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STATUS OF DEVELOPMENT OF GRS CODE SYSTEM AC2 

PART I: MODELLING OF REACTOR PHENOMENA 
 
L. LOVASZa, S.WEBERa, P. SCHÖFFELa, P. PANDAZISa, H. AUSTREGESILOa 

 
aGesellschaft für Anlagen- und Reaktorsicherheit (GRS) gGmbH, Boltzmannstr. 14, 85748, Garching, 
Germany, liviusz.lovasz@grs.de 
 
 
 Abstract. System codes are widely used around the world to perform nuclear safety 
calculations. AC2 is a system code that is capable of simulating the whole extent of an accident in a 
nuclear power plant, from the initiating event up to the release of fission products to the environment. 
The program consists of three main modules: ATHLET, ATHLET-CD and COCOSYS. The paper is the 
first part of the overview of the system code AC2and covers the main structures and models of ATHLET 
and ATHLET-CD, which simulate the relevant processes in the core and in the reactor circuit. The 
presented paper introduces not only the main features of the relevant models but also the basic directions 
of the future R&D. AC2 can be used to simulate large plant accident scenarios as well as experiments in 
test facilities. Short examples are shown for both cases.  

 

  Keywords: SEVERE ACCIDENT, CORE DEGRADATION, AC2, CODE SYSTEM,  
 ATHLET-CD 

 

1. INTRODUCTION 

 

Using lumped parameter codes for nuclear safety calculations has been a common practice for 
many decades. Historically these programs covered mainly separate aspects or phases of a nuclear 
accident, their validity was also mostly limited to certain conditions. The developments of many decades 
led to a progressive improvement of the validity and accuracy of these programs. Different codes that 
could simulate completely separate phenomena of an accident, were coupled to each other, or even were 
merged into one code system. These code systems can simulate the whole spectrum of a postulated 
nuclear accident. 

AC2 is a code systemmainly developed by the Gesellschaft für Anlagen- und Reaktorsicherheit 
(GRS gGmbH) and consists of three main modules: ATHLET, ATHLET-CD and COCOSYS. The three 
modules simulate different stages of a nuclear accident: 

− ATHLET is designed to simulate all the relevant phenomena during a design basis accident 
inside the reactor vessel. There are no core degradation effects, no fission product release 
and transport considered. The program is able to simulate the response of the plant safety 
system through user-dependent instrumentation control.  

− ATHLET-CD covers the nuclear accident stage with core degradation including fission 
product release and transport inside the cooling circuit. ATHLET-CD uses the original 
ATHLET as basis for the calculation of the thermodynamic processes. 

− COCOSYS can simulate the main phenomena occurring in the containment during design 
and beyond design basis accidents. 

In the code system AC2 the user can apply these three modules separately or at once, but also 
coupled to additional codes to cover the whole spectrum of a nuclear accident (FIG.1). 

 



 
 

 
FIG.1.Nuclear simulation chain of GRS 

 

This paper is the first part of the overall AC2 paper, which covers the general structure of the 
AC2 code system and the main models and future developments of the subprograms ATHLET and 
ATHLET-CD. The second part of this paper (Status of Development of GRS Code AC2; Part II: 
Modelling of Containment Phenomena) covers the containment part [1].  

 

2. MAIN FEATURES OF ATHLET AND ATHLET-CD 

 

The code system AC2 is a lumped parameter code. The program has a modular structure and 
each submodule is dedicated to a specific group of phenomena (FIG.2 and FIG.3). These submodules 
communicate internally with each other in every timestep, sharing the necessary variables. 



 
FIG.2. Modular structure of ATHLET 

 
FIG.3. Modular structure of ATHLET-CD 

  



 
 

2.1 ATHLET Code 

ATHLET[2] is composed of several basic modules for the simulation of the fundamental, 
multiphysical phenomena involved in the operation of a nuclear reactor, including thermal-fluid 
dynamics (TFD), heat transfer and heat conduction, neutron kinetics as well as control and balance-of-
plant (FIG.2). Dedicated interfaces for other independent modules such as 3D neutron kinetic codes, 
Computational Fluid Dynamics (CFD) codes or the AC² containment simulator COCOSYS are 
available. A flexible plug-in technique is used to couple user-provided code extensions. 

The TFD-module of ATHLET offers two different sets of 1D model equations for the simulation 
of the fluid‐dynamic behavior: The two-fluid model (6-equation model) with fully phase-separated 
conservation equations for liquid and vapor mass, momentum and energy, and the five-equation model 
with separate conservation equations for liquid and vapor mass and energy, supplemented by a mixture 
momentum equation. Both models account for thermal and mechanical non-equilibrium. The five-
equation model includes a mixture level tracking capability to capture both dynamic motion of and two-
phase processes at a horizontal phase interface in a vertical component. A full-range drift-flux model is 
available for the calculation of the relative velocity between the fluid phases considering different 
geometries, such as horizontal pipes, vertical pipes, annuli or bundles. For the simulation of 
multidimensional, two-phase flow phenomena in large vessels such as the RPV, a 3D extension of the 
1D two-fluid model is included. 

The range of working fluids covers light and heavy water with consideration of the transition 
between subcritical and supercritical fluid states. In addition, helium, liquid sodium, lead and LBE (lead-
bismuth eutectic) can be selected as coolant. These extensions aim at the simulation of future Generation 
IV reactor designs. 

ATHLET also allows for the simulation of non-condensable gases. Fluid properties are provided 
for hydrogen, nitrogen, oxygen, air, helium and argon. Additional balance equations can be included for 
the description of boric acid or zinc-borate transport within the coolant system as well of the transport 
and release of nitrogen dissolved in the liquid phase of the coolant. 

The heat transfer package covers a wide range of single-phase and two-phase flow conditions. 
Correlations for critical heat flux and minimum film boiling temperature are included. The influence of 
spacer grids on the CHF can optionally be considered. Evaporation and condensation directly at heating 
or cooling surfaces are calculated. A quench front model for bottom and top reflooding is also available. 
Special heat transfer correlations are available for supercritical water, liquid metal working fluids and 
helium, accounting for specific geometries such as rod bundles or pebble beds. ATHLET enables the 
simulation of two-dimensional heat conduction in structural components, for which either in-built or 
user-provided material properties can be used. 

The time‐dependent behavior of the nuclear power generation is calculated by a point‐kinetics 
model. The point‐kinetics model is based on the application of the kinetics equations for one group of 
prompt and for six groups of delayed neutrons. The reactivity changes due to control rod movement as 
well as reactivity feedback effects for fuel temperature, moderator density, moderator temperature and 
boron concentration are considered. ATHLET also offers a general interface for coupling of 3D neutron 
kinetic models. Several 3D codes for rectangular and hexagonal geometries have been successfully 
coupled to ATHLET. 

Specific models are provided for the simulation of valves, pumps, accumulators, heat 
exchangers, steam separators, steam and gas turbines, compressors, steam condensers, single and double 
ended breaks, fills and leaks. Critical flow, e.g. discharge flow, is calculated by a dedicated thermal non‐
equilibrium model with consideration of the given flow geometry. 

The time integration of the thermo‐fluiddynamic model is performed with a general purpose 
ordinary differential equation (ODE) solver. It provides the implicit solution of a linear system of ODE 
of first order. The linearization of the underlying conservation equation system is done numerically by 
calculation of the Jacobian matrix. A block sparse matrix package is available to handle in an efficient 
way the repeated evaluation of the Jacobian matrix as well as the solution of the resulting system of 



linear equations. A rigorous error control is performed using a higher order scheme for the time 
integration obtained by an extrapolation approach. 

2.1.1 Highlights of current R&D: 

Passive safety systems 

New reactorconcepts such as Generation III+ and IV reactors as well as Small Modular Reactors 
plan to use passive safety systems intensively. The simulation ofpassive safety systems isstill a big 
challenge, because of non-defined operation pointsand self-setting operation conditions. Additionally, 
the drivingforces of passive safety systems are smaller and uncertaintiesof parameters have a larger 
impact than for active systems. Thus, ATHLET has to be further developed and qualified for the 
simulation of passive systems [3]. 

Large water pools are installed in several nuclear reactor designs as heat sink and water 
inventory for core flooding procedures. For example in the AP1000 (Westinghouse) the IRWST (in-
containment refueling water storage tank) is used as a heat sink for the PRHR-HX (passive residual heat 
removal heat exchanger), heat sink for depressurization by the pressurizer relief valves as well as water 
inventory for passive core flooding driven by gravity at low primary pressures. In a large pool, 
multidimensionalflow phenomena and thermal stratification may occur due to the localized heat (and 
mass) release and impact the behavior of the heat exchangeror the passive flooding. In order to properly 
account for these effects, the 3D two-fluid model of ATHLET is used for the simulation of the two-
phase flow mixing inside the pool under natural circulation conditions. In order to capture the heat and 
mass transfer at the free surface, the 3D model has recently been extended by a mixture level model that 
tracks the relatively sharp horizontal two-phase interface and considers relevant phenomena such as 
evaporation/condensation and rising bubbles / falling droplets. 

Condensation induced water hammers (CIWH) 

Under certain conditions direct contact condensation can act as the driving force for the water 
hammer phenomenon with locally devastating results, thus posing a threat to the integrity of the affected 
NPP components. The prompt and potentially violent CIWH event generates additional local mechanical 
loads, for example on the pipe structure. If this additional load is not considered during the design phase 
it can eventually result in mechanical components failure.The realistic modelling of interfacial heat and 
mass transfer is a key goal for best-estimate simulations of the CIWH phenomenon. For the calculation 
of the respective heat transfer coefficient ATHLET employs a mechanistic model based on the surface 
renewal theory (SRT). The model accounts for two eddy length scales, which transport fresh and 
potentially subcooled liquid from the bulk to the two-phase interface [4]. In combination with a special 
transport equation for the interfacial area, implemented in ATHLET, the SRT based heat transfer model 
has been recently assessed against CIWH observed in horizontal and vertical pipes. 

 

  



 
 

3.2 ATHLET-CD 

3.2.1 Code Modules 

The module ATHLET-CD in the code system AC2 covers the phenomena that are related to 
core degradation in a PWR, BWR or VVER type reactor. Similarly to the other relevant code systems, 
ATHLET-CD also divides the core region radially into concentric rings, axially into different nodes 
(FIG.4). 

 

 
FIG.4. Side and top view of the core nodalization in AC2 

In each ring at a given height all fuel rods behave identically, they are represented by a so called, 
hypothetical "representative fuel rod". This representative fuel rod summarizes the extensive and 
intensive properties of all fuel rods within a ring. This assumption is necessary because in a typical 
reactor there are about 50000 fuel pins. Simulating each of these fuel rods would make the calculation 
extremely slow. Grouping many fuel rods into a ring is a valid assumption, if these fuel rods behave 
similarly also in the reality, for example if the accident scenario is radially symmetric. 

The submodule ECORE calculates the core heat-up, the oxidation effects and the core 
degradation phenomena. In particular, the implemented models consider the following phenomena 
(FIG.5): 

− Mechanical fuel rod behaviour (ballooning), 

− Oxidation of zirconium and boron carbide, 

− Melting of metallic and ceramic components, 



− Freezing, 

− Re-melting and re-freezing, 

− Formation and dissolution of blockages. 
 

 
FIG.5. Ballooning and different phases during rod degradation 

Heat balance equations are solved for the fuel (and for the absorber material), for the cladding 
and for the melt/crust, taking the following terms into account: 

− Decay power generation in fuel, melt and crust 

− Power of the oxidation of cladding, melt and crust 

− Axial heat conduction of fuel and cladding 

− Radial heat transfer between fuel, cladding, melt, crust and fluid 

− Axial and radial heat transfer via thermal radiation 

− Heat transferred via moving material 

As the temperature rises due to insufficient cooling, five different mechanisms can lead to melt 
inside a fuel rod: 

− Eutectic interaction between solid UO2 and solid zircaloy 

− Melting of the metallic zircaloy of the cladding 



 
 

− Dissolution of the UO2 pellets by liquid zircaloy 

− Melting of the ZrO2 layer of the cladding 

− Melting of the UO2 pellets 

 
In the early phase of a core melt accident, particularly the melting of the metallic zircaloy of the 

cladding and the dissolution of the UO2 pellets caused by liquid zircaloy are relevant. The interaction 
between solid UO2 and solid zircaloy influences the dissolution of fuel pellets only slightly. In fact, the 
dissolution of UO2 and ZrO2 occurs during the melting and in the late phase of a core melt accident. 
Blockage formation is considered during the melting processes. The computer code limits the flow of 
coolant and melt if the free area for the flow is reduced due to material relocation.  

For the simulation of debris beds a specific model MEWAis under development at IKE 
Stuttgart[5] with its own thermal-hydraulic equation system, coupled to the ATHLET-thermo-fluid-
dynamics on the outer boundaries of the debris bed. The transition of the simulation of the core zones 
from ECORE to MEWA depends on the degree of degradation in the zone. 

The cladding oxidation model calculates the oxidation of zirconium and the associated hydrogen 
generation which is important to consider with increasing temperature of the core (above ~1000 K). The 
power generated by the oxidation is a substantial part of the total core heat. The oxidation is simulated 
only in the material zone adjacent to the oxidizing surface. If the material in this zone is completely 
oxidized the process is terminated, however the oxidation process continues after the melting point of 
Zr is reached. The oxidation rate is calculated by means of several empirical correlations based on a 
parabolic law which is derived from the analytical solution of the diffusion equation. Besides the 
oxidation in a steam environment, an approach is formulated to consider also nitride formation in an air 
environment. The reaction rate is also expressed as an Arrhenius function. The parameters for the 
empirical correlations are determined on the basis of single effect tests performed at KIT [6] 

The user has two options to define the fission/decay power of the reactor core. It is possible to 
define the power via a time depending function or by using the OREST/FIPISO submodules. These 
submodules calculate the decay power and the fission product inventory after shutdown, using the user 
defined burn-up history and initial fissile material content of the core. The modules take 1296 isotopes 
separately into account using the appropriate property of each isotope (half time, decay power, etc.).  

The submodule FIPREM is responsible for the fission product release from the fuel rods. Fission 
product release is calculated if the cladding fails and the fuel temperature exceeds a user defined limit. 
Cladding failure criteria can be a constant user-defined parameter, like the proportion of oxidized/not 
oxidized cladding material or the user can use dedicated models, which constantly calculate the 
deformation of the cladding due to the heat up and oxidation. The release calculation is mainly based on 
the Antoine approach, where the release rate depends on the temperature of the fuel, system pressure 
and the partial pressure of the released material.For several relevant fission products that are sensitive 
to the oxidizing and reducing conditions the amount of available oxygen is also taken into account. The 
released fission product is calculated nodewise, adding the fission product to the fluid channel next to 
the fuel rods. The transport of these fission products and aerosols within the cooling circuit is calculated 
by a module based on the code SOPHAEROS [7], which is developed by the French Institute IRSN. 

The transported fission productsare still decaying during the transportand deposition, adding 
their power from alpha and beta decay to the surrounding structures, but their gamma decay power 
leaves the system without any absorption. The transported power is substracted from the fuel rod, where 
the fission product came from. The transport module takes during the simulation a wide range of 
chemical and physical phenomena (FIG.6) into account that influence the amount of fission product that 
reaches the containment.During the calculations the module uses a detailed material databank for the 
properties of elements and compounds. 



The submodule AIDA calculates the thermal behavior of molten core material in the lower head 
including crust formation, cooling of the melt by a transient two-phase flow through a gap between crust 
and reactor pressure vessel and the structural response of the wall. AIDA solvesa simplified energy 
balance for the melt region and uses additional empirical correlations to calculate the heat flux. The heat 
conduction of the wall is simulated with a pseudo-2D model [8]. The main assumptions of AIDA are: 

− Homogeneous corium pool (with averaged properties) or two-layer segregated pool 

− Decay heat concentrated only in ceramic part 

− Hemispherical lower head geometry 
 

 
FIG.6.Schematic representation of the calculated main phenomena in the fission product transport 

module of AC2 

The submodule AIDA can also run in stand-alone mode. In this case it calculates only the lower 
plenum with the relocated corium with mainly constant boundary conditions. This mode provides a fast 
and effective way for late-phase lower head investigations. In the coupled mode the relocation into the 
lower head may start via a user-defined criterion. In this case the main transient boundary conditions are 
provided from the module ECORE. 

According to experimental investigations the molten corium fills the lower plenum not 
homogenously. Stratification can be observed due to the density differences between the corium 
materials. The heavy oxide sinks down to the bottom of the lower plenum while a light metal layer is 
forming above (FIG.7). Experimental investigations showed that approximately one third of the decay 
heat transfers from the thin metal layer into the water [9]. Therefore, the largest heat fluxes are expected 
here, strongly depending on the height of the layer. This effect is called the focusing effect. In AIDA 
two layers with different heat transfer properties are modelled within the corium, i.e. in the simulations 
the focusing effect is taken into account. 

Furthermore, AIDA is capable of simulating the effect of the transient ex-vessel cooling (also 
in stand-alone mode) which is an important part of the severe accident management strategy of In-
Vessel-Retention. 

The model LHEAD offers an alternative to the late phase module AIDA. In LHEAD it is 
possible to use a more detailed nodalization of the lower head and, thus, it allows a more detailed 
representation of the structures and the phenomena in the lower plenum. Especially for the simulation 



 
 

of late phase accidents in BWR such detailed modelling is of interest in order to consider special 
structures like penetrations through the vessel (e.g. CRGT). 

 
FIG.7.AIDA configuration 

3.2.2Highlights of current R&D 

There is an ongoing development regarding core nodalization: the option of azimuthal 
discretization of the core is going to be implemented in order to take asymmetrical effects into account 
during core degradation.  

An improved model for the failure of the lower grid plate is also under development, based on 
a criterion derived from FEM calculations. 

The impact of chemical effects on the release of fission products in the core is under 
development. Especially oxidizing and reducing conditions may have a considerable influence on the 
release of fission products. Currently, such effects are implemented for Ruthenium, Barium and 
Molybdenum. Depending on new experimental data the release models can be extended for further 
elements. Additional models are planned to be implemented regarding fission product release from the 
molten pool in the lower plenum. 

The development of the late phase models is also ongoing. For example the vessel failure models 
are improved including wall ablation effects. Therefore, the consideration of the damage of separate 
radial wall nodes in radial direction is under development. 

An improved modelling approach for ex-vessel cooling is under development, too. The present 
one-way coupling of the lower head wall in the module AIDA with the external cooling channel in the 
cavity is going to be upgraded to a two-way coupling approach. This new approach will provide a more 
realistic simulation of the severe accident management strategy of In-Vessel-Retention. 

Furthermore, it is planned to improve the models for the melt stratification in the lower plenum. 
In addition, the influence of different reactor type typical geometries and the impact of thermo-chemical 
effects [10] on the late phase behavior will be considered. 

 

3. VALIDATION/VERIFICATION 

 



The code validation is based on integral tests and separate effect tests, as proposed by the CSNI 
validation matrices [11], and covers thermal-hydraulics, bundle degradation as well as release and 
transport of fission products and aerosols. Concerning severe accidents the TMI-2 accident is used to 
assess the code for reactor applications. Furthermore, for verification purposes plant simulations with 
postulated accident scenarios are performed.  

FIG.8 shows an example of such a simulation. The figure depicts the end state of a hypothetical 
nuclear accident in a BWR. The initial event in the simulated scenario was a station black out which 
caused an immediate reactor shut down. Due to the decay heat (and oxidation heat) the fuel rods 
temperatures started to increase, boiled the surrounding coolant. The rods shown in FIG.8 are the 
representative fuel rods, their colours indicate the temperature of the fuel rods in each node. Because of 
the excessive core heat up the fuel rods melted and the molten material moved axially downward along 
the rods. Ceramic melt is depicted as light blue lines, metallic melt as pink lines. FIG.8shows very well 
that due to the material relocation a hot cavity was formed inside of the reactor core. The light and dark 
blue areas in the background represent the hot and cold steam regions inside the core.  

The aim of the previous example was to show the capability of AC2 to simulate large systems. 
Validation of the implemented models however is performed mostly on smaller test facilities, like 
Phébus. 

 

 
FIG.8.Example of a hypothetical BWR meltdown scenario 

 



 
 

 

FIG.9.Relative release of Xenon, Iodine and Tellurium 

The Phébus experiments [12] were performed by IRSN at theresearch center Cadarache in 
France between 1993 and 2004, aiming to investigate the bundle degradation processes of an overheated 
reactor core, the fission product release and transport mechanism, and the radiochemical behaviour of 
the fission products in the primary circuit and the containment. The fifth test of the series, named FPT3, 
used irradiated fuel rods with a bundle length of about 1 m and, in contrast to the previous Phébus 
experiments, a B4C control rod instead of a usual AIC control rod.  

In this paper only several examples are shown [13]to present some of the results obtained from 
the simulation of the FPT3 experiment using the AC2 modules ATHLET-CD and COCOSYS. (A 
detailed analysis of this simulation of the FTP3 experiment is available in [13].) FIG.9 shows the relative 
release of Xenon, Iodine and Tellurium. The experimental results are marked with open squares, the 
ATHLET-CD simulations with dots. The results show, in general, a rather good agreement with the 
measured data. However, the total amount of Tellurium released into the primary circuit at the end of 
the test is underestimated. 

FIG.10shows the sum of the measured and calculated hydrogen mass during the experiment. 
The simulated values and the experimental results show a very good agreement, however AC2 couldn’t 
reproduce the additional hydrogen generation observed at the end of the experiment. 

 

 



 

FIG.10.Cumulative hydrogen mass at core outlet 

 

4. CONCLUSION 

 

The presented paper is the first part of the overview of the code system AC2, which focused 
mainly on the introduction of the modules ATHLET and ATHLET-CD. These modules cover the most 
relevant phenomena that can occur during a nuclear accident inside the cooling circuit. An overview 
was given about the structures and about the relevant models of these modules. AC2 can be used to 
simulate whole PWR, BWR and VVER reactor accident scenarios as well as experimental 
configurations. A short example was presented for a reactor scale and for an experimental facility scale 
calculation. 

AC2 is a state-of-the-art code system and its development is still ongoing. The nuclear accident 
in Fukushima pointed out the importance of code systems that can simulate the whole extent of a nuclear 
accident. Accuracy and validity of the used models are improved constantly, new models are 
implemented continuously and as new outcomes from experiments or nuclear accidents (Fukushima) 
are available further validation will be performed.  
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  Abstract. The reliable computational simulation of relevant phenomena occurring during 
design basis and severe accidents in the containment of a nuclear power plant (NPP) is an ongoing 
challenge for the development of computer codes in order to assess potential consequences of accidents 
with regard to counter measures as well as new design features of modern plant types. The Containment 
Code System COCOSYS developed at GRS forms together with the reactor circuit and core degradation 
modules ATHLET/ATHLET-CD the future coupled code system AC2 established for severe accident 
analysis in NPP. In order to keep the modelling at the state-of-the-art, continuative development and 
validation is required, supported by software quality assurance as an integral part of the validation and 
verification process. This is accomplished through participation to several national and international 
experimental research programs (OECD THAI, BIP, STEM), through which COCOSYS is assessed 
against separate effect tests as well as integral tests. The status of code development and validation is 
described here for topics that partly demanded anew attention in the aftermath of the Fukushima 
accidents. This regards COCOSYS models simulating thermal hydraulics of the containment 
atmosphere in presence of large water pools with temperature stratification, for aerosol and fission 
product behaviour and molten corium/concrete interaction (MCCI) after reactor pressure vessel rupture. 
An overview of the related model packages in COCOSYS is presented, highlights of current R&D work 
are outlined and an outlook on future R&D priorities is given. 

 

  Keywords COCOSYS, AC2, Containment, Water Pool, Aerosol, Fission Product, MCCI 

 

1. INTRODUCTION 

 

Thermal hydraulic codes are used for risk assessment in nuclear power plant (NPP) 
containments. Usually, for accident simulations the so called lumped parameter (LP) codes, such as 
ATHLET, ATHLET-CD or COCOSYS are applied, while CFD codes are typically used for detailed 
analyses of specific aspects. The simulation of design basis and severe accident propagation in 
containments of NPPs is required for the analysis of their potential consequences and possible counter 
measures under conditions as realistic as possible. COCOSYS is the containment module of the 
complete code system AC2 established at GRS for the comprehensive simulation of relevant phenomena, 
systems, and plant states during severe accidents in light water reactors (LWR). COCOSYS, thereby, 
presents only one pillar of the GRS code strategy realized through the integration of several computer 
codes in the so-called AC2 code system (Fig. 1). Other codes can be coupled to AC2 through COCOSYS, 
such as the simplified CFD code CoPool for the detailed simulation of water pools. 

 



 
 

 

FIG.1. Structure of the GRS code system AC2 

 

COCOSYS itself consists of several separate main modules which are THY (THermal 
HYdraulics), AFP (Aerosol Fission Product behaviour) and CCI (Core Concrete Interaction). 
Communication among these main modules (separately executable packages) is accomplished via MPI 
(Message Passing Interface). Also the communication to ATHLET/ATHLET-CD is handled via the 
COCOSYS main driver. 

In this paper (Part II of the overall paper on AC²), a detailed overview of COCOSYS is given, 
following the basic structure of the code with the three main modules THY, AFP and CCI 
(corium/concrete interaction). For each of these three modules, the current progress of R&D work is 
high lightened and an outlook on future work identified as necessary is given.  

 

2. SIMULATION OF CONTAINMENT THERMAL HYDRAULICS – THE THY 
MODULE 

2.1 Overview 

The thermal hydraulic (THY) main module is a so-called lumped-parameter model. The 
compartments of the considered containment or test facility have to be subdivided into control volumes 
(also called nodes or zones). The thermodynamic state of a zone is defined by its temperature(s) and 
masses of the specified components and the pressure. Each zone can be split into several so-called zone 
parts. All zone related variables are based on this structure (components, zone parts, zones). To realize 
more complex boundary conditions or processes, a flexible program and data structure is installed. All 
dimensions are defined by dynamically allocated parameter statements.  

Several different zone models are implemented in the THY main module of COCOSYS: 

− Equilibrium zone model (EQUIL._MOD) – all components (liquid water, vapour and other 
non-condensable gases) are assumed to be mixed homogeneously in the zone. 
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− Non-equilibrium zone model (NONEQUILIB) – this model is the suggested standard zone 
model. The zone is subdivided into two parts: the atmosphere part (if the zone is not totally 
filled with liquid water) similar to the equilibrium zone model and a sump part (if existing) 
specified by its own temperature and water mass (Fig. 2). At the water surface heat exchange 
by convection and condensation/evaporation/boiling is considered. 

 

FIG.2.Principle concept of the NONEQUILIB zone 

 

− Pressure suppression zone model (DRASYS) – for the detailed simulation of short term 
dynamic processes in pressure suppression systems (BWR wetwell and Bubble Condenser 
of WWER-440/W-213 containments). 

− Jet vortex condenser model (VORTEX) – a zone model especially designed for the 
description of dynamic processes in a jet vortex condenser installed in NPP with WWER-
440/W-230 as upgrading measure.  

− Interface zone mode (INTERFACE) – the zone model was implemented for the coupling of 
COCOSYS with CFD codes like ANSYS CFX.  

− Hydrogen burning zone model (DECOR) – this zone model is no longer 
developed/maintained (obsolete); other models for estimation of hydrogen burning 
(FRONT model, AICC pressure) are recommended. 

To describe the flow interaction between different zones, junction models are applied. In 
COCOSYS, the simulation of gas flow and water drainage is typically separated, although a new 
junction type is under development which allows simulating a combined water/gas flow with view to 
application for complete flooding of zones. For an adequate simulation of the different systems or 
boundary conditions, specific junction models are implemented, like rupture discs, atmospheric valves, 
flaps/doors or specific pressure relief valves used in Russian types reactors. For the simulation of water 
drainage, several models are realised, describing the sump balance, water flow through pipes and along 
walls. The implemented pump system model is flexible enough to simulate complete cooling systems, 
e.g. containment spray systems or emergency core cooling systems.  

Structure objects are used to simulate walls, floors and ceilings of the containment. The structure 
objects can also model all types of metallic and non-metallic heat sinks within zones and between them. 
The heat flux calculation is one-dimensional, solving the Fourier equation. Plate-type as well as 
cylinder-type structures can be simulated. The whole wall (heat slab) is subdivided into layers (Fig. 3). 
Their thermodynamic state is defined by a layer temperature. The heat exchange between structures and 
their assigned zones are calculated via convection, condensation or radiation (including wall-to-wall) 
using heat transfer correlations. In these correlations, averaged properties of the specified components 
in boundary layers are used. The initial wall temperature profile and the boundary conditions to the 
zones can be overwritten by the user. To consider condensate flows running along several structures, 



 
 

special flow paths can be defined and the water drip-off from structures can be simulated (both currently 
in the THY main module only). 

 

FIG.3. Principle concept of a structure 

For the simulation of both design basis and severe accident sequences including possible 
accident management measures it is necessary to model hydrogen related phenomena and to take into 
account containment related safety systems. In the THY main module it is possible to simulate pump 
and spray systems, different types of coolers (incl. atmosphere cooling system), ventilation systems, 
building condensers, intermediate cooling circuits and ice condensers. Models are available for 
representation of doors, flaps and rupture discs. For simulation of Russian WWER and RBMK type 
containments, models are incorporated for specific safety flaps, weight dependent valves or U-shape 
hydro locks. Hydrogen recombination can be simulated by thermal recombiners as well as by passive 
autocatalytic recombiners (PARs). A special one-dimensional model was developed for box-type PARs, 
using a diffusion controlled reaction kinetic, in which the temperature profile inside the box, of the 
catalytic plates and in the casing is calculated. The recombination of CO is considered also. 
Alternatively, simple correlations for mass conversion and assigned energy release are available for 
FR90/1 type PARs (AREVA vendor equation or GRS model). 

A model called FRONT was developed and implemented to simulate hydrogen combustion and 
flame propagation between different compartments without requiring much additional user input (e.g. 
additional combustion-specific nodalisation). It was validated against several hydrogen combustion 
experiments covering a broad spectrum of possible scenarios. The calculated combustion rates of 
hydrogen and deflagration velocities in the respective zones depend on several empirical correlations 
which include empirical parameters, what limits the predictive capabilities of the model for plant 
applications. The THY main module provides models for simplified simulation of oil and cable fires. 

The thermal hydraulic part of COCOSYS uses the integration package FTRIX/FEBE [2], which 
is an implicit Euler forward Euler backward integration solver. The network (of differential equations) 
concept of the THY main module is written very general. Using special system routines it is relatively 
simple to introduce equations for new models. 

 

2.2 Highlights of current R&D 

Analyses of the Fukushima Daiichi accidents using the GRS code system AC² (Fig. 1) 
underlined the relevance and necessity of a correct and detailed simulation of a possible temperature 
stratification inside large water pools such as in the torus shaped wetwell of the BWR [3]. Stratified 
pools with a higher pool surface temperature have an influence on heat transfer between water and 
gas/steam and thus on the steam partial pressure in the wet-well. Furthermore, stratified conditions have 
an influence on mass transfer of relevant chemical species, such as elementary (I2) and organic iodine 



(RI). With LP codes these conditions can only be simulated with specific assumptions, nodalisations, 
and input parameters but still in a coarse way.  

In order to simulate these kinds of accident scenarios in greater detail in future, a specialized 
Containment Pool simulation tool (CoPool) – a fast running CFD tool – is under development in 
cooperation with ITWM Kaiserslautern and coupled with COCOSYS. Some more details on exchange 
of information between CoPool and COCOSYS modules (THY, AFP) are summarized below, and are 
illustrated in Figure 4: 

− CoPool calculates the 3D temperature field in the sump and the average sump temperature 
(1). CoPool also provides the new position of the water level and the average water surface 
temperature and velocity (2). 

− The volumetric flow rates between different zones is delivered to the THY module (3).  

− The THY module calculates the volumetric flow rates of the so-called ‘external junctions’ 
(4).  

− The heat exchange at sump surface from the gas side is calculated in THY (5).  

− All relevant walls are calculated in CoPool (3D heat conduction). CoPool delivers the 
average surface temperature (dry and wet part) and the heat flow rate below the sump water 
level (wet part) to COCOSYS (6). Similar to the sump surface the THY module calculates 
the heat transfer at the dry wall parts (heat transfer coefficient, wall condensation rate and 
film temperature including results of drain wall type junctions) (7). The change of surface 
area (calculated by CoPool) is considered in the segmentation of walls managed by the THY 
module. 

 

 

FIG.4. Concept of coupling between CoPool and COCOSYS 

 

Formally the exchange of the information between the two codes can be performed at each time 
step, but due to the fact that the different processes occur at different time scale, exchange of information 
after a number of steps is also possible. 



 
 

 

FIG.5. Wall structures in sump area together with fluid grid – CoPool model 

 

Exemplary results of a coupled ATHLET – COCOSYS – CoPool calculation for a German 
PWR of KONVOI type underline the features of CoPool. In this simulation the RCS is simulated in 
detail by the code ATHLET, the containment is simulated by COCOSYS and the lower containment 
including the sump is modelled by CoPool as shown in Fig. 5. Figure 6 presents the calculated 
temperature distribution in the sump at two different points in time in a regarded scenario with a leak of 
200 cm2 in a hot leg of the RCS. Through the RCS blow down the cold water enters the sump in a single 
location and the water level increases in the sump (Figure 6 left - 1300 s).  In the longer time (Figure 6 
right - 2500 s) during the ECCS recirculation mode a temperature stratification is clearly visible in the 
sump, as the back flowing cold water from the RCS enters the sump at a different location than the 
ECCS pump suction. 

 

  

FIG.6. Temperature distribution in PWR sump at 1300 s and 2500 s – CoPool result 

 

2.3 Outlook 

The capability of the existing coupling between COCOSYS and CoPool has been demonstrated 
on a PWR application of a German KONVOI type reactor. The results show a clear tendency for 
stratified temperature distributions and a strong effect on the containment pressure. These detailed 
results provided by CoPool might be used in other COCOSYS modules in future, where the water pool 
surface velocities are of interest, e.g. in the iodine chemistry module AIM, where the water temperature 
near the surface is of special importance. On-going developments concentrate on the completion of the 
technical implementation of the coupling. In addition, it is intended to reduce further the required CPU 
time.  

Incoming leak flow 

ECCS pump suction 



3. SIMULATION OF CONTAINMENT AEROSOL AND FISSION PRODUCT 
BEHAVIOUR – THE AFP MODULE 

 

The aerosol and fission product (AFP) main module is used for best-estimate simulations of the 
fission product behaviour in the containment. Interactions between the thermal hydraulic and the aerosol 
and fission product behaviour are considered. There is a distinction in COCOSYS in the simulation of 
aerosol particles, radioactive fission products and the iodine chemistry, i.e. they are simulated by 
different models. 

 

3.1 Overview 

The aerosol behaviour of up to eight chemically different aerosol components is calculated with 
consideration of the thermal hydraulic boundary conditions (AERIKA model). The module 
differentiates between soluble and insoluble as well as hygroscopic and non-hygroscopic aerosols. Four 
deposition processes are covered: sedimentation, diffusive deposition, thermophoresis and 
diffusiophoresis. For the calculation of condensation on the aerosols, the moving-grid method MGA is 
applied, which reduces the numeric diffusion between the aerosol size classes considerably. In the case 
of hygroscopic aerosols, condensation may already occur under superheated conditions and can change 
the level of humidity in the atmosphere. This repercussion on the state of saturation is taken into account 
in the thermal hydraulic calculation, as the aerosol behaviour close to saturation depends highly on the 
degree of saturation.  

There are special models for the simulation of HEPA fibre and granulate filters implemented in 
COCOSYS as well as an empirical model of a ventury scrubber type filter. These also consider the 
increasing pressure loss in the atmospheric junctions in the THY.  

The retention of aerosols during gas transport through water pools is calculated by the SPARC-
B model. This allows among other things the simulation of "pool scrubbing" in the pressure suppression 
system of a boiling water reactor. 

The transport of the fission products (elements or nuclides) within the containment is calculated 
by the FIPHOST model. The fission products are treated as the radioactive part of the aerosol particles 
and the radioactive non-condensable gases, whereas their mass is not considered in the model. FIPHOST 
differentiates between the atmosphere (gas), the aerosol particles and the sump water as fission product 
carriers (5 hosts concept, see Fig. 7). The fission products can be deposited on surfaces in the atmosphere 
and in the sump. Their transport takes place according to the prevailing gas, aerosol particle and water 
mass flows. All relevant processes related with the fission products and the different carriers are 
considered: deposition of aerosol particles by natural processes or aided by technical systems such as 
retention in filters and wash-out by spray systems, washing-off from walls, and carrier change due to 
radioactive decay (see corresponding coefficients in Fig. 7). 

The behaviour of radioactive nuclides can be simulated with the help of the FIPISO model. 
FIPISO considers the reactor's initial core inventory (up to 1296 isotopes) and calculates on this basis 
the decay of the relevant fission products according to the time of the onset of the release by using 
established nuclide libraries (analogous to e.g. the ORIGIN code). Thus, no decay chains have to be 
defined by the user. Typically, between 400 and 600 different nuclides are considered in a calculation. 
Nuclide transport is calculated by FIPHOST. The decay energy in the individual zones and on the 
individual carriers is taken into account in the THY main module. 

The iodine chemistry is treated by the semi-mechanistic model AIM-3 (Advanced Iodine Model, 
3rd version), which is based on IMPAIR, and has been improved by AREVA and GRS [4] according to 
the outcome of various THAI iodine [5] and other experiments. AIM-3 simulates in detail the transport 
and the behaviour of iodine species in a multi-compartment geometry. It considers approx. 70 different 
reactions in the gas and in the water phase (i.e. in the sump, if existing) of a compartment. The transport 
of iodine between the compartments by gas and water flows as well as between atmosphere and sump 
is considered. The impact of engineered systems (filter, spray, etc.) on the iodine behaviour is modelled. 



 
 

The behaviour of the particulate aerosol species CsI and AgI is calculated due to results of the AERIKA 
model. Recently, AIM has been improved with view to detailed effects, such as the interaction of I2 on 
steel surfaces or the radiolytic formation of I2 from IO3

-, and has successfully been used for the 
recalculation of experiments in connection with the International Standard Problem ISP-41. 

 

FIG.7. FIPHOST control volume, fission product hosts 

 

3.2 Highlights of current R&D 

The Aerosol-Fission-Product (AFP) module of COCOSYS has been redesigned completely, 
according to a new concept. This new concept solves the consistency problems existing inside the AFP 
module so far, caused by historically separately developed models for aerosols, fission products and 
iodine chemistry. The new structure allows a consistent handling of data and determination of mass 
balances e.g. for flow rate calculations between different hosts such as gas volumes, sump and water 
films or dry surfaces, in chemical reactions and decay chains. Inside the redesigned AFP it is assumed, 
that the main phenomena depend on the characterisation of the existing phase (gaseous, liquid volumes 
and solid surfaces) in which the aerosols and fission products are located.  

Inside the new AFP module a clear modular separation between THY and AFP type data has 
been realised. Now each zone part (of THY module) is linked to an atmospheric or liquid volume (of 
AFP module). In case of a DRASYS type zone with two gaseous zone parts (pipe volume and 
atmosphere above the pool) two separate gaseous aerosol volumes will be created, too. Furthermore, 
deposition and reaction on wall surfaces will be simulated for each surface separately. This is important, 
because the thermal boundary conditions (surface temperature, wall condensation) of wall surfaces 
linked to one zone volume might be quite different. An averaging is not needed any more.  

From the AFP point of view, each wall surface is separated into 3 parts: a dry part, never covered 
with a water film, a wet part, possibly partly covered with a water film and the part below the sump 
water level. In the water film the species will be balanced, too. This is leading to a multi-host concept. 
The sump level boundary is calculated by COCOSYS. The fractions of dry, wet and film surfaces has 



to be partly defined by user input. In future it is intended to develop a model based on the rivulet model 
[6] to provide data for the different surface fractions (dry, wet, and film) based on the condensation rate 
and other boundary conditions. 

Besides the specific objects, a quite general chemical representation has been implemented in 
the new AFP main module. This module identifies the necessary chemical species and compositions 
including their elements. If possible, the elementary composition is derived from the chemical name, 
e.g. from CsI and AgI. For specific chemicals, such as Iodate IOx, with a variable oxygen fraction, the 
stoichiometry has to be provided in the corresponding chemical module, e.g. in the Advanced Iodine 
Module (AIM).  

Thanks to the extended capabilities of AFP main module as described above, additional 
phenomena can be simulated now in detail. These are the molecular iodine (I2) – silver aerosol 
interaction of suspended and deposited silver aerosols. Due to the small particle size of silver aerosols 
the total surface area might be in the order of typical wall structure surface areas. Therefore this 
phenomenon has been investigated in the OECD THAI experiment Iod-26.  

In this experiment [7] the thermal conditions of the test vessel atmosphere (Fig. 8) are more or 
less kept constant at 70 °C and 1.3 bars. The relative humidity is about 5 %. Due to slight differences of 
wall surface temperatures there is a slow convective flow leading to homogeneous conditions inside the 
60 m3 facility.  

At the beginning of the test 1 g of I2 was injected in the upper part of facility at elevation 8.4 m. 
This iodine reacts with the steel surface. Due to the chemisorption of iodine the iodine concentration 
decreases slowly. At about 19.5 h the first rapid silver aerosol injections starts at elevation of 2.4 m. 
During 6 min about 89 g of silver has been injected, leading to a maximum aerosol concentration of 1 
g/m3. The second continuous aerosol injection starts at 22 h with a duration of 5.62 h and a total injection 
of 54.5 g. The resulting aerosol concentration was about 0.5 g/m3.  

Figure 9 presents the comparison of aerosol concentration (Ag + AgI) between COCOSYS and 
the experiment. The decrease of aerosol concentration during the first injection, at the beginning of the 
second phase and after the second phase is quite different. Obviously, the injected size distribution must 
have been different. In the simulation, the mass median diameter is set to 2 m for the flushing injections 
and 0.4 m for the continuous injection.  

Error! Reference source not found.presents the comparison related to iodine concentrations. 
At the beginning I2 is physisorbed at the steel surfaces. The long-term decrease during the I2-phase is 
caused by chemisorption to form FeI2. After the first injection the I2 concentration decreases quite fast 
forming suspended AgI aerosols. In parallel, I2 reacts with deposited silver aerosols. In the calculation 
the concentration of AgI is somewhat overestimated. A similar process exists inside a water pool. Here 
the deposition of non-soluble silver particles inside the sump leads to an effective reduction of reactive 
surface area. The specific surface area of the silver particles is now calculated with the help of size class 
distribution. The calculation of aerosol size distributions inside gaseous and liquid volumes and on 
surfaces allows the consideration of time-dependent particle specific surface areas inside chemical 
reactions. The reaction of I2 with silver particles now distinguishes between suspended and deposited 
aerosols and considers the sedimentation process and size distribution of aerosols inside the atmosphere 
and liquid volumes. 

3.3Outlook 

 

The redesign and extension of the aerosol and fission product (AFP) module in COCOSYS 
allows a consistent modelling and balancing of aerosol, chemical and fission product behaviour. The 
modelling is now much more detailed, e.g. providing data for each wall surface, separately. Boundary 
conditions are considered more consistently. For example the change of deposition area and change of 
surface fraction due to increasing water level is considered in the redesigned AFP module. Concerning 
the phenomena at wall surfaces, models related to dissolution of soluble aerosols and wash-down of 
non-soluble aerosols (AULA model) have been implemented. Using a simplified approach partial 



 
 

solubility can be considered now. Aerosol size distributions are calculated in atmospheric volumes, but 
also in liquid volumes and wall surfaces.  

The AFP module is still under development. For example, model developments for the 
agglomeration of aerosols inside liquid volumes and for rivulet formation due to condensation at wall 
surfaces are currentlyplanned. 

 

FIG.8. Aerosol and Iodine measurement positions in Iod-26 experiment. 

 



 

FIG. 9. THAI Iod-26 Comparison of aerosol concentration 

 

 

FIG.10. THAI Iod-26 Comparison of total and I2concentration 

  



 
 

4. SIMULATION OF CONTAINMENT EX-VESSEL MELT BEHAVIOUR – THE CCI 
MODULE 

 

The course of a core melt down accident in a LWR may lead to a failure of the reactor pressure 
vessel. In that case the corium melt will be relocated into the containment cavity. The objective of the 
CCI module is to describe realistically the following effects arising from the interactions of the corium 
with the atmosphere and the structures in the containment: 

– correct boundary conditions for other modules (THY, AFP) for compartments where corium 
melt is present; particularly: local sources of thermal energy, fission products and non-
condensable gases (CO, H2, CO2) within the containment 

– the melting of structural material and incorporation of molten material into the corium melt, 
thus affecting its chemical composition 

– the effect of deep water layers possibly available in containment rooms (introduced e.g. by 
accident management measures prior or after melt relocation into the room under 
consideration) on the long-term coolability of the corium, including the prediction of steam 
production 

– a potential loss of containment integrity due to local melting through of containment 
structures (e. g. concrete foundation) and opening pathways for fission product release out 
of the containment 

– potential melt relocations into other compartments within the containment (after melting 
through of structures or as effect of high pressure melt ejection from the RPV) 

To cover the above listed objectives, the CCI module in AC2/COCOSYS is equipped with a 
couple of models for the simulation of the melt behaviour in the containment.  

 

4.1 Overview 

4.1.1 Corium dispersion model 

The corium ejection from the RPV into the containment after failure under increased internal 
pressure is safety-relevant and may lead to a considerable direct energy transfer from the finely 
distributed, gas-carried melt to the atmosphere, summarized under the acronym direct containment 
heating (DCH). In AC2/COCOSYS, dedicated models are available for the following processes during 
DCH: 

− entrainment of the corium deposited at the bottom of the reactor cavity by the gas flow 

− transportation of the gas-corium mixture inside the containment 

− deposition of corium in the containment under the force of gravity 

− chemical reaction between entrained corium droplets and atmosphere 

− heat transfer between the atmosphere-borne or deposited corium on the one hand and the 
atmosphere and the structures on the other hand.  

The DCH model in COCOSYS was applied to several integral DCH experiments (using a hot 
liquid simulant corium and water vapour) in the DISCO test facility in Karlsruhe. In the experiments, 
the reactor cavities of KONVOI, EPR and the French P'4 reactor types were modelled. The unknown 
model parameter Kc in the correlation for the entrainment rate was empirically adapted to the 
experiments available (both with cold and hot simulant corium) in the different geometries. Overall, 
compared with the measured data, satisfactory agreement of the integrally dispersed parts of the melt 
and of the maximum pressures Pmax with experimental data was achieved. Even "blind" calculations 
(i.e. without knowing the experimental results) showed a good prediction capability of the model. 



 

FIG.11. Consideration of melt dispersal processes 

 

4.1.2 Molten corium/concrete interaction (MCCI) model – CCI module 

The release of corium to the containment may lead to a significant pool of liquid corium in a 
single room. This is usually expected for the reactor cavity, but may also be relevant after a relocation 
of corium from the cavity to other compartments. In AC2/COCOSYS the same model basis as of 
MEDICIS [8] developed for ASTEC is used for the solution of mass and energy balances of a single 
corium pool under MCCI conditions. The 2D cavity geometry is in principle axisymmetric and is 
determined as function of time using the local energy conservation at each node in the boundary contour 
and a common melting approach (Stefan’s equation). Each single CCI module considers either one 
homogeneous pool (with well-mixed metal and oxide melt fractions) or a stratified configuration of two 
layers: oxide at the bottom and metal on top or vice versa. Using the configuration evolution option the 
pool may evolve with time from an initial homogenous pool to a stratified configuration depending on 
a stratification criterion, in which the layers’ densities and the superficial gas velocity through the pool 
are important parameters. Fission product release from the MCCI pool is approximated assuming 
thermo-dynamical equilibrium between gas bubbles released from concrete decomposition and the melt.  

Heat transfer between melt and concrete is calculated on the basis of a distribution of effective 
heat transfer coefficients along the pool interface in combination with a prescribed concrete 
decomposition temperature. The upward heat transfer from the upper interface of the pool (including a 
potential top crust) to the surrounding is calculated considering radiation and convection processes. A 
simplified model takes into account the formation of a quasi-steady upper crust under dry conditions. In 
case of top flooding conditions, the model equates the heat flux through a potential top crust with the 
heat flux obtained from the approximated Nukiyama boiling curve. 



 
 

Generally, multiple melt pools with interactions between molten corium and containment 
structures (sidewall, floor) may be defined in AC2/COCOSYS. These pools may exist (with a few 
limitations) in parallel or in sequential order as consequence of melting through of structures. After their 
initial generation, the pools do not interact with each other, except for a nonrecurring transfer of melt 
between two pools as consequence of a local melt-through event. For each MCCI pool defined, a single 
instance of the CCI module is initiated and will be interacting with the COCOSYS driver throughout 
the calculation.  

 

4.1.3 Corium transport model 

For the evaluation of the core catcher concept of the EPR with view to corium spreading 
capabilities, the dedicated corium spreading model LAVA [9] was developed. The geometry is 
represented as a two-dimensional, regular grid representing the altitude data of the real topography. 
Structures are represented as elevations; boundaries are specified as step functions in the altitude array. 
The distribution of the melt volume within the geometry is represented by 2D arrays for average fluid 
height, temperature, etc. Melt inlet locations are defined as a subgroup of grid meshes. Melt volume is 
then added to these source meshes according to the specification of volume flux.  

The transport of the melt is approximated by a quasi-stationary solution of the lubrication 
equations. The “creeping flow” assumption is used for the analytical approximation of the velocity 
profiles across the fluid layer, i.e. the inertia terms in the momentum equations are neglected. For 
superheated liquids (T>Tliq) the Newtonian stress-strain-relationship is applied. Solidifying melts may 
be characterized as ideal Bingham plastics. This model enables an efficient and realistic description of 
crustal stresses at the front. Though the Navier-Stokes equations are reduced to a one-dimensional 
formulation, isotropic spreading of the melt on a two-dimensional surface is simulated by the application 
of a cellular automaton method.  

A particular contribution to the overall heat losses results from radiation at the free surface. Heat 
transfer into the substratum is calculated by a one-dimensional heat conduction model. Heat transfer 
from the hot bulk of the fluid at each location (x,y) to horizontal interfaces (e.g. bottom, top crust) is 
given by correlations for forced / natural convection. 

 

 
 

 

FIG.12.Comparison of the shapes of the spread melt between LAVA calculation (left) and ECOKATS-
1experiment (right) 

The crucial point in the application of LAVA is the input of rheological properties (dynamic 
viscosity of the pure liquid, effective viscosity of the melt including solids, solid fraction and Bingham 
yield stress); all of them are in principle required as tables/functions vs. temperature. Particularly, the 
initial viscosity (or Bingham yield stress) at the temperature of melt inlet is a very sensitive quantity, 
which is required to be as most accurate as possible in order to provide satisfactory estimations of the 
spreading process. Unfortunately, initial conditions (including melt temperature, composition, viscosity) 
for potential melt transport processes in the containment are highly uncertain due to inherent 
uncertainties of preceding processes (late phase of in-vessel core melt down and MCCI). The most recent 



experimental R&D work on corium spreading was performed in the ECOSTAR project [12]. In the 
analysis of the flow behaviour in ECOKATS experiments a modelling approach was assessed as 
successful, due to which viscosity and/or yield stress are assumed to escalate to high values typical of 
solids when locally approaching the temperature point of full solidification of the melt (in the vicinity 
of the solidus of the melt). The sharp rise of local yield stress at the melt front is especially suited to 
simulate typical discontinuities (stop-and-go’s) during the spreading, which were observed in dedicated 
experiments. 

 

4.2 Highlights of current R&D 

The large-scale MOCKA experiments [9, 10] study the interaction of stratified metal and oxide 
melts with different types of concrete by heating the melt internally via exothermal reactions (thermite 
reaction based on iron/alumina and Zr oxidation). Since a large part (~ 75 %) of this reaction energy is 
deposited within the oxide phase, the MOCKA experiments are the first experiments of their kind, in 
which MCCI of both stratified melt layers (oxide/metal), which are both continuously heated, is 
observed. Furthermore, this method allows investigating the effect of iron rebar in the concrete, thus 
complementing the available data base from other MCCI facilities, where either induction heating or 
direct electrical heating (DEH) techniques were employed. 

 

FIG.13. Overview of MCCI phenomena (left) and model set-up for MOCKA experiments (right). 

 

To account for iron rebar melting an increased concrete decomposition temperature (~1800 K) 
is used as hypothesis. Previously, smaller values around 1500...1600 K had been used widely as concrete 
decomposition temperature within analyses of past MCCI experiments. The results show that heat 
transfer coefficients in the oxide melt turn out to be elevated (~ 4000 W/(m2K)) compared to those used 
previously (~ 300 W/(m2K)), when used in combination with such elevated concrete decomposition 
temperature.  

By comparing simulations for experiments with (e.g. MOCKA 7.1, Fig. 14) and without rebar 
in the concrete, another conclusion was derived: provided that the presence of iron rebar in the concrete 
would not affect significantly the heat transfer within the liquid melt, similar elevated heat transfer 
coefficients will have to be used also for MCCI without reinforced concrete. Since long-term melt 
temperatures show no large variation in experiments with and without rebar in the concrete, this seems 
to have the consequence, that an elevated concrete decomposition temperature is also a realistic 
assumption for concretes without reinforcement. 



 
 

Such variation in assumptions for concrete decomposition temperature is still covered by the 
large temperature interval of approx. 1400 K to 2000 K, during which concrete melting is generally 
known to proceed. Further work is necessary to obtain more reliability of these findings. 

 

FIG.14. Evolution of eroded volume in the calculation for MOCKA 7.1 and comparison of final state 
with experimental data. 

 

4.3 Validation status and outlook 

4.3.1 Corium dispersion and direct containment heating (DCH) 

The topic involves several phenomena of very high complexity: two phase flow of liquid melt, 
steam/hydrogen and airborne droplets in a complex geometry, chemical reactions between airborne 
droplets and steam and finally the deflagration of hydrogen, either produced during blowdown or pre-
existing. From that perspective, a fully mechanistic description would be clearly out of the scope of 
lumped parameter codes like COCOSYS.  

The model in COCOSYS however focuses on a key parameter: the melt dispersion and transport 
out of the cavity during blowdown. It has been found that it is highly specific to the geometric design of 
potential flow paths leading from the reactor cavity into other rooms in the containment. A new 
empirical correlation for the melt entrainment rate was derived for COCOSYS with view to European 
designs of the reactor cavity [11]. The empirical melt entrainment model requires a fitting of uncertain 
model coefficients to a specific geometric design of the reactor cavity. The calculated results for melt 
dispersal were then in acceptable agreement with experimental data, which was demonstrated even in 
blind calculations of experiments using the same geometric design. In the majority of available 
experiments at the DISCO facility at KIT Karlsruhe a hole at the central position of the lower RPV 
hemisphere is considered pessimistically. Only very sparse data are available for a melt release from a 
lateral failure location in the RPV, which is currently regarded as more likely in large PWR scenarios. 

Users are advised to evaluate the potential of DCH based on the amount of dispersed melt into 
large rooms in the containment as predicted by the code for the scenario under investigation: In case 
that the fraction of the melt transported to large compartments in the plant (e. g. containment dome) is 



significant (e.g. in the range or above 10 % of the melt released from RPV), DCH may be expected as 
an issue, and possible effects on containment pressure should be investigated taking into account 
uncertainties of hydrogen deflagration models under DCH conditions.  

This melt dispersal model in COCOSYS (which was previously applied only in standalone 
COCOSYS mode to DCH experiments) needs to be updated to the new model feature in AC2 for melt 
transfer between ATHLET-CD and COCOSYS (after RPV failure) in coupled calculation mode.  

 

4.3.2 Molten corium/concrete interaction (MCCI) model 

The CCI module is validated based on a broad range of experiments featuring simulant and 
prototypic materials in different geometries and with different experimental heating devices. However, 
the comparison of calculated results with experiments is mostly done only for corium temperature and  
for maximum ablation depths. Only a few experiments are available, where, in addition, approximations 
of concrete volume eroded by the melt exist (e. g. MOCKA at KIT, OECD-CCI). 

Transient effects may have impact on the course of individual experiments – mostly at the start 
of the interaction between the newly generated melt with the structures – for which the codes cannot be 
assessed as “validated”. Such initial transients are related to the formation and stability of interface 
structures in the boundary layer of the melt. For the longer term however, experiments enter a quasi-
stationary regime for which the code predictions on ablation progress and temperature history are well 
understood: The 2D power distribution in the codes is governed by the system of effective heat transfer 
coefficients in combination with temperature boundary conditions at the different interfaces. 

The impact of concrete reinforcement on the MCCI is currently under investigation in the 
MOCKA experiments at KIT. In the past, good agreement with oxide experiments without rebar were 
obtained, if heat transfer coefficients in the order of 300 W/(m2 K) were effectively used at the different 
melt/concrete interfaces in combination with a melting temperature of the concrete selected close to 
~1600 K. The new MOCKA experiments with and without rebar in the concrete suggest a higher melting 
temperature (~1800 K) to be used in combination with much more elevated heat transfer coefficients (~ 
4000 W/(m2K)) in the oxide melt. 

Anisotropic ablation as observed in several experiments (siliceous concretes in OECD-CCI, 
experiments with LCS concretes in the MOCKA facility) can currently be captured in the codes only 
via imposition of anisotropic heat transfer coefficients at the 2D interfaces.  

Uncertainties are identified for melts consisting of oxides and metals. The overall transfer of 
decay power to the concrete is impacted also by the heat transfer at the interface between oxide and 
metal layer. A direct model validation for this interlayer heat transfer is not yet currently possible due 
to lack of appropriate data from experiments under MCCI conditions. Uncertainty is in addition 
introduced by insufficient knowledge of stratification/mixing processes under MCCI conditions. 

The assessment of top flooding conditions on the course of the MCCI is not yet clear since the 
crust anchoring effect which is observed in experiments but not expected for the reactor scale is difficult 
to be taken into account. 

The presence of a deep water pool in the reactor cavity in which the melt from the RPV will be 
released in case of a RPV failure is currently not covered by the COCOSYS models. Extensions of 
COCOSYS with dedicated models for this are planned in the frame of future R&D work at GRS. 
However, energetic ex-vessel fuel coolant interactions (“steam explosion”) are currently out of this 
scope. Planned R&D work is focused on the processes of melt fragmentation, particle bed formation 
and particle bed cooling, which may have beneficial effects on the coolability of the core melt. Like in 
the case of DCH the phenomena involved are of very high complexity and it is intended to consider 
simplified approaches for implementation into COCOSYS. Such simplified approaches should be 
derived or assessed by comparison with more detailed models.  



 
 

4.3.3 Corium transport model 

With view to the application in the EPR core catcher, corium spreading was an issue of high 
priority in European R&D work until the year 2004, when the issue was closed after evaluating the final 
European ECOKATS code benchmark [12] within the ECOSTAR project. Taking benefit of existing 
good knowledge of the melt’s rheological properties and experimental boundary conditions the 
uncertainty of the codes having participated in the benchmark was evaluated as approximately less than 
 20 % [12]. The LAVA calculation showed the overall best agreement with the experiment amongst 
all calculations contributed by the ECOSTAR partners. 

Due to the consideration of a gravity/viscous force balance in LAVA, LAVA is not able to 
predict spreading with large mass fluxes or small initial viscosities, i.e. spreading process under a 
balance of inertia and gravity. Because of that the LAVA model has not yet been integrated fully into 
the calculation chain of AC2, since an application is only useful in bounding scenarios, with very low 
mass fluxes and/or very high initial viscosities. Therefore, for the future development of COCOSYS, it 
is intended to add a criterion that assesses critical conditions for corium melt spreading, which are suited 
for a separate analysis using LAVA, whenever a melt transport is possible in the course of the 
simulation, e.g. after a melt penetration through the sidewall of the reactor cavity. The evaluation of that 
criterion would be transmitted to the user, who should decide, whether dedicated analysis of the melt 
spreading process should be taken into account in a separate, offline application of LAVA.  

As already stated in section 0, models in COCOSYS are not yet applicable to a scenario in which 
the core melt is relocated into a deep water pool. The applicability of the LAVA code is limited to dry 
conditions. As soon as experimental data for spreading under water will be available for GRS, an 
extension of the LAVA code for spreading under water is currently planned. 

 

5. CONCLUSION 

 

Though still some gaps are identified and need to be closed in the future – this depending also 
on the availability of additional experimental data –, the code system AC2 with its containment model 
COCOSYS is able to simulate and account for a broad scope of conditions in the containment during 
accidents with a satisfactory agreement at the state-of-the-art:  

− The model calculating the thermal hydraulic states in the containment (THY) has reached a 
satisfactory validation status. The difficulties with considering the effect of large water 
pools in the containment have been overcome by coupling of the detailed model CoPool to 
COCOSYS and by extending the internal capabilities to consider water-filled zones. 

− The redesign and extension of the aerosol/fission product (AFP) module in COCOSYS 
allows a consistent modelling of aerosol, chemical and fission product behaviour. Future 
work is planned for completing the implementation of available models within the 
restructured AFP module, and updating models with new results of OECD projects BIP and 
THAI. 

− The CCI module has to cope with existing large uncertainties regarding the behaviour of 
corium melt in the containment. For corium melt dispersion in consequence of melt ejection 
from the RPV under elevated RCS pressure, an empirical correlation based on DISCO 
experiments at KIT is available, which has to be calibrated to specific designs of the reactor 
cavity prior to its use. The code LAVA is a state-of-the-art model to evaluate the spreading 
of a viscous corium melt at low mass fluxes under dry conditions. Finally, the MCCI model 
is up to date including the latest evaluations of the MOCKA experiments at KIT including 
the effect of a concrete with rebar. Model extensions are planned to include the condition 
of deep water pools prior to melt release into a room (corium spreading under water, particle 
bed formation and particle bed coolability). 



A strong emphasis in future R&D work will be put on an improvement of the coupling between 
the simulation of the primary circuit (with ATHLET-CD [0]) and the phenomena in the containment 
(with COCOSYS) under core melting conditions, i.e. the coupling that defines GRS’s new code package 
AC2. Especially the following topics require dedicated model extensions and or improvements in the 
models’ robustness and reliability:  

– conditions for RPV failure with view to BWR 

– transfer of melt and fission products between RCS and containment via available flow paths 

– consistent consideration of the RCS structures in the containment models (heat transfer, 
aerosol deposition) 

– consideration of large water pools in the containment, either using the detailed external 
CoPool model or the internal capabilities for flooding of containment zones or other new 
2D/3D models being developed in ATHLET (see part I [0]) 

– simplifications of the user interface 
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Abstract. This paper describes the methodology used to assess severe accident modeling 
uncertainties for nuclear power plants in an integrated approach to quantify the relative impact of 
uncertain model parameters on predicted accident consequences. The methodology provides insights 
regarding the key phenomenological models related to these consequences and identifies important 
effects of modeling uncertainty on severe accident predictions. The methodologyhas been applied to 
several recent analyses using MELCOR, a software developed to model the progression of severe 
accidents in nuclear power plants [1-3]. This methodology couples a quantitative uncertainty analysis 
conducted using results from a two-step Monte Carlo simulation with a deterministic phenomenological 
verification of individual sample sets from the simulation result matrix. The quantitative uncertainty 
analysis provides measures of both the individual effects and effects due to interactions for each of the 
uncertain model parameters using multiple statistical regression methods in a process termed sensitivity 
analysis. Statistical regression results are verified using deterministic analyses and convergence studies. 
The statistical regression results are corroborated in conjunction with a careful evaluation of physical 
behavior and of each response or non-response for individual realizations. In this way, the methodology 
presented in this paper has been used to understand potential reactor safety system responses, including 
core behavior, while inherently building confidence that the probabilistic results are within the range of 
validity for the model.Coupling regression methodology with a traditional, deterministic, and 
phenomenologically-driven analysis allows for qualitative and quantitative measures of the model and 
parameter uncertainties when using MELCOR to evaluate the system response to postulated severe 
reactor accident scenarios and potential release of radionuclides. The results can be used to identify 
important areas where further data collection or study could provide the most impact in reducing the 
uncertainty in the potential consequences of severe accidents in nuclear power plants.  

 

KeywordsUncertainty Analysis, Sensitivity Analysis, Severe Accidents, MELCOR 

 

1. INTRODUCTION 

 

 Probabilistic risk assessments use a systematic process to identify possible points of 
vulnerability within a complex system (such as a nuclear power plant) before an incident or emergency 
situation occurs. Important questions must be answered about the nature, quality, and significance of 
calculated results. Uncertainty and sensitivity analyses are central to answering such questions. The 
objective of uncertainty analysis (UA) is to calculate the range of predictedsimulation outcomes that 
results from uncertainty in simulation inputs. The objective of sensitivity analysis is to determine the 
effects of, or sensitivity to, the uncertainty in simulation inputs on the uncertainty in simulation 
outcomes.  

Appropriately designed uncertainty and sensitivity analyses are essential to enhancing the 
usefulness and credibility of severe accidentmodeling by providing an unbiased representation and 



 
 

assessment of the uncertainty inherent to the development and execution of models that approximate 
complex physical phenomena. Uncertainty and sensitivity analyses support the verification and 
validation of the model under consideration, provide guidance on how to appropriately invest additional 
resources to reduce the uncertainty in analysis outcomes, and ultimately build confidence in these high 
fidelity simulations.  

Most uncertainty and sensitivity analyses involve five components when viewed at a high level:  

− Definition of probability distributions to characterize the uncertainty in analysis inputs  

− Generation of samples from the probability distributions for the uncertain analysis inputs  

− Propagation of the generated samples through the model under consideration to produce a 
mapping between values for uncertain analysis inputs and corresponding simulation 
outcomes  

− Organization and display of the probabilistically generated uncertainty in the simulation 
outcomes  

− Exploration of the mapping between simulation inputs and simulation outcomes with a 
variety of statistical procedures to obtain and verify sensitivity analysis results 

 Computer codes such as MELCOR [1-3] and MACCS [4-5] dynamically model the initiation 
and progression of a reactor accident (MELCOR) through potential radiological release and atmospheric 
dispersion, as well as economic and health consequences (MACCS). Severe accident modeling 
representsthe convergence of a largenumber of situational variants and uncertain inputs. Uncertainty 
and sensitivity analysis prove instrumental in producing useful and informative simulations.  

 The State of the Art Reactor Consequence Analyses (SOARCA) project presents a recent 
example of the application of these methods to severe accident modeling [6-8]. Sandia National 
Laboratories (Sandia) worked with the U.S. Nuclear Regulatory Commission (NRC) on this project to 
apply modern analysis tools and techniques to models of severe reactor accidents to understand severe 
accident modeling phenomena including thermal-hydraulic response; core heat-up, degradation, and 
relocation; hydrogen production; transportation; combustion; and fission product release and transport 
behavior. The SOARCA project developed a body of knowledge regarding the realistic outcomes of 
severe reactor accidents and integrated modeling of accident progression and on-site consequences with 
uncertainty using both state-of-the-art computational analysis tools and best modeling practices from 
the severe accident analysis community. Uncertainty and sensitivity analyses for this project were 
conducted in a systematic way and evaluated various sources of uncertainty including: model 
uncertainty, input uncertainty, and solution precision and accuracy.  

This paper presents the approach employed by Sandia and the U.S. NRC in the SOARCA 
project as a case study for a comprehensive uncertainty analysis methodology developed to quantify the 
uncertainty in simulation results and the relative impact of uncertain model parameters on predicted 
accident consequences.  

 

2. UNCERTAINTY ANALYSIS METHODOLOGY 

 

 The application of uncertainty analysis to severe accident models is based on the method of 
uncertainty propagation, which varies uncertain model inputs to produce a set of deterministic model 
calculations, defined as a probabilistic simulation. The deterministic model characterizes the known 
physics and phenomena of the reactor and scenario. This model, when provided the exact same input 
conditions, produces a single replicable result. Uncertainty analysis seeks to study the variation that 
occurs in this model result if the input conditions provided to the deterministic model are varied rather 
than constant. The goal of an uncertainty analysis is to determine the range of potential outcomes that 
could occur based on the range of possible or plausible uncertain input conditions. 

 



2.1 Treatment of uncertainty  

In the design and implementation of analyses for complex systems, two types of uncertainty are 
considered: aleatory uncertainty and epistemic uncertainty [9-11]. Aleatory uncertainty arises from an 
inherent randomness in the properties or behavior of the system under study. For example, the weather 
conditions at the time of a reactor accident are inherently random with respect to our ability to predict 
the future and would be considered to have aleatory uncertainty. Other potential examples of aleatory 
uncertainty include the variability in the properties of a population of system components and the 
variability in the possible future environmental conditions to which a system component could be 
exposed. Alternative designations for aleatory uncertainty include variability, stochastic, and 
irreducible.Epistemic uncertainty derives from a lack of knowledge about the appropriate value to use 
for a quantity that is assumed to have a fixed value in the context of an analysis. Examples of epistemic 
uncertainty include the minimum voltage required for the operation of a system and the maximum 
temperature that a system can withstand before failing. Alternative designations for epistemic 
uncertainty include state-of-knowledge, subjective, and reducible. It is important to note that some input 
parameters may have both aleatory and epistemic attributes, but can be treated as epistemic for analytic 
convenience. 

