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Abstract 
 
This reports summarizes the experience achieved within the NKS-DPSA 
project during 2014. The aim of the project is to develop the methodology 
for application of Integrated Deterministic-Probabilistic Safety Analysis 
(IDPSA) with PSA/DSA to the Nordic nuclear energy industry and regula-
tory needs. We further develop a Risk Oriented Accident Analysis Meth-
odology (ROAAM) framework that demonstrates how dynamic behavior in 
NPPs can be better included in safety analyses. The methodology is de-
veloped and demonstrated through analysis of the relocation of the core 
melt to the lower plenum, as initial conditions for the melt-vessel structure 
interactions, melt release and ex-vessel steam explosion and debris bed 
coolability in Nordic BWRs. The influence of timing in PSA level 1 se-
quences and possible recovery actions on the amount and properties of 
the melt in the lower head are addressed. It is shown that IDPSA results 
can be used to refine and improve the PSA in several ways. One example 
is the analysis of recovery of core cooling, where IDPSA has provided us-
able information regarding the timing and possibility of core coolability (re-
flooding). This information can be used as a basis material for the HRA, to 
re-define the binning of plant damage states as well as provide probabili-
ties for failure of coolability. The analysis performed for phenomena such 
as steam explosion shows interesting results that are relevant for the 
PSA-modelling. The analysis provides insights regarding under which 
conditions each phenomenon should be modelled and can therefore in-
fluence the sequences for which the phenomena is modelled.  The results 
may also be used as one input to the quantification of phenomena. The 
analysis can be developed to further facilitate the use in PSA. Experi-
ences from performed studies are summarized in the report as well as 
suggestions of areas which need further investigations. 
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 Activation of filter  

The consequence most focused on is of course containment rupture. 
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Chapter 4. Methodology for Connecting IDPSA 

and PSA Analysis  
 

4.1 Improvement of Sequence Modelling with IDPSA 

Methodology 
From the initial sequences in the PSA Level 1, all events that are leading to a certain PDS 

are then treated in the same manner in the continued sequence (however, dependencies 

are treated logically correct if the failure should affect systems in PSA Level 2). It is 

however obvious that it will be different scenarios from a deterministic stand point if there 

is an initial loss of offsite power and no start of the diesels, compared to a scenario where 

the diesels would stop after some hours.  

 

The purpose with the improved integrated link between the PSA and deterministic 

analyses is hence to be able to judge if, for example, these scenarios need to be treated 

differently in the PSA context.  

 

The approach chosen in this report was to identify some sequences from the PSA Level 

1 and to use the DPSA methodology to evaluate the progress of these sequences. The first 

phase of the project focused on the mechanisms for core relocation, since this is an 

important factor for the continued sequence. By identifying the mechanisms that 

contribute to the core relocation, the analysis was also expected to provide information 

on efficient measures, non-efficient measure or contra-productive measures to avoid core 

relocation. The second phase of the project has also studied further phenomena in the 

sequence. 

 

Eventually, it is expected that the IDPSA integration will give a clearer answers to: 

 Can the core melt process/relocation be stopped and how? 

 Are there actions that must not be taken during a sequence? 

 How will the conditions for phenomena be affected, and thereby give 

guidance on how to treat these in the PSA? 

 Based on the above information, it will also feedback requirements on 

definition of plant damage states. 

 

The PSA scenarios chosen for analysis of recovery were: 

 High pressure loss of core cooling scenarios 

 Recovery of core cooling in different combinations 

o Different time points for depressurization of the RPV 

o Different time points for start of the ECCS 

o Different mass flows from the ECCS 
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4.2 Application of Decision Trees for Characterization of the 

Failure Domains in IDPSA Results 
 

Detailed exploration of the uncertainty space usually results in huge amount of the data 

generated by the deterministic codes. Therefore, one of the main problems for application 

of IDPSA methods is data post-processing and communication of the analysis results. 

Extracted information should be suitable for decision making and risk-informed 

characterization and eventually improvement of safety and performance of the system. 

Scenario grouping and classification approach with application of decision trees [36] has 

been developed for post-processing and visualization of the results generated by IDPSA 

tools. 

 

 
Figure 4.1. Grouping and Classification approach 

 

The main steps of this approach are: 

 Scenario grouping is performed. The main idea of this step is to focus the analysis 

on the sequences intractable in classical PSA. Thus, scenarios where the order and 

timing of events are not important are grouped first and excluded from further 

considerations as directly amenable to PSA analysis. Then scenarios where the 

order of events is important but not their timing are grouped. Remaining group of 

scenarios contains sequences where the outcome depends on the order and timing 

of the events. 

 Next, Principal Component Analysis (PCA) is carried out in order to identify and 

quantify a group of principal components which have the largest influence on the 

system response [38]. 

 Then, based on the PCA results the clustering analysis is performed using 

Adaptive Mesh Refinement (AMR) method [37].  

 In the final step a decision tree is built for each failure mode using clustering 

results data. Decision tree is used for data representation that explains failure 

domain-cluster structure. The structure is easy to visualize and interpret in the 

decision-making process [39], [40].  

 Finally, information of the leaf nodes is used for failure domain probability 

calculation. Decision tree classification algorithm performs orthogonal 

partitioning of the search space using data impurity measure as a splitting criterion 

[36]. 

4.2.1 Application of Decision Trees 
A grid based clustering algorithm performs orthogonal partitioning of the uncertainty 

space, similarly to the partitioning of learning data set in the decision tree. Therefore, 

complexity of the decision trees can be significantly reduced when using clustering results 

data rather than row scenario data. 
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A decision tree is a classification and data-mining tool for extraction of useful information 

contained in large data sets. An instance is classified by starting at the root node of the 

tree, testing the attribute specified by this node, then moving down the tree branch 

corresponding to the value of the attribute in the given example. This process is then 

repeated recursively for the sub-tree rooted at the new nodes until no further branching in 

the tree can be made, or some stopping pre-set conditions are met [40], [42]. A flow-chart 

like structure is generated in which internal nodes represent test on an attribute, each 

branch represents outcome of test and each leaf node represents class label (decision taken 

after computing all attributes). Decision trees can be used as a powerful visual and 

analytical decision support tool, especially in case of multidimensional data -visualization 

of results in the original space is non-trivial. Decision tree can be constructed using 

different data impurity measures (e.g. Gini impurity measure, information gain measure) 

to select the best split among the candidate attributes at each step while growing the tree 

[42]. Decision trees also can be used as a predictive model which maps observations about 

an item to conclusions about the item's target value. 

Classification and Regression Decision Trees 

Most algorithms that have been developed for learning decision trees are variations on a 

core algorithm that employs a top-down, greedy search through the space of possible 

decision trees [40], [41]. The best split is identified by a splitting criterion that use 

different data impurity measures (e.g. Gini impurity, Information gain measure). In this 

work we use Classification and Regression Tree (CART) with Gini criterion. CART – is 

a non-parametric decision tree learning technique that produces either classification or 

regression trees, depending on whether the dependent variable is categorical or numeric, 

respectively [43]. 

