total
debris mass, extent of debris oxidation, spatial configuration, etc. which determine
conditions for the corium interactions with the vessel structures and vessel lower
head and, ultimately, the time and the mode of vessel failure.
In ROAAM+ framework Core Relocation and Vessel Failure Frameworks and
respective surrogate models use MELCOR code as a full model that predicts (i) invessel phase of accident progression and resultant properties of relocated debris in
lower plenum – that can be used in dedicated models for in-vessel debris coolability
and vessel failure analysis; (ii) vessel failure mode and melt release conditions. Thus,
to develop respective surrogate models a large data base of full model solutions has
been generated.
Computational platform has been developed for sensitivity and uncertainty analysis
of in-vessel phase of severe accident progression, analysis of vessel failure mode and
melt release conditions in Nordic BWR using MELCOR code. The platform performs
parallel execution of MELCOR code, management of running simulations,
extraction of the results and data post-processing. The platform can be used on large
computer systems to perform large scale MELCOR calculations.
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Using developed computational platform, the analysis of the effect of severe accident
scenario (defined in terms of recovery timings of depressurization and water
injection in mitigated SBO scenario) and code uncertainty (MELCOR models and
uncertain parameters, user defined sensitivity coefficients) on the properties of
relocated debris in the lower plenum of Nordic BWR has been performed using
different versions of MELCOR code. Based on generated data, an approach for oneway coupling between MELCOR code and dedicated models for the analysis of invessel debris coolability (DECOSIM) and vessel failure analysis (ANSYS/PECM) has
been developed and applied (e.g. in [9]). The analysis significantly improved our
understanding regarding the effect of possible recovery actions (e.g. timings of
depressurization and water injection) on the process of core degradation and
relocation. For example, it has been observed that there are two major modes of core
degradation - depending on the timing of depressurization and water injection: (i)
retention of debris in the damaged core region with only small relocation of mostly
metallic debris to the lower head; (ii) relocation of large fraction of the core. The
delay in depressurization of the vessel can postpone massive debris relocation to the
lower plenum and if water injection is activated within approximately 1000s after
depressurization, the accident can be terminated during in-core phase of accident
progression. Moreover, the timing of vessel depressurization has significant effect
on the properties of the debris in the lower plenum.
Sensitivity analysis of the properties of relocated debris performed with different
versions of MELCOR code helped to gain better understanding of code behavior, the
effect of different MELCOR models and modelling parameters on different system
response quantities. If was found that in-vessel phase of accident progression and
properties of relocated debris in the lower plenum are significantly affected by
MELCOR models and modelling parameters (e.g. parameters that define debris
geometry, candling modelling parameters, etc.), however the effect of these models
and modelling parameters depend on severe accident scenario.
Sensitivity analysis of the vessel lower head failure mode and melt release conditions
has been performed using MELCOR code for unmitigated SBO scenario with and
without depressurization. Failure of penetrations was observed earlier in time
compared to vessel lower head wall failure, however failure of penetrations does not
exclude eventual vessel lower head wall failure due to creep-rupture. MELCOR
uncertain parameters have significant effect on the results, however the mode of
debris ejection from the vessel, which is controlled through the user-defined switch
(IDEJ=0 i.e. solid and liquid can be released vs. IDEJ=1 only liquid can be released)
has the dominant effect on the debris ejection rate, and significant contribution to
the formation and accumulation of significant amounts of melt and probability of
creep-rupture of the vessel lower head. The analysis generated necessary data to
develop melt ejection surrogate model (MEM SM) for ROAAM+ applications and
helped to identify the major contributors to the uncertainty in the mode of vessel
lower head failure and melt release conditions in Nordic BWR. Based on the results
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the MEM SM has been developed using regression tree learning approach. The
surrogate model predicts melt release conditions for four splinter scenarios, where
the effects of different MELCOR options for debris ejection mode and total breach
area are considered.
The analysis performed with complete framework (MEM and SEIM SMs) showed
that the probability of containment failure due to ex-vessel steam explosion strongly
depends on debris ejection mode from the vessel (Solid debris ejection option –
IDEJ1 vs IDEJ0). In particular, in case of solid debris ejection – off (IDEJ1)
containment failure due to ex-vessel steam explosion cannot be considered as
physically unreasonable, even in modified design with reinforced hatch door. In case
of solid debris ejection –on (IDEJ0) – containment failure due to ex-vessel steam
explosion can be considered as physically unreasonable only in case of modified
design (with reinforced hatch door); in the original design – physically unreasonable
level is exceeded in ~15-25% of the cases, however the necessity of failure is small,
therefore further reduction of uncertainty can yield positive results.