Uncertainty analysis conducted using the methodology presented in this paper involves 
numerical modeling of the system conditional on specific aleatory realizations, evaluating the entire 
range of epistemic uncertainty in a nested loop structure.The nested loop method uses an inner loop for 
aleatory uncertainty and an outer loop for epistemic uncertainty. This preferred order of the loops is 
governed by the interpretation of both types of uncertainty although this order could in theory be 
reversed. Aleatory uncertainty in the context of risk is perceived intuitively as a probability and is 
represented as a summary statistic (e.g., mean or median) and/or a distribution. For a given epistemic 
set (i.e., for a specific value in the outer loop), risk can be represented conditional on the assumption of 
perfect knowledge at the aleatory level. Epistemic uncertainty is then represented as a distribution on 
the representative value (e.g., mean or median) or a set of distributions showing the confidence in the 
results given the current state of knowledge. The definitions of aleatory and epistemic uncertainty 
depend in a fundamental way upon the system under study[9-11]. 

 

2.1.1 Uncertain input parameters &distributions 

The selection of uncertain input parameters is an iterative process. Selected phenomena, 
parameters, and distributions need to be reviewed to: (1) confirm that the parameter representations 
appropriately reflect major sources of uncertainty, and (2) ensure that model parameter representations 
(i.e., probability distributions) are reasonable and have a defensible technical basis. When conducting 
uncertainty analyses for severe accidents, code limitations and limited availability of models and/or data 
may restrict the ability to evaluate some potentially important phenomena or uncertainty. Such 
limitations must be discussed and related to final conclusions regarding uncertainty in model outputs. 

 Each component of the model is a potential source of uncertainty, which can be due to 
assumptions about mathematical model form, the application of a model beyond the conditions of its 
design, simplifications due to computational constraints, or approximations of unknown conditions or 
quantities. Some model uncertainties can be incorporated as uncertainty propagated through the 
deterministic model, in which case the impact of this type of uncertainty on uncertainty in the 
consequence is observable. For example, the oxidation model was treated as uncertain in anuncertainty 
analysis of the Sequoyah nuclear power plant (NPP) [8]; three models were implemented and each was 
assigned a weight and sampled accordingly such that the effects of the uncertainty in oxidation model 
form on radionuclide release could be observed.  

The most explicitly treated uncertainties in severe accident UAs are generally physical and 
environmental inputs, model fitting parameters, or model variability. These typically take the form of 
uncertainty distributions on model conditions and parameters.Calibration parameters for specific sub-
models within the accident model may be uncertain as well as physical conditions and material 
properties that are either not well understood or are understood to be stochastic (aleatory) in 
nature. Uncertainty distributions that have been critically and expertly derived and justified are used for 



 
 

each of the uncertain inputs. This process inherently restricts the possible values of uncertain inputs to 
values that are known or assumed to be possible. Hence, when samples from the distributions are 
propagated through the deterministic model, the results should characterize a collection of accident 
conditions that is reasonable. However, due to the high dimensionality of the uncertain input space in 
severe accident UAs, distributions that are independently reasonable may lead to combinations of 
uncertain inputs that are not physically possible or that are inconsistent with the models to which they 
are applied. As a result, implementation of input uncertainty is often iterative; the model is run on an 
initial test set of uncertain inputs and the results from the model are interrogated for non-physical 
combinations or unreasonable results in order to identify distributions or sampling procedures that must 
be modified. Even with careful derivation and analysis of the uncertain input distributions, both 
realizations that are typical of the total population of results and realizations that appear atypical are 
analyzed in detail over the course of the accident scenario to identify any potentially non-physical 
simulations. 

 

2.1.2 Convergence testing 

Severe accident UAs introduce uncertainty to a deterministic model such that the results of the 
model include uncertainty. However, severe accident models also include numerical calculations that, 
because they are approximations, can introduce further uncertainty into the results. It is therefore 
necessary to evaluate the stability of UA calculations. Stability for an uncertainty analysis is quantified 
by demonstrating that the variation in accident consequences is due to the varying uncertain inputs and 
not due to issues of convergence of numerical solutions. Additionally, stability is studied to ensure that 
sufficient sampling of extreme (but possible) values from the uncertain distributions has resulted in a 
statistically stable distribution of results. From a strictly computational perspective, a well-designed, 
correctly implemented numerical model should produce results that are explainable and appropriate for 
the model’s intended purpose. A series of development steps including input verification and 
convergence tests must be conducted to identify and reduce variability in the model outputs that results 
from time-step size, numerical accuracy, and sample size to ensure the model has converged before 
identifying key uncertainties. For the purposes of this discussion we consider three broad types of 
convergence testing: temporal, numerical, and statistical.  

Temporal convergence refers to the use of an appropriate time step size necessary to achieve a 
converged model solution. The temporal discretization may affect the accuracy of the solution and thus 
may also affect the distribution of the calculated outputs. Numerical convergence refers to the numerical 
approximation of an exact value. Complex system models have intrinsic numerical variability due to 
choices that are made during model and code development and convergence criteria that are established 
by the code developer. Often,a finite reduction can be done in regards to intrinsic numerical 
variabilitybyiterating on time step sizes, solver convergence criteria, and other parameters controlling 
solution precision and accuracy. Both temporal and numerical stability can add difficulty in resolving 
the variability in the model outputs that can be attributed to the uncertain parameters. Statistical stability 
refers to the confidence that the sample size (number of deterministic realizations) or sampling 
methodology is sufficient to accurately determine a numerically converged mean, median, or other 
statistical quantitiesof interest. The choice of sampling methodology (e.g., simple random sampling, 
Latin hypercube sampling, importance sampling), number of uncertain parameters considered in the 
analysis, the distribution types, and model approximations used can impact the statistical stability of the 
results. Understanding and characterizing all possible sources of variability in probabilistic results is an 
integral step in the identification of the variability that can be attributed to the uncertainty in the system. 

There are multiple ways to examine stability. Commonly used methods usually demonstrate that 
the estimated consequences vary within a small acceptable range. These tools are necessarily heuristic 
in nature; there is no way with a finite sample of points to determine if a simulation correctly 
characterizes the results that would be obtained from an infinite sample. One such tool, bootstrapping 
(repeated sampling with replacement) can be used to obtain confidence bounds, for example, on the 
mean fraction of iodine released over time [12]. An example of stability results obtained using 
bootstrapping is demonstrated in Fig. 1. For comparison, the entire population of realizations was 



randomly sampled without replacement to partition the realizations into three independent replicates and 
each replicate was used to calculate a mean fraction of iodine released. As can be seen in the figure, the 
confidence bounds calculated by bootstrap sampling the entire population of realizations closely bound 
the means calculated for each smaller replicate. This shows that the behavior of the whole population is 
well captured by a smaller population, suggesting convergence. These types of heuristic analyses, in 
addition to the analysis of the reasonableness of simulation results, are used to determine if the sample 
size used for a UA can be considered sufficient.  

 

2.2 Flowchart of uncertainty analysis methodology 

 Due to the complexity of severe accident models and the high-dimensionality of the uncertain 
parameter space, uncertainty analysis for severe accidents is inherently iterative. As such, it is common 
for an uncertainty analysis to be conducted with repeated iterations for defining the uncertainties, 
exercising the model, and analyzing the results. At almost every step in the process, illustrated in Fig. 2 
there is the potential to identify refinements that may include input error corrections, non-physical values 
from unbounded distributions, and computation outside of the range of validity for one or more models 
within the complex system code. Improvements must then be made to the model or to the 
implementation of uncertainties to produce a comprehensive analysis of potential outcomes. 

The process begins first with a definition of the scenario, the model under consideration, and a 
decision about which input uncertainties will be included. There are, for example, different models that 
could be used to model the propagation of hydrogen within a reactor building. There may also be models 
with varying degrees of complexity and computational intensity that could be selected depending on the 
scenario, reactor design and the plant configuration, as selected by a subject matter expert to most 
accurately represent the engineered system. Defining the physical model for the system and including 
which subsystems will be part of the severe accident simulation establishes the deterministic portion of 
the analysis. Inherent to this step in the process is the notion of state-of-knowledge; the model itself 
characterizes (up to the level of computational capability) the current state-of-knowledge of every 
feature of the plant and accident considered in the simulation. 

Once the deterministic model is established, the inclusion of uncertainty in the simulation is 
accomplished using model inputs. Examples of model inputs include coefficients for mathematical 
models of physical phenomena, material properties, transients, sample sizes, and alternative models. 
These inputs represent the features of the model whose values, as previously described in this paper, are 
either not precisely known due to a lack of information or data (epistemic), or are inherently random in 
nature (aleatory). Additionally, some inputs can be selected to evaluate the sensitivity of the model to 
specific design or other options (e.g., number of safety relief values that open or use of alternative 
models). For each variable, a range of validity and distribution are determined. These distributions are 
then sampled for each realization (independent simulation of the accident). The deterministic model is 
evaluated for each set of uncertain input conditions and the final results reflect the uncertainty in model 
response due to uncertainty in model inputs. 



 
 

 

FIG 1. Demonstration of stability analysis results from the Peach Bottom UA[6]. 

 

FIG. 2 Flowchart of the basic steps for conducting an uncertainty analysis for a severe accident 
scenario 

The ultimate goal of the sensitivity analysis component of a severe accident UA is to understand 
the relationship between variation in the inputs and variation in the model response. Each realization of 
the simulation provides a data point that describes this relationship. Understanding the global effects of 
specific inputs on model outputs is therefore a question of detecting trends. This is performed via 
regression analysis. One of the underlying assumptions behind the regression analysis, however, is that 
the data from the realizations is sufficient to identify the relevant trends and acquire reasonable estimates 
of accident consequences. This condition is known as statistical stability and is essential for building 
confidence in model results and the regression analysis.  

The data analysis step in uncertainty analysis is also an iterative step in the model. The 
regression analysis (see Section 2.3 and Section 2.4) detects global trends and identifies potentially 
important parameters. Individual realization analysis studies the phenomenology involved in the 
accident sequence for a particular analysis. It is important both for detecting effects that may not be 



detected by the regression analysis and to forensically verify regression results and tie them to accident 
phenomena. Thus the regression analysis and the individual realization analysis work to simultaneously 
validate each other, increasing confidence in both.  

Finally, the last step in the uncertainty analysis methodology is to determine if the results 
indicate that further refinement of the model, uncertainty distributions, or sample size is necessary to 
confidently quantify the variability in system response that can be attributed to the uncertainty in the 
system. The flow chart in Fig. 2 reflects the iterative nature of this step. The process ensures uncertainty 
analysis results are stable, comprehensive, and realistic.  

 

2.3 Statistical regression 

 Uncertainty analysis for complex severe accident models is inherently multi-dimensional. Each 
uncertain input used in the analysis may introduce a multitude of potential effects both directly and 
through interactions with one or more other uncertain input parameters. In addition, a robust analysis 
consists of a large sample size and corresponding number of deterministic realizations. This necessitates 
the use of regression techniques in order to interrogate the set of results and determine the relationship 
between the uncertainty in simulation conditions and uncertainty in model results. In a one-dimensional 
case, regression analysis is familiar and somewhat straightforward; find the function of a certain form 
that minimizes the distance, on average, between the function and the data points. Even then, a choice 
must be made about the form of the function and the method used to find it, which requires some initial 
data analysis. For the multi-dimensional parameter space that is typical of uncertainty analysis for severe 
accident models, the regression problem reduces to the same essential goal; identify the best statistical 
model form and select a method for building a model of that form. The complicating factor, however, is 
that it can be much more difficult to identify the best model form for a parameter space that includes 
discrete parameters, continuous parameters, interactions, thresholds, and non-monotonic relationships 
than for a one-dimensional parameter space that contains only one or two such characteristics. Because 
of this, the uncertainty analysis for severe accident models uses multiple regression models, each one 
uniquely well suited to identifying a particular type of model behavior.  

 Four regression techniques: linear rank, quadratic, recursive partitioning, and multivariate 
adaptive regression splines (MARS), are presented for use in uncertainty analysis for severe accident 
simulations. The first technique, linear rank regression, is the simplest technique and is used to identify 
the monotonic influence of individual parameters on the model response. First, the input parameters and 
the model responses are rank transformed to negate the effects of scale on identifying effects. Then, a 
linear model is fit to the rank transformed data in a stepwise fashion, meaning that parameters are 
iteratively added to and removed from the model in the model fitting process. Example results from a 
linear rank regression are shown in  

TABLE 1 (green) [8]. The leftmost column of this table contains the name of uncertain inputs whose 
uncertainty has been identified as important to the uncertainty in the model outputs. The rows of this 
table correspond to the regression results for each of these inputs. The  denotes the proportion of the 
variance in the model response (in this case fractional cesium release) that is explained by the model, 

 denotes the increase in  when the parameter is included in the model, and the standardized 

rank regression coefficient (  is the slope of the line fitted to each individual parameter and the 
response.  

While linear rank regression is straightforward to interpret, it can only detect monotonic 
relationships between individual parameters and the severe accident model response. The remaining 
regression techniques presented are all able to detect non-monotonic and interaction effects. In  

TABLE 1, example results of these regression techniques are presented using Sobol indices to 
separate the main effects from the interaction (conjoint) effects. The  represents the main effect of 
each individual parameter and the  represents the sum of the main effect and the effect due to 
interactions. Hence, parameters with higher  values have a stronger main effect on the accident model 
response and parameters for which  have a measurable interaction effect [13]. 



 
 

TABLE 1. EXAMPLE REGRESSION RESULTS FROM THE SEQUOYAH SOARCA SEVERE 
ACCIDENT UNCERTAINTY ANALYSIS [8] SHOWING THE IMPACT OF UNCERTAINTY IN 
INPUT PARAMETERS ON UNCERTAINTY IN THE FRACTION OF CESIUM RELEASED. 

 

 

Though presented using the same result measures, these three regression methods have unique 
strengths and weaknesses. Quadratic regression was included because it builds upon the basic concepts 
of linear regression, but adds two-way effects so it can capture the relationship between two-parameter 
interactions and the model response. Therefore, quadratic regression maintains some of the ease of 
interpretation of a linear rank regression, but can capture slightly more complicated effects.  

Recursive partitioning was included because it is uniquely able to detect thresholds and effects 
due to discrete (or categorical) parameters, to which linear and quadratic regressions are less sensitive. 
Recursive partitioning models are regression trees that are built by recursively binning the model 
response based on values of the uncertain parameters in order to identify the parameters that provide the 
best (most heterogeneous) bins. Such models, due to the many levels of binning, are also able to detect 
multi-dimensional interactions beyond the two-dimensional interactions detected by quadratic 
regression.  

Finally, the MARS regression method is included because it is uniquely able to detect multi-
dimensional effects between continuous parameters. The recursive partitioning and MARS models are 
conceptually similar and both characterize interaction effects that cannot be captured by linear rank and 
quadratic regression. The primary difference between the two is that recursive partitioning fits its model 
by binning in many dimensions and MARS fits its model by including basis functions in many 
dimensions, hence recursive partitioning is better suited to discrete data and MARS is better suited to 
continuous data. 

 Though these example regression methods were used in previous MELCOR analyses [6-8], the 
choice of regression methods depends on the problem under consideration. The goal is to define a set of 
regressions that are comprehensive in capturing the behavior of the severe accident model.  

 

2.4 Multiple regression analysis  

 The use of multiple regression analyses, while essential, complicates the ranking of uncertain 
parameters by importance. Understanding multi-dimensional influences from multiple statistical 
regression analyses enhances confidence in identifying the parameters that contribute the most to 
uncertainty in the simulated response to a severe accident. 

In a first order approach, variable importance can simply be represented by ordering the 
parameters according to confidence in the regression techniques [6]. Because linear rank regression is 
robust and straightforward to interpret, parameters can be ordered based on rank regression results, then 
quadratic, recursive partitioning and MARS. A quantitative approach, such as that using two metrics 
referred to as the Main Contribution and the Conjoint Contribution in previous MELCOR studies [7-8], 
is less sensitive to qualitative judgements for the presentation of multiple regression analysis results. 

Final R2
Input R2 contr. SRRC Si Ti Si Ti Si Ti

priSVcyc 0.26 -0.53 0.32 0.86 0.58 0.96 0.41 0.76 1 1
Cycle 0.01 0.15 0.04 0.10 0.01 0.02 0.21 0.21 2 5
Rupture 0.05 -0.22 0.01 0.14 --- --- 0.01 0.09 3 3
Eu_Melt_T 0.02 -0.15 0.02 0.27 0.02 0.40 0.01 0.30 4 2
Shape_Fact 0.04 0.21 --- --- 0.00 0.00 0.00 0.00 5 9
Ox_Model 0.01 0.09 0.01 0.16 --- --- 0.00 0.00 6 4
Fseal_Pressure --- --- 0.00 0.02 --- --- 0.01 0.01 7 7
Seal_Open_A 0.01 -0.07 0.00 0.01 --- --- 0.00 0.00 8 8
Burn_Dir 0.00 0.07 0.00 0.02 --- --- 0.00 0.01 9 6

 * highlighted if main contribution metric measure larger than 0.02 or conjoint contribution metric measure larger than 0.1
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The Main Contribution is calculated as an average of the individual parameter contribution measure for 

each regression method (SRRC and ) weighted by the strength of the regression model (  The 
Conjoint Contribution is calculated as an average of the conjoint parameter contribution measures for 

each of the methods that detect conjoint contribution (  also weighted by the strength of the 
regression model. This methodology for determining parameter importance over multiple regression 
methods gives more weight to results from models that explain more variance in the severe accident 
response and also gives more weight to parameters that are identified as important by multiple methods. 
Example results are presented in the last two columns of  

TABLE 1 as ranks of the contribution measures. Cutoffs were selected qualitatively and verified 
with scatterplots to differentiate parameters with potentially significant main and conjoint influences 
from parameters with detectible, but spurious effects. Cells in the table that are highlighted in yellow 
identify those parameters that were determined to have potentially significant effects.  

As with the specific regression methods chosen, the method for combining results from multiple 
regression methods is flexible. Ultimately, the effects that are detected should always be further 
investigated using plots and individual realization analysis to identify the phenomenology behind the 
effect. The purpose of implementing measures for identifying important parameters is to guide this 
process and to check that expected model responses are evident in the simulation results through an 
iterative process of phenomenological investigation to identify all of the important parameters.  

2.5 Deterministic analysis – model verification 

Statistical regression results are corroborated using deterministic analyses to carefully evaluate 
physical behavior and check each response or non-response. Analysis of single realizations provides a 
specific insight into the physical phenomena controlling the variability in the probabilistic results. A 
comprehensive explanation is derived detailing how the system response is affected by various 
components of the reactor system under varying physical-chemical-thermal-mechanical conditions 
evaluated for the UA. This derivation provides both confidence that the processes are working as 
expected and insights to the phenomena driving the results. This in turn connects the phenomenology to 
key uncertain parameters identified in the parameter uncertainty analyses. Individual deterministic 
realizations are selected out of the population of probabilistic results to be representative of the 
population. For instance, a deterministic realization representative of the upper quantiles, the median or 
mean, and the lower quantile behavior are generally selected, as shown for the Peach Bottom SOARCA 
UA [6] in Figure 3.  

In addition, deterministic realizations that are unique or have a behavior that is of very low 
frequency can often provide insights into previously unknown important phenomenology or reveal 
model errors (e.g., input, convergence, non-physical behavior, or outside the range of validity of the 
models used to simulate the complex system). Identification of the timing and effects of key phenomena 
for each of the selected deterministic realizations is correlated to the important uncertainty identified in 
the statistical regression analyses. An example of deterministic realizations selected based on timing and 
key phenomena is provided in Table 2 for the Sequoyah SOARCA UA [8]. Correlating deterministic 
model phenomenology with the statistical regressions is a key final step that provides confidence in the 
methodology. 



 
 

 

FIG.3. Demonstration of single realizations selected from the Peach Bottom UA[6] 

 

TABLE 2. EXAMPLE OF DETERMINISTIC SINGLE REALIZATIONS SELECTED FOR 
DETAILED ANALYSIS FROM THE SEQUOYAH SOARCA UA [8]. 

I.D. Selection criterion 
Realization 
number* 

1 The base STSBO UA case Base calculation 

2 The case with earliest containment rupture 338 

3 A case with containment remaining intact at 72 hr 171 

4 The case with the earliest FTC of a pressurizer SV 142 

5 A case without a FTC of a pressurizer SV 469 

6 A case with coincident RPV breach and containment rupture 338 

7 The case with the least in-vessel hydrogen production 469 

8 The case with the most in-vessel hydrogen production 225 

9 The case with the smallest Cs release to the environment 174 

10 The case with the largest Cs release to the environment 142 

11 The case with the earliest RPV breach 551 

12 The case with the latest RPV breach 148 

13 A case without hot leg rupture 77 

14 
A case with early RPV breach and early containment rupture not 
coincident 

133 

*Note, all realizations are without random sources of ignition 



3. UNCERTAINTY ANALYSIS EXAMPLE 

 

 The following uncertainty analysis example highlights the main steps of the method described 
in Section 2 and demonstrates the application of each of these steps in practice for the Sequoyah 
SOARCA UA.Example regression analysis results arepresented in 

TABLE 1.In this example, the combined number of cycles completed by the system of three parallel 
safety valves atop the pressurizer (priSVcyc parameter) was identified to have a strong influence on 
cesium release. Rank regression analysis showed that higher primary SV cycles are associated with 
lower releases, and this is supported by a scatter plot for the variable Fig. 3. In this figure, the release 
fractions for each realization are colored according to the time in cycle at shutdown (denoted by BOC, 
MOC, or EOC inFig. 3), which is the next dominant parameter influencing cesium environmental 
releases. Realizations with higher cesium releases tend to undergo less than 38 total cycles of the primary 
SVs, particularly for MOC realizations. There is also a dense cluster of MOC and EOC realizations 
around 70-75. This clustering reflects the median number of SV cycles that can occur before the primary 
side depressurizes due to RCS creep rupture. Physically, fewer SV cycles reflect an accident progression 
where the primary RCS depressurized sooner due to a lower sampled value for priSVcyc. The MELCOR 
Sequoyah model tends to predict higher cesium environmental releases for cases that have earlier 
primary depressurization. Depressurization of the RCS primary during the STSBO entails the venting 
of hot combustible gases laden with radionuclides to the containment. The BOC realizations all have 
essentially zero cesium releases, and these are depicted on Fig. 4 to demonstrate that the BOC cases 
exhibit higher primary SV cycles. The lower decay heat associated with BOC results in delayed (or 
totally precluded) creep rupture, which typically occurs before 75 cycles in the MOC and EOC cases, 
thereby extending primary SV cycling. 

 

Hot Leg  

Creep  

Stochastic SV Failure 



 
 

FIG.4.  Scatterplot of cesium environmental release fraction versus priSVcyc  from the Sequoyah 
SOARCA UA [8]. 

Another significant parameter for the cesium environmental release fraction is the effective liquefaction 
temperature of the UO2–ZrO2 system (Eu_Melt_T). This parameter has lower individual contribution 
to cesium release compared to aggregate pressurizer SV cycles (priSVcyc) and the time in cycle at 
shutdown (Cycle), but it is identified as having substantial conjoint contributions with other parameters. 
In particular, higher sampled values of Eu_Melt_T are associated with greater cesium environmental 
release fractions, as illustrated by Figure 5. However, this trend only exists for realizations with fewer 
than 70 aggregate cycles of the pressurizer SVs (priSVcyc). For realizations with more than 70 cycles, 
the cesium environmental release fraction is rather independent of Eu_Melt_T. 

 

 

FIG. 5.Scatterplot of Eu_Melt_T vs. priSVcyc with color contour for cesium release fractionfrom the 
Sequoyah SOARCA UA [8] 

 

4. CONCLUSION 

 

Uncertainty analyses for complex systems have successfully played a central role in many 
applications supporting nuclear reactor safety analysis. Coupling regression methodology with a 
traditional deterministic phenomenologically-driven analysis allows for qualitative and quantitative 
measures of the model and parameter uncertainties when using MELCOR to evaluate the system 
response to postulated severe reactor accident scenarios and potential release of radionuclides. The use 
of multiple statistical regression models quantitatively correlates parameter uncertainty with result 
dependencies. It is necessary to support the understanding of uncertainties and build confidence in 



regression results that identify important effects due to model or parameter uncertainties. However, each 
unique regression model presented in this paper has inherent strengths and weaknesses; the selection of 
the most appropriate set of regression models should be refined depending on the behavior of the severe 
accident scenario. The deterministic verification of the physics and phenomenological basis provides 
quantifiable bounds on uncertain model predictions. Statistical regression and deterministic verification 
can accurately expose non-physical or non-valid model responses or model inputs. The methodology is 
robust when a sufficient probabilistic sample size is used. The recent series of SOARCA analyses have 
demonstrated that the application of a rigorous modeling uncertainty analysis such as that described in 
this paper yields insights into severe accident modeling phenomena including thermal-hydraulic 
response; core heat-up, degradation, and relocation; hydrogen production; transportation; combustion; 
and fission product release and transport behaviorthat are unlikely to be discovered when only a 
deterministic approach is used. 
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Abstract. This paperhighlightsboth analytical and experimental activities taken up to gain more 
insight into the complex physico-chemical and thermal-hydraulic behaviour during severe accident 
scenario of pressurized light water reactor (VVER-1000 V-412) in India. Integral system codes like 
RELAP5/SCDAP and ASTEC are being used to analyse in-vessel phase of severe accident scenario of 
Kudankulam Nuclear Power Project (KKNPP) for VVER1000 reactor. A preliminary in-house stand-
alone code has also been developed to model the complex ex-vessel phenomena of corium relocation 
and corium-sacrificial material interaction inside core catcher. 

Both In-vessel and ex-vessel  (core catcher) analysis considering a Postulated Initiating Event 
(PIE) like Large Break LOCA with  Extended station Blackout (ESBO) has been considered with and 
without passive hydro-accumulator injection into Reactor Pressure Vessel (RPV). Modelling of top 
flooding specifically Counter Current Flow Limitation (CCFL) phenomena still remains an issue. The 
core catcher model also needs to address stratification of molten pool and mass diffusion of sacrificial 
material into molten pool. Experiments are planned with VVER scaled down bundle configuration for 
both intact and degraded core geometry for low temperature (up to 1000 deg C) and high temperature 
(up to 2200 deg. C) with bottom and top reflood conditions with different flow rates. This will augment 
the fundamental understanding of complex thermal-hydraulic phenomena of combined top and bottom 
flooding and generate data for validation models for top flooding. The current status and evaluation of 
severe accident simulation codes has been described and areas for modelling improvements have been 
identified. . On-going experimental programs to understand the complex reflood phenomena for bottom 
and top reflooding has also been presented. 
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1. INTRODUCTION 

 

Severe accident is kind of Beyond Design Basis Accident which involves extensive degradation 
of fuel rods and partial/complete core melting occurring due to multiple failures of safety systems. This 
degradation/melting is due to the significant increase in temperature of the fuel rods when there is a loss 
of core cooling. A series of complex phenomena following the initial event might ultimately cause loss 
of containment integrity resulting in large radioactive release into the environment. 

The severe accident phenomena are generally divided into two phases; In-vessel phase and Ex-
vessel phase [1]. Experimental and theoretical studies have been conducted with the ultimate aim of 
developing the computational model applicable to commercial reactor scale to simulate accident 
progression sequence. Along with these studies, plant specific Severe Accident Management Guidelines 
(SAMG) is being developed to mitigate severe accident progression in order to protect fission product 
retention barriers which will provide an additional level of defence in depth. 



 
 

For prediction of severe accident progression in light water reactors, a number of computer 
codes (e.g. MELCOR, ASTEC, MAAP, SCDAP/RELAP5 etc) have been used both by utilities and 
research organisations worldwide which provides severe accident progression and quantitative basis for 
SAMG development. Keeping in view the same, A range of activities both analytical and experimental 
have been taken up to gain more insight into the complex physico-chemical and thermal-hydraulic 
behaviour during severe accident scenario of pressurized light water reactor (VVER-1000 V-412) in 
India. Integral system codes like RELAP5/SCDAP and ASTEC are being used in India to analyse in-
vessel phase of severe accident scenario of Kudankulam Nuclear Power Project (KKNPP) for 
VVER1000 reactor. A preliminary in-house stand-alone code has also been developed by NPCIL to 
model the complex ex-vessel phenomena of corium relocation and corium-sacrificial material 
interaction inside core catcher and further refinement of the code is in progress. 

To further understand Counter Current Flow Limitation (CCFL) phenomena in case of 
combined top and bottom flooding into VVER type fuel rod bundle of early state of degradation as well 
as late phase of degradation, a series of experiments have been planned/few already carried out. These 
experimental results will be used to assess analytical tools for prediction of severe accident progression 
with the ultimate aim of improving the ever evolving understanding of complex severe accident 
phenomena and code predictions. This paper highlights the analysis and experimentation work currently 
being undertaken for severe accident analysis and to further validate the SAMG actions. 

 

2. SAFETY FEATURES OF KKNPP (VVER 1000, V-412) 
 

The KKNPP is a VVER, 1000 MWe light water cooled, light water moderated reactor of 
generation III+ type. Reactor core consists of 163 hexahedral Fuel Assemblies (FAs) and each FA 
comprises of 311 fuel elements. The primary circuit consists of reactor core, down comer, lower plenum, 
upper plenum and four loops [2]. Each loop is having a reactor coolant pump (RCP) set, hot leg and cold 
leg. Pressuriser is connected to hot leg of 3rd loop and spray lines of pressuriser is connected to cold leg 
of 4th loop.  

The secondary circuit consists of four loops and each loop is having a horizontal Steam 
Generator (SG) and four streamlines. On each streamline Pulse Safety Devices (PSDs), Main Steam 
Isolation Valve (MSIV). Emergency Core Cooling System (ECCS) consists of high-pressure injection 
system, low-pressure injection system and hydraulic accumulators for high pressure and low pressure 
injection.  Each steam generators are connected with SG Emergency Cool down Devices (SG ECD) 
which is used for cooling during Group-III power is not available. The Reactor Coolant System (RCS) 
is Shown Schematically in Figure 1 below. 

Each active safety system has four trains 4×100%, i.e., each Capable to perform completely 
the intended safety function. Emergency boron injection system has 4×50% capacity. The number of 
the safety trains is chosen from the consideration that one train may not be available due to single 
failure criteria, another may not be available due to maintenance and the third may be knocked out 
because of a postulated initiating event. All safety systems are supplied with power from independent 
sources i.e. dedicated diesel generators. 

Implementation of passive safety equipment together with proven active safety systems 
provides an optimum combination of diverse design features resulting in significant reduction in effects 
of common cause faults and reduction of dependence on external power supplies and complex control 
systems which culminates in lowering the core damage frequency. 



 

FIG. 1. Reactor Coolant System schematic for VVER-1000, V412 

The emergency core cooling system provides core cooling under a wide range of postulated 
accidents involving leaks of primary system. In the case of loss of coolant accident (LOCA), borated 
cooling water is injected into the reactor core to remove the decay heat and to preserve core integrity. 
The emergency core cooling system comprises of the following sub-systems: 

(i) High-pressure emergency injection; 

(ii) High-pressure accumulator injection (passive system);  

(iii) Low-pressure accumulator injection (passive system); 

(iv) Low pressure emergency injection and long term circulation 

The passive safety systems that make this reactor unique as compared to other VVER-1000 
plants are as given below: 

2.1 High pressure passive ECCS system (Stage-1 Hydro-Accumulators): 
This system consists of four independent channels with (4x33% capacity), two channels are 

connected to reactor inlet chamber and other two are connected to reactor out let chamber, thus, ensuring 
combined top and bottom flooding.1st stage accumulators deliver water into the core and flood it under 
LOCAs, when pressure in the primary coolant circuit falls below 5.9 MPa. The total inventory of water 
in the 1st stage hydro-accumulators is 200 m3 which ensures the required make up initially. At normal 
operation each hydro-accumulator is separated from the reactor by check valves and when pressure in 
the reactor falls below the pressure of nitrogen in the hydro-accumulator, the check valves opens and 
borated water flows into reactor.  

 
2.2 Low pressure passive ECCS system (Stage-2 Hydro-Accumulators): 

Second stage of passive ECCS system (2nd Stage Hydro Accumulators) is used for flooding the 
reactor with borated water of 16g/kg concentration in case of emergencies related to LOCA with station 
blackout. System design is based on requirement of supplying necessary volume of borated water (720 



 
 

m3) in case of LOCA with SBO. System consists of four independent channels with (4x33% capacity), 
two channels are connected to reactor inlet chamber and other two are connected to reactor outlet 
chamber through attachment of these pipelines to the pipelines connecting the first stage accumulators 
to the reactor, thus again, ensuring combined top and bottom flooding. Each channel consists of two 
hydro-accumulators (120 m3 each) joined to a common header in such a way that time profiling of flow 
rate is in accordance with residual heat capacity reduction. The discharge pipelines are provided with 
the check valves to avoid pressure increase in the hydro-accumulators under stand-by mode. The upper 
parts of second stage hydro-accumulators are connected by special dual check valves to the cold legs of 
the main circulation pipelines. These dual check valves are adjusted to open when pressure in the circuit 
falls below 1.5 MPa and afterwards pressure in the hydro-accumulators increases up to the primary 
pressure and water flows into the reactor under action of hydrostatic pressure due to liquid hydrostatic 
column. The schematic of the circuit is included in Figure 2. 

 
2.3 Passive Heat Removal System (PHRS): 

Passive Heat Removal System (PHRS) is designed for prolonged residual heat removal from 
the reactor core during beyond design basis accidents with station blackout (loss of all alternate current 
power supply sources, including emergency DG sets) both under conditions without LOCA as well as 
in cases of concurrent leaks in primary or secondary circuit. In case of primary circuit leak (LOCA), this 
system operates together with stage II ECCS hydro accumulators. System consists of four independent 
circuits with natural circulation - one for each circulation loop. Each circuit includes three heat 
exchangers, steam-condensate pipe-lines with valves, supply and discharge air ducts, air dampers and 
regulating devices. Steam supply pipeline from each SG steam line goes to the header, delivering steam 
through individual pipelines to three heat exchanging modules and condensate from each heat exchanger 
through pipelines goes back to steam generator as shown in Figure 2. Therefore, the steam that is 
generated in the steam generators due to the heat released in the core, condenses and rejects its heat to 
the ambient air and the condensate is returned back to the steam generator. 

 

FIG. 2. Schematic of Passive Safety Systems (Morozov et al (3)) 
 

 



2.4 Core Catcher 
KKNPP core catcher is a crucible type catcher which is basically a three layered (outer steel 

vessel, sacrificial concrete layer & metallic basket) vessel placed below reactor pressure vessel to 
relocate molten corium after RPV failure [4]. The melt is immobilized within an externally water-cooled 
steel vessel. The vessel has vertical walls and a conical bottom with an inclination angle of 12-16º. This 
inclination increases the minimum critical heat flux during the bottom cooling by stagnant water boiling 
in comparison with a semi-elliptical or semi-spherical bottom Steel sheeting on the vessel top aperture 
prevents water ingress into the catcher before the melt relocation. This considerably reduces the 
probability of steam explosions. . The internal volume of the catcher vessel is partially filled with 
sacrificial material, which contains OSM (oxidic sacrificial material) and SSM (steel sacrificial 
material). The OSM is placed into steel cassettes; they form a large-cell honeycomb structure, which 
facilitates fast corium spreading and increases the sacrificial material and corium interaction surface. 
The catcher capacity is sufficient to accommodate the whole mass of the anticipated core melt and to 
provide heat transfer from the molten pool through the vessel walls and bottom to the cooling water. 
The heat from the upper surface of the melt is temporally removed by radiation and later by the water 
covering the melt surface. 

 

3. ANALYSIS OF IN-VESSEL PHASE OF SEVERE ACCIDENT SCENARIO 
 

A generic severe accident management guidelines for KKNPP has been prepared and to provide 
analytical basis for plant-specific SAMG for KKNPP, a range of severe accident analysis by both system 
codes and stand-alone codes (in-house code) have been taken up. These work can be broadly divided 
into categories: in-vessel analysis by system codes (RELAP5/SCDAP, ASTEC) and ex-vessel analysis 
by in-house stand-alone codes. 

 

3.1 Analysis with ICARE Stand Alone Module 
Hypothetical accident involving large break LOCA (850 mm break size) occurring simultaneous 

with station blackout (SBO) leads to severe accident scenario. In case of SBO due to non-availability of 
both off-site power and diesel generator, active ECCS systems actuation are not considered. Only 
passive systems, 1st stage (HA-1) and 2nd stage hydro-accumulators (HA-2) are available for water 
injection for core cooling. Thus, two different variants of LOCA with extended SBO have been 
considered in this study: 

− Without taking credit of both HA-1 and HA-2 

− With both HA-1 and HA-2 injection 

The reactor vessel structures are modelled with ICARE module which includes reactor core, 
baffle, and the cylindrical part of the barrel and vessel and lower head of the vessel. The core is 
discretized into five radial rings and five vertical channels with 2-D gas flow and 0-D liquid model have 
been used to model the coolant and non-condensable gas flow through the core. Two extra channels are 
also modelled representing the bypass flow through the baffle and the annular down-comer region 
between core barrel and RPV. In addition, debris and magma fields are pre-defined over the whole 
domain and appear during the transient. In addition to three generic modes of heat transfer namely 
conduction, convection and radiation, radiative and conductive heat exchanges between fuel and clad 
and in the gap between control rod clad and guide tube are taken into account. To model the oxidation 
behaviour of clad (Zr1%Nb) an empirical best-fit correlation has been implemented [5]. A specifically 
designed creep model for Zr1%Nb cladding has been used which allows higher hoop strain as compared 
to Zr-4 alloy used in western PWRs [5]. The stratification of the molten pool in the lower plenum is also 
considered. The coolant flow out of the modelled domain is specified as function of pressure. 

Hydrogen generation due to mainly zircalloy clad oxidation (also steel oxidation) and the time 
for failure of lower head of RPV have been estimated. The parameters for both the cases are furnished 



 
 

in Table 1. As shown in Figure 3 and Figure 4, the molten corium forms two distinct stratified layers, 
the upper one being thin metallic layer and lower one being oxidic layer. The RPV failure location is at 
the junction of both layers indicating focussing effect. 

 

TABLE1. IMPORTANT SAFETY PARAMETERS FOR IN-VESSEL PHASE OF SA SCENARIO 

Parameters Without HA injection With HA injection 

Hydrogen generation  (kg) 10.65 232.4 

Lower head failure time  (Sec) 3645 96536 

 

FIG.3. Temperature field without water injectionFIG. 4. Temperature field with water injection 

 

Figure 1. Temperature field at RPV failure 
time with no water injection 

Figure 2.  Temperature field at RPV failure time 
with water injection 



 

 

When there is no water injection from the hydro-accumulators, core un-covery takes place very 
early as the coolant water gets vaporised due to the decay heat. Consequently, the oxidation of zircalloy 
clad with steam increases. The steep increase in the cumulative hydrogen generation as shown in Figure 
5 corresponds to the event of slumping of molten corium into the water in the lower plenum. From 
Figure 6, it can be seen that during 24 hours due to hydro-accumulator injection the core remain 
submerged and adequacy of design is demonstrated. 

 

3.2 Analysis with Full Plant Model of VVER-1000 and analysis of LOCA+ESBO  in ASTEC 

A computational model of KKNPP (V-412 model) Reactor Coolant System loop, Secondary 
System and associated systems using ASTEC V2.0R3P3 code was developed for LOCA+ESBO 
Scenarios without PHRS. 

To model primary circuit, three loops have been clubbed together and fourth broken loop is 
modelled separately. Secondary circuit up to turbine stop valve has been modelled. For reactor core the 
already modelled core with all associated phenomena in ICARE was imported. Hydro-accumulator 
Stage-2 flow rate has been implemented as boundary condition as no Model for such accumulator exist 
in ASTEC.  

It was observed in preliminary analysis that fuel heat-up starts much early even though both the 
stage-1 and stage-2 Accumulators were in operation. This is because of steam forming in the bundle due 
to high temperature of fuel rods put obstacles to penetration of water falling from top flooding [6]. It 
was seen that liquid water mass flow rate is not constant and even changes the direction at the interface 
between core channels and upper plenum bottom portion.This behaviour is typical of Counter Current 
CCFL phenomenon. In case of stage 2 accumulators water is falling down in the core due to gravity heat 
as the top of accumulator is connected to the cold leg of the RPV and thereby pressure at top of 
accumulator and RCS system always being equal during a course of transient. This probably was not 

FIG. 5. Hydrogen generation without water injection FIG. 6.  Hydrogen generation with water injection 



 
 

getting simulated as there is no boundary condition available in ASTEC which allows the flow and 
pressure both implemented together with time. Hence the water was not able to penetrate till bottom of  
core. The modelling of entire HA-2 circuit together with PHRS need to be modelled to take care of this.  

 

3.3 RELSIM based VVER-1000  KKNPP Plant Analyser development for SAMG assessment 

The RELAP/SCDAP SIM (Simulation and Interactive Modelling) code, designed to predict the 
behaviour of reactor systems during normal and accident conditions, is being developed as part of the 
international SCDAP Development and Training Program (SDTP). SIM is linked to a driver code 
allowing the user to interactively change the course of the calculation, and to display the calculated 
results continuously during execution. Fig 7 shows the plant analyser of KK-VVER. 

 
3.4 Extended SBO simulation for KKNPP  

The SBO analysis for KKNPP has been carried out considering 6.6 t/hr leak from primary circuit 
using thermal hydraulic code RELAP5/MOD3.2 up to 7 days. After the reactor coolant pump trip, a 
sharp reduction in loop flow as natural circulation flow around 200kg/s ensued (Figure 8). The maximum 
clad temperature remains below 600 K (Figure 9). It has been demonstrated that PHRS acts as a heat 
sink to remove decay heat and natural circulation in RCS will continue for 168 hrs (7days). 

 
 

FIG. 7. RELSIM  based Plant Analyser Model for KKNPP 
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FIG. 8.  RCS natural circulation flow behaviour 

 

FIG. 9.  Clad surface temperature transient 

 

4. EX-VESSEL CORE CATCHER ANALYSIS 
 

Failure of reactor pressure vessel leads to relocation of molten corium inside core catcher. A 
simplified model has been developed to model the complex physiochemical interaction of sacrificial 
material with molten corium and other phenomena related to core catcher. Governing energy 
conservation equation is solved over an axi-symmetric domain shown in Figure 10. Main assumptions 
of the model are: 



 
 

− In actual situation melt stratifies into layers inside the core catcher (metallic and oxidic 
layer). For simplification in modelling of chemical reactions, stratification of molten corium 
is not considered in modelling i.e. metallic and oxidic part of corium is homogeneously 
mixed. 

− Lumped model has been used for energy balance of melt. 

− Conduction is assumed to be dominant mode of heat transfer in sacrificial material. 

− Crust at the top of melt has been simulated in one dimensional manner. 

− After ablation homogeneous mixing of SM in melt is assumed to occur instantaneously. 
This is equivalent to assuming mass diffusivity of SM in molten corium is infinitely large.  

− Melting of steel basket of core catcher is not considered in modelling. 

− Decompositions of SM occurs when the enthalpy of SM reaches its decomposition enthalpy. 

 

 

(a)                                                            (b) 

FIG. 10. (a) Simplified schematic of core catcher (Khabensky et al.) (b) Simplified computational 
domain for modelling 

Molten corium has been simulated using lumped model to take care the effect of natural convection of 
melt using suitable correlation for heat transfer coefficient for volumetrically heated fluid. Conduction 
is dominant heat transfer mode in crust and sacrificial material, so only conduction terms in the energy 
related terms have been retained.  Governing equation for melt sacrificial material and crust areas given 
in equation 1-3: 
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where, 
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Specific heat of melt 

 Melt temperature 

 Decay heat of melt 

 Heat from Chemical reaction 

 Heat transferred from melt to downward sacrificial material 

  Heat transferred from melt to sideward sacrificial material 

   Heat transferred from melt to Crust 

 Conductivity of crust 

 Density of crust 

 Specific heat of crust 

Crust temperature 

 

For the validation of the code, ablation depth of ACEl-5 experiment [7] was predicted by this 
code. From the Figure 11 it shows that the code predictions agree well with the experimental data. The 
code is then used for simulating 2-d ablation characteristics of simplified model of VVER core-catcher. 

 

(2) 

(3) 



 
 

 

FIG. 11. Ablation depth vs. time comparison between code and experimental results 

 

 

(a)                                                                                   (b) 

FIG. 12. Melt front inside the core catcher (a) after 100 sec (b) after 2500 sec 

 

Initially when the corium relocates in the core catcher, sacrificial material is present in core 
catcher at the containment ambient temperature. As time progress molten corium in the core catcher 
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melts the sacrificial material. Figure 12. shows the progression of molten corium front inside core 
catcher.  

 

FIG. 13. Melt temperature vs time 

 

FIG. 14.  Cumulative hydrogen generation in the core catcher 

 

Melt temperature variation with time is shown in Figure 13. Melt temperature slightly rises due 
to exothermic reaction of Fe2O3 and Zr. After 1000 secs temperature of melt decreases and about it 



 
 

reaches 2400oC in 8000 secs. Hydrogen is generated during steam-zirconium reaction at the top melt 
surface because steam is available in containment in large amount. Figure 14. Shows time variation of 
hydrogen generation. The integrated weight of hydrogen released is  16 kg.  

 

5. EXPERIMENTAL WORK ON REFLOOD INTO THE DEGRADED CORE  
 

A series of out-of-pile experiment has been carried out in Degraded Core Reflood Experiment 
Test  (DCRET) Facility, Bhabha Atomic Research Centre to study the re-flood phenomena with low 
mass flow rate  (much lower than SAMG recommended value) in first state of degraded geometry with 
ballooning stretches over 60% of the effective fuel pin simulator (FPS) length. Figure 15 shows the 
schematic of the test section and the details of FPS bundle. A bundle of 57 FPS arranged in square pitch 
(like western PWR) have been used; out of which 25 FPS are pre-fabricated ballooned pins. The 
quenching time and maximum clad temperature data have been extracted at different elevations and this 
data is used for assessing the predicting capability of ICARE/ASTEC re-flood model in case injection 
into core with large axial ballooning. ASTEC predicted the clad temperature agrees closely with the 
experimental data as shown in Figure 16. 

Experiments are planned with VVER scaled down bundle configuration for (i) normal bundle 
configuration (ii) pre-fabricated ballooned condition for low temperature (upto 1000 deg C) and high 
temperature (upto 2200 deg. C) with bottom and top reflood conditions with different flow rates. The 
aim of this program to understand complex thermal-hydraulics and quenching pattern. The minium flow 
rates will be identified which would be able to quench the bundle through both and individual mode of 
flooding.  

 
(a) 
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(d) 

FIG. 15. (a) Photo of experimental section of DCRET (b) Simplified schematic of experimental set-up 
(c) Cross-sectional view of FPS assembly (d) Straight pin and ballooned pin 

 

(a) 



 

(b) 

FIG.16. (a) ASTEC model of FPS bundle (b) Comparison of experimental and simulated clad 
temperature 

  



 
 

6. IDENTIFICATION OF MODELLING ISSUES 
 

6.1 Modelling issues related to In-vessel phenomena 

As for modelling top flooding phenomena for second stage accumulator system which connects 
to the upper plenum of the reactor has been met with difficulty as this involves counter current flow 
limitation (CCFL) phenomena as found out in PARAMETER series of experiments. Thus to generate 
data for validation of ASTEC model in case of top flooding, experimental programme with  both top 
and bottom flooding into VVER type fuel bundle has been taken up. This will also augment 
understanding of fundamental thermal-hydraulics in case of combined top and bottom flooding in 
degraded core geometry. The applicability of ASTEC code for top flooding is planned to be assured 
with suitable in bundle injection experiments. 

 

6.2 Modelling issues related to ex-vessel phenomena 

In the current simplified model, molten corium has been assumed to be homogeneously mixed. 
In future detailed model considering stratification of molten corium may be developed to simulate 
different heat transfer behaviour of metallic and volumetrically heat generating oxidic pool. The present 
model uses parabolic oxidation law for oxidation of molten corium which is developed for cylindrical 
clad oxidation. Hence there is a need to incorporate suitable numerical model for oxidation of molten 
corium considering the steam ingress inside the molten pool. Mixing of SM in molten pool after 
interaction with molten corium needs to be modelled considering mass diffusivity of molten SM.  

 

7. CONCLUSION 
 

It can be concluded that a sufficient understanding has been developed through a range of 
analytical and experimental works regarding various phases of severe accident and modelling with state 
of art computational tools as available internationally. This endeavour has also resulted in assessment 
of predictive capability of different severe accident codes. Efforts are also put forward for modelling 
core catcher interaction with corium to understand the stabilisation of melt in core catcher. Experimental 
programs are on-going to understand the complex reflood phenomena for bottom and top reflooding 
modes. As different modelling issues related to both in-vessel and ex-vessel stages have been identified, 
it is a constant effort to expand this severe accident research program and also to actively participate in 
collaborative projects (analytical and experimental) with R&D organisations worldwide. 
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Abstract.  The understanding of severe accident progression is greatly expanded through the application 
of integral severe accident codes such as MELCOR.  The capabilities of such codes continue to advance 
as models are refined and understanding of phenomenology increases through experimental validation 
or by modeling real-world severe accidents such as at Fukushima.  This paper provides an overview of 
MELCOR code capabilities, applications, validations, and future plans. 

MELCOR is a severe accident code developed at Sandia National Laboratories for the US Nuclear 
Regulatory Commission.  It is an integral code with models describing the important physics that come 
into play during a severe accident.  Such physics includes, but is not limited to, the heat-up of reactor 
core components, thermal hydraulics, oxidation of materials, core degradation, release of fission 
products from components and the transport of those fission products and other important aerosols 
through a reactor system, molten core/concrete interactions, and modeling of reactor safety systems.  
MELCOR modeling is general and flexible, using a “control volume” approach to describe the plant 
system which has also allowed it to successfully model spent fuel pools. 

 

Keywords Severe Accidents, MELCOR, MACCS 

 

1. SEVERE ACCIDENT MODELING 

Many complex physics phenomenon come into play during a nuclear reactor severe accident.  
Core heat-up and degradation, thermal hydraulic response, ex-vessel core-concrete attack, hydrogen 
production both in the core and in the cavity, and fission product release and transport all present 
significant modeling challenges that must be satisfied in predicting the system level response and in 
quantifying the source term.  Further complications arise from feedback between phenomenon such as 
the movement of decay heat with relocating fuel, chemical reactions, and heat transfer between surfaces.  
Such feedback requires a fully integrated approach to modeling the accident.  Further, calculations must 
be performed in a timely manner in order to provide meaningful results to analysts and therefore 
engineering-level models are developed to capture complex phenomenon.   

                                                           
1 Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering 

Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s 
National Nuclear Security Administration under contract DE-NA0003525.  

 



Clearly, modeling complicated physics with engineering-level models necessitate the validation 
of such models against carefully designed experiments.  Separate effects tests are used in validation of 
particular physics phenomenon and because of the feedback between phenomenon, integral validation 
against integral tests or actual reactor accidents are extremely important. Such calculations are often 
performed over periods of time extending over several days and generate an overwhelming database of 
information that must be analyzed, condensed, and visualized.  Consequently, tools for visualization of 
results and comparing results from multiple calculations are a necessary requirement for a severe 
accident.  Deterministic calculations are the starting point in understanding and assessing the risk from 
an accident and often uncertainty in modeling parameters may lead to the need for performing 
uncertainty analyses.  Monte Carlo techniques may require many realizations in order to ascertain 
sensitivities to variations and therefore codes must be both fast (run time) and reliable (minimum code 
failures).  Characterization of numerical variance associated with the models can also help in 
discriminating between variance associated with code numerics from variance associated with the 
uncertain parameters. 

These codes must be adaptable to new reactor designs and applications.  Models for PWRs, 
BWRs, HTGRs (Pebble Bed & PMR), Spent fuel pools (SFP), and Sodium moderated reactors are all 
application areas for severe accident codes. 

Finally, it is well-known that there are ‘user effects’ associated with running codes such that 
inexperienced users may improperly nodalize or may use a model incorrectly or suboptimally, leading 
to non-ideal results.  Often there is a steep learning curve associated with developing proficiency with a 
code.  Therefore documentation of the code in terms of input syntax, descriptions of the physics models 
and associated parameters and coefficients, as well as modeling guidelines are necessary to reduce this 
effect.  Furthermore, opportunities for training new code users simplification of the input, and graphical 
user input (GUI) capabilities can help in this aspect. 

 

1.1 The MELCOR Computer Code 

Created at Sandia National Laboratories for the U.S. Nuclear Regulatory Commission (NRC), 
MELCOR’s primary purpose is to model the progression of accidents in light water reactor nuclear 
power plants [ ,  ]. Development of MELCOR was motivated by Wash1400 (see Fig. 2), a reactor safety 
study produced for the NRC, and the Three Mile Island nuclear power plant accident. Since the project 
began in 1982, MELCOR has undergone continuous development to address emerging issues, process 
new experimental information that emerged following the TMI-2 accident, and has created a repository 
of knowledge on severe accident phenomena. Mechanistic codes such as CORCON, VANESSA, and 
CONTAIN have either been integrated into the MELCOR code or effectively replaced by MELCOR as 
its capabilities have expanded.  This leads to an integrated systems level code for performing PRA 
analyses evaluating the full reactor accident sequence. 

MELCOR has an extremely large user base spanning the entire globe (Fig. 1). More than 990 
licensed MELCOR users in Asia, Europe, the Middle East, and North and South America.  Users have 
organized both a European MELCOR User Group (EMUG) as well as an Asian MELCOR User Group 
(AMUG) which meets annually and offers an opportunity for code users to share experience in using 
the code as well as an opportunity to discuss issues with code developers.  Annual workshops are also 
provided for users to gain greater insight and experience in using the code. 



 
 

 

Figure 1. Licensed MELCOR code users. 

 

 

Figure 2. Time line of severe accidents, research, and code development. 

MELCOR models a broad spectrum of severe accident phenomena, both in boiling water and 
pressurized water reactors, in a unified framework. These phenomena include: Thermal-hydraulic 
response in the reactor coolant system, reactor cavity, and the containment and confinement buildings, 
core heat-up,  degradation, and relocation,  core-concrete attack, hydrogen production, transport, and 
combustion        fission-product release, transport behavior.  The modeling is generally simple with the 
objective of capturing the important physics processes.  Physics models are grouped into code packages 
which explicitly exchange information. 



1.2 CVH Package 

MELCOR utilizes a control volume approach to modeling the thermal hydraulics. Control 
volumes represent two different fields, “pool” and “atmosphere and assume stratification under gravity.  
Each phase may have different temperatures but have the same pressure at the interface.  In addition, a 
liquid phase may be suspended in the atmosphere (fog) as well as a vapor phase in the pool (bubbles).  
Furthermore, non-condensible gases may be present in the atmosphere phase.  In addition there is mass 
and momentum exchange between the two phases.  Control volumes are connected through flow paths 
which are a construct for determining pressure losses as fluid flows between volumes.  Two fluid 
hydrodynamics with six equations for conservation of mass, energy, and momentum are calculated 
where v2 terms in the kinetic energy and momentum flux terms are typically ignored.  A solution is 
obtained by linearizing the velocity equation and the method assures a very accurate conservation of 
mass. 

1.3 COR Package 

The CORe package models the response of reactor components to accident conditions.  COR 
components represent structures in a reactor core such as fuel rods or control rods and are modeled as a 
lumped masses with enthalpy and temperature, within a single COR cell (node).  Decay heat from fission 
products are modeled with radionuclides from the RN package (see below) which can be released from 
fuel. Models for axial and radial conduction between components, either sharing a single COR cell or 
in adjacent cells are available utilizing temperature dependent thermal conductivity as well as effective 
conductivity models for degraded core geometries.   In addition radiation between core components is 
modeled which may be dependent on reactor type.  Radiation may include radiation to an intermediate 
gas such as steam.  Furthermore, convective heat transfer between these CORe components and the 
thermal hydraulics package requires the explicit exchange of energy between the two packages. 

Components in the COR package may also oxidize using internal models for oxidation.  
MELCOR utilizes the Urbanic-Heidrich model for oxidation of zircaloy from steam though other 
oxidation kinetics models can be simulated either through adjusting equation coefficients available to 
the user (sensitivity coefficients) or specification of new oxidation models available to the user such as 
Cathcart-Pawel, Leistikov-Schanz, and Prater-Courtright. Hydrogen generated and steam consumed 
requires explicit exchange of  mass and energy between the COR package and the CVH package as well 
as modification of COR component material composition and component densities and volumes.  
Subsequent volume changes due to oxidation as well as relocation of components must also be 
communicated between packages. 

In modeling degradation of the reactor core, MELCOR models melting of materials and 
candling and freezing onto surfaces.  A materials interaction model is available for calculating effective 
mixture melt temperatures as well as models for liquefaction of solid components in contact with 
mixtures.  Materials may freeze onto surface and form blockages that can impede the flow of fluid 
through a degraded geometry as well as impede the downward flow of molten materials resulting in a 
molten pool geometry retained behind a dense crust.  There is also a time-at-temperature model for 
predicting the failure of standing fuel rods and formation of a particulate debris bed. 

1.4 CAV Package 

The CAV package models the interaction of ex-vessel corium with the concrete basemat.  The 
CORCON-Mod3 code was implemented into MELCOR for calculating interaction rates between 
materials in the corium melt as well as interactions between the melt and the underlying concrete.  
Ablation is calculated at the surfaces based on quasi-equilibrium heat transfer calculations in the debris.  



 
 

In addition, heat removal from the upper surface which may be in contact with an upper pool is 
calculated.  The debris is modeled as a molten region that may consist of multiple layers depending on 
density stratification in the melt and also models a crust at the surfaces.  Rebar in the concrete can also 
melt and enter the debris where it can react with components. Recent modeling improvements have 
added a spreading model to predict the rate at which the debris may spread along the cavity surface as 
well as new models for calculating water ingression into cracks that form in the upper crust which can 
greatly enhance heat removal to an upper pool. 

1.5 Radionuclide (RN) Package 

The RN package tracks the release of radionuclides from fuel components and models the 
transport of radionuclides through the reactor system.  MELCOR models both vapor and aerosols and 
models utilizing vapor pressures and state variables to determine the state of the RN masses.  Both 
radioactive masses as well as other non-radioactive masses are important in calculating aerosol transport 
and consequently MELCOR models both to include water, concrete, etc.  MELCOR models 
radionuclides as trace elements that are hosted by fluids, surfaces, or components and consequently their 
volumes and heat capacities are ignored.  Their temperatures are therefore derived from their host 
materials as they are assumed to be in thermal equilibrium with their host.  The MAEROS code [ ], 
developed at Sandia National Laboratories, is utilized to model aerosol physics.  Important physics 
model include agglomeration of aerosols, condensation and evaporation from aerosols, hygroscopic 
effects, and deposition and chemisorption onto surfaces.  Models for gravitational settling, Brownian 
diffusion, thermophoresis, diffusiophoresis, and turbulent deposition are available.  Finally, there are 
models for removal of radionuclides due to pool scrubbing through the SPARC-90 model [ ] as well as 
removal through filters.  

1.6 MELCOR Reactor ‘Types’ 

Sandia Labs has taken the approach of integrating the modeling for various reactor types within 
a single code executable.  From the user perspective, this means specifying a reactor type and developing 
input decks within a familiar syntax for various reactor types.  From a developer’s perspective, this 
means designing code in a generalized manner that allows code components to represent different 
reactor components (depending on reactor type) with characteristics that are dependent on the reactor 
type being modeled.  This also simplifies code maintenance as a large number of routines are common 
to various reactor types. 

1.7 PWR Reactors 

MELCOR was originally designed to model light water reactors and therefore has a very 
complete capability for modeling these reactors.  Models for fuel rods and control rods as well as 
structural support of such reactor geometries are native to the code.  Users are able to model system 
components such as steam generators and pressurizers using standard control volumes, flow paths, heat 
structures and control functions.  An accumulator model was added to model this specialized system 
component and recently a homologous pump model was added for describing pump characteristics.  A 
new CsubV model was also added to specify characteristics of valve openings. 

Future code development will address the need to model newer Advanced Technology Fuels 
(ATF).  Such new modeling will require new material specifications, new oxidation models, and the 
possibility of modeling the composition of two or more layers in a cladding component. A number of 
validation cases have been studied to better inform the code models.  The LOFT LP-FP-2 experiment 
and the BETHSY experiment provide data for characterizing the response of the reactor loop and have 



resulted in improvements to best practices for modeling the pressurizer.  Oxidation models have been 
validated against the CORA-13 experiments and the Phebus experiments.  Recent improvements to the 
reflood quench model have also been validated against the QUENCH experiments.  Fission product 
scrubbing has been validated against the ACE pool scrubbing experiments as well as the POSEIDON 
experiments.  Core degradation has also been informed by the TMI-2 accident and parameters effecting 
flow blockage have been assessed against this important accident. 

1.8 BWR Reactors 

The BWR reactor has specific design characteristics that distinguish the modeling needs from 
the PWR reactor design.  In particular, the BWR design has fuel assemblies surrounded by channel 
boxes or canisters which divides the flow between the channel (in contact with fuel rods) and the bypass 
(between channel boxes).  Furthermore, the control rod type assumes a B4C cruciform as opposed to 
Ag-In-Cd control rods in a PWR design.  The support logic is also different as PWR control rods are 
supported from above where the control blades in a BWR are supported below. 

Many of the validation tests previously listed for PWRs also apply to BWR designs.  In addition, 
the MELCOR code has been extensively exercised in the Benchmark Study of the Accident at the 
Fukushima Daiichi Nuclear Power Station (BSAF).  It can be concluded that codes such as MELCOR 
are capable of modeling the characteristics of BWR accidents.  One outcome of the analysis of the 
Fukushima unit 2 was that the RCIC system ran much longer than expected, even during water carry 
over. New models have been added to MELCOR in order to simulate the RCIC/Terry Turbine system 
(Fig. 3). 

 

Figure 3. New RCIC/ Terry turbine model. 

1.9 Spent Fuel Pools 

The Fukushima reactor accidents demonstrate the importance of modeling accidents in reactor spent 
fuel pools (SFPs). A number of code extensions and capabilities were added to MELCOR to enable the 
modeling of spent fuel pools for both PWRs and BWRs.  Such code modifications include  the addition 
of new rack components available to the SFP reactor types (SFP-PWR & SFP-BWR) as well as 
modifications to the radiation heat transfer logic to include these new components.  Enhancements to 



 
 

the generalized heat transfer paths from the core components (COR_HTR records) to include radiation 
and user defined heat transfer paths from core components to heat structures to enable modeling of 
multiple pools enclosed by walls.  A sub-grid multi-rod model was added to capture the thermal 
gradients within a core node which was necessary for the proper modeling of a Zr fire.  New air oxidation 
models developed by the Paul Scherrer Institude (PSI) were added to track oxidation thickness to more 
accurately predict breakaway.  Finally, a model to allow bookkeeping of the fission product releases 
from each ring representing groups of assemblies (batches) which is important in SFP modeling because 
of large variations in the inventories. 

Operators can use these new MELCOR features to perform three SFP calculation types: 

 SFP in normal operating conditions 

 Partial loss-of-coolant inventory accident 

 Complete loss-of-coolant inventory accident 

1.10 Non-LWR Reactors 

1.10.1 High Temperature Gas Reactors 

As the Next Generation Nuclear Plant Project progresses in its regulatory review, the NRC must be able 
to evaluate proposed high-temperature gas reactor (HTGR) designs from a safety standpoint. To support 
the NRC review, MELCOR code developers have enhanced the code to model: 

 Pebble-bed reactor (PBR) and prismatic block reactor (PMR) core designs 

 Fission product release from tri-structural isotopic (TRISO) fuel particles in fuel pebbles or 
compacts 

 Fission product and dust transport and resuspension in the primary system 

These enhancements allow MELCOR to model HTGR systems in both normal, steady-state operation, 
and transient accident scenarios. 

1.10.2 Sodium Fast Reactors (SFR) 

A few aspects of sodium chemistry modeling (related to pool fires, spray fires, and aerosol reactions) 
have been integrated into the MELCOR code from the CONTAIN-LMR code.  Further, the SIMMER 
code equation of state (EOS) models have been encoded into MELCOR to allow water to be replaced 
by sodium as the working fluid.  Additional models from CONTAIN-LMR models (and perhaps some 
SAS4A models) pertaining to sodium reactor source term must also be integrated into MELCOR.  We 
are also considering enhancements for specific phenomenology not currently modeled to include ex-
vessel sodium/concrete interaction and hot gas layer phenomena and aerosol entrainment effects 
accompanying sodium fires. 

1.10.3 Non-Nuclear Reactor Applications  

MELCOR is widely used both nationally and internationally for nuclear reactor accident analyses. In 
addition, MELCOR is used for non-reactor applications, such as estimating the amount of radioactive 
or other harmful materials released from a facility, building, or a confined space structure by 
organizations such as the Department of Energy (DOE). To assess the release of these materials, 



MELCOR is often used by safety basis (SB) analysts to perform the leak path factor (LPF) calculation. 
SB analysts use LPFs to estimate a material-of-concern release fraction from a facility to the 
environment via leak paths including door gaps, penetrations, door openings during evacuation, and 
door openings due to an energetic event during an accident. 

 

2. APPLICATIONS 

 

The MELCOR code has been developed by the NRC as a tool for informing regulators in 
making regulatory decisions.  It is used in analyses supporting license amendment reviews, risk informed 
regulation, design certification, and preliminary analysis of new designs.  It is currently used in 
performing forensic analysis of the Fukushima accidents and will be helpful in the cleanup efforts.  It is 
also used for non-reactor applications in performing leak path factor analysis as DOE has included 
MELCOR as a safety software toolbox code. 

2.1 SOARCA Studies 

The State Of the Art Reactor Consequence Analysis (SOARCA) studies were initiated by the 
US Nuclear Regulatory Commission (NRC) in 2007 to assess the off-site radiological health 
consequences from the unlikely event of a nuclear reactor accident, using the best estimate tools 
available [5]. The MELCOR and MACCS tools developed at Sandia National Laboratories were used 
in this analysis to calculate the accident progression and resulting source term as well as the off-site 
consequences. The MELCOR code represents a repository of severe accident knowledge accumulated 
from decades of severe accident studies and experiments performed both in the US as well as 
internationally.  This study focused on providing a realistic evaluation of accident progression, source 
term, and offsite consequences. MELCOR modeling best practices were developed and documented as 
part of this work which has been duplicated in other studies performed around the world.  By using the 
most current emergency preparedness practices, plant capabilities, and best available modeling, these 
analyses are more detailed, integrated, and realistic than past analyses.  Follow-on work has also 
included a number of uncertainty analyses that have refined our techniques for assessing uncertainties 
and sensitivities. 

 

3. SYMBOLIC NUCLEAR ANALYSIS PACKAGE (SNAP) 

 

The Symbolic Nuclear Analysis Package (SNAP) comprises a suite of tools developed by 
Applied Programming Technology, Inc. (APT) to simplify the processes required for performing 
engineering analysis for reactor applications. This package provides a framework for which a number 
of plugins have been developed for use with various NRC codes such as RELAP, TRACE, CONTAIN, 
and MELCOR. A graphical user interface (GUI) is available for generating input records for MELCOR 
calculations which is of particular benefit to new code users who have not yet mastered the syntax for 
MELCOR input.  But perhaps the greatest utility with SNAP is the post-processing tools that are 
available for visualizing results.  Such tools have been used to prepare videos that can be played back 
to depict the results of a reactor accident sequence.  Several high-level graphical objects have been 



 
 

created to visualize the thermodynamic state of a volume, the flow of material between volumes, core 
degradation, heat up of the lower head, and flammability curves (Fig. 4). 

 

Figure 4. SNAP Visualization of a PWR. 

 

4. MELCOR SOFTWARE QUALITY ASSURANCE (SQA) 

 

MELCOR has been under continuous development by the NRC and SNL for more than 30 years 
and software quality assurance (SQA) has been an integral part of that development process and 
continues to be an ongoing effort by the development team. The MELCOR SQA program is adapted 
from two internationally recognized standards, CMMI and ISO 9001. These standards provide elements 
of traceability, repeatability, visibility, accountability, roles and responsibilities, and objective 
evaluation. The MELCOR SQA program focuses on reducing code error, improving documentation of 
all processes, and continuous integration of procedures into daily work processes. It further focuses on 
training MELCOR users and in simplifying input to reduce the ‘user effect’ and reduce the time needed 
for a new code user to become proficient.  Important elements of  SQA include code configuration, issue 
reporting, code reviews, code testing (unit testing, integral testing, regression testing, stress testing), 
code trending, documentation of requirements, training of development staff, training of code users, 
documentation of policies and procedures through an internal wiki, and periodic review and publication 
of all documentation. 

4.1 MELCOR Validations against Experiments 

MELCOR has been assessed against numerous severe accidents performed by the NRC, EPRI, 
DOE, as well as many international research programs [6]. Often, international standard problems (ISPs) 
are used as reference validation cases because they are “standard” problems that are assessed against 



other codes which may have alternate modeling capabilities. These ISPs are generally well documented, 
and may provide code-to-code comparisons to compare modeling approaches. Validation is performed 
using conventional modeling best practices. For MELCOR, this means that default values for input 
should be used. However, there are justifiable reasons for using non-default values that may relate to 
experimental scale or otherwise non-prototypic experimental conditions.   