 

The Gini impurity index (commonly used in CART) at node t is defined as 

 

𝐺𝐼𝑁𝐼(𝑡) = ∑ 𝑝(𝑗|𝑡)𝑝(𝑖|𝑡)

 

𝑗≠𝑖

 (4.1) 

 

where i and j are the categories of the target variable, p(j,t) and p(i,t) – proportion of cases 

in node t with attribute i and j respectively. Thus, when the cases in a node are evenly 

distributed across the target categories, the Gini index takes its maximum value 1-1/k, 

where k is the number of categories for the target variable. The minimum value is zero 

and it occurs when all the data at a node belongs to one target category. 

The Gini criterion for split at s at a node t is defined as: 

 

𝐺𝐼𝑁𝐼𝑠𝑝𝑙𝑖𝑡(𝑠, 𝑡) = 𝐺𝐼𝑁𝐼(𝑡) − 𝑝𝐿𝐺𝐼𝑁𝐼(𝑡𝐿) − 𝑝𝑅𝐺𝐼𝑁𝐼(𝑡𝑅) (4.2) 

 

where 
Lp is the proportion of cases in t sent to the left child node and 

Rp  is the proportion 

of cases in t sent to the right child node. s S - refers to a particular generic split among 

all possible sets of splits S. 

The split s is chosen to maximize the value of ( , )splitGINI s t . Since GINI(t) is constant for 

any split s on node t, it can be alternately said that the split s is to be chosen such that the 

quantity  

 

𝐺𝑎𝑖𝑛(𝑠, 𝑡) = 𝑝𝐿𝐺𝐼𝑁𝐼(𝑡𝐿) + 𝑝𝑅𝐺𝐼𝑁𝐼(𝑡𝑅) (4.3) 

 

is minimized [43]. 
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Probability estimation using Decision Trees 

The failure domain is represented by agglomerations (clusters) of non-overlapping cells 

(grids) in the uncertainty space. If all points in the uncertainty space are equally probable 

then the probability of the failure domain is the ration of the volume of the failure domain 

to the total volume of the uncertainty space. 

Decision tree represents the failure domain by final nodes in the tree and respective 

classification rules that lead to these nodes. The probability of each cell can be obtained 

as average probability of scenarios contained in correspondent cell: 

 

𝑝̅𝑘 =
∑ 𝑝𝑖

𝑁𝑠𝑐𝑒𝑛
𝑖=1

𝑁𝑠𝑐𝑒𝑛
⁄  (4.4) 

 

and the probability of a failure mode i is 

 

𝑝𝑖 = ∑ ∑ 𝑝̅𝑘𝜉𝑛
𝑀𝑗

𝑘=1

𝑁

𝑗=1

 (4.5) 

 

where n – dimensionality, 𝜉𝑛- cell volume, 𝑝̅𝑘- is average probability of scenarios 

contained in cell k, 𝑀𝑗- cells contained in the final failure node (leaf) j and N – total 

amount of failure nodes (leafs). Depending on the values 
kp  it is possible to assign 

weights per each cell when building a tree, so the scenarios (cells) with higher probability 

are likely to be classified into the same final node. 
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Chapter 5. Core Relocation Analysis 
In chapter 5, 6 and 7 core relocation, steam explosion and bed coolability are studied as 

example cases to develop the IDPSA methodology. 

5.1 Description of the simulated Transient 
 

The MELCOR code is used for analysis of the core degradation transients starting from 

selected plant damage states. The station blackout (SBO) scenarios (with different timing 

of power recovery) are chosen as the major contributor to the CDF according to PSA-L1. 

 Complete station blackout scenario: 

This includes battery-powered half-passive systems like the ADS-Valves (System 

314) and the Water-Valves (System VX105). The realism of this assumption is 

open to discussion, but should not be considered entirely out of the realm of 

possibility considering the Forsmark 2006 Incident [16], in which an overvoltage 

incident in the 400 kV switchyard caused the failure of 2 (out of 4) of the so called 

Uninterruptable Power Supply (UPS), including their 220 V batteries. The failure 

of all 4 was a distinct possibility. 

The timing of the safety systems recovery is as part of the accident scenario space. For 

instance, we consider a delay in activation of Reactor Pressure Vessel (RPV) 

depressurization systems which includes battery-powered ADS-Valves (System 314) and 

Water-Valves (System VX105, FL314 & FL330). Overpressure protection system 

(FL314) is spring-operated will open stepwise, starting at slightly above 70 bar and 

opening completely at 75 bar to protect the RPV from failure. The auxiliary Feedwater 

System (System 327, FL327) is considered non-functional. Other system like the Control 

Rod Guide Tube (CRGT) Cooling or the Residual Heat Removal (RHR) Systems are also 

considered non-functional. The capacity and timing of activation of the Emergency Core 

Cooling System (ECCS System 323, FL323) is another element of the scenario. 

Necessary condition for activation of the ECCS is low pressure in the RPV. Mass flow 

begins at pressure difference of 12.5 bars between down comer (DC) and wet well (WW) 

and will reach its maximum value at 2 bars above the wetwell pressure. 

 

5.2 Nordic BWR Reference Plant Design  
The current MELCOR model of Nordic BWR reference plant design with a thermal 

power output of 3900 MW thermal. We assume 700 fuel assemblies, all of type SVEA-

96 Optima2 with an active length of 3.68 meters and Uranium Dioxide density of 10460 

kg/m3.  

 

The original input file is split in 14 cells in the z-direction, 1 to5 for the lower plenum, 6 

and 7 for the core support plate and the inactive inlet zone, 8 to 13 for the active core zone 

and 14 for the core exit below the core grid. In radial direction the input file has 6 cells 

for an inner radius of 2.4075 meters for the RPV. The outermost radius also contains the 

downcomer.  
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Figure 5.1. Nordic BWR MELCOR Model Core Nodalization 

 
Figure 5.2. Nordic BWR MELCOR Model Vessel Nodalization 
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Figure 5.3. Nordic BWR MELCOR Model Containment Nodalization 

 

Description of safety systems used in Analysis: 

 System 354: Scram, the hydraulic actuating power shut-off system gives fully 

insertion of all control rods within a few seconds after initiation. This rather 

complicated control rod system is not modeled in MELCOR. Instead fission 

power is decreased (during 3.5 s) by a tabular function and scram condition, in 

this case loss of power, is applied as a control function. 

 Active 

 System 314: Pressure control and relief system has several functionalities and is 

able to operate with only battery backups. Opening of SRV’s (system 314TA 

function) provides instant depressurization of the primary system to a designed 

operation pressure. The ADS (system 314TB function includes VX105 Motor 

operated valves) is initiated on low water level (1m below the core top) 

discharging steam to WW to a level sufficient for the low pressure injection 

sources (ECCS) to be activated. In current Nordic BWR MELCOR model ADS 

valves reclose on low pressure, motor operated vales VX105 stay opened. 

 (314 TA) Function. The spring-operated part of the overpressure 

protection system is still operating to specifications and will open 

valves stepwise, starting at slightly above 70 bar and opening 

completely at 75 bar, to discharge steam to the containment and protect 

the Reactor Pressure Vessel (RPV) from explosive failure. 
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 (314 TB) Function will be recovered after a time-period imposed by 

the IDPSA tool 

 System 323: The low pressure coolant injection (LPCI) is part of the emergency 

core cooling system (ECCS), which provides water injection into the down 

comer to facilitate reflooding in the bottom of the core. 

