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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social and 

environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help governments 

respond to new developments and concerns, such as corporate governance, the information economy and the challenges of an 

ageing population. The Organisation provides a setting where governments can compare policy experiences, seek answers to 

common problems, identify good practice and work to co-ordinate domestic and international policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, 

Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands, New 

Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, 

the United Kingdom and the United States. The European Commission takes part in the work of the OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, social 

and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

NUCLEAR ENERGY AGENCY 

 The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of 

31 countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, 

Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, Portugal, the Republic of Korea, the 

Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United 

States. The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 

– to assist its member countries in maintaining and further developing, through international co-operation, the scientific, 

technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for 

peaceful purposes; 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government 

decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 

development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 

management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and 

liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and related 

tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it has a Co-

operation Agreement, as well as with other international organisations in the nuclear field. 
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made 

up of senior scientists and engineers with broad responsibilities for safety technology and research 

programmes, as well as representatives from regulatory authorities. It was created in 1973 to develop and co-

ordinate the activities of the NEA concerning the technical aspects of the design, construction and operation 

of nuclear installations insofar as they affect the safety of such installations. 

The committee’s purpose is to foster international co-operation in nuclear safety among NEA member 

countries. The main tasks of the CSNI are to exchange technical information and to promote collaboration 

between research, development, engineering and regulatory organisations; to review operating experience 

and the state of knowledge on selected topics of nuclear safety technology and safety assessment; to initiate 

and conduct programmes to overcome discrepancies, develop improvements and reach consensus on 

technical issues; and to promote the co-ordination of work that serves to maintain competence in nuclear 

safety matters, including the establishment of joint undertakings. 

The priority of the CSNI is on the safety of nuclear installations and the design and construction of new 

reactors and installations. For advanced reactor designs, the committee provides a forum for improving 

safety-related knowledge and a vehicle for joint research. 

In implementing its programme, the CSNI establishes co-operative mechanisms with the 

NEA Committee on Nuclear Regulatory Activities (CNRA), which is responsible for issues concerning the 

regulation, licensing and inspection of nuclear installations with regard to safety. It also co-operates with 

other NEA Standing Technical Committees, as well as with key international organisations such as the 

International Atomic Energy Agency (IAEA), on matters of common interest. 
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EXECUTIVE SUMMARY 

Based on the conclusions of the previous benchmark exercise [1], the NEA Working Group on Analysis and 

Management of Accidents (WGAMA) felt it worthwhile to extend the accident analysis scope by examining 

the capability of the codes to predict core melt progression and the effects of severe accident management 

(SAM) actions under a variety of severe accident situations in order to challenge them to the full extent of 

their capabilities, recognizing, however, that they are less reliable in late phase core melt progression. As the 

current research in the Severe Accident Research Network of Excellence 2 (SARNET2) WP5 is focused on 

late phase phenomena and debris coolability, the WGAMA and the SARNET2 WP5 jointly proposed a 

benchmark as a follow-up to the benchmark exercise (ATMI) which includes late phase core degradation 

during different severe accident sequences. This proposal was approved by the NEA Committee on the 

Safety of Nuclear Installations (CSNI) in December 2010. 

Starting from the previous benchmark exercise on an alternative Three Mile Island unit 2 (TMI-2) 

accident scenario, the present benchmark is aimed at examining different severe accident sequences 

involving safety system operation failure and various SAM measures, e.g. depressurization, delayed start of 

high pressure injection (HPI), loss of auxiliary feed water (AFW), etc. The impact on hydrogen production, 

core coolability, corium relocation into the lower plenum and vessel failure will be examined. 

The proposed directions/objectives are the following: 

(i) to simulate a few selected and representative severe accident scenarios, with well-defined boundary 

conditions, which progress to different degrees of in-vessel core melt, in order to verify the consistency of 

different code results on the basis of present understanding coming from severe fuel damage experiments and 

previous benchmarks based on experimental results, e.g. QUENCH-06, PHEBUS-FPT1, QUENCH-11, 

PHEBUS-FPT4;  

 

(ii) to simulate some different branch scenarios involving SAM operations starting from the same initial 

conditions and accident sequence. Sequences where core reflooding occurs when the core is either almost 

intact or significantly melted will be examined, the objective being to check whether current SA codes are 

able to provide consistent and meaningful predictions to help in defining a SAM strategy, in particular by 

optimizing the use of available cooling water sources;  

 

(iii) to perform some sensitivity studies on more important and uncertain key-parameters in order to evaluate 

their impact on core degradation, core coolability and hydrogen production; and 

 

(iv) to extend the number of participants in order to involve more computer codes and more users. In 

particular, this benchmark would enhance knowledge transfer as younger code users would work under the 

supervision of senior ones.  

 

One of the main purposes of this benchmark exercise should contribute in establishing some consensus 

on how the deemed confidence on the codes can be established and on what technical ground. It should also 

establish a basis for the future work (e.g. uncertainty analysis, sensitivity analysis) in relation with important 

aspects of in-vessel corium retention. 

Ten organizations from eight countries using six different codes participated in this benchmark exercise. 

A maximum of eight different calculations have been collected and the results have been compared for the 

https://www.oecd-nea.org/nsd/docs/2009/csni-r2009-3.pdf
http://www.oecd-nea.org/nsd/csni/gama.html
http://cordis.europa.eu/project/rcn/91296_en.html
http://quench.forschung.kit.edu/24.php
http://www.irsn.fr/EN/Research/Research-organisation/Research-programmes/PHEBUS-PF/Pages/Severe-accident-research-programme-PHEBUS-FP-3455.aspx
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various accident sequences and reflooding scenarios investigated. Younger researchers have been involved in 

the benchmark exercise together with experienced users and code developers. 

Within the current benchmark exercise on TMI-2 plant, Small Break Loss-Of-Coolant Accident 

(SBLOCA) and Surge Line Break (SLB) sequences have been calculated using different mechanistic and 

integral codes. Both accident sequences have been calculated first without safety injection and then the 

transients were left to evolve until core degradation, melting and relocation in the lower plenum until 

possible vessel failure. The main aim was to extend the analysis to the in-vessel late core degradation phase 

including debris bed and molten pool formation and spreading, molten-core slumping into the lower plenum 

and corium behaviour in the vessel lower head. Furthermore, coolability of the degraded core under different 

reflooding scenarios starting from either slightly- or highly-degraded core conditions have been investigated, 

in different primary system pressure conditions with low and high reflooding rates from delayed availability 

of different safety injection systems (HPI and LPI). Finally, the influence of relevant in-vessel core 

degradation parameters and modelling options used in the calculations, on the basis of standard code user 

guidelines and user experience, has been investigated through sensitivity studies with some of the codes in 

representative accident scenarios. 

The calculations of SBLOCA and SLB sequences and related reflooding scenarios confirm the general 

robustness of the codes. Indeed, all the codes were able to calculate the accident sequences up to the more 

severe degradation state and under degraded core reflooding conditions. While the uncertainties in the 

current code results seem not to be significantly reduced with respect to the previous ATMI benchmark 

exercise [1], the present benchmark has highlighted the extended robustness of the codes for the analysis of 

the late phase degradation with core slumping into the lower head until vessel failure, thanks to the large 

effort spent by the code developers for physical modelling improvements in this field. 

Different conclusions can be drawn for the different aspects and phases of an accident as summarized 

below. 

 Following an outcome of the previous benchmark in 2009, it was decided in the present benchmark 

to harmonize the initial steady-state and boundary conditions; this had the objective of inducing 

core uncovery at the same time in the different simulations. 

 Here the uncertainties in the predictions of the plant thermal-hydraulic behaviour have been 

minimized, at least before significant core degradation takes place. Residual differences result from 

the choice of different modelling options and discretization schemes. In this way, the timing of core 

uncovery and heat-up show good agreement between the different simulations due largely to very 

similar treatment of thermal hydraulics in the codes during this early phase. 

 Concerning the early-phase degradation, all codes give similar results in terms of the phenomena 

involved and the timing of events. These events include: (i) clad rupture (the starting point for 

fission-gas release); (ii) clad oxidation runaway leading to rapid temperature escalation (SBLOCA) 

or more progressive core heat-up in steam-starved conditions (SLB); and (iii) clad failure and 

relocation of molten Zr. 

 During and after substantial core melting and relocation, i.e., loss of rod-like geometry, fuel rod 

collapse and formation of a debris bed and a molten pool, the divergence in code results becomes 

more pronounced. This is primarily due to different core degradation models used by the codes, 

mainly in the late degradation phase. Furthermore, some differences in core discretization and in 
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the value of core degradation parameters in input to the code might contribute to enhance the 

spread in the code results. These latter effects are strictly connected with the user effect where 

currently any reduction of the degree of freedom left by the code developers in the selection of 

code input parameter values is prevented by lack of knowledge. In this context, the importance of 

precise code user guidelines and of additional experiments in the area of late-phase degradation is 

emphasized. However, from the benchmark exercise it appears that the main reason for the extent 

of the results spread was not the user effect, but the difference in phenomenological modelling. 

 The timing of vessel failure can be significantly affected by the different failure criteria used in a 

calculation – more generally, these benchmark results show that lower plenum models need more 

validation and benchmarking. 

 Concerning molten-material slumping and corium behaviour in the lower head, and quite apart 

from points mentioned above, it should be stressed that in reality stochastic effects such as the 

occurrence of focusing effect (large increase of local heat flux) can lead to divergent degradation 

outcomes. In addition, variation of some particular parameters can lead to very strong variations in 

the results (so-called “cliff-edge effects”). Hence, even with a comprehensive code, safety analysis 

would still require exploration of various alternative assumptions or model parameters to capture 

all possible outcomes. 

The uncertainties on the calculation of reflooding scenarios are still rather large, especially in case of 

later core reflooding. In the case of the SBLOCA sequence, all codes predict more-or-less delayed core 

quenching without any significant core slumping into the lower plenum at the end of reflooding thus 

preventing vessel failure. Conversely, in the case of the SLB sequence, slow and delayed core reflooding 

starting from degraded core with relatively high power density has much reduced effectiveness for core 

quenching. Therefore, in most of the calculations, core melt progression and material slumping to the lower 

plenum cannot be terminated, and in some cases (ASTEC calculations) the vessel failure is not prevented. 

The thermal-hydraulics models devoted to porous media as well as blockage factors strongly influence 

the outcomes of the reflood phase for a highly degraded core. There is a need for further investigations on 

models dealing with water/steam progression in areas with very low porosity (often referred to as “blocked” 

areas). 

In addition, corium coolability in the lower plenum and the prevention of vessel failure is highly 

dependent on the application of specific models and user-defined parameters concerning melt relocation 

process, fragmentation of the molten jet and corium behaviour in the lower head. 

The sensitivity and uncertainty analyses performed with some of the codes on important parameters and 

model options in part explain the rather large spread induced in the simulation results. 

The following recommendations can be made: 

 This benchmark showed that the simulation of core degradation phenomena is still strongly 

dependent on the choice of input parameters. Clear user guidelines should be developed in order to 

reduce or minimize user effects. However, this “user-effect” (between different users of the same 

code) is comparable to the “code-effect” (between results of different codes) and remains 

acceptable (no inconsistent results in most cases). As a consequence, sensitivity analyses are 



NEA/CSNI/R(2015)3 

10 

 

strongly recommended to support and complement code applications for deterministic plant 

analyses. 

 New and/or improved models based on additional experiments are needed for the description of 

late-phase degradation phenomena.  These experiments should mainly focus on:  

 debris bed and melt coolability inside the core region (in particular for areas with very low 

porosity); 

 melt interaction with core support structures and slumping into the lower head; 

 melt behaviour in the lower head. 

 The fact that the amount of hydrogen generated during the core reflood differs considerably in the 

calculations requires further in-depth analysis of factors that impact zirconium oxidation rate in 

various severe accident scenarios, including applicability of correlations to non-rod-like geometries 

(debris, melt). 

 This benchmark showed that some “cliff-edge” effects still exist, e.g. for the quenching of a much 

degraded core where some codes predict success of quenching whereas other codes predict the 

impossibility of stopping melt progression and thus the occurrence of vessel failure. Consequently, 

uncertainty and sensitivity analyses are strongly recommended to support and complement code 

applications for deterministic plant analyses. 

 Future benchmark activities in the area of severe accidents should try to focus on each degradation 

phase separately in order to analyse which phases of the accident induce the larger uncertainties. 

The latest phases (corium in the lower plenum) are not necessarily the most uncertain but they 

always appear to be very uncertain because they cumulate all the previous uncertainties. A 

suggestion for a future benchmark following this one would be to study the behaviour of corium in 

the lower plenum independently of the early degradation phase (initial conditions for melt 

relocation in the lower plenum could be deduced from this benchmark, for example).  
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1. INTRODUCTION 

 

A code to code benchmark exercise (ATMI), on a “well-defined” plant (similar to TMI-2) with 

prescribed boundary conditions was defined during the previous benchmark exercise proposed by the 

Working Group on Analysis and Management of Accidents (WGAMA). Several participants from both 

OECD/NEA and EU/SARNET2 member countries joined that previous project. This “well-defined” 

benchmark scenario avoided additional and unwanted sources of discrepancies between code calculations, so 

as to focus on the variability of the codes calculations of core degradation [1]. 

