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Abstract. Today, using a best-estimate approach is a key factor in the simulation and 
prediction of thermal-hydraulic and other multi-physics phenomena occurring during nuclear 
severe accidents. The best-estimate approach requires the quantification of both epistemic and 
stochastic uncertainties of safety codes to be effective. This safety assessment approach, named 
Best Estimate Plus Uncertainty (BEPU), is being pursued as an alternative to traditional 
deterministic analyses that are intrinsically conservative with not clearly defined safety 
margins. While in a conservative approach, the results are expressed in terms of a set of 
calculated conservative values of parameters, in a best-estimate methodology, the results are 
expressed in terms of uncertainty ranges for the calculated parameters. The International 
Technical Nuclear Community has made great efforts to develop methods and tools for 
uncertainty and sensitivity analyses of severe accident codes. In this framework, Sapienza 
University of Rome has developed a new Python script to use RAVEN as a tool for the 
application of the BEPU methods within the safety analyses performed with MELCOR. The 
aim of this paper is to show the capabilities of the coupling between RAVEN and MELCOR 
by performing a statistical analysis to estimate the range of evolution of a severe accident 
scenario.  

1.  Introduction 
In evaluating safety margins, the use of the Best Estimate Plus Uncertainty (BEPU) approach by 
coupling selected calculated parameters with the related uncertainty range is of great interest for the 
International Technical Nuclear Community. Considering the reached level of development and 
maturity of Severe Accident (SA) codes and their application on Severe Accident Management 
Guideline (SAMG) assessment, the discussion and application of SA progression analyses with 
uncertainty estimation is currently a key topic in the BEPU framework. Several SA codes, in fact, 
have been developed and validated against the available experimental data in the last decades to 
simulate the phenomena/processes taking place in an unmitigated accident determining potential core 
degradation. 

In this framework, MELCOR [1][2][3] is a fully integrated severe accident code able to simulate 
the thermal-hydraulic phenomena in steady and transient condition and the main SA phenomena 
characterizing the Reactor Pressure Vessel (RPV), the reactor cavity, the containment, and the 
confinement buildings typical of Light Water Reactors (LWR). The estimation of the source term is 
obtained by the MELCOR code as well. MELCOR can be used with the Symbolic Nuclear Analysis 
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Package (SNAP) [4] to develop the nodalization and post-process data using its animation model 
capabilities. MELCOR has a modular structure. Each package simulates a different part of the 
transient phenomenology. In particular, the Control Volume Hydrodynamics (CVH) and FLow path 
(FL) packages simulate the mass and energy transfer between control volumes, the Heat Structure 
(HS) package simulates the thermal response of the heat structure, and the CORe (COR) module 
evaluates the behaviour of the fuel and structures contained in the core and lower plenum and their 
degradation phenomena. The CVH/FL packages' role that provides the boundary condition for other 
packages is to be underlined. 

Sapienza University of Rome has developed a new Python [5] interface to couple the SA code 
MELCOR and Reactor Analysis and Virtual control ENviroment (RAVEN) software tool. RAVEN, 
developed at the Idaho National Laboratory (INL), acts as the control logic driver and post-processing 
tool for different applications [6]. RAVEN has been developed to perform parametric and probabilistic 
analysis based on the response of complex system codes to quantify the safety margins related to 
safety-related events [7]. Nowadays, RAVEN is a multi-purpose probabilistic and uncertainty 
quantification platform that can be coupled with any system code. For this purpose, a new code 
interface has been developed to couple MELCOR code with the RAVEN framework. 

The aim of this paper is to show the capabilities of the coupling between RAVEN and MELCOR, 
performing statistical analysis to estimate the range of evolution of severe accident scenarios. For this 
purpose, the Fukushima Daiichi Unit 1 unmitigated accident sequence has been selected as the 
reference scenario. A set of seven parameters have been selected among the list of modelling 
coefficients investigated in the SOARCA (State-of-the-Art Reactor Consequence Analyses) project 
[8]. Transient results have been statistically analysed through the RAVEN post-processor.  

2.  Plant modelling using MELCOR 
Fukushima Daiichi Unit 1 is BWR/3 of 1380 MWth with a steam flow rate generation in nominal 
operation condition of 2400 t/h. The operation pressure in RPV is about 6.99 MPa considering an 
average core temperature of 558 K. Fukushima Daiichi Unit 1 employed a Mark I containment with a 
bulb-shaped drywell and a toroidal suppression chamber, connected with radial vents and downcomers 
immersed in the pool. There were 8 vent lines connecting through 80 downcomers the drywell volume 
with the suppression chamber [9][10]. 