 Function will be recovered after a time-period imposed by the IDPSA 

tool, with mass flow between 0 and 100% capacity – imposed by the 

IDPSA tool. 

 System 358: Water transfer from WW to DW is initiated in an early phase of the 

accident to fill the cavity and provide debris cooling when vessel breach occurs. 

 Active 

 System 361: Containment venting system (CVS) via atmosphere is the ultimate 

pressure relief directly to the ambient surrounding when the internal containment 

pressure rises above the containment failure limit. 

 Active 

 System 362: Containment venting with multi venturi scrubbing system (CVS 

MVVS) provides a controlled filtered release that suppress the amount of 

radioactive aerosols that escaped to the environment below the failure limit of 

the containment. 

 

5.3 Core Relocation Analysis Results 
We employ the GA-IDPSA [10] coupled with MELCOR code (see Appendix B for 

details) to search the space of scenario parameters such as (i) activation time delay of the 

depressurization of the Reactor Pressure Vessel (affected: Systems 314 and VX105) from 

0 to 15 000 seconds; (ii) activation time delay of the low-pressure coolant injection 

(affected: System 323) from 0 to 15 000 seconds; (iii) maximum mass flowrate delivered 

by System 323, when working, between 0 and 1120 kg/s (fraction from 0.0 to 1.0 of full 

ECCS capacity) in order to find combinations which provide specific values of selected 

fitness function, e.g. mass of the relocated debris. The vessel breach condition was not 

implemented in the analysis. 

 

It was previously found that there is a transition region between the regions of small and 

large relocations [25]. Detailed analysis of the effect of the timing of activation of ADS 

system (Systems 314 and VX105 – activation time varied between 0 – 10000sec) and 

ECCS (system 323 – activation time varied between 0 – 10000sec, full capacity) has been 

performed using grid based sampling methodology. The vessel breach condition was not 

implemented in the analysis. 

 

Figure 5.4 - Figure 5.6 present summary of obtained results.  
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   a)       b) 

Figure 5.4. Relocated debris mass over time as a function of a) 𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆𝐴, 
and b) 𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇 , with full ECCS capacity. 

 
Figure 5.5. Relocated debris mass over time as a function of 𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇, 𝐸𝐶𝐶𝑆𝐴. 
 

0 1 2 3 4

x 10
4

0

0.5

1

1.5

2

2.5

3

3.5
x 10

5

Time(sec)

D
e
b
ri
s
 i
n
 L

P
(k

g
)

 

 

0 0.5 1 1.5 2 2.5 3 3.5 4

x 10
4

0

0.5

1

1.5

2

2.5

3

3.5
x 10

5

Time(sec)

D
e
b
ri
s
 i
n
 L

P
(k

g
)

 

 

 38889

 77778

116667

155556

194444

233333

272222

311111

350000



NKS IDPSA Report 2014 

34 

 
Figure 5.6. Relocated debris mass map depending on recovery time of 𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇 

with full capacity of ECCS. 

 

5.4 Analysis of the Results 
For the analysis of the results classification and clustering analysis was used in order to 

group different transients into clusters, whose members have similar characteristics 

determined by the user.  

 

 
                                 a)                                                                 b) 

Figure 5.7. Clustering analysis results for the mass of relocated debris. 

 

In Figure 5.7 the clustering analysis results based on the amount of relocated debris to the 

lower plenum indicates two characteristic domains of the scenarios space. Green and red 

domains represent scenarios with small relocations (between 0 and 10 tons) and very large 

relocations (over 200 tons). The shape of the domains suggests that the activation of 

ECCS is effective in preventing core relocation only within certain time window. If 

activation is delayed, then large mass of relocated debris is expected with high likelihood. 

It is instructive to note that domains of scenarios with intermediate (10-100 tons) and 
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large (100-200 tons) relocation masses are rather small (Figure 5.7b). The figure shows 

that the domains of very large, large and intermediate relocations may overlap, especially 

for the late ADS activation where decay heat is lower. In the overlap domain relatively 

large variation of the masses of relocated debris (from 10-200 tons) can be obtained with 

relatively small variations of the input parameters. 

 

Figure 5.4 illustrates the amount of relocated debris over time for different scenarios (with 

different timing of 𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇). To analyze typical scenario behavior we employ 

pattern analysis, to identify possible relocation patterns and the effect of timing of 

𝐴𝐷𝑆Δ𝑇 , 𝐸𝐶𝐶𝑆Δ𝑇 on the relocation pattern (for detailed description of the approach see 

Appendix C). 

 

For the analysis we took 837 scenarios generated with MELCOR code with full ECCS 

injection capacity. Since we are interested in the relocation patterns for scenarios that can 

threaten vessel integrity, in pattern analysis we consider only scenarios that exceed 20 

tons of relocated debris in LP (570 scenarios). 

 

Using pattern analysis approach it was found that the major part of the scenario space can 

be represented by a limited amount of patters, see Figure 5.8. 

 
Figure 5.8. Pattern analysis results. 

 

In most of the cases we observe over 75% relocation within 30-90 minutes after reference 

time (time when 20 tons relocation mass is reached). 
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Figure 5.9. Pattern analysis results. Pattern 1. 

 

The results also indicate that in most of the cases the differences between relocation 

masses at 30, 60, 90min after reference time are within 20-30 tons and the typical 

relocation pattern can be considered as 1-2 step relocation. 
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Chapter 6. Steam Explosion 
For the assessment of the conditional (i.e. scenario / plant damage state wise) containment 

failure probability due to ex-vessel steam explosion the SEIM (Steam Explosion Impact 

Map) framework is used. The framework links (see Figure 6.1) melt ejection mode and 

pool characteristics with resulting explosion loads and containment structural fragility.  

 

 

Melt Ejection Mode is defined as a number of vessel failure scenarios each characterized 

by a specific set of modelled and stochastic parameters such as melt thermal properties, 

release rate, effective jet diameter, etc. Pool Characteristics are determined by the 

accident scenario progression and plant damage states (PDS). Steam Explosion Load 

analysis is performed using NRC approved 1D code TEXAS-V complemented when 

required by MC3D 2D calculations for resolving 2D spatial effects. 

 

SEIM combines deterministic analysis with Monte Carlo based sampling to provide 

values of failure frequency which are then used to estimate conditional containment 

failure probabilities and failure domains as a function of model input parameters.  

 

Description of the Melt Ejection Mode and Pool Characteristic sub-frameworks is beyond 

the scope of the current report. In the following, we only review the Causal Relation 3.1 

used to predict containment loads in case of a steam explosion. 

 

6.1 SEIM framework: steam explosion module 
Steam explosion loads are estimated using the computationally fast polynomial model 

that was developed for the analysis of steam explosion in Nordic BWRs. The model 

combines two modules: one for the estimation of the energetics of a steam explosion and 

the other one for calculation of actual loads. Loads are computed using TNT-equivalent 

method that propagates impulses predicted in the epicenter of a steam explosion towards 

sensitive locations in the containment: hatch door, containment wall, and the center of the 

containment base.  