Overall, the results of this exercise were quite encouraging as all the codes succeeded in calculating the 

scenario from the beginning to the end, with very little tuning of parameters or optimization of input decks. 

This showed the robustness of the computer codes and the consistency of their results as compared to twenty 

years ago. The code scattering observed in the calculation of some phenomena (for which physical 

understanding is still incomplete) revealed some model weaknesses, in particular during the reflooding phase 

which is crucial for the mitigation of severe accidents. 

Based on the conclusions of this previous benchmark exercise, WGAMA felt it worthwhile to extend 

the accident analysis scope by examining the capability of the codes to predict core melt progression and the 

effects of severe accident management (SAM) actions under a variety of severe accident situations in order 

to challenge them to the full extent of their capabilities, recognizing, however, that they are less reliable in 

late phase core melt progression. As the current research in SARNET2 WP5 is focused on late phase 

phenomena and debris coolability, WGAMA and SARNET2 WP5 jointly proposed a benchmark as a follow-

up to the benchmark exercise (ATMI) and which includes late phase core degradation during different severe 

accident sequences. This proposal was approved by the OECD/NEA Committee on the Safety of Nuclear 

Installations (CSNI) in December 2010. 

Starting from the previous benchmark exercise on an alternative TMI-2 accident scenario, the present 

benchmark is aimed at examining different severe accident sequences involving safety system operation 

failure and various SAM measures, e.g. depressurization, delayed start of high pressure injection (HPI), loss 

of auxiliary feed water (AFW), etc. The impact on hydrogen production, core coolability, corium relocation 

into the lower plenum and vessel failure will be examined. 

The proposed directions/objectives were the following:  

(i) to simulate a few selected and representative severe accident scenarios, with well-defined boundary 

conditions, which progress to different degrees of in-vessel core melt, in order to verify the consistency of 

different code results on the basis of present understanding coming from severe fuel damage experiments and 

previous benchmarks based on experimental results, e.g. QUENCH-06, PHEBUS-FPT1, QUENCH-11, 

PHEBUS-FPT4;  

 

(ii) to simulate some different branch scenarios involving SAM operations starting from the same initial 

conditions and accident sequence. Sequences where core reflooding occurs when the core is either almost 

intact or significantly melted will be examined, the objective being to check whether current SA codes are 

able to provide consistent and meaningful predictions to help in defining a SAM strategy, in particular by 

optimizing the use of available cooling water sources;  

 

https://www.oecd-nea.org/nsd/docs/2009/csni-r2009-3.pdf
http://www.oecd-nea.org/nsd/csni/gama.html
http://cordis.europa.eu/project/rcn/91296_en.html
http://quench.forschung.kit.edu/24.php
http://www.irsn.fr/EN/Research/Research-organisation/Research-programmes/PHEBUS-PF/Pages/Severe-accident-research-programme-PHEBUS-FP-3455.aspx
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(iii) to perform some sensitivity studies on more important and uncertain key-parameters in order to evaluate 

their impact on core degradation, core coolability and hydrogen production; and 

 

(iv) to extend the number of participants in order to involve more computer codes and more users. In 

particular, this benchmark would enhance knowledge transfer as younger code users would work under the 

supervision of senior ones.  

 

The present benchmark should contribute in establishing some consensus on how the deemed 

confidence on the codes can be established and on what technical ground. It should also establish a basis for 

the future work (e.g. uncertainty analysis, sensitivity analysis) in relation with important aspects of in vessel 

melt pool retention. 

The list of participants as well as the list of used computer codes is given in Table 1.1 below. Ten 

organizations from eight countries participated in this benchmark exercise. A maximum of eight different 

calculations have been collected and the results have been compared for the various accident sequences and 

reflooding scenarios investigated. Younger researchers have been involved in the benchmark exercise 

together with experienced users and code developers. 

 

Table 1.1 - Participants and codes 

Participant Country Code Acronym 

GRS 

Germany 

ATHLET-CD GRS 

KIT 
ASTEC  

RELAP/SCDAPSIM 

KIT-AS 

KIT-SR 

RUB ATHLET-CD RUB 

ENEA Italy ASTEC ENEA 

IRSN France ICARE/CATHARE IRSN 

IVS Slovak Republic ASTEC IVS 

Tractebel Engineering Belgium MELCOR TRACT 

BARC India ASTEC BARC 

IBRAE RAS Russia SOCRAT IBRAE 

INRNE Bulgaria ASTEC INRNE 
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2. REFERENCE PLANT AND ASSUMPTIONS 

In this chapter all information and references regarding TMI-2 plant layout data, core geometry and 

boundary conditions, which are deemed necessary to achieve the best of harmonization in different code 

input decks preparation, are presented and discussed. Furthermore, the assumptions taken for in-vessel core 

degradation parameters by the different codes are outlined. 

Most of the participants in the new benchmark exercise had already a TMI-2 data input deck ready for 

its  code calculations, which were already prepared and used in previous analysis and in particular in the 

previous ATMI benchmark exercise [1]. These input decks have been further revised according to new 

versions of the codes used and respective standard code user guidelines. Furthermore, additional plant details 

have been provided in order to improve the harmonization between different code input decks, in particular 

regarding the total primary coolant mass inventory value. 

In all calculations, the primary system layout and the core geometry have been represented in detail, 

while the secondary system simulation is limited to the secondary side of the steam generator (SG) using 

appropriate boundary conditions: evolution of feedwater mass flow rate/temperature at the SG inlet and 

steam pressure at the SG outlet. The boundary conditions for the SG secondary side for the two accident 

sequences under investigation (SBLOCA and SLB) are presented in section 2.2. 

The results of initial plant steady-state at nominal power calculated by the participants with the various 

codes are presented and compared to reference TMI-2 data in section 2.3. Furthermore, the main core 

degradation parameters used in the analysis of core melt progression under both accident sequences are 

outlined in section 2.4. 

2.1 TMI-2 plant data 

Most of the plant geometry data are the ones defined in the Final Report of the previous ATMI 

Benchmark Exercise [1]. However, some plant data concerning free volumes of the primary system (*) have 

been updated according to the Final Specifications of MSLB Benchmark Report [2], trying to achieve a 

better agreement in the total primary mass among different participants in this TMI-2 Benchmark Exercise. 

More details on the overall TMI-2 plant layout data can be found in Ref. [2] if needed. 

The radial and axial core discretization is let free to the participants’ choice. However, the power 

distribution in the core must be consistent with the radial and axial power profiles given in section 2.2.1. 

2.1.1 Free Volumes 

 Primary system volume without the pressurizer = 288.29 m
3
 (*) 

 Pressurizer volume = 42.5 m
3
 (*) 

 Reactor pressure volume = 113.6 m
3
 (*) 

 Secondary side free volume of one SG (up to the SG exit) = 34.4 m
3
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2.1.2 Heat transfer with secondary side 

 SG tubes surface per SG (secondary side) = 12302.5 m
2
 

 Number of tubes per SG = 15530 

2.1.3 Initial core geometry 

Main characteristics of the core 

 

 Number of fuel bundles of type 15x15 = 177 

 Active core length = 3.66 m 

 Total core length = 4.0 m (from core bottom: 0.15 m + 3.66 m (active length) +   0.19 m) 

 Type of fuel lattice = square, pitch = 0.01443 m 

 Number of fuel rods per assembly = 208 

 External diameter of fuel rod = 0.0109 m 

 Fuel pellet radius = 0.0047 m 

 Fuel rod cladding thickness = 0.000673 m 

 

Initial core material inventory 

 

 UO2 mass = 93650 kg (over the 3.66 m of core active length) 

 Zircaloy mass = 23050 kg 

 H2 total mass if converted from total Zircaloy = 1011 kg (Zircaloy mass / 22.8) 

 AIC mass (Ag+In+Cd) = 2750 kg 

2.1.4 Vessel and internal structures   

 Core baffle internal diameter = 3.28 m 

 Core baffle external diameter = 3.33 m 

 Core barrel internal diameter = 3.584 m 

 Core barrel external diameter = 3.683 m 

 Thermal shield internal diameter = 3.683 m 

 Thermal shield external diameter = 3.753 m 

 Vessel wall internal diameter = 4.36 m 

 Vessel wall external diameter =  4.86 m 

 

2.2 Boundary conditions 

The core decay power evolution and the axial and radial power profiles are taken from the final report of 

previous ATMI Benchmark [1] according to the values used by IRSN with ICARE/CATHARE. 

 

2.2.1 Core and decay power 

 Initial core power = 2772 MW. 

 Thermal heat losses from primary system to containment atmosphere are not taken into account. 

 Core residual power after reactor scram is given in Table 2.1 below. 
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Table 2.1 - Core power evolution 

Time (s) Power (W) 

0 2772.00e6 

ts (scram time) 2772.00e6 

ts + 1 167.94e6 

ts + 4 147.96e6 

ts + 10 130.14e6 

ts + 40 103.14e6 

ts + 100 86.13e6 

ts + 400 65.34e6 

ts + 800 52.92e6 

ts + 1000 49.95e6 

ts + 2000 42.39e6 

ts + 4000 34.56e6 

ts + 8000 28.35e6 

ts + 10000 26.05e6 

ts + 20000 21.46e6 

 

 Radial profile of core power (6 rings) is given in Table 2.2 below (number of fuel rods and external 

radius according to ICARE/CATHARE (IRSN) and ASTEC (ENEA) simulations in previous ATMI 

Benchmark [1]. 

 

Table 2.2 -Radial core meshing and power profile 

Ring Radial peak factor Number of fuel rods External radius (m) 

1 1.2572 1040 0.27 

2 1.2127 3120 0.54 

3 1.1469 5200 0.81 

4 1.0596 7072 1.08 

5 0.951 9152 1.35 

6 0.8198 11232 1.665 

 

 Axial profile of core power is given in Table 2.3 below (same axial power profile in different rings). 

 

Table 2.3 -Axial profile of core power 

Z (m) Axial peak factor 

0 0 

0.15 0 

0.302 0.675 

0.607 0.857 

0.912 1.037 

1.217 1.153 

1.522 1.202 

1.826 1.231 

2.131 1.241 

2.436 1.209 

2.893 1.102 

3.503 0.595 

3.81 0 

4 0 
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The radial and axial profiles in Table 2.2 and Table 2.3 are valid for intact core geometry. The change 

in power distribution following core degradation and fuel relocation must be taken into account by the 

respective code models. 

2.2.2 Set-point values 

 Pressurizer PORV opening  Pressurizer pressure > 15.56 MPa 

 Pressurizer PORV closure  Pressurizer pressure < 14.96 MPa 

 Reactor scram  Pressurizer pressure > 16.30 MPa (SBLOCA sequence only) 

 Pressurizer safety valve set-point  17.0 MPa (valve capacity = 86.9 kg/s) 

 Primary pump stop  Primary mass (liquid + steam) < 85000 kg (SBLOCA sequence only) 

 

2.2.3 Vent valve operation 

These valves, between the upper plenum of the vessel and the top of the downcomer, are designed to 

avoid an accelerated vessel draining during loss-of–coolant accidents. Their behaviour should be modelled, 

as they were shown to have a significant influence on the onset of core degradation during accidental 

transients. The ICARE/CATHARE model is used as reference for this benchmark exercise. In this code the 

vent valves operation is modelled as follows: 

 If ΔP < 414 Pa, the valves are closed. 

 If ΔP > 1724 Pa, the valves are fully open, which corresponds to a total section of 0.794 m
2
. 

 If 414 Pa < ΔP < 1724 Pa, the valves are considered partly open, with a cross section area increasing 

linearly with ΔP. 

 

2.2.4 SG pressure and level control 

Boundary conditions for the SG secondary side are established by controlling the steam generator 

pressure and water level (in the riser) in the accident sequences under investigation as follows. 

SBLOCA sequence 

 

 SG pressure stay at steady-state value in the first 100 s (P = 6.41 MPa), then the pressure rises up to 

7 MPa linearly in 100 s and remains constant until the end of the transient, as shown in Figure 2.1. 

 

 The auxiliary feedwater is started at 100 s (after SG dryout) until reaching the 1 m level linearly at 

200 s, then the level is maintained constant until the end of the transient, as shown in Figure 2.2, by 

auxiliary feedwater flow rate control. 

 

SLB sequence 

 

 The SG pressure control is the same as in the previous SBLOCA sequence. 

 

 Because of the simultaneous loss of offsite power, the auxiliary feedwater injection is never 

activated. The SG water level is let free to evolve according to water evaporation by heat transfer 

with the primary side. 