An important aspect of validation is that of coverage. Ideally, it is desirable to target each 
physics model available in the code with one or more validation test cases that can expose the capabilities 
of the model in simulating test conditions and responses. However, limited resources require some 
prioritization of effort in determining those processes that are most uncertain and contribute most to the 
sensitivity of results.   In some cases such as core degradation, experimental data is conspicuously absent 
because of the difficulty in performing such large scale experiments.  In such cases, it is necessary to 
rely on both real-life accidents such as TMI-2 and the Fukushima accidents as well as in performing 
code-to-code comparisons with similar severe accident codes. 

 

Figure 5. MELCOR validation cases and coverage of important physics. 

1.2 MELCOR-MAP-ASTEC Crosswalk 

Up to the point of core degradation, severe accident codes generate similar responses.  Heat-up 
and oxidation of fuel rods are consistently calculated among all the codes.  Since all codes are 
benchmarked against the same database of separate effects tests, this might be expected.  However, 
because of the dearth of data for validation of core relocation models, there is a divergence among the 
codes when fuel rods begin to lose their integrity.  This has been noted when comparing the timing and 
conditions of debris relocation to the containment [7] as well as in-vessel hydrogen production.  The 
phase 1 MAAP/MELCORcross-walk examines differences among codes in modeling the degradation 



 
 

phase within the core and compares results from a similar simulation of the Fukushima Daiichi Unit 1 
accident [8].  A key difference highlighted by the study was the fact that MAAP permits complete 
blockage of axial flow paths whereas MELCOR allows a minimum porosity (SOARCA best practice = 
5%).  However, this may not be as important as thought since flow resistance increases as the porosity 
is reduced, reducing the flow through the blockage and forcing it around.  No sensitivity studies were 
performed to assess the importance of this finding.  Another key difference that was emphasized was 
the heat transfer from particulate debris which claimed that the heat transfer area for particulate debris 
increases with the volume of the particulate.  This finding is incorrect as MELCOR calculates a 
reduction in heat transfer surface area as conglomerate fills the porosity 

 

Figure 6. MELCOR-MAAP phase 1 crosswalk. 

 

2. MELCORE FUTURE PLANS 

 

Sandia National Laboratories plans to leverage our extensive experience in developing severe 
accident codes in generating a next-generation severe accident code.  This new code will establish a new 
framework incorporating modern computer science capabilities in its architectural design.  Fundamental 
to this new architecture is the separation of the computer science and numerical solvers from the 
phenomenological and engineering models.  In current codes such as MELCOR2 and TRACE, the 
numerical algorithms are entwined with the physics and often solvers are repeated by numerous 
packages making it difficult or impossible to utilize new solver technology. Our new approach will 
ensure that those developing new physics models are not required to develop the numerical solvers that 
are required.  In addition, it is anticipated that this new code will be designed with multi-fidelity models 
and multi-scalability (i.e., 0D/1D/2D/3D as well as nodalization) inherent in the code.  This will mean 
that the fidelity of the code, including nodalization, may vary throughout the calculation as different 
phases of an accident may require more detail than others.  Likewise, the thermal hydraulics may be 
scalable in terms of the number of equations represented by the thermal hydraulics package (Fig. 7 and 
Table 1). 



 

Figure 7. Separation of physics and numeric solvers. 

Code extensibility is essential to permit the addition of new modeling capabilities such as new 
reactor types.  This will be accommodated by formulating equations in residual form.  In MELCOR3 
the Jacobian matrix is built numerically from the residual equations.  The closure laws are included in 
the residual equations and the numerical differentiation used to build the Jacobian matrix does not care 
how complex the closure laws are.  If you want to add physics to MELCOR3, one simply adds another 
residual equation.  The numerical differentiation of the residual equations then automatically adds a new 
unknown and a new row to the Jacobian matrix. 

TABLE 1. MELCOR2, TRACE, MELCOR3 Codes 

Code MELCOR2 TRACE MELCOR3 
Solver MELCOR-ICE TRACE-ICE Nonlinearly Iterated: Fully 
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Other modern techniques for software development will be accommodated in this new code 
version.  Capability for checking that equations are dimensionally correct at compile time will be utilized 
to reduce possible code errors.  Code reuse will be heavily relied on to minimize the number of code 
lines and to maximize testing of fundamental code modules.  Uncertainty quantification will be built 
into the code structure and models will be developed with a focus on noise reduction by use of proper 
time scales and length scales and smoothing models to decrease entropy in the solutions. 
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Abstract. Improvements in light water reactor (LWR) technologies in recent decades have led 
to the development of advanced LWRs, currently under construction, soon to join the international fleet 
of nuclear power plants (NPPs).  Enhanced safety capabilities have been achieved in advanced LWRs 
through the utilization of passive safety systems and design improvements. The progression of severe 
accidents in advanced LWRs is not well described in the current open literature. To date severe accident 
analyses performed on the Westinghouse AP1000 have focused on evaluating the performance of the 
AP1000 safety systems in the prevention of severe accidents, with little focus on characterizing the 
progression of core degradation to identify the timing of key events such as core uncovery, relocation 
of corium to the lower plenum, and lower head failure. 

An initial, generic model of an AP1000-LIKE reactor has been developed in the severe accident 
integral code ASTEC to characterize the progression of severe accidents in the AP1000-LIKE model 
and identify the representation of important physical phenomena and key events of core degradation 
progression. To evaluate the progression of severe accidents in the AP1000 an accident scenario without 
accident management measures (AMM), and a complete loss of primary flow is designed and simulated 
using the developed ASTEC model. The preliminary code results show the applicability of the model to 
simulate severe accident scenarios. Without AMM, it is determined that reactor pressure vessel failure 
occurs nearly four hours after the start of the transient; after the loss of primary coolant flow, a large 
amount of hydrogen is produced (~800 kg), and a large mass of molten material forms (~150 tons) and 
relocates to the lower plenum. Future efforts will focus on developing a full plant model for a generic 
AP1000 and further characterizing the progression of severe accidents. 

 

Keywords Severe Accidents, Westinghouse AP1000, ASTEC 

 

1. INTRODUCTION 

 

In the decades since the Three Mile Island, Chernobyl, and most recently Fukushima Daiichi 
accidents an international effort has led to a vast increase in the understanding of the phenomena 
involved and progression of severe accidents in LWRs. Efforts have included numerous separate effects 
tests, integral tests, and the development of state of the art models that have undergone rigorous 
validation. Key findings of the last decades include the effects of oxidation of core materials, particularly 
the heat produced by Zr alloy oxidation possibly exceeding the decay heat produced in the core, and 
interactions between core materials such as the formation of eutectic mixtures and low-melting point 
alloys [1-5]. 



 
 

While results have been published in the open literature on the efficacy of the AP1000 passive 
safety systems in selected accident scenarios (SBLOCA, LBLOCA, and SBO) [6-10], there does not 
exist a systematic characterization of the progression of severe accidents in the AP1000 that identifies 
key grace periods relevant for core degradation. This analysis focuses on the progression of severe 
accidents up to the point of reactor pressure vessel (RPV) lower head failure, including all relevant 
phenomena for early and late phase core degradation. This paper describes the ongoing development 
and current status of a generic AP1000-LIKE model that is being developed as part of a collaboration 
between the University of Utah and Helmholtz-Zentrum Dresden-Rossendorf, the aim of which is the 
assessment and identification of key grace periods such as those mentioned above for reference by 
operators and insights in the progression of severe accidents in advanced LWRs.  

This paper is structured to offer, in chapter one, a short overview of relevant background 
information such as in-vessel phenomena of severe accidents in pressurized water reactors (PWRs), a 
short description of the AP1000 relevant to this analysis, and a brief overview of the ASTEC code as it 
relates to this analysis. Chapter two provides a description of the generic AP1000-LIKE model being 
developed, and a description of the accident scenario used in the analysis. Chapter three describes the 
preliminary results of the analysis of first test simulations performed with the developed model and 
provides an initial characterization of the progression of severe accidents in the AP1000. Finally, a brief 
summary of the work performed is provided, and future efforts in the model’s development and 
characterization of the progression of severe accidents in the AP1000 are identified. 

 

1.1 Relevant in-vessel phenomena of severe accident progression 

Severe accidents at nuclear power plants (NPPs) – defined by the IAEA as: “accident conditions 
more severe than a design basis accident and involving significant core degradation” [11] – involve 
complex interactions between many physical phenomena such as heat and mass transfer, chemical 
interactions, material stress and subsequent failure, and material combustion, to name a few. Severe 
accident phenomena are divided into two categories characterized by the location in which the 
phenomena occur: in-vessel phenomena and ex-vessel phenomena. These two categories also 
correspond roughly to the timing of the phenomena; in-vessel phenomena are most prominent during 
the early and late phase stages of core degradation, and ex-vessel phenomena become most prominent 
after reactor vessel failure and before containment failure. An in-depth description of the following 
severe accident phenomena and progression can be found in references [1,12].  

Early phase core degradation phenomena include reactor thermal hydraulics, oxidation of core 
materials, and relocation of core materials within the active core region. During reactor transients, the 
NPP thermal hydraulic response is the first observable phenomena, evidenced by changes in 
temperature, pressure, and mass flow rates in both the primary and secondary systems. In the case that 
reactor coolant pumps (RCPs) shut down, the development of natural circulation within the primary 
loop is also possible. If the reactor transient progresses sufficiently, phase changes of the reactor coolant 
will occur, including the formation of steam inside the primary system [1,12].  

Core material oxidation by steam after core uncovery is of particular importance during reactor 
transients because of its heat contribution to the reactor core. The highly exothermic Zr oxidation 
reaction accelerates at approximately 1500 K, and can exceed the core decay heat, marking a transition 
in the accident progression. Sustained oxidation of zircalloy fuel rod cladding leads to ballooning and 
rupture of the cladding, releasing fission products into the primary system, similarly marking an increase 
in severity of the accident [1,12].  

High core temperatures melt core materials beginning with control rod absorbers (Ag-In-Cd) at 
approximately ~1070 K [5]. Eutectic mixtures and lower melting point alloys will also form in the core 
at high temperatures, facilitating the melting of core structures at lower temperatures than the melting 
points of pure core materials. Such eutectic interactions including the liquefaction of Zr alloy by solid 
steel and Inconel, dissolution of solid Zr by solid steel, and the dissolution of solid Zr by liquid Ag-In-
Cd can lead to a cladding failure at temperatures as low as 1550 K, which is below the melting point of 
Zr alloys [5]. The loss of rod-like geometry occurs near 2500 ± 200 K after the dissolution of UO2 [5].  



Molten core materials relocate to lower elevations in the core region by the force of gravity, 
forming a magma pool. In time the molten materials will attack and breach either the baffle or the lower 
core support plate. Once one of these barriers is breached, molten core materials relocate to the lower 
plenum. In the lower plenum heat transfer from the molten pools, mechanical stresses, and corrosive 
interactions challenge the integrity of the lower head until its failure [1,12]. 

 

1.2 AP1000 design 

The Westinghouse AP1000 is a two-loop 1000 MWe, 3400 MWt pressurized water reactor 
(PWR) based on conventional Westinghouse technologies with improvements in design simplicity and 
reactor safety, including the utilization of passive safety systems [13].  

The AP1000 core is made up of 157 4.82 m standard 17 x 17 fuel assemblies with ceramic UO2 
fuel and ZIRLO™ cladding [14]. Each assembly is nominally composed of 264 fuel rods, 24 guide 
thimbles, a single instrument guide thimble, and held together by a mix of Ni-Cr-Fe Alloy 718 and 
ZIRLO™ grids. Fuel assemblies are installed on the lower core support plate with a pitch of 0.2149 m 
and height of 4.2672 m. Reactivity control is achieved using 53 Ag-In-Cd rod cluster control assemblies, 
16 gray rod cluster assemblies, and a constant soluble boron concentration. The AP1000 core is 
contained radially by the stainless steel core shroud and core barrel [15]. Table 1 compares main reactor 
characteristics of the AP1000 design to the EPR and KONVOI type reactors [15,16]. 

 

TABLE 1. COMPARISON OF AP1000, EPR, AND KONVOI TYPE REACTORS 

Parameter AP1000 Design  
[15] 

EPR Design 
[16] 

KONVOI Design 
[16] 

Reactor Power (MWt) 3400 4500 3850 
Net Electric Output (MWe) 1117 ~1630 1365 
Fuel Type UO2 (or MOX) UO2 or MOX UO2 or MOX 
Fuel Assembly Type 17 x 17 (24) 17 x 17 (24) 18 x 18 (24) 
Rod Pitch (m) 0.0126 0.0126 0.0127 
Active Core Height (m) 4.3 4.2 3.9 
Fuel Assemblies (#) 157 241 193 
Rod Cluster Control Assemblies (#) 53 89 61 
Gray Rod Assemblies (#) 16 0 0 
Total Flow Rate(kg/s) 15177 22225 18800 
Inlet Temperature (K) 553.82 568.85 564.15 
Outlet Temperature (K) 594.26 603.05 597.65 
Reactor Operating Pressure (MPa) 15.5 15.5 15.8 

 

Main core support structures include the core barrel and lower core support plate. Secondary 
structures include vertical support columns and support plates. The AP1000 core is supported from 
above by the upper core support assembly including the upper core plate, upper support columns, and 
the upper support plate. Other structures located above the reactor core region include the lower guide 
tubes, upper guide tubes, and instrumentation grid assembly [15]. 

The upper head, lower head, and cylindrical section of the reactor vessel are made of a low alloy 
steel and clad internally with stainless steel. With the stainless steel cladding the upper head is 0.164 m 
thick, the lower head is 0.158 m thick, and the cylindrical section has a thickness of 0.219 m. There are 
penetrations in the vessel for each of the four inlet nozzles (0.5588 m internal diameter), both outlet 
nozzles (0.7874 m internal diameter), and two direct vessel injection (DVI) nozzles (0.173 m internal 
diameter). There are no penetrations in the reactor vessel below the top of the core region [15]. 



 
 

The reactor coolant system (RCS) consists of two primary loops, each comprised of a single hot 
leg, one steam generator, two reactor coolant pumps, and two cold legs. Primary coolant flows into the 
reactor vessel downcomer through each inlet nozzle and is directed to the lower plenum. From the lower 
plenum the primary coolant is redirected upward through the lower core support plate into the core 
region and bypass. After the primary coolant reaches the top of the core region it passes through the 
upper core plate and subsequently exits the reactor vessel through each outlet nozzle – it is worth noting 
that some of the primary coolant will continue its upward flow through the upper support plate into the 
upper plenum of the reactor vessel. Primary coolant proceeds from each outlet nozzle into the respective 
hot leg where it is directed to the steam generator for that loop. After exiting the steam generator, reactor 
coolant is forced into one of the two cold legs attached to the steam generator by the two RCPs attached 
to the bottom of the steam generator, where it returns to the reactor vessel through an inlet nozzle. The 
cold legs and inlet nozzle are located at a higher elevation than the outlet nozzles and hot legs. Light 
water functions as both the reactor moderator and primary coolant [15].  

 

1.3 The ASTEC code 

The ASTEC (Accident Source Term Evaluation Code) is a state-of-the-art computer code 
capable of modeling entire severe accident sequences, from initiating events up to the release of 
radioactive materials to the environment [17], as shown in Figure 1. It was jointly developed by the 
French Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and the German Gesellschaft für 
Anlagen und Reaktorsicherheit (GRS) gGmbH from the late 1990s, but it is exclusively developed and 
maintained by IRSN today, and within the SARNET network of excellence is the European reference 
integral severe accident analysis code. ASTEC was chosen for this analysis because of its modular 
structure and its state-of-the-art modelling capabilities of relevant phenomena including 2D magma 
modelling and improvements to the ICARE/CESAR coupling [17]. 

 

Figure 1. ASTEC modelling capability 
 

Two ASTEC modules are used to model the AP1000 response to the accident sequence focusing 
on in-vessel phenomena, CESAR and ICARE. CESAR is the ASTEC module responsible for modeling 
the thermal-hydraulic response of the RCS in the primary circuit – including the reactor vessel – and 
also the secondary circuit from the start of the steady state calculation through the entire accident 
sequence [17]. CESAR is based on a 2 fluid 5-equation approach, and able to account for N-
noncondensable gases. ICARE module calculations begin at the start of the transient. The ICARE 
module is responsible for all in-vessel core degradation processes including the appearance and 
disappearance of large amounts of materials resulting from chemical reactions within the core, phase 
changes and relocation of core materials, heat transfer and power generation, and reactor vessel failure 
in the event of its occurrence. Module calculations are performed sequentially and information is passed 
between modules according to a user-defined macro-time step, with the possibility of micro-time steps 
within each module. 

For the current simulations, the model was tested with two recently released ASTEC code 
versions: ASTEC V2.1.1.0 and ASTEC V2.1.1.1. For this paper the preliminary results derived with 
V2.1.1.1 are discussed. 

 

2. GENERIC AP1000-LIKE MODEL 



2.1 Model development 

The input data for the creation of the model are derived on the basis of open literature, as 
described in chapter 1.2 [14,15]. Two detailed models of a generic AP1000-LIKE are defined in the 
ICARE module of ASTEC, one with a full reactor vessel, and one with only half of the reactor vessel. 
It should be noted that within the framework of the EU HORIZON 2020 IVMR project, ASTEC v2.1.0.3 
analysis performed by ENEA for a PWR 900 MWe drew attention to the impact of the “standard vessel 
(ICARE+CESAR)” model versus the “full vessel (ICARE)” model [18,19]. For the AP1000-LIKE, the 
two detailed vessel models (ICARE+CESAR) are defined firstly to observe the effects of the large cavity 
above the upper core plate, which is composed of structural support materials and primary coolant, on 
in-vessel phenomena and core degradation by comparison of the full and half vessel models.  The full 
vessel model was developed first and includes a hemispherical lower head, an extended cylindrical 
section, and a hemispherical upper head of the reactor vessel. For comparison to the full vessel model, 
the half vessel model was developed with a hemispherical lower head and cylindrical section ending at 
the top of the upper core plate. Major reactor internals such as the barrel and baffle, associated support 
structures, and reactor core components are included in both models. Also, a simple primary circuit is 
described, with four partial, generic cold legs, and two partial, generic hot legs. At this stage of 
development, the model uses generic materials available in the ASTEC material database (MDB).  

The upper and lower heads of the steel vessel are defined with the UPPERPLE and LOWERPLE 
structures, and the cylindrical section of the steel vessel is defined using the MACR structure with TYPG 
CYLINDER. The external reactor vessel insulation, barrel, neutron shield, and baffle are also defined 
using the MACR structure with TYPG CYLINDER.  

The internal region of the reactor vessel is radially meshed into seven rings: five rings are 
devoted to describing the active core region, one is for the core bypass, and one is for the downcomer 
using the CHANNEL structure. Each ring is axially meshed into 38 pieces using the AXIA structure 
with 25 axial meshes devoted to the active core region. The radial meshing of the AP1000 core is shown 
in Figure 2, and the axial meshing is shown in Figure 3. A single representative fuel rod is defined using 
two MACR structures with TYPG CYLINDER for the UO2 fuel and Zr cladding. A single representative 
control rod and stainless steel rod are defined similarly with three MACR structures, one for each of the 
Ag-In-Cd or stainless steel absorber material, stainless steel cladding, and Zr guide thimbles. Fuel rods, 
control rods, and stainless steel rods are weighted correspondingly in each of the five rings in the active 
core region to mimic fuel assemblies, rod cluster control assemblies, and gray rod cluster assemblies. 
Fuel assembly grids are also modeled using the MACR structure with TYPG GRID.  

 

 



 
 

Figure 2. . Generic AP1000-LIKE core radial nodalization in ASTEC model 

 

 

Figure 3. Generic AP1000-LIKE core axial nodalization in ASTEC model 

A simplified vessel description is automatically generated by the CESAR module of ASTEC 
based on the detailed ICARE vessel description to perform thermal hydraulic calculations. The 
simplified vessel description is composed of volume elements connected to each neighboring volume 
element. Furthermore, partial cold legs and hot legs are defined and connected to the vessel at the 
appropriate elevations and subsequently divided into four volumes. The nodalization of the primary 
system is shown in Figure 4. 

 

Figure 4. Generic AP1000-LIKE primary system nodalization in ASTEC model 
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Major core degradation phenomena are modeled in the ICARE module for each associated 
structure, shown in Figure 5, including oxidation of Zr and Fe structures, creep rupture of cladding, and 
melt formation and relocation phenomena. Melt formation and relocation in this AP1000-LIKE model 
utilizes the ASTEC MAGMA model, which considers candling and radial spreading of molten materials. 
Eutectic interactions between core materials are also accounted for. The solidus and liquidus 
temperatures of UO2 and ZrO2 have been modified from their default values to more moderate solidus 
and liquidus temperatures reported in the open literature; tsolidus = 2300 K [20], and tliquidus = 2500 K for 
both materials [2]. 

 

 

Figure 5. Degradation phenomena in ASTEC AP1000-LIKE model 

Currently the AP1000 model utilizes generic data for information unavailable in the open 
literature. Important generic heat data include the power profile and decay heat curve of the AP1000. 
The generic decay heat curve currently used is provided as sample ASTEC input for a 900 MWe reactor 
with 3.7% average fuel enrichment and 42 GWd/t burnup, shown in Figure 6. Important generic 
structural data includes secondary support structures, baffle and neutron panel thickness, fuel assembly 
nozzle geometry, plate holes, and column/tube structures above the core plate. 

 



 
 

 

Figure6. Generic time-dependent decay heat as applied in the AP1000-LIKE model 

 

2.3 Accident scenario 

A single accident scenario is considered for the developed model in this analysis. A 2000 second 
steady state calculation is extended into the first 100 seconds of the transient calculation when a loss of 
primary flow begins, accompanied by a reactor SCRAM. The primary flow diminishes to 0.01% of its 
original value over 20 seconds, and further diminishes to 0% at t = 8000 s where it remains until the end 
of the calculation. During the initial decrease in primary flow the primary pressure decreases to 
approximately 14.2 MPa while inlet temperatures remain nearly constant around 554 K. A summary of 
accident scenario parameters can be found in Table 2. 

 

TABLE 2. ACCIDENT SCENARIO PARAMETERS 
Event Time (s) Flow (kg/s) Temperature 

(K) 
Pressure (MPa) 

Start of Steady State 
Calculation 

-2000 3794.3 553.8 15.513 

Start of Transient Calculation 0 3794.3 553.8 15.513 
Loss of Flow Begins, SCRAM 100 3794.3 553.8 15.513 
Diminished Flow 120 0.37943 553.8 15.513 
Loss of Flow 8000 0.0 553.8 15.513 
End of Transient 20000 0.0 553.8 15.513 

 

3. DISCUSSION 

Before starting a transient simulation, typical full plant simulations require reaching a stable 
steady state. In this analysis, the AP1000 plant has been simplified to the reactor vessel with partial cold 
and hot legs, and a stable steady state is reached within 2000 seconds. At the end of the 2000 second 
steady state calculation, all checked steady state parameters for both cases are within 1% of the AP1000 
design values, as shown in Table 3. 

 

TABLE 3. STEADY STATE CALCULATION RESULTS 

Parameter ASTEC Value Design Value Percent Error (%) 



Reactor Power (MWt) 3400 3400  0.0 
Core Inlet Flow (per loop, kg/s) 3794.3 3794.3 0.0 
Core Inlet Temperature (K) 553.9 553.8 0.02 
Core Inlet Pressure (MPa) 15.974 15.927 0.30 
Core Outlet Flow (per loop, kg/s) 7588.7 7590.9 0.03 
Core Outlet Temperature (K) 594.1 594.3 0.03 
Core Outlet Pressure (MPa) 15.501 15.499 0.01 
Bypass Flow (%) 5.9 5.9 0.0 

 

For each reactor vessel case (full and half) the accident follows a similar sequence with 
deviations in timing of core heat-up being evident within the first 100 seconds. The main differences 
between the two cases affecting the accident sequences are the primary coolant inventory available and 
the reactor vessel volume, which are both smaller for the half vessel case. After reactor SCRAM at t = 
100 s, fuel temperatures initially decrease with the loss of reactor power, however, due to accompanying 
loss of flow to the vessel, fuel temperatures then begin to increase by the heat contribution from the 
decay heat. Steam formation begins nearly immediately after the loss of flow to the vessel and begins 
to oxidize core materials and produce H2 within the first 1000 s of the transient, as shown in Figure 7. 
Accelerated oxidation occurs near 1250 s in the full vessel case and near 1000 s in the half vessel case. 
The average water level in the core remains above the core (4.68 m), however, until approximately 1600 
s for the full vessel case and 2100 s for the half vessel case, shown in Figure 8. 

Maximum fuel temperatures, shown in Figure 9, peak near 2300 K around 1300 s in the case of 
the full reactor vessel and near 1100 s in the half vessel case. Figure 10 shows the average fuel 
temperature during the transient, which remains below 2000 K until >7500 s. Sustained high 
temperatures in the fuel quickly raises the control rod absorber temperatures, shown in Figure 11, which 
melt at 1070 K. Figure 12 indicates that magma formation can occur at ~1250 s in the full vessel model, 
or just before 1000 s in the case of the half vessel model. In the half vessel case, a larger quantity of 
magma is produced more quickly, leading to earlier slump of corium into the lower plenum. The first 
material slump into the lower plenum occurs near 1500 s for the full vessel case and 1200 s for the half 
vessel case, while the first slump of corium into the lower plenum occurs around 6800 s for the full 
vessel case and 1250 s for the half vessel case.  

 

Figure 7. Mass H2 produced in reactor vessel 

 

Figure 8. Average water level in reactor vessel 
 



 
 

Figure 9.  Maximum fuel temperature Figure 10. Average fuel temperature 
 

The full vessel accident concludes with the failure of the lower head at 15389 s after 829.9 kg 
H2 is produced (~525 kg by Zr oxidation, ~75 kg by Fe oxidation, and ~225 kg from U-Zr-O formation). 
The half vessel accident sequence concludes with the failure of the lower head at 13621 s after the 
formation of 789.2 kg H2 (~500 kg by Zr oxidation, ~50 kg by Fe oxidation, and ~200 kg from U-Zr-O 
formation). The states of the reactor vessel and core are at the beginning of the transient and at the time 
of lower head failure are shown for both the full and half vessel cases in Figures 13-16. The full vessel 
case exhibits a further degraded core (near complete core melting), and the height of molten materials 
in the lower head of the vessel is greater that in the half vessel case. The greater height of molten 
materials causes the lower head rupture to occur at a greater height in the full vessel case than in the half 
vessel case. 

 



Figure 11. Average control rod temperature 

Figure 12. Mass of magma in reactor vessel

 



 
 

 
Figure 13. Full vessel temperature field, t=0 s Figure 14. Half vessel temperature field, t=0 s 
 

 
Figure 15. Full vessel temperature field at 
lower head failure 
Figure 16. Half vessel temperature field at 
lower head failure
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4. CONCLUSION 

 

A simplified, generic AP1000-LIKE model has been developed using the integral severe 
accident code ASTEC to characterize the progression of severe accidents in the AP1000 reactors and 
identify the grace periods of key events. The model is evaluated using an accident scenario without 
AMM, leading to core degradation, simulating loss of flow to the reactor vessel under high pressure 
conditions. According to current results lower head failure occurs nearly four hours after the reactor 
SCRAM, approximately 800 kg of H2 are produced, and approximately 150 tons of molten material 
form and relocate to the RPV lower plenum. Though core degradation proceeds along similar pathways 
in both the full and half vessel cases, differences in core temperatures, magma production, and H2 
production suggest that the impact of modeling upper vessel structures can be large. Further evidence 
of this impact is the approximately 30 minute time difference of lower head rupture between the two 
cases. Thus, description of the upper vessel structures should be applied with caution in future. 
Regarding the general accident progression and main severe accident phenomena, the preliminary code 
results show the applicability of the model for simulation of scenarios involving core degradation. 

Future work will be directed firstly to further improvement of the input deck, implementation 
of AP1000-specific decay heat curves, and power profiles. It is foreseen that such modifications might 
have a strong effect on future results. Secondly, efforts will focus on completing the description of a 
generic AP1000 NPP with associated structures and systems, particularly the primary and secondary 
circuits with all active and passive safety systems. After the development of a complete description of 
the NPP, efforts will focus to estimate key grace periods relevant for core degradation under a variety 
of accident scenarios and with different AMM considerations with the aim to accurately characterize 
the progression of severe accidents in the AP1000. 

 

DISCLAIMER 

 

This work was carried out at Helmholtz-Zentrum Dresden-Rossendorf by researchers from the 
University of Utah and Helmholtz-Zentrum Dresden-Rossendorf. Westinghouse Electric Company and 
the US NRC are not responsible for the contents or results of this analysis. 

 

NOMENCLATURE 

AMM: accident management measures 

ASTEC: accident source term evaluation code 

DVI: direct vessel injection 

GRS: Gesellschaft für Anlagen und Reaktorsicherheit gGmbH 

IAEA: International Atomic Energy Agency 

IRSN: Institut de Radioprotection et de Sûreté Nucléaire 

LWR: light water reactor 

LBLOCA: large break loss of coolant accident 

MDB: material database 

NPP: nuclear power plant 

PWR: pressurized water reactor 

RCP: reactor coolant pump 



RCS: reactor coolant system 

SBLOCA: small break loss of coolant accident 

SBO: station blackout 

 

ACKNOWLEDGMENTS 

 

This work was funded by the Helmholtz-Zentrum Dresden-Rossendorf Summer Student Program. 

We are grateful for the valuable comments provided on contents of this paper by J.-P. Van Dorsselaere, 
P. Chatelard, and L. Chailan from the ASTEC development team at IRSN. 

 

REFERENCES 

 

1. B.R. Sehgal, Nuclear Safety in Light Water Reactors: Severe Accident Phenomenology, Academic 
Press, Oxford, UK (2012). 

2. B. Clément, and R. Zeyen, “The objectives of the Phébus FP experimental programme and main 
findings,” Annals of Nuclear Energy,61, pp. 4-10 (2013). 

3. M. Steinbrück, et al., “Synopsis and outcome of the QUENCH experimental program,” Nuclear 
Engineering and Design,240, pp. 1714-1727 (2010). 

4. P. Hofmann, et al., “Chemical-Physical Behavior of Light Water Reactor Core Components 
Tested Under Severe Reactor Accident Conditions in the CORA Facility,” Nuclear Technology, 
118, pp. 200-224 (1997). 

5. T. Haste, et al., “A comparison of core degradation phenomena in the CORA, QUENCH, Phébus 
SFD and Phébus FP experiments,” Nuclear Engineering and Design, 283, pp. 8-20 (2015). 

6. M. Di Giuli, et al., “Modeling of AP1000 and simulation of 10-inch cold leg small break LOCA 
using the CESAR thermal-hydraulic module of ASTEC,” Progress in Nuclear Energy, 83, pp. 
387-397 (2015). 

7. C. Queral, et al., “AP1000® Large-Break LOCA BEPU analysis with TRACE code,” Annals of 
Nuclear Energy, 85, pp. 576-589 (2015). 

8. A.K. Trivedi, et al., “RELAP5/SCDAPSIM model development for AP1000 and verification for 
large break LOCA,” Nuclear Engineering and Design, 305, pp. 222-229 (2016). 

9. A.K. Trivedi, et al., “AP1000 station blackout study with and without depressurization using 
RELAP5/SCDAPSIM,” Nuclear Engineering and Design, 307, pp. 299-208 (2016). 

10. J. Yang, et al., “Simulation and analysis on 10-in. cold leg small break LOCA for AP1000,” 
Annals of Nuclear Energy, 46, pp. 81-89 (2012). 

11. INTERNATIONAL ATOMIC ENERGY AGENCY, IAEA Safety Glossary, Terminology Used 
in Nuclear Safety and Radiation Protection, 2007 Edition, IAEA, Vienna (2007). 

12. D. Jacquemain, Nuclear power reactor core melt accidents: current state of knowledge, 
EDP sciences, Les Ulis, France (2015), http://www.irsn.fr/EN/Research/publications-
documentation/Scientific-books/Documents/LAG-anglais_WEB.pdf [website accessed 
17.09.2017]. 

13. T.L. Schulz, “Westinghouse AP1000 advanced passive plant,” Nuclear Engineering and 
Design,236, pp. 1547-1557 (2006). 

14. IAEA, “Status report 81 – Advanced Passive PWR (AP1000),” International Atomic Energy 
Agency (2011), https://aris.iaea.org/PDF/AP1000.pdf [website accessed 18.09.17]. 

15. Westinghouse, “AP1000 Design Control Document,” Rev. 19, NRC, (2011), 
https://www.nrc.gov/docs/ML1117/ML11171A500.html [website accessed 18.09.2017]. 

16. UK-EPR, Fundamental Safety Overview - Subchapter B.3 Comparison Table – Comparison with 
Reactors of Similar Design (N4 and KONVOI), Volume 2: Design and Safety Report, 
http://www.epr-reactor.co.uk/ssmod/liblocal/docs/V3/Volume%202%20-



 

3 
 

%20Design%20and%20Safety/2.B%20-
%20Introduction%20and%20General%20Description%20of%20the%20Unit/2.B.3%20-
%20Comparison%20Table-
Comparison%20with%20Reactors%20of%20Similar%20Design%20(N4%20and%20KONVOI)
%20-%20v3.pdf[website accessed 18.09.2017].  

17. P. Chatelard, et al., “Main modelling features of the ASTEC V2.1 major version,” Annals of 
Nuclear Energy, 93 pp. 83-93 (2016). 

18. G. Bandini, F. Mascari, A. Cervone, S. Ederli, “PWR900-LIKE Calculations LBLOCA, 
SBLOCA & SBO core melt scenarios”, WP2.5 Technical Meeting, Paris, internal project 
meeting,  EU HORIZON 2020 project In-Vessel Melt Retention Severe Accident Management 
Strategy for Existing and Future NPPs, IVMR – Grant Agreement 662157, (2016). 

19. M. Sangiorgi et al., “D2.5. WP2.5: First set of reactor calculations”, internal project report, EU 
HORIZON 2020 project In-Vessel Melt Retention Severe Accident Management Strategy for 
Existing and Future NPPs, IVMR – Grant Agreement 662157, (2016). 

20. M. Barrachin, et al., “Late phase fuel degradation in the Phébus tests,” Annals of Nuclear 
Energy,61, pp. 36-53 (2013). 

 

  



CORE DEGRADATION ANALYSIS FOR A GENERIC GERMAN PWR WITH THE 
SEVERE ACCIDENT CODE ATHLET-CD 
 

POLINA WILHELMa, MATTHIAS JOBSTa 

 
aHelmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Resource Ecology, Reactor Safety 
Division, POB 51 01 19, 01314 Dresden, Germany, p.wilhelm@hzdr.de 
aHelmholtz-Zentrum Dresden-Rossendorf e.V., Institute of Resource Ecology, Reactor Safety 
Division, POB 51 01 19, 01314 Dresden, Germany, m.jobst@hzdr.de 

 

Abstract. The progress of core degradation as well as evaluation of time spans for key events 
during the accident evolvement provides essential information related to the safety assessment of 
nuclear power plants. Knowledge is gained from performed experimental programmes which support 
the development of computer models incorporated in computer codes for analysis of severe accidents. 
Severe accident codes are applied since decades and constantly improved on the basis of gained new 
knowledge. Code-to-experiment comparison as well as code-to-code comparison is of paramount 
importance for the verification and validation of the codes. For assessment of the core degradation 
progression in a generic German pressurized water reactor of type KONVOI a computer model based 
on the severe accident code ATHLET-CD was applied. The model was primarily developed within the 
frames of the joint research project WASA-BOSS (Weiterentwicklung und Anwendung von Severe 
Accident Codes – Bewertung und Optimierung von Störfallmaßnahmen) funded by the German Federal 
Ministry of Education and Research. The model was applied for simulation and analysis of accidents 
with core degradation from two main groups of accidents – station blackout and small-break loss-of-
coolant-accident. For the current paper we have focused on analysis of core degradation during a 
hypothetical station blackout severe accident scenario. Analysed is the severe accident progression with 
failure of the safety barriers providing insights into the main phenomena which could arise in such an 
accident like core heat-up, cladding failure, release of fission products, hydrogen production, core 
degradation and reactor pressure vessel failure. 

The analysis of the simulation results showed the applicability of the developed model for 
simulation of accidents with core degradation from the initiating event until failure of the reactor 
pressure vessel. The model was tested for simulations with varying the fuel burnup, with main focus on 
the release of the fission products from the core.  

 

Keywords Core Degradation, Severe Accident, Generic German PWR, ATHLET-CD, Fission 
Product Release, Burnup 

 

1. INTRODUCTION 

 

This paper focuses on analysis of a core degradation scenario for a pressurized light water 
reactor. The performed analysis considers a generic German nuclear power plant. Despite already 
existing great pool of knowledge through more than several decades of research on core degradation 
phenomena and processes in the area of the severe accidents, the representation of such accidents is still 
a challenging task when simulated by computer codes. International experimental programmes, as for 
example [1-3], have delivered invaluable information for the progress of core degradation, failure of 
the fuel cladding, loss of rod integrity, cladding oxidation, fuel dissolution and relocation, molten pool 
formation, release and transport of fission products. Comparison of computer code results covering 
from one side the code-to-experiment and from another side the code-to-code comparison have 
benefited for the further model development and code validation. Though the scaling of the 
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experimental results to reactor applications is not an easy task, the gained knowledge from experimental 
programmes contributes to a better understanding of the core degradation progression and relevant 
phenomena.  

In the current paper we investigate the nuclear power plant response in case of a hypothetical 
station blackout (SBO) core degradation accident. The analysis covers the in-vessel phase of the severe 
accident, until failure of the reactor pressure vessel (RPV). The influence of different core burnup on 
the release of fission products is also investigated. The developed by GRS (Gesellschaft für Anlagen- 
und Reaktorsicherheit) severe accident code ATHLET-CD (Analysis of THermal-hydraulics of Leaks 
and Transients with Core Degradation, [4-5]) has been applied for the current analyses. 

At first the paper provides a short description of the generic German pressurized water reactor 
(PWR) and its modelling with the ATHLET-CD code. Afterwards, the accident scenario and the 
assumptions made for the simulation are summarized. The analysis of the code results for the core 
degradation during the hypothetical station blackout and the investigation of the influence of the 
assumed core burnup on the in-vessel release of fission products are discussed in the last part. 

One main purpose of the current investigations is to investigate the general capability of the 
ATHLET-CD code to reproduce core degradation transient from the initiating event until failure of the 
RPV, related severe accident phenomena and processes, including release of fission products. It should 
be noted that the performed investigation shows the status of an ongoing work. 

 

2. DESCRIPTION OF THE MODEL 

 

The ATHLET-CD model applied for the current analysis was developed within the frames of 
the joint research project WASA-BOSS (Weiterentwicklung und Anwendung von Severe Accident 
Codes – Bewertung und Optimierung von Störfallmaßnahmen) of the German Federal Ministry of 
Education and Research. Full description of the model is provided in [6-9]. Here, for consistency and 
easier reading, the model description will only be provided in a summarized form. The model maps a 
generic German PWR of type KONVOI and embraces all important elements of the nuclear power plant 
(NPP) needed for simulation of severe accident scenarios. It includes the RPV and the reactor core, the 
primary and secondary pipelines, the pressurizer (PRZ), the steam generators (SGs), active and passive 
safety injection systems, as well as parts of the plant control logic. The model is built in a way that it 
represents the four loop of the primary circuit as a single loop, where the pressurizer is connected to, 
and a triple loop. The containment is modelled in a simplified way, as a volume with a constant pressure. 
A graphical representation of the ATHLET-CD model is depicted in Figure 1.  

The RPV contains the core, which is subdivided into six concentric rings (inner core ring #1 to 
outer core ring #6) and modelled by six parallel thermal hydraulic. Furthermore, the RPV contains the 
reflector, the downcomer, the lower plenum and the upper plenum, respectively, the upper head of the 
reactor. To consider the interconnection between the flow channels, cross-connection-objects are 
specified. The fuel and control rods are modelled by one representative fuel rod and one representative 
control rod per core ring (except core ring 6, which only contains fuel rods). In axial direction the core 
flow channels are subdivided into 24 nodes with 20 nodes in the active part, two nodes for the lower 
and upper plugs and two additional nodes for inlet and outlet of each channel. Despite it is recommended 
by code developers to apply equal number of nodes for the fuel rods and flow channels [10], a finer 
nodalization (40 axial nodes) is chosen for fuel and control rods due to code stability issues.  

Table 1 describes the basic input data of the model [11-12]. For the current simulations the 
recently released code version ATHLET-CD 3.1A (patch 3) was used. 

 



 

FIG.1. Nodalization scheme of the generic KONVOI model 

 

The following ATHLET-CD modules were applied for the simulations [7-9]: 

− The thermal-hydraulics is simulated by the ATHLET code modules, 

− OREST module, calculates the initial fission product and actinide inventories based on 
the core configuration, fuel enrichment, burn-up and power history, masses, power and 
activities (decay heat), 

− FIPISO module, calculates the time evolution of the fission product and actinides 
inventory (masses, activities and decay heat) after SCRAM 

− ECOREMOD module, models the reactor core and calculates the core degradation, 

− QUENCHCORE module, calculates the quench front simulation, heat transfer 
processes during refilling and reflooding phases of the accident, 

− FIPREM module, calculates the release of fission products from the core, 

− AIDA module, calculates the physical processes in the RPV lower head [13], 

− GCSM module, contains the signals for controlling the nuclear power plant. 

Before starting a transient simulation, steady state controllers are applied which lead to stable steady 
state solution. Description of the steady state solution is provided in [8-9]. 
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TABLE 1. MAIN INPUT DATA FOR THE GENERIC GERMAN KONVOI MODEL 

Parameter Reactor design/ATHLET-
CD Model 

Electric power [MWe] 1400 

Thermal reactor power [MWt] 3850 

Fuel type UO2 

Fuel assembly type 18 x 18 

Pitch between fuel rods [m] 0.0127 

Active core height [m] 3.90 

Number of fuel assemblies / Fuel rods 193 assemblies / 57900 rods 

Number of control assemblies / Control rods 61 assemblies / 1464 rods 

Control rod type Ag-In-Cd 

Core inlet temperature [°C]  293.7 

Core outlet temperature [°C] 327.8 

Primary system pressure [MPa] 15.8 

Number of loops 4 

Total amount of heavy metal [t] 103 

 

The OREST module contains the stationary part of the ATHLET-CD nuclide code package. It 
consists of two main parts: the burnup code ORIGEN and HAMMER for computation of the neutron 
flux and effective cross sections [14]. The nuclide data are taken from the ENDF/B-V [15]. A common 
fuel enrichment of 4% U-235 is assumed and specified in the input data set. OREST performs a burnup 
calculation for specified power history and creates tabular values for certain burnup steps. The 
calculated inventory data for a given burnup are then transferred to the FIPISO module, which calculates 
the transient behaviour of the core inventory. The release of fission products is calculated by the module 
FIPREM based on rate equations according to ORNL data [16].  

It is also important to note the modelling of the RPV lower head within the AIDA module, 
which is relevant for the assessment of the integrity of the RPV. For the RPV wall, we have used 50 
zones in axial direction and 10 layers in radial direction. The heat transfer in the molten pool is described 
by the Kelkar correlation (melt-upper crust) [17] and by the Asfia-Dhir correlation [18] (melt-lower 
crust). The geometry data for the RPV lower head are extracted from [19]. There are several criteria in 
ATHLET-CD (user defined) for simulation of the RPV failure. For the current analysis, we have applied 
the so called ASTOR (Approximated Structural Time Of Rupture) approach, described in [20]. 

 

3. ACCIDENT SCENARIO 

 

The investigated hypothetical severe accident scenario is a station blackout (SBO) defined as 
total blackout (complete loss of AC power). To reach core degradation, the following assumptions were 
made: 

− Initiating event is the SBO, with loss of the offsite electric power supply concurrent 
with a turbine trip and unavailability of the emergency power supply, 



− All active safety systems are unavailable, 

− Steam generators (SG) feedwater supply is unavailable, 

− Passive safety systems and systems powered by batteries are available, 

− Pressurizer valves and secondary side pressure regulation are available, 

− Criterion for initiation of operators’ actions, accident management measure primary 
side depressurization (PSD): Tcore,out > 650 °C, 

− Basis scenario with average core burnup of 40 GWd/tHM, 

− Alternative scenarios with variation of the burnup of 12/20/60 GWd/tHM. 

It has to be mentioned, that the same average burnup is applied to all six core sections, which 
is a simplification of real core conditions. However, by this burnup variation, a wide range of possible 
core conditions of the generic KONVOI is covered. An average value of 12 GWd/tHM corresponds to 
the burnup reached after first cycle of the reactor (starting with fresh UO2-fuel), 40 GWd/tHM is 
equivalent to average burnup of reactor core after several cycles of operation, 60 GWd/tHM would be 
an extreme scenario with very high discharge burnup, which has been considered only for comparison 
purpose. 

The calculated transients start at nominal reactor conditions (steady state) and cover the whole 
range of phenomena until RPV failure. According to the simulations, the RPV failure occurred shortly 
after 8 hours from the transient begin. For this time period it is assumed that the secondary side pressure 
regulation remains available (battery powered) and that the pressurizer valves can be opened by the 
operators to depressurize the primary system. 

 

4. RESULTS 

 

Figure 2 to Figure 16 depict the main results from the performed ATHLET-CD code 
simulations and the comparison between the investigated scenarios. The plots provide information 
about the trend of the accident progression for the scenarios. With burnup 40 GWd/tHM is designated 
the basis scenario simulation and 12/20/60 GWd/tHM stay for the alternative scenarios with variation 
of the burnup. Figure 2 depicts the decay heat curves for all investigated cases.  

The general trend of the accident progression for the alternative scenarios with variation of the 
fuel burnup is similar to the one described for the basis accident scenario. The differences in the timing 
of the main events for the early phase of the accident progression are within ±10 min interval, as the 
tendency is the higher the burnup the earlier the event (Figure 4 to Figure 8). Regarding the late phase 
accident progression the time for the RPV vessel failure is within ±20 min interval. Statistical analysis 
of the early phase of an SBO accident, performed in [21], discusses time uncertainties and major 
contributors related to key events of the accident progression. From this very similar analysis (SBO 
with application of PSD initiated Tcore,out > 400 °C instead of 650 °C) it was found, that the uncertainty 
interval of the event “beginning of core melt” covers a time span of approximately 1 h. The decay heat 
was found to be the most import contributor to this uncertainty, as it was varied by ±8%, based on 
literature study. The variation of the burnup from 12 to 60 GWd/tHM leads to decay power variation of 
approximately 4% at the beginning of the transient (lower values for higher burnup) and approximately 
13% at the end of the transient (at 8 h, higher values for higher burnup). Consequently, the time 
deviations found in the current analysis are less than the estimated ones in [21]. However, the general 
contribution of the burnup to the evolution of the transient is worth to study. 
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FIG.2. Decay curve and core power 

 

Because of the similar accident progression we focus on the analysis of the results of the 
accident progression for the basis case with burnup of 40 GWd/tHM. Table 2 gives an overview on the 
timing of main events for the accident progression. 

The transient simulation starts at nominal plant conditions. The initial event leads to the stop of 
the main coolant and feedwater pumps. The reactor SCRAM is initiated by the MCPs coast down signal 
and the power of the reactor is decreased to the level of the decay heat. The residual heat is removed by 
natural circulation on primary side and via the SGs by steam dump to the atmosphere. The latter 
combined with unavailable emergency feedwater supply, causes continuous evaporation of the 
secondary side. The SGs are depleted approximately 50 min after start of the transient. As soon as the 
SGs are depleted the heat transfer from the primary to the secondary side can no longer be sustained 
which causes pressure increase on the primary side up to the limits for opening of the pressurizer safety 
valves (Figure 3). From that moment on the primary pressure is defined by the opening and closing set 
points of the pressurizer valves. The primary system starts to lose water which leads to core uncovery 
and heat-up (Figure 4). The core temperature continues to increase (Figure 5) and after 2 hours and 7 
min the core outlet temperature reaches 650 °C at which point depressurization of the primary system 
is initiated as a severe accident management measure (full opening of the pressurizer relief and safety 
valves). The initiation of this accident management measure causes fast decrease of the primary pressure 
(Figure 3), which from its side supports water delivery to the reactor core by the passive safety system, 
the hydro-accumulators. As soon as the pressure on the primary side falls below 2.6 MPa, the hydro-
accumulators start to inject water to the primary circuit. The core is filled with water (Figure 4) and the 
temperature increase is temporarily stopped (Figure 5). As the hydro-accumulator tanks contain a 
limited amount of water, the core heating up is only delayed in time. After 2 hours and 22 min the 
passive tanks are emptied and the temperatures in the core start to rise again. 4 hours and 7 min from 
the beginning of the accident, the temperatures in the core reaches 1200 °C, at which point the fuel 
cladding as safety barrier for prevention of fission products release is lost. 

Generic KONVOI/ATHLET-CD 3.1Ap03
SBO, PSD650, Burnup variation
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TABLE 2. MAIN EVENTS BASIS SCENARIO 

Event  Time [h:min] 

Initiating event 0:00:01 

Turbine trip, Reactor SCRAM ~0:00:04 

SGs depleted 0:46 

RPV level lower than the main coolant pipes centerline 1:44 

Begin of first hydrogen generation (Zry-oxidation) 1:58 

Primary side depressurization, core outlet temperature > 
650 °C 

2:07 

Start of hydro-accumulators injection 2:16 

Hydro-accumulators depleted 2:22 

Begin of absorber material melting 3:56 

Begin of fission products release 3:59 

Total amount of generated hydrogen > 10 kg 4:08 

Begin of fuel rod melting 4:09 

RPV collapsed level drops below active core inlet (2.05 m) 4:44 

Material relocation to lower plenum 4:57 

More than 50 % of core material is molten 4:59 

RPV failure 8:13 

 

Already in the core degradation process, the melting of the absorber rods is calculated after 
approximately 4 hours from the transient begin and the fuel rods start to melt 10 min later. The excessive 
hydrogen production is calculated shortly after 4 hours from the transient begin (Figure 6), with total 
mass at the end of simulation of about 680 kg. The total mass of molten material in the core is about 
112 t (Figure 7). The relocation of molten materials to the RPV lower head starts after approximately 5 
hours. At that time the mass of molten material in the core is about 80 t. A molten pool with 1 m height 
and a volume of approximately 6.5 m3 is formed, which continuously increases due to additional 
relocation of molten material from the reactor core to the RPV lower plenum. The code simulations 
have shown that the decay heat transferred to the lower head is about 12 MW. As soon as no further 
accident management measures are applied, the failure of the RPV wall is calculated approximately 
after 8 hours and 13 min from the start of the accident. 
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FIG. 3. Primary pressure 

 

During core degradation the determination of the source term plays an important role. The 
analysis in this paper considers the release of fission products from the core (in-vessel release). 
Transport outside the core is not considered. The total activity release from the core is depicted in Figure 
10.  

We have compared the in-vessel release of fission products (from the core) for the investigated 
cases with varied core burnup. The time dependent releases are shown in Figure 11 to Figure 18. The 
release of fission products starts after failure of the fuel cladding, approximately 4 hours after beginning 
of the accident. Correspondingly a decrease in decay heat is observed. A graphical representation is 
depicted in Figure 2, where a comparison of the decay heat versus the total power (reduced by the power 
of the released fission products, TOTNPOW) and the power transferred to the RPV lower head 
(DECLP) for all investigated cases is plotted. The TOTNPOW is a sum of the core power and the 
DECLP.  

Immediately after opening of the fuel claddings the high volatile fission products Xe, Kr, I, Cs 
and Te are released (Figure 11 to Figure 15). With the strong increase of the core temperatures (Figure 
5) due to the steam-zirconium oxidation reaction, the release of fission products follows the steep 
increasing trend. Table 3 gives an overview on the released fission products from the core relative to 
the initial inventory.  For all investigated cases the code simulations have shown that during the core 
degradation above 90% of the highly volatile fission products Xe, Kr, I and Cs are released (except for 
I for the 12 GWd/tHM case is above 85%). The releases of Te are between about 75-80%. Regarding 
the semi-volatile fission products, Ba (same for Ru) and Mo are released with about 20-26% for Ba 
(respectively Ru) and between 75-85% for Mo. 

Considering the fractional releases for all investigated burnup cases, the differences in the 
released masses of fission products for the different burnup cases were investigated. The general 
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tendency follows the higher the burnup the more the released mass of fission products. The order of 
magnitude scales with increasing burnup. For all investigated cases, increasing the burnup leads to 
earlier start of the fission products release, which can be explained by the higher decay heat, which 
leads to earlier core heat up. The released data are evaluated at the time of the RPV failure. The 
discussion concerns the data for the minimum and maximum of the investigated burnup states (12 
GWd/tHM versus 60 GWd/tHM). The release of Xe is between 194 kg (at burnup 12 GWd/tHM) and 
990 kg (at burnup 60 GWd/tHM). Kr is released with 16 kg and 62 kg. The Cs release is between 106 
kg and 501 kg. The I release is between 8 kg and 42 kg, Te between 14 kg and 73 kg, Ru between 18 
kg and 120 kg, Ba between 12 kg and 68 kg and Mo between 95 kg and 520 kg. The resulting values 
based on the code simulations are provided only as a preliminary rough estimation and need further 
investigation. 

 

TABLE 3. COMPARISON OF THE FRACTIONAL FP RELEASE AT DIFFERENT BURNUP 
(EXTRACTED AT TIME OF RPV FAILURE) 

Release of 

(from core)  

Burnup 

12 GWd/tHM 

Burnup 

20 GWd/tHM 

Burnup 

40 GWd/tHM 

Burnup 

60 GWd/tHM 

Xe 9.03E-01 9.43E-01 9.50E-01 9.69E-01 

Kr 9.03E-01 9.43E-01 9.50E-01 9.69E-01 

I 8.87E-01 9.29E-01 9.37E-01 9.59E-01 

Cs 9.05E-01 9.44E-01 9.51E-01 9.70E-01 

Te 7.69E-01 7.87E-01 7.48E-01 8.10E-01 

Ru 2.06E-01 2.50E-01 2.58E-01 2.39E-01 

Ba 2.06E-01 2.50E-01 2.58E-01 2.39E-01 

Mo 7.49E-01 8.09E-01 8.14E-01 8.49E-01 
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FIG. 4. RPV level 

 

FIG. 5. Maximum cladding/melt temperature 

 

FIG. 6. Hydrogen generation 
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FIG. 7. Mass of molten material 

 

FIG. 8. Released activity (from core) 
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FIG. 9. Released Xe (from core) 

 

FIG.10. Released Kr (from core) 

Generic KONVOI/ATHLET-CD 3.1Ap03
SBO, PSD650, Burnup variation

Helmholtz-Zentrum Dresden-Rossendorf e.V.
Institute of Resource Ecology, Reactor Safety Division

0 1 2 3 4 5 6 7 8 9

Time [h]

0

200

400

600

800

1000

M
as

s 
[k

g]

Released Xe mass
12 GWd/tHM
20 GWd/tHM
40 GWd/tHM
60 GWd/tHM

Generic KONVOI/ATHLET-CD 3.1Ap03
SBO, PSD650, Burnup variation

Helmholtz-Zentrum Dresden-Rossendorf e.V.
Institute of Resource Ecology, Reactor Safety Division

0 1 2 3 4 5 6 7 8 9

Time [h]

0

10

20

30

40

50

60

70

M
as

s 
[k

g]

Released Kr mass
12 GWd/tHM
20 GWd/tHM
40 GWd/tHM
60 GWd/tHM



 

FIG. 11. Released Cs (from core) 

 

FIG. 12. Released I (from core) 
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FIG. 13. Released Te (from core) 

 

FIG. 14. Released Ru (from core) 
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FIG. 15. Released Ba (from core) 

 

FIG. 16. Released Mo (from core) 

 

 

5. CONCLUSION 
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The ATHLET-CD 3.1A code analysis of the hypothetical station blackout severe accident 
scenario for a generic German PWR of type KONVOI showed the applicability of the model for 
simulation of scenarios with core degradation, in this case a hypothetical station blackout scenario with 
multiple failures of safety systems. All key events of the accident progression and phenomena during 
the early and late in-vessel phase were simulated by the code. The applicability of the model covers the 
early and late in-vessel phase of severe accident scenarios, until reactor pressure vessel (RPV) failure:  

− Accident progression till start of core heat up (including thermal-hydraulics, neutron-
kinetics, decay heat calculation and plant dynamics), and 

− Late in-vessel phase (core degradation, cladding oxidation, core quenching, hydrogen 
production, fission products release, material relocation, RPV failure). 

The results contribute to a better understanding of the severe accident progression and the 
related physical phenomena, as well as prediction of time spans until failure of the RPV. It gives also 
insights for the time availability for plant personnel interventions. 

The ATHLET-CD code models for release of fission products from the core were tested by 
alternative simulations with varying the fuel burnup and its influence on the release of fission products 
for the investigated hypothetical station blackout severe accident scenario. The results from the 
simulations are only preliminary and are currently under further investigations and comparison with 
available open literature data.  

 

NOMENCLATURE 

 

AM(M)  Accident management (measure) 

ASTOR Approximated structural time of rupture 

ATHLET-CD Analysis of THermal-hydraulics of Leaks and Transients with Core Degradation 

ECC(S)  Emergency core cooling system 

GRS  Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) gGmbH 

HA  Hydro-accumulator 

MCP  Main coolant pump 

PRZ  Pressurizer 

PWR  Pressurized water reactor 

RPV  Reactor pressure vessel 

SAM(M) Severe accident management (measure) 

SBO  Station blackout 

SG  Steam generator 
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Abstract. After the Fukushima accident, the interest of each Country in using nuclear energy 
as a part of its national energy mix has been more focused on severe accident mitigation strategies. 
Several severe accident management analyses have been performed to investigate the accident 
progression, the core damage, the grace period and the fission product release demonstrating the 
accident management strategy adequacy. Within this regard, the use of best estimate State-of-Art severe 
accident code can be considered the best answer up to day to design a suitable accident management 
strategy. Among the accidents usually considered in the field of BDBA leading to core damage, an 
unmitigated Station BlackOut (SBO) without crediting to any kind of safety not mitigating system is 
currently of great interest in the International Scientific Community. The aim of this work, developed 
within the Code for European Severe Accident Management (CESAM) project funded by the 7th 
Framework Programme of the European Commission, is a benchmark exercise to analyse an 
unmitigated SBO accident in a 900 MWe generic Western three-loop PWR, until RPV failure, where 
the main thermal-hydraulic and in-vessel degradation phenomena as simulated by three severe accident 
system codes ASTEC 2.1, MAAP 5.02 and MELCOR 2.1 have been analysed. 

 
Keywords. Severe Accident, Accident Management, ASTEC Code, MAAP Code, MELCOR 

Code, Core Degradation 
 
1. INTRODUCTION 
 

After the Fukushima accident, the interest of each Country in using nuclear energy as a part of 
its national energy mix has been more focused on severe accident mitigation strategies [1, 2]. Several 
severe accident [3,4] management analyses have been performed to investigate the accident 
progression, the core damage, the grace period and the fission product release demonstrating the 
accident management strategy adequacy. Within this regard, the use of best estimate State-of-Art severe 
accident code can be considered the best answer up to day to design a suitable accident management 
strategy, permitting the phenomenological analyses of the main severe accident phenomena 
characterizing the Reactor Pressure Vessel (RPV), the Reactor Cavity, the Containment, and the 
confinement buildings typical of LWRs. Among the accidents usually considered in the field of Beyond 
Design Basis Accident (BDBA) leading to core damage, an unmitigated Station BlackOut (SBO) 
accident [5] is currently of great interest in the International Scientific Community.  

This work [6-8], joint developed by ENEA and European Commission JRC within the Code 
for European Severe Accident Management (CESAM) project funded by the 7th Framework 
Programme of the European Commission, is focused on the analysis of an unmitigated SBO accident, 
until RPV failure, with MAAP 5.02 [9, 10] and MELCOR 2.1 [11-13] code to benchmark ASTEC 2.1 
code [14, 15], in the field of severe accident sequence application, considering selected figures of merit 
as a basis for comparison. The main thermal-hydraulic [16] and in-vessel degradation phenomena [17], 
as simulated by the three severe accident codes, have been analysed. The reference reactor is a 900 
MWe, generic Western three-loop PWR [18, 19]. The postulated accident is characterized by the loss 
of offsite Alternating Current (AC) power and the concurrent failure of the emergency diesel generator 
determining the unavailability of active safety injection systems. In addition, and for the sake of 
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simplicity in tracing a comparison between the three codes phenomenological response, the 
unavailability of the passive accumulators is considered together with a non-leakage through the Main 
Reactor Coolant Pump (RCP) seals. The only credited human action within the post-core damage 
strategy consists of depressurizing the primary system by opening the Pressurizer (PRZ) relief valves.  

In the framework of code to code comparative analyses recently developed [20, 21], this 
activity, developed by independent code users, has as a target a generic Western PWR-900 MWe reactor 
and it is focused mainly on the characterization of main relevant thermal hydraulic and degradation 
safety aspects considering selected main macroscopic safety parameters as a figure of merit for the 
comparison (e.g. primary pressure, fuel cladding temperatures, Hydrogen production, inception of the 
core ring failure, fuel material relocation to lower plenum and lower head failure). A detailed analysis 
and characterization of the core degradation/relocation evolution and morphologies, predicted by the 
three codes, is not presented here but it is planned for further research activity. The current analysis also 
attempts to provide clear rationales underlying significant discrepancies among the depicted code 
results whenever found. The work presented here could stand as the basis for a future PWR “crosswalk 
activity” between ASTEC, MAAP and MELCOR  to investigate the code calculated data difference in 
code predictions through the analysis of the results and identification of the principal modelling 
capability of each code. 

 
2. CODE APPLICATION 
 
2.1.  SBO reference scenario main characteristics 

The SBO transient, here investigated, is considered unmitigated and the initiating events are i) 
a Loss of offsite AC power, ii) a failure of all the diesel generators. This determines that PRZ level 
control, RCP seal injection, active safety injection systems (HPIS and LPIS), Motor-driven Auxiliary 
Feedwater (MDAFW) system are unavailable. Besides the following hypotheses are also considered: 
a) Independent failure of the Turbine Driven Auxiliary Feedwater (TDAFW) pump (no AFW 
available); b) No RCP seals failure, c) Independent failure of the accumulators; d) No primary boundary 
structures thermal induced degradation phenomena (SGTR not considered, HL/surge line creep rupture 
not considered); e) Primary and secondary side relief valves availability throughout the accident 
evolution; f) Post core damage strategy is assumed (PRZ relief valves manually stuck open when the 
Core Exit Temperature – CET –  reaches 923.15 K). SCRAM, pump coast-down and SG isolation are 
assumed to take place at the Start Of the Transient (SOT). 
 
 
2.2.  Code nodalization description 

MAAP and MELCOR reference NPP nodalizations have been developed, considering the 
different code nodalization characteristics, starting from the same ASTEC model of three loops PWR 
900-like delivered by IRSN during the CESAM project (PSN-RES/SAG/2013-451 and PSN-
RES/SAG/2013-466). More information about the code nodalization are reported in the [6, 7, 18, 19, 
22]. The comparison of some of the main hydraulic volume characteristics of ASTEC, MAAP and 
MELCOR nodalization are reported in Table 1.  

In relation to the core nodalization for simulating the degradation phenomena, in ASTEC 
nodalization the core is divided into 6 radial and 16 axial segments, and main internals such as barrel, 
baffle, plates and columns are considered. In MAAP nodalization the core is divided in 5 radial and 24 
active axial nodes; 4 additional non-active nodes have been considered below and 2 above the active 
core region to account for the fuel and non-fuel pins extension until achieving the core upper and lower 
support plates; the main internals such as barrel, baffle, plates and columns are considered. In MELCOR 
nodalization, developed by using SNAP [23], the core is modelled by a single hydraulic region, CVH 
package, coupled with the correspondent MELCOR code model of the COR package. The Core, in the 
COR package is modelled with 17 axial regions and 6 radial regions; 5 radial regions are used to model 
the core region (in agreement with ASTEC and MAAP nodalization). The lower plenum is modelled 



with 7 axial regions and the core with the remaining 10 axial regions. All the supporting and non-
supporting steel masses, Zircaloy masses, non-supporting Poison masses, and fuel Uranium masses are 
considered in the COR Package nodalization. 

 
TABLE 1. NODALIZATION VOLUMES COMPARISON 

Volume (m3) ASTEC MAAP MELCOR 
Primary Side Loop 

HL  2.75 2.75 2.75 
Water Box SG Hot Side 5.48  

 
33.23 

 
 

33.23 

16.98  
 

33.23 
SG Ascending Side 10.38 
Top U Tube 2.24 - 
SG Descending Side 10.38 16.25 
SG Water Box Cold Side 4.75 
Loop Seal 5.14 5.14 5.14 
CL 7.674 7.674 7.674 
Surge line 1.352 * 1.352 
PRZ 42.42 42.42 42.42 

Secondary Side 
SG Riser  75.75 151.43 - 151.43 
Cavity 75.68 - 
SG DC 24.47 - 24.47 

TOT SG 175.94 - 175.94 
MAAP: Surge Line D: 0.293 m; L: 20.09 m. 
 
 
2.3. Steady state analysis 

A steady-state analysis, at the same reactor operational point, has been performed in order to 
analyze the different code steady state conditions congruence before starting the comparison of the SBO 
transient calculated data. At the end of the steady state phase - SOT - the three codes are characterized 
by comparable and stable initial conditions [6, 7, 22]. Table 2 shows the comparison of the main 
parameters characterizing the primary and secondary system after reaching a stable state, where relative 
discrepancies (DISCR) (%) of MAAP and MELCOR, considering ASTEC steady state calculation as a 
reference for the comparison, are also reported. From the beginning of the transient analysis it is to 
underline that the three code users have chosen different time plotting interval. ASTEC user choose a 
time plotting interval of 200s; which is larger in comparison with the time plotting interval used by 
MELCOR and MAAP Users. 
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TABLE 2. COMPARISON OF THE STEADY STATE OPERATIONAL CONDITIONS 
PREDICTED BY ASTEC, MAAP AND MELCOR CODE 

Parameters ASTEC MAAP MELCOR 
MAAP 
DISCR    
(%)* 

MELCOR 
DISCR 
(%)* 

Primary side 

PRZ Pressure (bar) 155.16 155.89 154.78 0.47 0.24 

PRZ Level (%) 50 49 50 2.00 0.00 

CL 1 Flow Rate (kg/s) 4736 4738 4736 0.04 0.00 

Core Flow Rate (kg/s) 13928 13894 13926 0.24 0.01 

Upper Head Flow Rate (kg/s) 275 267 275 2.91 0.00 

Primary Mass (kg) 185000 184535 185014 0.25 0.01 

Inlet Core Temperature (K) 560 560 560 0.00 0.00 

Outlet Core Temperature (K) 594.5 594.6 594.6 0.02 0.02 

Secondary Side 
Separator Pressure (bar) 58 58 58 0.00 0.00 
SG Water Mass (kg) 44385 44362 44385 0.00 0.00 
SG Steam Mass (kg) 2725 - 2677 - 1.76 
SG MFWS Flow Rate (kg/s) 512 - 512 - 0.00 
Recirculation Ratio 4.15 4.15 4.15 0.00 0.00 

*MAAP and MELCOR discrepancy (%) is calculated against the operational point predicted by ASTEC code. 

 
 
2.4. Transient Analysis 

After reaching stable and comparable steady state conditions, as described in the previous 
section, the SOT takes place. At the SOT, as hypothesized, the SCRAM and the consequent 
MSIVs/MFWs closure, and the start of the pump coast-down are simulated by the codes. The SCRAM 
of the reactor (0s after the SOT) determines that the core power is in decay mode. 

In this phase the three SGs remain the only heat sink of the residual power generated in the core 
(heat transfer in SG primary and secondary side). As underlined previously, after the SOT the isolation 
of the SG takes place; this determines a SG secondary side pressure increase in all the code calculations, 
due to the removal of the residual energy from the primary side. When the secondary side opening 
pressure set points are reached the SGs start releasing steam to the outside atmosphere. Cycling phase 
inception is predicted in all the codes considering the different valve logics implemented in the three 
code nodalization by the code-users. In the first phase of the SG cycling, the secondary side is able to 
remove the core residual power. Due to a negative balance between the decay heat and the heat transfer 
from the primary to the secondary side, the primary pressure decreases reaching a quasi-steady state 
phase as predicted by all the codes and depicted in Fig. 1.  

Single-phase natural circulation in the primary side and heat transfer in a covered core are the 
main thermal-hydraulic phenomena characterizing this early phase of the transient in the primary side. 
Fig. 2 shows the comparison between the liquid mass flow rate in HL-Loop1 predicted by ASTEC, 
MAAP and MELCOR codes. It is worth mentioning that the three codes predicts the same qualitative 
behavior though some quantitative discrepancies are observed. In particular MAAP and MELCOR 
compute higher primary natural circulation mass flow rate compared with ASTEC code. MELCOR 
shows a higher primary natural circulation flow rate in comparison with MAAP as well. This could be 
due to the different nodalization strategy used to model the loops between the codes.  