 

The list and supported ranges of the model input parameters are provided in the Table 

6.1. The fragility limits for structural elements in the containment were taken as constant 

thresholds: 

 80 kPa·s for the failure of the containment base or wall, 

 50 kPa·s for the failure of the reinforced hatch door and 

 20 kPa·s for the failure of the non-reinforced hatch door. 

 
Figure 6.1. SEIM framework 
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These values are subject to ongoing verification and yet to be confirmed. More detailed 

analysis of the structural fragility could be required if outcome of the risk analysis of early 

containment failure will turn to be sensitive to small variations in fragility thresholds. 

 

 

The model for the calculations of the explosion loads is derived from the TEXAS-V code 

and reproduces TEXAS-V solutions. Specifically, a model of reference Nordic BWR was 

implemented in TEXAS-V and used to generate an extensive database of solutions for 

steam explosion. This database was then used to train an Artificial Neural Network 

(ANN) to closely reproduce TEXAS-V predicted explosive impulses given 13 input 

parameters (see Table 6.1).  The details of the approach, as well as, assessment of the 

discrepancy between TEXAS-V and the ANN can be found in [54]. 

 

Note that ANN returns a set of explosion impulses and a respective set of confidence 

levels that the actual impulse will not exceed the given value. 

 

6.2 SEIM failure domain 
The failure domain is constructed in the space of pre-defined input parameters (input 

space). Input space is partitioned into a finite number of cell, where every cell is 

characterized by a unique combination of input parameters ranges. Every cell is then 

sampled equal number of times varying deterministic and intangible parameters. The 

framework compares load against capacity and renders every computed case to a failure 

or success. Number of failed and successful cases is counted in every cell weighted by 

corresponding pdfs of deterministic and intangible parameters and normalized to provide 

the respective conditional failure frequency. The conditional failure frequency is then 

compared to the screening frequency to provide the outcome of the mitigation strategy 

for each cell. Then, cells where conditional failure frequency exceeds screening frequency 

are grouped into failure domain. Subdomains (cells) are color marked: green color 

identifies safe subdomains, i.e. those for which failure frequency is smaller than screening 

frequency, red signifies the opposite. Note that all data presented here is obtained 

Table 6.1: Ranges of input parameters used for generation of the database of FM 

solutions  

 

# Parameter Units Range Explanation 

min max  

1 XPW m 5 9 Water level 

2 PO Bar 1 4 System pressure 

3 TLO K 288 368 Water temperature 

4 RPARN m 0.035 0.3 Initial jet radius 

5 CP J/kg·K 350 650 Fuel heat capacity 

6 RHOP kg/m3 7500 8500 Fuel density 

7 PHEAT J/kg 260 000 400 000 Fuel thermal conductivity 

8 TMELT K 1600 2800 Fuel melting point 

9 TPIN K 1620 3150 Melt superheat 

10 UPIN m/s -8 -1 Melt release velocity 

11 KFUEL W/m·K 2 42 Fuel thermal conductivity 

12 CFR - 0.002 0.0027 Proportionality constant 

of fine fragmentation rate 

13 TFRAGLIMT ms 0.5 2.5 Fragmentation time 
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conditional the decision tree. It is likely that there may be several combinations of timing 

of events that may cause the MCS. Some sort of convolution approach will then be needed 

to encompass all scenarios. 

 

It should also be mentioned that how the quantification of the MCS list shall actually be 

performed is also a subject for research. Some possible methods could be: 

 BBN, Bayesian belief networks, to be able to quantify events depending 

on other events 

 Automata, to be able to include states and time into the analysis  

The main focus of this phase of the project has been to study the possibility to improve 

the modelled sequences and phenomena, see section 9.1.1 and 9.1.2. The issued discussed 

in these chapters should preferably be resolved before using the results of the analysis in 

the way described in this chapter. No example of this type of analysis has therefore been 

performed during this phase of the project. 
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Chapter 10. Conclusions and Suggestions 

The results from the IDPSA show that an increased number of thermohydraulic 

calculations, performed according to an intelligent algorithm, can improve the 

understanding of the sequences and therefore input to the PSA or to the deterministic 

safety analyses. 

 

The forward and reverse analysis with the ROAAM+ approach has successfully been used 

in the project. The evaluation of the results shows that using the results leads to clear 

benefits for both deterministic as well as probabilistic analysis regarding quality and 

verification of severe accident progression scenarios.   

 

IDPSA can for both deterministic analysis and PSA be used to refine and improve the 

analysis in several ways. 

 

The initiating events included in deterministic safety analysis are traditionally divided 

into a limited number of event classes which have specified analysis assumptions and 

acceptance criteria. The sequences have to be known when performing the deterministic 

analysis and the parametric studies are normally limited to one or two parameters. The 

large strength using IDPSA is its possibility to analyze a large number of combinations 

of system functions and manual operations which has been shown successfully with 

ROAAM+ approach. If there are exceedance of the acceptance criteria for certain 

sequences the results shows the excellence in using IDPSA to improve the understanding 

which conditions leads to the exceedance and also to provide basis for determining the 

probability of these sequences. By this the IDPSA results are excellent to use when there 

is a need for risk evaluation when for example the deterministic analysis shows that an 

analyzed sequence leads to exceedance of the acceptance criteria. It is in these cases 

possible to identify the conditions for the exceedance and thereby to either improve 

analysis or to make judgements if these conditions are acceptable. For sequences analyzed 

which involves manual operation or activation of non-safety systems the outcome of the 

IDPSA analysis is also important from an operational perspective as well as operator 

training to prevent those sequences which leads to exceedance of acceptance criteria.   

 

IDPSA results can be used to refine and improve the PSA in several ways. One example 

is the analysis of recovery of core cooling, where IDPSA has provided usable information 

regarding the timing and possibility of core coolability (re-flooding). This information 

can be used as a basis material for the HRA, to re-define the binning of plant damage 

states as well as provide probabilities for failure of coolability.  

 

The analysis performed for phenomena such as steam explosion shows interesting results 

that are relevant for the PSA-modelling. The analysis provides insights regarding under 

which conditions each phenomenon should be modelled and can therefore influence the 

sequences for which the phenomena is modelled.  The results may also be used as one 

input to the quantification of phenomena. The analysis can be developed to further 

facilitate the use in PSA.  

 

From the PSA stand point, the vision would be to continue the sequences from the core 

melting and vessel failure to study the impact on phenomena that could potentially 

challenge the containment. For each phenomena the key factors of importance should be 

identified, for example timing of vessel melt through, pressure in vessel at melt through, 

containment pressure at melt through etc. This would allow for an improved 

representation of phenomena, and also to represent the uncertainties in phenomena with 
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their contributing factors. 

 

The IDPSA approach has not yet met this goal, but the analyses performed within this 

report have shown that this is not an unreachable goal. Significant progress has been made 

in just a couple of years. There is a good potential for development of a mathematical 

model to represent the IDPSA results in form of a decision tree as input for the 

quantification of the PSA Level 2 structure. This approach deserves a further evaluation 

in the future. 
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Appendix A.  Comparison of MAAP – MELCOR 

calculations of core degradation and relocation 

phenomena in Nordic BWR 
 

In the section below the discovered discrepancies in input of MELCOR BWR 75 and 

MAAP are discussed. Thereafter the results obtained from the simulations of the selected 

SBO scenario are compared. In addition the impact of the maximum time step is evaluated 

and parameter studies of the discovered discrepancies are performed. 