 

In case of feedwater control, we assume: 



NEA/CSNI/R(2015)3 

17 

 

 Maximum auxiliary feedwater flow rate = 50 kg/s per SG. 

 Auxiliary feedwater temperature = 295 K. 

 

In case of SBLOCA sequence, the linear increase of SG level up to 1 m, starting at 100 s by auxiliary 

feedwater injection, might be delayed because of strong evaporation inside the SG and due to the limit on 

maximum feedwater flow rate. Indeed, in most of the calculations of the previous ATMI Benchmark, the 1 m 

level was reached around t = 400 s, thus with a delay of about 200 s. 

Also based on the experience of the previous Benchmark Exercise, it seems important to note that the 

SG pressure and level might deviate from the boundary values, when SG power removal reduces down close 

to 0, due to stop of natural circulation in the primary loops, after the initial boil-off phase. By this time, 

steam condensation in the secondary side of SG leads to slow progressive decrease of the SG pressure below 

7 MPa and, at the same time, leads to slow progressive increase of the SG level above 1 m. In any case, and 

in particular in case of SBLOCA sequence, the pressure cannot be controlled by steam ingress into the SG 

dome, so as the level cannot be controlled by water draining from the SG bottom. 

Figure 2.1 – SG pressure control 

 

 
Figure 2.2 – SG level control 
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2.2.5 Break conditions 

 SBLOCA sequence 

 

 Break size = 0.002 m
2
 

 Break position: 4 m along the hot leg A 

 Containment pressure = 0.1 MPa (pressurization of the containment atmosphere is not taken into 

account) 

 No stratification in the hot leg during the boil-off phase before primary pump stop, which may 

significantly affect the break mass flow rate value (e.g. break collapse model option in ASTEC must 

be set to 0) 

 

 SLB sequence 

 

 Break size = 0.0387 m
2
 

 Break position: double guillotine break of the surge line near the connection with the hot leg 

 Containment pressure = 0.15 MPa (constant pressure during the transient phase according to a 

containment calculation performed by GRS with ATHLET-CD) 

 No stratification in the hot leg during the boil-off phase 

 

2.2.6 Letdown/make-up flow rates 

 SBLOCA sequence 

 

 Letdown flow rate = 0 

 Make-up flow rate = 3 kg/s in total during all the transient: 

- 1.5 kg/s in cold leg 1B and 1.5 kg/s in cold leg 2B 

- Water temperature = 315.15 K 

 

 SLB sequence 

 

 Letdown flow rate = 0 

 Make-up flow rate = 0 

 

2.3 TMI-2 plant steady-state conditions 

In the previous ATMI Benchmark, the initial conditions of the TMI-2 plant were defined according to 

TMI-2 measurements at the time of turbine trip [3]. Because of unbalanced operating conditions exhibited in 

the two primary loops and the two SGs, it was difficult to reach a very good agreement in the nominal 

steady-state operation among the different codes. Although the differences were considered acceptable, the 

experts involved in the new Benchmark Exercise have decided to define the nominal steady-state of the 

TMI-2 plant according to the final specifications of MSLB Benchmark [2], trying to achieve the best 

agreement on the plant state at the beginning of the transient, in particular regarding the total coolant mass in 

the primary system. 

The range of calculated values of main steady-state plant parameters is compared with TMI-2 plant data 

in Table 2.4. In general, the deviations from the reference plant data are limited and considered acceptable. 

In particular, the maximum deviation of total primary mass is below 1.3%. The agreement on this parameter 

is very important because of its impact on the timing of primary pump stop which dictates the beginning of 
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core uncovery for the SBLOCA sequence. The largest deviations are evidenced on pressurizer level and 

steam generator (SG) steam temperature and feed water flow rate, but they are not expected to produce 

significant deviations on the calculated transient evolution. 

 

Table 2.4: Main steady-state plant parameters 

Parameter Unit 
Calculated values 

(range) 

TMI-2 plant 

data 

Reactor core power MW 2772 2772 

Pressurizer pressure MPa 14.82 - 15.15 14.96 

Hot leg temperature K 589.3 - 594.8 591.15 

Cold leg temperature K 560.3 - 565.7 564.15 

Primary loop flow rate kg/s 8472 - 8888 8800 

Pressurizer collapsed level m 5.05 - 5.94 5.588 

Total primary mass kg 219830 - 225650 222808 

SG secondary pressure MPa 6.41 - 6.55 6.41 

SG steam temperature K 564.7 - 588.3 572.15 

SG feed water flow rate kg/s 701.8 - 791.0 761.1 

 

2.4 In-vessel core degradation parameters and modelling options 

Different code models and empirical laws are used in the severe accident codes in order to reproduce all 

important degradation phenomena occurring during in-vessel core melt progression, following a severe 

accident. These phenomena include: 

1) clad deformation and burst/perforation due to creep under pressure or eutectic core material interaction at 

relatively low temperature, 

2) clad oxidation with hydrogen generation, 

3) clad failure due to Zircaloy melting and oxide layer dissolution and break-up, 

4) melting and relocation of metallic and ceramic core materials, 

5) loss of rod-like geometry with formation of debris bed which may develop towards in-core molten pool, 

6) slumping of molten core material into the lower plenum which might lead to vessel failure. 

 

The in-vessel core degradation parameters used by the participants in the calculations are listed in Table 

2.5. The values of the different parameters have been mainly selected according to code best practice 

guidelines and user experiences. 

In general, parabolic correlations are used to calculate the oxidation of Zircaloy cladding with 

consequent hydrogen generation. The Cathcart-Pawel correlation is mainly used in the low temperature 

range below 1800 K. Both the Prater-Courtright and Urbanic-Heidrick correlations are used in the high 

temperature range above 1800 K. Specific oxygen diffusion and convection models have been developed by 

IBRAE RAS in the SOCRAT code in the temperature range of 1250-3000 K. These models take into account 

diffusion of oxygen in solid materials and convective transport of O2 in the melt. 

The cladding oxide scale failure with downwards relocation of metallic molten material during the early 

degradation phase is generally calculated on the basis of cladding temperature and the thickness of residual 

oxide layer (e). Most of the codes use similar parametric values for temperature and thickness. 
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As demonstrated by several experiments, like the Phebus FP tests, the melting point of ceramic UO2-

ZrO2 material is lowered well below the eutectic point of the binary phase diagram (approximately 2800 K). 

This assumption is taken into account by some of the participants in their calculation and, thus, the melting 

point of fuel rods is reduced down to 2550-2600 K. On the contrary Tractebel Engineering with MELCOR 

and KIT with RELAP/SCDAPSIM used a melting temperature close to the eutectic point of the ceramic 

materials. In SOCRAT code the melting point of U-Zr-O mixture depends on the composition and varies 

from 2250 to 2850 K. 

More than half of the participants took into account the transition from rod-like geometry to debris bed 

in the core before reaching the ceramic material melting point. This is simply based on a temperature 

criterion. The debris bed is characterized by its porosity and particle diameter which are generally defined by 

code input. Different debris bed porosity and particle size values have been selected by the code users as 

shown in Table 2.5. Other participants do not consider debris bed formation, because of deficiencies of 

current debris bed modelling in terms of the coupling to the thermal-hydraulic models in their code 

(ATHLET-CD calculation by RUB and GRS) or debris bed model is still under development in the code 

(SOCRAT calculation by IBRAE RAS), or because the debris bed model is not considered reliable enough 

by code developers for plant applications (ASTEC calculations by KIT and IVS). 
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Table 2.5: In-vessel core degradation parameters 

Participant 

Zircaloy 

oxidation 

kinetics 

Cladding failure 

criteria 

(e = oxide layer 

thickness) 

Melting 

temperature of 

UO2-ZrO2 

Debris 

formation 

criteria in the 

core zone 

Debris 

porosity and 

particle 

diameter 

GRS 
 

Cathcart + 

Urbanic 

T > 2300 K and   

e < 0.3 mm or    

T > 2500 K 

2600 K 2400 K 
38% and       

2 mm 

ENEA 
Cathcart + 

Prater 

T > 2300 K and   

e < 0.3 mm or    

T > 2500 K 

2550 K 
2500 K 

(1800 K under 

reflood) 

40% and       

3 mm 

IRSN 
Cathcart + 

Prater 

T > 2300 K and   

e < 0.3 mm 
2550 K 2500 K 

40% and       

3 mm 

RUB 
Cathcart + 

Urbanic 

T > 2300 K and   

e < 0.3 mm or    

T > 2500 K 

2600 K 

No debris 

bed 

modelling 

- 

IVS 
Cathcart + 

Prater  

T > 2260-2450 K  

and  

e < 0.16-0.3 mm 

or T > 2500 K 

2550 - 2600 K 

No debris 

bed 

modeling  

- 

KIT 

(ASTEC) 

Cathcart + 

Prater 

T > 2300 K and   

e < 0.3 mm or    

T > 2500 K 

2550 K 

No debris 

bed 

modelling 

- 

KIT 

(RLP/SCD) 

Cathcart + 

Urbanic 

T > 2500 K and   

e < 0.3 mm  
2830 K 2830 K 

54% and  

3.5 mm 

IBRAE RAS 

Diffusion 

& 

Convection 

T > 2300 K and   

e < 0.3 mm or    

T > 2500 K 

Burned UO2: 

2850 K;  

ZrO2: 2900 K;   

U-Zr-O:  

2250-2850 K 

No debris 

bed 

modelling 

- 

BARC 
Cathcart + 

Urbanic 

T > 2300 K and   

e < 0.3 mm 
2600 K 2600 K 

60% and       

3 mm 

Tractebel 

Engineering 
Urbanic 

T > 2500 K and   

e > 0.3 mm or   

T > 3100 K 

2650 K 2500-3100 K 
40% and       

2 mm 

INRNE 
Cathcart + 

Prater 

T > 2600 K and 

e < 0.250 mm, or 

T > 2700 K 

2800-2850 K 
2750 K 
 (2000 K 

under reflood) 

40% and       

2 mm 

 

The parameters/criteria used by the participants for core slumping and reactor pressure vessel (RPV) 

failure are listed in Table 2.6. The different assumptions made in the calculations might explain some of the 

differences observed in the timing of massive core slumping into the lower plenum and vessel failure. 
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Table 2.6: Core slumping and RPV failure parameters/criteria 

Participant Core slumping RPV failure 

GRS 
Melting at core bottom (relocation 

through core support plate) 
ASTOR response surface method 

ENEA 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Vessel wall melting (100%) 

IRSN 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Vessel wall melting (100%) 

RUB 
Core support plate failure at 60 tons 

of degraded core material 
Temperature criterion 

IVS 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Corium jet fragmentation and 

quenching by residual water in 

lower reactor head modelled 

Vessel wall melting (100%)  

KIT 

(ASTEC) 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Vessel wall melting (100%) 

KIT 

(RLP/SCD) 

melting through the structure or 

relocation through core by-pass 
Not Available 

IBRAE RAS 

Melting of both baffle and barrel 

(relocation through core by-pass) or 

melting at core bottom (relocation 

through core support plate) 

Vessel wall melting (100%) 

BARC 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Vessel wall melting (100%) 

Tractebel 

Engineering 

Baffle melting when melting 

temperature of steel is reached i.e. 

1700 K (relocation through the core 

by-pass) or core support plate 

failure (ring by ring, mechanical 

failure and relocation through core 

support plate) 

Failure by creep-rupture when 

plastic strain reaches 18% in one 

ring 

INRNE 

Baffle melting (relocation through 

core by-pass) or melting at core 

bottom (relocation through core 

support plate) 

Vessel wall melting (100%) 
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3. ACCIDENT SEQUENCES AND REFLOODING SCENARIOS 

The strategy for selecting the accident sequences to be investigated in this benchmark exercise was 

widely discussed among the participants, in order to identify representative severe accidents, which 

contributed to best verify the consistency of different code results in different situations with core melt 

progression during both early and late phase in-vessel core degradation. 

Both Small Break Loss-Of-Coolant Accident (SBLOCA) and Surge Line Break (SLB) sequences which 

have been selected are characterized by simplified boundary conditions on both the primary and secondary 

sides in order to reduce the source of uncertainties in the different calculations by the participants better 

comparing the code results. In this way, the deviations in the thermal-hydraulic behaviour computed by the 

different codes are rather limited and, therefore, the spreading of the results in the onset of core uncovery and 

heat-up and start of core melt progression is reduced. This is particularly important when we want to 

compare results for reflooding scenarios starting from the same core degradation conditions. 

The different sizes of the breaks in the two sequences lead to different depressurization levels of the 

primary circuit. Since the primary pressure is an important parameter in the analysis of degraded core 

coolability under reflooding, one of the main requests by the participants was to investigate core coolability 

both under rather high (SBLOCA) and low pressure (SLB) scenarios.  

Of course, the success of reflooding to stop core degradation is strongly dependent on the core 

degradation level at the reflooding onset. Both slightly and highly degraded core conditions are therefore 

investigated in this benchmark exercise. Furthermore, under the low pressure SLB sequence the capability of 

different safety injection systems (HPI and LPI) could be tested, starting from different reflooding rates. 