 

 
FIG. 1. Primary pressure behavior versus time predicted by ASTEC, MAAP and MELCOR code 

 
 

 
FIG. 2. HL Loop1 mass flow rate versus time predicted by ASTEC, MAAP and MELCOR code 

 
The cycling phase of the secondary side determines a secondary side water inventory decrease 

causing in turn a reduction of the secondary side heat removal capability. Before arriving at the SGs 
secondary side dry-out, the decrease of the SGs secondary side inventory determines the decrease of 
the SGs removing capability. Then all the codes predict the end of the primary side quasi steady-state 
phase and the beginning of a primary pressure increase (primary system pressurization), Fig. 1. When 
the primary pressure set points are reached, the PRZ relief valves cycling phase starts. As underlined in 
the Fig. 1, all the codes predict the cycling phase of the PRZ relief valves, with different cycling phase 
determined by the different user approach used to model the logic of valves and the valves parameters. 
The time plotting interval has a role in the primary pressure cycling representation as well. During the 
first part of the PRZ relief valves cycling phase the primary system is still in single phase natural 
circulation. The single-phase natural circulation, predicted by the codes, continues till void formation 
starts (two phase natural circulation) in the primary side, Table 3. When the two phase natural 
circulation starts a decrease in the mass flow rate is predicted by all the codes. It is to underline that in 
this phase, each code predicts the same qualitative mass flow rate behavior in all the three loops. In all 
the codes the void inception in the HL is contemporaneous for all the loops. Core thermal hydraulic 
behavior is still characterized by heat transfer in covered core. 
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TABLE 3. SUMMARY OF THE RELEVANT PHENOMENOLOGICAL ASPECT SEQUENCE OF 
EVENTS PREDICTED BY ASTEC, MAAP AND MELCOR 

Relevant Phenomenological Aspects ASTEC MAAP MELCOR 

DISCR 
(%) 

(ASTEC VS 
MAAP)* 

DISCR 
(%) 

(ASTEC VS 
MELCOR)* 

SG1,2,3 Cycling Inception (s) 200 100 30 - - 

PRZ Relief Valves Cycling Inception (s) 4200 3757 4058 10.55 3.38 

Two Phase Inception in the HL (s) 6400 6404 6300 0.06 1.56 

Core TAF Uncovered (s) 8000 8083 7000 1.04 12.5 

H2 Start (s) 8400 8795 8382 4.7 0.21 

PRZ Relief Valves Stuck Open (s) 9200 10099 9414 9.77 2.33 

Core BAF Uncovery (s) 9400 10165 9570 8.14 1.81 

T_CLAD 1300K (s) 9970 10845 8700 8.78 12.74 

T_CLAD 1855K (s) 10080 10904 9248 8.17 8.25 

Upper Core Ring Failure 1 (s)** 10953 12786 11600 16.74 5.91 

Upper Core Ring Failure 2 (s)** 10953 12724 13100 16.17 19.6 

Upper Core Ring Failure 3 (s)** 11353 12866 13380 13.33 17.85 

Upper Core Ring Failure 4 (s)** 11753 13484 13650 14.73 16.14 

Upper Core Ring Failure 5 (s)**/*** 12353 14815 14380 19.93 16.41 

Slumping Inception (s) 16600 15526 14580 6.47 12.17 

Vessel Failure (s) 18157 20608 19250 13.5 6.02 
* ASTEC calculated data discrepancies based on the comparison with MAAP and MELCOR calculated data. 
**For ASTEC it is estimate the instant when the fuel ring continuity is lost.  
*** For MELCOR calculation, the upper part of the 5th ring starts to collapse at 14380s, but  other axial levels 
continue their failure starting from 15270s. Some indications are shown in Fig. 8.  

 
The water boil-off of the primary fluid causes a steady evaporation of the primary coolant fluid 

with a consequent fluid level decrease in the core; this determines, as underlined in the Table 3, that a 
core uncovering process (TAF is uncovered) starts in the three codes. The consequent steam formation 
determines a decrease of the primary fluid cooling capability with a consequent decrease of the energy 
removed by fuel rods. The thermal hydraulic behaviour of the core starts to be characterized by heat 
transfer in uncovered core. Since the energy removed from the primary coolant is less than the decay 
heat generated in the core a fuel cladding rods heat-up phase starts, Fig. 3. The steam formation 
determines the chemical reaction between the core material and the steam. In particular the oxidation 
of Zircaloy is exothermic, therefore the energy released is coupled with the core residual power; this 
determines an acceleration of the core heat-up rate with a consequent temperature escalation; it starts 
the Hydrogen generation as well. The oxidation of the steel structure takes place as well but it is less 
significant than Zircaloy oxidation because the Steel oxidation is less energetic and the area interacting 
with steam is less than Zircaloy area.The Hydrogen generation starts at about 8400s for ASTEC code, 
8795s for MAAP code, 8382s for the MELCOR code, as shown in Table 3. The PRZ relief valves stuck 
open at about 9200s for ASTEC, 10099s for MAAP and 9414s for MELCOR, as shown in Table 3. In 
relation to the intact clad temperature, in MAAP and MELCOR calculation a first temperature peak, is 
followed by a temperature decrease following by a further cladding temperature increase. The intact 
cladding temperature decrease could be due to a formation of a two phase flow in the core due to the 
PRZ relief valves stuck opening. It is to underline that while Fig. 3 shows the intact cladding 
temperature predicted in the upper part of the core by MAAP and MELCOR, respectively, it shows the 
maximum intact cladding temperature predicted by ASTEC code. This explains the reason why MAAP 



and MELCOR figures show clearly the failure of the cladding while ASTEC figure does not represent 
it. This phase of core degradation does not determine a loss of rod-like geometry, therefore the coolant 
flowpath have not changed shape.  

The materials with a lower melting temperature than fuel (as control rod, guide tube, grids…..) 
determine the starting of the melting and relocation phase of the core damage. Along the core 
degradation and melt progression phase, the cladding and fuel failure mechanisms and the consequent 
core materials transport/relocation take place. These phenomena determine a loss of core geometry with 
a consequent change of the coolant flow path shape. The Hydrogen mass production is therefore 
dependent from the core degradation progression and the consequent available area for the oxidation 
and flow blockage phenomena. Though the uncertainty to correctly estimate the amount of area 
available and the effect of flow blockage, in general a significant amount of hydrogen could be produced 
during this phase of the transient and it is estimated by the codes considering their different core material 
degradation/relocation modelling capability. Considering these complex phenomena that take place in 
the core during this degradation phase, in order to visualize relevant degradation aspects, Table 3 
summarizes the timing when the different upper rings fail in the three different code calculations and 
the core plate failure time with the consequent slumping inception.  

Though a detail characterization and analyses of the core material relocation/distribution and the 
codes representation is out of the target of the research activity here presented, the macroscopic effect 
of the Hydrogen generation is here analyzed, Fig. 4. In particular, ASTEC code shows a general smooth 
progressive Hydrogen production along the core degradation phase. MAAP code shows a general 
smooth progressive Hydrogen production. MELCOR code shows instead a general progressive 
Hydrogen production, but the previous mentioned stuck opening of the PRZ relief valves determine a 
sensible reduction and a subsequent increase (when the cladding temperature increase again) of the 
oxidation rate. This, coupled with the progressive upper ring core failure and the progressive relocation 
of the core in the lower plenum, Table 4, determines the Hydrogen production versus time behavior. 

 

 
FIG. 3. Intact cladding temperature at the 2th ring in the upper part of the core predicted by MAAP 

and MELCOR code and max intact cladding temperature of the ring 2 predicted by ASTEC 
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(a)                                                                      (b) 

FIG. 4. (a) Total Hydrogen generation versus time predicted by ASTEC, MAAP and MELCOR 
code; (b) Oxidation energy generated in the core versus time predicted by ASTEC, MAAP and 
MELCOR code 

 

TABLE 4. CORE PLATE FAILURE TIMING AND VESSEL FAILURE 

CODE 
Core Plate Ring Failure (s) Slumping 

Inception 
(s) 

Vessel 
Failure 

(s) 

DISCR (%) 
Slump. 
Inc. ** 

DISCR (%) 
Vessel 

Failure ** 1 2 3 4 5 

ASTEC -* 16600 18157 - - 

MAAP 15526 15526 20608 6.47 13.5 

MELCOR 14585 14730 16035 16035 17485 14580 19250 12.17 6.02 
*No core plate failure has been predicted by ASTEC code but a lateral slumping through the shroud failure. 
** ASTEC calculated data discrepancies based on the comparison with MAAP and MELCOR calculated data. 

 

After the core material relocation into the lower plenum (slumping) additional Hydrogen could 
be generated due to the oxidation phenomena. In particular after the slumping, all the liquid water 
present in the lower plenum evaporates due to the relocation of the degraded core material; this causes 
the increase of the RCS pressure in the short term. This part of the transient is strongly influenced by 
the core relocation scenario. It is to underline that while in MELCOR and MAAP code the slumping 
takes place through the core plate failure, in ASTEC code it takes place for the failure of the shroud, as 
underline in the Fig. 5. The reasons of the difference between ASTEC and MAAP/MELCOR slumping 
behaviour is not here investigated but it is an interesting topic that should be further investigated as a 
future activities.  

By looking at the ASTEC calculated data, Fig. 1, it is possible to see that the primary pressure 
peak related to the slumping phenomena is small in absolute value and short in time extension. The 
Hydrogen production is characterized by a very small increase that permits to conclude that all the 
Hydrogen is created before the slumping, Fig. 4 and Table 5. The pressure peak predicted by MAAP 
code, Fig. 1, is characterized by a sensible absolute extension and by a small time extension. The 
Hydrogen mass production is characterized by an increase of about 40 kg during the slumping phase, 
Fig. 4 and Table 5. In relation to MELCOR code it is possible to see that the material located in the 
different rings relocate in the lower plenum in different instants, Table 4, determining a progressive 
production of steam with a consequent progressive pressure and Hydrogen mass production increase, 
Fig. 1 and 4. This determines a smaller in absolute value but a more extended primary pressure peak in 
comparison with MAAP and ASTEC. The Hydrogen mass production is characterized by an increase 
of about 70 kg during the slumping phase. In relation to the hydrogen production by the code it is 



important to note that ASTEC, MAAP and MELCOR produce a sensible different quantity of 
Hydrogen, Table 5. In general, Hydrogen mass production is dependent also on how the slumping in 
the lower plenum takes place.  

As underlined before, the Hydrogen mass production is dependent from the core degradation 
progression and the consequent available area for the oxidation and flow blockage phenomena. 
Therefore the discrepancies related to these parameters underline the modelling difference of the code 
related to core material degradation/relocation determining differences in the available area for the 
oxidation process, different flow blockage condition, and differences in the code node porosity 
predicted, etc. It is important to underline that the area available for the oxidation has a great uncertainty 
due to the complex phenomena taking place during the degradation and relocation of the core material 
and limited full scale [24] experiments. 

 
TABLE 5: HYDROGEN PRODUCTION PREDICTED BY ASTEC, MAAP AND MELCOR 

CODE 
H2 Before 

Slumping (Kg) 
Tot In Vessel 

H2   (Kg) 
DISCR (%) 

Before Slump* 
DISCR (%) 
H2 TOT * 

ASTEC 273 275 - - 

MAAP 151 191 44.69 30.55 

MELCOR 309 377 13.18 37.09 
*ASTEC calculated data discrepancies based on the comparison with MAAP and MELCOR calculated data. 
 

By looking at the Hydrogen generation mass behavior, Fig. 4, and at the behavior of the intact 
cladding temperature, Fig. 3, Hydrogen generation increases significantly when the intact cladding 
temperature reaches about 1300K; a further increase takes place when it reaches about 1855K. This 
determines an acceleration of the core heat up more than 1K/s in the code calculation. The Hydrogen 
mass behavior of MELCOR codes is dependent from the progressive radial degradation of the core and 
the progressive failure of the core support plate. The oxidation energy released, Fig. 4b, predicted by 
the three codes is consistent with the Hydrogen mass production, Fig. 4a. The long-term 
phenomenological behaviour is dominated by physical and chemical phenomena and boundary 
condition of the lower plenum. This determines the timing of the lower head failure, as shown in Table 
3.  

Table 3 summarizes the relevant phenomenological aspect time sequence of events predicted 
by ASTEC, MAAP and MELCOR. Fig. 5 for ASTEC, Fig. 6 and7 for MAAP and Fig. 8 for MELCOR 
(by using SNAP) show the representation of the core degradation/relocation evolution and 
morphologies predicted by the codes. A detail characterization of the code modelling differences is here 
not investigated but it is planned as a future activity. 
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FIG.5. ASTEC core degradation representation  



 
 

 
 

FIG. 6. MAAP core degradation representation  
Numbers 0,1,2,3,4,5 represent the type of degradation that take place in each node:  

0= Nearly Empty Node; 1=Fuel Pin; 2= Collapsed Fuel Pin; 3=Thickened Fuel Pin; 4= 
Impenetrable Crust; 5= Fully Molten 
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FIG. 7. Row no. for core collapse in the channel 1,2,3,4,5 predicted by the MAAP code 

 

3. CONCLUSIONS 

The results of the calculated data show that the three codes predict the phenomenological 
evolution in a good qualitative agreement though with some quantitative differences. In particular, 
considering the time sequence of relevant phenomenological aspects, the maximum percentage 
discrepancy between ASTEC and MAAP/MELCOR calculated data is at maximum of about the 20% 
for the main selected safety related parameters chosen as figure of merit. The most relevant differences 
are observed in the in-vessel Hydrogen mass production prediction. Such discrepancies underline some 
modelling differences between the three codes related to core material degradation/relocation, 
determining differences in the available area for the oxidation process, different flow blockage 
conditions, different code node porosity prediction, etc. It is important to underline that the area 
available for the oxidation has a great uncertainty due to the complex phenomena taking place during 
the degradation and relocation of the core material and the limited full scale experimental data for 
validation purpose. In addition it is worth noting a phenomenological discrepancy related to the 
slumping predictions between ASTEC and MAAP/MELCOR calculations: while MAAP and 
MELCOR predict a core lower plate failure with a consequent relocation of degraded core material in 
the lower plenum, ASTEC predicts a lateral relocation of the degraded core material through shroud 
failure. Further, in ASTEC calculation Hydrogen is produced before core relocation in the lower 
plenum, while in MAAP and MELCOR calculation is produced also during this phase.  

Considering the hypotheses of the transient (no ECCS intervention, scram at zero, no pump 
leakage, etc.) and the maximum degree of freedom left to the Code-User (hydraulic and core 
nodalization strategy and degree of detail, setting of the boundary condition…) and the general 
phenomenological agreement of the transient phenomenology predicted by the three codes (with the 
exception of the slumping phenomenology) the results of the code calculations can be used as a 
confirmation of  the transient phenomenological evolution of the postulated accident. Some secondary 
phenomenological discrepancies between the codes results are considered of secondary importance in 
relation to the selected target figure of merits. Therefore a further more comprehensive analysis is 
suggested to investigate these phenomena. 

 



 

 
FIG. 8. MELCOR code degradation phases representation made by using SNAP 

 
A detail analysis of the core degradation/relocation evolution predicted by the three codes is 

not here presented but it is planned for further research activity. This activity, in collaboration with the 
code developer teams, could be the basis for a future  PWR “crosswalk activity” to investigate the code 
calculated data differences through the identification of the principal modelling capability of each code. 
Future activity based on a strictly congruence analysis between core structures nodalizations (geometry 
and mass) is endorsed. 
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NOMENCLATURE 
 
AC  Alternating Current 
AFW  Auxiliary Feed Water 
ASTEC  Accident Source Term Evaluation Code 
BAF  Bottom of Active Fuel 
CET  Core Exit Temperature 
CL  Cold Leg 
BDBA  Beyond Design Basis Accident 
CESAM  Code for European Severe Accident Management 
CVH  Control Volume Hydrodynamics Package of MELCOR 
COR  Core Package of MELCOR 
DBA  Design Basis Accident 
DC  Downcomer 
DISCR  DISCRepancy 
ECCS  Emergency Core Cooling System 
EPRI  Electric Power Research Institute 
FW  Feed Water 
HL  Hot Leg 
HPIS  High Pressure Injection System 
IRSN  Institut de radioprotection et de surete Nucleaire (Institut for radiological  
  Protection and Nuclear Safety) 
LPIS  Low Pressure Injection System 
LWR  Light Water Reactor 
MAAP  Modular Accident Analysis Program 
MELCOR  Methods of Estimation of Leakages and Consequences of Releases 
MDAFW   Motor-Driven Auxiliary Feedwater 
MFW  Main Feed Water 
MSIV  Main Steam Isolation Valve 
NPP  Nuclear Power Plant 
PRZ  Pressurizer 
PWR  Pressurized Water Reactor 
RCP  Reactor Coolant Pump 
RPV  Reactor Pressure Vessel 
SBO  Station BlackOut 
SCRAM  Safety Control Rod Axe Man 
SG  Steam Generator  
SGTR  Steam Generator Tube Rupture 
SNAP  Symbolic Nuclear Analysis Package 
SNL  Sandia National Laboratories 
SOT  Start Of the Transient 
TAF  Top of Active Fuel 
TDAFW  Turbine-Driven Auxiliary Feedwater 
USNRC  US Nuclear Regulatory Commission 
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Abstract.In 1990, after Lithuania declared its independence, Ignalina NPP came to 
jurisdiction of the Republic of Lithuania. Lithuania inherited Ignalina NPP from the Soviet Union 
together with the responsibility to ensure safe operation of the plant. Therefore raised the need to 
develop the independent institutions of nuclear regulatory and technical support (TSO). Creation 
of TSOs starts together with the establishment of regulatory body (VATESI). In March 1992 at 
the Lithuanian Energy Institute (LEI) in Kaunas the Ignalina Safety Analysis Group (ISAG) was 
established. The goals of ISAG were to gain a thorough understanding of the basic processes of 
RBMK-1500 reactors; to gather and analyze design and operational data; to record and rank safety 
issues at Ignalina; to analyze the consequences of simulated accidents at the plant; and to provide 
professional technical and scientific consultation to the VATESI, the government and the 
international community. Later this group overgrows into Laboratory of Nuclear Installation 
Safety. From this time LEI, Laboratory of Nuclear Installation Safety started to do severe accident 
analysis for water cooled reactors.  
 This paper represents the experience of the LEI in the simulation of severe accident 
analysis in water cooled reactors. Paper consists of 4 main parts representing the LEI experience 
in the different water cooled nuclear devices. First part summarizes the experience of analysis of 
severe accidents in the RBMK-1500 type reactors. Second part is dedicated to the severe accident 
analysis in the BWR, specifically to the study of in-vessel corium retention. Next part describes 
experience in the modelling of spent fuel pools during severe accident conditions. And the last 
part is the experience overview of the modelling of experimental facilities (PHEBUS, QUENCH) 
constructed to represent conditions of severe accidents. 

 
KeywordsRBMK-1500, SPENT FUEL POOL, IVMR, QUENCH, PHEBUS 

 

1. INTRODUCTION 

 

 Ignalina NPP is the only nuclear power plant in Lithuania and consists of two units, 
commissioned in December 1983 and August 1987. Both units are equipped with channel-type graphite 
moderated reactors RBMK-1500. Unit 1 of Ignalina NPP was shutdown for decommissioning at the 
end of 2004 and Unit 2 by the end of 2009. All units of Ignalina NPP were shutdown for the political 
reasons. Despite of political reasons, the safety of nuclear energy in Lithuania has been provided and 
its level rose all the time, both for operating, and for the shutdown reactors. 

 In 1990, after Lithuania declared its independence, Ignalina NPP came to jurisdiction of the 
Republic of Lithuania. Lithuania inherited Ignalina NPP from the Soviet Union together with the 
responsibility to ensure safe operation of the plant, but all technical scientific support organizations 
remained in Russia. Therefore raised the need to develop the independent institutions of nuclear 
regulatory and technical support. The State Nuclear Power Safety Inspectorate (VATESI) was 
established by Government resolution in October 1991. VATESI approves nuclear safety rules and 
guides, issues licences for the activities related to nuclear safety and controls adherence to the 
requirements set out in licences and safety rules. Since 1991 till the closure VATESI has regulated 
Ignalina NPP operation by issuing annual operating permits. However, the nuclear regulator cannot act 
alone – the technical and scientific support is one of the important provisions for maintaining nuclear 
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security systems in States. The technical and scientific support organizations (TSOs), which providing 
the technical and scientific basis for decisions regarding nuclear and radiation safety, could be as part 
of the regulatory body or a separate organizations. In Lithuania the creation of TSOs starts together 
with the establishment of VATESI. In March 1992 at the Lithuanian Energy Institute in Kaunas the 
Ignalina Safety Analysis Group (ISAG) was established. The goals of ISAG were to gain a thorough 
understanding of the basic processes of RBMK-1500 reactors; to gather and analyze design and 
operational data; to record and rank safety issues at Ignalina; to analyze the consequences of simulated 
accidents at the plant; and to provide professional technical and scientific consultation to the VATESI, 
the government and the international community. Later this group overgrows into Laboratory of 
Nuclear Installation Safety. The other organizations also took income into creation of TSOs – the 
temporary groups of specialists were created in Kaunas University of Technology (KTU), Vytautas 
Magnus University (VMU), Faculty of Physics of Vilnius University (VU) and the Institute of Physics 
(IP). 

 The most significant “player” in TSOs is the Lithuanian Energy Institute. Lithuanian Energy 
Institute (LEI) is a state scientific research organization, established in 1956. Since 1992 its status is a 
state science institution. The main research areas, related to the nuclear energy are: numerical 
simulations of thermal-hydraulic processes during design, beyond design and severe accidents in 
nuclear reactors, spent fuel pools, containments and experimental facilities by employing the codes 
ASTEC, RELAP/SCDAPSIM, COCOSYS; simulation of aerosols and Fission Products transport in the 
compartments of NPP; assessment of reactor core modifications and analysis of postulated reactivity 
accidents using QUABOX/CUBBOX-HYCA computer code; structural analysis of NPP buildings, 
components and piping using finite element computer codes ABAQUS and NEPTUNE, or code for the 
probabilistic finite element analysis ProFES. Also LEI specialists are performing Level 1 and Level 2 
Probabilistic Safety Assessment of NPP and sensitivity and uncertainty analysis of modelling 
parameters and results using computer software’s SUSA and SUNSET.LEI actively participated and 
participate in international collaboration projects: FP6 (NoE SARNET, NULIFE); FP7 (NoE 
SARNET2, CARBOWASTE, FORGE, SARGEN_IV, DEMI, MATTER, SITEX, CESAM, CAST, 
ASAMPSA-E, PLATENSO, NC2I-R, SARRAH2020, WINSR, ARCADIA) H2020 (EUROfusion, 
SITEX II, IVMR, INCEFA PLUS, BEACON, THERAMIN, GEMINI Plus); IAEA initiated projects; 
Phare and Intelligent Energy Europe; COST, etc. LEI is certificated on ISO 9001:2008 (quality 
management system) and ISO 14001:2005 (environmental management systems) applicable to 
scientific research, design and experimental development activities in the field of technological, social 
and physical sciences. 

 This paper represent the experience of the LEI in the simulation of severe accident analysis in 
water cooled reactors. This paper consist of 4 main parts. Each of them represent LEI experience in the 
different water cooled nuclear devices. First part summarizes the experience of analysis of severe 
accidents in the RBMK-1500 type reactors (Section 2). Second part is dedicated to the severe accident 
analysis in the BWR, specifically to the study of in-vessel corium retention (Section 3). Next part 
describes experience in the modelling of spent fuel pools during severe accident conditions (Section 4). 
And the last part is the experience overview of the modelling of experimental facilities (PHEBUS, 
QUENCH) constructed to represent conditions of severe accidents (Section 5). 

  



2. SEVE ACCIDENT ANALYSIS OF RBMK-1500  

 

 Around the world a lot of scientific efforts are concentrated on the analysis of the key 
phenomena during severe accident in the reactor and containment of the nuclear power plants; never 
the less still many questions remain unsolved. Most of the efforts are concentrated to the severe 
accidents in the pressurised water reactors and the boiling water reactors. 

 One of the most important issues discussing the safety of RBMK reactors was always related 
to the lack of analyses of the beyond design basis accidents and especially severe accidents. Ignalina 
NPP started development of the severe accident management guidance in 2003 and in 2007such 
guidance was completed and implemented. 

 For the analysis of thermal hydraulic processes in Reactor Cooling System (RCS) of Ignalina 
NPP with RBMK-1500 reactors the RELAP5, RELAP5-3D and RELAP/SCDAPSIM codes are used. 
These models could be used for the analysis of Design Basis And Beyond Design Basis accidents. The 
original RELAP5 computer code has been developed by Idaho National Engineering Laboratory for 
PWR and BWR reactors. This is a one-dimensional non-equilibrium two-phase thermal-hydraulic 
system code. In the Lithuanian Energy Institute this code has been successfully adapted to simulate the 
RBMK type reactors, and it has been used for Ignalina NPP licensing since 1995. 

 The general nodalization scheme of the RBMK-1500 model, developed by employing 
RELAP5 code, is presented in Figure 1. The model of RCS consists of two loops, each of which 
corresponds to one loop of the actual circuit. Two steam DS in each RCS loop are modelled by 
generalized “separator” element (1). All downcomers are represented by a single equivalent pipe (2), 
further subdivided into a number of control volumes. The pump suction header (3) and the pump 
pressure header (8) are represented as RELAP5 “branch” elements. Three operating Main Circulation 
Pumps are represented by one equivalent “pump” element (5) with check and throttling-regulating 
valves. The throttling-regulating valves are used for coolant flowrate regulation through the core. These 
valves are modelled by employing “servo valve” elements. The normalized flow area versus normalized 
stem position is described in the RELAP5 model. The bypass line (7) between the pump suction header 
and the pump pressure header is modelled with the manual valves closed. This is in agreement with a 
modification performed at the Ignalina NPP. All fuel channels of the left core pass are represented by a 
few equivalent channels (12) operating at specific power and coolant flow. The group of 20 Group 
Distribution Headers (9) with connecting pipelines is modelled by RELAP5 “branch” component. The 
pipelines of the water communications (10) are connected to each FC. Each of these components 
represents the quantity of pipes appropriate to the number of elements in the corresponding FC in the 
core. The vertical parts of the FC (13) above the reactor core are represented by RELAP5 components 
“pipes”. The pipelines of the steam-water communications (14) are connecting the fuel channels with 
DS. Compared to the model for the left loop, in the right loop, the MCP system is modelled with three 
equivalent pumps. The steam separated in the separators is directed to turbines via steam lines (15). 
Two turbine control valves organize steam supply to the turbines. The control of these valves was 
modelled by “servo valve” elements based on algorithm of steam pressure regulators used at Ignalina 
NPP. There are four Steam Discharge Valves in each loop of the RCS to direct the steam to the 
condensers of the turbines. The pressure of the steam is also controlled, and peaks of pressure are 
eliminated by two SDV to accident localization system and 12 Main Safety Valves, discharge the steam 
to pressure suppression pool of the pressure suppression pools of Accident Localisation System. All 
models of steam discharge valves are connected to the “time dependent” elements, which define 
boundary conditions in turbine condensers or ALS pressure suppression pools. The feed water injection 
into the DS is simulated explicitly using RELAP5 “pipe”, “junction”, “volume” and “pump” elements 
(not presented in this paper). The “valve” element (17) is used for the modelling of breaks in pipelines 
of reactor cooling system. This valve is connected to the volume (18), which represents the 
compartments covered reactor cooling system pipelines. More detailed description of model is 
presented in papers [1, 2]. 
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FIG. 1. Full model of Ignalina NPP for thermal-hydraulic analysis of processes in RCS (for RELAP5 
code) where: 

 1 – DS, 2 – downcomers, 3 – MCP Suction Header, 4 – MCP suction piping, 5 – MCPs, 6 – MCP 
discharge piping, 7 – bypass line, 8 – MCP pressure header, 9 – GDHs, 10 – bottom water pipeline, 

11 – reactor core inlet piping, 12 – FCs, 13 – reactor core outlet piping, 14 – steam and water piping, 
15 – steamlines, 16 – valve for break modelling, 17 – model of compartments, which surround the 

RCS pipelines 

 

 For the analysis of later phases of severe accidents, where the melting of fuel and channel 
blockage starts, the simplified single fuel channel model using RELAP/SCDAPSIM code was 
developed. This simplified model consists of single fuel channel (3) of initial average power 2.55 MW, 
where the fuel assemblies, fuel channel and surrounding graphite column are described using special 
SCDAP elements (Figure 2). The coolant flow rate through channel, pressure in GDH (4) and DS (2) 
are described by elements, in which the change of pressure, temperature and coolant flow rate are 
defined as boundary conditions. These boundary conditions are obtained from the calculations with 
RELAP5 code using the detailed model of RBMK-1500, described in [1, 3, 4]. For the approximately 
evaluation of consequences in case of severe accidents in RBMK, we can assume, that coolant 
conditions and fuel behaviour in all fuel channels will be similar. Therefore the results of SCDAPSIM 
analysis using simplified model (temperatures of core elements, generation of hydrogen) can be 
extrapolated to the all 1661 fuel channels in the reactor. 
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FIG.2. Scheme of simplified RBMK-1500 model using RELAP/SCDAPSIM. (1) Steamlines; (2) drum 
separators; (3) fuel channels; and (4) group distribution headers. 

 

 The another example of the analysis of  severe accidents, where the thermal, chemical and 
other processes in nuclear fuel rods are evaluated, is presented in paper [5]. In this analysis the fuel rods 
used at Ignalina NPP were simulated with FEMAXI-V (Japan) and TESPA-ROD (Germany) codes. 
Developed models (see Figure 3) were employed for the analysis of processes in fuel rods in case of 
large LOCA Beyond Design Basis Accident (BDBA). It was the first attempt to simulate the RBMK 
fuel rod behaviour by using these computer codes, which have been specially designed to analyse the 
fuel rod behaviour of vessel type reactors. Both code analyses indicate that fuel rod cladding failure 
occurs at a later stage of the accident, when there is no coolant flow rate through the fuel channels. The 
code analyses of loss of coolant accident indicate that both codes TESPA-ROD and FEMAXI-V cannot 
be applied without special treatment of the steam starvation situation, which occurs at a later stage of 
the accident. During the steam starvation stage the oxidation rates are over predicted by these codes. 
However these codes can be successfully applied for RBMK reactors within the frame of normal 
operation, operational occurrences and the accident conditions when the fuel channel still contains 
coolant. 
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FIG.3. Model of RBMK-1500 fuel rod from upper fuel bundle, developed using FEMAXI-V code 

 

 The integral analysis of severe accident scenario for RBMK-1500 was performed using 
combined approach with RELAP5, RELAP/SCDAPSIM, ASTEC and COCOSYS codes. For the 
application of this idea the large LOCA without pumped water injection to the RBMK-1500 reactor 
core was selected for the detailed analysis. The performed analysis covered response of the reactor core, 
the reactor cooling system and the confinement. RELAP5 code was used to determine the response of 
the thermal hydraulic parameters in RCS and the coolant release rate through the ruptured pipe. Then 
the received results were used as boundary conditions for ASTEC code to determine the release rates 
of hydrogen and fission products to the confinement. The hydrogen distribution, transport and 
deposition of fission products in confinement as well as the source term to the environment were 
calculated using COCOSYS code considering results of both RELAP5 and ASTEC codes. ASTEC and 
COCOSYS models are presented in Figure 4 and 5. Detail explanation and calculation results could be 
found in the articles [6, 7, 8, 9, 10].  

 



 

FIG. 4. Nodalisation scheme of Ignalina NPP single fuel channel model for ASTEC code: 
(1) Drum separator, (2) downcomer, (3) FC above the core and steam-water communication, (4) 

fuel channel, (5) MCP suction header, (6) MCP pipes, and (7) MCP pressure header. 

 

 

FIG. 5. ALS model for COCOSYS code 

 The analyses were performed assuming no operator actions for core cooling restoration as 
well as assuming water injection to the reactor core at different temperatures of fuel rods. In general it 
could be concluded that in case of severe accident in RBMK-1500 the accident management measures 
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have to be applied before core temperatures enter coolant injection restriction zone and as early as 
possible (Figure 6). In case of selected accident scenario the operators have ~5 h before first cladding 
ruptures occur and ~8 h before core temperature reaches 1000 ◦C and extensive core degradation occurs. 

 

 

FIG.6. Release of particulate fission products to environment 

 

3. STUDY OF IN-VESSEL CORIUM RETENTION IN BWR REACTOR 

 

 Recently, the strategy of melt retention inside the Reactor Pressure Vessel (RPV) in case of 
severe accidents in the nuclear reactors is getting more and more attention worldwide. The 
RELAP/SCDAPSIM 3.4 code and the integrated module COUPLE were used to analyze nuclear reactor 
and the analysis of corium coolability inside the reactor pressure vessel during severe accident 
conditions. A full plant model of a ~2000 MW thermal power BWR reactor was used and a large LOCA 
with total failure out injection of cooling water injection was assumed. The temperature of RPV wall 
was used as a criterion for the integrity of the vessel. The model for simulating the ex-vessel cooling is 
presented in Figure 7. Calculated slumping of debris to the lower head by material type is presented in 
Figure 8. The work is performed in the frame of project “In-Vessel Melt Retention Severe Accident 
Management Strategy for Existing and Future NPPs“ (IVMR).  



 

FIG. 7. Scheme of the reactor model 

 

 

FIG. 8. Mass of different materials in the lower head. 
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 The results showed that if the reactor cavity is filled (to the level above the lower head) before 
meltdown of the core and slumping of the material to the lower head, the RPV could be cooled so that 
corium should stay inside the vessel. 

 

4. SEVERE ACCIDENT ANALYSIS OF SPENT FUEL POOLS  

 

 The accident at the Fukushima Dai-ichi Nuclear Power Plant has highlighted the vulnerability 
of nuclear fuels that are stored in spent fuel pools (SFP) before their evacuation and final disposal or 
possible reprocessing. This vulnerability is due to the potential loss of sufficient fuel cooling in case of 
internal events or of extreme external events such as earthquake or flooding. Further, the limited number 
of barriers containing the radioactive products, the fuel cladding is typically the only barrier in an SFP 
whereas there are three physical barriers when the fuel is in the reactor (the fuel cladding, the envelope 
of the primary circuit and the containment building), induces higher risks of radioactive releases to the 
environment if sufficient fuel cooling cannot be recovered. 

 In Lithuanian Energy Institute various assessments of SFP accidents were performed with 
different severe accident codes for different SFP geometries [11, 12, 13, 14]. In these studies, both loss 
of cooling and loss of water transients were analyzed. These calculations have been performed in the 
framework of the SARNET2 and CESAM projects. The analysis of these different SFP scenarios was 
conducted to identify some limits and needs for improvement of the SA code developed and usually 
used for reactor applications. More specifically, some questions about the SA code capabilities to 
evaluate the impact of air flow on coolability of the fuel assemblies (FAs) and the rate and path of 
air/steam flow in these FAs, have arisen. This work has also enabled us to identify the need to improve 
the knowledge and the models related to the effect of mixed air/steam atmospheres, especially the role 
of nitrogen on the acceleration of the corrosion rate of Zircaloy claddings and on the degradation of 
their mechanical properties. Developed SFP and SFAs models using different codes presented in Figure 
9.  

Performed studies have shown firstly the impact of certain modelling assumptions such as the number 
of nodes used to represent the reactor building, which can have strong impact on the gas flow between 
the different parts of the building (hall, upper plenum, pool, FAs.). They also raise questions about the 
reliability of some results obtained with these SA codes, regarding in particular:  

− The phenomena related to the cladding behavior in the presence of air or a steam/air 
mixture, such as oxidation, nitriding and embrittlement;  

− The phenomena of natural convection and boiling in the fuel building. In fact, the 
conclusions on the coolability of FAs can be very different, in function of the 
calculations. Some studies show, for a loss of water transient (conducting to fast 
dewatering and air ingress in the FAs), that air flow is sufficient to remove the power, 
for other studies this conclusion depends on the air flow that could actually flow in the 
FAs;  

− The conditions of air ingress in the assembly; according to the water depth, the assembly 
power, and the intensity of boiling. Some studies show that for certain conditions, 
during the phase of fuel assembly dewatering, the air ingress flow through the top of the 
assembly (counter-current of steam flow) can cooldown the upper part of the FA.  

− The coolability of dewatered fuel assemblies with water injections. 



 

FIG.9. SFP and SFAs nodalization scheme and models developed using different codes 

 

 Moreover in the framework of the SARNET2 project, a the state of the art, especially with 
regard to phenomena related to oxidation in air of the fuel rod claddings, and a summary of SA code 
assessments on integral tests like QUENCH, PARAMETER and SFP (Zigh and Velazques-Lozoda, 
2013) led clearly to identify lacks in knowledge, and therefore on physical relevance of available models 
in SA codes. It relates more particularly the phenomena of oxidation in air or steam/air mixtures of the 
fuel claddings, especially the role of nitrogen in the acceleration mechanisms of cladding degradation 
and on the mechanical behaviour of oxidized/nitrided claddings (Steinbrüeck, 2009). On the other hand, 
it appeared some difficulties to model correctly the real 3D geometry and heterogeneity of fuel 
assemblies with 2D cylindrical geometry (usually used by SA codes); inducing some difficulties to 
accurately assess the thermal exchanges (in particularly the radiation) between assemblies, and the 
spread of fire from an assembly to another. 

 In conclusion, it seems necessary, in the continuity of past activities to carry out different 
types of experiments in order: 
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− To better estimate the margin before temperature runaway of the oxidation reaction, 

− To improve knowledge on the role of nitrogen in the acceleration mechanisms of cladding 
degradation and on the mechanical behavior of oxidized/nitrided claddings, 

− To estimate the ability of fuel rods weakened by oxidation/nitriding to maintain their 
integrity during a spray of water or during handling in the post-accident phase. 

 

5. MODELING OF THE EXPERIMENTS DEDICATED TO SEVERE ACCIDENTS  

 

 Lithuanian Energy Institute is participating in PHEBUS FP and QUENCH programmes. 
These programs are outstanding examples of an international cooperative research program that is 
yielding valuable data for validating severe accident analysis computer codes. 

 The main objective of the PHEBUS experiments is to study the processes in the overheated 
reactor core, release of fission products and their subsequent transport and deposition under conditions 
representative of a severe accident of a Pressurised Water Reactor. For the modelling of PHEBUS FPT1 
experiment the RELAP/SCDAPSIM code and module of ASTEC V2 code was used [15]. Developed 
models are presented in Figure 10.  

 The phenomena, related to the flooding of an overheated core, were comprehensively 
investigated in a QUENCH test program. Within the frame of this program, loss of coolant accidents in 
a light water reactor was analyzed using an experimental facility to determine the amount of hydrogen 
produced, the so-called hydrogen source term. Up to now (since 1996), a total of 17 QUENCH tests 
were performed with different fuel/cladding materials and different boundary conditions in each test. 
Based on the post-test calculations of the QUENCH experiments, the capability of the best estimate 
codes can be established and evaluated.  

 For the modelling of QUENCH experiments the RELAP/SCDAPSIM and ASTEC V2 code 
was used [16, 17]. Developed models are presented in Figure 11.  

 The analysis and simulation of the PHEBUS and QUENCH experiments allows to achieve 
two main goals. Firstly, it provided a better understanding of the processes in the reactor cores during 
a severe accident the overheating of the core and further actions. Secondly, it revealed the limitations 
of computer codes when calculating zirconium oxidation, oxide layer formation, and shattering. 

 The results of the calculations, performed using both computer codes, showed that the 
calculation results of the RELAP/SCDAPSIM and ASTEC computer codes sufficiently reflect the main 
phenomena that occurred during experiments.  

  



  

(a)                                                                       (b) 

FIG. 10. Nodolization scheme of PHEBUS FPT1 experimental core: a) RELAP/SCDAPSIM, b) 
ICARE 

 

 

(a)                                                                                     (b) 

FIG. 11. Nodalization scheme of QUENCH test developed. (a) ASTEC , (b) RELAP/SCDAPSIM. 

 

 The RELAP/SCDAPSIM and ASTEC computer codes have limitations related to Zr oxidation 
modelling (these limitations was already discussed in the section related to the modelling of the SFP). 
The shattering of the oxide layer model in the RELAP/SCDAPSIM code Mod3.5 version cannot reveal 
the relations of the cladding surface temperature before cooldown with the cladding conditions after 
shattering. Because of the parabolic rate equations that define oxidation, the code does not calculate the 
profile of oxygen content through the cladding. The calculations using the ASTEC V2.0r3 code and the 
same correlation for the entire range of temperatures showed bad agreement with the experimental 
results. On the other hand, a correlation combining the steam-zirconium oxidation at low and high 

Steam1 Steam2 

Fuel1 Fuel2 Fuel3 

Shroud 

CR 
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temperatures should be created to perform the reliable simulation of the reflooding, melting, and 
relocation of the cladding and fuel material phenomena.  

 

6. CONCLUSIONS  

Instead of RBMK specific (channel type boiling reactor, graphite moderated) the western computer 
codes mostly developed for the PWR reactors, could be used for the analysis of severe accidents. But 
the reactor specific and code limitations should be taken in to account. To understand the response of 
whole plant with RBMK reactors, the integral analysis, using codes for the thermal hydraulic processes 
in reactor cooling circuit, codes for modelling of fuel rods damage and fission products release and code 
for the fission products transport in cooling circuit and also for the thermal hydraulic processes in 
confinement should be used.  

The vulnerability of nuclear fuels that are stored in spent fuel pools has been highlighted after the 
accident in Fukushima Dai-ichi Nuclear Power Plant. Different computer codes for severe accident 
analysis could be used for analysis of loss of water (or loss of cooling) accidents in SFP. However, 
some important phenomena, like steam-zirconium oxidation, are simulated in different codes using 
different correlations and assumption, that leads to the deviation in calculation results.  

The benchmarking calculations of experiments, performed in experimental facilities allows to validate 
the computer codes and to acquire necessary experience.  
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 Abstract. Nuclear Safety Institute of the Russian Academy of Sciences (IBRAE RAN) in 
collaboration with organizations of the nuclear industry, has developed the SOCRAT integrated code 
for numerical analysis of the behavior of VVER nuclear power plants at various stages of severe 
accidents. The modeled stages of severe accidents progression cover initial thermal hydraulic stage 
(starting from initiating event), core uncovery, degradation and relocation into lower plenum, RPV 
failure and molten corium release into reactor cavity and ex-vessel stage (corium retention in the core 
catcher, molten corium–concrete interaction, thermal hydraulics in containment). The article presents a 
general review of the current status of development, validation and examples of application of the 
SOCRAT code. 

 

Keywords: nuclear power plant, safety, calculation codes, severe accident 

 

1. INTRODUCTION 

 

IBRAE RAN has extensive experience in the development of computational tools for different nuclear 
safety applications. This experience is reflected in a methodology that consists of the following key 
points: 

− the process of models development is based on the use of equations of mathematical physics 
and consideration of the state-of-the art knowledge about processes and phenomena that 
determine various operating modes of reactors; 

− the developed models are implemented in deterministic integral computer codes for nuclear 
power plants safety assessment, which are further extensively validated; 

− the development of computer codes is tightly coupled to analytical and theoretical support of 
the experimental programs; 

− after thorough validation, the developed codes are provided to end user for safety analysis of 
nuclear power plants. 

 Focus to physical basis in the development of models can significantly improve the quality of 
modeling and reduce uncertainty of the results. The adequacy and accuracy of codes is thoroughly 
checked by validation against data of representative and prototypical experiments. This stage of code 
development presumes assessment of state-of-the-art phenomenological knowledge, which makes it 
possible to more accurately formulate the tasks for further experimental programs. The participation of 
IBRAE RAN in integral experiments is of particular importance, since it assures an independent testing 
of new physical models. The development of models and codes for the analysis of severe accidents 
includes identification of the main modeling uncertainties and ranges of applicability of the model to 
specific safety issues. 



 Most IBRAE RAS codes have been developed in collaboration with Russian and international 
nuclear stakeholders in the frame of common projects.  

TABLE 1. CODES DEVELOPED IN IBRAE RAN IN COLLABORATION  
WITH RUSSIAN AND FOREIGN INSTITUTES 

Codes Scope of application Partners 

SVECHA, QUENCH, MFPR 
Early stage of core 

degradation 
NRC/IRSN/EC FZK/RIAR 

CONV2D&3D 
Late stage of core 

degradation 
OECD /RRC Kurchatov 

Institute/ IRSN 

CONT Containment mechanics 
Rosenergoatom 

/Atomenergoproekt, 
NRC/DOE 

 

The development of Russian code for safety analysis of new designs of VVER under severe accidents 
was initiated by VVER designer JSC "SPbAEP" (now “Atomproekt”, Saint-Petersbourg) in late 1990s. 
For this purpose special expert teams were built in IBRAE RAN, Russian Federal Nuclear Center “All-
Russian Research Institute of Experimental Physics” (VNIIEF, Sarov) and National Research Center 
«Kurchatov Institute» (RRC “Kurchatov Institute”). The developed code was called by the names of 
three basic modules: RATEG/SVECHA/HEFEST. Later this code was renamed SOCRAT [1] – System 
Of Codes for Realistic Assessment of Severe accidenTs. Its field of application was extended to safety 
assessment of all VVER reactors in operation or under construction in Russia. In 2010 national nuclear 
authority – the Scientific and Engineering Centre for Nuclear and Radiation Safety of Federal 
environmental, industrial and nuclear supervision service (Rostechnadzor) issued a license allowing the 
basic version of SOCRAT (SOCRAT/V1) to be used in numerical analyses of in-vessel stage of severe 
accidents at VVER within safety assessments of NPP units. Starting from 2011, the focus of SOCRAT 
development was shifted to modeling of radiological consequences of severe accidents. This included 
implementation and validation of models for radioactive materials build-up in fuel, release from fuel 
and transport in primary and secondary side and containment.  

 The quality of the models and their validation extent allow considering SOCRAT as a best-
estimate code [2]. Implementation of numerous physical models into one code assures a through 
modelling of a sequence of stages in severe accident progression. This also provides a user with full 
picture of the accident evolution starting from initiating event and ending with release of radioactive 
materials from containment to environment. 

 

2. STATUS OF DEVELOPMENT AND VALIDATION OF SOCRAT CODE 

 

Thermohydraulic models of the integrated code SOCRAT describe the behavior of the two-phase 
coolant with non-condensable gases in the core, primary and secondary circuits of a reactor installation 
at all stages of severe accident including the stage of total core uncovery and stage of in-vessel melt 
behavior. They include the various regimes of coolant flow, interphase interactions, various modes of 
heat exchange with walls of hydraulic channels, friction at channel walls, effect of non-condensable 
gases, coolant ejection under containment. Also, the models of SOCRAT code allow describing the 
operation of pumps, valves, hydraulic reservoirs and other components of reactor installation. A set of 
basic elements used to develop the input deck of the primary and secondary circuits, allows describing 
the tracing of any hydraulic loops with the accuracy that is sufficient for modern calculations of severe 
accidents. 
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 Thermohydraulic processes in a system of communicating containment rooms are modelled 
self-consistently using the containment codes KUPOL-M and ANGAR, that are certified codes with 
lumped parameters integrated in SOCRAT. 

 Physical mutually-consistent models describing the processes of fuel cladding oxidation by 
steam, thermomechanical behavior of fuel rods and absorbers, melting of reactor core and other in-
vessel materials, melt relocation are used for numerical analysis of severe accidents at a stage of reactor 
core degradation. The real material composition of the reactor core is being taken into account.  

 SOCRAT allows modelling the processes of melt interaction with water after corium relocation 
to the lower plenum, formation and distribution of corium liquid phases, stratification of metal and 
oxide components of the molten pool of corium, reactor pressure vessel degradation and melt release 
into containment. 

 In the basic SOCRAT version the following basic NPP objects are considered: 

− Fuel rods (fuel assemblies); 

− Reactor core, in-vessels structures; 

− Reactor coolant system; safety systems; 

− Steam generator, main steam line; 

− Containment; 

− Core catcher (where applicable) and concrete floor of reactor cavity; 

 The basic physical models of the integrated code SOCRAT at in-vessel stage of accident are 
presented below: 

− Voiding and heating up of the core; 

− Degradation of the core and relocation of core materials; 

− Behaviour of corium in lower part of RPV (Fig. 1); 

− failure of RPV and release of molten corium into reactor cavity. 

At ex-vessel stage the basic version is able to model: 

− Corium interaction with containment strictures (or retention in core catcher) 

− Hydrogen behavior in containment 

− Containment failure, FP release to environment 

 

 

Figure 1. Main processes simulated in case of homogeneous melt 

 



 The advanced version of the integrated code SOCRAT allows calculations of parameters 
required for assessing the radiological consequences of severe accidents at NPP with VVER reactors 
and, in addition to the basic version, describes in details the following processes: 

− Build-up of fission products (FP) and actinoids in fuel during normal operation; 

− Release of radioactive materials from fuel, their transport and deposition in RCS and/or 
steam lines; 

− Transport and deposition of radioactive materials in containment 

− Release of radioactive materials into environment. 

 One of the most important stages in the development and application of SOCRAT is the 
continuous validation both of the integral code and its individual physical models. For a comprehensive 
assessment of the models and algorithms of SOCRAT, a large amount of data obtained from separate 
effect tests and integral experiments is used. 

 The experimental programs that were used for code validation are as follows: CORA, 
QUENCH (Germany), PHEBUS (France), RASPLAV, MASCA (Russia - OECD), 
ISTC/PARAMETER, ERCOSAM-SAMARA (joint Rosatom-Euroatom project), LOFT, PBF, 
international standard problem ICSP MASLWR, ATLAS (OECD – Republic of Korea), international 
benchmark BSAF (analysis of the accident at Fukushima Daiichi NPP). 

 For example, PARAMETER project aimed at investigation of the phenomena associated with 
re-flooding of overheated VVER assemblies at early stage of a severe accident, when the core geometry 
is still mostly intact and keeps the rod-like shape. Figure 2 combines the calculated and measured 
temperatures of the claddings in fuel rod simulators in the PARAMETER/SF1 experiment. A good 
agreement of calculation results with the experimental data confirms that the models implemented in 
SOCRAT ensure correct reproduction of the evolution of test rods temperature during all course of 
experiment (heating, oxidation and reflooding), with consideration of chemical heat generation and 
convective and radiative heat transfer. This conclusion is supported by validation results obtained from 
the modeling of other experiments where core over-heating and degradation was reproduced. 

 

 

Figure 2. Comparison of the measured and calculated temperature of fuel rods in 
PARAMETER/SF1 experiment [3] 

Participation of IBRAE together with OKB GIDROPRESS in the international standard problem (ISP) 
“Evaluation of improved thermo-hydraulic system codes for designing and analyzing the safety of 
integral type reactors” is a good example of both validation against experimental data and cross-
validation with leading system codes. This standard problem was dedicated to the analytical and 
experimental study of two operating modes of the integral MASLWR reactor: accident with a feed-
water loss in the secondary circuit (test SP2) and maneuvering mode (test SP3). The experimental part 
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was performed at MASLWR integral thermohydraulic facility in Oregon State University, the analytical 
part included calculations of the experiment with integral codes RELAP, TRACE, CATHARE, 
KORSAR, SOCRAT. The calculated and measured pressures in the primary side and temperatures in 
containment in SP2 are shown in Fig. 3а. Good compliance of experimental and calculated data 
evidences of the adequacy of modeling coolant flow and heat exchange in the presence of non-
condensable gases. This is of particular importance for reactors equipped with passive safety systems. 
Figure 3b provides the coolant temperature at core inlet and coolant flow rate in test SP3. The results 
of SP3 modeling using SOCRAT demonstrated good agreement with the measurements of temperature 
and flow rate of the two-phase coolant in the natural circulation mode. 

 In general, the results of SOCRAT validation against OSU MASLWR experiments confirm that 
the thermo-hydraulics of both primary and secondary sides of a LWR reactor during initial stage of 
accident development (from initiating event to core overheating) can be correctly reproduced by 
SOCRAT. 

 

 a)   b) 

Figure 3. Results of modelling the SP-2 and SP-3 tests:  

(a) pressure in primary side and containment temperature in SP-2 test;  

(b) temperature and flow rate of coolant in SP-3 test 

 

 SOCRAT code was practically used in emergency activity of IBRAE in 2011, during severe 
accident at the units 1 to 3 of NPP “Fukushima-Daiichi”. The staff of Technical crisis center in 
IBRAE RAN used SOCRAT when making an express analysis of the accident progression [4] in 
order to get data about the timing of accident development, integrity of the cores, reactor pressure 
vessels, containments and spent fuel pools, conditions and nature of explosions (Fig. 4). Results of 
accident modeling with SOCRAT were also used to provide the near- and long term estimates of 
possible consequences of the accident at units 1-4 (Table 2). 

TABLE 2. EXPLOSIONS AT “FUKUSHIMA-DAIICHI” NPP UNITS 1-3 

Unit SOCRAT Timing Real timing 

1 12.03 16:25 12.03 15:36 

2 
(pressure peak in containment) 

15.03 05:45 15.03 06:14 

3 14.03 08:00 14.03 11:01 



 

Figure 4. Predicted generation of hydrogen at in-vessel stage of the accident at Unit 3 

 

 The following sequence of processes was analyzed: 

− Decrease of the coolant level in reactor core; 

− Increase of containment pressure; 

− Temperature increase and hydrogen generation in the core; 

− Release of hydrogen and fission products into reactor building; 

− Late stage of reactor core degradation (RPV failure, MCCI). 

 Table 2 demonstrates the calculated and actual moments of hydrogen burning at units 1-4. 
Comparison of the calculated and measured data for the mass level of coolant in reactor core of Unit 3 
and for the pressure in the primary circuit for Unit 2 is shown in Fig. 5. The figure demonstrates that 
SOCRAT code qualitatively describes the processes of heating, degradation and reflooding of reactor 
core. The accident was modeled starting with boil-off phase – immediately after the failure of the last 
safety system that provided heat removal from the core. The water inventory remaining in RPV at that 
time was estimated from a measured water level according to available TEPCO evidences. The 
assumption was used that the core power corresponded to the typical BWR decay heat curve. The 
amount of water injected in reactor from alternative sources was defined from TEPCO announcements. 
Such simplifications of the problem allowed rather fast prediction of radiological releases into 
environment and conservative dose rate estimations. 
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 a) b)  

Figure 5. Comparison of the measured and calculated parameters of BWR-4: 
a) water level in the core of Unit 3 reactor; 
b) pressure in the primary circuit of Unit 2 

 

3. CODE SOCRAT APPLICATION FOR LWR NPP SA SIMULATION AND SAFETY 
JUSTIFICATION 

 

 As a follow-up of this activity IBRAE RAN joined in 2012 the OECD-NEA Benchmark 
Study of the Accident at the Fukushima Daiichi Nuclear Power Station (BSAF) Project [5, 6]. This 
project was organized by Tokyo Engineering Power Company (TEPCO) and the Nuclear Energy 
Agency of the Organization for Economic Co-operation and Development (NEA/OECD) and 
operated by the Institute of Applied Energy, Tokyo. During Phase 1 of BSAF the results of accident 
progression modeling with SOCRAT were refined (Fig. 6-7) with the account for original data (BWR 
design, measurements, new findings) that were provided by TEPCO. This allowed to obtain more 
realistic conclusions on the expected state of the core, integrity of RPV and containment, location and 
composition of corium in units 1–3. At the same time, the major conclusions made in 2011 did not 
change (Table 3). 

 

TABLE 3. SUMMARY OF SOCRAT CALCULATION RESULTS PERFORMED IN 2011 AND 
2014 WITH SOCRAT CODE 

Results / Unit 1 2 3 

Core degradation, % 100 (80)* 100 (90-100) 65 (80) 

Integrity of RPV failed (failed) failed (intact) intact (intact) 

Mass of H2 generated in vessel, kg 1000 (580) 1100 (1100) 1400 (1200) 

Agreement with measurements (pressure, level) reasonable good good 

* data of 2011 are given in brackets 



 

Figure 6. Time dependence of PCV pressure at Unit 1 

 

 

(a) 

 

(b) 
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(c) 

Figure 7. Time dependence of RPV pressure (a) and PCV pressurization (b) during accident 
progression at Unit 2 

Since 2014 IBRAE is continuing the investigation of Fukushima accident within BSAF Phase 2. The 
major task of SOCRAT calculations consists in reconstruction of the most plausible accident scenarios 
during first weeks of the accident by coupling the scenario assumptions with all known measurements 
and results of units’ investigation. 

 Since 2014, IBRAE continues to analyze the accident at the Fukushima nuclear power plant in 
phase 2 of the BSAF project. The main task of SOCRAT calculations is to reconstruct the most likely 
accident scenarios in the first 3 weeks of the accident by combining the assumptions about the accident 
scenario with measurements provided and the results of post-accident investigation of units by TEPCO. 

 Today SOCRAT code is widely used by the leading Russian R&D organizations for analysis 
of severe accidents (design extension conditions) at NPPs with VVER. The scope of SOCRAT 
applications includes the hydrogen safety, melt retention in a core catcher, deterministic support of 
PSA-2. 

 An example of nodalization scheme for thermohydraulic model of VVER-1200 is shown in Fig. 
8. It allows a detailed modeling of design extension conditions produced by representative scenarios of 
SA commonly considered in safety assessments. 

 The list of the SOCRAT code applications to safety assessment includes the following NPPs 
with VVER: VVER-440/230 (Kola NPP), VVER-1000/320 (Balakovo NPP), VVER-1000/428 
(China), VVER-1000/412 (India), VVER-1200/392M (NVNPP-2), VVER-1200/491 (LNPP-2). 

 SOCRAT is currently used in Atomproekt JSC (Saint-Petersbourg), Atomproekt JSC 
(Moscow), OKB Gidropress (Podolsk, Moscow region), RRC Kurchatov Institute (Moscow), IPPE 
(Obninsk), and is transferred to Moscow Power Engineering Institute (technical univerity) for 
educational purposes.  



 

 

 

 a) 

 

 

 

 

b) c) 

Figure 8. Example of nodalization scheme of VVER-1200 primary side 

RPV; b) hot leg with pressurizer; c) recirculation loop without pressurizer 

 

4. CONCLUSION 

  

SOСRAT is an integral severe accident analysis code that was developed by IBRAE RAN in 
collaboration with VNIIEF, SPbAEP (currently Atomproekt), EREC, IPPE, “Kurchatov Institute”, 
Concern Rosenergoatom. SOCRAT implements state-of-the-art models allowing a best-estimate 
analysis of severe accidents progression at VVERs from initial event up to FP release to environment. 
The code has been thoroughly validated and is currently used in safety assessments of NPPs with 
LWR at different stages of severe accidents, including core degradation and long-term melt retention 
in a core catcher, as well as for deterministic calculation of FP source term. 
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Abstract.The State-of-the-Art Reactor Consequence Analyses (SOARCA) project published 
best estimate analyses for select accident scenarios at the Peach Bottom Atomic Power Station and 
Surry Power Station in 2013 [1, 2, 3].This work was followed by a first of a kind integrated uncertainty 
analysis (UA) performed on the SOARCA unmitigated long term station blackout (LTSBO) scenario 
for Peach Bottom [4].The approach developed for the Peach Bottom UA was implemented in the Surry 
Power Station and Sequoyah Nuclear Plant UAs for an unmitigated short-term station blackout 
(STSBO) scenario [5, 6].TheseUA projects included an integrated Monte Carlo analysis using the 
MELCOR and MACCS (MELCOR Accident Consequence Code System) codes [8, 4].Regression 
analyses and separate sensitivity analyses were conducted to understand the contributions of individual 
uncertain inputs to the uncertainty in analysis results. Single realizations were analyzed to investigate 
individual parameter effects, typically associated with the extreme bounds, and to confirm 
phenomenological explanations of variations in system behavior and results.Consistent with the UAs, 
rank regression, quadratic regression, recursive partitioning, and multivariate adoptive regression 
splines (MARS) techniques were used to identify the importance of the input parameters with regard to 
the uncertainty of the results. These analyses provide insights into the sensitivity of the best estimate 
results to selected model inputs, corroborate the conclusions of the original SOARCA study, and further 
extend the body of knowledge on severe reactor accidents. 

 

KeywordsUncertainty Analysis, Sensitivity Analysis, Severe Accidents, MELCOR, MACCS 

 

1. INTRODUCTION 

 

The U.S. Nuclear Regulatory Commission (NRC) initiated the SOARCA project to develop 
current realistic evaluations of the offsite radiological health consequences for potential severe reactor 
accidents for two pilot plants: The Peach Bottom Atomic Power Station, a boiling-water reactor (BWR) 
in Pennsylvania, and the Surry Power Station, a pressurized-water reactor (PWR) in Virginia. The 
SOARCA project evaluated plant improvements and changes not reflected in earlier NRC publications 
from 1975-1990. 

                                                           
2Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering 

Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy’s 
National Nuclear Security Administration under contract DE-NA0003525.  
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This paper describes the integrated UAs for the SOARCA project that were directed by the 
NRC and conducted by Sandia National Laboratories (SNL).These UAs evaluate the SOARCA 
unmitigated LTSBO scenario for Peach Bottom and unmitigated STSBO scenarios for Surry and 
Sequoyah (PWRs) [4, 5, 6].The analyses used the existing SOARCA models implemented in the 
MELCOR code for accident progression and release analysis, the MACCS code for offsite consequence 
analysis, and a representative set of important uncertain parameters.The UAs used NRC, industry, and 
experimental data and expert judgment supplemented with limited external peer review to select a set 
of uncertain parameters to include in each study, and distributions representing the current state-of-
knowledge for each parameter.The uncertainty in these parameters was then propagated to release and 
offsite radiological health consequence results (i.e., individual latent cancer fatality risk and individual 
early fatality risk) using a two-step Monte Carlo simulation process. A variety of techniques were used 
to examine the results including regression analyses, study of select individual Monte Carlo samples, 
scatter plots, and supplemental separate sensitivity analyses. The approach employed by SNL and the 
NRC within the SOARCA project is a case study for a comprehensive uncertainty analysis methodology 
to quantify the uncertainty in simulation results, and the relative impact of uncertain model parameters 
on predicted accident consequences.  

Computer codes, such as MELCOR [7, 8, 9 ] and MACCS [10, 4, 5], dynamically model the 
initiation and progression of a reactor accident (MELCOR) through potential radiological release and 
atmospheric dispersion, as well as environmental and health consequences (MACCS). Severe accident 
modeling representsthe convergence of a largenumber of situational variants and uncertain inputs. 
Uncertainty and sensitivity analysis prove instrumental in producing useful and informative 
simulations. MELCOR is a modern system-level analysis code which models severe reactor accident 
phenomena including thermal-hydraulic response; core heat-up, degradation, and relocation; hydrogen 
production; transportation; combustion; and fission product release and transport behavior. MACCS 
modeling capabilities represent important aspects of radionuclide atmospheric transport, emergency 
response, and dose response to radiation exposure. 

 

2. PEACH BOTTOM UNCERTAINTY ANALYSIS INSIGHTS 

 

The Peach Bottom unmitigated LTSBO uncertainty analysis (UA) [4]confirmed some known 
insights, and also uncovered new insights.  For example, while it was recognized in the original 
SOARCA Peach Bottom best estimate analysis that a MSL rupture may occur, and a separate sensitivity 
analysis was performed, the range of conditions that lead to MSL rupture was not fully appreciated until 
the completion of the Peach Bottom UA.  Performing the source term calculations of the Peach Bottom 
UA revealed three groupings of similar accident progression sequences within the Peach Bottom 
unmitigated LTSBO scenario from 865 realizations: 

1. Early stochastic failure of the cycling safety relief valve (SRV), which was the deterministic 
SOARCA scenario in NUREG-1935 [1];  

2. Thermal failure of the SRV without main steam line (MSL) creep rupture; and  
3. Thermal failure of the SRV with MSL creep rupture. 

The three sequence groups exhibited differences in release magnitude, with MSL failure 
generally leading to the largest environmental releases.The majority of samples in this uncertainty 
analysis resulted in larger iodine and cesium releases than the SOARCA project calculated [2] because 
early stochastic failure of the cycling SRV generally leads to smaller releases.The accident progression 
path depended on the values sampled for a couple of key uncertain variables:the SRV stochastic failure 
rate (the rate at which the SRV fails to close on demand, thereby remaining fully open), and the SRV 
open area fraction if the SRV fails thermally.The data supporting the uncertainty distributions for these 
two variables is sparse due to the low frequency of operational failures and infeasibility of duplicating 
severe accident conditions in experiments.Similarly, there was considerable uncertainty in the selection 



of appropriate distributions for other important variables, such as the size of the opening that results 
from core melt contacting and failing the drywell liner. As a result, this uncertainty analysis was most 
useful in uncovering important influences, and defining the plausible range in accident progression and 
consequences given uncertainty in the input parameters studied.The relative likelihood of different 
results within the range, on the other hand, still retains considerable uncertainty given the scarcity of 
relevant data to support the definition of some key input distributions.Another unexpected insight from 
the Peach Bottom UA was that sometimes, it was more beneficial, from the perspective of lower cesium 
releases, to have cesium specified as cesium hydroxide rather than cesium molybdate.  This was 
unexpected because conventional thinking was that cesium molybdate would result in lower releases 
because of lower vapor pressures.  However, SME investigation into individual realizations revealed 
that cesium hydroxide was getting chemisorbed and trapped on RPV internals if temperatures were 
sufficiently high (existing MELCOR modeling of a confirmed physical phenomenon), introducing a 
temperature dependency on which chemical form is beneficial in a given accident progression. 

Overall, several influences were found to strongly affect the magnitude of the source term (the 
magnitude of cesium and/or iodine releases); the following were found to be influential: 

− Whether the SRV sticks open before or after the onset of core damage, with higher releases 
if after core damage, and the SRV open area if the SRV fails thermally rather than 
stochastically, 

− whether MSL creep rupture occurs (largely determined by the two SRV factors above), 
with higher releases if MSL failure occurs due to fission products being vented straight to 
the drywell and thus bypassing wetwell scrubbing, 

− the amount of cesium chemisorbed (if any) from cesium hydroxide (CsOH) into the 
stainless steel of reactor pressure vessel (RPV) internals; more chemisorption results in less 
cesium release to the environment for high-temperature scenarios such as MSL creep 
rupture, 

− whether core debris relocates from the RPV to the reactor cavity all at once or over an 
extended period of time with relocation all at once leading to lower releases to the 
environment, 

− the degree of oxidation, primarily fuel-cladding oxidation, occurring within the vessel with 
greater oxidation resulting in larger releases, and 

− whether a surge of water from the wetwell up onto the drywell floor occurs at drywell liner 
melt-through (which depends on the sampled value of the drywell liner open area), with the 
development of a wetwell water surge leading to larger releases. 

 FIG.  shows the fraction of the iodine core inventory released to the environment over 
time.FIG.  shows the fraction of cesium core inventory released to the environment over time.The 
earliest releases in this UA began after 10 hours, which provided sufficient time to implement planned 
protective actions.TABLE  shows the distribution of results for the conditional, mean, individual latent 
cancer fatality (LCF) risk assuming the linear-no-threshold (LNT) dose-response hypothesis.All of the 
regression methods used in the analysis consistently ranked the following parameters as the most 
important input variables for LCF risk: 

1. The MACCS dry deposition velocity,  
2. The MELCOR SRV stochastic failure rate, and  
3. The MACCS risk factor for cancer fatality for the ‘residual’ organ3. 

                                                           
3The ‘residual’ organ is represented by the pancreas and is used to define all latent cancers not specifically accounted for in 

the MACCS model.The pancreas is chosen to be a representative soft tissue. 
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FIG. 1. Peach Bottom UA iodine environmental release fraction for 48 hours 

 
TABLE 1. PEACH BOTTOM UA CONDITIONAL, MEAN4, INDIVIDUAL LCF RISK (PER 

EVENT) AVERAGED STATISTICS FOR CIRCULAR AREAS AROUND THE PLANT. 
  0-10 miles 0-20 miles 0-50 miles 

5th percentile 3 x 10-5 5 x 10-5 2 x 10-5 
Median 1 x 10-4 2 x 10-4 7 x 10-5 
Mean 2 x 10-4 3 x 10-4 1 x 10-4 
95th percentile 4 x 10-4 8 x 10-4 3 x 10-4 
Peach Bottom UA Reference Case 9 x 10-5 8 x 10-5 3 x 10-5 

 

The following additional variables also consistently showed some level of importance at all 
circular areas in at least one of the regression methods:  

− The MELCOR fuel failure criterion, 
− the MELCOR drywell liner melt-through open area, 
− the MACCSdose and dose-rate effectiveness factor for the ‘residual’ organ.  

The MELCOR variables indicated as significant included those that were responsible for much 
of the variance in the source term (environmental releases).The MACCS dry deposition velocity 
describes how fast radionuclides deposit on the ground, and groundshine is the major contributor to 
long-term doses.While wet deposition (during precipitation events) more rapidly deposits radionuclides 
on the ground, the wet deposition parameters are not as important because precipitation occurs only 

                                                           
4The ‘mean’ within this context is in reference to the expected value over sampled weather conditions representing a year of 

meteorological data and over the entire residential population within a circular region. This is also applicable for early-
fatality risk results. 



~7% of the time at the Peach Bottom site.The MACCS risk factor for cancer together with the dose and 
dose-rate effectiveness factor determine the potential lethality of a given dose assuming the LNT dose 
response model. 

 

 
FIG. 2. Peach Bottom UA cesium environmental release fraction for 48 hours 

 

2.1 Conclusions from the Peach BottomUncertainty Analysis 

In explaining the variations in possible source terms and consequences, the use of more 
advanced non-linear regression techniques (quadratic regression, recursive partitioning, and 
multivariate adaptive regression splines) proved to be advantageous because they capture interaction 
effects and non-monotonic effects missed by the linear rank regression technique.Interaction effects 
among variables and non-monotonic effects are common in complex systems, such as nuclear power 
plant systems and environmental factors during and after a severe accident.Furthermore, the use of 
select single-realization analyses proved useful in validating the results of the statistical regression 
analyses through phenomenological explanations. 