Discrepancies in nodalization and input parameters 

When the input desk of the MELCOR BWR 75 model was compared to available data in 

MAAP, several differences were discovered both in nodalization and input parameters, 

which are discussed in the section below 

1.1. Core nodalization 

In Figure A.1, a schematic sketch of the axial nodalization in MELCOR respective MAAP 

is presented. No MAAP data was available to confirm the thickness of the core support 

plate, therefore two different interpretations of the nodalization could be made, either (a) 

or (b). In terms of axial heights, interpretation (a) agrees well with the nodalization 

applied in MELCOR. Interpretation (b) on the other hand, is based on the available core 

mass distribution in MAAP. Nodes in the lowest axial level 1 contains only steel, which 

therefore logically should represent the core plate and not the inactive fuel inlet 

(representing canister made of Zircaloy) assumed in (a). However, the thickness of the 

plate is significantly larger in interpretation (b) but contradictory, the amount of steel is 

considerably less compare to the mass assumed in the current MELCOR model where a 

thickness of 8.5 cm is applied. The core support plate and its interface to control rods and 

fuel assembly is a complex structure and simplification may therefore been made 

differently in MELCOR and MAAP. Thus, no conclusion could at this point be drawn 

whether interpretation (a) or (b) is more correct than another. If the thickness is larger 

than the value in MELCOR (8.5 cm) the timing of relocation to lower plenum will be 

affected assuming similar failure criteria.  
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Figure A.1. Axial nodalization in core region. From available MAAP data two different 

interpretations (a) and (b) are possible. 

 

Despite difference in core support plate thickness, the active core comprises 10 axial level 

in MAAP compared to 6 levels in MELCOR i.e. MAAP has a finer axial nodalization. 

Since modeling in MELCOR applies certain conditions and failure criteria to each cell, a 

finer nodalization could have an impact on the relocation progression.  Due to the design 

of the SVEA-96 Optima2 fuel, MELCOR applies an average value of 3.68 m for the 

heated length [56] while the longest dimension is taken into consideration in available 

MAAP data. Moreover the axial levels in the active part of the core assumed to be evenly 

distributed in MAAP since no other information about the division was available, but are 

unevenly distributed in MELCOR. 

 

As displayed in Table A.1, core elevations are 1-2 % less in MELCOR. Due to these 

differences, the whole core region is shifted approximately 0.1 m upwards in MAAP. 

Consequently, the initiation criteria for those safety systems that depend on the water 

level above/below top of active fuel (TOAF) e.g. the ADS will be activated on different 

heights in MELCOR and MAAP. In addition, the reference point for elevations within 

the reactor building in MAAP is way below the actual plant (probably at sea level) and 

not at the bottom of the vessel as in MELCOR. The relation found to be used when 

comparing elevations between the codes differs from the one given in Nilsson’s report 

[56]. This difference can be the reason for deviations in core elevation but no such 

indication was seen.  

 

Table A.1. Normalized elevations in core region 

Parameter MELCOR 

TOAF [m] 0.99 

Height of active core [m] 0.98 

Elevation bottom of core support plate [m] 0.98 
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1.2. Initial core masses 

By comparing core cross-sections in MELCOR and MAAP it is seen that the radii 

division among the five radial rings differs significantly, according to Figure A.2.  In 

MAAP the radial distance from the center increases constantly for each ring, a correlation 

which is not applied in MELCOR BWR 75 model. Subsequently the fuel distribution 

among the rings is expected to differ considerably.   

 
Figure A.2. Radial rings division in core  

 

From Figure A.3 it can be deduced that all axial levels within one ring contains the same 

amount of fuel in MAAP (constant mass in each ring). Due to the coherent radii division 

the fuel mass increases stepwise towards the outer ring. On the opposite, the masses varies 

axially in MELCOR (small steps within each ring representing masses in axial level 8-

13) and the three innermost rings contains twice the mass compared to the two outer, also 

defined in Table A.2.  

 
Figure A.3. Normalized fuel distribution for the axial levels of each ring 

 

Moreover it was discovered that the total fuel mass deviates by approximately 5% i.e. 

MELCOR BWR 75 contains more UO2 than MAAP, as seen in Table A.2. 
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Table A.2. Normalized initial fuel distribution among the rings  

Ring # 1 2 3 4 5 Total 

MELCOR 0.26 0.26 0.26 0.12 0.14 1.05 

MAAP 0.04 0.13 0.19 0.26 0.37 1 

 

Since the fuel mass differs by 5 % it is expected to see an adjustment in cladding material 

(Zircaloy) proportionally. By comparing initial core masses in MELCOR BWR 75 model 

not only to MAAP but also to the original MELCOR input created by Nilsson, insight 

was given to what extent modifications have been made. According to Table A.3 the total 

amount of Zircaloy has been kept constant independently of the UO2 increase. The 

amount of Inconel and B4C is also identical to the original input, but this is on the other 

hand more reasonable than the unchanged cladding mass. The mass of steel in the control 

blades and in the inlet part has been increased 3.9 tons and 2.4 tons respectively compared 

to Nilsson’s input. The reason for this is unknown and since the only data available in 

MAAP is total mass of Zircaloy, the steel mass could not be compared. However, the 

total Zircaloy mass in the core (canister and cladding) is approximately 15 % larger than 

the amount given in MELCOR BWR 75 and Nilsson’s input. A possible reason for the 

missing Zircaloy mass is the water channel since no input parameter defines the Zircaloy 

comprising the water channel structure. Assuming dimensions according to the assembly 

cross-section, the mass of the water channel structure agree very well with the missing 

15 %. Since oxidation of Zircaloy is a major contributor to the hydrogen generation and 

heat production in the core during meltdown, the difference is substantial. An increase 

should therefore contribute to oxidation causing more hydrogen to be produced and 

possible accelerate the melt progression further, assuming there are no limited amount of 

steam and oxygen in core. 

 

Table A.3. Comparison of initial core masses in MELCOR BWR 75 model, 

 the original MELCOR input [56] and MAAP 

Initial core masses  
MELCOR 

BWR 75 

MELCOR  

Nilsson 
MAAP 

UO2  (Normalized) 1.05 0.99 1 

Total Zircaloy mass (Normalized) 0.85 0.85 1 

Stainless steel core support plate (Normalized) 1.70 (#6) 1.70  1 (#1) 

Zircaloy in cladding  28 730.5 28 731 - 

Zircaloy in canisters  22 050 22 050 - 

Inconel in spacers 604.6 604.6 - 

B4C in control rods   1706.9 1706.9 - 

Stainless steel in fuel assembly inlet part 10 115.9  7700.0 - 

Stainless steel in control rods  22 262.4 18 303.3 - 
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 Core power distribution  

A comparison of the axial and radial power profiles are presented in Figure A.4 respective 

Figure A.5. Axially, MAAP predict higher burnup in the top of the active core while the 

maximum power peaking factor is in the bottom half of the core in MELCOR. In MAAP 

data the area fraction of each radial ring were given but the radii unknown. Therefore the 

same outer radius of ring 5 as in MELCOR (3.2 m) was assumed to determine the radial 

power profile. Radially, MAAP has a flat profile in the center of the core at a lower power 

level compared to MELCOR.  