3.1 SBLOCA sequence 

The initial event of the SBLOCA accident scenario is a small break of 20 cm
2
 size in the hot leg of loop 

A with a simultaneous total loss of the main feed water at t = 0 s. As soon as the break opens, the primary 

pressure begins to decrease. After some tens of seconds, the fast SG dry-out (main feedwater reduces down 

to zero linearly in 60 s) with consequent loss of heat removal from the primary side results in sudden primary 

pressure increase. The opening of the pressurizer pressure operated relief valve (PORV) cannot prevent the 

primary pressure rise and, therefore, reactor scram occurs when the pressurizer pressure set-point of 16.3 

MPa is exceeded. 

The auxiliary feed water starts at t = 100 s trying to restore the water in the SG up to 1 m level in a time 

interval of 100 s. Afterwards the SG level is maintained constant by controlling the auxiliary feed water flow 

rate. At the same time the SG pressure is increased up to 7.0 MPa and then maintained at this value 

throughout the remaining transient. 

In the base case calculation without reflooding, the postulated failure of the HPI and low pressure 

injection (LPI) systems induces the uncompensated loss of primary coolant inventory towards core uncovery, 

which leads to severe accident conditions. A constant make-up flow rate of 3 kg/s is performed in the cold 

leg during the whole transient, while there is no letdown flow simulated, in order to reduce the uncertainty in 

the calculation regarding the boundary conditions with the primary system. The primary pumps are stopped 

on the basis of primary coolant inventory depletion when the primary mass falls below 85 tons. In the base 
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case the accidental transient is let free to evolve towards core uncovery, heat-up, melting and relocation into 

the lower plenum, until possible lower head vessel failure. 

3.2 SLB sequence 

In order to investigate a low pressure accident scenario, the double ended guillotine break (DEGB) of 

the surge line has been simulated in conjunction with the loss of offsite power supply (station blackout at t = 

0 s). The loss of offsite power leads to immediate reactor scram, primary pump coastdown and turbine and 

feedwater trip (main feedwater reduces down to 0 in 60 seconds) on the secondary side without auxiliary 

feedwater start-up. The large primary coolant leakage started by the surge line break leads to quick 

depressurization of the primary system with rapid primary coolant inventory depletion and consequent onset 

of core uncovery and heat-up.  

As for the previous SBLOCA sequence, in the SLB base case calculation the HPI and LPI systems are 

not actuated and then the transient progresses up to large core melting and slumping in the lower plenum 

with eventual vessel failure. 

3.3 Reflooding scenarios 

For both analysed sequences, different reflooding scenarios have been defined assuming the recovery of 

HPI or LPI systems, and starting from different core degradation conditions defined on the basis of total 

amount of degraded core materials. The reflooding scenarios analysed for the two accident sequences are 

indicated in Figure 3.1.  

The reflooding is intended to start with a slightly degraded core when the degraded core mass is equal 

to 10 tons (mainly control rod materials that start to melt at lower temperature than the fuel rods), during the 

so-called early degradation phase. Alternatively, the reflooding is intended to start with a highly degraded 

core when the total core degraded mass reaches 45 tons. In this case the melting of fuel rods might be 

significant, and then large debris bed regions and molten pool could be developed inside the core. 

Figure 3.1 – Analysed base case and reflooding scenarios for SBLOCA and SLB sequences 
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In all code calculations the core reflooding is started when the total amount of degraded core materials 

reaches the value of 10 or 45 tons. This means that the reflooding is not started exactly at the same time but 

under similar core degradation conditions.  

Different reflooding rates are considered depending on the availability of ECCS systems. In case of low 

flow rate reflooding, the recovery of HPI is considered at about 50% of the total capacity of HPI into four 

cold legs in TMI-2. The total reflooding rate was then set to 28 kg/s (including the 3 kg/s make-up flow rate 

in case of SBLOCA sequence) that corresponds to around 0.8 g/s of water per rod. As demonstrated by 

QUENCH experiments conducted at KIT, in general 1 g/s of water per rod would be sufficient to cooldown 

the core. Therefore, in the present case, the value of 0.8 g/s was chosen to investigate reflooding conditions 

at the limit of core coolability, which seems the most challenging case for the severe accident codes. 

High reflooding rate scenarios are investigated in case of SLB sequence. In fact, in this case, the 

recovery of LPI might be possible, since the primary pressure fall down below the set-point of LPI actuation, 

and assuming only a temporary loss of offsite power, which is needed for LPI pump operation. The total LPI 

flow rate is of 360 kg/s, equally distributed in the four cold legs and it is maintained available for 1000 s 

depending on the assumed capacity of LPI storage tanks. 

All calculations are stopped when the core heat-up and degradation progression are terminated by 

quenching, and then almost steady-state conditions are reached in the primary system, or, if the core is not 

quenched, after eventual vessel failure. 

 

  



NEA/CSNI/R(2015)3 

26 

 

  



NEA/CSNI/R(2015)3 

27 

 

4. ANALYSIS AND RESULTS 

4.1 SBLOCA sequence 

At first the results of the base case without HPI/LPI injection are presented and discussed. Successively, 

two reflooding scenarios are considered, assuming the recovery of HPI system, and starting from different 

degraded core conditions: 10 ton and 45 ton of total degraded core materials. 

4.1.1  Base case without reflooding 

The chronology of main events calculated by the code is shown in Table 4.1, while the Table 4.2 gives 

an overview of the core melt progression and the hydrogen source. The evolution of the transient in the 

initial phase is rather consistent in all calculations. Some discrepancies in the timing of PORV opening and 

then in the successive reactor scram and PORV closure are produced by some differences in the steam 

generator dry-out, depending on differences in feedwater coastdown or initial water inventory in the 

secondary side.  

Substantial agreement is found in the timing of primary pumps stop, according to the primary coolant 

inventory depletion and the attainment of the threshold of 85 ton of residual water. Some deviations are 

observed in the timing of onset of core melt and relocation. Most of the calculations are stopped at vessel 

failure. 

 

Table 4.1 - SBLOCA sequence: chronology of main events 

(base case without reflooding) 
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ENEA 0 47 51 55 100 2188 3743 4264 4310 5079 8187 8187 

BARC 0 17 21 25 100 2177 3737 4249 - 5175 8574 8574 

KIT-AS 0 47 51 55 100 2188 3745 4074 - 4695 12123 12123 

IVS 0 19 23 30 100 2169 3642 3806 4412 4485 no 10990 

INRNE 0 50 53 57 100 2183 3549 4368 4542 4542 11112 11112 

GRS 0 32 53 78 100 2087 4195 4250 4630 5700 10356 10356 

RUB 0 50 53 77 100 2171 4402 4450 5203 n/c n/c 12000 

Tractebel 0 54 61 70 100 2330 3710 5220 5220 4380 10854 10854 

IBRAE 0 49 52 60 100 2319 4280 4296 4400 5173 8754 8754 

IRSN 0 44 51 55 100 1533 3428 3824 4980 4579 no 14670 

KIT-SR 0 49 53 63 100 2496 - 5702 5739 8669 n/a 18000 

 n/c: not calculated; n/a: not applicable 
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Table 4.2 - SBLOCA sequence: core melt progression and hydrogen generation 

(base case without reflooding) 
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[s] [kg] [kg] [s] [kg] [kg] [s]
 

[kg] [kg] [kg] 

ENEA 4505 0 114 5050 0 245 8187 120089 95404 392 

BARC 4424 0 76 4727 0 203 8574 143587 97585 380 

KIT-AS 4480 0 130 5415 4221 273 12123 116834 84679 409 

IVS 4070 0 114 5470 3739 320 10990 127973 83441 484 

INRNE 4235 0 105 4580 1210 278 11112 128211 100159 458 

GRS 4665 0 163 5713 39024 343 10356 64566 47909 416 

RUB 4659 n/c 101 5515 n/c 310 12000 112021 n/c 498 

Tractebel 4610 364 104 5890 1014 230 10854 116494 86861 356 

IBRAE 4442 0 125 4534 0 182 8754 146383 130346 739 

IRSN 4950 n/a 92 6690 n/a 228 14670 107615 n/a 459 

KIT-SR 6106 0 167 7507 0 267 18000 104961 101240 483 

  n/c: not calculated; n/a: not applicable 

 

The aspects relevant to plant thermal-hydraulic behaviour are illustrated in Figures 4.1 to 4.5. The break 

mass flow rates calculated by the participants are compared in Figure 4.1. The break mass flow rate 

decreases quickly at the beginning of the transient according with the decreasing primary pressure, until 

saturation conditions are reached in equilibrium with the secondary pressure at about t = 300 s. Then the 

break flow rate (liquid and steam mixture) continues to progressively decrease due to increasing void 

fraction at the break. After primary pumps stop around t = 2300 s with consequent hot leg draining, the break 

flow rate switches from mixture to pure steam flow and then suddenly reduces by about 60%. From this 

point onwards, the break flow rate decrease is consistent with the primary pressure behaviour. All codes are 

able to reproduce the above described break flow rate behaviour and then the agreement among all 

calculations is very good. The good agreement in the calculation of the break flow rate leads to similar 

agreement in the calculated primary mass (Figure 4.2). 

The timing of primary pumps stop is almost coincident in all calculations. There is a rather significant 

spread in the calculated primary mass flow rates before pump stop likely due to different pump characteristic 

curves used. After primary pumps stop and consequent hot leg draining, the core decay heat removal by the 

secondary side progressively reduces down to zero, since there is no natural circulation in the primary loops. 

Therefore, the primary pressure (Figure 4.5) is no more sustained by the steam generator pressure and then 

tends to progressively reduce. Some significant deviations are observed on the calculated primary pressure 

during the core uncovery and heat-up phase from t = 3000 s onwards. Several pressure spikes occurred in 

most of the calculations and they are consistent with the timing of molten material slumping into the lower 

plenum and consequent strong water vaporization. The largest pressure peaks are calculated by IVS, IRSN, 

IBRAE RAS and Tractebel Engineering as a consequence of molten jet break-up with enhanced thermal 
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interaction between water and molten material. In other ASTEC calculations than the one by IVS, the jet 

fragmentation during slumping was not taken into account (model choice). The lowest primary pressure until 

t = 12000 s is calculated by RUB since no core slumping into the lower plenum is modelled with the version 

2.2A of ATHLET-CD used. 

The time evolution of the core collapsed water level is compared in Figure 4.3. The collapsed water 

level reduces before primary pumps stop due to core void fraction increase. Just after the stop of primary 

pumps the water level suddenly increases, owing to stratification of liquid water in the lowest volumes of the 

primary circuit, including the vessel. This behaviour is predicted by most of the participants and codes. 

Afterwards the water level behaviour is in quite good agreement among all calculations. Noticeable water 

level fluctuations are calculated from t = 4400 s onwards when molten material slumping into the lower 

plenum occurs; first the water level suddenly increases due to upwards displacement of water by the 

relocated material and then the water level reduces following strong water vaporization in the lower plenum. 

In some cases, the water level in the vessel reduces below the bottom of the core during the core slumping 

phase, because of molten jet fragmentation and strong thermal interaction with water (IRSN, IBRAE RAS, 

IVS, Tractebel Engineering). 

The agreement in the onset of core heat-up is quite good among almost all calculations as shown by the 

time evolution of the fuel rod clad temperature at core top calculated in the central core channel (Figure 4.4). 

The largest deviation is observed in the IRSN calculation with ICARE/CATHARE. This deviation is 

enhanced at the time of temperature escalation, likely due to 2D convective movements within the upper 

plenum of the vessel which are taken into account only with the ICARE/CATHARE code (however it is 

difficult to judge if the 2D upper plenum model gives more realistic results). The plot of clad temperature is 

stopped once degraded fuel rod relocation occurs at the top of the core, also due to transition to debris bed 

and collapse. 

The time evolution of the cumulative hydrogen production is compared in Figure 4.6. A large amount of 

hydrogen is predicted during the first oxidation phase in the period 4000 - 6000 s. Most of the participants 

calculate a similar amount of hydrogen at t = 6000 s in the range 300-380 kg. By this time, the lowest value 

of 218 kg is calculated with ICARE/CATHARE, likely due to delayed core heat-up induced by 2D 

convective movements, while a very high value near 740 kg is calculated with SOCRAT by IBRAE RAS. At 

the end of calculated transient (timing of vessel failure in most of the calculations), the cumulated hydrogen 

production spreads in the range 320 - 560 kg, except for SOCRAT code which calculates a much larger 

hydrogen mass close to 740 kg. The reason for the large hydrogen mass predicted by SOCRAT is the 

oxidation of liquid mixtures containing metallic zirconium, after clad failure and melt relocation 

(see also Appendix A.4). 