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6. OUTLOOK
The work presented in this thesis can be extended further along several directions.
Possible improvements can be subdivided into two main categories related to:
(i) ROAAM+ probabilistic framework; (ii) full and surrogate models used in the
analysis.
ROAAM+ probabilistic framework employs sampling in the space of possible
probability distributions of model intangible parameters (i.e. incomplete or partial
probabilistic knowledge is available). In this work the sampling was performed using
truncated normal or scaled beta distributions, where parameters that define the
shape of distributions are selected by the user. Possible effect of using other
distribution families, as well as parameters characterizing these distributions, would
be important to analyze further. It is necessary to develop best practice guidelines
for selection of these parameters in practical ROAAM+ applications, since it can
affect risk analysis results and respective decision making.
Further reduction of the uncertainty can be achieved through refinement of existing
melt ejection full and surrogate models. It can be achieved through refinement of
the data base of MELCOR code solutions that account for the numerical effects of
the maximum time step on the results.
Currently the MEM SM does not predict material properties of the ejected debris
from the vessel (e.g. density, thermal conductivity, etc.). These properties can be
added to the MEM SM in the future, based on MELCOR analysis results.
Furthermore, current treatment of debris ejection from the vessel implemented in
MEM SM assumes uniform distribution of the ejected debris through the number of
failed penetrations. An approach can be developed for non-uniform debris ejection
from the vessel, depending on localized properties of the debris in the lower plenum
and locations of failed penetrations.
Current implementations of melt ejection mode and ex-vessel steam explosion
surrogate models are designed to predict respective melt release characteristics and
loads per single jet, without taking into account interdependencies (e.g. interactions
between several melt jets during melt fragmentation, etc.). More realistic approach
is under development.
ROAAM+ analysis of the loads on the containment due to ex-vessel steam explosion
using complete framework showed the dominant effect of modelling of ejection
mode of multi-component debris from the vessel in MELCOR code. The mode of
debris ejection from the vessel is controlled through this user-defined switch
(IDEJ=0 i.e. solid and liquid can be released vs. IDEJ=1 only liquid can be released).
However, in reality this process involve several interacting phenomena such as
formation and accumulation of melt, gravity driven drainage of molten materials
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through the porous debris bed, resolidification of molten materials and formation of
crusts in colder regions of the debris bed, that prevent further material drainage,
which can result in either slow dripping of the melt from the vessel or accumulation
of significant amounts of superheated metallic melt above the crust, which will be
released upon crust remelting/failure. Crust formation can facilitate interaction of
significant amounts of debris at high temperature with the vessel lower head wall,
and significant mechanical load on the structure. This can lead to creep-rupture
failure of the vessel lower head and massive ejection of debris from the vessel.
Reduction of the uncertainty in the mode of ejection of multi-component mixture of
solid and liquid debris, melt filtration through the porous debris, and crust
formation is a necessary step for modelling of severe accident transition from invessel to ex-vessel phases, which is important for assessment of the loads on
containment due to ex-vessel steam explosion and formation of non-coolable debris
bed in the lower drywell of Nordic BWR design.
The analysis using complete framework has been performed for unmitigated station
blackout scenarios with depressurization. In the future other accidents scenarios (for
instance LOCA, LOFW, and possible recovery actions) should be considered in the
analysis.
During the course of this work, a feasibility study for connection between ROAAM+
and PSA tools has been performed [53], Further development of theoretical
background and automated implementation of approaches for coupling between
ROAAM+ and state-of-the-art PSA tools such as RiskSpectrum is deemed to be the
next necessary step towards providing support in risk assessment and decision
making.
The ultimate goal of ROAAM+ application is to facilitate communication of the
results of risk analysis and support decision making. Several approaches, e.g.
[53][76], are currently under development to allow integration of ROAAM+ results
into risk-informed decision making models.
Current ROAAM+ framework for Nordic BWR considers conditional containment
failure probability as an indicator of SAM effectiveness. However, different modes
of failure can potentially lead to different consequences in terms of fission products
release. Therefore, current framework implementation should be extended further,
to take into account the effect of SA progression and containment phenomena on the
magnitude of the release.
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