 

 
Figure A.4. Axial power profiles 

 

 
Figure A.5. Radial power profiles 

 

 

Discrepancies in input parameters  

Besides differences in nodalization and initial core masses e.g. 5 % more fuel in 

MELCOR, some major discrepancies in modeling parameters were discovered, 

summarized in Table A.4. The particle size of the particle comprising the particulate 

debris used in MELCOR BWR 75 is 4.77 times the size in MAAP. Since the diameter is 

used to determine the surface area applied in heat transfer calculations, the large 

difference of particle size is expected to have an effect on the hydrogen generation. 

Moreover, the velocity of the debris entering the lower plenum after core support plate 

failure is set to a value much lower in MELCOR BWR 75 input compared to MAAP. 

Somehow the default velocity in MELCOR differs between the manuals of 1 m/s [58] 

and 5 m/s [57], but the applied value is significant smaller than the default. First guess 

for the choice of such a small velocity was to enhance the debris/steam interaction by 

increasing the duration of the fall. However it was found out, the reason for this huge 

difference was due to a misinterpretation of MAAP data made by Nilsson [56] when the 

original input was created. The correct value is 98% larger than the one applied in the 

current model. Other differences were the irradiation time and the cladding failure 

temperature which was assumed 87 % respective 17% larger in MELCOR model 

compared to MAAP. In addition, a debris porosity of 25 % was applied in the MELCOR 

BWR 75 model, a value considerably less than the 40%. No value regarding porosity was 

available in the MAAP data so the MELCOR model was updated according to 

experimentally obtained results.  

 

Power peaking factor

H
e

ig
h

t

 

 

MELCOR

MAAP

Distance from center

P
o

w
e

r 
p

e
a

k
in

g
 f
a

c
to

r

 

 

MELCOR

MAAP



NKS IDPSA Report 2014 

77 

Table A.4. Normalized values of discrepancies in input parameters 

 

 

 

Comparison SBO transient   

By updating the MELCOR BWR 75 input in accordance to MAAP (power profiles and 

parameters specified in Table A.4) the inputs were made as similar as possible. However, 

no geometries were altered in MELCOR i.e. the nodalization and subsequently fuel 

distribution were kept unchanged. The known difference in prediction of decay heat was 

not taken into consideration. The missing Zircaloy mass (15 %) due to the presence of 

water channel structures was also not taken into consideration since no such input record 

is available in MELCOR. With inputs as similar as possible with respect to the 

discrepancies discovered, differences in results could be evaluated and uncertainties in 

modeling be addressed for the chosen SBO scenario. 

In Table A.5, the timing of key events during the accident progression is compared. Low 

water level L4 (+0.5 m above TOAF) and activation of the ADS occur earlier in MAAP. 

A higher level of decay heat (9-10%) could be the reason for a more rapid boiling. On the 

other hand, the core is shifted upwards in MAAP relative MELCOR (section 1.1). Since 

similar initial water levels in the DC are observed, certain water levels are reached earlier 

in MAAP due to geometric differences of the defined control volumes. Hydrogen 

generation starts about 18 min earlier in MAAP, which indicates a more rapid core heat 

up and thus earlier steam/cladding interaction. However, start of relocation occurs after 

50 minutes in MELCOR, approximately 20 minutes before MAAP. Thereafter the 

relocation progression is about 60 % faster in MAAP. Thus, the time required for reactor 

vessel failure to occur after a substantial mass of core debris relocated into the lower head 

is less in MAAP (4 h) compared to MELCOR (5.8 h). Most likely this arises from 

differences between the models for debris heat transfer within the reactor vessel lower 

head, and for structural failure model of the lower head segments. Opening of the CVS is 

predicted earlier in MAAP (4.6 h) compared to MELCOR (7.9 h). Hence, the containment 

pressure is higher in MAAP or different opening criteria are applied within each code. 

Modeling of the CVS is beyond the scope of this work and therefore not further analyzed.  

  

Parameter MELCOR 

Initial UO2  mass 1.05 

Irradiation time  1.87 

Particle size of particulate debris in lower plenum  4.77 

Fuel cladding failure temperature 1.17 

Debris falling velocity into lower plenum 0.02 
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Table A.5.Timing of key events 

Event 
MELCOR 

updated 

MAAP 

SBO 0 s 0 s 

Reactor shutdown  3.5 s 4 s 

Low water level L4 (+0.5 m)   900 s  736 s 

ADS activation  1630 s 1153 s 

Hydrogen production begins  2370 s  1273 s 

Start of relocation to lower plenum  2970 s 4210 s 

Core support plate failure 5127 s 4491 s  

50% of debris relocated to lower plenum  5497 s 9366 s  

90% of debris relocated to lower plenum  16 022 s  11 324 s 

Vessel failure  21 039 s 14 498 s 

Opening of CVS MVVS (via scrubber)  28 785 s 16 680 s  

 

According to Figure A.6, a good agreement is seen between MELCOR and MAAP of the 

pressure in the primary system. The pressure drop after pressure relief is more rapid in 

MAAP, which is due to a higher flow rate according to Figure A.7. Further adjustment of 

the flow rate is needed in order to obtain the same pressure drop as in MAAP. A distinct 

pressure spike is seen in Figure A.6 after 6000 s in MAAP. This spike is caused by the 

first massive relocation to lower plenum followed by an increase in hydrogen generation. 

No rapid increase in hydrogen and consequently no pressure spike is predicted in 

MELCOR after core support plate failure.  In Figure A.8, the maximum fuel temperature 

in MELCOR is compared to the maximum core temperature in MAAP. Initially the 

temperature is a bit higher in MELCOR but the temperature increase during core 

degradation until core support plate failure is in good agreement. Thereafter the 

temperature drops in MELCOR and at time of fuel rod failure which takes place 

approximately 300 s earlier in MAAP, the temperature is 1/3 compared to MAAP. Even 

though the fuel temperature is similar during core heat up, almost 50 % more molten 

debris is present in the core in MELCOR as seen in Figure A.9. 

 

In Figure A.11, the debris mass in lower plenum is presented. In MELCOR, about six 

times more debris drips through the core support plate before failure. This indicates 

dissimilarities in modeling of plate/debris interaction. During the first massive relocation, 

almost 70 % of the total debris mass in MELCOR is instantly ejected into lower plenum, 

thereafter the relocation progression is significantly slower compared to MAAP. The 

reason is the initial fuel distribution in MELCOR where the majority of the fuel (about 

75% compared to 36 % in MAAP) is distributed in the three innermost rings. Thus, a 

large amount of debris is formed and transferred to debris upon failure of the CRGT’s. 