The time evolution of total mass of degraded core materials and of materials relocated in the lower 

plenum are compared in Figure 4.7 and Figure 4.8, respectively. Core slumping in the lower plenum is not 

calculated by RUB with ATHLET-CD due to the lack of modelling in the code version used (stop of 

calculation at t = 12000 s without vessel failure). Other calculations stop at the time of vessel failure, while 

IRSN (ICARE/CATHARE) and IVS (ASTEC) do not get as a result any vessel failure due to large debris 

cooling in the lower head. All codes agree on the onset of core degradation, but the total amount of degraded 

core materials spreads from 60 to 145 tons. There is also a significant spread in the timing of massive molten 

core slumping. The much larger core slumping in the GRS calculation seen in Table 4.2 at t = tm2 is due to 

rupture of the core support plate having already occurred.  
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There is a rather large spreading in the time of vessel failure. These differences are also correlated to the 

large spreading in the time of massive corium relocation into the lower plenum. Considering the time interval 

between the instant of massive core slumping and the instant of vessel failure, some insight can be gained on 

the consistency of different code models for corium behaviour in the lower head. In most calculations the 

vessel failure occurs after an interval of 2000 – 5500 s after massive core slumping. Differences in the lower 

head models, the amount of relocated mass and the vessel failure criteria used can certainly explain the 

discrepancy in the time interval between corium relocation and vessel failure.  

Figure 4.1 - SBLOCA sequence: break mass flow rate 

(base case without reflooding) 

 

 

Figure 4.2 - SBLOCA sequence: total primary coolant mass 

(base case without reflooding) 
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Figure 4.3 - SBLOCA sequence: core collapsed level 

(base case without reflooding) 

 

Figure 4.4 - SBLOCA sequence: clad temperature at core top 

(base case without reflooding) 

 

 

Figure 4.5 - SBLOCA sequence: pressurizer pressure 

(base case without reflooding) 
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Figure 4.6 - SBLOCA sequence: cumulated hydrogen mass 

(base case without reflooding) 

 

Figure 4.7 - SBLOCA sequence: total mass of degraded core materials 

(base case without reflooding) 

 

 

Figure 4.8 - SBLOCA sequence: total mass relocated into the lower plenum 

(base case without reflooding) 
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4.1.2  Reflooding of a slightly degraded core 

In all calculations the core reflooding is started when the total amount of degraded core materials 

reaches the value of 10 tons. This means that the reflooding is not started exactly at the same time but under 

similar core degradation conditions. The HPI reflooding rate was set to 28 kg/s, including the make-up flow 

rate of 3 kg/s. All the calculations are stopped when the core heat-up and degradation progression is 

terminated by quenching, and then almost steady-state conditions are reached in the primary system. 

The code results regarding the chronology of main events, the degraded/relocated core masses and the 

hydrogen source are compared in Table 4.3. All codes, except RELAP/SCDAPSIM (see below), predict core 

quenching, limited core slumping and no vessel failure after the reflooding phase. However, the amount of 

hydrogen generated after reflooding shows a rather large spreading in code results. This is reflected in the 

difference observed in the cumulated mass of hydrogen at calculation end. The large relocated mass in the 

lower plenum calculated by RELAP/SCDAPSIM is the consequence of uncoolability of debris bed which 

develops, after degraded core reflooding, towards molten pool formation and spreading.  

 

Table 4.3 - SBLOCA sequence: chronology of main events, degraded/relocated core masses and hydrogen 

generation (reflooding of a slightly degraded core) 
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[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 4505 no 10000 57739 0 114 129 243 

BARC 4424 no 15000 38870 0 76 147 223 

KIT-AS 4480 no 10640 39685 9814 130 156 286 

IVS 4070 no 10990 54093 7140 114 174 288 

INRNE 4235 no 12000 34188 9561 105 205 310 

GRS 4665 no 9900 24442 0 163 156 319 

RUB 4659 no 12000 18392 n/c 101 416 517 

Tractebel 4610 no 40000 101643 2353 104 121 225 

IBRAE 4442 no 29000 76860 0 125 335 460 

IRSN 4950 no 6170 68879 n/a 92 89 181 

KIT-RS 6106 n/a 18000 96415 93107 167 262 429 

    n/c: not calculated; n/a: not applicable; 

 

The main results of this reflooding scenario are illustrated in Figures 4.9 to 4.16. Core reflooding starts 

at similar rate in all calculations between 4200 – 4800 s (Figure 4.11), except in RELAP/SCDAPSIM 

calculation due to delayed onset of core heat-up and melting. The whole core recovering is reached in about 

2000 s. Only INRNE with ASTEC predicted a strong temperature escalation at core top up to 3000 K (Figure 

4.12), because of a very high clad failure temperature limit (2700 K) used. Some of the participants predicted 



NEA/CSNI/R(2015)3 

34 

 

efficient quenching at core top, while in some of the calculations clad failure and relocation could not be 

avoided due to the limited reflooding rate. 

Primary system refilling shown in Figure 4.10 is more or less consistent in all calculations. After around 

t = 8000 s, the primary coolant inventory remains almost constant, since the water injection by HPI and 

make-up systems is compensated by the increase of water-steam mixture leakage at the break (Figure 4.9). 

Significant primary pressure spikes are calculated by the codes at the onset of core reflooding (Figure 4.13), 

mainly due to strong thermal interaction between cold water and hot core structures, which induces large 

water vaporization. 

The cumulated hydrogen production is shown in Figure 4.14. Following core quenching, some 

enhanced hydrogen generation is calculated by the codes. However, in almost all calculations the hydrogen 

generation is stopped roughly after t = 6000 s (except in RELAP/SCDAPSIM calculation) due to efficient 

core structure cool-down. In most of the calculations, the hydrogen production during reflooding seems 

mainly the result of the extended time it takes to quench the upper part of the core. However, in the case of 

SOCRAT calculation, the large mass of hydrogen generated is due to the oxidation of cladding melt. Magma 

oxidation is taken into account by the other codes, but the contribution to the total core oxidation seems to be 

much less important. 

In all calculations (except in RELAP/SCDAPSIM calculation), the core melt progression is terminated 

by core reflooding (Figure 4.15), but the timing is different and the total mass of degraded core materials 

spreads over a large range from 20 to 105 tons. Except for RELAP/SCDAPSIM, the molten core slumping in 

the lower plenum (Figure 4.16) is excluded or limited to a quite small amount, which prevents the vessel 

from failure in all calculations. 

 

Figure 4.9 - SBLOCA sequence: break mass flow rate 

(reflooding of a slightly degraded core) 

 

 

  



NEA/CSNI/R(2015)3 

35 

 

Figure 4.10 - SBLOCA sequence: total primary coolant mass 

(reflooding of a slightly degraded core) 

 

 

Figure 4.11 - SBLOCA sequence: core collapsed level 

(reflooding of a slightly degraded cor 

 

Figure 4.12 - SBLOCA sequence: clad temperature at core top 

(reflooding of a slightly degraded cor 
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Figure 4.13 - SBLOCA sequence: pressurizer pressure 

(reflooding of a slightly degraded co 

 

Figure 4.14 - SBLOCA sequence: cumulated hydrogen mass 

(reflooding of a slightly degraded cor 

 

 

Figure 4.15 - SBLOCA sequence: total mass of degraded core materials 

(reflooding of a slightly degraded core) 
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Figure 4.16 - SBLOCA sequence: total mass relocated into the lower plenum 

(reflooding of a slightly degraded core) 

 

 

 

4.1.3  Reflooding of a highly degraded core 

The only difference in this reflooding scenario with respect to the previous one is the extension of core 

degradation at the time of reflooding start-up. In fact, in this scenario the total mass of degraded core 

materials amounts to 45 tons instead of 10 tons. 

The code results regarding the chronology of main events, the degraded/relocated core masses and the 

hydrogen source are compared in Table 4.4. As in the previous case with reflooding starting from a slightly 

degraded core, all codes, except RELAP/SCDAPSIM, predict core quenching with rather limited core 

slumping into the lower plenum without vessel failure. In most of the calculations, the hydrogen release after 

core reflooding is rather small, likely due to the limited amount of clad metallic material still present in the 

hottest part of the core. In fact, in this case, most of the metallic materials is already melted, relocated and 

refrozen in colder lower regions of the core during the early degradation phase. 
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Table 4.4 - SBLOCA sequence: chronology of main events, degraded/relocated core masses and hydrogen 

generation (reflooding of a highly degraded core) 

O
R

G
A

N
IZ

A
T

IO
N

 

T
im

e 
at

 w
h

ic
h

 d
eg

ra
d

ed
 c

o
re

 

m
as

s 
=

 4
5
 t

o
n
s 

(t
 =

 t
m

2
)  

V
es

se
l 

fa
il

u
re

 

E
n

d
 o

f 
ca

lc
u

la
ti

o
n
 

D
eg

ra
d
ed

 c
o
re

 m
as

s 
at

 

ca
lc

u
la

ti
o

n
 e

n
d
 

M
as

s 
re

lo
ca

te
d

 i
n

 l
o

w
er

 

p
le

n
u
m

 a
t 

ca
lc

u
la

ti
o

n
 e

n
d
 

H
y

d
ro

g
en

 g
en

er
at

ed
 b

ef
o
re

 

re
fl

o
o

d
in

g
 o

n
se

t 

H
y

d
ro

g
en

 g
en

er
at

ed
 a

ft
er

 

re
fl

o
o

d
in

g
 o

n
se

t 

C
u

m
u

la
te

d
 h

y
d
ro

g
en

 m
as

s 
at

 

ca
lc

u
la

ti
o

n
 e

n
d
 

[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 5050 no 10000 76786 6105 245 46 291 

BARC 4727 no 15000 62818 15309 203 78 281 

KIT-AS 5415 no 5990 59171 22999 273 38 311 

IVS 5470 no 10990 70409 11437 320 66 386 

INRNE 4580 no 12000 76537 2152 278 65 343 

GRS 5713 no 9900 42189 0 343 48 391 

RUB 5515 no 8657 70136 n/c 310 120 430 

Tractebel 5890 no 20600 127163 12349 230 264 494 

IBRAE 4534 no 29000 88073 0 182 374 556 

IRSN 6690 no 6820 82098 n/a 228 51 279 

KIT-SR 7507 n/a 18000 96023 94844 267 206 473 

    n/c: not calculated; n/a: not applicable 

 

The main results of this reflooding scenario are shown in Figures 4.17 to 4.24. In this case the onset of 

reflooding in all calculations is spread over a larger time interval because of the differences in core melt 

progression (Figure 4.23 and Table 4.4). The conclusions of the previous reflooding scenario apply as well in 

this case, regarding core quenching and cool-down rate (Figure 4.20), primary mass inventory (Figure 4.18) 

and pressure behaviour (Figure 4.21). The hydrogen production (Figure 4.22) due to reflooding is still 

limited and stops in almost all calculations around 6000 – 7000 s, after complete core quenching. After this 

time, only RELAP/SCDAPSIM calculation show a continuous hydrogen production with progressive core 

melting (Figure 4.23), likely because the steam produced when corium slumps to the lower plenum might re-

oxidize the remaining core. Also in MELCOR calculation the molten core slumping in the lower plenum is 

limited (Figure 4.24) and then no vessel failure is predicted in the medium and long term. Only in 

RELAP/SCDAPSIM calculation the molten core slumping is significant and vessel failure could occur in the 

late phase.  
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Figure 4.17 - SBLOCA sequence: break mass flow rate 

(reflooding of a highly degraded core) 

 

 

Figure 4.18 - SBLOCA sequence: total primary coolant mass 

(reflooding of a highly degraded core) 

 

 

Figure 4.19 - SBLOCA sequence: core collapsed level 

(reflooding of a highly degraded core) 
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Figure 4.20 - SBLOCA sequence: clad temperature at core top 

(reflooding of a highly degraded core) 

 

Figure 4.21 - SBLOCA sequence: pressurizer pressure 

(reflooding of a highly degraded core) 

 

 

Figure 4.22 - SBLOCA sequence: cumulated hydrogen mass 

(reflooding of a highly degraded core) 
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Figure 4.23 - SBLOCA sequence: total mass of degraded core materials 

(reflooding of a highly degraded core) 

 

 

Figure 4.24 - SBLOCA sequence: total mass relocated into the lower plenum 

(reflooding of a highly degraded core) 
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4.1.4  Main outcomes 

From the analysis of the SBLOCA sequence and related reflooding scenarios, the following main 

outcomes can be identified: 

 The general good robustness of the codes in the calculation of the base sequence and during 

reflooding is confirmed. 

 The discrepancy in the calculation of the thermal-hydraulic behaviour of the primary circuit is rather 

small thanks to the harmonization of the initial and boundary conditions and general consistency of 

the different thermal-hydraulic models. 

 Most of the codes predict vessel failure in the base case without reflooding but there is a large 

spreading in the timing of failure, which might depend on the different failure criteria and the degree 

of interaction of molten jet with water during slumping. 