In order to develop the Fukushima unit 1 MELCOR nodalization, following the SANDIA approach 
reported in the Fukushima Daiichi Accident Study [11], the nodalization has been based on the Peach 
Bottom reactor (different power but similar reactor layout). The references used to develop the BWR 
Peach Bottom nodalization are [12] and [13]. Starting from this model, the Fukushima Daiichi Unit 1 
input was built with the data reported by TEPCO and applying a reasonable scaling factor for each 
component if the data were not available. The details of the developed MELCOR input deck 
(geometrical and steady-state operational condition comparison with plant data) are reported in [14] 
and [15]. 

The MELCOR nodalization was designed to have a reasonable computational time and a realistic 
prediction of the phenomena involved during the transient, assuring a reliable and accurate transient 
simulation. In MELCOR nodalization, developed by using SNAP [4], the core has been modelled by 
coupling the CVH package nodalization with the correspondent MELCOR code model of the COR 
package. In order to better simulate the local heat transfer process for a wide range of fluid conditions 
and structure surface temperatures, each core equivalent channel has been axially split into 5 control 
volumes. The reactor core is modelled in the COR package with 23 axial regions and 6 radial rings. 
The lower plenum has been modelled with the first 13 axial regions and the core with 10 axial regions. 
The hydraulics control volumes of the MELCOR nodalization are shown in Figure 1. 
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Figure 1. Thermal-hydraulic model of Fukushima Daiichi Unit 1 (made with SNAP). 

3.  RAVEN-MELCOR CODE COUPLING 
A Python interface has been developed to allow the coupling between RAVEN and MELCOR. The 

interface has three manly functions, interpret the information coming from RAVEN, translate such 
information in the input of the driven code, and manipulate output data files to create a database. To 
deal with the first two functions, the “GenericCode interface” module, already implemented in 
RAVEN, has been coupled with a module that runs MELGEN and MELCOR executables. A Python 
output parser has been developed to allow RAVEN to store output data coming from MELCOR. The 
aim of this parser is to convert the PTF binary file generated by MELCOR into a single CSV file. The 
interface allows the creation of a CSV file with only plot variables required by the users to overcome 
the handling of large data files. So is possible to obtain a Hierarchical Data Format 5 (HDF5) database 
that comprises variables from all MELCOR packages (e.g., CVH, FL, COR, RN) and perform 
statistical analyses on the specified variables. The procedural framework used for the uncertainty 
quantification is shown in Figure 2.  

 
Figure 2. Uncertainty Analysis RAVEN-MELCOR flow diagram. 
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A MELCOR input deck is used as a template, and the chosen parameters are specified as a string 
with special characters. In such a way, RAVEN can identify such parameters and replace the string 
with values sampled from a specified distribution. Consequently, N MELCOR input-decks are 
generated. Once the HDF5 database has been generated, statistical analysis of the output sets can be 
performed. 

3.1.  Variables and sampling 
A set of 7 parameters have been chosen to perform this study and to test the implemented code 

coupling between RAVEN and MELCOR. The probabilistic method to propagate input uncertainty 
has been selected to perform the analyses [17]. The parameters treated in this analysis are the 
recirculation pump seals leak flow area (plant parameter not available to the code user), and 6 
MELCOR modelling parameters taken from the list of modelling parameters and sensitivity 
coefficient investigated in [16]. MELCOR code allows code-users to modify some important 
parameters model directly through code input as Sensitivity Coefficient (SC), to facilitate uncertainty 
analyses and sensitivity studies. The parameters selected are listed in Table 1. The Area_Seal 
parameter is related to the seal leak flow area. In typical BWR recirculation pumps, a combination of 
pressure unbalance and springs is used to keep the faces of the seal closed. If this combination is lost, 
a leakage from the pumps can occur. This parameter mainly affects the RPV blowdown phase and the 
pressurization of the DW containment. In MELCOR, the downward relocation of the core material is 
modeled as a constant velocity movement using a user-specified velocity of the falling debris 
(VFALL). Since core debris are cooled by surrounding water during the relocation phase, this velocity 
can affect the properties of debris relocated into the lower plenum, influencing lower head failure and 
melt release mode. Once debris relocates above the lower head, it increases its temperature based on 
debris-lower head heat transfer coefficient, input in MELCOR code as HDBLH. The default heat 
transfer coefficients are order-of-magnitude parameters that should be varied in sensitivity studies to 
determine their impact on lower head heat transfer and failure. After zirconium melting and candling 
by exceeding breakout temperature, UO2/ZrO2 eutectic reactions will form a complex mixture with a 
lower melting temperature than either ZrO2 or UO2. Temperature formation of eutectic could affect 
fuel failure and molten pools generation. In MELCOR the temperature at which eutectic will melt 
could be changed by varying the SC1132(1). The sensitivity coefficient 1141(2) governs the maximum 
melt Zr flow rate per unit width after breakthrough. A high flow rate corresponds to a higher mass of 
molten Zr relocating, thus lower local oxidation, temperature, and extended lifetime. Sensitivity 
coefficient 1502(2) specifies the minimum component mass below which will not be subject to the 
maximum temperature change criterion. In conclusion, the sensitivity coefficient 1250(1) is used to fix 
the temperature above which the conduction heat transfer model is enhanced where core debris is 
molten. This parameter is useful to capture the qualitative effects of convection in molten pools. 