After failure of the center rings, heat up of the periphery of the core takes time. Because 

of this, the outer rings remain intact and the relocation progression is predicted to take 

almost 1.5 longer in MELCOR. Since more fuel is distributed in the outer rings in MAAP, 

large debris transition is also predicted in the end of the relocation progression. Moreover 

the debris in MAAP is accumulated in the lower head for approximately 50 minutes until 

vessel failure occurs. No similar behavior is seen in MELCOR.  
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Figure A.6. Pressure in primary system 

 

 
Figure A.7. Flow rate through SRV’s and 

ADS 

 

 

Figure A.8. Maximum core temperature 

 

 

Figure A.9. Debris mass in core region 

 

 
Figure A.10. Hydrogen mass in containment 

 

 
Figure A.11. Debris mass in lower 

plenum 
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Figure A.12. Decay heat 

 

 
Figure A.13. Total hydrogen production 

  
Figure A.14. Collapsed water level in  

downcomer and lower plenum 
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Significant difference in modelling of oxidation can be seen in Figure A.10, which 

presents the hydrogen mass in the containment. In MAAP4, oxidation of debris particles 

is only considered during the entrainment and when falling from the lower plenum into 

the bottom of the cavity [55]. Thus, no oxidation is assumed to take place from the debris 

bed in lower plenum since the presences of crusts are supposed disable steam-debris 

interaction. This explains the stepwise hydrogen generation in Figure A.10. In contrast, 

MELCOR predicts a continuously hydrogen production over the whole degradation and 

relocation progression. After vessel failure at 14 498 s and 21 039 s in MAAP respective 

MELCOR, hydrogen is generated as ejected melt interacts with the water present in the 

cavity. The increase is not as significant in MELCOR as in MAAP where almost 50 % of 

the total hydrogen mass is produced instantly after vessel breach. In MELCOR, this 

phenomenon was not observed in previous comparison where no additional hydrogen was 

generated at the time of vessel failure [59]. By applying default values for a set of 

parameters responsible for the heat transfer in the cavity rather than the previous user-

specified, a hydrogen increase is obtained. However, the continuous growth of hydrogen 

seems like a calculation error since the hydrogen level never stabilizes but no warning is 

obtained by MELCOR. Since this ex-vessel phenomenon is beyond the scope of this 

work, no further evaluation of the cavity input parameters is done but should be 

investigated in the future. In MELCOR it is possible to deduce the hydrogen production 

from oxidation of Zircaloy, steel and B4C separately, which is not possible in MAAP. 

The total amount of hydrogen as a result of all oxidation processes can in MAAP be obtain 

in core region while it is given for the whole vessel in MELCOR. Thus, no comparison 

of the contribution of hydrogen from the different oxidation processes could be made.  

 

The collapsed water level in the DC during the first 2000 s agrees well between the codes. 

Due to differences in elevation of the DC, the DC bottom is reached earlier in MAAP (at 

7000 s) compared to MELCOR (around 11 000 s). After about 11 000 s no water is present 

to cool the debris in MELCOR, but the water levels stays constant on 1/3 of the initial 

level in MAAP until vessel breach. The reason for this behavior is unknown.  

 

According to Figure A.12, MAAP predicts 9-10% higher decay heat compared to 

MELCOR. In previous comparison the difference was determined to 13 % [59], which 

means the deviation has decreased as a result of the updates made in MELCOR. However, 

9-10 % difference is hard to explain since both codes use the ANS decay heat correlation 

(tabulated values of decay power with respect to time since scram). On the other hand, 

the formula applied in MELCOR consist of other correlations besides the tabulated values 

from ANS. 

 

The decay power distributions of 235U, 238U, 239Pu are also applied in MAAP but end-of-

cycle values are used instead of averages over the whole cycle, which are applied in 

MELCOR.  

 

Due to differences in radionuclide grouping, a complete comparison of the nuclides 

present in the core could be made. However, in some groups in MELCOR are identified 

with corresponding main contributor in MAAP (nuclides written in parentheses). As seen 

in Table A.6, MECLOR have smaller initial mass inventories for all nuclide groups 

identified. This is one possible reason why MAAP predicts a higher level of decay heat 

compared to MELCOR. Furthermore, it should be mentioned that a warning related to 

the decay heat was obtained in all simulations performed in MELCOR. Apparently, the 

decay heat deposited does not equal the calculated available total decay heat. The cause 

of this message has not been found and further investigation is needed.  
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Table A.6. Normalized initial radionuclide inventory 

Radionuclide  MELCOR 

Nobel gases 0.75 

Alkaline Earths (SrO) 0.76 

Chalcogens (TeO2 ) 0.74 

Transition Metals (MoO2) 0.37 

Tetravalents (CeO2) 0.34 

Trivalents (La2O3 ) 0.40 

 

Debris characteristics in lower plenum 

According to Figure A.16, two types of debris are considered in MAAP i.e. particulate 

debris bed and continuum pools. The metals and oxides are separated into two different 

pools, which are also modeled in MELCOR. In addition, MAAP models an oxide 

embedded curst as a result of the debris-to-wall heat transfer. By comparing the 

characteristics of the debris predicted by MELCOR and MAAP Figure A.17 respective 

Figure A.16, significant differences are seen in modeling. Since crusts in lower plenum 

are not modeled in MELCOR, the conglomerate debris has similar characteristics and 

prevents the molten material from further relocation, by occupying available space for 

downward relocation of molten materials (similar to flow blockage by conglomerate 

debris in core region, see Figure A.15). Moreover, MELCOR assumes that molten pools 

cannot penetrate into particulate debris beds in LP, which also leads to similar behavior 

as MAAP debris crusts. 

 

 
Figure A.15. Flow blockage for a cell, as predicted by the COR candling model of 

MELCOR. 

 

In MAAP, molten pools are created from the start of relocation. Unlike MELCOR, the 

MAAP simulation estimates a significant fraction of the core liquefying prior to the initial 

slump to the lower plenum, this can be explained by the fact that in MELCOR 

simulations, debris formation in upper regions of the core usually results in relocation of 

particulate debris to the bottom of the core (on top of the core support plate) based on the 

leveling principle, in contrast, MAAP does not use such leveling principle for particulate 

debris formed in the upper core region. The relocation of debris into originally open core 

regions result in debris blockages forming above core plate. This acts as crust preventing 

further downward relocation. Debris can relocate through these crusts once they fail, 

which typically requires high temperature conditions [60].  
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In MAAP crust is formed in the vicinity of the vessel wall in LP by debris-to-wall heat 

transfer. Right before vessel breach the mass of the oxide pool is almost half the total 

amount of debris present in the lower plenum, due to the different modeling of core 

degradation (within core region). In contrast, the presence of the molten pools MELCOR 

varies over time, often no pool is present at all. The amount of oxide pool is significantly 

less in MELCOR and exists only in the very end before vessel failure. For the major part 

of the relocation progression, MAAP predicts a constant amount of particulate debris i.e. 

no mass leaves the region by melting. Transition between the crusts and the continuous 

oxide pool is only seen at 11 000 s where all debris is accumulated in the lower head 

before vessel failure occurs. In MELCOR, properties of the materials are evaluated for 

each individual cell at each time step. Transition between solid and molten states is 

therefore calculated continuously and the amount of particulate, conglomerate and 

continuum pools varies over time. Differences in modeling of the characteristics of the 

debris in lower plenum is clear; MAAP seems to apply a set configuration where 

transitions between solid and molten states are not calculated to the same extend as in 

MELCOR.  