 There is a rather large difference in the extension of core degradation in the late phase of the 

transient, which might significantly depends on the different code models used for the late 

degradation phase. The use of debris bed model against simple candling or 2D magma models might 

have a strong impact on the calculation of late phase core melt progression. This is especially 

amplified in case of core reflooding, following collapse of damaged fuel rods with large debris bed 

formation. 

 The cumulated hydrogen predicted in the base case without reflooding is rather consistent in all code 

calculations, except for SOCRAT, which is the only one using mechanistic models instead of 

empirical correlations for clad oxidation in the higher temperature range (both in solid and liquid 

phases). In most calculations, the increase in hydrogen production following degraded core 

reflooding is rather limited, in contrast with the intensive hydrogen generation which was observed 

in experiments (e.g. QUENCH experiments at KIT/Karlsruhe) during reflooding of partly degraded 

core, likely due to a general deficiency of code models in this phase. 

 

4.2 SLB sequence 

At first the results of the base case without HPI/LPI injection are presented and discussed. Successively, 

four reflooding scenarios are considered, assuming the recovery of HPI or LPI systems, and starting from 

different degraded core conditions. 

4.2.1  Base case without reflooding 

The chronology of main events calculated by the code is shown in Table 4.5, while the Table 4.6 gives 

an overview of the core melt progression and the hydrogen source. All codes predict early core uncovery in 

the time range of 400 – 800 s.  

All calculations stop at vessel failure which is predicted in the time range of 3820 – 6500 s. Early 

ICARE/CATHARE failure occurs at t = 2369 s in IRSN calculation, because of code convergence problems 

during massive material relocation into the lower plenum. The rather small amount of hydrogen produced 

during the transient is consistent with steam starved conditions calculated by the code during the oxidation 

phase. 
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Table 4.5–SLB sequence: chronology of main events 
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ENEA 0 0 470 776 1712 1830 1712 5372 5372 

BARC 0 0 810 904 1618 1972 1872 4488 4488 

KIT-AS 0 0 470 776 1780 2110 1419 4204 4204 

IVS 0 0 750 992 1229 2211 1915 6515 6515 

INRNE 0 0 410 692 1611 1612 1612 5529 5530 

GRS 0 0 665 608 1169 1498 1483 4050 4050 

RUB 0 0 657 676 1528 2051 2370 4528 4528 

Tractebel 0 0 - 540 1155 1155 900 3827 3827 

IBRAE 0 0 360 627 1302 2050 2278 6166 6166 

IRSN 0 0 300 582 1176 1430 1988 - 2360* 

KIT-SR 0 0 800 - 969 789 1350 n/a 13300 

                            n/a: not applicable; * code failure 

 

Table 4.6 -SLB sequence: core melt progression and hydrogen generation 
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[s] [kg] [kg] [s] [kg] [kg] [s] [kg] [kg] [kg] 

ENEA 1790 2030 15 2080 13800 44 5372 160570 143600 100 

BARC 1943 1541 15 2238 11426 32 4488 136785 120747 95 

KIT-AS 1764 2685 29 2179 32962 121 4204 140117 128122 252 

IVS 1971 38 48 2451 735 57 6515 145956 111128 166 

INRNE 1693 1981 19 2219 16881 67 5530 152210 138804 141 

GRS 1230 0 62 1620 33403 86 4050 69785 67558 166 

RUB 1506 0 20 2194 0 38 4528 80190 65463 117 
Tractebel 1127 1446 76 1389 3028 98 3827 143334 143334 191 

IBRAE 1724 0 43 2562 74 58 6166 129653 120868 150 

IRSN 870 n/a 65 1270 n/a 79 2360* 93700 n/a 125 

KIT-SR 1798 3410 67 2416 3410 123 13300 100559 71781 207 

 n/a: not applicable; * code failure 

 

The aspects relevant to thermal-hydraulics in the primary system are illustrated in Figures 4.25 to 4.32. 

All the participants predicted a similar plant behaviour in the initial transient phase, which is characterized 
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by fast primary system depressurization and coolant inventory depletion. However, some deviations in the 

prediction of the initial mass flow rate through the surge line break (Figure 4.25) contributed to enhancing 

the differences observed in primary system pressure evolution (Figure 4.29), with relevant feedback on the 

break mass flow rate itself (Figure 4.25). 

When the primary pressure approaches the containment pressure (a constant value of 1.5 bar is imposed 

as boundary condition in SLB calculations), after about t = 1000 s in most of the calculations, the break flow 

rate becomes negligible and the primary coolant mass remains almost constant (Figure 4.26). The residual 

coolant mass in the primary circuit varies, approximately, from 10 tons to 30 tons in the different code 

calculations. This deviation is of course reflected in the mass of water remaining in the lower plenum of the 

vessel and the loop seal of the cold legs. 

All codes predict an early whole core uncovery in the time period of 200 – 700 s (Figure 4.27). Because 

of this early core uncovery, the fuel rod heat-up at the core top starts just few hundreds of seconds after 

transient initiation. An initial fuel rod heat-up rate as high as 1.7 K/s is calculated by several participants 

(Figure 4.28), according to the high decay power level of the initial transient phase. However, some others 

predicted much lower heat-up rates. The lower heat-up rate predicted by ICARE/CATHARE and 

RELAP/SCDAPSIM is likely the consequence of natural convective flows in the upper plenum, while in 

other calculations (SOCRAT, ATHLET-CD by GRS and ASTEC by IVS) it might be related to differences 

in the axial core temperature profile, which are induced by a different oxidation power distribution, 

according to the progression of the steam starvation zone. 

Most of the participants did not calculate significant temperature excursions during the core heat-up 

phase since the oxidation of zircaloy claddings occurred under steam-starved conditions, owing to the limited 

availability of steam, once the collapsed water level falls down below the core bottom. This is also confirmed 

by the limited amount of hydrogen produced, as shown in Figure 4.30. Some temperature escalations, 

starting from about 1600 - 1700 K, observed in the GRS and IVS calculations are likely produced by the 

enhancement of cladding oxidation, occurring when the steam availability sharply increases, following core 

material slumping and consequent strong molten jet/water thermal interaction in the lower plenum. 

Although the timing of core degradation is somewhat different, almost all codes predict whole core 

damage during the transient phase with a total amount of degraded core materials, including melting of core 

support structures, in the range of 140 – 160 tons, as shown in Figure 4.31 for most calculations. The 

consequent material slumping into the lower plenum for these calculations is rather large: in the range of 110 

– 140 tons (Figure 4.32). Only GRS and RUB with ATHLET-CD predict a much reduced core degradation 

and material slumping into the lower plenum. The ATHLET-CD version 2.2A used by RUB only allows to 

simulate one core relocation event which is assumed to start based on user-defined criteria, here when the 

degraded core mass reaches 60 tons, and then further core melt slumping cannot be taken into account. 

Differently, the ATHLET-CD version used by GRS (2.2 Cycle C) allows continuous material slumping into 

the lower plenum. 

There is a quite large spreading on the timing of vessel failure (from t = 3820 s to t = 6500 s) which is 

calculated by all codes (Table 4.5). However, one would expect from the large amount of corium relocated in 

the lower head of the vessel and of the absence of water sources (which may cool down the debris bed and 

molten pool materials) that all codes should predict fast failure of the vessel: more validation of lower-

plenum models is needed. Looking at the time interval between the instant of massive core slumping into the 

lower plenum and the instant of vessel failure, one can argue that, in this case, the spreading of code results 
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(time interval of 1800 – 3100 s) is reasonable, being the widest value predicted by IVS with ASTEC, due to 

enhanced molten jet fragmentation and debris cooling by residual water in the lower plenum.  

The total amount of hydrogen produced ranges from 100 kg to 250 kg in different ASTEC calculations 

(Figure 4.30). In the ASTEC calculation by KIT, no debris bed (only magma) modelling is taken into 

account differently from ASTEC calculation by ENEA. This confirms that different late phase core 

degradation modelling can strongly impact on the hydrogen source and, at the same time, on core melt 

progression and corium relocation into the lower plenum. 

 

Figure 4.25 – SLB sequence: break mass flow rate 

(base case without reflooding) 

 

 

 

Figure 4.26 - SLB sequence: total primary coolant mass 

(base case without reflooding) 

 

  



NEA/CSNI/R(2015)3 

46 

 

Figure 4.27 -SLB sequence: core collapsed level 

(base case without reflooding) 

 

Figure 4.28 - SLB sequence: clad temperature at core top 

(base case without reflooding) 

 

Figure 4.29 - SLB sequence: upper plenum pressure 

(base case without reflooding) 
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Figure 4.30 - SLB sequence: cumulated hydrogen mass 

(base case without reflooding) 

 

Figure 4.31 -SLB sequence: total mass of degraded core materials 

(base case without reflooding) 

 

 

Figure 4.32 - SLB sequence: total mass relocated into the lower plenum 

(base case without reflooding) 
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4.2.2  Low flow rate reflooding of a slightly degraded core 

The core reflooding is started when the total amount of degraded core materials reaches the value of 10 

tons and the total reflooding rate (HPI + make-up) was set to 28 kg/s. The code results regarding the 

chronology of main events, the degraded/relocated core masses and the hydrogen source are compared in 

Table 4.7.  

 

Table 4.7 - SLB sequence: low flow rate reflooding of a slightly degraded core 
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[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 1790 5469 5469 156760 120962 15 136 151 

BARC 1943 4473 4473 156324 121741 15 186 201 

KIT-AS 1764 no 15000 117125 75443 29 374 403 

IVS 1971 8331 8331 127743 88539 48 282 330 

INRNE 1693 5986 5986 144368 116674 19 175 194 

GRS 1230 no 5000 38338 34487 62 89 151 

RUB 1506 no 6000 30933 0 20 670 690 

Tractebel 1127 no 40000 111835 103480 76 126 202 

IBRAE 1724 10824 10824 128401 54659 43 310 353 

IRSN 870 no 1360* 38919 n/a 70 43 113 

KIT-SR 1798 n/a 15200 144616 144616 67 249 502 

   n/a: not applicable; * code failure 

 

The main results of this reflooding scenario are shown in Figures 4.33 to 4.40. The start of water 

collapsed level rise in the core (Figure 4.35), with consequent onset of core quenching (Figure 4.36), is 

delayed with respect to the reflooding initiation, since the water collapsed level falls down below the core 

bottom before reflooding. Furthermore, the deviation in the timing of onset of core degradation contributes to 

enlarge the discrepancies observed in the time evolution of core collapsed water level calculated by the 

different codes. 

In some calculations, the primary coolant mass increase is limited below 50 tons by renewed water-

steam mix leakage from the surge line break, while in some other calculations the primary coolant mass may 

increase up to about 90 tons (Figure 4.34). 

The hydrogen release during reflooding increases in almost all calculations with respect to the base 

case, due to the availability of steam provided by thermal interaction of water with hot core structures, but 

only two participants predicted very large hydrogen generation during core reflooding, as shown in Figure 
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4.38. The largest hydrogen mass of about 700 kg is calculated by RUB with ATHLET-CD where the 

transition to a debris bed is not modelled. In this calculation there was no material relocation into the lower 

plenum and thus, likely, a larger amount of metallic material remained in the core and oxidized during the 

reflooding phase. 

In some calculations, mainly ASTEC calculations, the slow core reflooding rate was not enough to cool 

the core and then to stop the core melt progression. As a consequence, in these calculations the whole core 

degradation and core material slumping into the lower plenum was not significantly limited and therefore the 

vessel failure was only delayed by about 500 - 2000 s, with respect to the base case without reflooding. No 

vessel failure was predicted in this case by ATHLET-CD and MELCOR codes due to either the limited 

amount of materials relocated into the lower plenum or due to debris bed coolability in the lower head of the 

vessel filled by water. 

 

Figure 4.33 - SLB sequence: break mass flow rate 

(low flow rate reflooding of a slightly degraded core) 

 

Figure 4.34 - SLB sequence: total primary coolant mass 

(low flow rate reflooding of a slightly degraded core) 
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Figure 4.35 - SLB sequence: core collapsed level 

(low flow rate reflooding of a slightly degraded core)

 
 

Figure 4.36 - SLB sequence: clad temperature at core top 

(low flow rate reflooding of a slightly degraded core) 

 

Figure 4.37 - SLB sequence: upper plenum pressure 

(low flow rate reflooding of a slightly degraded core) 
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Figure 4.38 - SLB sequence: cumulated hydrogen mass 

(low flow rate reflooding of a slightly degraded core) 

 

Figure 4.39 - SLB sequence: total mass of degraded core materials 

(low flow rate reflooding of a slightly degraded core) 

 

Figure 4.40 - SLB sequence: total mass relocated into the lower plenum 

(low flow rate reflooding of a slightly degraded core) 
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4.2.3  Low flow rate reflooding of a highly degraded core 

The core reflooding is started when the total amount of degraded core materials reaches the value of 45 

tons and the total reflooding rate (HPI + make-up) was set to 28 kg/s. The code results regarding the 

chronology of main events, the degraded/relocated core masses and the hydrogen source are compared in 

Table 4.8.  