The uncertainty analysis documented in NUREG/CR-7155 corroborates the SOARCA project 
(NUREG-1935) conclusions with the following: 

 
− Public health consequences from severe nuclear accident scenarios modeled are smaller 

than those projected in NUREG/CR-2239. 
− The delay in releases calculated provide more time for emergency response actions. 
− ‘Essentially zero’ absolute early fatality risk is projected. 



 

69 
 

− The long-term phase dominates the overall health effect risk within the 10-mile emergency 
planning zone (EPZ) because the emergency response is expected to be effective prior to 
the onset of environmental release. 

− A major determinant of source term magnitude is whether the SRV sticks open before or 
after the onset of core damage.Compounding this effect is whether or not MSL creep 
rupture occurs, which leads to higher environmental releases and consequences. 

− Health-effect risks do not vary as much as the source terms (environmental releases) 
because people are not allowed to return until doses are below the habitability criterion. 

− This analysis confirms the known importance of some phenomena (e.g., the dry deposition 
velocity in MACCS), and reveals some new phenomenological insights (e.g., the 
importance of the drywell liner melt-through area in MELCOR). 

− The use of multiple regression techniques provides better explanatory power of which input 
parameters are most important to uncertainty in the results. 

 

3.SURRY UNCERTAINTY ANALYSIS INSIGHTS 

 

The draftSurry unmitigated STSBO uncertainty analysis5 [5] was based on 1003 realizations. 
One of the more interesting aspects of the study included modeling the conditions that could induce a 
steam generator tube rupture (SGTR) due to the SBO. In the draft Surry UA,an SGTR occurred in 10% 
of realizations, and a hot leg nozzle rupture occurred in the other 90%; in every realization that an SGTR 
occurred, a hot leg nozzle rupture also occurred.  The majority of the realizations also had a failure to 
close of one or more safety valves (SVs)on the secondary and primary sides. 

The uncertainty analyses produced sets of time-dependent results (e.g., horsetail plots) which 
were used in the analysis.FIG. 11, shows the horsetails for cesium release over the 48-hour analysis 
period.A wide spread is observed between the calculated mean, median, and 95th percentile curves. The 
95th percentile falls within the population of SGTR realizations (those in the upper portion of FIG. 11), 
the median falls within the non-SGTR realizations, while the mean is in between the two where no 
actual realizations exist. There is a significant time difference between the mean and median, with the 
median releasebeginning much later in time. This is an artifact of the pointwise calculations of mean 
and median over a bimodal population. Because the SGTR releases are about two orders of magnitude 
higher than the other runs, they disproportionally influence the mean, which is not representative of any 
specific realization.  

The most influential parameters contributing to cesium and iodine environmental release 
fractions for non-SGTR are time at cycle (e.g., burnup), nominal leakage, the containment failure curve, 
and dynamic shape factor. The first three influence containment pressurization rates and determine the 
open area from the containment to the environment, while dynamic shape factor influences 
agglomeration and deposition rates for aerosols before release. The time at cycle parameter is specific 
to Surry and very well understood, while nominal leakage and the dynamic shape factor are based on 
technical specifications and experimental results, respectively. There is slightly lower confidence in the 
containment failure curve (CFC) model, based on difficulties scaling from the 1/6th scale tests from 
which the model was created, but the yield-before-rupture behavior was confirmed as more realistic by 
structural experts. Important for iodine release fractions but not cesium was the fraction of gaseous 
iodine, because it does not deposit on structures but remains airborne. Thus, it is released in much higher 
percentages than aerosolized cesium iodine (CsI). The two parameters that determine the amount of 
gaseous iodine, time at cycle and chemical form of iodine, are both identified as significant main 
contributors by the regression analyses.  

 

                                                           
5 The Surry uncertainty analysis is being updated and the revised report is forthcoming in 2018.  



 
FIG. 11Surry UA cesium environmental release fraction for 48 hours 

 

The two parameters that show the highest importance in determining whether an SGTR occurs 
are the initial tube thickness of the most damaged steam generator tube in the hottest region, and the 
fraction of the full open area of a primary or secondary SV at the time it fails. The tube thickness 
parameter directly affects the initial damage state of one of the steam generator tubes.The SV open area 
parameter influences the depressurization of either the primary or secondary after SV failures to close, 
and thus controls the pressure differential across the damaged steam generator tube. Testing of SGTR 
realizations, through one-off calculations showed that a pressure differential of 1000 psi or more was 
needed during core damage to induce the SGTR. Additionally, the magnitude of releases for an SGTR 
is primarily driven by the time between the SGTR and hot leg creep rupture, because before hot leg 
rupture, the SGTR is the primary transport path for radionuclides released from the fuel.  

The MACCS results were generated assuming the LNT dose-response hypothesis. Like the 
original SOARCA study [1, 3], the Surry UA demonstrates that early fatality risks are negligible, 
essentially zero, and LCF risks are even lower than those evaluated in the original SOARCA study. 
TABLE  shows the mean LCF risks from this UA.  

The most influential input parameters were identified with respect to the figures of merit: 

− For releases in non-SGTR realizations, the most important parameters were time within the 
fuel burnup cycle, containment design leakage, the containment failure curve, and the 
dynamic shape factor for radionuclide particles. For iodine, the amount that was assumed 
to be gaseous was important, which is determined by time within the fuel burnup cycle and 
chemical form of iodine. 

− Primary SV open fraction and tube thickness were the main determinants regarding whether 
an SGTR occurred, and secondary SV open fraction had the highest importance in cesium 
and iodineenvironmental release fractions for SGTR releases.  

− For LCF risk, steam generator tube thickness and SV open area fraction are the most 
influential parameters.These two parameters largely determine whether the accident 
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progresses toward a SGTR. Thus, they have an important influence on magnitude and 
timing of the environmental release which directly influences LCF risk. 

o Three other parameters have an effect on LCF risk. These are time within the 
fuelburnup cycle, groundshine shielding factor, and containment design leakage.  

− The most important parameter in the Peach Bottom UA [4], dry deposition velocity, is not 
shown to be very important in the Surry UA. This may be because the distribution for dry 
deposition velocity was refined for the Surry UA or it may be because some other 
parameters are relatively more important (e.g., the parameters that influence the occurrence 
of SGTR). The rationale for the narrower distribution is that the one used in the Peach 
Bottom UA reflects variations from one weather instance to another, not variations in the 
best value to use for an entire year of weather data. 

 

TABLE 2. SURRY UA CONDITIONAL, MEAN, INDIVIDUAL LCF RISK (PER EVENT) 
AVERAGED STATISTICS FOR SPECIFIED RADIAL DISTANCES AROUND THE PLANT. 

 0-10 miles 10-20 miles 0-50 miles 
UA Mean 3 x 10-5 1 x 10-5 5 x 10-6 
UA Median 6 x 10-6 2 x 10-6 9 x 10-7 
UA 5th percentile 7 x 10-7 2 x 10-7 1 x 10-7 
UA 95th percentile 2 x 10-4 7 x 10-5 4 x 10-5 

SOARCA estimate, STSBO 1 x 10-4 N/A 2 x 10-5 
SOARCA estimate, STSBO with SGTR 3 x 10-4 N/A 7 x 10-5 

 

Conclusions from the Surry Uncertainty Analysis 

The Surry UA modeled distributions for parameter values that were historically modeled with 
fixed values and applied multiple non-linear regression techniques to support an understanding of the 
results. Such an analysis produces substantial information, and a summary of important insights is 
provided: 

− SGTRs occurred in about 10% of the realizations and had environmental release fractions 
one to two orders of magnitude larger than non-SGTR realizations.  

− SGTRs always included both a thermal and pressure element. 
− In most of the realizations, iodine and cesium environmental release fractions were higher 

early in the transient than the original Surry SOARCA calculation [3], but all were lower 
at 48 hours, except that cesium was equal in a few realizations. 

− Lower release fractions at 48 hours were primarily driven by time at cycle sampling, higher 
nominal containment leakage, and changes to the containment failure model (i.e., gradually 
degrading containment versus sudden catastrophic failure). All of these updates lead to 
slower containment pressurization and the leak-before-break failure modeling prevents 
large amounts of revaporization. 

− The LCF risk was observed lower than the original Surry SOARCA calculation [3], and is 
attributable to the lower source terms from the UA (again due to more realistic containment 
degradation modeling). 

− The consequence analysis showed that the LCF risk distribution is much narrower when 
only uncertain consequence parameters are considered than when both source-term and 
consequence parameters are considered in the analysis. It appears the results are more 
heavily influenced by uncertainties in source term than by uncertain consequence 
parameters, just as they were for the Peach Bottom [4]. While this is true when only LNT 
is considered, uncertainties in LCF risks are created by uncertainties in the type of dose-
response model used (e.g., dose truncation models), and most likely would alter this 
conclusion, if dose response had been included as part of the integrated uncertainty analysis. 

− In the number of steam generator tubes joint sensitivity analysis, one realization with five 
tubes failing had no hot leg creep rupture failure leading to the highest release fractions.  



 

4. SEQUOYAH UNCERTAINTY ANALYSIS INSIGHTS 

 

The Sequoyah SOARCA analyses [6] focused on insights unique to the ice condenser 
containment and potential vulnerabilities to hydrogen challenges and insights are based 567 
realizations.Ice condenser containment-specific and hydrogen-specific considerations were added as 
uncertain parameters. 

This analysis indicates that if containment does not rupture early following the first burn (within 
12 hours), subsequent hydrogen burns are not energetic enough to rupture the steel containment vessel 
later in the sequence because of decreasing hydrogen concentrations. Due to consumption of oxygen 
during burns, ongoing vaporization of ice melt, and non-condensable gas generation from core-concrete 
interactions (CCI), the reduced oxygen concentration in containment is observed to the point where it 
is insufficient to support further burning. Deflagrations cease but containment continues to pressurize 
as fission product decay heat incessantly drives vaporization of ice melt and non-condensable gas 
generation. The pressurization is monotonic and most often pressurizes containment to rupture prior to 
72 hours (end of simulation time). Notable exceptions to this are realizations having beginning of cycle 
(BOC) representations of the Sequoyah reactor core. None of the BOC realizations over pressurized 
containment by 72 hours due to the lower decay heat.Additionally, the sampled value of containment 
rupture pressure was seen as crucial to whether or not containment fails early. Of paramount importance 
to whether or not an early containment failure occurs is the amount of hydrogen that accumulates in the 
containment dome prior to the first deflagration. In order for this to happen, much of the hydrogen 
generated in-vessel must migrate to the containment dome and be burned there. In interpreting this 
result, the following should be considered: 

1. For this study, burns are allowed to originate only in the lower containment, and therefore 
for burning to occur in the dome, a burn must first have ignited in lower containment and 
subsequently propagate to the dome. 

2. Burns are ignited only by: 
a. Hot gases issuing from a hot leg breach, 
b. Hot gases issuing from the PRT, or 
c. Core debris on the containment floor. 

3. Pressures developed in the upper containment,which are from burns ignited in the lower 
containment and subsequently propagate to the dome, can be markedly higher than 
pressures developed in lower containment. 

4. The containment vessel has been determined to be weakest at the equipment hatch and thus 
containment rupture is triggered on excessive pressure in upper containment as opposed to 
excessive pressure in lower containment. 

Early ignition of a hydrogen deflagration by hot gasses issuing from the PRT can preempt the 
accumulation of hydrogen in the containment dome such that a large deflagration, which otherwise 
would have failed containment, does not materialize. However, this is not always the case. 

The rupture pressure, time within the fuel burnup cycle, and melting temperature of the eutectic 
formed between ZrO2 and UO2 are the most influential parameters on the time of rupture. The aggregate 
primary SV cycles for a three-valve system failure to close is indicated as having a strong conjoint 
influence and effectively no main influence for the non-linear regressions. The rupture time is highly 
dependent upon time within the fuel burnup cycle, with the beginning of cycle (BOC) realizations 
failing much later than either middle of cycle (MOC) and end of cycle (EOC) realizations. The 
difference between MOC and EOC realizations is comparatively less significant. 

The time within the fuel burnup cycle is significant for both cesium and iodine environmental 
release, varying from ‘nearly zero’ for BOC realizations and then increasing in magnitude and 
decreasing in timing between MOC and EOC conditions. The aggregate number of primary SV cycles 
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for a three-valve system failure to close is also significant, and the results are consistent with 
deterministic analyses [6]. The primary SV cycle parameter also has high interaction effects for both 
the cesium and iodine non-linear regressions. No other parameters were identified as having significant 
effect on cesium or iodine environmental release. Generally, cesium and iodine environmental release 
is minimal until about 42 hours into the simulation, and increases significantly from 48 hours to 72 
hours, as seen in FIG. 12; RLZ 266 is the reference realization, selected based upon near-median values 
for all figures of merit, and the 5th percentile falls below 10-5 environmental release fraction.  

The MACCS model was developed assuming the large seismic initiating event affects the 
evacuation routes. This Sequoyah SOARCA approach differs from earlier Peach Bottom [2, 4] and 
Surry [3, 5] SOARCA efforts with regard to the state of infrastructure assumed. In those analyses, 
impacts on evacuation road networks and infrastructure were considered in sensitivity analyses rather 
than as part of their respective UAs.Sequoyah roadway access and capacity are affected by the 
assumption that bridges in the 10-mile EPZ are unusable. The infrastructure beyond the Sequoyah EPZ 
is assumed to be unaffected by the earthquake. Since it is difficult to consider all potential scenarios 
with respect to damage incurred within the EPZ, the primary factors modeled in this study are the 
evacuation speeds and delays due to the loss of roadways with bridges. 

Assuming the LNT dose-response, LCF risks generally decrease with increasing distance from 
Sequoyah; see TABLE . Contributions from the long-term phase risks dominate the emergency-phase 
risks for the large majority of the realizations. Similar to the results from the Peach Bottom and Surry 
SOARCA UAs [4, 5], the Sequoyah analyses show essentially zero early fatality risk, and a low LCF 
risk for the affected population. Even for STSBO variations leading to early containment failure, release 
to the environment begins prior to the completion of the 10-mile EPZ evacuation. LCF risk calculations 
are generally dominated by long-term exposure to small annual doses (below 2 rem in the first year 
after the accident and below 500 mrem per year in subsequent years corresponding to the habitability 
criterion) for populations exposed to residual contamination over a long period of time.  

Regression analyses indicate that the time within the fuel burnup cycle when the accident occurs 
has the largest influence on consequences. Within the EPZ, three MACCS parameters and two 
additional MELCOR parameters are also assessed as important. The MACCS parameters are the cancer 
risk factors for residual and colon organs, and the long-term groundshine shielding factor.The cancer 
fatality risk factor for the ‘residual’ organ6 represents all of the cancer types not specifically treated in 
MACCS.The MELCOR parameters are the aggregate primary SV cycles and containment rupture 
pressure. Two additional MACCS parameters are important at further distances presented in the 
regression analysis; the cancer risk factor for lung cancer and normal relocation time.  

 

                                                           
6MACCS uses eight cancer sites (organs), seven of which are specific (lung, red bone marrow, bone, breast, thyroid, liver, and 

colon) and the last of which (residual) represents the cancers not explicitly modeled and is based on the dose for the pancreas, 
which is used as a surrogate for other soft tissues. 



 

FIG. 12 Sequoyah UA cesium environmental release fraction for 72 hours. 
 

TABLE 3. SEQUOYAH UA CONDITIONAL, MEAN, INDIVIDUAL LCF RISK (PER EVENT) 
AVERAGED STATISTICS FOR SPECIFIED RADIAL DISTANCES AROUND THE PLANT. 

 0-10 miles 10-20 miles 0-50 miles 
Mean 8 x 10-5 1 x 10-4 9 x 10-5 
Median 7 x 10-5 8 x 10-5 8 x 10-5 
5th percentile 1 x 10-8 3 x 10-9 2 x 10-9 
95th percentile 2 x 10-4 3 x 10-4 2 x 10-4 

 

Specific to the MELCOR parameters, aggregate primary SV cycles is significant with respect 
to uncertainty in individual LCF risk for the 0-10 and 10-20 mile ranges, but not for ranges beyond 
those. This parameter influences hydrogen buildup in containment and the potential for early 
containment failure, leading to early releases. An early release has the potential to affect evacuees within 
the EPZ and shadow evacuees from 10 to 15 miles because some of the evacuees can be directly affected 
by the plume. This parameter has a lesser influence on the non-evacuating population who are assumed 
to remain in place at the start of release regardless of release timing. 

The time within the fuel burnup cycle is consistently significant at all distances and is driven 
by its strong influence on the magnitude of the source term. Consequences are more severe as this 
parameter increases, but the differences are more profound between BOC and MOC/EOC and less 
profound between MOC and EOC.  

Containment rupture pressure is also significant nearer the plant, but not significant within the 
30 to 40 and 40 to 50 mile ranges. The pressure at which containment ruptures is correlated negatively 
with consequences, which means consequences decrease as containment failure pressure 
increases.Lower containment failure pressure generally corresponds to earlier containment failure. 
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Correspondingly, a higher failure pressure translates to a delay in containment failure timing which 
benefits both evacuation timing as well as airborne fallout effectiveness within the containment. 

Specific to the MACCS parameters, the long-term groundshine shielding factor is only 
indicated as significant in the 10 mile EPZ. This parameter is a factor in the equation for groundshine 
dose, so risk increases with this factor. The cancer risk factors have high significance with the colon 
and residual factors consistently indicated as significant, though in differing orders at specified radial 
distances; these are the two largest of the LCF risk factors and both appear as multipliers in terms of 
the equation for individual LCF risk.  

 

Conclusions from the Sequoyah Uncertainty Analysis 

For all MELCOR output figures of merit (i.e., containment rupture timing, environmental 
cesium and iodine release, and in-vessel hydrogen production), the greatest influence on the UA was 
SV behavior.While the SV failure-to-close and open-area-fraction upon failure-to-close was 
investigated further and distributions updated in the Sequoyah UA, large uncertainties remain with 
respect to the true SV failure rates and behavior during severe accidents, due to sparse relevant data. 

The Sequoyah SOARCA analyses reinforce the results of past analyses [14] of ice condenser 
containments showing that successful use of igniters is effective in averting early containment failure. 
Even for scenarios resulting in early containment failure (radioactive release to the environment prior 
to completion of evacuation for the 10-mile EPZ), resulting LCF risks are small and early fatality risk 
is essentially zero.  

 

5. CONCLUSION 

 

These UAs corroborate the conclusions from the SOARCA study [1, 2, 3 ] that: 

1. The public health consequences from severe nuclear accidents modeled are smaller 
than previously calculated; 

2. delayed releases calculated provide more time for emergency response actions such as 
evacuation and, hence, the long-term dominates health effect risks; and  

3. negligible early fatality risk is projected. 

The SOARCA analyses of these three pilot plants have been useful in many ways beyond their 
original objectives. The SOARCA UA project results, insights, computer code models, and modeling 
best practices have supported NRC rulemaking, licensing, and oversight efforts as well as facilitated 
international cooperation and knowledge management. Additionally, the process of conducting such 
detailed analyses has developed NRC staff expertise in a variety of important technical areas including 
severe accident progression, environmental source terms, atmospheric transport and dispersion, offsite 
consequence analysis, emergency preparedness and response, dosimetry, health effects, uncertainty 
analysis, and risk communication. The SOARCA project also identified improvements in NRC 
analytical tools and associated severe accident analysis methodologies, including parametric 
uncertainty analysis. The improvement of tools, methodologies, and of staff technical expertise 
improves NRC’s capabilities to carry out its mission to protect public health and safety, and the 
environment. 

Uncertainty analyses for complex systems have successfully played a central role in many 
applications supporting nuclear reactor safety analysis. Coupling regression methodology with a 
probabilistic analysis using phenomenologically-driven deterministic models allows for qualitative and 
quantitative measures of the model and parameter uncertainties when using MELCOR and MACCS to 
evaluate the system response to postulated severe reactor accident scenarios, potential release of 



radionuclides, and potential human health impacts. The use of multiple statistical regression 
modelsquantitatively correlates parameter uncertainty with result dependencies. It is necessary to 
support the understanding of uncertainties with phenomenology which ultimately builds confidence in 
the regression results that identify important effects due to model or parameter uncertainties.  
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Abstract. This paper provides an evaluation of combustible gas (hydrogen and carbon 
monoxide) ex-vessel characteristics during severe accidents. The evaluation includes the following sub-
topics: (1) PAR sizing criteria description, (2) Generation and recombination of CO, (3) Ex-vessel 
combustible gas generation impacted by specific concrete (depending on water fraction) composition, 
(4) Ex-vessel hydrogen generation impacted by rebar density in concrete, (5) Implication of the above 
mentioned phenomena on PAR sizing.The tested scenario for PAR sizing is a small break loss of coolant 
accident and severe accident phenomenological analyses are performed using the MAAP5 (Modular 
Accident Analysis Program) computer program 1. 

 
Keywords: Generation and recombination of CO, Ex-vessel hydrogen generation, MAAP5 

 

1. INTRODUCTION 

 

Various risk studies have shown that hydrogen and carbon monoxide combustion is one of the 
risk contributors to containment failure in the case of a severe accident in a nuclear power plant. 
Therefore combustible gas mitigation and control systems like recombiners, igniters or inertisation 
measures have been proposed, developed and implemented in many NPPs. In-vessel hydrogen is 
generated during core degradation starting with the core uncovery and heatup, with start of melting and 
relocation of reactor materials and by formation of a molten pool in the core area, relocation of the pool 
to the lower plenum of the pressure vessel, up to failure of the lower head. Reactor materials, for 
instance Zircaloy and steel are oxidised and hence hydrogen is produced at different stages of the melt 
progression. The amount produced and the production rate depend heavily on boundary conditions 
including participating masses, surface areas, availability of water and steam, temperature ranges, and 
degree of pre-oxidation of materials. Ex-vessel combustible gas generation starts after reactor vessel 
failure when the molten pool debris attacks the reactor cavity and core-concrete interaction starts. 
During core-concrete interaction, the primary source of uncertainty is the initial amount of metal in the 
corium, which is in turn dominated by the extent of Zr oxidation during the in-vessel phase of the 
accident. Dry core-concrete interaction has been investigated in a number of experimental and 
theoretical programs and therefore the process of hydrogen and carbon monoxide production during 
MCCI is well understood and characterized. Nevertheless the analysis presented in this paper 
emphasizes hydrogen and carbon monoxide generation dependence on water mass fraction and rebar 
density defined in the concrete composition. Variations in both can lead to strong alterations in ex-
vessel combustible gas generation rate and consequently impact the PAR sizing. 
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2. PAR SIZING CRITERIA FOR EX-VESSEL COMBUSTIBLE GAS SOURCE 

PAR sizing is controlled by ex-vessel sequence progression, since the presence of PARs has 
little impact on peak hydrogen concentration during the in-vessel phase; therefore the following 
general criteria were defined and used in the severe accident analysis for PAR sizing: 

− Criterion 1: Conditions supporting flame accelerations or deflagration-to-detonation 
transition (DDT) are not permitted. This leads to a limit of (H2 + CO) < 10 % 
concentration by volume when the mixture is flammable. The limit is applied for all 
compartments. 

− Criterion 2: Deflagration loads not to exceed 5%ile containment failure pressure (or SCG-
2 entry), based on AICC calculation for slow deflagrations. 

− Criterion 3: This criterion addresses limits imposed by the installation of a severe accident 
containment vent system. Assuming a lowest vent actuation pressure at the same 
containment pressure as in Criterion 2, flammable conditions must not occur within the 
vent system, even if all steam in the vented gas mixture is condensed. 

 

2.1 Basis for Criterion 1 

Reference 2 states that for hydrogen concentrations above 10 % flame acceleration or DDT 
cannot be excluded. The aim of the Criterion 1 for in-vessel and the ex-vessel hydrogen source and for 
carbon monoxide source is to limit the total (H2 + CO) mixture volumetric concentration to below 10 
% per volume. 

The use of 10vol% as a lower limit for the potential onset of flame acceleration is also supported 
by the CSNI’s state of the art report 3 (see Figure 1). When the only flammable gas present is hydrogen, 
Criterion 1 limits the concentration of hydrogen to 10vol%. When both hydrogen and CO are present 
as “fuels”, the criterion limits the sum of the hydrogen and CO concentrations to 10vol%. 

In Ref.4 there is an extensive discussion of detonation cell width, and the mixture conditions 
that can influence it. Detonation cell width can be used directly as a criterion for determining the 
vulnerability of a given mixture, in a given geometry, to DDT (see discussion of the L>7λ criterion in 
3). The discussion on detonation cell widths in 4 derives the following inference from calculated cell 
widths with CO addition: “If the results are plotted on the basis of overall stoichiometry, there does not 
appear to be any observable change in the cell width with CO addition. Since hydrogen and CO both 
have the same stoichiometry, replacing hydrogen with carbon monoxide does not seem to affect the cell 
widths”. This can also be seen on thefigure found in Ref.4. 

Section B.6 in Ref.3 also discusses detonability of hydrogen-containing mixtures with CO2, 
H2O, and N2, and states: “the additional combustible gas (carbon monoxide) decreases the limiting 
concentration of hydrogen in the mixture proportionally to the carbon monoxide concentration”, which 
is consistent with the results of the Fig. 2. The implication of these results is that a FA / DDT limit 
based on < 10 % hydrogen concentration in a H2–air–steam mixture should be replaced by a limit of < 
10 % total fuel concentration (H2+CO) for a H2–air–steam–CO mixture. 

 



 

FIG. 1.Limits of flame acceleration for hydrogen-air-steam mixtures at T = 375 K and P = 1 
atm. (Figure 3.2.4-1 in Ref.3) 

 

Although 3 and 4 (CSNI reports) are considered to be the best references, other sources confirm 
this choice of 10 % limit for possible onset of flame acceleration 5 where it is stated that for hydrogen 
concentrations above about 10 % flame acceleration is observed. Therefore we regard the CSNI report 
as a more robust and less ambiguous reference for the selection of the 10 % limit. Also, in the IAEA 
TECDOC 2, it is stated (page 48): “For low hydrogen concentration, below 10 %, flame speed is 
expected to be subsonic and laminar combustion will occur. In that case, laminar combustion leads to a 
quasi-static pressure increase, which is covered by the adiabatic complete isochoric combustion 
pressure (AICC)”. The same page also states: “For higher hydrogen concentration, above 10 %, 
experimental results have shown that flame acceleration could occur and reach the sound velocity. Fast 
hydrogen deflagration in an enclosure produces dynamic pressure with strong variation of time that, in 
some cases, may be high enough to threaten the integrity of the enclosure or its substructures”. 

Therefore, the limit of 10 % of (H2+CO) concentration per volume is used for Criterion 1. 
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FIG. 2. Cell width plotted as a function of total fuel concentration (Figure 11 in Ref.4) 

 

2.2 Basis for Criterion 2 

The basis for Criterion 2 is that conditions allowing a flame initiated and remaining as a slow 
deflagration should not impose unacceptable loads on the containment structure. Slow deflagrations 
impose uniform pressure loads on the containment (unlike accelerated flames or detonations, which are 
excluded through Criterion 1 above). However, even a slow deflagration may impose an unacceptable 
load if sufficient combustible gas is reacted.  

Therefore, the Criterion 2 limits the peak containment pressure during slow deflagration to less 
than pressure defined as “severe challenge” in SAMG space. This value is taken as the 5 % failure 
probability on the composite containment fragility curve and corresponds to 8.5 bar abs for the Example 
NPP used in the analysis. 

The flammability limit of H2 in air is 4 % of H2 at the lean limit for upward propagation and 75 
% of H2 at the rich limit for both upward and downward propagation.From the early works of many 
investigators, the flammability limits of wet CO in air is known to be 12.5 % CO at the lean limit and 
74 % CO at the rich limit 4. 

When a mixture contains both H2 and CO, the flammability limits of the mixture can be 
accurately calculated using Le Chatelier’s Rule 4. For example the flammability limit of a mixture of 
50:50 (4 % of H2 and 4 % of CO) H2 + CO in air is 6.1 %, when total (H2 + CO) = 4 + 4= 8 %. The 
lower flammability limit for H2 in air is 0.04 and for CO is 0.125, therefore flammability limit of such 
mixture is [6]: 



 

(H2+CO) = 1 / (0.5/0.125 + 0.5/0.04) = 0.06 

 

The flammability limit of a mixture depends on three parameters: flammability limit calculated 
per Le Chatelier rule, oxygen concentration which should be above 5 % and (steam + CO2) 
concentration which should be below 60 %. The basis for the value of the 60 % is 2 which states (page 
74): “Complete inerting (i.e. combustion suppression at all hydrogen concentrations) is possible only 
when the carbon dioxide or steam concentration exceeds approximately 60 % of volume in air”. 

For Criterion 2 to assess the magnitude of the threat from in-vessel and ex-vessel hydrogen and 
CO generation to the containment integrity, AICC analysis to determine the peak combustion pressures 
is used. This assumes adiabatic combustion – no reaction heat is assumed to be transferred to the internal 
structures of the containment, and also complete combustion of all hydrogen and CO present in the 
containment. 

Note that AICC pressures calculated refer to adiabatic isochoric combustion for the complete 
containment. This method sums the masses of noncombustible and combustible gases over the entire 
containment and gives containment response when combustion is forced to occur as if the containment 
is a single node. The AICC approach is used to conservatively calculate the possible loads on 
containment due to a slow deflagration, when mixtures are flammable, and the PARs are sized as 
necessary to ensure that this peak AICC pressure is below corresponding to the “severe challenge” limit, 
as defined in SAMG space. 

 

2.3 Basis for Criterion 3 

This criterion addresses limits imposed by the installation of a severe accident containment vent 
system. Assuming a lowest vent actuation pressure at the same pressure as in Criterion 2, flammable 
conditions should not occur within the vent system, even if all steam in the vented gas mixture is 
condensed. 

The basis for Criterion 3 is:  

− O2  <  5 %, if not met then, 

− H2 + CO < flammability limit calculated per Le Chatelier rule 4. 

for vented gas flow considered as a dry mixture (no steam). Compliance with this criterion ensures that 
flammable mixtures will not occur within the filtered vent system, even under the conservative 
assumption of 100 % steam condensation. 

 

3. CARBON MONOXIDE RECOMBINATION 

PARs recombine both H2 and CO, but at different rates. In oxygen-rich mixtures, high H2 and 
CO recombination rates can occur, but in oxygen-lean mixtures, the H2 and CO compete for the 
available oxygen. This can lead to low recombination rates of CO.  Up to MAAP 5.03 release none of 
the EPRI MAAP versions models CO recombination, but CO influence cannot be neglected and must 
be addressed when considering the PAR sizing of a combustible gas control system. Therefore based 
on experimental results CO correlation for carbon monoxide recombination was developed by 
Siempelkamp NIS Ingenieurgesellschaft mbH (Germany) and a specific approach within MAAP 5.03 
was used to evaluate the CO recombination by using a special INCLUDE file dedicated for that purpose. 
It is important to note here that the latest MAAP 5.04 version released already includes the model for 
CO recombination. 

In MAAP CaO mass fraction MFCN(2) and CO2 mass fraction MFCN(11) are the key variables 
that distinguish the plant's overall concrete category (see TABLE ); i.e., Basaltic, Limestone/Common 
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Sand, or Limestone. Relatively small values (below approximately 0.15 for CaO and 0.05 for CO2) 
typify Basaltic concrete. Relatively high values (above approx. 0.35 for CaO and 0.30 for CO2) are 
typical for Limestone concrete. Limestone/Common Sand values are generally within a range of 0.25 
to 0.35 for CaO and 0.15 to 0.25 for CO2. 

TABLE 1. CONCRETE COMPOSITION 

Concrete component mass fraction Example NPP 

SiO2 0.358 

CaO 0.313 

Al2O3 0.036 

K2O 0.0122 

Na2O 0.008 

MgO, MnO,TiO2 0.007 

Fe2O3 0.0144 

Fe 0 

Cr2O3 0.0001 

H2O 0.047 

CO2 0.2115 

O2 0 

 

For the Example NPP used in the analysis the concrete category is limestone common sand 
concrete where CO originates from CaCO3 (calcium carbonate) which is described in the parameter file 
under section “Concrete” as a mass fractions of CaO and CO2 defined for the concrete composition (see 
Table 1),. Limestone common sand concrete has a higher melting enthalpy and a higher gas release rate 
than, for example, a siliceous (basaltic) concrete. 

In case of MCCI during the ex-vessel phase, in addition to hydrogen, the gaseous compounds 
of CO and CO2 are formed during the interaction between corium and concrete by the decomposition 
of carbonates contained in this concrete and the oxidation of metals present in corium. Chemical 
reactions between concrete off-gas and core debris are important because they provide a source of 
combustible gases (H2 and CO) and fission product transport out of the debris pool. It should be noted, 
that during MCCI, MAAP first models oxidation of Zr by H2O and CO2, later Cr and afterwards iron 7 
(iron comes not only from what is already in the debris from relocated structure material during in-
vessel phase but in addition from concrete composition, where iron is defined as rebar density in the 
concrete within MAAP parameter namedDCSRCN). 

In general, the interaction between corium and concrete takes place in two steps. The first is a 
short-term phase immediately after penetration of the vessel. During this phase, the production of 
flammable gases (H2 + CO) is mainly due to oxidation of zircaloy and chromium present in the corium. 
Since these reactions are highly exothermic, the basemat erosion speed is in maximum and gases are 
released at high rate. In MAAP firstreactionsforZircaloy,steam,andcarbondioxide, which oxidizethe 
metal, proceeds nearlytocompletion following the chemical reactions as provided below: 

 

Zr + 2H2O = ZrO2 + 2H2                  
(1) 



Zr + CO2 = ZrO2 + C                  
(2) 

 

If free carbon is produced, it will react with gases after the Zircaloy is depleted, again essentially to 
completion: 

 

C + H2O = CO+ H2                 (3) 

C + CO2 = 2CO                  (4) 

 

Next, chromium reacts essentially to completion: 

 

2Cr + 3H2O = Cr2O3 + 3H2               (5) 

2Cr + 3CO2 = Cr2O3 + 3CO               (6) 

 

The second step is long-term phase, during which flammable gases (H2 and CO) originating from 
oxidation of iron originating from the initial corium and the reinforcement in the concrete. The basemat 
erosion speed is low (of the order of a few cm per hour) and gases are released at lower rate. As 
mentioned above lastly, iron is oxidized following the chemical reactions: 

 

Fe + H2O = FeO + H2               (7) 

Fe + CO2 = FeO + CO               (8) 

 

4. CARBON MONOXIDE RECOMBINATION 

 

PARs recombine both H2 and CO, but at different rates. In oxygen-rich mixtures, high H2 and 
CO recombination rates can occur, but in oxygen-lean mixtures, the H2 and CO compete for the 
available oxygen. This can lead to low recombination rates of CO. It should be noted that none of the 
EPRI MAAP versions models CO recombination, but CO influence cannot be neglected and must be 
addressed when considering the PAR sizing of a combustible gas control system. Therefore based on 
experimental results CO correlation for carbon monoxide recombination was developed by 
Siempelkamp NIS Ingenieurgesellschaft mbH (Germany) and a specific approach within MAAP was 
used to evaluate the CO recombination by using a special INCLUDE file dedicated for that purpose. 
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5. DEFINITION OF THE DIMENSIONING CASE FOR PARS SIZING 

 

The 32 accident sequences selected for the severe accident combustible gas control analysis 
were based on review of the Example NPP Level 1 and Level 2 PSA Event Trees and also based on 
Westinghouse experience in performance of such analysis for other plants, and knowledge of the 
accident sequences chosen for PAR dimensioning analysis. 

The dimensioning sequence identified and used for the PAR sizing analysis was a small break 
loss of coolant accident (2 inch break in hot leg with auxiliary feed water available, but no safety 
injection, no recirculation and with the containment heat removal systems available – 2 fans in 
operation) further in paper described as SBLOCA. The results for the reference compartment are 
provided in Figure 3. 

 

 

FIG. 3. Dimensioning sequence SBLOCA 

 

It can be seen from Fig. 3 that the that for the dimensioning sequence with the specific number 
of PARs modeled and distribution  within the containment, the maximum concentration of (H2 + CO) 
under flammable conditions is9.7 % in the reference compartment. Since this is below 10 %, Criterion 
1 is met. The limit of (H2 + CO) < 10 % is applied in all compartments. Hence, all the compartments 
were investigated with the outcome of the highest (H2 + CO) of 9.88 % concentration identified in the 
lower part of the containment, but still in the compliance within Criterion 1. 

Criterion 2 is also met because calculated AICC pressure of 6.5 bar is less than 8.5 bar (PAICC 
< 8.5 bar is the limit for the Example NPP). It should be noted, that considering all three criteria applied 
for PARs sizing, the limiting one was always Criterion 1 due to high ex-vessel combustible gas 
generation source, therefore usually Criterion 3 was not bounding in the majority of the cases analyzed. 



It was found that hydrogen and carbon monoxide generation highly depends on water mass 
fraction defined in the concrete composition, which is released from the concrete during MCCI and acts 
as the water source for combustible gas generation, which results in strong sensitivity of ex-vessel 
combustible gas generation rate. Another aspect of importance investigated was rebar density in the 
concrete. Therefore 2 uncertainty cases described below for the water mass fraction in the concrete 
composition and for the concrete rebar density are provided for the purpose of showing the importance 
of these plant specific parameters for the PARs sizing. 

 

6. WATER MASS FRACTION DEFINED IN THE CONCRETE COMPOSITION 

 

It should be noted that concrete composition data should be always plant specific. Some plants 
are using data provided with the MAAP sample parameter file, therefore always there is a risk of 
underestimation or overestimation of the ex-vessel combustible gas generation which directly impacts 
PARs sizing.To show the sensitivity of the water fraction in the concrete composition MAAP parameter 
MFCN(10) value for the water was increased by the factor of 2 from 4.7 % to the 9.4 % and accordingly 
value for the SiO2 was decreased by 4.7 % from 35.8 % to the 31.1 % in order to keep the final value 
equal to 1 as shown in TABLE 2. 

 

TABLE 2. WATER FRACTION CHANGE IN CONCRETE COMPOSITION 
Concrete component mass fraction Example NPP 

SiO2 0.358 0.311 

CaO 0.313 0.313 

Al2O3 0.036 0.036 

K2O 0.0122 0.0122 

Na2O 0.008 0.008 

MgO, MnO,TiO2 0.007 0.007 

Fe2O3 0.0144 0.0144 

Fe 0 0 

Cr2O3 0.0001 0.0001 

H2O 0.047 0.094 

CO2 0.2115 0.2115 

O2 0 0 

 

The dimensioning SBLOCA sequence was rerun with the modified concrete composition. It is 
shown in Figure 4that (H2 + CO) concentration in the example compartment increased from the previous 
value of 9.7 % to 10.4 % and that more PARs would be required to keep the combustible mixture of 
(H2 + CO) below 10 %. 

 

7. CONCRETE REBAR DENSITY 

 

It should be noted that sometimes concrete rebar density value used by NPPs is taken from the 
MAAP Zion example file, whereas a plant specific value is always required.The mass of metallic iron 
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which acts as addition combustible gas source due to Fe (iron) oxidation is defined not in the concrete 
composition but through the MAAP parameter file variable named DCSRCN described as the rebar 
density, i.e., the mass of rebar per unit volume of reinforced concrete. 

Up to MAAP5.01 release the default value for rebar density was defined as 600 kg/m3
. It 

changed starting with MAAP5.02, where the default value is 300 kg/m3. The reason for such a change 
is that the old value of 600 kg/m3 corresponds to mass fraction of 21 % of rebar in the reinforced 
concrete. But typical mass fraction of rebar in the reinforced concrete is between 6 % and 16 %. 
Therefore the old value was too large. The new value of 300 kg/m3 introduced corresponds to a mass 
fraction of 11.5 %. To show the sensitivity of the concrete rebar density (DCSRCN) the value of 600 
kg/m3 was decreased by 50 % to 300 kg/m3. The dimensioning SBLOCA sequence was rerun with the 
changed concrete rebar density.It is shown in Figure 5. The concentration of (H2 + CO) in the example 
compartment decreased from the previous value of 9.7 % (Figure 4) to the value of (H2 + CO) = 9.4 %. 
Therefore, the margin within Criterion 1 increased and fewer PARs would be required. 

 

 

FIG. 4.SBLOCA, Water fraction 9.4 % in concrete composition 

 

8. CONCLUSIONS  

 

1) The importance of water fraction defined in the concrete composition was shown which 
strongly impacts hydrogen and carbon monoxide generation and therefore the PAR sizing. 

2) Sensitivity of the rebar density in the concrete again shows strong influence on hydrogen and 
carbon monoxide generation rate with, again, possible impact on PAR sizing. 

3) Variations in both can lead to strong alterations in ex-vessel combustible gas generation rate 
and consequently impact the PAR sizing (overestimated or underestimated).  



4) Concrete composition data and concrete rebar density value should be always plant specific. 
Some plants are using data provided with the MAAP sample parameter file, therefore always 
there is a risk of underestimation or overestimation of the ex-vessel combustible gas generation 
which directly impacts PAR sizing. 

 

 

FIG. 5SBLOCA, DCSRCN=300 kg/m3 
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APPLICATION OF SEVERE ACCIDENT ANALYSES CODES IN SAFETY 
JUSTIFICATIONS AND REGULATORY REVIEW FOR UKRAINIAN NPPS 
 

D. GUMENYUK (SSTC NRS), UKRAINE 

 

Abstract.The stress test assessment for all Ukrainian NPPs was performed in 2012. The 
assessment also included evaluation of NPP vulnerability during progression of severe accidents.Based 
on results of the stress tests, the requirement for development and implementation of the severe accident 
management guidelines for all Ukrainian NPPs has been stated by the Ukrainian Regulatory Body 
(SNRIU). This requirement has been reflected in the Comprehensive Safety Improvement 
Program.Now SAMGs have been developed for all Ukrainian Units. The number of calculations were 
performed in framework of the SAMG justification. This paper describes some results of severe 
accident investigations conducted in framework of state review of SAMG for Ukrainian NPPs. 

 

Keywords Severe accidents, stress test, SAMG 

 

1. INTRODUCTION 

 

The reactor system of VVER-1000/320 unit consists of reactor and four (4) circulating loops 
with steam generators (SGs) and reactor coolant pumps (RCPs). The reactor core consists of 163 fuel 
assemblies, 61 of which contain movable control rods. Steam generators PGV-1000M are of horizontal 
type. The general reactor system layout of VVER-1000/320 reactor system is shown on Figure 1. 

Localizing safety system (LSB) serves as the last barrier intended to prevent or mitigate the 
release of radioactive fission products to the environment during accidents (general VVER-1000/320 
reactor building lay out is shown on Figure 2) and consists of containment compartments system, 
containment sump (boron solution storage tank - compartment GA201) and containment pressure 
decrease and heat removal system (containment spray system). 

Containment compartments system consists of: 

− reinforced concrete containment structures, including pre-stressed tendons system and 
hermetic steel liner; 

− locks and hatches and components installed in the concrete containment; 

− various types of penetrations; 

− parts of pipelines, which serve as containment components; 

− isolation devices. 

 

It has a cylindrical shape with a plate concrete bottom and spherical dome. Cylindrical part is 
of 45 m diameter and 53.25 m height (lower elevation is 13.2 and upper one is 64.45). Thickness of 
outer walls is 1.2 m and 1.1 m in cylindrical and dome parts, respectively. The bottom plate is 2.4 m 
thick. 

Full pressure VVER-1000/320 containment is designed to withstand the internal pressure of 
4.9 bar (abs.) and temperature of 150ºC. During normal operation, the underpressure is maintained in 
containment compartments. 



 

 
FIG. 1. VVER-1000/320 Reactor System General Layout 

 

Based on stress-test results a number of measures has been developed aiming at severe accident 
management for Ukrainian NPPs. One of the main measures was SAMG development. Results of 
analytical justifications conducted under SAMG development showed that current design of VVER-
1000 is very vulnerable to reactor pressure vessel (RPV) failure and melt corium spreading.  

One of VVER-1000 design drawbacks that may affect further SA progression is related to a 
close location of 54 ionizing chambers' guide tubes which are mounted inside the reactor cavity walls 
to the walls inner surface (see Figure 3). Considering, that these guide tubes are directly connected to 
the non-hermetic compartments of the reactor building (A336), melt entrance to the reactor cavity and 
start of molten core-concrete interaction (MCCI) will result in ablation of concrete layer which protects 
these guide tubes, and will lead to further spreading of molten material outside the containment. 

The main justifications for ex-vessel corium cooling were performed with MELCOR 1.8.5 
code. This code version has a number of limitations related to modeling of corium distribution 
(spreading) outside the reactor vessel. On of the limitations is user defined melt corium distribution 
between cavities. Preliminary calculations demonstrated that besides the questions of code and model 
validation status there is a number of uncertainties that may affect calculation results and need to be 
studied. These include such parameters as corium viscosity, concrete chemical composition, etc. These 
uncertainties are to be further addressed in the framework of separate program which was initiated in 
Ukraine with the objective to evaluate current status of SA phenomena experimental and analytical 
studies (“Program of Severe Accident Phenomena Evaluation”). 



 

91 
 

 

1- Reactor 6 - Emergency lock 
2 - SG 7 – Polar crane 
3 - Pressurizer 8 - Sump 
4 - RCP 9 – Spray system 
5 – Primary lock  

 

FIG. 2. VVER-1000/320 reactor building layout 

 



 

 

FIG. 3. VVER-1000/320 reactor cavity and adjacent compartments(fragment, axial and radial views) 
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2. DESCRIPTION OF MELCOR MODEL USED FOR VVER-1000 SEVERE ACCIDENTS 
ANALYSIS BENCHMARKS 

 

2.1 Model of the primary circuit 

Primary coolant circuit nodalization diagram is shown in Figure 4. Model involves 29 control 
volumes, which are connected with 37 flow paths.Reactor is modeled with 7 control volumes (CV100 
– CV106) where control volume CV100 represents downcomer, control volume CV101 represents 
lower plenum (up to heated part of the core), CV102 is the heated part of the core, CV103 is the coolant 
bypass through the space between the core baffle and the core barrel. Bypass of coolant through the 
control rod guide tubes and measurement tubes is modeled as flow path from CV101 to CV105. CV104 
is the upper plenum (up to medium supporting plate of guide tubes), CV105 is the bypass of coolant 
through the guide tubes (this control volume is modeled to simulate coolant flow/mixing in the volume 
under reactor dome), CV106 is the volume under reactor dome. 

The four circulation loops are modeled with two ones, where one (“affected”) loop is modeled 
separately and three other are lumped together. To model loop seals which may occur in the cold legs 
during accident, the part of cold leg (from SG to MCP suction) is divided at the lowest elevation and 
represented with two control volumes. 

Four hydroaccumulators are modeled with the control volumes CV005,10,15,20 where CV005 
(HA-1) and CV015 (HA-3) are connected to upper plenum (CV104) with the normal flow paths FL100, 
102, and CV010 (HA-2) and CV020 (HA-4) are connected to downcomer (CV100) with the normal 
flow paths FL101, 103, respectively. 

Steam generator primary is represented with the three control volumes per modeled loop 
(CV111, CV112, 140 – single loop, CV117, CV118, 150 – triple loop). 

Pressurizer is modeled with two control volumes (CV108 – part of surge line and CV109 – part 
of surge line and pressurizer). The pressurizer safety valves are modeled as “valves” on the flow paths 
(FL117, FL118, FL119), connecting pressurizer and quench tank. Quench tank membranes are also 
modeled using valve on the flow path, connecting CV110 and the containment volume (in the stand-
alone model of the primary the containment model is substituted by the time-independent volume 
CV122). 

 

2.2 Model of the secondary circuit 

Secondary side nodalization diagram is shown in the figure 5. This model consists of 10 control 
volumes which are connected with 14 flow paths. 

Presently steam generator secondary sides (single and triple) are modeled with two control 
volumes (CV200, CV201). To enable simulation of fast acting safety valve (FASIV) and main steam 
valve (MSV) operation the steam lines are represented with the four control volumes (CV202, 203, 204, 
205). Fast acting safety valves and main steam valves are modeled as “valves” on the flow paths FL202, 
205, 209, 211, respectively. 

 



 

FIG. 4. Primary nodalization diagram 

 

FIG.5. Secondary nodalization diagram 

The main steam header is modeled with single control volume (CV206). Two flow paths 
(FL212, 213) are included four steam dump valve to condenser (BRU-K) (single and triple) modeling. 
These flow paths are connected to the time-independent control volume CV208, which has initial 
conditions identical to the turbine condenser. 

Steam dump valve to atmosphere (BRU-A) and steam generator safety valves are modeled as 
“valves” on the flow paths FL204, 207 (single and triple BRU-A, respectively) and FL203, 206 (single 
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and triple SG SV, respectively). These flow paths connect CV202, 203 (part of the steam lines) to the 
CV122 which is time – independent volume with environmental initial conditions. Normal feedwater 
and emergency feedwater systems are modeled as mass/energy sources to the CV200, 201. 

 

 

FIG. 6. Containment nodalization diagram 

2.3 Containment Model 

Nodalization scheme of the containment is shown in the figure 6. The relatively coarse 
nodalization (22 control volumes and 45 flow paths) is proposed expecting the good mixing in most of 
the accidents. 



The following general principles have been implemented to the containment model. To enable 
modeling of natural circulation the cylindrical part of the reactor hall is divided on the three control 
volumes (CV317, 318 and 319) where CV317 and 318 represent the annular space closely adjacent to 
the external walls and CV319 represents the remainder of the cylindrical part. To account for hydrostatic 
pressure gradient along the reactor hall the upper part (dome) is represented as a separate control volume 
– CV320. In order to represent natural circulation in the “blind” compartments CV302, 304, 313 and 
314 two flow paths are modeled for each of these CVs. 

The flow paths between control volumes are modeled with taking into account overflows of the 
pool from higher to lower control volumes. 

 

2.4 Reactor Cavity Model 

To simulate melt spreading after RPV failure two cavities are included into MELCOR model 
of VVER 1000: 

− CAV1 – reactor pit (CV 307) 

− CAV2 – out of cavity door and corridor (CV 306) 

Before the total station blackout the schematic view of the model is shown of Figure 7. During 
accident progression the reactor coolant from the break overfills containment sump and floods lower 
elevations. This can be seen at Figure 8. Following the RPV failure the melt spreads through the cavity 
doorway to the lower floor elevations where coolant is accumulated and coolant evaporation begins 
eventually drying lower containment floor. 

 

 
FIG. 7. MELCOR cavity models state (before an accident) 
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FIG. 8. MELCOR Cavity models scheme (after melt ejection to cavity) 

 

3. ANALYSIS RESULTS 

 

The following main aspects were reflected in Regulatory Review of SAMG for Ukrainian 
NPPs: 

− Cross-verification of MELCOR and RELAP/SCDAP models performed for Station 
Blackout scenario showed large difference in results (e.g. time of core damage, core 
relocation and reactor vessel failure); 

− Implementation of water injection into reactor strategy cannot prevent WWER-440 vessel 
failure if water injection started after initiation of core damage. For WWER-1000, vessel 
failure can be avoided if water injection started any time before melt hit core lower plate; 

− Reactor vessel failure and corium injection into containment in most cases may lead to 
containment failure due to specifics of WWER-1000 containments design; 

− High hydrogen concentration in containment is possible even if hydrogen removal system 
(passive autocatalytic recombines) is implemented. This is result of reduction of oxygen 
concentration in containment due to hydrogen recombination (see Figure 9); 

− VVER-1000, high pressure possible and containment filtered venting is needed (see Figure 
10). 

 

4. CONCLUSIONS 

 

As mentioned above, the implementation of “post-Fukushima” measures (e.g. SAMG 
development) and their approval with the SNRIU, a number of assumptions and simplifications were 
made since Ukraine capabilities are to be enhanced to decrease uncertainties in modeling of severe 
accident phenomena. To resolve this issue, the Utility developed the “Program of Activities on Analysis 
of Severe Accident Phenomena”. This program is being implemented. The following activities will be 
conducted according the Program: 
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FIG. 9.  H2 and O2 concentration in VVER-1000 containment during total station blackout 
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FIG. 10. Pressure in VVER VVER-1000 containment during LB LOCA+SBO (CFVS implementation 
is assumed) 

 

− Update of the existing version of computer codes or buy new codes; 

− In-depth study of the selected phenomena (e.g. in-vessel and ex-vessel debris cooling, 
hydrogen generation and distribution during severe accident progression, in-vessel molten 
corium retention, possibility of criticality in core and/or in Spent Fuel Pool, etc.); 

− Preparation of recommendations for modelling of selected phenomena; 

− Improvement of the existing computer models for severe accident analysis (including their 
validation); 

− Using of special codes for modelling severe accidents phenomena (e.g. hydrogen 
generation and stratification, corium, see. Figure 11); 

− Tutorial of NPP staff for new codes and new approaches for severe accident investigations. 

 

 



 

 

 

FIG. 11 . Example of application of the “specific” codes LAVA and ANSYS CFX for severe accident 
modeling during State review of Ukrainian SAMG 
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Abstract. Since the early days of nuclear engineering, the striving for more secure 
application  was present. In the beginning, only experiments and calculations with pen and paper 
helped the scientists and engineers to build safe facilities. With the rise of modern computers a way 
for a much faster and cheaper method has opened. Already in the 1970s, countries interested in 
nuclear installations began developing codes to help them simulate different transients, or accidents. 
Many codes have been  developed by different institutes; some of them vanished through the years, 
replaced by others, and some of them are still evolving, to become more reliable, faster, or more 
exact. NUBIKI (Nuclear Safety Research Institute) uses couple of different severe accident codes to 
always have the best result for a specific problem. Our most used, integrated severe accident codes 
are MELCOR, ASTEC and MAAP. These three codes are broadly known and used around the world 
for many years, so the validation and usability is extensive and well known. For the respective code 
versions that is. All three had major changes in their program in the past few years, and a worldwide 
transition to using them already began, but the exhaustive validation of the codes and their inputs is 
still in progress. We at NUBIKI are also interested in using the new versions, but we also have to 
evaluate them with our inputs, tests and experimental data. The first step of this process is a short 
preliminary comparison of the codes with their older counterparts, and also with each other. In the 
following paper we give a brief description of the codes, and what has changed in them, as well as a 
short subjective judgement of their advantages and shortcomings, based on a samplecalculation. 

 

Keywords. ASTEC v2.1.1.1, MELCOR 2.2, MAAP 5.03 VVER Beta, VVER-440/213 
 

1. INTRODUCTION 

 

NUBIKI (Nuclear Safety Research Institute), successor of the former Nuclear Engineering 
Division of VEIKI Institute for Electric Power Research (VEIKI NED) was established in 2009. The 
company possesses all the analysis tools (software and associated licenses) and technical documents 
acquired and produced during professional activities at VEIKI NED in the last decades. 

Our main focus is on safety analysis and assessment of nuclear installations. In particular, 
we conduct safety studies to support safe and economic long-term operation of the Paks nuclear 
power plant. The nature of our work is mainly applied research and development. Engineering, 
developing technicaldata bases and specific software for safety analysis of nuclear power plants are 
also within our portfolio. The company’s professional activity is performed in two scientific 
divisions, namely the Safety Analysis Division and the Risk Assessment Division. 

In the recent decades, the Safety Analysis Division and its predecessor, VEIKI NED, 
performed a huge amount of calculations with different thermohydraulic and severe accident codes, 
some we also took part in the development of. The different codes however evolve and change 
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continuously, and so do the results they deliver. NUBIKI is planning on shifting to new code versions 
for a couple of codes in the near future. For the transitions to be feasible, a thorough investigation 
and validation of the codes in question is needed. 

Three of the codes in everyday use at NUBIKI have new versions with major changes come 
out recently, namely MELCOR 2.2, ASTEC 2.1.1 and MAAP 5.03 VVER Beta. 

In this paper, we represent a brief listing of the major changes, a preliminary study of the 
everyday usability of the codes, their user friendliness, and also, to a smaller extent, accuracy of their 
delivered results, and found bugs orissues. 

As a first step for evaluation of the codes, we had to set up the input files to match the input 
settings from previous versions, thus making it possible to do a code to code comparison with those, 
already validated results. 

The Safety Analysis Division at NUBIKI made calculations mostly regarding the Hungarian 
nuclear power plant in Paks, which is a VVER-440/213 type reactor, so we chose this reactor to be 
set up in the input and parameter files in our test. For the preliminary comparisons, perfectly set up 
parameters are not needed; the main trends of the calculations may be enough to see, if it is reasonable 
to invest more time in a more thorough investigation and validation, or if the given code has any 
severe shortcomings. 

The task of this preliminary testing and evaluation was given to me, a newcomer to sever 
accident codes, with the intention, to get to know the codes, and to examine them in a different way, 
than an experienced user of years or decades would. In the following a summary of my findings can 
be found. 

 

2. BRIEF DESCRIPTION OF THE VVER-440 REACTOR AND THE 
EXAMINEDCODES 

 

In the following, the main features and improvements of the new versions of the different 
severe accident codes will be described, as well as the main properties of the VVER-440/213 reactor, 
which may be relevant in the modelling and specific for only this type of nuclear reactor. The limited 
length of the paper does not allow going in detail with every change that has been made to the codes, 
and only a brief summary will be given. 

 

2.1 Paks VVER-440/213 nuclear powerplant 
The VVER-440 is a Soviet (Russian) designed PWR (pressurized power reactor), Figure 1. 

The name itself is the Russian abbreviation of “water-water energy reactor”, and the number “440” 
refers to the original electric output of the reactor of 440 MW. 

 



 

(a) (b) 

FIG. 1. Overview of VVER-440/213 main primary systems (a) and localization tower (b). 
[1] 

 

The main differences between a western PWR and a VVER-440 are as follows: 

− There are six primary loops in a VVER-440. This is more than usually used in western 
PWRs, which can cause difficulties in the modelling of the reactor. The geometries of 
the loops are also different, including hot- and cold-leg loop seals and additionalvalves. 

− The steam generators are aligned horizontally. This is also a very typical difference, 
which is not easy to implement for modelling in codes with a dedicated steam 
generatorpackage. 

− The fuel assemblies are hexagonal and the assemblies have an outer shroud, forming a 
so called cassette. 

− The control rods have follower cassettes, which also contain nuclear fuel. By pulling the 
control rods out of the core, reactivity is pulled into the core, and vice versa; by pushing 
the control rods into the core, this means an additional mechanism that removes 
reactivity from thecore. 

− The containment building also has some unique properties. There is no traditional 
containment made of reinforced steel, but a semi-reinforced building, the so called 
hermetic space, with some unique facilities, which help to delay and/or prevent the 
release of fission products to the environment. The containment building has a so-called 
localization tower with 12 bubbler trays filled with boric acid and 4 air traps. These parts 
serve the passive pressure reduction, ensuring the under-pressure (vacuum) in the 
hermetic compartments during DBA, thus sustaining itsintegrity. 

Since most of the measurement data we have access to, and work with, are special for Paks 
NPP, we made additional changes to the input parameters in the input decks to match the exact 
specifications of the Paks reactors better, for example the raise of output power of 8%. 
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2.2 MAAP 5.03 VVER Beta[2] 

The Modular Accident Analysis Program (MAAP) is an integral systems analysis code for 
transients that can progress to and include severe accidents. The code originates from the industry- 
sponsored IDCOR Program. After completing the program the rights to MAAP were transferred to 
EPRI. After that, the code evolved further and became a major analytical tool for supporting the 
plant-specific Individual Plant Examinations (IPEs) requested by NRC. The design basis of MAAP 
was expanded to include Accident Management measures with new models implemented in MAAP4. 

MAAP 3.0B, and subsequently MAAP4 has been modified to model VVER designs in the 
90’s. They were simple, thus fast and reliable codes. In the following years, as the computational 
power of the computers evolved fast, and more detailed modeling became feasible; more data from 
different experiments and SAM measures could be included in the code and also the 6 equation model 
could be implemented. 

MAAP5 treats a broad spectrum of physical processes that could occur during an accident 
including steam formation, core heat up, cladding oxidation and hydrogen evolution, vessel failure, 
core debris-concrete interactions, ignition of combustible gases, fluid (water and core debris) 
entrainment by high velocity gases, and fission product release, transport, and deposition. Also, all 
of the important engineered safety systems, such as emergency core cooling, containment sprays, fan 
coolers, and power operated relief valves are taken into account. 

The developer of MAAP5 aspires to lower the cost of analyses regarding plant safety and 
engineering by taking advantage of the code’s ability to model all key systems (RCS, containment, 
reactor/auxiliary building, engineered safeguards, and operator actions) integrated in a single analysis  
code, which would enable multiple groups within the plant (engineering, safety, licensing, 
operations) to interact with each other using MAAP analysis as a “common analytical basis”. This 
would help focusing on important problems and help in decision-making, leading to greater 
productivity and lowercost. 

Striving for fulfilling those ambitions, its phenomenology models must be state-of-the-art.  
MAAP5 continues the dynamic benchmarking effort of MAAP4 ensuring the code’s consistency 
with all major experiments (both separate effects and integral effects) and plant transient experiences 
within its benchmarking library. For specific models, MAAP5 this benchmarking capability is 
extended so that the models can support application specific licensing basis and design basisanalyses. 

The MAAP 5.03 VVER Beta code is based on MAAP/PWR and includes specific models 
for matching the VVER-specific plant design. The state of the code is special amongst the codes in 
this paper. This code is not an altered version of the newest MAAP release available, but an altered 
version of a prior iteration. MAAP uses internal, predefined models for the reactors it simulates and 
since the VVER-440 (and other VVERs) is too different from western PWRs, significant changes 
had to be made, for it to be able to deliver correct results, and since the changes are significant, it 
was necessary to develop the altered version alongside the development of the core version, thus 
lagging behind. 

Amongst the changes to the core (PWR) MAAP version, are for example the new steam 
generator model for the horizontally aligned steam generators or the ability to multiply the loops, 
which is needed, due MAAP5 being able only to simulate 4 loops instead of 6. 

The most important changes of the new version compared to the MAAP 4.0 VVER 
version are: 

− The new version is able to simulate up to 4 primary loops (two, three or four), although 
the loops share some of their properties, and are mostly symmetrical. The older version 
had only two loops, which could be asymmetrical (in our case one loop versus the other 
the other five for the six loop VVER-440 under operationconditions). 

− To be able to simulate the 6 loops of the VVER-440, a multiplicator parameter was 



introduced. With the help of it, one can define the VVER-440 as a three-loop system, 
where every property of the loops is multiplied by a factor to match the real facility. This 
change is unique to the VVER version of thecode. 

− The momentum equation is now included in thecode. 

Also, the release of the MAAP5.03 VVER code is in Beta form and as such there are many 
important code limitations that should be taken into account when using the code, as follows: 

− A validation basis has not been established for the VVER-specific models. They are 
based on the models found in MAAP 4.0.3 and have been modified to be usable in 
MAAP5. The calculations  of MAAP 5.03. VVER Beta are only to be used for 
informationonly. 

− Another important beta code limitation affects calculations for in-vessel melt retention 
(IVMR). The VVER vessel lower head is a shallow ellipsoid rather than a hemisphere. 
As such, during core melting, a complete fill of the lower head is possible and the debris 
may extend into the  cylindrical section of the reactor vessel. The provided debris-lower 
head interaction model in MAAP5 are not all applied for the cylindrical part of the 
vessel. Currently only the metal layer of the debris bed can extend into the cylindrical 
section and the oxidic debris bed remains entirely within the lower head. The impact on 
the vessel wall heat up requires further investigation, therefore, no conclusions regarding 
VVER IVMR capabilities should be made based on the  current beta codeversion. 

− The combined loop model has implications for primary-to-secondary leaks (PRISE 
accidents), since the combined model combines the volumes of 2 or more steam 
generators, thus the water level, inventory and pressurization rate on the secondary side 
may not be accurate. The extent has not been evaluatedyet. 

 

2.3 ASTEC V2.1.1.1. [3][4] 
The ASTEC (Accident Source Term Evaluation Code) integral code, formerly developed by 

IRSN (Institut De Radioprotection Et De Sûreté Nucléaire) and GRS (Gesellschaft für Anlagen- und 
Reaktorsicherheit) is dedicated to source term evaluation during severe accidents in water-cooled 
reactors. It is able to simulate a Severe Accident (SA) sequence from the initiating events up to the 
release of radioactive elements out of the containment, including the behavior of engineered safety 
systems and procedures. 

Lately, ASTEC became more and more the reference severe accident integral code for water- 
cooled reactors in Europe, thanks to newly acquired knowledge in the frame of SARNET European 
Network of Excellence projects between 2004 and 2013. 

The V2.0 version of the code was released in June 2009. This version and its successive 
revisions were continuously assessed through comparison with results of international experiments 
covering the main SA physical phenomena and through results of other severe accident simulation 
codes (notably in the frame of the SARNET2 and then CESAM FP7 European projects). 

The next major version (V2.1) was developed between 2011 and 2015 by IRSN with support 
of GRS. This version was aiming at removing some shortcomings of the V2.0 series, while 
continuing keeping ASTEC models close to the state of the art through the integration of new or 
improved physical models. The first version (V2.1 revision 0) was delivered to all ASTEC users in 
November 2015. 

Major changes in the code version V2.1 include: 

− The CESAR module is covering the thermal-hydraulics in the whole RCS during the 
whole calculation, while ICARE deals with the thermal behavior and degradation of all 
vessel structures (heat-up, creep, chemical interactions, material relocation) during the 
wholecalculation. 
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− 2D extension of CESAR supports a radial discretization of the core region, allowing 
accounting for in-core 2D two-phase flow patterns. CESAR was adapted to well account 
for geometry changes in the core controlvolumes. 

− IODE module has been integrated into SOPHAEROS, which is now in charge of fission 
product and structure material transport and chemistry in both RCS and containment. 
SOPHAEROS is now dealing with all the aerosol/fission product physical phenomena 
in the containment (previously CPA AFPsub-module). 

− New dedicated mechanical model introduced providing ability for a rough evaluation 
of RCS induced failurerisks. 

− New characterization method of core geometries during degradation. Continuous 
evaluation of local effective material properties in each core mesh (according to its 
composition, i.e. rods, debris, magma, otherstructures. 

− New model for upwards radiation heat transfer from the corium relocated in the lower 
head towards the core bottomplate. 

− New Zircaloy oxidation model under airatmosphere. 

− The SOPHAEROS module now allows addressing the Cs-I-O-H-Mo-Bsystem. 

− Improved and new iodine models implemented (iodine-paint, gaseous organics-I2, 
radiolytic decomposition, iodine-steelsurfaces) 

− NIS-type particle bed passive autocatalytic recombiners (PAR)implemented 

− Corium coolability modeling changes (dedicated debris bed layer above and apart from 
the upper crust, description of the heat conduction in the steel structures under the core-
catcher sacrificial concrete and the description of the evolution of the corium 
temperature in contact with the steel structure after MCCI,etc.). 

− The centralized library of the material database is now consistently used by all 
modules. The database is continuously improved to keep material properties data up 
todate. 

Major changes in the code version V2.1.1 include: 

− New functionality in magma oxidation model to deal with corium relocated in the 
lowerhead. 

− Few modelling evolutions in Zircaloy oxidation model under air atmosphere: 

− Speed-up of the oxidation kinetics when fuel rod cladding is exposed to a 
O2/N2mixture at low temperature (up to1000°C). 

− Formation of nitrides at high temperatures, in case nitrogen is in contact with 
thecladding. 

− Oxidation of nitrides can be now simulated, although only according to kinetics data 
supplied by users. 

− New CESAR component for modeling external reactor vessel cooling(ERVC); 

− Implicit thermal coupling between vessel and ex-vessel coolingcircuit. 

− Account for the volatility and reactiveness of gaseous HOI in thecontainment. 

− New module implemented for modeling of pH behavior in thesumps. 

− Heat transfer evaluation at the corium top interface in presence of waterimproved. 

− State of the art ASTEC top quenching model improvements (new melt eruption and 



water ingressionmodels). 

− ICARE non cylindrical objects (e.g. square box channels or plane walls) and non-
axisymmetric meshing can be dealt with inV2.1. 

− SOPHAEROS simulates the iodine and ruthenium behavior inside the containment 
now entirely (chemistry andtransport). 

− MEDICIS is now capable to treat successiveMCCIs. 

− The DOSE module takes over the computation of dose rate in the liquidphase. 

The new ASTEC V2.1.1.1 is a patched version of ASTEC V2.1.1 that was delivered end of 2016. 
The main differences between these two versions are due to bug correction and only few integrated 
improvements have been integrated in this patch: 

− New reactions modeling the HOI behavior in containment have been implemented 
andvalidated. 

− Additional iodine treating models have been implemented (IOx thermal decomposition, 
reduction of I2by wet steel in the sump, adsorption rate of CH3I on paintaltered) 

− Fission products fallen into a sump, can reach deposited dry phase after the 
waterdisappears. 

− Users are now able to input their own flame correlations, thus altering the flame 
frontmodel. 

− And various other minor bug fixes and alterations in differentmodels. 