 
Figure A.16. Lower plenum debris characteristics in MAAP 

 
Figure A.17. Lower plenum debris characteristics in MELCOR 
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According to Figure A.18 , MELCOR predicts a higher temperature of the metallic pool, 

especially during the first relocation. For the oxide pool the temperature is higher in 

MAAP but the temperature profiles are more similar between the codes than for the 

metallic pool. Since the presences of the molten pools vary over time, the temperatures 

oscillate accordingly. In contrast to MAAP, MELCOR does not apply a lumped parameter 

approach to the whole region of the lower plenum. Instead the temperature is calculated 

independently in each of the 30 cell comprising the lower plenum. Therefore both the 

average and maximum temperature of the particulate debris is included in Figure A.20. 

 

 
Figure A.18. Temperature of metallic pool 

in lower plenum 

 

 
Figure A.19. Temperature of oxide pool in 

lower plenum 

 

 
Figure A.20. Temperature of particulate debris in lower plenum, 

 both maximum and average temperature in MELCOR are included 

In Figure A.21 the composition of the total debris mass in the lower head is compared. 

Differences in composition and thermal conductivity is important for the time of vessel 

failure. In MELCOR, the composition of the oxide and metallic pool could not be 

specified and therefore not included. Since the pools contain only a small fraction of the 

total debris in MELCOR (Figure A.17), the pool mass has a minor impact in the result. 

Pool materials in MAAP are included in the diagram. In MAAP, data was only available 
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at 2, 4 and 6 hours after reactor shut down. A more frequent comparison was therefore 

not possible. Fortunately, vessel breach occurs after approximately 4 hours in MAAP. 

The resulting mass and composition of the debris in the lower head could therefore be 

compared to MELCOR, where the time of vessel failure occurs after 5.8 hours. After 2 

hours, two times more debris has relocated in MELCOR compared to MAAP. The major 

difference in composition at this time is the quantity of steel, which corresponds to the 

collapsed CRGT’s in MELCOR. A good agreement is seen for the resulting debris 

composition after 4 respective 5.8 hours. In MAAP the initial mass of Zircaloy was 15 % 

larger, which explains why more Zircaloy is present. Differences in ZrO2 and steel oxides 

could be due to different modeling of oxidation and flow blockage i.e. prevents steam and 

debris to interact. After 6 hours, debris is still being ejected to the cavity in MELCOR. At 

all times, the amount of B4C debris is almost identical between the codes.  

 

 
Figure A.21. Debris mass and composition in the lower head. Vessel breach occurs after 

4 h and 5.8 h in MAAP respective MELCOR 
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Appendix B. GA-NPO – MELCOR Analysis 
We employ the GA-NPO algorithm to search the parameter space for either a minimum 

or a maximum of the fitness function. The value of the fitness function can be any 

parameter or combination of parameters, which is producible using a Post Processing-

Script, usually a bash-file, and which is available in the MELCOR Plot File. The result 

has to be a single value which is written into an external goal function, where it is read 

by GA-NPO and used to select the parameters of the next simulation. 

 

MELCOR adjusts the time step of the simulation dynamically to reach convergence of 

the simulation. There is a limiting ratio between two consecutive time steps, resulting in 

a maximal allowable change between two time steps. The user input on this feature is 

essentially limited on the largest and smallest allowable time step. When several 

discontinuities happen in a relatively short time frame and the code “crashes” at this 

critical point in time, the times step can often not be automatically adjusted downward 

fast enough resulting in a premature crash of the simulation.  

 

GA-NPO will automatically assign the parameter combination leading to a crash a very 

large negative value, causing future parameter selections to drift away from the “crash 

side”. This is on the one hand logical as we want complete simulations for our analysis 

but can lead to a distortion of results. 

 

To fix this problem the secondary purpose of the Post Processing-Script was introduced. 

In case of a crash, e.g. the actual end time is significantly smaller than the expected end 

time, the Post Processing-Script falls back to the closest MELCOR safe point, which are 

regularly distributed over the length of the simulation run, and restarts the MELCOR 

simulation from this point with a dynamically adjusted maximal time step. If the 

simulation fails again, the procedure is repeated with ever-smaller maximal time step. 

GA-NPO is paused during this process. 

 

If successful the external goal function is computed as usual and the simulation is 

continued. 

 

Fitness Function Selection 

For the time being the work-horse of the GA-NPO software suite is the 1.8.6 MELCOR 

code. While further development in later versions of the MELCOR –code are underway,  

work will continue with the current 1.8.6 MELCOR version with which the proof of 

concept and the first practical experiments were conducted, part of the reasoning are 

legacy issues. Transformation of older input decks into newer versions are notoriously 

time intensive and error prone.  

 

The fitness function can be chosen as any plot-able MELCOR variable or any 

combination of plot-able MELCOR variables that can be implemented using a bash script 

or any programming language (e.g. perl, AWK, or similar) installed on the Linux machine 

and callable from a bash script. The bash script is called the post-processing script and, if 

activated, will be called after the MELCOR run has been completed. It has to write its 

intended results in an external text-file, called the external goal function (or ext.goal) in 

the current implementation. The name of the post-processing script and the external goal 
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function have to be specified in the GA-NPO input file config.npo.mel. 

Note that the criterion specified need not be identical to the input used to generate the 

external goal function. The former will override the later.  

 

In the current implementation we use aptplot-script aptbatch to read out data vectors from 

the MELCOR Outputfiles, called MELC.PTF. The data vectors are than further processed 

by a combination of bash programming and AWK, an interpreted programming language 

designed for text processing, typically used for data extraction, and reporting. 

 

The current fitness function is simply returning the absolute difference between the 

relocated mass to the lower plenum, defined as all cells below the lower core plate, and a 

user defined constant. This is useful, if we want to avoid unwanted concentration of the 

algorithm on the safe zone and are more interested in sounding out the critical edges of 

the “target area”. 

 

The external goal function is rather flexible and allows the superposition of various 

values, as long as we can combine it in final return value, weighted to user specifications, 

for the fitness function, that will either be maximized or minimized. 

 

Appendix C.  Pattern Analysis Approach 
Pattern analysis and pattern recognition is a branch of machine learning that focuses on 

the recognition of patterns and regularities in data [44]. 

We use pattern analysis to identify possible core relocation patterns, and to find out if 

there is any typical behavior in the scenario space. 

 

The main steps in approach used for pattern identification: 

• Each scenario evolution in time is split into separate time frames with 30 

min step.  

• In each time frame we analyze relocated mass compared to total 

relocated mass for this scenario according to Table C.1 

• e.g. in Figure C.1 the total relocated mass is around 250 

tons, in the first time frame relocated mass is around 

100tons, which gives Relocated Debris Ratio [25-50%] 

which belongs to cluster 2. 

• Performing similar analysis for each time frame every scenario become 

represented by a set of numbers that characterize scenario behavior over 

time. 

• Then, scenarios with identical behavior are grouped into patterns. The 

grouping algorithm is similar to the algorithm used in sequence pattern 

analysis [45]. 
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Figure C.1. Pattern Analysis Example 

 

Table C.1. Clusters used in pattern analysis 

Cluster N Relocated Debris Ratio 

[1] [0%-25%] 

[2] [25%-50%] 

[3] [50%-75%] 

[4] [75%-100%] 

 


	Abstract
	Key words