 

Table 4.8 - SLB sequence: low flow rate reflooding of a highly degraded core 
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[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 2080 5569 5569 155466 120772 44 103 147 

BARC 2238 4589 4589 138313 112697 32 84 116 

KIT-AS 2179 5980 5980 88401 73801 121 338 459 

IVS 2451 8587 8587 124857 95707 57 99 156 

INRNE 2219 5697 5697 151356 132462 67 103 170 

GRS 1620 no 5000 66438 63529 86 78 164 

RUB 2194 4560 4560 69828 63378 38 56 94 

Tractebel 1389 no 40000 112851 98336 98 80 178 

IBRAE 2562 6866 6866 129493 66659 58 134 192 

IRSN 1270 no 1620* 69956 n/a 79 15 94 

KIT-SR 2416 n/a 18000 124369 124369 123 193 316 

  n/a: not applicable; * code failure 

 

The main results of this reflooding scenario are shown in Figures 4.41 to 4.48. Because of the further 

delay in core reflooding with respect to the previous reflooding scenario, in all calculations the core melt 

progression (Figure 4.47) and core materials relocation into the lower plenum (Figure 4.48) could not be 

significantly limited with respect to the base case. Furthermore, the hydrogen generation during core reflood 

(see Figure 4.46) was limited by early core materials slumping, and thus the additional hydrogen release due 

to reflooding was rather low in all calculations. As in the previous reflooding scenario, the vessel failure was 

just delayed in all ASTEC calculations, while vessel failure was not predicted in some other calculations 

mainly due to debris bed and molten pool coolability in the lower head of the vessel filled by water (GRS 

with ATHLET-CD and Tractebel Engineering with MELCOR). 
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Figure 4.41 -SLB sequence: break mass flow rate 

(low flow rate reflooding of a highly degraded core) 

 

Figure 4.42 - SLB sequence: total primary coolant mass 

(low flow rate reflooding of a highly degraded core) 

 

Figure 4.43 - SLB sequence: core collapsed level 

(low flow rate reflooding of a highly degraded core) 
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Figure 4.44 - SLB sequence: clad temperature at core top 

(low flow rate reflooding of a highly degraded core) 

 

Figure 4.45 - SLB sequence: upper plenum pressure 

(low flow rate reflooding of a highly degraded core) 

 

Figure 4.46 - SLB sequence: cumulated hydrogen mass 

(low flow rate reflooding of a highly degraded core) 
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Figure 4.47 - SLB sequence: total mass of degraded core materials 

(low flow rate reflooding of a highly degraded core) 

 

Figure 4.48 - SLB sequence: total mass relocated into the lower plenum 

(low flow rate reflooding of a highly degraded core) 

 

4.2.4  High flow rate reflooding of a slightly degraded core 

The core reflooding is started when the total mass of degraded core materials reaches 10 tonnes and the 

LPI reflooding rate was set to 360 kg/s and continued for 1000 s. Table 4.9 compares the code results 

regarding the chronology of main events, the degraded/relocated core masses and the hydrogen source. The 

large LPI flow rate leads to fast recovery of the core cooling; also, the time needed to fill the partially voided 

lower plenum was rather short. In general, all codes predict degraded-core coolability during the early phase 

of the transient after reflooding. Since the LPI system injection is terminated after 1000 s from its start-up, a 

new core uncovery occurs in the subsequent phase of the transient due to the continued water leakage 

through the surge-line break. This results in renewed core-melt progression, corium slumping in the lower 

plenum and, later on, vessel failure in all calculations. The vessel failure would probably be avoided in the 

case of continued core reflooding by recirculation of water from the sump, once the availability of LPI 

storage tanks is finished. 
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Table 4.9 - SLB sequence: high flow rate reflooding of a slightly degraded core 
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[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 1790 11011 11011 149120 127003 44 305 349 

BARC 1943 no 3000 41247 14084 32 269 301 

KIT-AS 1764 no 15000 66970 47938 121 454 575 

IVS 1571 no 6533* 100228 29284 101 267 368 

INRNE 1693 14665 14665 149717 118583 67 401 468 

GRS 1400 10852 10852 55900 52500 41 158 199 

RUB 1468 8071 8071 64570 39006 18 268 286 

Tractebel 1127 6642 6642 94022 70076 76 111 187 

IBRAE 1724 13204 13204 136620 113936 43 530 573 

IRSN 870 no 930* 14768 n/a 65 10 75 

    n/a: not applicable; * code failure 

 

The main results of this reflooding scenario are shown in Figures 4.49 to 4.56. Only the early phase of 

this transient is illustrated in the figures, just before the second core melt progression starts after the core 

reflooding phase. All codes predict significant pressure peaks (Figure 4.53) in the primary circuit due to 

violent thermal interaction of cold water with hot core structures and large water vaporization, accompanied 

by a renewed water leakage through the break (Figure 4.49). Rather different rates of primary circuit refilling 

(Figure 4.50) are calculated by the codes at the instant of LPI stop. Fast core cool-down is predicted at the 

core top (Figure 4.52) in all calculations, except for MELCOR (Tractebel Engineering) and SOCRAT 

(IBRAE RAS), because of early fuel-rod degradation and collapse. Mostly various ASTEC and SOCRAT 

calculations show a sharp increase in the accumulated hydrogen mass during the reflooding phase (Figure 

4.54). Further core degradation is calculated during the reflooding phase (Figure 4.55); afterwards, a 

coolable configuration is reached and then the core degradation is stopped. The large increase in core 

degradation predicted by some of the codes, e.g. ASTEC in the ENEA calculation, is mainly due to fuel rod 

collapse and debris bed formation according to embrittlement criteria. Molten material slumping into the 

lower plenum is stopped in all calculations, expect in the MELCOR one, likely due to debris bed 

uncoolability after core reflood. 
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Figure 4.49 - SLB sequence: break mass flow rate 

(high flow rate reflooding of a slightly degraded core) 

 

Figure 4.50 - SLB sequence: total primary coolant mass 

(high flow rate reflooding of a slightly degraded core) 

 

Figure 4.51 - SLB sequence: core collapsed level 

(high flow rate reflooding of a slightly degraded core) 
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Figure 4.52 - SLB sequence: clad temperature at core top 

(high flow rate reflooding of a slightly degraded core) 

 

Figure 4.53 - SLB sequence: upper plenum pressure 

(high flow rate reflooding of a slightly degraded core) 

 

Figure 4.54 - SLB sequence: cumulated hydrogen mass 

(high flow rate reflooding of a slightly degraded core 
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Figure 4.55 - SLB sequence: total mass of degraded core materials 

(high flow rate reflooding of a slightly degraded core) 

 

Figure 4.56 - SLB sequence: total mass relocated into the lower plenum 

(high flow rate reflooding of a slightly degraded co 

 

4.2.5  High flow rate reflooding of a highly degraded core 

The core reflooding is started when the total amount of degraded core materials reaches the value of 45 

tons and the LPI reflooding rate was set to 360 kg/s and continued for 1000 s. The code results regarding the 

chronology of main events, the degraded/relocated core masses and the hydrogen source are compared in 

Table 4.10. As in the previous reflooding scenario, the large LPI flow rate leads to a fast recovery of the core 

cooling, general degraded core coolability during the early phase and vessel failure in the late phase due to 

renewed core uncovery, heat-up and melting. 
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Table 4.10 - SLB sequence: high flow rate reflooding of a highly degraded core 
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[s] [s] [s] [kg] [kg] [kg] [kg] [kg] 

ENEA 2080 13142 13142 150339 132451 44 278 322 

BARC 2238 no 3000 85536 21685 32 187 219 

KIT-AS 2179 no 15000 84626 67886 121 444 565 

IVS 2091 no 4771* 83116 1910 57 113 229 

INRNE 2160 11596 11596 137726 121338 67 296 383 

GRS 1780 8684 12000 53100 49100 86 95 163 

RUB 2029 no 12000 133541 24368 38 202 235 

Tractebel 1389 7240 7240 128877 122710 98 140 238 

IBRAE 2562 14165 14165 140014 132410 58 325 383 

IRSN 1270 no 1360* 57820 n/a 79 34 113 

 n/a: not applicable; * code failure 

 

The main results of this reflooding scenario are shown in Figures 4.57 to 4.64. The results are rather 

similar to the ones in the previous reflooding scenario starting at much lower core degradation. Also in this 

case the highest hydrogen source during reflooding is calculated by ASTEC (Figure 4.62); so as for the 

increase of core degradation in the ASTEC calculations by ENEA, BARC and INRNE with debris bed model 

applied (Figure 4.63). Once more, the massive molten material slumping into the lower plenum is stopped 

except in MELCOR calculation by Tractebel Engineering. 

 

Figure 4.57 - SLB sequence: break mass flow rate 

(high flow rate reflooding of a highly degraded core) 
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Figure 4.58 - SLB sequence: total primary coolant mass 

(high flow rate reflooding of a highly degraded core) 

 

Figure 4.59 - SLB sequence: core collapsed level 

(high flow rate reflooding of a highly degraded core) 

 

Figure 4.60 - SLB sequence: clad temperature at core top 

(high flow rate reflooding of a highly degraded core) 
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Figure 4.61 - SLB sequence: upper plenum pressure 

(high flow rate reflooding of a highly degraded core) 

 

Figure 4.62 - SLB sequence: cumulated hydrogen mass 

(high flow rate reflooding of a highly degraded core) 

 

Figure 4.63 -SLB sequence: total mass of degraded core materials 

(high flow rate reflooding of a highly degraded core) 
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Figure 4.64 -SLB sequence: total mass relocated into the lower plenum 

(high flow rate reflooding of a highly degraded core) 

 

 

 

4.2.6 Main outcomes 

From the analysis of the SLB sequence and related reflooding scenarios, the following main outcomes 

can be identified: 

 The general good robustness of the codes in the calculation of the base sequence and during 

reflooding is confirmed for this very fast and challenging sequence. The code convergence becomes 

a little bit more critical under the highest flow rate reflooding scenarios. 

 The discrepancy in the calculation of the thermal-hydraulics behaviour of the primary circuit is more 

pronounced than in the previous SBLOCA sequence calculation due to larger uncertainty in the 

prediction of the break mass flow rate with larger break size and fast depressurization of the primary 

circuit. Moreover, there are rather significant differences in the residual water inventory in the 

primary circuit after the blow-down phase. Finally, some of the discrepancies are due to differences 

in the steam generator feedwater coastdown and then steam generator dryout in the very beginning 

of the transient. 

 All codes agree in predicting early total core uncovery with progressive core heat-up and oxidation 

under steam starved conditions, which prevent fuel rod temperature escalation at core top during the 

early phase. As a consequence of that, the cumulated hydrogen generation predicted by all codes is 

small if compared to the values obtained in the previous SBLOCA sequence, but the spreading of 

code results in the timing and the amount of hydrogen produced is rather large. 

 Except for ATHLET-CD version 2.2A (RUB), all other codes predict whole core melting and 

slumping into the lower plenum in the late degradation phase, including melting and relocation of 

significant amounts of metallic core support and peripheral structures. However, in this case there is 

a rather large spreading in the timing of melting, massive slumping and vessel failure. This seems 

mainly due to the different late phase degradation models applied in code calculations. 

 In most code calculations of the reflooding scenarios starting with the lowest reflooding rate by HPI, 

the degraded core cannot be quenched and then vessel failure is not prevented, but only slightly 

delayed in time. This is also due to the vessel flooding conditions at the onset of reflood, 

characterized by the lower plenum only partially filled with water. Only in few calculations the 

hydrogen generation during reflooding is large (ATHLET-CD by RUB and ASTEC by KIT). 
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 In most code calculations of the reflooding scenarios starting with the highest reflooding rate by LPI, 

the core melt progression is temporarily terminated until renewed core uncovery, heat-up and 

melting occur after stop of water injection. 
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5. SYNTHESIS OF SENSITIVITY STUDIES 

Several sensitivity studies have been conducted by various organizations, mainly with ASTEC and 

ATHLET-CD codes. The influence of more uncertain code model parameters on code key results has been 

investigated.  

5.1  Analyses with the ASTEC code 

Sensitivity analyses have been mainly performed by BARC and ENEA on the SBLOCA base case 

scenario without reflooding. The influence of some important code models and core degradation parameters 

has been investigated.  

The details of these sensitivity analysis and results are given in the respective appendixes to this report. 