 

2.4 MELCOR 2.2[5] 
MELCOR is a fully integrated, fast working, engineering-level computer code that models 

the progression of severe accidents in light water reactor nuclear power plants, which is also able to 
calculations on gas cooled reactors. MELCOR is being developed at Sandia National Laboratories 
(SNL) for the U.S. Nuclear Regulatory Commission. It is a second-generation plant risk assessment 
tool, which can be seen as a best estimate code as of the latest version. 

A broad spectrum of severe accident phenomena in both boiling and pressurized water 
reactors is treated in a unified framework, including thermal-hydraulic response in the RCS, cavity, 
containment, and confinement buildings; core heat up, degradation, and relocation; molten core 
concrete interaction; hydrogen production, transport, and combustion; fission product release and 
transport behavior. Current uses of MELCOR include estimation of severe accident source terms, 
their sensitivities and uncertainties. 

MELCOR 1.8.6 was in use since July 2005. The accessibility of the code made it possible to 
model VVER specific features such as rod followers, or geometry of 6 primary loops  with horizontal 
steam generators, and the VVER-440/213 containment. After continuously improving the code SNL 
released the 2.0 version in 2008. In the following years a major, mathematically more improved 
version came out, version 2.1, although the modeling of the thermal hydraulics was still very similar 
to the 1.8.6 version. 

The 2.2 version, which came out in early 2017, includes new physical models, regarding 
most importantly the passive and new security systems. This version includes analysis options, which 
are necessary to conduct tests on VVER reactors. 

In the new version a shift to objective oriented programming has been carried out, and the 
input structure changed thoroughly. In place of the former numeral code lines, there are now key 
words, which help the analysts to identify the objects easier. 

Some of the major changes made to the MELCOR packages in version 2.2: 

− Introduction of accumulator package, and allowing dry atmospheres to be subcooled 
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under 0°C. 

− Burn package: added DCH (Direct ContainmentHeating) 

− Cavity package: it is possible to cool the debris bed through changing the heat transfer 
coefficient. This change is only for information gathering and can’t be treated asmodel. 

− Control functions package: new functions added: LAG, READ and L-READ, domain 
specific functions (core cells, HS, materials or components), vector functions, and user 
definedfunctions. 

− Core package: several minor improvements, for example more data can be defined 
through user definedfunctions. 

New models added to the core package: breakaway oxidation model, model for fuel 
storage, different models for HTGRs, point-kinetic model, electrical heating model, and 
many more. 

− Control volume hydrodynamics package: model for calculation of the speed of sound 
can be chosen; border of water and steam can be defined by the user; optional gas 
diffusion model, and more 

− Decay heat package: optional calculation for volumes andsurfaces 

− Execution package: hierarchy levels introduced in connection with the new object 
oriented programming. 

− Fan cooler package: data of the mechanistic model can bedefined. 

− Flow path package: mechanical model implemented for turbines or compressors, built 
in heat exchanger model added, stratified counter current gas flow modeladded. 

− Heat structure package: mutual radiation of HSs can be treated, aerosols can be 
resuspended, heat transfer model for tube bundle added, gas building up now applied 
to allgases. 

− Introduction of lower head containment package, responsible for coriumbehavior. 

− A new radionuclide class in the radionuclide package (Cs2MoO4), and the user can 
define additionalclasses. 

 

3. SAMPLE CALCULATION: STATIONBLACKOUT 
 

This chapter is dedicated to the testing of the aforementioned severe accident codes and 
checking the delivered results in the case of a station blackout transient. 

The station blackout transient was chosen, because it is a relatively slow transient with well 
separated phases and well known progression. The lack of most SAM measures helps to investigate 
the behavior of the codes without the separate effects overlapping. 

During this simulated station blackout transient we assume the total loss of AC and DC 
power,  and no electrically powered systems (like HPECC and LPECC) are available, only the 
passive and the manually operated systems arefunctional. 

As a direct benefit of CESAM project, which ended in March 2017, the ASTEC V2.1.1.1 
version is delivered with all the open datasets which have been developed by CESAM partners during 
the project. One of them being the VVER-440/213, generic input deck, developed by IVS, NUBIKI 
and VUJE. Since NUBIKI took part in the development of the input deck, only minor changes had 
to be made to the generic input, to match the specifications of Paks NPP. 



MAAP 5.03 VVER Beta is also delivered with a set of preset parameter files, which are 
relatively fast to adapt to real facilities, as only certain parameters can be changed. NUBIKI has a 
properly set-up parameter file for the MAAP 4.03 VVER version, so setting up the most important 
parameters was not difficult, but a fully proper setup is still on the to-do-list. 

Due to the change of the input structure in the MELCOR code, a fully functioning input deck 
is not as easily done, as for example in MAAP. NUBIKI has validated input decks for MELCOR 
1.8.6, but a full transcription would have been too time consuming and could not be done in time to 
be included in this paper, not even with help of the transcription tool included in the Symbolic 
Nuclear Analysis Package (SNAP), so we had to forego the simulation of some of thesystems. 

Since all three inputs are on different level of accurateness, and the codes’ models differ (in 
some cases significantly), a direct comparison of the results would not have been appropriate, and 
the frame of this paper also limits the exhaustive comparison, so we decided to highlight some of the 
more important results and advantages of the different codes, and represent the transient through a 
selection of results. 

On the first diagram (Figure 2) we see the evolution of the primary pressure in case of the 
ASTEC calculation. Like awaited, the primary pressure is decreasing in the initial phase, due to 
decreasing decay heat and still available heat removal via the steam generators alongside the 
formation of natural circulation in the primary circuit. The evolution of the steam generator water 
inventory can be seen on Figure 3. (the time scale is not identical on the graphs). 

In the next phase, as the transferable heat to the SGs decreases faster, than the decay heat, a 
turnover occurs, and the pressure begins to rise. 

After the pressure reaches the setpoint pressure of the pressurizer safety valves, the next 
phase begins. The valves open and close, depending on the pressure currently in the pressurizer, and 
the decay heat is removed via steam from the primary circuit. 

Once the predefined trigger effect happens (Tcoreout exceeds 550 °C), the pressurizer relief 
valves open and lock in opened position, and the pressure falls to containment level. After falling 
below the pressure level of the hydroaccumulators, the feeding in begins and a partial quenching of 
the core can be achieved, and the primary pressures remain low. If the severe accident signal of the 
relief valves don’t occur (or the operator doesn’t open the valves manually), the pressure doesn’t fall 
below the HA level and a high pressure core melting is to be expected. 
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FIG.2. Evolution of primary pressure in the ASTEC calculation 

 

 

FIG.3. Evolution of SG inventory in the MAAP calculation 

 

 

FIG4. Evolution of core exit temperature in the MAAP calculation 

 

On Figure 4 the evolution of the core exit temperature is shown in the case of the MAAP 
calculation. The three calculations have somewhat differently evolving trend lines. The difference is 
caused by the way the different codes treat the given variable, and to a smaller extent the somewhat 
differently set up input decks. In the progression of the temperature the rising of the value become more 
rapid after a lot of steam has left the primary circuit through the pressurizer valves. The temperature 
thereafter is only stabilized after the primary depressurization has been initiated and the 
hydroaccumulators started feeding in. After the core melting, there is no temperature to be read in the 
MAAP calculation, and the diagram shows a constant 100K, which is a sign for a non-existing core. On 
the contrary, in the MELCOR calculation, the temperature is shown normally, as it is the temperature 
of a user defined control volume, which is still there. This is shown on Figure5. 

 



 
FIG5. Evolution of core exit temperature in the MELCOR calculation 

 

An interesting data and a very typical index of the codes’ functioning is the produced H2 
in the core and different other places (depending on the code). On Figure 6 the produced amount 
of H2 is shown, calculated by the different codes. The beginning of the transient is modeled 
similarly by every code, as it can be seen on the diagram. In the beginning of the H2 production 
phase, every code should follow the same trend, and the differences should only appear after the 
core melting has started, since the models treating H2 production after core debris formation are 
different in each code. Differences are for example  in the closing of sub-channels, or availability 
of steam on Zrsurfaces. 

 

 

FIG.6. H2production through the different calculations 

 

It is worth mentioning, that in previous versions ASTEC calculations had a much lower 
H2 production, than other codes. In the reworked, current model it became even higher, than that 
of the other two. Evaluating of this behavior is to be done in near future. 
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FIG. 7. The evolution of Cs inventory in the ASTEC 
calculation 

 

On Figure 7the progression of the Cs inventory is shown in case of the ASTEC calculation. It 
is shown, that as long there is no core damage, all the Cs resides in the core. After the core becomes 
damaged, the Cs gets into the primary circuit and is taken through the pressurizer valves into the 
containment very swiftly. The modeling of the behavior of the different elements differs, as for example 
the evolution of the Sr inventory on Figure 8 shows. 

The modeling principle of the lower head and lower plenum is similar in the different codes , 
but the realized models and applied correlations are different. There are major differences, howthe codes 
treat heat radiation, or core debris oxidation modelling. 

 

 

FIG. 8.  The evolution of Sr inventory in the ASTEC calculation 
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(a) (b) 

FIG. 9. Core geometry and temperature distribution before primary pressure rising (a) and during 
core degradation (b) 

On Figure 8 the degradation of the core is shown with the help of ASTEC visualization. It 
can be seen, that the degradation begins in the upper middle part of the core, a debris pool is forming 
in the lower head, and some of the supporting structures are still intact. 

As a final word to the example calculation, it can be said, that qualitatively, all three codes 
delivered similar results, which bear good resemblance with the awaited outcomes. The real 
differences between the calculations were in the timings, and the behavior of some special models, 
like for example the one for H2 production. A more exhaustive comparison and evaluation may follow 
after fully prepared input decks are finished. 

 
4. CONCLUSION 
 

After reading through the manuals of the different codes and making myself familiar with 
the basics and the recent changes, I started to use the codes to make myself a picture about them. 

The first one I started with was MELCOR. Having worked with RELAP before, the  input 
structure was familiar from the first moment on, but also different in some aspects. As I was using 
input decks prepared mostly by my colleagues, the SNAP (Symbolic Nuclear Analysis Package) suit, 
created by Applied Programming Technology Inc., was a big help, as it helps to visually check and 
interact with the created input. Some of the input files were transformed via the integrated tool of 
SNAP from the 1.8.6 versions, but this option has certain limitations, so the formatted inputs need to 
be checked and sometimes complemented, but the transition from 1.8.6 to 2.1 or 2.2 is made much 
faster this way. 

The second code I had the chance to get in touch with was MAAP. It has a special place 
among the three, as it is a beta version, which is not validated, and it may contain more serious 

bugs, than the others. During the use of the code we discovered some of them, and made contact 
with EPRI, to report them, and they ensured us to get rid of them for the next version/patch. The 

setting up of the inputfiles is much more easily done for an apprentice analyst like me, than for the 
other two codes, so I was allowed to do this mostly on my own, with help from my colleagues here 
and there. Of course, setting up all the parameters, and evaluating the new parameters introduced in 

the 5.03 version is also not a short procedure. 

The third and – for apprentices at least - most complicated (and maybe most exhaustively 
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adjustable) code was ASTEC. I only had the time for getting to know it on a basic level, and do some 
minor tests yet. The setting up of the input deck was done by my colleagues and most of the 
information also came from them. 

As comparison of the codes goes, every one of them delivered adequate results during the 
testing, only with minor flaws at some places, which could be easily caused by the inputs not being 
set up fully correctly. The only somewhat greater error in the modeling was in the case of MAAP, 
but as it is a beta version, it is understandable and the developers are already working on the 
correction. 

MAAP, thanks to its integrated pre-defined reactor model, can work much faster, with much 
greater timesteps, delivering nearly the same results like the other codes, but at the cost of not being 
able to change the model at will, which can cause issues, if the reactor to be simulated is different 
from the integrated model. The other two codes work with smaller timesteps, and the running times 
depend largely on the complexity of the simulated model, like for example the nodalization of the 
primary circuit or the steamgenerators. 

In these versions, every code has an option to follow the calculation on-line. In MAAP there 
is the built in XYPlot2 tool. In ASTEC one can do so with the visualization tool and in MELCOR 
through a SNAP animation model. The easiest to handle, but somewhat less adjustable is, like in case 
with theinputs, the MAAP version, however the other two are also very fast to learn and use correctly. 
I must emphasize, that this is a very welcome feature, which can save many hours of time, since 
errors are immediately to be seen, and the end of the calculation has not to be waited for to check the 
results. It is also memorable that, to so some extent, it is possible to change some of the parameters 
during an ASTEC run, which can only be done through restarts in MAAP and MELCOR. 

All three codes are working at adequate speeds, with MAAP being the fastest, which would 
make it preferable to be used in a simulator, and for PSA analyzes, as the many runs needed would 
still finish in manageable time. The other two are better suited as traditional analyzing software. 

Each of the three codes has its own input architecture-system, which can be defined in a 
common text file, with the allowed pre-defined parameters and equations. As for the usability, it is 
pretty clear, that from the end-user side, the MAAP is the easiest to use, MELCOR in conjunction 
with SNAP comes in second, and ASTEC being third, as it has no predefined models or a universally 
usable object oriented visual tool for creating inputs (however, it has to be mentioned, that the 
developers made a list of generic inputs available for the main plant types). The previous statement 
is also only true for an unexperienced user, as for people with years of experience, a visual tool is not 
needed, and a special setting is as easily done through an input line change in ASTEC or MELCOR, 
like through several parameter changes in MAAP. 

Like already mentioned, the big disadvantage of MAAP is that it can only simulate the pre- 
defined models, and simulating of test facilities or only parts of a reactor is not possible, unlike the 
other two codes, where you can start a reactor model from scratch and evaluate it, as you expand 
your model. 

Resulting the facts in the previous paragraph, the level of detail is pre-defined in MAAP, and 
lies in the sweet spot of being detailed enough, but not too detailed to slower the calculations. In case 
of the other two codes, the user has the decision, how detailed the given model should be. In these 
cases a decision has to be made, how much time can be spent on creating the model, and the 
proportionally rising calculation times, and how the given code is constructed, what 
recommendations are given (for example a too fine nodalization is unadvised, as the returns are 
smaller, than the error caused by numerical  diffusion). 

The output data is in ASCII format in case of MAAP, and binary in the case of the other two, 
however, ASTEC has a built in function to convert the data into ASII format. In case of MELCOR 
an external tool has to be used to extract the data into ASCII format. For the MAAP calculations only 
the pre-defined variables are stored, for the other codes, every variable available to the code is 



extractable during post-processing. 

Each one of the codes uses advanced mathematics and is able to simulate a broad spectrum 
of thermohydraulic and other physical processes. The level of detail even allows them to calculate 
DBA transients, while being more robust and enduring much steeper transients, than conventional 
thermohydraulic system codes. 

For a technical support organization it is advisable to make use of more than one system 
code, because each of them has its strengths and weaknesses, and the given task determines, which 
one to use on a specific occasion. 
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Abstract. This paper presents an overview of modelling features of the first revision of the V2.1 

major version of the European severe accident integral code ASTEC which has been set-up by IRSN 
and delivered to the ASTEC worldwide community end of 2016. After some generalities concerning 
the software structure and the packaging of ASTEC V2.1 revision 1, the phenomena addressed by the 
different modules constitutive of ASTEC are detailed. Finally, perspectives as concerns the 
development of future versions of ASTEC V2.1 at IRSN are outlined.  

 
Keywords: ASTEC, INTEGRAL CODE, MULTI PHYSICS, SEVERE ACCIDENT 

 

*This paper (ASTEC V2.1) contains significant overlap of technical phrasing which also appears 
in an overview of a past version of the code, ‘Status of ASTEC V2 development Focus on the models of 
the V2.0 version’ (ASTEC V2.0), as a result of further development.   

 
1. INTRODUCTION 

 
The ASTEC code (Accident Source Term Evaluation Code), jointly developed until 2015 by the 

French “Institut de Radioprotection et de Sûreté Nucléaire” (IRSN) and the German “Gesellschaft für 
Anlagen und Reaktorsicherheit mbH” (GRS), and developed now only by IRSN, aims at simulating an 
entire Severe Accident (SA) sequence in a nuclear water-cooled reactor from the initiating event 
through the release of radioactive elements out of the containment. The main ASTEC applications are 
therefore source term determination studies, level 2 Probabilistic Safety Assessment (PSA2) studies, 
accident management studies, physical analyses of experiments to improve the understanding of the 
phenomenology, computation of real severe accidents in order to give insight about accident 
progression and reactor final state. 

ASTEC progressively became the reference European severe accident integral code for water-
cooled reactors through the capitalization of new knowledge acquired in the frame of the SARNET 
European Network of Excellence from 2004 to 2013 [1]. Successive revisions of the V2.0 version [2] 
were continuously assessed by SARNET partners through comparison either with results of the most 
important international experiments covering the main SA physical phenomena [3] or with results of 
other SA simulation codes [4], thus confirming or allowing to identify the topics on which modelling 
efforts should be paid. 

In accordance, a second ASTEC V2 major version (the so-called V2.1 series) has been 
progressively developed at IRSN with some GRS support since 2011, aiming at removing some 
shortcomings of the V2.0 series, while continuing keeping ASTEC models close to the state of the art 
through the integration of new or improved physical models gathering a large part of the knowledge 
generated by SARNET and the ISTP (International Source Term Programme) [5]. Besides, in the frame 
of the European Commission 7th Framework Programme of research and development (FP7), the V2.1 
version constituted the back-bone of the CESAM project from 2013 to 2017 [6] [7], which final 
objective was to further improve ASTEC for use in Severe Accident Management (SAM) analysis of 
the Gen.II-III nuclear power plants presently under operation or foreseen in near future in Europe. 
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The very first ASTEC V2.1 version was delivered in March 2015 to the CESAM FP7 partners. 
Main modelling features of this V2.1 first version are summarized in [8]. In particular, the in-vessel 
coupling technique between the Reactor Coolant System (RCS) thermal-hydraulics module and the core 
degradation module was strongly re-engineered to remove some well-known weaknesses of the former 
V2.0 series. The V2.1 version also included new core degradation models specifically addressing 
Boiling Water Reactor (BWR) and Pressurized Heavy Water Reactor (PHWR) types, as well as several 
other physical modelling improvements, notably on reflooding of severely damaged cores, Zircaloy 
oxidation under air atmosphere, corium coolability during corium-concrete interaction and source term 
evaluation. 

This paper presents an overview of ASTEC V2.1 revision 1 version which has been released end 
of 2016 to the ASTEC worldwide community, followed mid 2017 by a first patch of this version 
benefiting of generic plant reactors datasets elaborated during the CESAM project. 

 
2. ASTEC V2.1 REVISION 1 GENERALITIES 

 
2.1 Code structure and main programming features 

The ASTEC code structure is modular, each of its modules simulating a reactor zone or a set of 
physical phenomena (see Figure 1). 

The ASTEC modules communicate with each other through a hierarchical centralized database 
resident in main memory (designed as “database”) and data are exchanged between the ASTEC modules 
at macro-time steps through this dynamic database, i.e. evolving throughout the calculation and 
mirroring at each time the state of the reactor. In addition, all the modules adopt their own time stepping, 
depending of the phenomena to be addressed, to reach the end of each macro time-step. 

Two different running modes are possible: stand-alone mode for running each ASTEC module 
independently -particularly useful for module validation- and coupled mode where all (or a subset) of 
the ASTEC modules are run sequentially within a macro-time step. 

 
2.2 Packaging 

ASTEC is distributed to users having contracted a licence with IRSN through the web portal 
ASTEC managed under GForge. 

It is distributed as two main packages, one for Linux 64 bits architectures and one for Windows 
32 bits or 64 bits architectures. 

Each package contains in addition to ASTEC executables: 

- All the manuals applicable for the version (physical, user’s manual et theoretical manual) 
available through a web interface; 

- The online documentation of input dataset format as well as post-processing 
documentation; 

- ODESSA tools allowing to read saved database as well to realize post-processing on a 
saved simulation; 

- SUNSET tool [9] to perform sensitivity or uncertainty studies; 

- MDB editor to draw physical properties of materials used by ASTEC (see §0); 

- Sample datasets and their associated event file (generated with released version). 

As concerns datasets, ASTEC V2.1 revision 1 comes with different sets of input decks: 

- Test-cases: these simple datasets illustrate the way to use a single module or few modules 
together without any consideration of physical reliability of the results; 



- Validation: these datasets are part of the large validation matrix of ASTEC, limited to 
open data, e.g. generally associated with the OECD ISPs (International Standard 
Problems); 

- Plants: set of generic datasets implying all the modules and representing a complete 
nuclear power plant (NPP) design. Such generic input decks describe different types of 
NPP operated in Europe without defining proprietary data of a special plant and they 
account for the best recommendations from code developers and users. Thanks to 
CESAM project and clearly the commitment of CESAM partners, in the last released 
patch, the generic designs of concern are the following:  

o BWR similar to BWR-4 with Mark I type containment, 

o Pressurized Water Reactor (PWR) similar to French 900 MWe NPP, 

o PWR similar to VVER 440 MWe, 

o PWR similar to VVER 1000 MWe, 

o PWR similar to German KONVOI 1300 MWe, 

o PHWR (CANDU-like). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.13 Schema of the ASTEC V2.1 modules 
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3. DESCRIPTION OF THE ASTEC V2.1 REVISION 1 MODULES 
 

3.1 CESAR: thermal-hydraulics in reactor cooling circuit  
The CESAR module simulates the two-phase thermal-hydraulics in the whole RCS (primary 

circuit, secondary circuit and reactor vessel) during the whole sequence, from the steady state to the 
possible pure incondensable gas circulation. 

The CESAR thermal-hydraulics modelling is generally based on a 2-phase flow 5-equations 
approach (1-D in RCS pipes and 2-D in the core) while a 6-equation model is used in porous media 
regions. Up to N non-condensable gases can be transported in the gas field. As a result for each volume, 
4+N differential equations are solved: 2+N mass differential balance equations, one for the steam phase, 
N for the non-condensable gases and one for the liquid phase, 2 energy differential balance equations, 
one for the gaseous phase and one for the liquid phase. The 5-equations formulation yields at each 
junction between volumes 1 mixture (liquid and gas phases) differential momentum balance equation 
and 1 algebraic equation which models the interfacial drag between the liquid phase and the gas phase. 
In the so-called 6-equation formulation, the differential momentum balance equations are solved for 
each phase (liquid and gaseous). It is worth noting that this 6-equations model is necessary to represent 
phase separation that occurs during reflooding in porous media such as the severely degraded core. 

Thermal non-equilibrium is considered between phases, with the possibility of sub-cooled liquid 
and superheated steam, and mechanical non-equilibrium between phases is considered too, with the 
possibility of counter-current as well as stratified flows.  

Most of the CESAR physical constitutive laws are issued from the correlations that are included 
in the French best-estimate thermal-hydraulics CATHARE2 code [10]. The break critical flow rate is 
based on the Gros d’Aillon correlation whereas the heat transfer coefficient between the structure and 
the fluid is based on a boiling (Nukiyama) curve. Different heat transfer processes are modelled: forced 
convection to liquid, nucleate boiling, critical heat flux, transition boiling, film boiling, forced 
convection to vapour and radiative heat transfer. 

A unified model of reflooding is describing the rising of quenching front in bundle or debris 
configuration, heat exchange around front position and phase separation through porous media. 

Special PIPE components have been developed in V2.1 versions to simplify circuit nodalization 
and to describe more precisely mass transfer through 1-D pipe by addition of convective terms in 
junctions. 

While a 1-D approach is used for RCS PIPE components, a 2D (r-z) discretization is applied in 
the core region, thus allowing dealing with 2D two-phase flow patterns notably during the degradation 
phase. 

To support relevant ASTEC analyses addressing the in-vessel melt retention (IVMR) strategy, a 
specific component can be used to make able CESAR representing an External Reactor Cooling Circuit 
(ERVC), taking in account implicitly the large heat fluxes between vessel and this circuit. 

Induced mechanical rupture of RCS pipes that could occur on hot legs in case of high pressure 
SA sequences can be described with CESAR by setting in the input decks the appropriate mechanical 
rupture criteria at specific connections of the circuit. 

Specific swollen water level volumes are used to model large two-phase domains such as 
pressurizer. Special components represent: hydro-accumulators, pumps (which are described through a 
0D approach), valves, and breaks, for the latter with correlations for critical and sub-critical flow. In 
addition, the pressurizer spray and heater systems can be considered specifically. 

The numerical method follows the finite volume technique. The space is discretized using a 
staggered grid with the use of the donor-cell principle. The time integration is performed using a 
Newton’s method and a fully implicit scheme is used. 



3.2 ICARE: in-vessel core degradation 
The ICARE module describes the in-vessel degradation phenomena, both early and late 

degradation phases, up to the vessel failure. 

ICARE allows to simulate the early-phase of core degradation with fuel rod heat-up, ballooning 
and burst, clad oxidation, fuel rod embrittlement or melting, molten mixture candling and relocation, 
debris formation and relocation, and then the late-phase of core degradation with corium accumulation 
within the core channels and formation of blockages, corium slump into the lower head and corium 
behaviour in the lower head until vessel failure. 

In ASTEC V2.1, the core is discretised in 2D (axial and radial meshing) lying on a multi-flow 
structure made of “container/contained” description of the so-called macro-components, thus allowing 
to properly describe, in addition to the axisymmetric structure inherent to PWR core, the BWR and 
PHWR core geometries with the so-called multi-channels [8]. 

Each constituent of the core is indeed represented at user level by a macro-component (e.g. fuel 
column, Zry cladding, B4C absorber, Stainless Steel cladding, Zry guide tube, Zry canister, spacer grid, 
core barrel, core support plate…) which is automatically discretized on a radial and axial mesh by 
ICARE. Each discretized item is called a component. 

The main physical models are: 

- Heat transfers: axial and radial conduction; gap exchanges between pellets and clad; 
convection between fluid and wall as well as radiation. For the latter, a general in-core heat 
transfer model (based on an equivalent radiative conductivity approach) allows to deal with 
radiative exchanges in a reactor core whatever the degradation level is (intact rods, 
moderately degraded rods, severely damaged core, large cavities, …), thus managing in a 
continuous way the heat transfers all along the evolution of the core geometry degradation. 
In addition, radiation from the corium relocated in the lower head (after its slumping from 
the core) towards the core plate bottom face is also modelled; 

- Power: either nuclear power generated by fission products (FP) or generated in a given 
material, or electric power generated in some out-of-pile experiments; 

- Rod mechanics: ballooning, creep and burst of Zircaloy fuel rod claddings (including both 
Zry-4 and Zr1%Nb alloys); creep of control rod stainless steel claddings; embrittlement and 
loss of integrity of fuel rods and Zry guide tubes (using user-criteria); 

- Chemistry: oxidation of Zr by steam (including recommended ‘BEST-FIT’ correlation for  
Zry-4 and Zr1%Nb); oxidation of stainless steel by steam; dissolution of UO2 by solid and 
liquid Zr; dissolution of Zr by liquid Silver-Indium-Cadmium alloy; dissolution of Zr by solid 
steel; oxidation and degradation of B4C control rods; oxidation/dissolution of relocating and 
relocated U-O-Zr magmas including magma pools formed either in the core and/or in the 
lower plenum; Zircaloy oxidation under air atmosphere, including a preliminary treatment of 
nitriding process that could occur under oxygen starvation conditions and breakaway 
phenomena; 

- Material melting and relocation (both in early phase and late phase of core degradation): 
formation of solid/liquid magma; 2D movement of magmas (axial candling of a mixture of 
molten and solid masses as a film along the rods or radial spreading in case of downwards 
obstacles due to e.g. re-solidified material or horizontal plates); formation and expansion of 
a molten pool; and corium slump into the lower plenum; 

- Particulate debris behaviour: debris models are a novelty of the last released ASTEC V2.1 
version which aims to represent solid debris formation and evolution, interaction with fluid, 
formation of porous media, eventually followed by reflooding event or melting to form a 
magma component. Debris formation criteria are accounting for temperature and oxide layer 
thickness but also temperature gradient as for quenching arising in reflooding phases; 
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- Corium behaviour in lower plenum: 2D meshing of the vessel lower head wall, combined 
with a 0D approach within the plenum volume accounting for 3 stratified liquid corium layers 
(light metallic layer, oxide pool, heavy metallic layer) and 2 possible debris layers. The heat 
transfers between neighbouring layers, between layers and vessel walls or residual water, are 
using established correlations from literature, depending on layer mean temperature and 
power. Possible jet fragmentation of the corium slumping from the core on contact with the 
lower head water pool. A specific stratification model allows managing both thermochemical 
and hydrodynamic phase separation processes in the lower plenum, along with the possible 
inversion of metal/oxide layers in case the heaviest layer is above the lightest one. Modelling 
of heat transfer from top corium layer to core support-plate; 

- Vessel lower head rupture: melt-through or mechanical failure (either instantaneous plastic 
rupture or creep rupture) accounting for corium and water loading on the lower head wall 
and also for the possible vessel wall partial melting based on different approaches considering 
e.g. different lower head geometries. Two alternative models are available for the vessel 
lower head mechanical failure through a user input option (one advised for hemispherical 
shape and the other one valid for elliptical shape); as an option, user-criteria such as 
temperature, degradation rate, stress can also be defined; 

- Ex-vessel cooling circuit: as already mentioned as concerns CESAR models, the ERVC 
component is also taken in consideration by ICARE for representing vessel ablation. 

The numerical method uses a two-stage predictor/corrector method solved by a Newton-Raphson 
algorithm. Basically, at the first stage, ICARE predicts implicit boundary conditions in temperature and 
chemistry kinetics for CESAR, and in the second stage, the temperatures are corrected with new 
thermal-hydraulic conditions computed by CESAR. This algorithm is more thoroughly described at 
section §0. 

 
3.3 ELSA: fission products release from the fuel 

The ELSA module aims at simulating the release of FPs and structural materials (SM) from the 
degraded core during a reactor severe accident. ELSA is tightly coupled with the ICARE module. 

The modelling allows describing the release from fuel rods and control rods, followed by the 
release from debris beds (if any) and, then, the release from the in-core molten pool (i.e. from a set of 
ICARE liquid magma components). The modelling is based on a semi-empirical approach and the 
physical phenomena taken into account are the main limiting phenomena which govern the release. 

For intact fuel rods and debris beds, the FP release is described according to the degree of fission 
product volatility. Three categories are distinguished with the following characteristics: 

- Volatiles (such as I or Cs): the release is described by species intra-granular diffusion 
through UO2 fuel grains, taking into account fuel oxidation (UO2+x) and a grain-size 
distribution; Te, Se and Sb can be partially trapped in the cladding depending on temperature 
and on the degree of cladding oxidation. At fuel melting point, all the remaining species 
located in the liquid part of the fuel are supposed to be instantaneously released. 

- Semi-volatiles (such as Ba or Mo): the release is described by evaporation into inter-
granular porosities and mass transfer processes. 

- Low volatiles (such as U or Pd): the release is described by fuel volatilisation treated as the 
vaporisation of UO3. This process can therefore take place only after a severe degradation of 
the fuel rods. 

The difference between the configuration of fuel rod and debris bed is the determination of the 
average geometrical ratio “surface/volume” used in the calculation of the stoichiometry deviation. 

Concerning the molten corium pool configuration, given the high-temperature conditions, the 
chemical equilibrium can be assumed in the magma so that release is governed by mass transfer and 



evaporation processes from the free surface of the molten pool. Central to the modelling is the 
calculation of the vapour pressures of the elements in the molten pool. The assumption of non-ideal 
solution chemistry is also used for phase distribution. 

Finally, for the structural materials, release of Ag, In, Cd and Sn is taken into account in ELSA 
as follows:  

- Ag, In, and Cd (SIC alloy) are released from degraded control rods. The same approach as 
semi-volatile species is used, i.e. release is described by evaporation and mass transfer 
processes. The SIC release happens at the control rod failure. It is followed by release from 
free surface of the liquid alloy retained within the cladding still in place; 

- Sn is supposed to be released as a proportion of the rate of ZrO2 formation, as lessons drawn 
from Phébus.FP experimental observations [11] [12]. 

These structural materials, as well as Fe, Ni and Cr, can also be released from the corium molten 
pool. 

For B4C control rods, release of boron and carbon is not managed by ELSA: B and C elementary 
releases are in fact a direct output from the ICARE boron carbide oxidation model. 

 
3.4 SOPHAEROS: fission products behaviour in the whole reactor 

The SOPHAEROS module simulates transport and chemistry of FP vapours and aerosols in the 
whole reactor, i.e. in both the RCS and the containment domains, including the iodine and ruthenium 
behaviour (chemistry and transport) inside the containment. 

In every control volume, FPs can be found in 12 different states: suspended vapours, suspended 
aerosols, condensed vapour on walls, deposited aerosols on walls, sorbed vapours on walls, liquid, 
painted dry walls, steel dry walls, concrete dry walls, painted wet walls, steel wet walls, concrete wet 
walls. One must note that the 6 latest states are specifically involving iodine chemistry in containment. 

Main phenomena addressed by SOPHAEROS are the following: 

- Vapour-phase phenomena: gas equilibrium chemistry, chemisorption of vapours on walls, 
homogeneous and heterogeneous nucleation, condensation/revaporisation on/from aerosols 
and walls, model for kinetics of gaseous phase chemistry (focusing first on the Cs-I-O-H-
Mo-B system), mainly based on the interpretation of the on-going IRSN CHIP experimental 
programme [13]; 

- Aerosol phenomena: as concerns agglomeration mechanisms: gravitational; Brownian 
diffusion; turbulent diffusion. As concerns deposition mechanisms: Brownian diffusion; 
turbulent diffusion; eddy impaction; sedimentation; thermophoresis; diffusiophoresis; 
impaction in bends; flow contraction effects. As concerns remobilization of deposits: 
revaporisation and mechanical resuspension (two models are available: the "force balance" 
model and the “rock and roll” one based on the JRC approach). A dedicated pool scrubbing 
model is available too; 

- Specific containment phenomena: transport of iodine species through compartments of the 
containment; treatment of FP and SM transport in liquid phase; Containment Spray System 
(CSS) phenomena including iodine trapping, aerosols washing, kinetic reactions in 
containment. 

Furthermore, SOPHAEROS treats in ASTEC V2.1 revision all the chemistry processes 
associated with iodine and ruthenium in the circuit and the containment. As concerns iodine, around 40 
phenomenological models are considered that focus on the predominant chemical reactions in sump, 
gas phase and at the interface with surfaces. More precisely, it describes in a kinetic way (i.e. non-
equilibrium) the chemical transformations of iodine in the reactor containment building, taking into 
account three kinds of reaction: thermal reactions, radiolytic reactions and mass transfer processes. As 
concerns ruthenium, the three predominant chemical reactions in gas phase are considered, based on 
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the IRSN EPICUR and STEM experiments [14]. Accordingly, the main physical and chemical 
phenomena that are modelled in SOPHAEROS are: 

- Mass transfers reactions: Adsorption/desorption of molecular iodine on painted, metal and 
concrete walls; mass transfer between sump and gas phase for diffusion/convection 
processes; condensation of steam on the walls and on the sump surface; transfer of non-
volatile iodine oxides towards the sump; 

- Liquid phase chemistry: Hydrolysis of molecular iodine I2; radiolytic oxidation of I- in 
sump; HOI dissociation/disproportionation; oxidation of I- by the oxygen dissolved in the 
sump water; radiolytic oxidation of I- into I2; reduction of iodates by radiolysis into molecular 
iodine; Silver iodide (AgI) formation by heterogeneous reactions; formation of organic 
iodide RI by homogeneous reaction in the liquid phase; decomposition of organic iodides in 
the liquid phase (driven either by radiolysis or hydrolysis); 

- Gas phase chemistry: kinetics of air radiolytic products formation; oxidation of molecular 
iodine into iodine oxides (I2O5) by air radiolysis products; decomposition of iodine oxides 
into molecular iodine; organic iodide formation from paints (model recently improved based 
on the IRSN EPICUR LD experiments from OECD/STEM project [14]); gas phase radiolytic 
destruction of organic iodide; reaction between gaseous organics (CH3R) and gaseous I2; 
radiolytic decomposition into gaseous I2 of iodine oxides and multi-components aerosols 
coming from the circuit; account for the volatility and reactiveness of gaseous HOI (feed-
back from recent interpretation of Pool Scrubbing tests from European PASSAM FP7 [15] 
project); 

- Ruthenium behaviour: decomposition in bulk phase (dry and moist air) of the ruthenium 
tetroxide RuO4(g) coming from the RCS into ruthenium deposit; ruthenium ozonation; 
oxidation of ruthenium deposit due to the action of air radiolytic products (revolatilisation 
from RuO2 surface deposit producing RuO4(g) at low temperature); 

- ITER-like chemistry: thermodynamic properties of Be-O-H-T gas phase system have been 
developed in order to study speciation in ITER nuclear fusion facility. Thermal 
decomposition of beryllium hydroxide and hydride is still under investigation. 

 
3.5 RUPUICUV/CORIUM: Direct Containment Heating 

The RUPUICUV module simulates Direct Containment Heating (DCH) phenomena, which may 
potentially occur after vessel lower head rupture under elevated pressure. CORIUM module is used in 
a chained way with RUPUICUV and CPA modules to simulate the corium behaviour in the 
containment, since CPA module cannot handle the modelling of corium particles. 

To overcome this limitation, a new model has been developed in ASTEC V2.1 revision 1 on the 
basis of DISCO experiments (performed at KIT) and associated calculations performed with the IRSN 
MC3D code [16]. The model assumes that the pressure loads are mainly due to the melt oxidation and 
hydrogen combustion (computed with CORIUM module) relatively to the heating by thermal 
convection The new correlation proposed for corium dispersion has been tested and fitted for the french 
reactors 900 MWe, 1300 MWe and EPR, but it has been built in order to be subsequently usable for 
any PWR reactor with similar geometry.  

3.6 MEDICIS: Molten Core-Concrete Interaction 
The MEDICIS module simulates MCCI (Molten-Core-Concrete Interaction) phenomena using a 

lumped-parameter 0-D approach with averaged melt/crust layers. Corium remaining in the cavity 
interacts with the concrete walls. This module assumes either a well-mixed oxide/metal pool 
configuration or possible pool stratification into separate oxide and metal layers. It describes concrete 
ablation, corium oxidation and release of incondensable gases (H2, CO, CO2) and steam into the 
containment. Most convective heat transfer correlations available in literature for the corium/concrete 
interface (Kutateladze, Bali …) and the interface between corium layers (Greene) are implemented.  



A robust algorithm for cavity erosion was developed, including the possibility to represent a 
multi-layered concrete basemat.The MEDICIS module contains: 

- A model of the structure of the corium/concrete interface taking into account, from the pool 
bulk to the concrete interface, a convective zone, a possible conductive zone described as a 
crust and a slag layer;  

- Models of evolution of corium pool configurations, depending on criteria using the 
superficial gas velocity and on differences between oxide and metal densities determining 
the switch between homogeneous and stratified pools; 

- Capability to account for successive MCCIs (useful feature to simulate MCCI in the cavity 
and then in the spreading chamber);  

- Corium pouring kinetics from the cavity towards the core-catcher (EPR design) using a 
simple model; 

- Evaluation of the melt spreading capability (EPR core catcher design) thanks to a simple 
analytical model; 

- Model to evaluate the FP release from the ex-vessel corium pool during MCCI (cannot be 
used for reactor sequence calculations, only for experiment interpretation); 

- Empirical model to evaluate the aerosol production during MCCI; 

- Use of the MDB package to evaluate the corium layers’ thermo-physical properties and to 
treat the corium oxidation: metals are oxidized instantaneously in proportion to the mass of 
available gases with a priority rank (Al2O3, CaO, MgO, UO2, ZrO2, SiO2, Cr2O3 NiO FeO); 

- Models of corium coolability in case of water injection upon the corium pool surface; it 
notably includes the modelling of a dedicated debris bed layer above and apart from the upper 
crust, the modelling of water ingression through the upper crust (Jones or Lister model) and 
corium eruption through the upper crust towards the overlying water pool (Ricou/Spalding 
or PERCOLA model for the melt ejection hydrodynamics). 

The numerical method used by MEDICIS to solve the temperature and composition at each 
internal time step is reduced to a Newton-Raphson method applied to layer’s temperatures. 

 
3.7 CPA: thermal-hydraulics in containment 

The CPA module simulates thermal-hydraulics behaviour in containment including hydrogen and 
carbon oxide combustion. 

The discretization through a “lumped-parameter” approach (0D zones connected by junctions 
and surrounded by walls) simulates simple or multi-compartment containments (tunnels, pit, and dome) 
with possible leakages to the environment or to normal buildings, with specified openings to the 
environment. Several real compartments can either be combined to become one CPA zone or large 
compartments can be divided into several zones to cover flow peculiarities more realistically, e.g. steam 
or hydrogen plumes. 

CPA thermal-hydraulics models describe phenomena such as pressure and temperature build-up, 
local temperature and pressure distributions, local gas distributions (steam and different non-
condensable gases), local heat transfer to walls (free and forced convection, radiation, condensation), 
1D heat conduction in structures (plate or cylinders, consisting of several material layers), as well as 
gas (hydrogen and carbon monoxide) combustion. 

The thermal-hydraulic state of a node is described according to the non-equilibrium model where 
deposited and airborne water are separately balanced. 

Mass transfer between zones is described separately for gas and liquid flows by momentum 
equations (unsteady, incompressible or steady compressible) accounting for the height differences 
between zone centres. 
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For a realistic description of accidents, models are available for the behaviour of engineered 
safety systems such as Passive Autocatalytic Recombiners (PAR) of different types, usual containment 
sprays, pressure suppression systems, etc. 

Besides the detailed recombiner models, fast running correlations were added, faster and simpler 
to use. Different correlations are available in ASTEC V2.1 for the simulation of both box-type (Siemens 
and AECL types) and NIS-type particle bed recombiners. 

As for the pool scrubbing phenomena, the effect of spray systems on thermal-hydraulics is 
modelled by CPA in addition to SOPHAEROS which copes with the aerosol phenomena.  

As concerns combustion, two complementary models are available in ASTEC V2.1 to simulate 
hydrogen and CO combustion: the FRONT model, which is fully integrated in the CPA module, and 
COVI as a separate module. The last elementary model computes the maximal value of pressure build-
up under adiabatic conditions of combustion (AICC or Adiabatic Isochoric Complete Combustion). In 
addition, the detailed FRONT model allows accounting for the flame front propagation from a burning 
zone to a non-burning zone in case of a multi-compartment geometry.  

 

3.8 pH 
This recent ASTEC module is responsible of pH evaluation in the sumps of containment. 

pH value is a key issue to compute iodine behaviour in the containment and this module allows 
better pH approximation than previous assumptions on fixed pH in the sump, depending only on the 
actuation or not of containment spray system. 

This module allows taking account of boron injection, soda mass, lithine mass and acidification 
by other sources such as carbon dioxide or nitric acid formation.  

It is worth noting that this module has not been yet considered in best-estimate plant calculations. 

 
3.9 DOSE: dose evaluation 

The DOSE module allows evaluating the dose rate in both the containment gaseous phase and 
the liquid phase. It has however to be underlined that, up to now, this module was only validated by 
comparison with dedicated IRSN codes. 

 
3.10 ISODOP: fission products filiation 

The ISODOP module simulates decay of FP and actinide isotopes in different zones of the 
reactor, following FP transport given by SOPHAEROS. 

It starts the calculation using an initial isotope inventory generated by a dedicated code (e.g. the 
CEA code PEPIN) and allows estimating decay heat and activity in the core, in the RCS, in the 
containment and in the environment. It is based in ASTEC V2.1 on the JEFF (Joint Evaluated Fission 
and Fusion) database dealing with ~3800 isotopes. 

 
3.11 SYSINT: systems management 

The SYSINT module allows the user to easily simulate the management of engineered safety 
features (for instance, safety injection systems, pressurizer spray and heaters, management of steam 
generators, containment spray system in direct or recirculation mode, hydrogen recombiners…). 

 
3.12 MDB library 

This library Material Data Bank (MDB), shared by all ASTEC modules, groups together all 
material properties under a unique simple readable format. This includes: all simple materials of a 
water-cooled reactor (solid, liquid and gas) and associated usual properties (enthalpy, conductivity, 



density…); ideal chemistry (equilibrium reactions); iodine chemistry (kinetics); FP isotopes (decay 
heat, transmutation rates…); complex materials such as molten corium. 

The MDB library includes all the recent research on the nuclear material properties done in 
international projects: for FP, CIT and ENTHALPY FP4 projects, and for corium OECD RASPLAV 
and MASCA projects. The evaluation of corium properties is based on the NUCLEA database [17] for 
corium thermo-chemistry. It also benefits from a continuous validation at IRSN of the database 
contents. 

 
4. COUPLING BETWEEN MODULES 

 
ASTEC code offers the opportunity to simulate the progression of a severe accident on NPP from 

the initiating event until the ex-vessel long term phase. For this purpose, the coupling between the 
aforementioned modules had been developed (see §0). For the ASTEC V2.1 version, this coupling has 
been significantly improved. 

 
4.1 Coupling between reactor coolant system thermal-hydraulics and core degradation modules 

To allow best-estimate simulations of two-phase flows in the core during the degradation phase, 
the in-vessel coupling technique between the RCS thermal-hydraulics module and the core degradation 
module has been strongly re-engineered in ASTEC V2.1 (see FIG.) in comparison to former code 
versions [8]. CESAR is covering the thermal-hydraulics in the whole RCS (vessel and loops) during 
the whole transient, while ICARE deals with the thermal behaviour and degradation of all vessel 
structures (heat-up, creep, oxidation, material relocation…) since the beginning of the transient. 

Coupling between the two modules is semi-implicit since, at each ICARE time step, both 
modules interact deeply in the following steps: 

- ICARE prediction: ICARE firstly determines material displacements and evaluate vessel 
components’ temperature as well as chemistry kinetics, and it computes implicit boundary conditions 
on heat flux to the walls; 

- CESAR thermal-hydraulics calculation: CESAR uses boundary conditions provided by 
ICARE to compute, possibly in several internal steps, the new thermal-hydraulic state at the end of 
ICARE time-step; 

- ICARE correction: Taking in account the new thermal-hydraulic conditions, ICARE 
determines the vessel new components’ state. 

Such a CESAR/ICARE coupling notably makes the V2.1 version fully applicable to SA 
scenarios involving a delayed core quenching, thus providing ASTEC users with an adequate frame to 
deal with the reflooding of degraded cores. 

As to the numerics, in order to gain CPU time, each module is running at its own time-step thus 
allowing the resolution of the core degradation processes to be possibly achieved with a larger time step 
than the one used to solve RCS/vessel two-phase thermal-hydraulics (since CESAR can sometimes 
require rather small time steps). Meeting points occur at the end of an intermediate macro time-step. 
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FIG.2. Principle of the CESAR/ICARE coupling 

 
4.2 MEDICIS-CPA coupling 

A specific prediction-correction coupling approach was developed between MEDICIS and CPA 
when representing the cavity as a CPA volume. Two levels of coupling have been developed: firstly the 
simplified coupling assuming that the cavity gases are fully absorbent and then the detailed coupling 
(more realistic but more CPU time consuming) assuming that the cavity gases can be transparent, 
partially absorbent or fully absorbent. 

First, in the prediction step, MEDICIS calculates the whole behaviour of the cavity and notably 
evaluates the gas temperature in the cavity. With the detailed coupling, MEDICIS calculates also all the 
radiative exchanges between the upper surface of the corium pool, the internal wall surfaces of the 
reactor cavity (i.e. lateral upper cavity walls or lower head reactor vessel) and the gas. Besides, the gas 
flow rates coming from the MCCI are also taken into account as well as heat exchanges between the 
upper crust layer and covering water in case of top flooding. 

All these heat fluxes are then transferred to CPA which, in the correction step, calculates again 
the cavity thermal-hydraulics in the same time as the other containment zones, taking into account the 
gas mass flow rates entering into this zone (in particular the gaseous sources issued from the MCCI 
process) or going out of this zone. For the detailed coupling, CPA calculates also the convective heat 
fluxes at the wall surfaces which are then taken into account by MEDICIS in the following time step. 

 
5. CONCLUSIONS AND PERSPECTIVES 

 
A first revision of the version V2.1 of the European severe accident integral code ASTEC has 

been set-up at IRSN and delivered in 2016 to the ASTEC worldwide community. 

Comparatively to former V2.1 versions, all the constitutive modules of ASTEC have been 
improved in V2.1rev1 to reach state of the art in their applicable domain. Thus, we can emphasize the 
following: 

- CESAR was extended to calculate flows in porous media (including reflooding processes 
in a severely degraded core) and a new feature was developed to represent external vessel 
cooling circuit; 

- ICARE is being progressively extended in the core region to notably support debris 
modelling and in the vessel lower plenum region to benefit from developments done in 
the frame of the IVMR H2020 project [18]; 

ICARE 

CESAR 



- MEDICIS was significantly improved in terms of robustness and top quenching models 
were largely assessed; 

- SOPHAEROS was enriched from the last R&D knowledge acquired in the domain of 
iodine behaviour and the new PH module came to complete chemical modelling of 
containment; 

- CPA benefited from new post-treatments and was extended to support thermal modelling 
of incondensable gas percolating sump in MCCI top quenching conditions. 

Moreover ASTEC V2.1 has gained in terms of reliability, robustness, performance and 
flexibility, as notably demonstrated by the recent V2.1rev1 applications performed by CESAM partners 
at plant scale. 

As concerns perspectives, IRSN is continuing to improve the modelling features of ASTEC V2.1 
and ongoing modelling efforts are notably paid to improve: 

- EPR core-catcher modelling; 

- Radiative heat transfer in multi-channel configurations (useful in particular for BWR and 
Spent Fuel Pool analyses); 

- Spent fuel pool modelling (degradation and mixed steam/air oxidizing conditions); 

- Pool scrubbing modelling; 

- Etc.  

In addition, current efforts are being done to validate recently developed models, e.g. the models 
relative to particulate debris (creation, movement, characterization, flow through porous media, etc.). 

Besides, current efforts towards a progressive industrialization of the code will be continued at 
IRSN through following improvements: 

- Complete review of database documentation and new comprehensive and up-to-date 
documentation of all available post-treatments; 

- Continuous improvement of robustness and performance; 

- Graphical editor allowing manipulating datasets conformingly to ASTEC syntax. 

 And last but not least, ASTEC shall remain a repository of R&D knowledge for SA 
phenomenology. For that purpose, the feedback from the interpretation of the current experimental 
programs performed in the international frame will be continuously taken into account: as already 
mentioned the reflooding of severely damaged cores according to IRSN PEARL new data [19]; iodine 
and ruthenium chemistry in RCS and in containment according to OECD STEM/STEM2 [14] and BIP-
2/BIP-3 [20] projects; corium/debris behaviour in the lower head according to both the CORDEB 
project between French partners and NITI (Russia) and the on-going IVMR H2020 project [18]; 
hydrogen distribution, combustion and recombination according to OECD THAI-2/THAI-3 and French 
ANR-MITHYGENE [21] projects; pool scrubbing and mitigation according to the French ANR-MIRE 
[22] and European IPRESCA [23] projects; corium coolability during MCCI according to the last CCI 
experiments performed in ANL (USA)… 

Besides, as concerns other types of applications, both modelling and assessment activities 
addressing the ASTEC adaptations to Gen.IV reactors, especially sodium-cooled fast neutron reactors, 
and the treatment of accidents in the ITER Fusion facility will continue. 
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Abstract.Since the accidents at Fukushima-Daiichi, Sandia National Laboratories has been 
modeling these accident scenarios using the severe accident analysis code, MELCOR. MELCOR is a 
widely used computer code developed at Sandia National Laboratories since ~1982 for the U.S. Nuclear 
Regulatory Commission. Insights from the modeling of these accidents is being used to better inform 
future code development and potentially improved accident management. To date, our necessity to 
better capture in-vessel thermal-hydraulic and ex-vessel melt coolability and concrete interactions has 
led to the implementation of new models.   

The most recent analyses, presented in this paper, have been in support of the of the 
Organization for Economic Cooperation and Development Nuclear Energy Agency’s (OECD/NEA) 
Benchmark Study of the Accident at the Fukushima Daiichi Nuclear Power Station (BSAF) Project. 
The goal of this project is to accurately capture the source term from all three releases and then model 
the atmospheric dispersion. In order to do this, a forensic approach is being used in which available 
plant data and release timings is being used to inform the modeled MELCOR accident scenario. For 
example, containment failures, core slumping events and lower head failure timings are all enforced 
parameters in these analyses. This approach is fundamentally different from a blind code assessment 
analysis often used in standard problem exercises.  The timings of these events are informed by 
representative spikes or decreases in plant data.  

The combination of improvements to the MELCOR source code resulting from analysis 
previous accident analysis and this forensic approach has allowed Sandia to generate representative and 
plausible source terms for all three accidents at Fukushima Daiichi out to three weeks after the accident 
to capture both early and late releases. In particular, using the source terms developed by MELCOR, 
the MACCS software code, which models atmospheric dispersion and deposition, we are able to 
reasonably capture the deposition of radionuclides to the northwest of the reactor site.   

 

Keywords MELCOR, FUKUSHIMA-DAIICHI, INSIGHTS, SEVERE ACCIDENT 

 

1. INTRODUCTION AND BACKGROUND 

On March 11, 2011, the Tohuku earthquake struck near the Fukushima Daiichi power station, 
causing a regional loss of electric power and the operating reactors (Units 1, 2 and 3) to scram. The 
emergency on-site diesel-powered generators started as designed, and supplied power to the emergency 
cooling systems needed to keep the reactors cool. Several tsunami waves produced by the earthquake 
reached the Fukushima Daiichi site roughly an hour later, resulting in the loss of emergency diesel-



powered AC generators and causing a loss of AC electrical power.  Battery power was also lost at Units 
1 and 2 immediately and eventually at Unit 3. Consequently without adequate core cooling, each of the 
three units subsequently suffered core damage of varying degrees.  

In 2012, the first phase of the OECD/NEA BSAF Project was begun. The goal of the 
international project was to model the primary containment system of all three reactors out to seven 
days after the initiation of the event. However, it became clear that in order to capture the full extent of 
the source terms for all three units that this calculation would have to be extended out to three weeks. 
This three week time frame fully captures releases until the situation at all reactor was stabilized. The 
second phase of the BSAF project, which was initiated in 2015, was dedicated to modeling and 
analyzing this three-week time frame. [1] 

For this analysis, the severe accident analysis code MELCOR has been used to model the 
accident progression and subsequent releases for all three accident scenarios. MELCOR is developed 
by Sandia National Laboratories (SNL) under contract to the U.S. Nuclear Regulatory Commission 
(USNRC). It has dedicated system models to track radionuclides as they are released from degraded 
fuel and make their way outside of the reactor pressure vessel, into the containment and eventually into 
the environment. Key systems and phenomenology captured by MELCOR are shown in Figure 1. 
Released radionuclides are then taken as inputs to the MELCOR Consequence Code System (MACCS), 
which models atmospheric dispersions and depositions using weather data available for the time of the 
accidents. [2] 

This paper discusses insights gained from the modeling of each of the three accident scenarios. 
First, accident progression events and timings are presented. Then each accident scenario is discussed 
in more detail, highlighting key insights that we have gained from modeling the accidents over the past 
six years.  

It is important to acknowledge that each of the scenarios presented here are single best-guess 
plausible accident realizations and that alternate scenario variants might also be plausible explanations 
for the observed trends and behaviors. A full understanding of the events may not be available until the 
decommissioning of the reactors is complete. 

2. FUKUSHIMA DAIICHI UNIT 1 ACCIDENT PROGRESSION  
 

The accident at Fukushima Daiichi Unit 1 (1F1) progressed significantly faster than at the other 
two units. At the time of the tsunami, the passive cooling system used for management of decay heat, 
the isolation condenser (IC) was switched off and was not able to be restarted due to loss of DC power 
following the arrival of the tsunami. This led to the rapid loss of water level in the reactor pressure 
vessel, with top of active fuel (TAF) estimated as being reached 2.6 hours into the accident and fuel 
damage occurring at 3.5 hours. By 10.9 hours, the lower head of the reactor pressure vessel is predicted 
to have failed and at 12.8 hours the first containment breach is modeled. Key timings for the modeled 
accident scenario are displayed in Table 1. In MELCOR, station blackout scenarios of boiling water 
reactors, a failure of the main steam line is often predicted. This was highlighted by the State-of-the-
Art Reactor Consequence Analysis (SOARCA) Uncertainty Analysis of the Peach Bottom reactor. Just 
as in the SOARCA analysis, this 1F1 reactor was predicted to have a main steam line break near 6 hours 
into the accident. [3] This break was enforced to occur at 6.1 hours to best match the plant data provided 
the Tokyo Electric Power Company (TEPCO).  
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FIG. 1. Reactors systems and phenomenology represented within the severe accident analysis 

code, indicated in black. Release pathways outside of the reactor pressure vessel are indicated in yellow 
and those outside of the primary containment are indicated in red.   
  



TABLE 1. KEY EVENT TIMINGS FOR THE ACCIDENT AT FUKUSHIMA DAIICHI UNIT 1 
 

Event Time [hours] 
First occurrence of water level at TAF 2.6 
Onset of hydrogen generation 3.4 
First fuel clad failure time 3.5 
First control blade melting/liquefaction time 3.9 
First fuel rod failure time (melting or collapse) 3.8 
First UO2 relocation to lower head 4.1 
First lower core plate failure time 8.5 
First FP release from fuel 3.5 
First RPV pressure boundary failure (main steam line break) 6.1 
Vessel water dryout in lower head 9.1 
Lower head failure  10.9 
Initiation of MCCI 10.9 
Containment failure 12.8 
Fresh or sea water injection to RPV and termination of injection 15.0 
Hydrogen explosion 24.8 
Drywell line breach 48.3 

 
When the predicted pressure signature of the primary containment is examined, shown in Figure 

2, it can be seen that there is a large jump in the containment pressure immediately after the failure of 
the main steam line at 6.1 hours. Immediately after this, additional spikes in containment pressure are 
seen from assumed core slumping events into the lower plenum. As the pressure of the containment 
increases, the head flange of the drywell begins to leak. The bolts holding the drywell head in place 
stretch elastically, leaking combustible gas and radionuclides into the refueling bay. At 48.3 hours into 
the accident progression, the drywell liner was predicted to be breached by persistent core-concrete 
erosion. 

 

 

FIG. 2. Reactor pressure vessel pressure for the first 100 hours of the 1F1 accident scenario 

 

2.1 Drywell Liner Breach through Sump Ablation at Fukushima Daiichi Unit 1 



 

139 
 

In our analysis of this scenario with MELCOR, we predicted a breach of the drywell liner 
through the drywell sump at 48.3 hours. This can be seen in Figure 3. This is very close to the reported 
drop in the pressure of the containment that occurs near 50 hours. This has led us to conclude that it is 
likely that the drywell lined was breached due to ablation of concrete through MCCI in the sump below 
the reactor pressure vessel. This serves to highlight the importance of having a robust MCCI and corium 
spreading model. Additionally, it is likely that MCCI and resultant released radionuclides were the 
leading contributor to late releases that occurred after one week after the earthquake, of radionuclides 
into the atmosphere. 

 

FIG. 3. Ablation depth of the MCCI in 1F1 for the first 100 hours of the accident scenario 

 

2.2 Drywell Head Flange Leakage and Hydrogen Explosion 

In our MELCOR analysis, between roughly 12 and 23 hours, steam and hydrogen leak from 
the drywell head flange and enter the refueling bay through seams in the shield plug.  Then the 
hydrogen, carbon monoxide and steam rise to the rood and spread laterally. Steam present is produced 
from MCCI and emergency water injection. As the steam remains in the refueling bay, it is gradually 
condensed out of the hot layer, enriching the local hydrogen concentration. This mixture displaces air 
from the refueling bay, with the steam mole fraction exceeding 50%, resulting in an inert environment. 
However, as the scenario progresses, at about 24 hours operators vent the drywell to reduce the pressure.  
This results in less steam being vented into the refueling bay which up to now has been displacing air 
from the reactor building and inerting the refueling bay. As the remaining steam content of the refueling 
bay condenses creating a partial vacuum, air is subsequently drawn into the reactor building from the 
outside, making the composition of the refueling bay flammable. A representation of this can be seen 
in Figure 4. 



 

FIG. 4. Shapiro diagram of the atmosphere in the refueling bay of 1F1 

 

3. FUKUSHIMA DAIICHI UNIT 2 ACCIDENT PROGRESSION 

Of the accidents at the Fukushima Daiichi site, the 1F2 reactor likely saw the least damage due 
to the fact that the onset of core damage was delayed significantly by the operation of the reactor core 
isolation cooling (RCIC) system. This passive system uses steam generated in the reactor pressure 
vessel to drive a turbine/pump system that takes water from either the condensate storage tank (CST) 
or the wetwell (WW) and injects it into the reactor pressure vessel. After the termination of this system 
at near 70 hours the RPV pressure returns to the safety relief valve setpoint while RPV water levels 
drop and core damage initiates.  At 73.8 hours, the operators initiate a manual depressurization of the 
RPV in order to attempt emergency water injection, but significant core damage has already occurred.  
Core relocation events are believed to have subsequently occurred leading eventually to lower head 
breach. These suspected relocation events are described in the following section The containment is 
failed shortly after this at 92.0 hours, just before the northwesterly wind begins that resulted in the large 
deposition pattern in this direction. A full list of accident event timings can be seen in Table 2. It can 
be seen that the first fuel damage occurs here nearly 70 hours after it did in 1F1.  

When examining the pressure data reported by TEPCO several interesting phases can be 
identified. The first of the phases is the period of RCIC operation, which lasts from the time of the 
earthquake to the 70 hours, when the system failed and the RPV pressure rises to the SRV setpoints. 
The second period lasts until the reactor pressure vessel blows down due to operator initiated SRV 
opening. During this period safety relieve valves in the primary system are cycling at their maximum 
pressure. After the blowdown of the system, a period of core degradation begins, which is often referred 
to as the “three peaks” period. After this the containment fails and there is a period of long-term leakage 
and water injection.  These four periods can be seen in Figure 5.  
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TABLE 2: KEY EVENT TIMINGS FOR THE ACCIDENT AT FUKUSHIMA DAIICHI UNIT 2 
 

Event Time [hours] 
Activation and termination of RCIC 0.04/70.0 
Manual opening of one SRV for RPV depressurization 73.8 
First occurrence of water level at TAF 75.3 
Onset of hydrogen generation 76.1 
First fuel clad failure time 76.4 
First control blade melting/liquefaction time 76.9 
First fuel rod failure time (melting or collapse) 77.2 
First UO2 relocation to lower head 80.0 
First lower core plate failure time 80.0 
First FP release from fuel 76.4 
First FP release to environment 76.9 
Lower head failure 91.4 
Initiation of MCCI 92.4 
Time of containment failure 92.0 

 

 

FIG. 5. Reactor pressure vessel and drywell pressure for the first 100 hours of the 1F2 accident 
scenario 

3.1 Simple Mechanistic Model of the RCIC Passive Cooling System 

In order to accurately capture the period of RCIC operation, a computationally expedient 
mechanistic model was developed to accurately capture the feedback from water entering the steam 
turbine of the RCIC system due to the full open RCIC operation and the overfilling of the RPV to the 
steam line elevation. In this model, the velocities of the turbine and the pump were specified, assuming 
the turbine flow is always choked. Prior to PRV vessel overfilling when it is in the since phase region, 
it is taken to be the sonic velocity; and after the PRV water level rises to the steam line and enters the 



RCIC inlet when it is two phase, it is taken to be homogenous frozen choked flow. Turbine work is the 
driver for the pump velocity. Turbine efficiency is degraded as the amount of water in the turbine 
increases. An algorithmic representation of this model can be seen in Figure 6. This has been shown to 
reach a steady state operation of the RCIC turbine during two-phase water ingestion where the water 
returned to the RPV is just enough to maintain the PRV water level at the steam line elevation and a 
self-regulating operation of the RCIC is attained. 

 

FIG. 6. Algorithmic representation of the RCIC system, with water flows shown in blue and steam 
flow shown in red 

3.2 Torus Room flooding 

An accurate representation of the RCIC system itself is not enough to fully capture the behavior 
of the primary system; it is also necessary to accurately model the amount of flooding in the torus room 
that is strongly suspected to have occurred from tsunami flooding of the turbine building and subsequent 
in-flow to the torus room. This boundary conditions influences the temperature of water injected into 
the RPV from the RCIC system. Flooding of the torus room was initiated in our simulation at the time 
of the tsunami and continued for one hour to a specified percentage of the total volume of the torus 
room. Varying percentages of flooding can be seen in Figure 7, with 30% flooding showing the best 
agreement. The break in agreement between 16 and 30 hours is likely an artifact of how the wetwell is 
nodalized and modeled in the system. This calculation assumes that wetwell is a single monolithic 
volume.  

3.3 “Three Peaks” and Insights into Core Degradation  

The three peaks period of the accident scenario, where the majority of core degradation 
occurred, is of key interest to informing the phenomenological modeling of in-vessel core degradation. 
These peaks are produced from a combination of SRV openings and closures, injection, core 
degradation and steam generation and reflect the “forensics” approach used in modeling the Fukushima 
accidents.  
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It can be seen that for the second two peaks, the increase in pressure is resultant from steam generation 
due to the quenching of degraded core debris. However, the first peak in our code analyses is primarily 
dominated by hydrogen generation. This can be seen in Figure 8. In the first peak 64% of the total 
pressure spike is from hydrogen generation. This hydrogen can only be formed through the oxidation 
of metals within the core region.  

 

FIG. 7. Influence of torus room flooding percentage on the pressure of the reactor pressure vessel of 
1F2 

 

FIG. 8. Partial pressures, with contributions from hydrogen and steam, of the reactor pressure vessel 
of 1F2 



While the agreement between the second and third peak and plant data is quite reasonable, there 
is divergence in the first peak. Plant data is compared to the MELCOR realization for this period of 
time in Figure 9. The hydrogen generation during this period leads to an over prediction of the total 
pressure in the primary system. It is possible that this over prediction is due to the representation and 
modeling of core degradation in this scenario. In particular, it is possible that a molten pool may have 
formed in the core region during this time. This is something which is not currently captured in the 
MELCOR accident scenario. This is an area of current examination and a candidate for future melt 
progression modeling improvements. 

 

FIG. 9. Reactor pressure vessel pressure of 1F2, showing plant data 

3.3 Calculation of Three Week Long Source Term for 1F2  

The source term for this scenario out to three weeks for 1F2 is shown in Figure 10. It can be 
seen that there are large increases in the release fraction at the timings of leakage and containment 
failure. Additionally, it can be seen that there is an increase in the source term during the period of long 
term injection after 100 hours into the event. Capturing this is of key importance to properly estimating 
the radionuclide release. However, there are large uncertainties in long term water injection and MCCI 
behavior.   
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FIG. 10. Long term release of radionuclides in 1F2, showing periods of leakage and the point of 
containment failure. 

4. FUKUSHIMA DAIICHI UNIT 3 ACCIDENT PROGRESSION 

The accident at the 1F3 reactor may have resulted in the largest release to the environment. This 
is a combination of the reactor size, which is 50% more than that of 1F1 and the amount of core damage 
predicted. The onset of core damage was delayed in the case of 1F3 by the operation of both passive 
and active systems until 40.8 hours after the earthquake. Key timing for the 1F3 scenario modeled by 
MELCOR are shown in Table 3.  

For the first 21.5 hours of the 1F3 accident, the RCIC system was operating until shut down by the 
operators. Following this the high pressure coolant injection (HPCI) system was initiated and operated 
until 36 hours. The significantly larger steam consumption of the HPCI system produced a deep 
depressurization of the RPV, so deep in fact that the effectiveness of HOCI injection to the RPV at the 
lowest RPV pressure is believed to have been nearly non-existent resulting in loss of water level in the 
core. The HPCI system finally fails at about 36 hours.  Following the termination of this system, the 
RPV returns to the SRV setpoint as due to no steam being extracted from the RPV and no water injection 
returned to the vessel. After core degradation began, MELCOR predicts that the hot gasses venting 
through the lowest setpoint SRV failed the main steam line associated with that SRV. The timing of 
this failure, and subsequent core slumping events, were enforced to occur at times corresponding to 
changes in the TEPCO-provided plant data. Alternative scenarios for the depressurization of the RPV 
have also been proposed, including an automatic depressurization erroneously initiated. The pressure 
trends of the RPV and drywell for 1F3 can be seen in Figure 11. 

  



TABLE 3: KEY EVENT TIMINGS FOR THE ACCIDENT AT FUKUSHIMA DAIICHI UNIT 3 

Event Time [hours] 

First occurrence of water level at TAF 34.7 

Onset of hydrogen generation 37.5 

First fuel clad failure time 39.4 

First fuel rod failure time (melting or collapse) 40.8 

First UO2 relocation to lower head 41.1 

First lower core plate failure time 43.3 

First FP release from fuel 39.4 

Main steam line rupture 42.1 

Vessel water dryout in lower head 58.1 

Lower head failure 58.1 

Hydrogen burn/explosions 68.2 

 

 

FIG. 11. RPV and drywell pressure for the MELCOR scenario of 1F3, compared to plant data 
provided by TEPCO 
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2.1 Core Degradation Modeling in 1F3 

The 1F3 accident scenario modeled with MELCOR again clearly demonstrates the forensic 
approach used in these analyses. It can be seen that there are two spikes in the RPV pressure between 
43 and 46 hours into the event; see Figure 12. The first is smaller and occurs just after 43 hours; the 
second occurs near 45.5 hours. In order to replicate this result, the minor slumping event was assumed 
to be the failure of the innermost ring of the MELCOR COR package and the larger slump was assumed 
to be the remainder of the core. It can be seen that the assumption made allow MELCOR to closely 
represent the spike that occurred in the strip chart data for both peaks.  