Once all the variables have been selected to perform an uncertainty quantification analysis, a 
sampling strategy needs to be employed. The sampling strategy is used to perturb the input space in 
relation to variable distributions. The sample size needed to obtain a significative output statistic was 
selected using the Wilks formula for two-sided statistical tolerance limits [18]. The required minimum 
number of computer code calculations becomes 93 for a 95% probability and 95% confidence level 
[17]. The Monte Carlo sampling strategy has been selected for this analysis, setting a limit of 250 
calculations to consider possible code failures. Of the 250 MELCOR runs, 33 experienced numerical 
failures. The Monte Carlo method is one of the most-used sampling methodologies because it does not 
use a structured discretization of the input space but a cumulative probability and probability 
distribution function to compute the different values of the concerned variables. In table 1, the 
characterization of the input parameters is reported. However, this is a preliminary estimation based on 
engineering judgment, and it is the basis for showing the methodology used in the paper. Further 
studies are in progress to assess these PDFs and ranges. 
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Table 1. MELCOR perturbed variables in input-deck. 
Variable Description Distribution Unit Data 

Area_Seal Recirculation pump seals leak flow area Triangular 𝑚𝑚2 Mode: 0.12 𝐸𝐸−3  
Min: 0.06 𝐸𝐸−3  
Max: 0.4 𝐸𝐸−3 

vfall Velocity of falling debris Triangular 𝑚𝑚/𝑠𝑠 Mode: 0.1  
Min: 0.05  
Max: 1.2  

hdblh Heat transfer coefficient from debris to lower head Triangular W
𝑚𝑚2 𝐾𝐾 Mode: 1000 

Min: 50  
Max: 1100 

SC1132(1) Core Component Failure Parameters - Temperature to 
which oxidized fuel rods can stand in the absence of 
unoxidized Zr in the cladding.  

Normal 𝐾𝐾 Mean: 2700  
Sigma: 120  

SC1141(2) Core Melt Breakthrough Candling Parameters - Maximum 
melt flow rate per unit width after breakthrough 

Triangular 𝐾𝐾𝐾𝐾/𝑠𝑠 Mode: 0.083  
Min: 0.01  
Max: 1.0  

SC1502(2) Minimum Component Masses - Minimum total mass of 
component subject to the maximum temperature change 
criterion for timestep control 

Normal 𝐾𝐾𝐾𝐾 Mean: 10. 
Sigma: 1.0  

SC1250(1) Conduction Enhancement for Molten Components - 
Temperature above which enhancement is employed 

Normal 𝐾𝐾 Mean: 2800  
Sigma: 150.0 

4.  Results 
Results have been statistically analysed through the RAVEN BasicStatistic post-processor. A dynamic 
statistical analysis has been performed, setting time as a pivot parameter. To better visualize 
uncertainty, the 0.05, 0.5 (median) and 0.95 percentiles have been selected, analysing different figures 
of merits. The Pearson’s and Spearman’s coefficients have been used to describe the correlation 
between the perturbed variables and the figure of merits.  In particular, Pearson’s coefficient has been 
analysed to measure the degree of linear correlation between a perturbed variables and the figure of 
merits. The Spearman coefficient has been used to measure the the degree of monotonous correlation 
between a perturbed variables and the figure of merits. Both coefficients span between -1 and +1. 

Figure 3 and Figure 4 show the spectrum of predicted DryWell (DW) and WetWell (WW) 
pressure, respectively. In the early stage of the accident, the gradual increase of pressure is due to 
steam ejection from recirculation pumps seal leak. DW pressurization is also the result of hydrogen 
generated from Zircalloy oxidation reaction, which production starts about 2.5 hours after the reactor 
SCRAM.  

  
Figure 3. Variation range of Drywell pressure. Figure 4. Variation range of Wetwell pressure. 
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The generated hydrogen reaches the DW and WW containment together with steam through leaks 
from RPV, causing a pressure increase in the containment. It is to underline that the results of the 
calculated data coupled with the related uncertainty band envelope mostly of the TEPCO plant data 
available related to both WW and DW pressure. 