 

FIG. 12. RPV pressure of 1F3 compared to plant data during the period of core slumping, 40 to 50 
hours after the earthquake 

 

5. CONCLUSION 

The modeling of the three severe accident at the Fukushima Daiichi reactor site have led to 
several key insights into how MELCOR represents plant systems, problem boundary conditions and 
relevant phenomenology. This work has demonstrated how changes in one of these three can 
significantly impact the other two and thus the overall accident scenario that is being predicted. In 
particular, we have found that the timing of key events such as core relocation to the lower plenum, the 
failure of the lower head of the reactor pressure vessel and the failure of the containment itself can be 
forensically informed, leading to a better prediction of source term. We assert that enforcing such 
modeled events to occur when observed data suggests preserves the basic core damage phenomena that 
would be predicted by the code were it calculated in a hands-off manner, but also preserves the overall 
timing of events leading to a higher fidelity accident replication.   



The modeling of the RCIC system was shown to be of key importance to accurately capturing the 
thermal hydraulic behavior of Unit 2. However, the appropriate modeling of this is complicated by the 
boundary conditional torus room flooding and how the model represents the wetwell, whether this 
representation is monolithic or discretized. The self-regulating mode of operation of the RCIC system 
also demonstrates the robustness of this very common safety system and its potential utility well outside 
of its intended operational envelope. This work has also highlighted the importance of MCCI in 
capturing the response of the system for several days after corium relocated ex-vessel. It was predicted 
that MCCI ablation of the sump lead to a liner breach in 1F1 and long-term MCCI leads to an increase 
source term.  

As MELCOR development continues over the upcoming years, the information gained in this 
analysis will be used to continually improve the state-of-the-art modeling present within the software. 
Not only does this work lead to the improvement of MELCOR, but it also informs the decommissioning 
of the reactors at the Fukushima Daiichi site. In particular, it can provide indication to the location of 
fuel debris and its chemical composition. This is also true for the location of fission products.  
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Abstract –Spain participates in the BSAF 2 project (Benchmark Study of the Accident at the 
Fukushima Daiichi Nuclear Power Plant phase 2) launched under the frame of the OECD/NEA. In this 
second phase of the project, CIEMAT is conducting the forensic analyses of Unit 1.This paper presents 
the most recent results of the Unit 1 scenario with particular emphasis on the fission product release 
and transport. The thermalhydraulic results reasonably match the available data describing the signature 
of the accident for the first 21 days.  A massive core meltdown in Unit 1 is predicted, which would have 
caused the reactor pressure vessel failure in about half a day. Molten material falling into pedestal region 
would have started the interactions with the concrete and, as a consequence, high temperature and 
pressure were reached in the containment. The criterion for leaking through the flange of the 
containment head and through the bellows connecting wetwell and drywell are met in the simulation, 
so that pathways for hydrogen and fission products are open between containment and reactor building, 
at different times though. Particularly significant was the role played the suppression pool, both in 
trapping fission products and in accommodating thermal-hydraulic loads resulting from the gases 
discharge into the wet-well.  

 

Keywords Fukushima, severe accident, BSAF. 

 

1.  INTRODUCTION 

 

The Fukushima accident occurred in Japan on 11 March 2011 has revived the interest for the 
analysis of severe accidents. Despite the low probability of this type of events, Fukushima has brought 
forward two irrefutable facts: those highly unlikely accidents may, though, happen; and, once happened, 
their consequences will be of sizeable dimensions and long lasting. As a consequence, since then there 
has been an enormous interest worldwide to fully understand all the tiny details possible of the accident 
unfolding, as a way to gain key insights for prevention of these accidents and mitigation of their 
consequences. 

A number of Fukushima-related initiatives of multiple nature have been launched since then, 
from the European stress tests (EUROSAFE, 2013) to international projects. Among the latter, the 
BSAF project (Benchmark Study of the Accident at the Fukushima Daiichi NPP Phase I and II, NEA, 
2014), framed under the auspices of the Nuclear Energy Agency (NEA) of OECD, stands out. 
Coordinated by the Institute of Applied Energy (IAE) together with other Japanese organizations, these 
projects have been devised to get the best understanding of the sequences developed and to provide 
useful information to support safe and timely decommissioning (Pellegrini et al., 2015). Spain has taken 
part in both project phases through CSN and CIEMAT participation and some of the BSAF Phase 1 
results have been already published (Herranz et al., 2015). 



This paper focuses on the CIEMAT’s forensic analysis of the Fukushima Unit 1 (1F1) accident 
sequence. By identifying the major challenges faced for a consistent interpretation of the data available, 
a description of the MELCOR model built to capture the main accident signatures is presented, with 
particular emphasis on fission product release and transport. The results obtained are given and the still 
open issues are introduced as “work in progress”. 

This work has been supported by CSN through the CIEMAT-CSN collaboration agreement on 
Severe Accidents (ACAS). 

 

2.  1F1 AVAILABLE DATA 

 

Pressure histories in the Reactor Pressure Vessel (RPV) and the Primary Containment Vessel 
(PCV) were monitored in 1F1 along the accident (TEPCO, 2011). However, as noted in Fig. 1, very 
few data points were recorded during the first 12 h. In particular, PRPV recording halted right after the 
tsunami and there is only one point at around 5 h and other at roughly 12 h. Similarly, containment 
pressure signals were missing until 10 h, then another point was recorded at 12 h and from then on a 
good recording took place until wetwell venting took place (around 1 day after the accident), after which 
signal was lost again.  

 

 
 

a. RPV Pressure along time b. PCV Pressure along time 

FIG. 1. Recorded data along the accident (TEPCO, 2011) 

 

These data profiles pose a number of challenges in terms of interpretation: 

− Was the RPV depressurization a sharp event? If so, at which time did it happen? Or, was it 
instead a progressive process that took some time between 5 and 12 h? 

− How is it possible to reach 6 bar in containment and ramp up to 8.5 bar in less than 2 h? 

− How can a 9 h long steady state be attained for more than 9 h after PPCV peaked?  

− Should external water injection from around 15 h be given any credit or PPCV profile can be 
met assuming that water injection was unsuccessful? 

− … 
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Scarcity of data allows figuring out a number of scenarios responding partially to the above 
signals. Nonetheless, as more data are being collected, such a number is squeezing down. 

 

3.  MELCOR FORENSIC ANALYSIS 

 

The sequence has been simulated with the MELCOR 2.2 code (Humphries et al., 2015). 
MELCOR is a fully integrated, engineering-level computer code that models the progression of severe 
accidents in light water reactors. It includes a broad spectrum of phenomena, from core degradation to 
source term to the environment; just to mention a few: thermal-hydraulic response in the reactor coolant 
system, reactor cavity, containment, and confinement buildings; core heatup, degradation, and 
relocation; core-concrete attack; hydrogen production, transport and combustion; fission product 
release, transport and behavior. Worth to note, that default options have been systematically taken in 
most of the MELCOR active models.  

The MELCOR model consists of two main conceptual blocks: plant description and scenario 
definition. 

 

3.1.  MELCOR plant description 

Most geometrical and material information concerning 1F1 were provided by the NPP owner 
(TEPCO) and are considered confidential; the user, though, may play a role in the plant description 
through the nodalisation. Fig. 2 shows the main features of the nodalization set in the MELCOR input 
deck (Herranz et al., 2015). 

A total of 65 compartments have been used to describe RPVs (38 volumes) and PCVs (27 
volumes). The RPV has been split in steam-dome, dryers, separators, shroud dome, annulus, lower 
plenum and 32 volumes for the core active region. In order to track fuel degradation a specific 
nodalisation of the core is set in 4 radial nodes and 8 axial nodes (an additional one for the core plate 
and 3 more nodes describing the lower plenum of the RPV). The PCV nodes have been distributed as 
follows (Fig. 2): 9 nodes for the Dry Well (DW), 8 circumferential nodes for the Wet Well (WW) and 
8 more nodes for the vents in between DW and WW. In case of RPV failure Molten Corium Concrete 
Interaction (MCCI) has been modeled as 2 interconnected cavities defined ad-hoc, one of which is the 
pedestal region and the other the DW floor outside the pedestal. Finally, the reactor building has been 
modeled with a total of 19 control volumes, 25 flow paths and 57 heat structures (Fig. 2 c).  

    

a. RPV nodalization. b. PCV nodalization. 



FIG. 2. 1F1 Nodalisation 

 

3.2.  The scenario  

Concerning scenario definition, the user has to make substantial assumptions due to the absence 
of actual information of some key boundary conditions. Those of higher impact in the present study 
are tabulated in Table 1. They concern Isolation Condenser (IC) performance, Safety Relief Valves 
(SRVs), external water injection; RPV leaks; PCV venting and DW leaks. The BE (Best Estimate) is 
the scenario that CIEMAT proposes as potential scenario for 1F1. Needless to say that many more 
calculations have been run before reaching the BE assumptions. 

 

3.3.  Thermal-hydraulic analysis 

The MELCOR model built, the nodalisation set and the assumptions presented in the previous 
sections results in the predictions shown in Fig. 3 and 4. As observed, MELCOR approximation to 
pressure evolution in RPV looks compatible with the two data points available. Nonetheless, there are 
two differences that indicate that something is missing in the modelling: at 5 h the measurement was 
right at 70 bar, whereas at that time MELCOR predicts pressure oscillating between the Safety Relief 
Valve (SRV) working values; and pressure drop below 10 bar is estimated later than observed (note 
that the ~45 min delay is the minimum time shift, since during the accident that pressure low value 
could have occurred even earlier). Therefore, based on PRPV it is hard to assess how close the scenario 
outlined by the modeling matches follows the actual accident evolution. 

Similarly, containment pressure prediction captures major trends observed during the accident, 
but it misses key events that may be noted in the accident signal. The most noticeable deviations 
occurred during the progressive pressurization of containment: at 9 h PPCV reached 6 bar whereas 
MELCOR got 1 bar below (i.e., 5 bar); besides, PPCV peak estimate was too small and late (this timing 
is related to the previous delay in RPV depressurization). 

 

c. RB nodalisation 
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TABLE 1.HYPOTHESIS AND APPROXIMATIONS 

 System Data BE 

RPV IC Sink in dome adjusted to follow P
RPV

 

Water inj. Source to dc. t>270 h; m=f*(P) 

SRVs 
Relief (bf. SBO) 
Safety (af. SBO) 

P
open

 / P
close

: 7.5/ 7 MPa 

P
open

 / P
close

: 7.9/ 7.5 Mpa 

SRV gasket leak RPV DW T> 723 K ; A=2∙10
-4 

m
2
 

LP leakage RPV DW t> 1.0 h ; A=3.4∙10
-6 

m
2
 

PCV Venting WW  Env. t = 23.2 – 24.4 h    A=0.02· A*tot 

WW Bellows leak WW  RB 0.007-0.07 ·A*tot 

DW flange leak DW  RB A= f*(P) 

*Confidential data 

 

 

 

 

FIG. 3. MELCOR predictions of PRPV 



FIG. 4. MELCOR predictions of PPCV 

However, despite the deviations described above, the MELCOR modeling gives hints to 
understand the accident evolution: 

− A massive core degradation should be foreseen in 1F1, with most molten materials (>90%) 
relocated into the pedestal and, possibly, a fraction on the drywell floor (Fig. 5). RPV failure 
does not have to be catastrophic as to allow this material transfer. 

 

 

FIG. 5.MELCOR predictions of core degradation. 

 

− SRV gaskets once over 723 K did probably leak into the drywell causing a speed up of 
containment pressure rise due to non-condensible (i.e., H2) and steam released; according to 
data the pressurization rate was faster than predicted, likely due to a lower condensation rate. 
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− Given the consistency between PRPV and PPCV at 12 h, RPV failure probably occurred right at 
that time from a RPV pressure close to 70 bar; this high pressure would result in a 
containment pressure spike somewhat higher than 2 bar, as recorded in containment. The 
dynamics of PCV pressurization and the need of maintaining RPV at high pressure might 
indicate an additional leak RPV→PCV from the lower plenum of the vessel. 

− The total amount of combustible gases (i.e., H2 and CO) seems to be a few thousands 
kilograms; most of them coming from MCCI and just 600 kg being produced during core 
degradation.  

− Suppression pools might have trapped less fission products than initially foreseen for two 
main reasons: RPV leaking that bypassed SRV piping and, then, suppression pools; and high 
temperatures in the nearby of the SRV injection point that heated up water in that pool sector 
near saturation in some time intervals. Therefore, pool scrubbing efficiency might be 
considered moderate.  

− After the containment spike at 12 h, it seems plausible that containment leaked to the reactor 
building at a rate dependent on in-containment pressure; this would explain why the gases 
generated by the molten corium falling into the pedestal did not pressurize progressively 
containment for hours once the RPV failed. This leaking might have happened through the 
drywell head flange sealing. 

− After wetwell venting in-containment pressure was low enough as not to leak anymore 
through the drywell head flange and started to pressurize again until at around 6 bar some 
new leaking occurred; one may postulate such a leak from the wetwell vent path as the 
vacuum breaker. 

− No external water injection is necessary to explain the major fingerprints of in-containment 
pressure until 270 h; thus, it might have been the case that the water pumped up from the 
tracks never made it to the Unit until that moment. 

 

3.4.  Fission product analysis 

As for fission products, TEPCO provided the core inventory by the time of the SBO; there 
were around 1500 kg which were modeled in MELCOR in 13 different classes represented by the 
following elements: Xe, Cs, Ba, I2, Te, Ru, Mo, Ce, La, Cd, Ag, CsI and CsM. The last two ones, 
account for the Iodine and Cesium speciation as CsI and Cs2MoO4, respectively. 

Release of fission products (Fig. 6) starts at around 4 h when the first temperature cladding 
failure occurs (at 1173 K). During the following 3 hours as fuel temperature increases and degrades 
(Fig. 5 shows degradation in this time period) the most volatile species (Xe, Cs, I) are released into the 
primary containment vessel. All Iodine leaves as CsI, and the remaining Cs as Cesium molybdate 
(CSM). Fig. 6 shows an early release of Mo around 28% corresponding to CSM, and a second release 
at 12.5 h, corresponding to the core debris slump into the cavity as a result of the RPV failure.  

 



 

FIG. 6. Fission products release 

 

Total Cesium and Iodine distribution in the NPP is shown in Fig. 7. Both Cs and I show different 
distribution along the plant since they have different speciation release; more than 90% of I is released 
as CsI, whereas for Cs, this fraction is reduced to 7.5% being mainly released as CsM (83%), so that 
CsM drive total Cs behavior as CsI drives I one. For this reason no further profiles of the species 
distributions are given here.   

All along the sequence the highest fraction of Cs is located at the RPV (around 50% at 200 h; 
Fig. 7 a), it is deposited over all heat structures. By the time of the vessel breach (12.46 h), less than 
10% moves to DW along with the remaining water of the RPV. Since the beginning of the release, Cs 
reaches WW via SRVs where gets scrubbed in the pool (around 35%). From the vessel breach on, when 
SRVs stop working, pool scrubbing still takes place via downcommers; and the fraction retained goes 
up to 41%. As observed, 10% of Cs go to DW directly from RPV through the SRV leak, LP leak or 
vessel breach, or indirectly from WW via vacuum breakers, which open when WW pressure overcomes 
DW one.   

The case of I is different (Fig. 7 b), up to the vessel breach major fraction of iodine is located in 
the RPV but from then on, the highest fraction is located in the WW due to pool scrubbing. A minor 
fraction of 3% is observed in the RB after PCV leak takes place (12.46 h), and an increasing release to 
the environment after the vent (23.2 h). 
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a. Cs distribution with respect to i.i. b. I distribution with respect to i.i. 

 
FIG. 7. Cs and I distributions. 

 

  
a. Distribution of Cs before VB (12.46 h) b. Distribution of I before VB (12.46 h) 

  
c. Distribution of Cs (21 days) d. Distribution of I (21 days) 

 
FIG. 8. Cs and I distribution with respect to i.i. 

 
Figure 8 shows the phase in which these radionuclides are present in the scenario in two different 

moments: before the vessel breach (12.46 h) and after 21 days. As for Cs, it is primarily in the liquid 
phase in DW and WW before the vessel breach, whereas a high fraction (almost 50%) is depleted in the 
RPV (Fig. 8 a). In case of I (Fig. 8 b), there is a higher fraction in the atmosphere in all locations when 
compared to Cs, which is expected since CsI is in vapor form, whereas CsM is in aerosol form which 
is more prompted to be scrubbed or deposited.  

After 21 days, these profiles have drastically changed: a fraction of Cs (Fig. 8 c) and all I (Fig. 8 
d) previously deposited in RPV have been washed and moved to DW and WW, because of the action 
of the late water injection (270 h, Fig. 4). In case of Cs only 20% remains deposited in RPV; and none 
in case of I. As already said, mass in DW and WW has increased being deposited in the first case, and 



in the liquid phase in the second one. It is highlighted that only 3% of the initial I reaches the 
environment, also does the corresponding Cs from the CsI. 

 

4.  OPEN ISSUES 

As learned from the previous section, the full 1F1 scenario understanding does still require 
further work. Just to mention a few issues to focused on: 

− To explore potential refinements of the model that result in better fitting of pressure signals 
in RPV and PCV. 

− To investigate the long-run thermal state of suppression chamber, as it might affect the 
radioactive sink role played during earlier stages of the accident. 

− To parametrically assess the ex-vessel molten corium evolution as it affects the melt 
spreading, possible liner failure and gas generation. 

− To explore alternative water injection and the linked to PCV leakages which determine 
similar pressure signals.  

− To figure out alternative pathways for H2 leaking other than the drywell head flange seal; 
timing of H2 explosions in the reactor building might be another data to account for in the 
“hunt of the scenario”. 

− To explore the effect of the H2 explosion on the fission products located in the RB close to 
the refueling bay.   

− To better understand the effect of S/C venting on the scrubbed fission products.  

− To better characterize inside plant measurements of dose rate and to use these data to locate 
PCV failures. Similarly, to the outside measurements the reactor building leakages. 

− Information concerning dose rates at different locations of the plant can be estimated from 
the fission product analysis; and through comparison with dose rates measurements, some 
additional information will be taken into account and some scenarios screening out might be 
feasible. CIEMAT has already initiated conversion into dose rate which involves several 
assumptions. Comparisons are at a preliminary stage yet.  

 

5.  FINAL REMARKS 

Along the above sections the progress made in understanding 1F1 accident progression has been 
summarized. Nonetheless, there are a number of remarks that are seen as necessary to fully understand 
the strengths and shortcomings of the present study as well as the need for the work in progress: 

− The MELCOR model proposed should be understood as a plausible scenario that is 
postulated at this time. The nature of this study is entirely forensics and any code validation 
is beyond the scope of this work. 

− The postulated MELCOR 1F1 model seems generally consistent with recorded data trends. 
However, some observed deviations might indicate some missing phenomena and/or wrong 
assumption that will be further investigated. 

− Even considering the discrepancies highlighted, the analyses have provided meaningful 
insights into the 1F1 accident unfolding and some useful input for the unit decommissioning 
has already been given. 

− Full understanding of radionuclide analysis has right started. It is a great challenge because 
of the vast amount of information, the detailed description of the plant and the long term 
analysis. The results provide significant insights as for major depletion regions, the moderate 
pool scrubbing or the minor amount of Cs & I released to the environment.   
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The analysis given is a work in progress; several issues have been raised and need further 
attention before a solid scenario can be established. Although the available data prevents from 
obtaining an unquestionable scenario, it allows figure out the major drivers of key events, reaching as 
close as possible to the truth scenario by using the inherently imperfect tools, and all the engineering 
judgment at hand. 
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Abstract. The work presented in this paper discusses issues related to post Fukushima 
requirements and investigates the performance of some severe accident safety features for AES-92 
design to cope with Fukushima accident and post Fukushima requirements. The paper investigates the 
Passive Residual Heat Removal System (PRHRS) capability for removing all the core decay heat 
without any AC power source or even any operator intervention to provide a significant grace time, 
during which essentially passive natural processes can provide adequate cooling, before any operator 
action is needed. It also investigates the compliance of the design of severe accidents safety features of 
AES-92 model, which is the proposed design to be constructed in Jordan, with IAEA post Fukushima 
safety requirements (SSR-2/1). A deterministic safety code will be used to model the essential 
components of the primary, secondary loop and passive safety systems with corresponding control 
systems for AES-92 model to analytically address the performance of the PRHRS taking into the severe 
environmental conditions of the NPP site in Jordan. 

 

 

Keywords Severe accidents, Passive Residual Heat Removal System (PRHRS) 

 

1. INTRODUCTION 

 

Fukushima accident has highlighted the desirability of making the plant robust against events 
that have led to the loss of active, powered systems to perform this function. In particular, there is a 
great benefit in engineering the plant such that it provides a significant grace time, during which 
essentially passive natural processes can provide adequate cooling, before engineered, powered 
intervention is needed, if, indeed, it ever does become necessary. 

In the VVER-1000 AES-92 design, passive and severe accident safety features are widely 
implemented to deal with design basis and design extension conditions. One of these safety features is 
the PRHRS which removes the residual heat in the event of non-availability of active heat removal 
systems on account of complete loss of normal and emergency AC Power supply (station blackout 
condition). 

A review against IAEA design post Fukushima safety requirements (SSR-2/1) for severe accident 
safety features of AES-92 model has been addressed. This paper also discusses the deterministic safety 
analysis of PRHRS using RELAP 5/MOD3.2 and its behaviour under Fukushima accident conditions 
(station blackout condition).  
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2. REVIEW OF AES-92 DESIGN AGAINST IAEA POST FUKUSHIMA 
REQUIREMENTS 

Lessons learned from Fukushima have in particular significantly strengthened IAEA safety 
requirements for design of nuclear power plants, the relevant IAEA design safety requirements have 
been updated two times: once in 2012, and second time in 2016. Main areas of strengthening in the 
updated safety requirements for design are as follow: 

 Preventing severe accident: strengthening the plant design basis, consideration of 
external hazards and implementation of sufficient margins.  

 Practical elimination of unacceptable radiological consequences to the public and the 
environment (elimination or minimization of site contamination). 

 Reinforcement of the independence of defence in depth provisions, in particular between 
levels 3 and 4 (dedicated safety provisions for design extension conditions).  

 Stressing the need for margins to avoid cliff edge effects. For items that ultimately 
prevent large or early releases, margins are required also for hazards more severe than 
those selected for the design basis.  

 In a multiunit site, each plant unit is required to have its own safety systems and safety 
features for design extension conditions, but considering interconnections between the 
units for enhancement of safety. 

 Reinforced capabilities for heat transfer to the ultimate heat sink. Alternative heat sink 
or different access is required for conditions generated by beyond design basis external 
events. 

 Strengthening design of the control room with margins against natural hazards exceeding 
the design basis. 

 Implementation of features (design, procedures, etc.) to enable the use (e.g. hook-up) of 
non-permanent equipment. 

 Reinforced capabilities for power supply in design extension conditions; independent 
and separated alternate power sources, continuity of power for monitoring. 

 Additional measures for spent fuel pool instrumentation, cooling and maintaining 
inventory including use of non-permanent equipment (in order to practically eliminate 
severe accidents). 

 

The table below shows the compliance of the design of AES-92 model with some of the updated 
IAEA safety requirements. 

 

TABLE 1. COMPLIANCE OF AES-92 DESIGN WITH IAEA POST FUKUSHIMA 
REQUIREMENTS [1, 2] 

 
№ Significant Changes in Design IAEA 

Safety Requirements (SSR-2/1) 
 

AES-92 Design Measures 
 

1 Requirement 17: Internal and external 
hazards  
 
5.15a. Items important to safety shall be 
designed and located, with due consideration 

 AES-92 design (Gen III+) accommodates reliable 
active and passive safety features and systems 
where the following principles were applied 
(Redundancy, single failure criteria, Physical 
separation, Independence, Diversity, etc.). 



to other implications for safety, to withstand 
the effects of hazards or to be protected, 
according to their importance to safety, 
against hazards and against common cause 
failure mechanisms generated by hazards to 
minimize, consistent with other safety 
requirements, the likelihood of external 
events and their possible harmful 
consequences. 
 

 The AES-92 design provides an effective protection 
against all types of external initiators that have 
limited potential or low probability of damaging the 
reactor building and reactor unit items. This can be 
explained by implementation of PRHRS, which 
does not require any active system operation and 
can be automatically actuated in black-out 
conditions (such as Fukushima accident) 

 

2 Requirement 53: The capability to transfer 
heat to an ultimate heat sink shall be 
ensured for all plant states. 
 
6.19a Systems for transferring heat shall have 
adequate reliability for the plant states in 
which they have to fulfil the heat transfer 
function. This may require the use of a 
different ultimate heat sink or different access 
to the ultimate heat sink. 
6.19b The heat transfer function shall be 
fulfilled for levels of natural hazards more 
severe than those to be considered for design 
taking into account the site hazard evaluation. 
 

 For DBAs and also for DECs without loss of 
primary circuit integrity, heat removal to the 
ultimate heat sink is provided for an indefinite time. 
If the active systems are available, then the service 
water and mechanical draft wet cooling towers acts 
as the ultimate heat sink, to which heat is transferred 
through the intermediate circuit. If the active 
systems are unavailable, then the outside 
atmosphere acts as the ultimate heat sink, to which 
heat is transferred via heat exchangers of the 
PRHRS for unlimited period of time. 

 PRHRS heat-exchangers are mounted at the height 
around 40 m and protected by civil structures that 
exclude their damage by flooding, fire or other 
natural or man-caused effects (shock waves, 
hurricanes, tornadoes, etc.)  
 

3 Requirement 58: Control of containment 
conditions 
6.28a. Design provision shall be made to 
prevent the loss of the containment structural 
integrity in all plant states. The use of this 
provision shall not lead to early or to large 
radioactive releases. 
 

 The AES-92 containment building consists of two 
shells : 

o Primary pre-stressed reinforced concrete 
shell with steel liner designed to 
withstand internal pressure up to 0.5 MPa 
(abs.) ; 

o Secondary reinforced concrete shell 
designed to withstand man-caused and 
external natural effects; 

  Inside the primary shell, there are installed passive 
hydrogen re-combiners that prevent the rise of 
hydrogen concentrations up to the hazardous levels 
in all emergency conditions including Design 
Extension Conditions  

 In the bottom part of the containment 
accommodates Core Catcher for localizing and 
cooling molten corium which prevent containment 
bypass and radioactive emissions into environment  

4 Requirement 68: Design for withstanding 
the loss of off-site power 
 
6.44d. Continuity of power for the 
monitoring of the key plant parameters, and 
for the completion of short term actions 
necessary for safety shall be maintained in the 
event of a loss of the AC (Alternating 
Current) power sources. 
 
 

One of the set of the batteries supplies required power 
for the monitoring of the operation of Safety Trains 
during 24 hours (with possibility of 72 hours) without 
recharging. 

5 Requirement 58: Control of containment 
conditions 
6.28b. For defence in depth, the design shall 
include features to enable the safe use of non-

The design provides technical measures and non-
permanent equipment for accident management beyond 
72 hours that allow to supply the cooled water from the 
emergency sump to the reactor and the spent fuel pool 
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permanent equipment for restoring the 
capability to remove heat from the 
containment. 
Requirement 68: Design for withstanding 
the loss of off-site power 
6.45a. For defence in depth, the design shall 
include features to enable the safe use of non-
permanent equipment to restore the necessary 
electrical power supply. 
Requirement 80: Fuel handling and 
storage systems 
6.68. For defence in depth, the design shall 
include features to enable the safe use of non-
permanent equipment to ensure sufficient 
water inventory for the long term cooling of 
spent fuel and for providing shielding against 
radiation 
 

for unlimited period of time, the following are examples 
of these technical measures: 

 2 MW air-cooled mobile diesel-generator. 
 Alternate pump of the intermediate cooling 

water circuit system. 
 Mobile mechanical-draft cooling tower (with 

fan). 
 

 

3. DESICRIPTION OF PRHRS, AES-92 DESIGN 

The system consists of four independent closed circuits with natural circulation (4x33%); each 
one is connected to the secondary side of each steam generator in the primary loop. Each circuit has 
three air-steam heat exchangers modules which are located outside the containment building, pipelines 
of steam supply and removal of the condensate; air ducts that supply and discharge air, air flaps and 
control or adjusting devices. (See Figure 1 which represents one of these Circuits). 

 

 
(A)                                                                                     (B) 

FIG. 1. (A) PTHRS scheme, (B) PRHRS layout  

 
As shown in figure 1-A, the steam taken from the secondary side of steam generators is 

condensed in the finned tube heat exchangers of these circuits, the condensed liquid returns through 
down-coming pipelines to the secondary side of the steam generators by gravity and establishes a 
continuous natural circulation; the cooling media for the PRHRS heat exchangers is atmospheric air 
that flows through the air ducts. During station black out accident, the air flaps, located at air path 



upstream and downstream of the PRHRS heat exchangers open due to release of holding electromagnets 
which allow the heat to be transferred to the atmospheric air. Inside each heat exchanger module, the 
heat is transferred form the steam to the air which enters the draught parts of the air ducts that end with 
common collector-deflector at the top of the containment building as shown in figure 1-B.[3] 
 

PRHRS has a special controller with two operating modes: SG pressure maintaining mode and 
cool down mode; SG pressure maintaining mode is controlled by the passive drive of the controller, 
which is driven by the pressure from SG to maintain the hot standby parameters of the reactor plant; 
cool down mode is controlled by the active drive which is powered from DC batteries to cool down the 
reactor plant.  

 

4. MODELLING OF PHRS FOR AES-92 DESIGN  

In this paper, analysis of Station Black Out (SBO) accident scenario with complete loss of all AC 
power sources including emergency diesel generators is performed. The main purpose of the analysis 
is to investigate the performance of the PRHRS at the high temperature of Jordan NPP site and to check 
if the safety acceptance criteria are met.  In order to model and study the natural circulation 
characteristics of PRHRS, RELAP5 MOD3.2 is used to develop the models of the Primary Loop, 
Secondary loop and the PRHRS. 
 

4.1 RELAP Mod 3.2 

RELAP5/MOD 3.2 is best-estimate system analysis code designed especially for the modelling 
of a wide range of operational, emergency and transitional processes that may occur in systems 
equipped with nuclear or electric heat sources and using as the main heat transfer medium with water 
in the one or two phase state. [5] 
Basic characteristics RELAP5 computer code are as follow: 

− A one-dimensional model of two-phase flow, including: 
o 2 mass conservation equations, 
o 2 energy equation, 
o two equations for conservation of momentum 

− One-dimensional neutron kinetics model. 
− Hydrodynamic modeling system using the following basic components: 

o pipe , 
o simple volume ("single volume") 
o boundary condition ("time-dependent volume" and "time-dependent junction") 
o simple connection ("single junction") 
o "branch" (branching flow models) 
o pump, 
o valve (various types) 

Boundary conditions 

In normal operation of the VVER-1000 AES-92 design, the initial and boundary conditions are 
given in the Table 2: 

In the analysis, the following assumptions were considered: 
− All PRHRS channels are available with delay of 30s in order to be connected from the 

moment of losing all AC Power sources.  
− A delay of 30 s until the PRHRS channels reach the full power capacity.  
− The PRHRS power characteristics (taken from the experimental data) are assumed at ambient 

air temperature of 41 C°. 
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TABLE 2. INITIAL AND BOUNDARY CONDITIONS [3, 4] 
 

Parameter  Value  
Thermal Power, MW 3000 
Coolant temperature at the reactor inlet, C° 291.0 
Coolant Pressure at the reactor outlet, MPa 15.7 
Coolant flow rate through the reactor, /h 86000 
Pressurizer level , m 8.17 
Collapsed level in SG, m 2.356 
Steam pressure at the SG outlet, MPa 6.27 
Feed water Temperature, C° 220.0 
Air Ambient Temperature, C° 41 

 

4.2 RELAP nodalization 

Nodalization of the primary loop is shown in figure 2-A. The core model is presented by 4 
channels and one bypass channel. One of the four channels represents the hot channel with radial peak 
factor of 1.81 for the hottest fuel rod. The elevation between SG outlet and the heat exchanger module 
is about 15m. The air-steam heat exchanger modules for each PRHRS channel are modelled as one 
active heat structure (see figure 2-B) based on PRHRS power characteristics which are taken from the 
experimental data at ambient air temperature of 41 C°. 

 
 

 

 
 

(A)                                                                    (B) 
FIG. 2.  (A) Primary loop, (B) PRHRS 
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FIG. 3.  Relative power 

4.3 Results and discussion 

The analysis was made to see if the PRHR is capable of removing the decay and residual heat 
after reactor scram, and to ensure cooling is maintained, and to ensure that all parameters are within the 
safety margins. The main parameters analysed are the pressure, the fuel temperature, and cladding 
temperature. 

The SBO scenario is analysed assuming no leakages in the primary circuit. When the SBO 
occurs the reactor is immediately scramed, and the power dropped from 100 % to 4% in one second as 
shown in Figure 3.  

As a result of loss of all AC power supply, the turbine generator stop valve closes leading to an 
increase of the pressure in the secondary circuit as shown in Figure 4 causing the steam dump to the 
atmosphere (BRU-A) to open which immediately decreases the pressure in the secondary circuit and 
releases the residual heat to atmosphere. By the end of this process the PRHRS reaches its nominal 
capacity which leads to further decrease in the pressure of secondary circuit until the BRU-valve closes.  
Then the pressure is stabilised due to the PRHRS is working properly in the SG pressure maintaining 
mode. 

Figure 5-A shows the pressure of the primary circuit. It is important to maintain the pressure 
under the safety limit in order to ensure that the integrity of primary circuit is maintained. As shown in 
figure 5-A there will be a sharp decrease in the pressure due to SCRAM, then it will increase due to the 
decay heat. But the pressure will eventually stabilize due to heat removal through the PRHRS. As shown 
in figure 5-B the pressuriser level is proportional to the primary pressure. 

The fuel cladding temperature is also important to analyse in order to avoid any fuel cladding 
failure and to make sure that radioactivity is confined and that no release of fission products occurred. 
Figure 6 shows the behaviour of cladding temperature after scram. When the reactor is scrammed, there 
is no power produced by the fuel and all the power in the reactor is due to the decay heat, the cladding 
temperature will eventually decrease since no heat is generated from fission and there is sufficient 
cooling to cool the cladding. The cladding temperature is stable for a period of time when the pump is 
still working due to its inertia; however when the pump stops the cladding temperature slightly 
increases, and then stabilizes as a result of PRHRS operation. 



 

 
FIG. 4. Secondary pressure 

 

 
(A)                                                                   (B) 

FIG. 5. (A) Primary pressure, (B) Pressurizer level 
 

 
FIG. 6. Fuel cladding temperature 
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5. CONCLUSION 

It can be concluded that the AES-92 design complies with the significant developments in the 
IAEA safety standards after Fukushima accident. Deterministic analysis of PRHRS using 
RELAP5/Mod 3.2 gives the full picture of the behaviour of such system. PRHRS works properly for 
unlimited period of time as long as the primary circuit is leak tight. It is capable of cooling the core and 
removing the residual heat in case of station blackout similar to the conditions of Fukushima accident. 
It is also capable of maintaining all safety parameters within the design limits and safety margins. 
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Abstract. RELAP/SCDAPSIM MOD. 3.4 has been used to study core degradation, 
containment performance, and debris relocation at pressure vessel lower plenum during a large-break 
loss of coolant design basis accident progressing to severe accident, in a boiling water reactor with Mark 
II primary containment. To gain a better insight on the progression of the accident, detailed geometric 
models of the two recirculation loops, including all their jet pumps, and the truncated-cone shaped Mark 
II drywell were developed. Results are shown of the core degradation map as accident evolves, pressure 
in wetwell and drywell, and the temperature field at the lower plenum of the reactor vessel. Results of 
other important parameters used to describe severe accident scenarios at BWR power plants are 
presented too. Additionally, the study has been extended to analyze the impact of adding coolant 
through the HPCS, which is the systems that injects the lowest amount of coolant in BWR NPP. It is 
shown that this emergency system by itself is not capable of stopping the evolution of core degradation 
during a LOCA DBA progressing to sever accident. It has however a positive impact to delay core 
slumping, by leading to more melt crust that if no coolant injection is available, and also on cooling the 
debris that has already slumped to reactor pressure vessel the lower head. 

 

Keywords: LOCA DBA, Severe Accident, RELAP/SCDAPSIM, BWR Mark II, WAMA. 

 

 

1. INTRODUCTION 

 

For a boiling water reactor (BWR) with external recirculation loops, the postulated design 
basis accident (DBA) is the large-break, loss of coolant accident (LOCA), which is the double-guillotine 
rupture (200 % pipe break) of the pipeline in the section between the reactor pressure vessel (RPV) and 
the suction of the recirculation pump, in one of the recirculation loops [1, 2, 3]. Simulation of this event 
is quite challenging for computational codes, because of the large different scales, both temporal and 
spatial, involved in the different phases of the accident evolution, as the initial blowdown when reactor 
vessel depressurizes, but simultaneously the primary containment experiences a sharp pressure increase. 
This almost instantaneous pressurization leads to reactor scram and start of the emergency core cooling 
systems (ECCS). 

In BWRs with a Mark II primary containment, during the LOCA DBA, pressure in the drywell 
reaches the scram signal setpoint in few milliseconds, and for this reason some simulations of this type 
of events are initiated by assuming that the scram already occurred. Some other simulations of BWR 
large break LOCA do not include analysis of the containment performance, or even have no models of 
the primary containment, focusing only on in vessel phenomena and core degradation. In this study, 
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detailed geometric models of the recirculation loops and the drywell have been implemented to gain a 
better insight on the progression of the accident to the severe accident phase. The recirculation loop 
model includes all the jet pumps, risers, manifold, suction and control valves, and the recirculation 
pump, per loop [4]. A geometric model of the drywell of the Mark II primary containment was created 
to properly reflect its truncated-cone shape. 

The scenario simulated in this work starts with the BWR LOCA DBA, and then it is let to 
evolve to severe accident, by assuming failure of all emergency core cooling systems. 
RELAP/SCDAPSIM (RSS) MOD3.4, version bik, is the computational tool use for the calculation. 
RSS is a best estimate computational tool for transient and accident analysis in water cooled reactors 
[5]. RSS also includes models for simulation of severe accidents, as core degradation, core slumping, 
and debris thermal dynamics in RPV lower head. However, RSS does not predict time of vessel breach 
neither models ex-vessel phenomena, as fission product transport or hydrogen deflagration. RSS is 
based on the code RELAP5 for thermalhydraulics evaluation [6], and the code SCDAP for core 
degradation [7]. RSS also includes the code COUPLE for thermal evaluation of debris and lower head 
wall. Because RSS is basically a mechanistic code, the experience of the analyst to carry out more 
comprehensive analyses of transients and accidents does not weight as much as in the case of lumped-
parameter, correlation based codes. In contrast, RSS is quite expensive both in cpu time and data 
storage. 

 

 

2. BWR NODALIZATION SCHEME 

 

Figure 1 shows the BWR nodalization scheme developed for the code RSS at the Department 
of Nuclear Systems of the National Nuclear Research Institute (Instituto Nacional de Investigaciones 
Nucleares, ININ) of México.This nodalization has the same basic structure of the first model developed 
by the SCDAP/RELAP Development Team [8] of a BWR Nuclear Steam Supply System (NSSS) of 
the Browns Ferry Nuclear Power Plant (NPP). In México, the Regulatory Authority (Comisión Nacional 
de Seguridad Nuclear y Salvaguardias, CNSNS), improved the original model to properly represent the 
Laguna Verde´s BWR/5 Units, as for example adding the four Main Steam Lines (MSLs) and their 
Main Steam Isolation Valves (MSIVs), plus the ten Safety/Relief Valves (SRVs), instead of just one of 
each. With some modifications, this Laguna Verde model is still in use nowadays [9]. Collaboration 
between ININ and CNSNS led to further improvements of the Laguna Verde model. 

As it can be noted in Figure 1, the recirculation loops include 10 jet pumps, 5 risers, manifold, 
suction and control valves, and the recirculation pump, per loop. The 3 volumes representing the drywell 
have been replaced for the new model. Figures 2 and 3 show isometric views of one recirculation loop 
and the MSLs, respectively. 

Finally, Figure 4 shows the new geometric model of a Mark II drywell. The annulus component 
in the center represents the space between the RPV and sacrificial wall. This figure is not at scale. The 
norm ANSI/ANS 3.5 [10] has been used as guide to properly qualify the steady state of this whole plant 
model. 

 



 
Figure 1. Nodalization scheme of the NSSS used for simulation of a LOCA DBA 

 

 
Figure 2. Isometric view of a reciculation loop 
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Figure 3. Isometric views of the MSLs 

 

 
Figure 4. Geometric model of a Mark II drywell 

 

 

3. ACCIDENT EVOLUTION 

 

To reach quickly a severe accident scenario, the ECCS have been disabled since the beginning 
of the simulation. The steady state was run only for the first 200 seconds. Figure 5 shows the loss of 
coolant in the reactor vessel. The instantaneous level drop in downcomer and fuel rod 2 are shown. Fuel 
rod 2´s data are shown because it was the hottest fuel rod at steady state. The downcomer level falls 
until reaching the base of the jet pumps. In this figure, the reference height is the Bottom of Active Fuel 
(BAF). The simulation was set to stop at the time when the temperature of the RPV lower head wall 



has reached practically its melting temperature. This happened at about 5900 seconds. However, RPV 
should have already been breached at this time, mainly because the hot debris could have severely 
damaged the control rod guide (CRD) tubes and their housings, and the amount of melt material on that 
zone imposes severe mechanical stresses to the already weaken (by temperature) steel wall. 

 
Figure 5. Downcomer and fuel rod 2 collapsed water levels 

Figure 6 shows the maximum temperature profile of core components (fuel rods, channel boxes, 
and control rods) during the whole simulation, and Figure 7 shows how the molten material spreads in 
core, and the accumulation of debris in the RPV lower head grows throughout the accident. 

 

 
Figure 6. Maximum temperature profile of core components 
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Figure 7. Moltel material spreading in core and debris accumulation in lower head 

 

 

4. CORE DEGRADATION 

 

Figure 8 shows some core states during its degradation evolution. The first axial node to start 
melting was node 3, from the bottom, of fuel rod 2, at about 1410 s. This was to be expected given that 
those nodes have the highest relative power. Note in this figure that two layers of corium crust form, 
and until they break core slumping to lower head occurs.  

 

 

 
Figure 8. Core degradation maps at relevant times during the acciden 

 



5. PRIMARY CONTAINMENT PRESSURIZATION 

 

Figure 9 shows the pressure and vapor temperature evolution at the top of drywell and 
suppression chamber. The pressure has been normalized to the venting setpoint. The venting valve was 
not opened to continue pressurizing primary containment until the molten core would fall to PRV lower 
head. Note that temperature profile in the drywell is quite close to the pressure one, but the temperature 
increase is not as much of the rate of pressure increase at the suppression chamber.  

As water is falling from drywell to the Pressure Suppression Pool (PSP), via the downcomers, 
level starts increasing and the temperature increase as well. The water level surpasses the setpoint 
known as high level, and, if ECCSs could operate, they would start suctioning water from the PSP to 
avoid continuing level rise. Liquid temperature below and above the normal operational PSP level in is 
shown in Figure 10. 

 

 
Figure 9. Pressure and temperature profiles during the accident 
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Figure 10. Temperature of water in PSP 

6. HYDROGEN GENERATION 

Figure 11 shows the power generated from oxidation reactions. Note that the highest peak is 
more than 1300 MW. Normally, one would see values of tens, or few hundreds, of MW. This very high 
value is attributed to numerical issues in RSS. This can be confirmed further by looking to hydrogen 
generation. Figure 12 shows accumulated mass of hydrogen released during this event. If such oxidation 
power value would be correct, a high rise in the slope of hydrogen mass would be observed in Figure 
12. Fission products release is also shown in Figure 12. Finally, Figure 13 shows the mass of hydrogen 
at the top of drywell. Note that this quantity is not an integral value.  

 
Figure 11. Power generated from oxidation reactions 

 



 
Figure 12. Mass of hydrogen and fission products generated 

 

 
Figure 13. Mass of hydrogen at top of drywell 

 

7. TEMPERATURE FIELD IN VESSEL LOWER HEAD 

 

Next, some results about the debris already fallen to PRV lower head. Figure 14 shows the 
maximum temperature reached by debris and at the lower head wall. Figure 15 shows a temperature 
field at a time when a large part of the RPV wall reached its melting temperature. Note that the debris 
temperature is above 2000 K, which means that CRD tubes and instrumentation tubes should be 
experiencing melting temperatures. This, however, started at about 800 seconds after initiated the large 



 

179 
 

break LOCA, so those structures could have failed, and then leading to an early vessel breach, even 
though the temperature across the wall could be below its melting point.  

 

 
Figure 14. Maximum temperatures of debris in lower head and RPV wall 

 

 
Figure 15. Temperature field of debris in lower head and RPV wall at 5950.0 s 

 

 



8. IMPACT OF WATER ADDITION TO DAMAGE CORE AND DEBRIS 

 

Once the severe accident period is reached, the major concern is to determine the state of the 
RPV and the time of breach. Figure 15 showed that during the LOCA DBA, before 6000 seconds, the 
lower head wall would have breached. If one of the ECCSs could be recovered, it is important to analyze 
the impact of the coolant that could be injected on the evolution of the severe accident. In this work, it 
was, thus, assumed that HPCS could be recovered at different times of the accident progression. This 
system was chosen because it is the one that injects the less amount of coolant, so it is not likely to 
adequately mitigate the accident progression, but it will give us information on the impact to the damage 
core and debris. 

The simulations were carried out as follows. Based on the height of debris already at the lower 
head, three times were set to start HPCS injection: 1180.0 s, 2000.0 s, and 3450.0 s. Figure 16 shows 
the core state at those times, and Figure 17 shows the corresponding temperature fields of debris already 
in lower head. 

In Figures 18 and 19, it can be noticed the impact of water addition for the cases in Figures 
16 and 17, respectively. Finally, Figures 20 and 21 show the cases as if no emergency coolant was 
available. 

 

 

 
Figure 16. Core state maps at the times of start of HPCS injection 

 

 

 
Figure 17. Debris and wall temperature fields at the times of start of HPCS injection 
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Figure 18. Core state maps after HPCS injection 

 

 

 
Figure 19. Debris and wall temperature fields after HPCS injection 

 

 

 
Figure 20. Core state maps if no HPCS injection 

 



 
Figure 21. Debris and wall temperature fields if no HPCS injection 

 

 

9. CONCLUSIONS 

 

RELAP/SCDAPSIM MOD.3.4BIK has been used to simulate a LOCA DBA progressing to 
severe accident, by stopping actuation of the ECCS. This code has models that allow studying in vessel 
phenomena during BWR severe accidents, but it still presents some numerical issues leading to non-
realistic values of some key parameters in the progression of a severe accident. Further, a detailed 
geometric model of a BWR plant has been developed to gain better insight in the sequence of events 
that may happen during the evolution from a transient to a severe accident, and also to help detecting 
issues that the code RELAP/SCDAPSIM still may have to improve. 

Additionally, the study has been extended to analyse the impact of adding coolant via the HPCS. 
It is shown that this emergency system by itself is not capable of stopping the evolution of core 
degradation during a LOCA DBA progressing to severe accident. However, it has a positive impact to 
delay core slumping, by leading to more melt crust, that if no coolant injection is available, and also on 
cooling the debris that has already slumped to reactor pressure vessel the lower head. 
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Abstract. The ASTEC code is currently used at IRSN to simulate the accidents on the three 

Fukushima-Daiichi Units for the 3 weeks starting with the Tōhoku earthquake. After the first 
simulations made during the accidental situations and then within the frame of OECD/BSAF-1 
project, new hypotheses are introduced as new data become available that enable to match reasonably 
well both the qualitative observations and the quantitative measurements available at the moment. 

The fission products (FP) release from degraded core and their behaviour during their transport 
up to environment were computed for the 3 units. Taking account of thermal-hydraulics conditions, the 
releases that led to the main consequences to the environmenthave been identified to come from Unit 
3. Comparisons of direct source term obtained with ASTEC code and inverse or reverse source terms 
based on environment measurements are done. With default ASTEC modelling it is possible to explain 
the chronical release for iodine but not for caesium aerosol form. The FP mass transfer from the wetwell 
linked to the evaporation rate is needed reproducing Cs chronical release. 
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1. INTRODUCTION 
 

Understanding in details the accidents which took place on the three Units of the TEPCO 
operated Fukushima-Daiichi 1 nuclear power plant (NPP), of BWR type, is fundamental to enhance and 
validate the severe accident predicting approaches and simulation tools but also remains a serious 
challenge. On the one hand measurements are scarce and sometimes lacking during important phases 
of the accidents or questionable as they were operated under harsh severe accident conditions. On the 
other hand fundamental information as the mass flow rate effectively injected to the cores through fire-
truck pumps can only be broadly evaluated.  

Moreover, although more than 6.5 years have elapsed since the accident, the high contamination 
level on the site makes all the investigations on the Units very difficult and the available data on the 
present location of the materials are rare. Considering these uncertainties on the information coming 
from the plant themselves the environmental measurements during the main releases periods can be 
used to refine the in-reactor situation diagnoses. To this extent the environmental measurements have 
to be analyzed using appropriate reverse or inverse approaches.  

This work has been performed in the frame of the OECD BSAF(Benchmark Study of the 
Accident at the Fukushima-Daiichi Nuclear Power Station)project and has benefited a lot from 
discussions with and analyses from international experts. The second phase of the project started in 
2015 and will end by March 2018. Within the frame of this second phase the IRSN simulations are 
frequently upgraded and this contribution firstly reports their progresses without reflecting themost 
recent ones. Then the methodology to compare estimated releases to environmental measurements is 
highlighted firstly by giving some insights on various inverse methods used in some reference 
contributions and then by first comparisons. 

2. THERMAL-HYDRAULICS SIMULATIONS 
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2.1 Introduction 
 IRSN is using the ASTEC code to simulate the Fukushima-Daiichi accidents for the three Units. 
ASTEC has been jointly developed to predict severe accident progression and consequences for all 
NPPs operated or foreseen in Europe by IRSN (France) and GRS (Germany) from the late nineties and 
is exclusively developed by IRSN since 2015 [1]. First simulations of Fukushima-Daiichi situations 
began at the end of year 2011 initially being restricted to the phase beginning with end of water 
injections and ending with either vessel failure or core reflooding depending on the simulation 
hypotheses. From November 2012 onwards all the simulations were performed in the frame of the 
OECD BSAF project and benefited a lot from the data, information, discussions and analyses provided 
by the different participants to the project. Moreover, and following the project requirements, the 
simulations were progressively extended to include the phase with safety injections - particularly long 
for Units 2 and 3 – and were extended progressively to 6 days after the earthquake first and then to 3 
weeks to include possible the molten-core-concrete-interaction (MCCI) phase. Additionally the project 
focused more on fission products (FP) releases up to the containment and to the environment. 

 Two versions of the code were used for the simulations: the V2.0 versions have been used for 
the entire thermal-hydraulics simulations whereas the V2.1 versions have been used for FP behaviour 
simulations in order to profit from the most recent FP models implemented in this last series of versions. 
In a near future, all the simulations should be based only on the V2.1 code versions.  

Although simulations are currently being done for the 3 Units this presentation will be limited 
to Units 1 and 2.The situation on Unit 3 is very complicated as both vessel and containment pressures 
show a complex behaviour with several peaks and plateaus which may be explained by different ways 
as slumps of corium to the vessel lower head or by combination of different containment leaks. 
Moreover the very recent results of TEPCO investigations modify a lot our understanding of what may 
have occurred during the accident. Additionally, those results still need to be analysed and discussed 
between experts before we can reach any sound agreement on the subject. 

 
2.2 Unit 1 (1F1) 
2.2.1 Hypotheses made for the reference simulation 

According to all we know to date, the accident on Unit 1 seems easier to simulate than the 
accidents on the two other units. On one hand the vessel remained around 15 hours without any water 
safety injection and considering BWR Mark 1 vessel configuration there is no real doubt that the vessel 
lower head broke and that important masses of molten materials slumped to the pedestal initiating 
MCCI. On the other hand, very few measurements have been available for a long time so that there is 
no complex pressure behaviour to match with as for Units 2 and 3. The main data available for the 
accident understanding are the pressure data reproduced on the Figure 1 below.  

Blue and green squares refer to the containment pressure and red and yellow squares to the 
reactor pressure vessel (RPV). TEPCO analyses have shown that due to harsh conditions on the reactor 
some measurements should be corrected as suggested for example by the discrepancies on the RPV 
pressure from March 14 onwards. Moreover two measures of RPV pressure on March 11, 22:00 and 
March 12, 1:45 are available with a pressurized RPV for the first measurement and a depressurized one 
for the second without any operation of the safety relief valves (SRV) by the operators in between. 

 



 
FIG. 1.Unit 1 containment pressures evolution 

 
A detailed analysis of those measurements enables us to suppose the following course of events:  

 As the Isolation Condenser (IC) safety system was lost with the tsunami, water in the vessel 
stopped being cooled and began to evaporate. The water levelreached the top of active fuel 
(TAF) around 18:00, March 11: this value is in agreement with the decay heat and the initial 
water mass inventory on one hand and with the rare water level measurements available in the 
first hours after the tsunami, 

 Some “opening” on the primary system between March 11, 22:00 and March 12, 1:45 caused 
the vessel to depressurize before the vessel lower head broke. Four different mechanisms were 
considered in the BSAF project: a)depressurization to the reactor building through the 
instrumentation tubes (TIP), b) depressurization to the suppression chamber (S/C) due to a 
safety valve seizure, or depressurization to the drywell (DW) c) a leak on a steam valve flange 
seal or d) a steam pipe bursting under the combination of thermal and mechanical load. The 
high pressure in the DW may only be explained with mechanisms c) and d). A SRV seizure 
would exhaust steam to the S/C where it should condensate, which would limit the pressure 
increase. A leakage through TIP is highly probable due to the high doses in the TIP room 
outside the containment and the low melting point of those tubes. However, on the one hand 
the leakage area is small and on the other hand molten materials flowing through those tubes 
should have frozen and plugged the tubes.So only a leak to the DW (mechanisms c and d) seems 
consistent with the measurements. 

 Such leak – combined with the going-on core degradation - boosted up the DW pressure to 
around 8.5 bar leading to pressure-driven leak from the containment vessel head flange to the 
refueling bay (RF, in the upper store of the reactor building) and to the stabilization of the DW 
pressure to around 7.5 bar. Three arguments may be given to sustain this hypothesis: a) this 
weak point in the containment has been identified a long time ago, b) the activation pressure 
around 7.5 bar is consistent with the pressure measurements andavailable analytical models, c) 
it may explain the violent explosion which destroyed the RF on March 12, 15:36 and damaged 
the reactor building as hydrogen generated during the core degradation leaked to the RF. 

 The operators succeeded in venting the containment through the Hardened Vent System (HVS) 
on March 12 14:30 causing a sharp drop of pressure in the containment. Then the valves closed 
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again and the containment pressure increased again up to 6 bar when it began to decrease due 
to some leak. 

 DW pressure measurements are lost around March 14 12:00. However as RPV and containment 
pressures are near the equilibrium the containment pressure later on may be inferred from the 
RPV pressure. 

The safety water injections through the fire-truck pumps are other very important data for the 
accident understanding. Only coarse evaluations based on the amount of water pumped each day to the 
reactor, the RPV pressure history and the hydraulics characteristics of the injection lines may be 
proposed. Those averaged values should be taken as maximum theoretical values as possible leaks on 
the lines may lower down or even vanish them. TEPCO considers now for instance that the injection 
on Unit 1 may have begun as late as March 23 when the injection line was shifted from one line to 
another one as the containment pressure increased at this time. Those uncertainties on the water 
injection rates lead to important difficulties in the simulation task. However as they may not have begun 
before March 12 6:00 on Unit 1 the core remained 15 hours without cooling what is sufficient as shown 
by all analyses performed within the BSAF project to cause the core to melt, to damage the vessel lower 
head and for the molten core to partly fall into the pedestal and to initiate MCCI. 

To be fully predictive on this MCCI phase requires a proper knowledge of its initial conditions 
that are linked to both the characteristics of the corium falling down to the pedestal and to the pedestal 
configuration including the amount of water initially present. Predicting the kinetics and the 
characteristics of the degraded materials falling from the vessel remains difficult as highlighted by the 
recent crosswalk international activities in between the reference severe accident codes [2]. Additional 
uncertainties come from the complexity of the reactor pit configuration that should be compared to the 
limited capabilities of corium spreading models in the severe accident codes. Most of the analyses have 
been performed by assuming a given spreading area. Nevertheless these uncertainties are expected to 
mostly impact the onset of concrete ablation and to a lesser extent the long term ablation kinetics and 
the ablation depth which are of main interest here. Additionally TEPCO made some dose measurements 
by sending a robot which went along the catwalk at half-height in the DW. The results below (Figure 
2) show quite constant values nearly all around which would mean either that the corium spread in the 
whole DW or that it remained inside the pedestal. As the complete spreading seemed us rather difficult 
to guess needing a very liquid corium when it has to flow through all the heavy relatively cold metallic 
structures below the vessel before reaching the pedestal a spreading limited to the pedestal was preferred 
for our reference computations. 

All the computations performed at IRSN showed important concrete erosion reaching the liner 
and causing the loss of containment tightness. The containment loss of pressure observed at the end of 
March 13 is in the range of time needed for the corium to reach the liner so that it was chosen as the 
leak cause and the leak surface has been adjusted to get the proper pressure behaviour.  

2.2.2 Results of the ASTEC simulation 

Still being in a phase of diagnosis of what occurred precisely in the damaged plants, we selected 
a limited set of hypotheses for different computations and select a “best estimate” case according to the 
results. The results may thus change in the future when new or reviewed important data will be 
available. The results presented below correspond to one of IRSN reference cases at the moment and 
show the containment pressure behaviour, focusing on the first complicated 6 days in the Figure 3 and 
on the first three weeks of the accident in the Figure 4. Both figures show a good agreement with the 
available measurements. 

 

 



FIG. 2.  Dose rate inside the Unit 1 containment 
 
 

 
FIG. 3. : Results of ASTEC simulation for Unit 1 containment pressure (6 first days) 
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FIG. 4.Results of ASTEC simulation for Unit 1 containment pressure (3 weeks) 

 
 
 

 
FIG. 5Axial and radial pit concrete ablation in Unit 1 as computed with ASTEC for the 3 first 

weeks of the accident 
 
Figure 5 shows the radial (blue line) and axial (red line) pit concrete erosion. The radial jump 

from 0 to 2.5 meters corresponds to the corium spreading to the totality of pedestal at vessel failure 
time. The radial and axial erosions are similar which would mean that the corium went through it in an 



undetermined location. It does not seem consistent with what is known at the moment. The liner is 
2.83 m below the centerline of the containment. However, the 0 in the Figure 5 corresponds to the 
bottom of 1.2 m deep sump inside the pedestal and due to the liner hemispherical shape the erosion 
depth to the liner is around 1.35 m, i.e. a value reached on March 13 22:00, thus a time consistent with 
the containment leak beginning on March 13 18:00.  

 

2.3 Unit 2 (1F2) 
The Reactor Core Cooling System (RCCS) – a safety system with a steam-driven pump to inject 

water from the wetwell (WW) to the vessel – operated automatically for about three days keeping the 
water level above Top of Fuel Assemblies. It failed after this time which was quite the maximum to be 
expected as the heat mainly remained in the containment causing its pressure to increase much above 
design pressure. Afterwards the operators tried to depressurize the vessel under the 10 bars needed to 
be able to use the fire-truck pumps to inject water on the core as previously performed on the two other 
Units. Lack of both power and pressurized air to open the safety valves delayed the vessel 
depressurization by about 7 hours causing a core melt. Similar difficulties to open the containment 
venting system resulted in some break somewhere in the containment and in significant releases to the 
environment.  

TEPCO investigations on the reactor have shown that most of the core melted and slumped to 
the vessel lower head. Evidences exist that some of the molten materials should have flown outside of 
the vessel either remaining frozen on the massive structures below the vessel or slumping to the pedestal 
and initiating MCCI. At the moment the containment failure location has not yet been identified. 

Three phases are distinguished for the simulation: 

1. First phase when the RCCS operates and keeps the core under water, 

2. Second phase beginning with the loss of water injection and ending with the vessel failure, 

3. Post-vessel failure phase. 

Phase 1 simulation would require understanding well how the RCCS worked: a difficult task 
all the more as it worked mostly out of its design range (a steam turbine worked as a 2-phase flow 
turbine). Practically the problem is solved by fitting water injection and steam and water extraction 
mass flow rate to fit the pressure vessel measurements (Figure 6). As steam is exhausted to the S/C its 
temperature increases and so the containment pressure up to very high values much above what has 
been measured. One has to find out some cooling mechanism or to introduce a leak. Most analysts 
assume now that water from the tsunami which flooded the torus room cooled quite efficiently the S/C, 
thus limiting the pressure increase. 

The results of phase 2 simulation are very sensitive to the mass flow rate of water injectedto the 
vessel going from an in-vessel cooling of the materials slumped to the vessel bottom-head when 
theoretical values are used to a fast vessel failure in case of no water injection and many different 
situations in-between. Results of the in-vessel investigations were obtained recently by TEPCO(Figure 
7). The muongraphy showed that most of the core remains in the lower head. From different evidences 
TEPCO believes that a limited mass of core materials slumped outside of the vessel and connects the 
vessel failure with some changes in the neutronics measurements happening around 3/15 14:00. 
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FIG.6.Unit 2 RPV pressure – comparison of computed data with the available measurements 

 
 

 
FIG.7.Results of muongraphy for Unit 2 

 
 All the computations on Unit 2 were reconsidered and compared to these new pieces of 
information. The computations with theoretical injections show typically a core nearly completely 
molten, slumped down and cooled in the vessel lower head, but no vessel failure and a slump later than 



March 15 14:00. The computation with 10% of theoretical injections – with a slump before March 15 
14:00 - and assuming a vessel failure on March 15 14:00 (Figure 7) was selected as the best estimate 
case. A vessel failure limited to a penetration failure and located on the periphery of the lower head is 
consistent with a limited mass of corium slumped to the pedestal and cannot be computed by ASTEC 
since no lower-head penetration failure model is available in the used version of ASTEC. 

 

 
 

FIG.8.Temperature fields in the Unit 2 vessel at different characteristic instants 
 

 The corium mass involved in the MCCI is quite limited and so is the ablation depth confirming 
that the liner should have remained tight and that the cause of the loss of containment is probably linked 
to the high pressures and temperatures inside the DW. 

 
3. FISSION PRODUCT RELEASE, REPARTITION AND SOURCE TERM 
COMPARISON 
 

Preceding results of the ASTEC V2.0 simulation of the T/H and degradation phases have been 
used to   define the boundary conditions (FP release and thermal-hydraulic conditions in RPV (Reactor 
Pressurized Vessel) and PCV (Pressurized Containment Vessel) of the FP transport and behaviour and 
of activity release in the environment simulations with ASTEC V2.1 code. This version allows FP 
computations with up to date chemistry model [1].  

Most of the FP behaviour (especially iodine) research programs have been devoted to PWR 
accidental conditions. Default hypotheses in ASTEC modelling for iodine chemistry have thus been 
modified to account for BWR conditions. Especially due to the lack of information, neither painted 
surfaces nor organic compounds are assumed. Besides, due to inert atmosphere by nitrogen, oxidant 
species concentration is limited. These low concentrations will prevent iodine oxide formation where 
these compounds have been recently demonstrated to impact iodine releases to the environment for 
PWR conditions. In the WW, in order to be conservative, an acidic pH is assumed. Due to WW high 
temperature and lack of model in such kind of conditions, limited decontamination factors for pool 
scrubbing are assumed for both aerosols and gases.  

Fifty-two elements that can be released from fuel are considered in ASTEC. There are divided 
into different classes (volatile, semi-volatile, non-volatile). Examples of results of FP release rates from 
fuel per element are given in Table  and Table for Unit 1. Approximately all volatile elements are fully 
released from fuel. There is a low release of semi-volatile elements except for Sr, Ba, and Mo. The Sr 
and Ba release appears to be higher than experimental results [3]. It has to be mentioned that the 
modelled release of semi-volatile FPs from intact fuel is around few percent of initial inventory, 
consistent with experimental results. The main part of the release is due to molten pool.  

Finally, no release of non-volatile elements is evidenced in computation. 
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TABLE 1. VOLATILE ELEMENT INVENTORY AND PERCENTAGE OF RELEASE FROM 
FUEL FOR UNIT 1 

Xe 278.37 97.86% Cu 0.00 97.80% 
Kr 22.51 97.86% Se 3.14 97.46% 
I 11.97 97.83% Te 25.39 97.46% 
Br 1.15 97.80% Sb 0.78 97.54% 
Cs 153.97 97.91% Ag 4.09 97.80% 
Rb 21.27 97.80%    

 
TABLE2. SEMI-VOLATILE ELEMENT INVENTORY AND PERCENTAGE OF RELEASE 

FROM FUEL FOR UNIT 1 
Ba 80.42 86.76% Eu 7.16 6.40% 
Ru 119.58 3.83% Ce 143.56 2.36% 
Sr 50.22 82.89% Mo 177.59 20.09% 
La 65.83 0.86%    

 
FP transport and behaviour in each Unit are computed during 21 days. FP repartition is 

presented for several elements (Xe, Cs, I, Ba, Mo and Te) at RPV failure and at 21 days in different 
parts of the NPP. In Figure 8, the FP calculated repartition is presented for Unit 3. Depending on 
thermal-hydraulic conditions in RPV a part of volatile and semi-volatile elements is retained due to 
condensation or aerosol deposition. Because ASTEC does not continue to compute thermal-hydraulics 
conditions in RPV after failure, the FP mass retained in RPV does not change then. In Unit 3, iodine is 
not retained in RPV at failure but retention occurs during the transient. Due to higher temperature 
afterward, revaporisation occurs before RPV failure. It is the same case for Unit 1. In Unit 2, due to 
lower temperature, a part of iodine stays in RPV at failure. 

The main part of FP is in WW for Unit 2 and Unit 3. For Unit 1, the retention mainly occurs in 
DW liquid phase. Between RPV failure and 21 days, there is no important evolution except for noble 
gases which are continuously released to environment.  

Release to the environment of radionuclides under aerosol forms is approximately zero for FP 
aerosol in Unit 1 and 2 due to thermal-hydraulics transient. In Figure 9,  mass evolution of Cs and I and 
mass transfer between SRV and WW and between WW and environment are displayed for Unit 1. The 
release is due to WW venting after 1.5days. Nevertheless, FPs are transferred in WW one day before. 
Therefore, there is enough time for FP aerosol to settle before WW venting what explained their limited 
release during venting. Regarding iodine, due to chemistry and mass transfer from sump to gas phase, 
the iodine concentration in gas phase is not zero when venting occurs. 

A similar behaviour occurs in Unit 2 with main due to leakage from WW to torus room. Before 
this leakage, FP aerosols have enough time to settle in WW. A little part of gaseous iodine is released. 

In Unit 3, FP release is due to WW venting but this event occurs at the same time of arrival of 
FPs in WW, what explained that the main part of release in environment for the whole Fukushima-
Daiichi site is due to Unit 3. 

 

 



 
FIG.9.Unit 3 - FP calculated repartition in RPV, PCV, reactor building (RB) and environment for Xe, 

Cs, I , Ba, Mo and Te 

 

 
FIG.10.Unit 1 - Cs and I evolution in WW and mass transfer from DW to WW and from WW to 

environment 
 

The Fukushima-Daiichi source term has been evaluated combining environment measurements 
and meteorological fields. Several methods exist such as reverse or total inverse methods. Both methods 
achieve to have consensus on global release [4-7]. Despite, the kinetics of release is different taking 
account of number and uncertainty of measurements and uncertainty on the meteorological field. 

In Figure 10, a comparison of the global release of 137Cs and 131I is done between ASTEC source 
term and several source terms obtained by reverse and inverse methods (called “environment source 
term” afterward). One can notice firstly that the global amount is quite consistent for all source terms. 
At the beginning of the accident, there is no consensus on release kinetics for environment source terms. 
The differences are due to differences in measurements and meteorological field used. For instance for 
137Cs release, the orange curve (Sau) corresponds to [5]obtained using the ECMWF meteorological 
field. Brown curve (Sau1) is obtained using same dose rate measurements but the MRI meteorological 
field. Green curve (Sau2) is obtained using the MRI meteorological field and additional air 
measurements. 

In Figure 11 the comparison is done for the release rate. Underestimation or overestimation 
between ASTEC and environment source term are linked to the uncertainties in ASTEC calculation of 
FP transport within the plants. After 6 days, one can notice chronical release of iodine due to chemistry 
and mass transfer from liquid phase to gas phase. It is not the same case for Cs. It is considered as 
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aerosol and after 6 days, all Cs is deposited. Therefore, there is no release computed with ASTEC which 
is not consistent with other environmental source terms ([4], [5]). 

In the ASTEC code, no resuspension of deposited aerosol is modelled in the PCV. Because 
RPV thermal-hydraulics computation is stopped at vessel failure, no FP can be revaporised from the 
RPV. Finally, no FP mass transfer from liquid phase is modelled except for iodine. 

Because the main part of FP is retained in liquid phase, it is assumed a mass transfer to gas 
phase proportional to the evaporation rate. This mass transfer aims to reproduce chronical release for 
other elements such as Cs. Phenomena which can lead to these transfers is not clear and may be 
attributed to aqueous chemistry or droplet re-entrainment. 

Taking account this mass transfer, Figure 11 shows new release rate for 137Cs and 131I. There is 
no major change for iodine because the main part of chronical release is due to chemistry. One can 
notice for Cs that ASTEC continues to compute release after 6 days. The order of release rate is quite 
consistent with release rate estimated with reverse methods.  

 

 
 

FIG.11.137Cs and 131I global release - comparison between ASTEC source term and environment 
source term (Kat: [6], Ter: [4], Sau: [5], Sau1: Sau+MRI, Sau2: Sau1+air measurement) 

 

The ASTEC source term has been used as initial source term for the Eulerian LdX model to 
simulate the radionuclide dispersion in the environment. This model is part of IRSN C3X operational 
platform [8]. It is based on the Polair3D chemistry transport model [9]. Comparisons with air 
measurement have been done at different observation locations. Taking account these locations, a “best-
estimate” source term has been built with an inverse method. This “best-estimate” source term allows 
determining if discrepancies between observation and modelling are due directly to the source term or 
to the meteorological fields. The Katata source term [6] has also been obtained from environmental 
measurements but using a reverse approach simpler than the mathematical inverse approach used in [3]. 
Finally the results obtained with these three source terms provided as initial data to the same 
atmospheric dispersion platform C3X using the same meteorological data to measurements in several 
location of Japan. The comparisons obtained in Minamimachi and in Schinchi located at 61km and 
50km from the Fukushima Daiichi NPP are shown next. 



 
FIG.12.137Cs and 131I release rate - comparison between ASTEC source term and environment source 

term (Kat: [6], Ter: [4]) 

 

 
FIG.13.137Cs and 131I release rate - comparison between ASTEC source term and environment source 

term with FP re-entrainment from liquid phase (Kat: [5], Ter: [3]) 

 
Observations at Minamimachi (Figure 14) exhibit two contamination periods, the first one 

occurring on March 16 whereas the second one is on March 22. These contaminations are quite well 
reproduced using ASTEC or Katata source term.  

Three contamination periods can be observed at Shinchi location (Figure 15). The first one is 
not reproduced with the ASTEC source term, underestimated because probably due to Unit 1. The 
second one on March 20 is not reproduced by any source term because of meteorological field used by 
C3X that is not consistent with observations. Finally, the last one on March 21 is reproduced with the 
ASTEC source term. 
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FIG.14. Cs air concentration at Minamimachi using ASTEC, Katata and best estimate (Ref) source 

term 

 

 
FIG.15. Cs air concentration at Shinchi using ASTEC, Katata and best estimate (Ref) source term 

 

3. CONCLUSION 
 

The ASTEC code has been used to make 3-week simulations of the Fukushima-Daiichi 
accidents for the three Units. These simulationscontribute to the detailed diagnosesof the accident 
scenarios. The results of on-going TEPCO explorations on the different Units compel to modify 
frequently the hypotheses of those simulations but, still at the moment, it is possible at least for Units 1 
and 2 to get results in accordance with both the qualitative observations and the available measurements. 



Results should be improved for Unit 3 and the new insights provided by the late on-site investigations 
should help a lot to understand better the accident and to improve the simulation. 

FP transport and behaviour during 21 days on the 3 units of Fukushima-Daiichi have been 
computed. Simulations show that a large part of the FPs is in a liquid phase, mainly in WW. Major 
release in the simulation is due to the DW venting of Unit 3. Low releases in Units 1 and 2 when 
compared to Unit 3 are due to the timing between arrivals of FP in WW and leakage. FPs have sufficient 
time to settle. This transient has to be confirmed because it leads to inconsistent comparisons with 
observations. 

Indeed, even if the global release is quite well reproduced, the kinetics of release modelled with 
ASTEC is not able to reproduce the observed contamination after 6 days. Because of lack of model and 
code limitation to compute FP transport after vessel rupture, no chronical FP release can be modelled 
except for iodine because ASTEC is able to compute detailed iodine chemistry. 

Assuming a mass transfer from liquid phase to gas phase, it is possible to match with Cs source 
term evaluated by reverse or inverse method. This new source term, coupled with an atmospheric 
dispersion code is consistent with Cs observations after 10 days. 

The reason of chronical release has to be investigated. There is no dedicated model in the 
ASTEC current versions. It could be FP revaporisation from structures, aqueous chemistry, re-
entrainment from liquid phase or others. These chronical releases need to be treated if one wants to 
understand the contamination after 6 days. 
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Abstract. Through the implementation of the results obtained of a wide domain of severe 
accident scenarios in an Analysis Trend Handbook, it is possible to generate a guide that allows 
following the progression of a Severe Accident, based on previous performed simulations for a Fast-
Response Supporting Task or basic level academic training. Validation of scenarios must be enclosed 
in the activities planned for the Severe Accident Modelling Program. The Mexican Nuclear Regulatory 
Body is working on the development of a handbook of trends for local use, supported on results of 
different simulations under several conditions that lead to severe accident. Those simulations were 
performed by using the codes MELCOR and RELAP SCDAP. 

 

Keywords: Training, Severe Accident, Modelling, Trend Analysis. 

 

1. INTRODUCTION 

 

In the study and analysis of severe accident phenomenology, it exists many tools that allow 
to perform a tracing of progression and trends of relevant parameters. This is in order to implement the 
needs in crew training at nuclear power stations, to generate a fast response analysis guide for 
emergencies, and even as support material in activities related with implementation, analysis, 
evaluation, verification and validation of models and severe accident management programs. 

Mexican Nuclear Regulatory Authority works in the developing of a guide that allows to give 
a fast response about trends and behavior of critical parameters during a severe accident scenario. This 
guide is based in a multi-scenario postulated pool for a wide window of possibilities, that includes 
several options of actuations and malfunctions for systems and equipment during an emergency. 
Currently this guide is planned to be used for the next training exercise of the Nuclear Emergency 
Response Organization (NERO). 

 

2. NUCLEAR INDUSTRY IN MEXICO 

 

Nuclear industry in Mexico has been shown a slow progress since 90s, when the first nuclear 
power reactor in Mexico started commercial operation. The reason: the mistrustfulness and fear of 
people against accidents and ability to control and mitigate such events. This fear has been fed through 
years because of events and accidents occurred in nuclear facilities in Europe, America and recently in 
Asia. The undeniable and bound compromise of government, institutions, industry, organizations and 
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related with nuclear, is to protect, safeguard and guarantee the safety of people, workers and 
environment. 

Mexico has one Nuclear Power Plant (Laguna Verde) located in the State of Veracruz, having 
two units of BWR-5/Mark-II Technology. Unit 1 started commercial operation in 1990 and Unit 2 in 
1995. The original Rated Power was 1931 MWth, but in 1999 a Power Uprate was authorized to 2027 
MWth, and in 2016 an Extended Power Uprate to 2317 MWth was implemented. 

Mexico has been worked in the last years in the developing of models of neutronics, thermal-
hydraulics and severe accidents simulation. Research institutes, universities and regulatory body have 
participated in those developments. Those activities helped the Mexican NRA (CNSNS) to perform 
studies and analysis needed to sustain the regulatory decision making. However, until some years ago, 
impetus for tasks and activities related to the management of severe accidents, control and mitigation 
strategies has started to be considerable. For this reason, the CNSNS has implemented a strategic plan 
to generate and develop the necessary tools, and continuing improving the existent ones, to include, in 
those studies, the evaluation and analysis of the strategies to control and mitigate the progression of a 
severe accident scenario. 

The inclusion of several postulated scenarios allows CNSNS to have a guide for a fast analysis 
of trends and parameters in order to provide help in training activities and emergency response tasks. 

 

3. SCOPE OF MODELS DEVELOPED IN CNSNS 

 

Some models developed in CNSNS for the analysis and evaluation of accidents include the 
inputs for RELAP/SCDAP and MELCOR codes, for the following scenarios: 

- Station Blackout with RCIC operating (2, 4 and 6 hours) 

- Station Blackout with no injection 

- Station Blackout with reflooding (at 1, 2, 3 and 4 hours) 

- MBLOCA and SBLOCA with no High Pressure Injection Systems 

- MBLOCA and SBLOCA with no injection 

- LBLOCA with no injection 

- LBLOCA with injection 

- ATWS Boron distribution with CFD Analysis (currently under development) 

These scenarios provide values of parameters of interest, such as: reactor water level, reactor 
and containment pressure, core and containment temperature, hydrogen in the different volumes inside 
the containment, level expected of damage to core, expected amount of fission product releases, time 
of vessel failure, relocation of material, time of containment failure, etc. 

Models are available for use in any condition in systems or components that were not 
considered in the initial postulated scenarios. This is done in order to be able to run the scenario under 
a new configuration that could lead to a different state with large deviations from the original. These 
models have been generated to run in a dynamic controlled user interface. This means that the user can 
re-run the scenario and close/open valves, actuate systems, to set a malfunction, etc… All these tasks 
can be performed during an interactive execution. Figure 1 shows a screenshot of the MELCOR 
dynamic interactive interface, and Figure 2 shows the nodalization model of the BWR reactor vessel 
and recirculation system created for MELCOR. 



 
Figure 1. Dynamic interactive interface control for severe accident modelling 

 
Figure 2. Reactor scheme for severe accident model 

The model used to simulate postulated scenarios allows the user to perform and follow the 
strategies set in the Severe Accident Management Guidelines, as for example, actuate venting and/or 
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spray in containment, depressurization actions, re-flooding, among others. These actions will lead the 
progression of scenario through different paths that will impact directly in the behavior of several 
parameters and values of interest to the management of severe accident and implementation of strategies 
for control and mitigation. 

 

4. GUIDE FOR A FAST RESPONSE FOR SEVERE ACCIDENT SCENARIOS 

 

In August 2017, CNSNS finished the draft version of the guide to be considered in the training 
exercises for the NERO. Once the applicability to the training exercises has been studied and approved, 
the next step is the implementation of an improvement plan for the content document under an 
appropriate quality procedure.  

 

 
Figure 3. Cover Sheet of Guide for a Fast Response for Severe Accident 

 

The guide proposed covers a wide range of scenarios with several different options in 
progression, operator’s actions, availability of systems, malfunctions of components, etc. A model has 



been developed for the MELCOR code [1], [2] and the RELAP/SCDAP code [3], however, different 
implementations has been performed in each model for each different code. For simplicity and the fast 
running execution time, MELCOR was selected to be used in order to simulate the postulated scenarios. 
Some results that can be found in the guide are shown in Figure 4s through 7. 

 

  

Figure 4. Comparative profile of pressure (RELAP/SCDAP - MELCOR) for specific scenario 

 
Figure 5. Containment pressure. Final drop corresponds to failure because of over-pressure 
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Figure 6. Reactor Level for a scenario with RCIC and no re-flooding 

 

 
Figure 7. Reactor Level for a scenario with RCIC and re-flooding 

 

Figures above show the trend of parameters for different conditions in accordance with action 
of operators, failure of systems and components. Also, specific status visual chart aids for core melting 
progression are included in the guide, and provide an approach related to core damage, re-localization 
of material, and failure of vessel because of over-temperature. These charts provide enough visual 
assistance in the severe accident progression following. Figures 8 through 11 show an example of the 
status visual chart aid for a specific scenario, considering both options: re-flooding and no re-flooding. 

 



 
Figure 8. Status Visual Chart Aid (Base) 

 

 
Figure 9. Status Visual Chart Aid (10.5 hrs) 
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Figure 10. Status Visual Chart Aid (11 hrs) 

 

 
Figure 11. Status Visual Chart Aid (12 hrs) 

 

 



5. FUTURE WORK 

 

CNSNS has generated a project agenda to incorporate the new implementations into models 
and programs for severe accident analysis, by considering the verification and validations of models 
used to simulate scenarios. Additionally, information available from past works, new modifications in 
logic and control for systems and improvements in routines of codes will be used.  

Planned activities include the implementation of new scenarios and/or modifications to the 
already existent ones, in accordance with new requirements for training or from results provided by 
analysts, for the needs of severe accident modelling [4]. 

A joint annual workshop is being structured, where several local institutions are expected to 
participate and join efforts to generate the sufficient human capital with a high level of confidence for 
the analysis of severe accident phenomenology. 

 

6. CONCLUSIONS 

 

This guide is a tool that could be used for training purposes, nuclear emergency response, 
trends analysis, among others, and it represents the merge of several works and efforts carried out during 
several years in the Mexican Nuclear Regulatory Authority. After the first application and use of this 
guide, several improvements will be need. Feedback from users, participating developers, evaluators, 
reviewers, and external advising will greatly help in the tuning and implementation of many 
improvements that will be useful to each particular user. This guide pretends to be a helping tool in the 
analysis for severe accident progression, by considering that results stated in this guide came out from 
simulations performed by specialized codes, plant specific representative models and specific 
conditions set to requirements from analysts. 
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Abstract. A PWRS Severe Accident Simulation Model (SimSA) is introduced in this paper. 

SimSA can be used as a module of the full scope simulator (FSS) to simulate the severe Accident. The 
behavior in the reactor vessel and in the containment are all included. In order to proveitscomputing 
performance, the accident of double end break without the high pressure safety injection and low 
pressure safety injectionand the station blackout(SBO) without the auxiliary feedwater accident are 
presented in this paper, the result of this two severe accident are analyzed and compared with the wildly 
used severe accident analysis program MAAP. 

 

Keywords LOCA SBOMCCI FSS SAMG PWR 

 

1. INTRODUCTION 

 

China Nuclear Power Operation Tech. Co., Ltd (CNPO)is a member of the China National 
Nuclear Corporation(CNNC). We developed the PWRS severe accident simulation model SimSAand 
use it as a module of the full scope simulator(FSS), so the simulation scope of the FSSis expanded to 
the stage of severe accident.  

The aim is to remain all the performance of the FSS,to make the full use of the simulator 
controlfunctions, operationsfunctions, setting the scene, randomly inserting the insert of multiple 
accidents, and the operating intervention means.This can significantly improve the nuclear power plant 
the work efficiencyof training, drills, accident analysis and the verify of theeffect of the mitigation 
measuresunder the severe accident condition. 

 

2. SIMSA DEVELOPMENT AND VERIFICATION 

 

2.1 The main usage of SimSA 

With the simulation scope extension, the FSS can be used for the following affects in addition 
except its original purpose:  

1) Cognitive training of the severe accidents: it can help the operators and emergency technical 
support personnel to grasp the basic concepts of severe accidents and understand the main 
phenomena and processes of severe accidents;  

2) Training and drilling of the severe accident management guideline(SAMG): It can be used 
to help the operator and emergency technical support personnel to master the SAMG 
application skills and provide technical support for the emergency drilling;  



3) Design verification: It can be used to verify the design of severe accident mitigation 
measures and the verification of SAMG;  

4) Emergency decision support: Quickly predict the evolution of the accident under certain 
input conditions, and help the emergency technical support staff to understand the state of 
the nuclear power plant.  

 

2.2 Simulation scope of SimSA 

1) Processes of heating-up, melting down and degradation of the reactor core;  

2) Processes, running in lower chamber of the reactor after the beginning of reactor core parts 
collapsing until the reactor bottom plate melting down;  

3) Processes of the interaction between the melted material with the in the cavity;  

4) Processes of radioactive products release and distribution. 

 

2.3 Performance and characteristics of SimSA 

1) Real-time calculation to full fill the requirements of the FSS real-time simulation;  

2) Modularized and portable; 

3) FORTRAN language programme;  

4) Standardized interface: The same interface can be used when the SimSA module integrated 
with different simulator and different simulation platform;  

5) SimSA is managed by the simulation platform. The development, debugging and display are 
all included.  

 

2.4 Verification of this simulation code  

The results of the following two cases are analyzed and elaborated.  

1) Double end break with high pressure and low pressure injection failure.  

2) The station blackout (SBO) with the auxiliary feed water system failure.  

 

2.4.1 Double end break with high pressure and low pressure injection failure test  

Accident sequence  

Before 500s, the reactor was in a stable operation state. At 500s, the double end break occurred 
in the cold leg of loop 1, while the safety injection system failed. The sequence of the double end break 
with high pressure and low pressure injection failure accident is shown in the following table.  

 

TABLE 1. LOCA MAIN ACCIDENT SEQUENCE 

Event 
Time s 

MAAP SimSA 

LOCA start  500.0 500.0 

Reactor shutdown  500.7 500.7 
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Main feed water isolation, auxiliary feed water start  500.7 500.7 

MSIV isolation  500.7 500.7 

The containment spray on 506.9 506.9 

The pressurizer empty  507.5 507.5 

Main pump running down  508.4 508.3 

Core uncover  517.9 517.8 

The accumulator empty  538.7 538.9 

The core maximum temperature exceed 2499K  2847 2868 

The molten material fall into the lower chamber  3803 3582 

The lower head failure 6840 6877 

Hydrogen burns in the cavity 7158 7365 

Hydrogen burns in the dome 14427 - 

 

Trend curve 

1) The coolant continuously eject through the break from the primary system to the 
containment, so the pressure and the coolant temperature of the primary system continuously 
decrease. 

2) The water volume decreases continuously with the coolant ejecting from the primary system 
to the containment through the break. The core water level drops continuously, and at 17s 
after the accident, the core starts to be exposed.  

3) The initial stage of the accident is the coolant spray stage. In this the system pressure drops 
to the highest local saturation pressure in an instant, then the coolant begins to boil. The result 
is a slower rate of to depressurize, and this is called the saturation depressurize stage.  

4) When the clad temperature rises to 800K, the zirconium alloy clad starts to react with the 
water vapor, a lot of heat and hydrogen released. 

5) When the maximum temperature of the core reaches 1473K to 1673K, the control rod, the 
inner tube and other core materials liquefy, and the molten materials appear in the reactor 
vessel. 

6) After the failure of the lower head, the molten materials drops into the cavity. The small 
amount of water accumulated in the cavity is quickly dried and then the molten core and 
concrete interaction(MCCI) start.  

7) From 5000s the dome hydrogen concentration exceed 4%, at 15000s there is a large peak 
pressure in the containment. This is the time of the hydrogen burning, and after this the 
hydrogen and oxygen concentration decrease. 



 

 

FIG. 1. Coolant temperature 

 

 

FIG. 2. Core water level 
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FIG. 3. Break flowrate 

 

 

FIG. 4. Hydrogen generation in core 

 

 
 

 

 

 



 

FIG. 5. Corium in core 

 

 

FIG. 6. MCCI hydrogen generation 

 

 

 

 



 

217 
 

 

FIG. 7. Dome hydrogen concentration 

 

 

FIG .8.Containment pressure 

 

 

 

 



2.4.2 The station blackout (SBO) with the auxiliary feed water system failure test  

Accident sequence  

 Before 500s, the reactor was in a stable operation state. At 500s, there was a power failure in 
the whole plant. Meanwhile, it was assumed that the auxiliary water supply was not available. The 
station blackout(SBO) with the auxiliary feed water system failure accident sequence is shown in the 
following table.  

 

TABLE 2. SBO MAIN ACCIDENT SEQUENCE 

Event 
Time s 

MAAP SimSA 

SBO start 500 500 

Reactor shutdown  500 500 

Main pump running down 500 500 

Main feed water isolation 500 500 

MSIV isolation 500 500 

The first pressurizer safety valve open 2524 2524 

Quench tank disk burst 5108 5108 

Steam generator empty 6083 6083 

The second pressurizer safety valve open 6330 6330 

Core uncover 6970 6970 

The maximum temperature of the reactor core exceed 
2499K  

9489 9567 

Hot leg creep failure 10167 10268 

The pressurizer empty 10171 10272 

Hydrogen burns in the containment 10171 10272 

The accumulator empty 10288 10400 

The molten material fall into the cavity 13261 14980 

The lower head failure 19406 18815 
 

Trend curve  

1) The power failure of the whole plant caused the reactor emergency shutdown with the control 
rod inserted. The reactor power decreased with a high speed. This caused the coolant 
collapse, then the water level dropped. Due to the loss of the feed water the water level of 
the steam generator secondary began to decline. this caused the loose of the heat sink of the 
primary loop. At 10000 s the water level began to increased again to it's full fill level. when 
the system pressure is 16.6 MPa, the first pressurizer safety valve open and close 
automatically, when the system pressure rises to 17.0 MP and 17.2 MPa, the second and the 
third valve action. The coolant continues to be lost, the water load of the primary loop 
gradually decreases, the core water level is falling, and the core is exposed at about 6900s.  

2) After the core is uncovered, the cooling of the fuel rods deteriorates sharply, and the 
temperature of the clad begins to rise. When the clad temperature rises to 800K, the 
zirconium alloy clad starts to react with the water vapor, releasing a lot of heat and 
hydrogen.  
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3) When the maximum temperature of the core reaches 1473K to 1673K, the control rod, the 
inner tube and other core materials liquefy, and the molten materials appear in the reactor 
vessel. 

 

FIG. 9. Core water level 

 

 
 

FIG. 10. Clad temperature  

 



 

FIG. 11. Hydrogen generation in core 

 

FIG. 12. Corium in core 

 

4) After the failure of the lower head, the molten materials drops into the cavity. The small 
amount of water accumulated in the cavity is quickly dried and then the molten core and 
concrete interaction(MCCI) start.  
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FIG. 13. MCCI produces hydrogen rates 

 

3. CONCLUSIONS 

 

From the results analysis of the double end break without the high pressure safety injection and 
low pressure safety injection and the station blackout(SBO) without the auxiliary feed water and the 
compare with the wildly used severe accident analysis program MAAP. We can make the conclusion 
that the trend-lines of SimSA are almost of the same as MAAP, and the differences are reasonable and 
can be explained. 

SimSA is already used in FQ FSS and FJS FSS project. The feed-back from the users are all 
right.  
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Abstract. Analytical (Emergency) Center of Russian Regulatory Body intended for realization 
of Rostechnadzor’s authorities on organization and atomic energy objects’ control system maintenance 
in case of an accident. The main tasks of Emergency Center are interaction within Russian System of 
Prevention and Response to Emergency Situations, and providing information-analytical and technical 
operation of nuclear and radiation objects control subsystem. 

The methodology proposed in this paper allows to evaluate fission products release in case of 
severe accident at NPP with VVER-1000. The methodology consists of two stages. The preliminary 
stage is performed under normal operation and the accident stage is performed in case of an accident. 

During the preliminary stage calculations of fuel cycles and nuclides compositions in fuel are 
carrying out by SAPHIRE code. Then a set of severe accident scenarios calculations are performed by 
ASTEC 2.1 code taking into account isotopic distribution in fuel. 

During the accident stage firs of all it is performed fast-running calculation of NPP unit by 
RADUGA-EU code complex before the core degradation process beginning. This step allows to assess 
an NPP unit parameter evolution during the accident several times faster than real time until the 
beginning of core degradation, and to estimate time interval before the core degradation process 
beginning. After beginning the core degradation it is chosen the most likely of pre-calculated severe 
accidents scenario, taking into account NPP unit parameters and it is evaluated fission products release. 

Developed methodology allows to make a rapid assessment of fission products release at NPP 
with VVER-1000. The methodology is used by experts of the Emergency Center during the emergency 
training and may be used in case of severe accident at NPP. 

 

Keywords:severe accident, rapid assessment, fission products release 

 

1. INTRODUCTION 

Analytical (Emergency) Center of Russian Regulatory Body intended for realization of 
Rostechnadzor’s authorities on organization and atomic energy objects’ control system maintenance in 
case of an accident. The main tasks of Emergency Center are interaction within Russian System of 
Prevention and Response to Emergency Situations, and providing information-analytical and technical 
operation of nuclear and radiation objects control subsystem. 

In case of severe accident at NPP with VVER-1000 fission products could be released to 
primary circuit, secondary circuit and containment. In case of containment failure fission products could 
be released to the environment. 

The methodology proposed in this paper allows to provide fast evaluation of fission products 
release during severe accident at NPPwith VVER-1000. The methodology consists of two stages – 
preliminary stage and accident stage. The schema of methodology presented at Fig. 1. 
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During the preliminary stage fuel cycle, neutron-physical cross sections and nuclide distribution 
in fuel calculations are carried out by SAPHIRE code [1]. Obtained nuclide distribution in fuel is used 
for calculation of selected severe accident scenarios performed by ASTEC 2.1 code [2].  

During the accident stage first of all calculation of point-kinetics data and 3-D nuclide 
distribution in the core is performed. These data are used for the fast-running calculation of NPP unit 
by models for the rapid assessment [3] before core degradation stage. After core degradation stage 
beginning it is chosen the most likely of pre-calculated severe accidents scenario, taking into account 
NPP unit parameters. After that evaluation of fission products release starts. 

 

 

FIG. 1. Schemaofmethodology 

 

2. PRELIMINARY STAGE 

 

Severe accidents scenario calculations are carried out during the preliminary stage. For this 
purpose it was selected a set of severe accidents with different time delay between reactor scram and 
core degradation stage. This set contains loss of coolant accidents with NPP blackout at the same time. 
Different time delays allow to obtain results of calculation for a wide range of severe accidents. Table 1 
contains a set of accidents to be used during the second step of the method. At the current moment 
calculations have been performed only for several accident scenarios. 

To perform calculations a computational model of VVER-1000 has been developed for 
ASTEC 2.1 code. During the calculations the following phenomena have been taken into account:  

- thermohydraulic processes in primary and secondary circuits; 

- core degradation processes; 

- reactor vessel failure; 

- melt and concrete interaction; 

- fission products release, transfer and distribution. 

  



TABLE 1. SET OF ACCIDENT SCENARIOS 

Time Delay  Leakage from Primary Circuit 
to Containment 

Leakage from Primary 
Circuit  to Secondary Circuit 

1 second, 
30 minutes, 
3 hours 

leakage diameters: 0 mm, 20 mm, 
50 mm, 100 mm, 300 mm, 850 
mm, 2*850 mm; failure of 
pressurizer’s relief valve 

leakage diameters: 50 mm, 100 
mm, 834 mm 

 

The nuclides distribution in fuel was obtained during neutron physical cross section calculation 
performed via SAPHIRE code. It corresponds to the nuclides distribution of VER-1000 steady-state 
fuel cycle. The nuclides distribution was taken into account during the VVER-1000 calculation model 
tuning. 

Model development of VVER-1000 consists of the following elements: 

- primary and secondary circuits; 

- reactor vessel; 

- cavity; 

- containment; 

- safety systems. 

Primary and secondary circuits models are presented at Fig. 2. These models consist of two 
circuit loops containing main coolant pumps, main isolation valves in hot and cold legs (for U-187 and 
U-338 projects), horizontal steam generators, pressurizer with relief valves, hydro accumulators, BRU-
A, main steam header, feed water system. 

Reactor safety system model is presented at Fig. 3. It contains safety system tanks, spray system 
pump, high and low pressure injection systems, safety system heat exchangers, sump tank and 
containment spray system. 

Reactor vessel nodalization schema is presented at Fig. 4. Vessel is divided into 7 channels: 
5 channels are for the reactor core and 2 channels are for bypass and downcomer. The isotopic 
composition of the core includes 781 nuclides and corresponds to the nuclides distribution of the real 
fuel cycle of VVER-1000. 

Containment model is presented at Fig. 5. It is divided into 10 zones: vessel zone, 2 steam 
generators box zones, pressurizer zone, main coolant pumps zone, spent fuel pool zone, 2 revision 
zones, 2 dome zones. Such a partition allows to obtain activity of isotopes in various part of the 
containment.  
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FIG. 2. Primary and secondary circuits models 

 

 

FIG. 3. Reactor safety system model 

 



 

FIG. 4. Reactor vessel nodalization schema 
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FIG. 5. Containment model: C1 - vessel zone; C2 -SG box zone; C3 - SG box zone; 
C4 - Pressurizer zone; C5 - MCP zone; C6 - SFP zone; C7 - revision zone; C8 –revision zone; 

C9 - dome; C10 - dome 

 

3. ACCIDENT STAGE 

 

During the accident stage first of all calculations of point-kinetics data and 3-D nuclide 
distribution in the core are performed. These data are used for the fast-running calculation of NPP unit 
by models for the rapid assessment [3] before core degradation stage. The models allow to perform NPP 
unit’s calculation several times faster than real time and to evaluate time before core degradation. By 
now the models of all Russian NPP’s with VVER-1000 and VVER-440 have been developed. The 
structure of the models for the rapid assessment is shown at Fig. 6. Example of one of the control panels 
is shown at Fig. 7.  

Application of rapid assessment models described above are limited by core degradation 
processes. After beginning of core degradation process the most likely of pre-calculated severe 
accidents scenarios is chosen, taking into account information obtained during the models for the rapid 
assessment. Chosen scenario allows to evaluate fission product release and to predict accident evolution 
scenario. 

After the scenario have been chosen graphical output of isotopes’ activity is performed. It is 
possible to output both total activity of all isotopes and activity of each isotope separately. An example 
of obtained results is shown at Fig. 8. 

 



 

FIG. 6. Structure of the models for the rapid assessment 

 

 

FIG. 7. LPIS control panel 
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FIG. 8. Results output example 

 

4. CONCLUSION 

 

The presented methodology allows to predict fission products release and distribution in 
primary and secondary circuits and containment. The methodology is used by experts of the Emergency 
Center during the emergency training and may be used in case of severe accident at NPP. 

The range of precalculated scenarios is under development now. It is also planned to verify this 
methodology by comparing results obtained by this methodology with another methodologies’ results. 
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Abstract. 

A new multi-physics simulator has been developed for education and training, which couple’s 
models of selected in-core processes and phenomena by application of meshfree methods. This 
approach allows for investigating core response to accidents at multiple scales of complexity and 
variation in configuration. The simulator illustrates interdependency of physics phenomena and their 
uncertainties to the system state which is demonstrated for core melt progression in a Pressurized 
Water Reactor.  
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1. INTRODUCTION 
 

Existing core simulation codes are performance driven applications, intended to produce the 
greatest accuracy for the least computational time cost, and usually at the expense of intuitive interface 
and ease of use. While the benefit of this approach is applicable to use as a design aid, or safety analysis 
tool, a need exists for a more flexible, robust and user-friendly code for the purpose of education and 
training.  The capability to explore, expand, and experiment with reactor core compositions, conditions, 
and configurations can provide a greater learning experience for students and new members of the 
Industry. Specifically understanding thermal-hydraulic conditions in response to accidents is a critical 
focus for training and education, being able to understand severe accident progression can inspire 
designers to develop novel mitigation methods, and inform operators on the correct actions for 
responding to accidents. This paper presents a novel approach to multi-physics coupling and simulation 
of nuclear reactor core phenomena.  

2. SIMULATOR ARCHITECTURE 
 

Linux/UNIX provides a free operating system, toolchain and development environment, well 
suited to new or novice programmers. It also allows greater flexibility, and access to hardware resources 
compared to other options, which is a significant benefit to applications for scientific computing. Most 
common distributions of Linux include compiler tools and library managers optimized for python.  

Pythons expansive library of open source data analysis tools, and optimized scientific computing 
modules, as well as it’s expressive syntax and code readability, make it a premiere language for new or 
novice programmers.  in order to take advantage of these features and to ensure streamlined user 
interaction, the simulator has been written in object oriented Python3. While most external processing 
tools are accessible through FORTRAN to python interface modules, most core models have been re-
implemented in native python for easier access and interpretation by users. For example, isotopic 
depletion calculations can be performed using pythonic interface to the precompiled ORIGEN 
FORTRAN libraries, or can be performed using a native Python3 module, refactored from those 
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FORTRAN source files using F2PY. This modular approach allows the simulator to remain independent 
and stable while allowing fast and flexible interface with more common physics simulation codes. 

2.1 PROGRAMMING PRACTICES 
In order to ensure maintainability, flexibility, and readability, of the source code, a fundamental 

set of programming rules have been implemented during development of the simulator. All of the 
simulator code has been written in accordance with the Python Style Guide PEP_8, which provides 
guidance on the use of indentation, comments, variable names, module names, and other pertinent 
naming conventions. Further, to facilitate readability, unit testing and variable tracing, functions are 
identified with comment headers, which provide a description of the operation being performed, 
variables including data types and bounds.  Within native python modules, python, numpy, or scipy 
built-ins are preferred to ensure continuity of support for and backwards compatibility with future 
revisions.  

 

2.2 GEOMETRY REPRESENTATION 
For most nuclear simulation codes, geometry is primarily represented using constructive solid 

geometry, which is non-intuitive and difficult to error-check. In order to support modern computer aided 
design (CAD) the primary geometry representation is via stereolithography files (STL) which are 
common representations available to many professional CAD programs. The intent of using CAD 
representations is to decrease the complexity normally associated with generating simulation input files.  
Constructive solid geometry is supported as an auxiliary representation, and a CSG viewer has been 
developed and integrated that can be used for visualizing compound CSG solids.  

 

2.3 INPUT FILES 
For most nuclear simulation codes, input files are terse, and line structured, ie. Certain values are 

expected in specific locations and there is no internal indication of what values are expected, or how 
values should be grouped. Also, most input files are required to have non-intuitive naming conventions, 
and have mixed data making it difficult to alter, replace, or share elements without impacting other 
sections. Input files for this application implement a basic configuration language using the 
‘ConfigParser’ python class [Figure 14].  
 

 
Figure 14: ConfigParser input file example 



Most nuclear simulation codes are initiated via an agile command-line interface, however for new users 
of a code, many of the options available via the command-line are not intuitive and require detailed 
knowledge of the user manual, in these cases a graphical user interface (GUI) may be preferred for 
generating input files. A GUI [Figure 2] has been developed for generating simulation input, runtime 
options and output parameters.  
 

 
Figure 15: Graphical User Interface 

 
For new simulations, a complete input file with user defined options can be generated from the 
Graphical User Interface which provides hover tips, and radio selection inform the user about all 
available/applicable/non-conflicting options. Input files can be combined into a single file, or 
distributed within a file hierarchy which is described in the main input file. Preferably, a default file 
hierarchy [Figure 16] is utilized which separates options, and information applicable to the runtime, 
output, materials, geometry, and physics interfaces.  
 

 
 

Figure 16: Default File Hierarchy 
 
  



 

233 
 

2.4 DATA STORAGE 
The simulator periodically serializes, compresses, and writes objects which are in memory using 

the python ‘Pickle’ library, to hierarchical data files in hdf5 format. Periodic memory dumps slow down 
processing time, but facilitates simple post-processing and debugging of simulation results through the 
object-oriented interfaces. Additionally, reloading runtime parameters and simulation state from the 
serialized object files, allows the ability to stop and restart a simulation as necessary. 

 

2.5 VISUALIZATION 
Post-Processing and visualization options are described by the ‘OUTPUT’ and 

‘POSTPROCESS’ configuration fields. In Post-processing, operations can be described which operate 
on datasets available in the output field, which can be exported directly to an image file in the output 
directory. Internally, visualization is performed using the VisPy python library for interactive scientific 
visualization.  
Visualizing datasets directly during computation is also possible using several methods. For visualizing 
one or two-dimensional arrays which are actively calculating, it is possible to use direct memory access 
to monitor the arrays, generate a visual and update as needed, this method makes it possible to monitor 
the evolution of a simulation without significantly impacting performance. Visualizing three or four-
dimensional fields is also possible by sampling the field and specified coordinates and using VisPy’s 
built-in scene module and scene updater, however performance will be impacted.   

 

2.6 UNIT TESTING 
Unit testing allows changes to functions or modules to be verified for correct operation. For new 

users or programmers, unit testing can also provide the ability to “tryout” specific functions or modules 
independent of the simulator as a whole, and provide a concise example for functions beyond those 
documented in the user manual. Unit testing is implemented via the ‘PyTest’ library.  

3. COUPLING METHODS  
 

The simulator primarily utilizes meshfree methods when applicable to couple property fields 
between physics interfaces. Meshfree methods are those that do not require rigid connection between 
nodes of the simulation domains, but are rather based on interaction of each node with all of its 
neighbors. As a consequence, original extensive properties such as mass or kinetic energy are not 
assigned to rigid mesh elements but rather to single nodes. Numerical methods such as the finite 
difference method, finite-volume method, and finite element method were originally defined on meshes 
of data points. In such a mesh, each point has a fixed number of predefined neighbors, and this 
connectivity between neighbors can be used to define mathematical operators like the derivative. These 
operators are then used to construct the equations to simulate—such as the Euler equations or the 
Navier–Stokes equations. But in simulations where the material being simulated are mobile (as in 
thermal-hydraulics, or particle diffusion) or where large deformations of the material can occur (plastic 
deformation of melting materials), the connectivity of the mesh can be difficult to maintain without 
introducing error into the simulation. If the mesh becomes convoluted or degenerate during processing, 
the properties defined on it may no longer be valid. Recreating the mesh periodically during simulation 
may alleviate the issues and introduce error when mapping previous data points onto a new grid set. 
Fast multipole methods are a numerical technique developed to speed up the calculation of long-ranged 
forces on the n-body problem []. This method is performed by expanding the system Green’s function 
using multipole expansion.  In most cases weak formulations of physics models developed for finite 



numerical methods, can be applied easily to meshfree point clouds using a rigid set of collocation points. 
The collocation points can then be handled as n-elements in an n-body problem(H. Cheng, 1999).  
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3.1 NEUTRONICS AND DEPLETION 
The core neutronics module is built around the AGENT methodology for Method of 

Characteristics solution to the Boltzmann Neutron Transport Equation. Applying neutron transport to 
the accident sequence allows users to determine the decay heat contribution for fuels with a specific 
fission product composition. The fission product inventory at the time of event initiation can be 
determined using a method of depletion analysis. Depletion analysis requires accurate knowledge of 
the burnup dependent Neutron flux magnitude. Quantities like the flux magnitude are reported on a 
per source (spatial) neutron basis. Consequently, in order to obtain the flux magnitude on a per second 
(temporal) basis, the number of source neutrons generated per second must be known. Only three 
quantities are required to deduce the neutron flux magnitude. The total energy deposited in the core 
per source neutron, the thermal power at which the core operates, and the decay heat.  Total energy 
deposit is a coupled function of neutron and photon heating which includes fission, radiative capture, 
Compton scattering, and other endothermic and exothermic reactions. In this formulation each term is 
known or can be derived easily. Thermal Power is specified for each simulation run, allowing the 
Total Energy Deposit to be estimated directly from the neutron source rate. heating rates can be 
derived which are self-consistent and which appropriately account for decay heat.  

 

3.2 THERMAL HYDRAULICS 
Online thermo-fluids coupling is achieved by performing a fixed-point iteration between the 

neutron transport and thermo-fluids models until self-consistency is reached. The simulator minimizes 
the number of these iterations by using the most relevant thermo-fluids results as an a priori 
estimation of convergent values for the resulting iteration. The fluids model is a multiphase 
compressible flow model for both gas and solid particle phases which solves for conservation of mass, 
momentum, and energy (Y.Yamane, 2008). Combining the Neutronics model with the Thermo-fluids 
model is intended to incorporate the non-linear thermal reactivity feedback mechanism which occur in 
water cooled nuclear reactors.  The multiphase and multicomponent fluids flow is described through 
the Eulerian–Eulerian two-fluid granular temperature model in which both phases are modelled as 
inter-penetrating continua and corresponding mass, momentum and energy balance equations are 
solved with interaction terms representing the coupling between phases(M. Eklund, 2016).  

 

3.3 EQUATIONS OF STATE 
In conventional physics simulation codes, the equations of state are hard coded into the core 

code, or an external module, and a process is spawned when necessary to produce a solution of those 
equations. The issue with implementing state equations in this method, is that the values obtained are 
only as accurate as the model, computational complexity limits the maximum number of materials 
described by equations of state, and changing materials coupled to equations of state is difficult or 
impossible. To circumvent these issues, the simulator does not solve equations of state directly, but 
instead performs a lookup and interpolation from a precompiled library that is co-located with the 
material input files. State equation libraries can be compiled using any math package, and multiple 
equations can be combined to produce a library that is accurate across a much wider range of states 
and phases. Performing state definition in this manner, makes it possible to swap, change, transfer or 
modify state variables easily without adding significant computational overhead, and many more 
values can be extracted for use(R., 1987). 



4. DEMONSTRATION – CORE DEGRADATION AND MELTING IN A PWR 
 
In-vessel core degradation and core melt progression describes the state of the reactor core during 

severe LWR accidents due to loss of cooling accident resulting in core uncovering to reactor vessel 
failure. Melt progression provides the characteristics of the melt released from the damaged core and 
possibly later from the reactor vessel. Characteristics of interest are the melt mass, the melt composition 
(in particular the fission product inventory), the melt temperature, and the rate of melt release. These 
values provide the initial conditions for assessing the reactor vessel response and containment failure 
evolution in LWR accident scenarios. The uncertainties in these initial conditions often provide the 
largest of the uncertainties in assessing the integrity of the vessel lower head and the integrity of the 
containment. Melt progression also impacts the in-vessel hydrogen generation rate, fission product 
release, transport, deposition, and re-vaporization.  
 
The progression of core degradation and melting in severe LWR accidents is organized by 5 primary 
Phases(M. Courtaud): 

1. Core uncovering; 
2. Metallic melting; 
3. Ceramic melting and debris relocation; 
4. Melt-Water interaction and melt and debris cooling; 
5. Lower head failure; 

At the same point in time, different regions of the core will generally be in different stages of 
melt progression. 
 

 
Figure 17: Fuel and Control Rod Layout in Assembly(Chao Liang, 2013) 
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Figure 18: Assembly Diagram(Chao Liang, 2013) 

 
 

 
Figure 19: Assembly Layout in Core(Chao Liang, 2013) 

 

 
Figure 20: Fuel Pin Configuration(Chao Liang, 2013) 

 
The initial core degradation takes place in the rodded core geometry. This stage, at local temperatures 
less than about 1500 K, involves: coolant boil down and the heat up of the uncovered part of the core 
by fission-product decay, clad ballooning and rupture (fuel failure), and the failure of Ag-In-Cd 
Pressurized Water Reactor (PWR) control rods. This stage also includes the beginning of the transient 
rapid oxidation of the core Zircaloy by the boil-off steam, with accompanying local heating and 
hydrogen generation. The early phase of melt progression includes most of the rapid transient heating 
of the uncovered part of the core from Zircaloy oxidation by the steam and at local temperatures between 
about 1500 K and 2800 K. This heating melts the upper portion of the remaining unoxidized Zircaloy 
cladding and the control-rod materials, with downward relocation of the melt. The late phase of melt 
progression involves ceramic melts at local temperatures above about 2800 K, the sintering behavior 
and relocation of solid, ceramic core debris, and, in blocked-core accidents, the formation, growth, and 



later melt-through from the core of an essentially ceramic melt pool. A major question here is the mass 
of the ceramic melt that is released from the core on melt-through, and this is determined by the 
threshold and the location of pool melt-through from the pool-containing ceramic crust. When either 
ceramic melts or metallic melts fall into the lower plenum water, the interaction between the melt and 
the water becomes significant. There is a relatively slow breakup of the melt with non-explosive steam 
generation (and hydrogen generation with metallic melts) along with melt cooling. Under some 
conditions, an explosive thermal interaction may also occur with the generation of a high-pressure 
shock. The threshold of failure of the reactor-vessel lower head determines whether or not the reactor 
vessel fails for given melt conditions and vessel pressure. Such failure is of major significance. The 
threshold and the mode of failure under melt attack determine the mass and the rate of release of the 
melt into the containment.  
In order to demonstrate applicability of the core simulator for understanding core melt progression, a 
PWR core design similar to that presented in (Godfrey, 2014). Details are shown in Figure 20 , Figure 
17 , Error! Reference source not found. , and Error! Reference source not found..  
 
 
 

4.1 GEOMETRY GENERATION 
Using the values in Table 3, the core geometry is generated using a Computer Aided Design 

(CAD) tool the result of which is shown in Error! Reference source not found. and Error! Reference 
source not found..   

 
Table 3:CORE GEOMETRY PARAMETERS 

 
Parameter Value 
RPV inside/outside Diameter 3.76/3.87 [m] 
Core Volume 32.6 [m^3] 
# of Fuel Rods 50,952 
# of Assemblies 193 
Fuel Pellet Diamter (ro) 8.19 [mm] 
Fuel Rod Diameter (rci) 9.5 [mm] 
Cladding Thickness (t) 0.57 [mm] 
Fuel Rod Pitch 126 [mm] 
Fuel Rods per Assembly 264 
Fuel Rod Configuration 17x17 square 
Fuel Rod Length 3660[mm] 
Assembly Pitch 215[mm] 
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Figure 8: Isometric View of CAD representation 
 

 
Figure 9: Top down view of CAD representation 

 
The default CAD file type is a proprietary, binary format which will be unsuitable for our simulation. 
Fortunately, many common CAD software tools allow the geometry solids to be saved in a 
stereolithography file (STL). The entire Core Assembly can be saved into a single STL file, however to 
ensure correct assignment of material properties, each solid that represents a unique material is saved 
in separate STL files. Once in STL form, the solids can be parsed by the simulator and a regenerated in 
a point cloud representation. An example of which is shown in Error! Reference source not found..  
 

 
Figure 10: close up planar view of the point cloud representation of an assembly showing fuel rods in 

red 
 

 
Figure 11: close up isometric view of the point cloud representation of an assembly showing fuel rods 

in blue, and grid spacer in red 



4.2 MATERIAL PROPERTY DESCRIPTION 
For each material, a material input file is generated which provides the composition and thermos-

physical properties shown  
 
. Group cross-sections for each material, are generated from the ENDF-VII library using an 

interface library to NJOY, and are also added to the material input file.  Normally the PWR fuel 
cladding is a zirconium based alloy which is able to withstand higher temperatures. In order to 
simplify this demonstration, standard 304 stainless steel has been chosen as the cladding material. 
 

 
Table 4: THERMO-PHYSICAL PROPERTIES OF CORE MATERIAL 

 
Material Inconel AgInCd UO2 304SS 
Type Control Rod Shutdown Rod Fuel Cladding 
Thermal Conductivity [W/m-K] 14.9 60 5.57 21.5 
Density [kg/m3] 8470 10200 10970 8000 
Specific Heat Capacity [j/kg-K] 444 230 534 500 
Melting Point [K] 1686 800 2827 1728 

 

4.3 PIN POWER CALCULATION 
Using the integrated AGENT MOC solver, the group scalar flux and the assembly fission rates 

can be determined as show in Figure 11. The core power level at accident initiation, power history and 
burn-up values will usually determine the decay heat profile, and the axial and radial power 
distribution in the core. For the purpose of expediency, the decay heat profile used for this 
demonstration assumes a long and steady power history.  For greater fidelity it is possible to couple 
this solution to ORIGEN in order to perform a complete depletion analysis. 
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Figure 21: Scalar Fluxes and Assembly Power 

4.4 THERMAL HYDRAULIC COUPLING 
The removal of heat from the fuel element occurs in the radial direction, through a series of 

heat resistances, by conduction, and convection. Heat is generated in the fuel pellet radius R and flows 
radially through the fuel, the pellet-cladding gap, and the cladding itself to reach the coolant. Because 
the axial temperature variation is relatively small, and the little azimuthal variation exists the steady-
state heat conduction equation is written as: 
 

Equation 1 
 
 
Where T is the temperate, r the radial position in the pellet, Kf is the fuel thermal conductivity and 
q’’’ is the volumetric heat generation rate [W/cm^3]. 
Equation 1 assumes a heat generation rate that is independent of r and of T. The heat conduction 
equation for a cylindrical geometry, Equation 1 can be solved if two boundary conditions are 
specified. These are: 

 
 
 



 
Where Tfs is the fuel surface temperature.  
Integrating twice we obtain: 
 
 

Equation 3 
Applying the boundary conditions: 

 
Equation 4 

Or: 
 
 

Equation 5 
 
 
Where Tfc is the fuel centerline temperature. Thus, a parabolic temperature profile is established 
whenever heat generation in the volume is homogenous. From Equation 5 it follows that the linear 
power at a given axial position is given by: 
 

Equation 6 
 

This heat flux flows from the fuel through the fuel-cladding gap and through the cladding and into the 
coolant. Heat transfer through the cladding is achieved by conduction. Solving the heat transfer 
equations for the cladding we find that the temperate drop through these two hollow cylinders is given 
by: 

 
Equation 7 

 

 
Equation 8 

 

Heat transfer from the cladding surface to the coolant is achieved by convection.  
 

Equation 9 
And if the gap distance is much less than R, then: 

 
Equation 10 

 

Where h is the convective heat transfer coefficient between the cladding wall and the coolant. 
In the scenario under consideration, it is assumed that the heat transfer is uniform within a small 
region of axial length, and convective heat transfer is due primarily by natural convection, so the 
convective heat transfer coefficient is given by: 

 
Equation 11 

 

 
Equation 12 

 

Where k is the thermal conductivity of the fluid, Gr is the Grashoff number, Prf is the Prandtl fluid 
number, L is the characteristic length of the surface.  

Equation 2 
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Using the above equations with bounding conditions set by the decay heat and water level as a 
function of time, as shown in Figure 22 and Error! Reference source not found. it is possible to 
calculate the centerline temperature , and radial temperature distribution of each fuel and control rod 
as show in Figure 23.  
 
 
 

 
Figure 13: Core Power Level vs. Simulated Time 

 

 
Figure 22: Core Water Level vs. Simulated Time 

 



 
Figure 23: Radial Temperature distribution of rod at selected periods 

4.5 CORE MELT PROGRESSION 
As described from reference (M. Courtaud) earlier, the core melting sequence proceeds in 5 

primary phases, in this simulation we neglect melt-water interaction and debris cooling. Instead we 
can recognize the first 3 distinct regions bounded by the peak fuel temperature Figure 24. During the 
initial period, immediately after loss of forced cooling, (0 to ~540 seconds) peak fuel temperatures 
rise from an average of ~900 C, to ~1600C corresponding to the melting point of the Inconel control 
rods. Peak temperature then stabilizes while core uncovering proceeds. Once the water level falls to a 
height below the upper assembly nozzle leaving fuel rods exposed, melting of the cladding and grid 
spacers begins, while simultaneously the fuel peak temperature begins to rise again to higher levels, 
eventually stabilizing at the ceramic fuel melting temperature.  
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Figure 24: Core Degradation during Accident Scenario 

 
Error! Reference source not found. shows the temperature distribution across the core at the upper 
assembly nozzle, in the left image, the fuel is still fully covered, while in the right image, the water 
level has lowered to a point where the fuel is just beginning to become uncovered, which is associated 
with a distinct temperature rise in assemblies which were operating at higher power levels, as shown 



in 

 
Figure 21. Having operated at higher power levels those fuel elements have a higher depletion, and so 
produce greater amounts of decay heat compared to their neighbors. 
 

Figure 17: Core Temperature Distribution at Selected Times during core uncovering 
 
In Error! Reference source not found. the temperature distribution is shown again with the water 
level further below the upper assembly nozzle. High decay heat fuel rods continue to increase in 
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temperature, however now neighboring assemblies are beginning to heat as well. In the right image of 
Error! Reference source not found., fuel rods in the high decay heat assemblies have begun to be 
displaced. At this point melted fuel and core debris causing conductive coupling between elements, 
increasing the melting rate further. 

 
Figure 18: Core Temperature Distribution at the Coolant level at Selected Times during Metal Melting Phase. 

Black indicates elements displaced by melting. 
 
In Error! Reference source not found. and Figure 25 we see the temperature distribution for the whole 
core at selected time periods during the accident sequence.  In these figures the temperature at the 
bottom of each fuel rod is shown on the X-Y plane, while the full height temperature distribution of 
fuel rods at given distances from the center are also shown, for each view in the top row, a 
complementary view is placed below to provide a different perspective.   
 

 
Figure 19: Fuel Temperature distribution at start of accident scenario 

 



 
Figure 25: Fuel Temperature Distribution at end of accident sequence. Black indicates melted regions 

 
In Figure 25 the fuel melting behavior is better illustrated. As the water level continues to fall it is 
followed by a melt zone. As area is uncovered from liquid coolant, local fuel temperature increases 
rapidly. As fuel melts, it is displaced under its own mass, flowing into the cooling channels and 
causing blockage.  

5. CONCLUSION 
 

A multi-physics simulator for core behavior has been developed specifically for the purpose of 
training and education. This simulator provides a fast and intuitive interface to a variety of commonly 
available codes, methods, and models in order to reduce the educational overhead normally 
encountered in severe accident analysis for nuclear power operations. Use of this simulator as 
intended would allow users to quickly and easily modify core parameters allowing them to compare 
and contrast the impact of specific events or phenomena, without requiring serious investment in time 
or resources. In This paper we have demonstrated use of this simulator for modeling and visualizing 
the degradation and melting of a PWR core under conditions of a large break loss of cooling event. 
Further development will include incorporation and validation against common benchmark problems, 
as well as results comparison and uncertainty analysis compared to higher level accident analysis 
codes. 
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 Abstract. The interest in evaluating the level of resistance of a nuclear power plant in response 
to an accident that exceeds the project bases, increased significantly after the Fukushima-Daiichi 
accident. Melcor is an integrated code, developed by Sandia National Laboratories, used to model and 
simulate the evolution of severe accidents in nuclear power plants. The Melcor modeling is general and 
flexible, making use of a “control volume” approach in describing the thermal hydraulic response of the 
plant. Reactor-specific geometry is imposed only in modeling the reactor core. The reactor cooling 
circuit and the four SG are represent by two model-loops, a single loop with the pressurizer and an 
agglutinated triple loop. All active safety systems which depend on AC power are assumed to be 
unavailable in this analysis. The most important strategies assumed were primary side depressurization 
and additional makeup water to reactor coolant system. The passive severe accident management 
measures primary bleed, secondary side bleed, passive injection from feedwater system and firefighting 
pool available. In Brazil there is the Almirante Álvaro Alberto Nuclear Power Plant that has two plants 
in operation, and one of them is Angra 2, which started operating in 2001. This unit is a pressurized 
water reactor type with electrical output of about 1350 MW.The objective of this work is to present a 
summary of the   severe accident caused by a station black out condition using the Melcor 1.8.6 code. 
The main result of the study is an evaluation of RPV lower head integrity during a severe accidents 
scenario. The results will be useful to an independent assessment into the detailed processes involved 
by the management guidelines for one scenario severe accident in Angra 2. 

Keywords: Severe Accident, Station Black Out, Melcor, PWR, Mitigation 

1. INTRODUCTION 

The Brazilian National Nuclear Energy Commission (CNEN) is responsible for the regulation 
of nuclear safety and the promotion, orientation and coordination of nuclear research and technological 
development. 

After the March 2011 Fukushima nuclear accident, CNEN required the development and 
implementation of a Severe Accident Management Programs (SAMP) for CNAAA - Almirante Álvaro 
Alberto Nuclear Centre, unit 2 (Angra 2) following guide IAEA SRS 32 [1]. The Eletronuclear (ETN) 
is a government entity responsible for nuclear power plants operation. To meet this requirement, the 
ETN prepared the Action Plan 2PA-001.2011 [2] and as part of this plan was develop a SAMP to Angra 
2.  ETN also submitted to CNEN a deterministic safety analysis with the Melcor code 

As CNEN practice, an independent analysis has been carried out by the regulatory body to 
auxiliary in the assessment process of the safety analysis report presented by ETN. The Melcor version 
used for this analysis is the same utilized by ETN. 
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This analysis was development supported by the BR3.01/12 project [3] of the INSC Programe. 
The objectives of this project is support to the Nuclear Safety Regulator of Brazil. The overall objective 
of the project is part of the enhancement d strengthening of a nuclear safety regulatory regime in Brazil 
in compliance with internationally used criteria and practices. One of the purposes of this project is to 
support CNEN to develop a own MELCOR nodalisation for the Angra 2 NPP. 

2. DESCRIPTION OF THE ANGRA 2 DESIGN 

Angra 2 is the second Brazilian Nuclear Power Plant (NPP) located at the CNAAA on the 
Itaorna beach in Angra dos Reis, Rio de Janeiro, Brazil. It achieved full power operation in 2001.  

This plant has a PWR built by Siemens-KWU (currently Areva NPP), resulting from an 
agreement between Brazil and Germany in 1975.  Angra 2 is a reactor with 1,350MWe capacity 
providing energy to a 2-million-inhabitant city. 

Designed as a four-loop plant, the PWR is based on a proven-technology of other four-loop 
plants. Angra 2 has four main coolant pumps to control water flow of each loop. To guarantee the safety 
of this nuclear power plant two Emergency Core Cooling System (ECCS) with four trains is existing. 
For each loop one ECCS train is connected (one hot and one cold ECCS injection) [4]. 

Figure 1 shows the arrangement of the components of Angra 2 NPP and Figure 2 shows the 
view of Angra Nuclear Power Plant Site. 

 

               Source: EJAM, Vol. 5, No. 1, NT54, 2009 (Mitsubishi Heavy Industries, 2009). 

FIGURE 1.General arrangement of Angra 2 nuclear power plant components 



 
FIGURE 2.View of Angra Nuclear Power Plant Site 

The major components of the Reactor Pressure Vessel (RPV) are the reactor vessel, the core 
barrel, the reactor core and the upper internals package, as can show in Figure 3. 

 

FIGURE 3.Reactor Pressure Vessel 

 

The steam generator (SG) is a vertically arranged U-tube bundle heat exchanger.  

The most important components of the primary side are: 

• a horizontal tube sheet into which the U-tube are set. The tube are flared on both sides of the 
sheet and are welded; 

• A hemispherical plenum below the tube sheet. The plenum is separated into two chambers. 

The Figure 4 shows SG components. 
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FIGURE 4 .Steam Generator 

Measures taken by Angra 2 NPP which are related to severe accident management in order to meet 
the Brazilian Regulatory Body (CNEN) requirements. These requirements areassociated with the Stress 
Tests results and were defined after Fukushima severe accident: 

a) Prepared Action Plan 2PA-001.2011, which follows an approach similar to the one adopted for 
the German NPPs of the Angra 2 similar design: 

• Development of  Severe Acident Management Guidelines (SAMG) based on the 
German concept; 

• SAMG incorporates additional equipment, dedicated for control and mitigation of 
Severe Accidents; 

• Incorporation at a later time of findings from ETN Fukushima Response Plan [2]  

b) Planned and installed Plant modifications associated with the Angra 2 SAMP: 

• Complementing pressurizer valve station to allow Bleed and Feed (B&F) through th 
Relief and Safety valves; 

• Passive autocathalytic recombiners (PARs); 

• Filtered Containment Venting; 

• Containment Sampling System for Severe Accident conditions; 

Additional mobile equipment: Small Emergency Diesel Generators, Diesel driven pumps 
(Fukushima response Plan-Angra 2 Stress Test [5]). 

3. MELCOR ANGRA 2 NODALIZATION  

Melcor is a severe accident code developed by Sandia National Laboratories for the NRC. Its 
primary purpose is to simulate the evolution of accidents in light water nuclear reactors and to generate 
fission product source terms. MELCOR is composed of several different modules, called packages 
(which are fully integrated), that model the important phenomena that can occur during severe nuclear 
accidents.  



The Angra 2 Melcor accident management model was built to simulate various types of 
transient and accident scenarios, involving complete or partial failure of plant systems and their 
components. In this work are being presents the SBO scenario accident accident and the Angra 2 
response for this hypothetical condition scenario.  
 

The Angra 2 Melcor plant model was developed consist of: 
 

• The reactor coolant system; 
• The reactor core; 
• The reactor cavity; 
• The steam generators and secondary system; 
• The containment and the reactor annulus 
• The nuclear auxiliary building; 
• The emergency core cooling and the emergency feed water systems. 

 
More detailed information about the model is given in next itnes. 

 
3.1 Reactor circuit and steam generators  

The reactor cooling circuit and the four SG are represent by two model-loops, a single loop with the 
pressurizer and an agglutinated triple loop. Each model loop has five control volumes to the rector 
cooling system and four control volumes to the SG secondary side: Each loop consists of the HL, SG 
primary side (U tubes), the pump and the CL. All the U tubes are modeled with two equivalent hydraulic 
regions. One region represents the ascending U tubes side which is coupled with the riser of the 
correspondent secondary side by a heat structure. The other represents the U tubes descending side and 
also coupled with the riser of the correspondent secondary side by another heat structure, as shown in 
Figure 5 and in the Table 1 the control volumes are identify.  

 

 
FIGURE 5. Reactor circuit and steam generators nodalization 
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TABLE 1. Reactor Circuit and Steam Generator Control Volumes 
CONTROL VOLUME DESCRIPITION 

CV200/CV300 Hot leg including SG entrance chamber 
CV210/CV310 Rising SG tubes 
CV220/CV320 Failing SG tubes 
CV230/CV330 SG exit chamber and cold leg to RCP 
CV240/CV340 Cold leg from RCP to RPV 
CV250/CV350 SG downcomer with the MFW 
CV260/C360 SG riser 
CV270/CV370 SG downcomer upper part 
CV280/CV380 SG steam dome 

 

3.2. Reactor Pressure Vessel Nodalization 

The core and lower-plenum regions of the RPV are divided into 5 concentric radial 
rings and 15 axial. The levels with the 4 to 14 range axial levels representing active core. Since 
in-vessel retention modeling capabilities of the code are of particular interest here, the lower-
plenum region was divided into 6 radial rings together with 2 axial levels. The Figure 6shows 
the RPV nodalization. 

 

FIGURE 6. Reactor Pressure Vessel Nodalization 



  

3,3.Passive injection to supply the Secondary Feed 

Under the Design Base Extension Condition (DBEC), during secondary bleed and feed, 
water injection into the steam generator can be achieved by using two different methods: 
Passive injection from Feedwater Tank Inventory and from Fire Fighting Water Inventory. 

3.3.1 Passive injection from Feedwater Tank Inventory 

The SG feed can be maintained using the feedwater piping and tank inventory for 
approximadely 4 h [4] if: 

• the level in the feedwater tank is in the normal range. 

• the pressure in the feedwater tank is appros. 4.9 bar or the feedwater tank can 
be pressurized to this pressure. 

• the SG can be depressurized beforehand to approximately at 1 – 2 bar. 

• the residual steam inventory of all four dried out SG is sufficient to pressurize 
the feedwater tank from 2 to 4.9 bar. 

Figure 7 shows the Passive Injection from Feedwater Tank Inventory and Table 2 
presents the its control volumes. 

 

FIGURE 7. Passive Injection from Feedwater Tank Inventory 

TABLE 2.Description of the Passive Injection from EFWS components  
Control Volume Nº Volume(m3) Description 

81 600.0 Feed Water Tank 
83 300.0 Feed Water Line 

250 50.0 SG Downcomer A 
295 50.0 SG1 main SL 
390 150.0 SG Downcomer B 
395 150.0 SG3 main SL 

 

3.3.2.Passive injection from Fire Fighting Water Inventory modeling 

The SG feed can be maintained using the fire water fighting tank for approx. 27 h 
(residual heat removal and removal of plant stored heat) [4]. 
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The Bernoulli equation is the approach applied to modelling the passive injection from 
Fire Fighting Water Tank. This system is illustrated by the Figure 8.  

 

FIGURE 8. Passive Injection from Fire Fighting water Inventory Scheme 

Applying Bernoulli equation 1, could be calculated the flow rate in the SG 
downcomer, as follow demonstrated. 

 

 

 

 

 

EQUATION 1. Bernoully equation 

The SG feed can be maintained using the fire water pond inventory for approx.. 27 h 
(residual heat removal and removal of plant stored heat). 

Up to an main steam pressure of approx.. 7 bar in the steam generator a sufficient feed 
rate can be maintained solely because of the elevation head between the fire water pond and 
the SGs. At higher main steam pressures a mobile pump is required. 

3.4.Containment nodalization 

The containment is simulated by 23 control volume, the annulus by 3 control volumes. 
The control volumes are interconnected by flow paths (Flnnn). 

The Figure 9 shows the containment nodalization and the Table 3describe each control 
volume. 

SG constant

2

0

1



 

FIGURE 9. Containment Nodalization 

TABLE 3. .Containment Control Volume Description 
Control Volume Description 

Number Volume (m3)  
1 3858.0 Sump 
2 500.0 RCS A 
3 500.0 RCS B 
4 6096.0 MCP A 
5 5994.0 Prz. MCP B 
6 500.0 SGm Box A 
7 500.0 SGm Box B 
8 270.0 SGu Box A 
9 270.0 SGu Box B 

10 6919.0 Up Per. A 
11 6885.0 Up Per. B 
12 143.0 Cavity 
13 640.0 RPV Head 
14 7038.0 Low Dome A 
15 7038.0 Low Dome B 
16 2940.0 Up Dome 
17 3889.0 Low Per. A 
18 3989.0 Low Per. B 
19 147.0 Gap 
24 5526.0 Dome A 
25 5526.0 Dome B 
26 1665.0 Fuel Pool 

 

3.5.Passive Autocatalytic Recombiner System 

Concerning the PARs, some records are dedicated to calculate the recombination rate 
of hydrogen or/and carbon monoxide in each control volume (CV) by mean of the following 
empirical correlation [6] shows by the Equaion 2: 
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EQUATION 2. PAR empirical correlation 

where: 

 - mass of H2 or O2 [g], 

 - Molecular weight of burnable gas [g/mol],  

 -  Number of recombiners, 

 - Efficienty of burnable gas, 

- Oxygen efficiency, 

 - Pressure [bar], 

 - Actual volume concentration [Vol-%] of gas component, H2 and O2, 

 - Minimum volume concentration for recombination [Vol-%], 

 - Depletion-limiting constant, 

,  - Coefficients of the recombiner, depending on recombiner type [mol/s bar].  

There are 60 PARs of the AREVA type installed in Angra 2 and their positions can be 
seen in the Figure 10 and Table 4 describe each control volume. 

 



FIGURE 10. Hydrogen Reduction System – PARs position in the containment 

TABLE 4. Type, Number and Position of Pars 
CV 1500T 1500R 960 380T 320  

4 1  1 1   
5 1   1   
6 4  1 1 3  
7 3  2  2  
8   2 1 1  
9 1   1 1  

10 2  1    
11 2      
13 1      
14 4   1   
15 5   1   
17   3  3  
18 1  2 1 1  
24   2    
25 2      

soma 27 0 14 8 11 60 

 

4. Summary of results of SBO case severe accident scenario in Angra 2 NPP 

The following assumptions were defined to simulate SBO, considering that no Reactor 
Coolant System despressurization was available: 

a) Loss of all AC power 

b) All accumulators available; 

c) No PBF available; 

d) SBF available. 

The Angra 2 NPP response to this SBO scenario during a short term is presented below. 

 
FIGURE 11. Pressure in RPV, PZR, SG and FW Tank 
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FIGURE 12. Cladding temperature for outermost ring 

Under the BDBA assumption, during secondary side bleed and feed, water injection 
into the steam generator (SG) can be achieved at the Angra 2 plant by using two different 
methods [4]. Passive injection from Feedwater Tank Inventory, show in Figures 12 and from 
fire fighting water inventory, as can see in Figure 14. 

The SG feed can be maintained using the fire fighting fire water inventory for more 
then 50 h (for the residual heat removal and removal of plant stored heat), when it empties, as 
can see in Figure 14. 

Up to a main steam pressure of approximately 7 bar in the steam generator, a 
sufficient feed rate can be maintained solely because of the elevation head between the fire 
water inventory and the SGs, see figure 6. At higher main steam pressures a mobile pump is 
required.  

 

FIGURE 13. Masflow SG1 (single loop), passive injection from the EFWT 
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FIGURE 14. Height in the Fire Fighting Tank 

Due to the extensive time during which the reactor core is protect by the secondary 
bleed and feed, more than 50 h, no core damage can be observed in Figures 12 because the 
event is simulated only for 12 h. 

Figure 15 shows the water level in some components. As expected, the core level do 
not decrease. 

 

FIGURE 15. Water level in RCS, PZR and SG 
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The behavior of the containment atmosphere can be seen in the Figures 16 and 17. 

 
FIGURE 16. Containment atmosphere temperature (short-term) 

 

 

FIGURE 17. Containment pressure (short-term) 

 

The results obtained through the simulation of the SBO scenario as presented show that the 
core damage does not occur in the first 12 hours after the onset of the event. Thus, there is, at 
least, a period of 12 h  to take the necessary steps to leave the plant to a safe mode. 



 

 

3. CONCLUSION 

Based in the results obtained in this analysis we can conclude that Angra 2 NPP is resistant 
against a SBO scenario of severe accident in the first 12 h after the event begin.  

The importance of plant-specific severe accident simulations has been shown. This should 
however never replace engineering judgement and experience, since they are two 
complementary aspects for a state-of-the-art SAMG implementation.  
 
NOMENCLATURE 

CNEN- Brazilian National Nuclear Energy Commission 

CNAAA - Almirante Álvaro Alberto Nuclear Centre 

CNEN – Brazilian Regulatory Body 

ECCS - Emergency Core Cooling System 

EFWS – Emergency Feedwater System 

INSC - Instrument for Nuclear Safety Cooperation 

NNEC - National Nuclear Energy Commission 

NPP – Nuclear Power Plant 

PAR – Passive Autocatalytic Recombiner 

PWR - Pressurized Water Reactor 

RCS – Reactor Cooling System 

SA – Severe Accident 

SBO – Station Black Out 

SAMG – Severe Accident Management Guide 

SAMP – Severe Accident Management Program 
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