The pressure continued to increase until the operation of WW venting valves occurred 23 h 30 min 
after the earthquake. Before venting, the DW and WW pressure variation range is between 0.75 MPa 
and 0.44 MPa, with an expected value of around 0.7 MPa. 

The venting was modelled by opening a flow path from the top of the WW to the environment. 
Venting activation is reported in TEPCO reference [9]. After, the venting pressure trend increases until 
around 33 h when the water injection with the fire engine was started. 

The Pearson’s and Spearman coefficient are defined between -1 and 1 and measure the linear and 
monotonic relationship strength between two variables. In Figure 5, the strong linear correlation 
between the recirculation pump seal leak area and the DW pressure is shown. The strong positive 
relationship highlights that as the leak area increases the pressure in containment increases, as 
expected. This correlation decreases with time since the long-term pressurization level of the DW 
depends mainly on the total inventory released and not from the leak area. Moreover, the Pearson and 
Spearman coefficients showed a weak correlation, lower than 0.2, between DW pressurization and 
other perturbed parameters.  

Therefore, the lower head failure uncertainty is mainly related to the pump seal leak area, while the 
MELCOR modelling parameters and sensitivity coefficient, under investigation in this uncertainty 
application, have a low linear and ranked influence, as demonstrated by the Pearson and Spearman 
coefficients. 

 
Figure 5. Pearson and Spearman coefficients for Drywell containment pressure. 

 
The results of statistical analysis for pressure in RPV are shown in Figure 6. The first 

depressurization in the first hours after the SCRAM is caused by the Isolation Condenser (IC) 
operation. The pressure drop is predicted to start between 2 and 5.8 hours after the SCRAM and it is 
mainly associated with gas ejection from RPV, which can occur from the leak.  

In Figure 7, the range of hydrogen mass that could be produced perturbing the input parameters is 
shown. At the end of calculations, a median value of 665 kg was produced, with a total mass ranging 
from 550 kg and 755 kg of quantiles. The onset of hydrogen production is not particularly affected by 
the perturbed parameters. From the output data analysis, SC1141(2) has a moderate linear correlation 
with hydrogen generation. Instead, the Area_Seal parameter has a weak negative correlation because 
its increment reduces the amount of steam available for the oxidation reaction.  
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Figure 6. Variation range of RPV pressure. Figure 7. Variation range of mass of H2 

generated. 
 

The Pearson and Spearman correlation coefficients have also been used for RPV pressure to 
evaluate the linearity and the correlation between the variables and the selected figures of merit during 
the transient, respectively. The time-dependent analysis is important to show how the correlation 
evolves during the phase of the transient. Figure 8 shows that the Area_seal is linear and strongly 
correlated with the RPV pressure trend in the first part of the transient. However, in this case, the trend 
is negative; in fact, an increase in leak area will cause a decrease in RPV pressure, as expected. 
Therefore, the RPV pressure is mainly related to the pump seal leak area uncertainty, while the 
MELCOR modelling parameters and sensitivity coefficient, under investigation in this uncertainty 
application, have a low linear and weak correlation, as demonstrated by Pearson and Spearman 
coefficient values, respectively. It is to be underlined that the results of the calculated data coupled 
with the related uncertainty band contain mostly available TEPCO plant data related to the RPV 
pressure, Figure 6. 

 
Figure 8. Pearson and Spearman coefficients for RPV pressure 

5.  Conclusions 
The implemented code coupling between RAVEN and MELCOR has been successfully tested in the 
uncertainty analysis applied to the MELCOR simulation of the Fukushima Daiichi unit 1 severe 
accident progression. The present analysis highlights some uncertainty that produces differences in the 
timing of the major events, such as lower head failure and pressure behaviours. Considering the 
uncertainty band chosen (0.05, 0.5, and 0.95 percentiles), publicly available TEPCO plant data 
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selected for this analysis are generally contained on it. Sensitivity analyses are in progress to study the 
effect of the nodalization details on the calculated data. Regarding the lower head failure time, it is to 
underline that there is a linear and strong correlation with the pump seal leak area. At the same time, 
the MELCOR modelling parameters and sensitivity coefficients, under investigation in this 
application, have a low linear and weak correlation, as demonstrated by Pearson and Spearman 
coefficients. Same considerations can be made for the pressure behaviours here investigated. In the 
future, a more detailed analysis will be performed, through the models implemented in RAVEN, by 
increasing the number of variables affected by uncertainty and including the uncertainty of the TEPCO 
plant data available in the literature. 
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