Only main conclusions from these analyses are synthesized in this section of the report. BARC made 

calculations using different oxidation kinetics than the one (Best-Fit) employed by default in ASTEC. The 

influence in the amount of hydrogen produced seems rather small (< 10%), while there is an important effect 

on the total amount of corium mass relocated in the lower plenum (around 20%). This effect might be 

correlated to the dynamic of oxide layer thickness increase and the likelihood of clad failure during the early 

degradation phase. Also the channel blockage factor considered in ASTEC seems to have the larger impact 

on core melting and slumping during the late phase and then also in the timing of vessel failure. As was 

already observed, also the solubility limit in UO2 dissolution by molten Zircaloy seems to have a limited 

impact on hydrogen production (~2%), but a more important effect (> 20%) on the mass of corium relocated 

in the lower plenum. 

Modelling of heat transfer within debris bed and permeability of debris bed are described by different 

correlations in ASTEC. Recommended correlations have been used in base case calculation by BARC and 

other correlations have been applied for sensitivity analysis. The use of different correlations for thermal 

conductivity within debris bed leads to a variation of about 5% on both hydrogen production and the amount 

of corium mass. The larger effect is shown by the different permeability model on the hydrogen produced 

(~6%) and the corium mass (> 30%). 

Various core degradation parameters and models have been tested by ENEA. The solid eutectic 

interaction between Zircaloy claddings and Inconel grids has its larger effects on the timing of fuel rod clad 

burst. The use of different oxidation kinetics correlations (Best-Fit and Urbanic-Heidrick) was also 

investigated by ENEA and the results are consistent with the ones obtained by BARC. The increase of 

melting temperature of ceramic materials UO2 and ZrO2, according to the eutectic temperature of their binary 

phase diagram (near 2800 K), does not seem to have a significant impact on core melt progression and 

hydrogen generation. The molten jet fragmentation in the lower plenum during slumping has a very 

significant impact on the timing of vessel failure. The jet fragmentation and quenching of fragments lead to 

the formation of a debris bed in the lower plenum that is only partially coolable by water. The re-melting of 

debris bed and molten pool formation leads to vessel wall thermal attack and its failure, which is more than 

one hour delayed with respect to the base case without jet fragmentation. Also the primary pressure 

behaviour is influenced by the molten jet fragmentation at the time of massive molten core slumping into the 

lower plenum. Large pressure peaks are calculated during the first core slumping phase, when water is still 

present in the lower plenum. 
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The importance of debris bed characteristics on degraded core cooling during the reflooding phase has 

been investigated by ENEA in the SBLOCA sequence with reflooding starting from a slightly degraded core. 

The 3 mm particle size used in the reference calculation was reduced to 1 mm size in the sensitivity 

calculation. The use of a smaller particle size leads to reduce the relative permeability and passability of a 

debris bed and then the capability of the water to penetrate the debris and remove the decay power, assuring 

its coolability. As a consequence of that, a largest amount of hydrogen is produced during reflooding 

(approximately +32%) with a larger primary pressure increase. The reduced debris bed coolability leads to 

an increase in the total mass of degraded materials (approximately +20%). Some molten material slumping is 

calculated with the smaller particle size, but the relocated mass is rather small and does not threaten the 

integrity of the vessel wall. 

For the same SBLOCA reflooding scenario, the impact of a different HPI rate on degraded core 

coolability was analysed by first doubling and then halving the reference HPI rate of 25 kg/s. Of course, the 

different reflooding rate reflects in the timing needed to fully recover the core. With the largest HPI rate, the 

core degradation progression is promptly terminated at the onset of reflood, while it continues in the upper 

part of the core with the lowest flow rate due to delayed quenching of hot structures at core top. Some molten 

material slumping is predicted in case of reduced HPI rate. The HPI rate has a rather significant impact on 

the total mass of cumulated hydrogen at the end of core reflood. Due to earlier core quenching with the 

highest flow rate, the mass of hydrogen produced reduces by about 30% with respect to the reference case. 

This result shows that codes can be used to give an indication about the effect or efficiency of a SAM action. 

 

5.2 Analyses with the ATHLET-CD code 

 

The simulation of the base case without reflooding for the Sequence 2 (Surge line break with 

simultaneous loss of off-site power) with ATHLET-CD has been complemented by a sensitivity analysis in 

order to investigate the influence of a combined variation of code input parameters on the calculated results. 

For this sensitivity study some basic features of the GRS methodology for code uncertainty and sensitivity 

analyses have been applied [4]. 

This methodology is founded on the simultaneous variation of uncertain parameters for each code run, 

together with a statistical evaluation of code results. All potentially important parameters may be included in 

the analysis, based on the judgment of the analyst. The number of calculations to be performed does not 

grow with the number of parameters. It depends only on the desired probability content and confidence level 

of the statistical tolerance limits used in the uncertainty statement of the results. The required minimum 

number n of these calculation runs is given by the Wilks’ formula. According to this formula, a minimum 

number of 93 calculations is required for a 95% probability and a 95% confidence level.  

An additional feature of this methodology is the determination of sensitivity measures of the influence 

of the uncertain input parameters on the range of variation of code results, allowing a ranking of input 

uncertainties with respect to their relative contribution to the code output variations.  

The different steps of this combined uncertainty and sensitivity (U&S) analysis were supported by the 

software system SUSA, also developed at GRS [5]: the input of the uncertain parameters, the definition of 

their probability distributions, the automatic generation of the ATHLET-CD input data sets with the 

simultaneous variation of the uncertain parameters, and the statistical evaluation of code results. 
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One main step of the analysis is the choice of uncertain parameters and the quantification of their 

uncertainties, mainly based on the experience gained by the ATHLET-CD validation activities, which 

includes 63 separate effect and bundle tests besides the TMI-2 accident. Additional information was given by 

the outcomes of previous uncertainty analyses, especially from the analysis of the bundle test PHÉBUS 

FPT3 [6].  

Up to 25 input parameters have been identified as a potential source of uncertainties (Tab. 5.2-1). They 

can be classified as follows: 

 Uncertain parameters related to the simulation of thermal-hydraulics and boundary conditions 

(parameters 1 to 6, 21, 23 and 24) 

 Uncertain parameters related to the oxidation model (parameter 7 and 8) 

 Uncertain parameters related to the formation and relocation of the metallic melt (parameters 10 to 13) 

 Uncertain parameters related to the formation and relocation of the ceramic melt (parameters 14 to 20) 

 Additional uncertainty parameters like failure criteria for control rod guide tubes (parameters 9, 22 25). 

Due to the lack of experience with the new lower plenum module AIDA, the corresponding input 

parameters have not been considered in this sensitivity analysis. 

For the generation of the input data sets a simple random sampling was used, assuming no dependencies 

among the variables. A total of 100 calculations have been performed. The sensitivity analysis carried out by 

SUSA can be applied either to single code results (scalars) or to index-dependent output variables (e.g. the 

time evolution of code results). Altogether 10 scalar results and 12 time-dependent output variables have 

been investigated.  

The results of the uncertainty and sensitivity analysis with respect to scalar results are illustrated by two 

types of diagrams: 

 Cumulative distribution functions together with the corresponding two-sided (95%/95%) tolerance limits 

 Sensitivity coefficients (Spearman’s rank correlation coefficients [4]) for all uncertain parameters. The 

diagrams show the relative value of the coefficients, and can be explained as follows: the higher the 

absolute value of the sensitivity coefficient for a given parameter, the higher its influence upon the 

specific code result; a positive (negative) sensitivity coefficient means that an increase of the uncertainty 

parameter leads to an increase (decrease) of the code result. 

Figure 5.2-1 shows the distribution function (left side) and the sensitivity coefficients (right side) for the 

scalar output “time point of first clad melting and relocation”. The uncertainty range for this code result is 

relatively limited, between 1198 s and 1338 s. The dominant input parameters for this code result are the 

temperature criterion for cladding failure (TALLOW) but also the coastdown time of the feedwater pumps 

(TFW). The longer the assumed coastdown time the greater the heat removal through the steam generators at 

the beginning of the transient and thus the later the start of clad melting. 

One main result of the benchmark simulation is the determination of the time point for vessel failure. 

The uncertainty range of the calculated results lies between 3523 and 4684 s (Figure 5.2-2). The most 

important uncertainty parameters are the heat conductivity of the ceramic melt (ALAMUO), the relocation 

velocity of the metallic melt (WSLMAX) and the interfacial friction within the rods bundles with negative 

sensitivity coefficients (i.e., the larger the corresponding input values, the earlier the vessel failure is 

predicted to occur), as well as the containment pressure, but with positive coefficient (Figure 5.2-2).  
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The heat conductivity of the ceramic melt is taken as a constant value in the current code version. 

Although its influence on the general melt behaviour in the core region is rather small, this parameter plays a 

dominant role in the calculation of the heat transfer between corium melt and lower head walls. The higher 

the given heat conductivity, the better the heat transfer to the lower head walls and thus the earlier the 

predicted vessel failure. Both the containment pressure (due to its influence on break discharge rates) and the 

interfacial friction in the core have an impact on the time of core uncover and therefore on the time of melt 

relocation in the lower plenum and, finally, on the time of vessel failure.  

The GRS methodology allows a similar analysis for time-dependent variables. The left side of Figure 

5.2-3 shows the time evolution of the two-sided tolerance limits for the output result “Integrated hydrogen 

production”. On the right side of this picture the time evolutions of the sensitivity coefficients for the most 

important uncertainty parameters are depicted. The uncertainty range of the code results is relatively large, 

especially after the start of melt relocation into the lower plenum. It lies between 130 and 204 kg at the time 

point of vessel failure. The most dominant input parameter is the containment pressure: the lower the 

backpressure, the larger the steam production and thus stronger the cladding oxidation. 

The left sides of the Figures 5.2-4 to 5.2-6 depict the uncertainty range of selected ATHLET-CD results. 

On the right side of these figures the corresponding results of other benchmark participants are displayed for 

comparison. One interesting outcome is that the range of variation of most participants’ results lay within the 

uncertainty range of the ATHLET-CD results. As an illustration the Figure 5.2-6 shows the calculated 

pressure at the secondary side of the steam generator A. Except for two simulations, the calculated pressures 

of all participants lay between 0.1 and 3 MPa, corresponding to the uncertainty range of the ATHLET-CD 

results. 

The performed uncertainty analysis has shown that the coastdown time of the feedwater pumps was the 

main uncertain input parameter for the calculated secondary pressure. In fact, this parameter was not 

considered by the original benchmark specifications, and this is the main reason for the observed deviations. 

The main findings from the combined uncertainty and sensitivity analysis can be summarized as 

follows: 

 The main sources of code uncertainties with respect to the simulation of core degradation are the 

temperature criteria for clad failure and for the start of ceramic melting, the heat conductivity of the 

ceramic melt, and the containment backpressure. 

 The known uncertainties of the thermal-hydraulic models in ATHLET have a relatively small influence 

on core degradation parameters (e.g. amount of hydrogen production, melt mass, time of vessel failure). 

However, the modelling of the break discharge as well as the coastdown time of the feedwater pumps are 

dominant parameters with respect to the sequence of main events until the start of ceramic melting. 

 The uncertainty ranges of calculated results obviously increase with accident progression, but they are 

not so wide as expected a priori, indicating an improvement in the modelling of the late phases of core 

degradation. 

 The earlier start of core degradation in the ATHLET-CD calculations in comparison with other 

participants is mainly caused by the assumed shorter coastdown time of the feedwater pumps, and 

consequently, by the reduced heat removal to the secondary side at the initial phases of the accident.  

 The divergence of results concerning the secondary side parameters (pressure, water level) are also 

mainly due to the uncertainty on the coastdown time of the feedwater pumps. 
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 The influence of core axial nodalization was not as strong as expected a priori. However, a finer 

nodalization leads to earlier rod burst (and thus to an earlier release of fission products) as well as to 

lower cladding temperatures at the upper core regions. 

 This sensitivity analysis confirmed the outcomes of previous analyses: the choice of correlations for Zr 

oxidation plays a rather secondary role with respect to the core degradation evolution. 

 The chosen criterion for the beginning of melt relocation into the lower head (the criterion for core 

support plate failure) plays a secondary role concerning the time of vessel failure and the total amount of 

relocated mass. 

The performed combined uncertainty and sensitivity analysis provided thus additional information 

about the influence of several code input parameters and modelling options on the simulation of the main 

phenomena of the benchmark Sequence 2 (surge line break with simultaneous loss of off-site power). It may 

also help to explain some differences among the calculations of other participants or codes respectively. 
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Table 5.2-1: Input parameters and distributions functions for the uncertainty and sensitivity analysis of the ATHLET-CD results 

Par. 

No. 

Parameter  Symbol Unit Reference 

Value 

Min.  

Value 

Max.  

Value 

Distribution 

1 Friction factor at break FD - 0.02 0.01 0.08 polygonal line 

2 Turbulence factor (discharge model) TURB - 20 1 50 triangular 

3 Contraction factor for steam flow FCONTR - 1.0 0.6 1.0 polygonal line 

4 Index HTC convection to steam IHTC3 - 2 1 2 discrete: 50-50% 

5 HTC factor – convection to steam OHVFC - 1 0.8 1.2 uniform 

6 Core axial nodalization PAR06 - 20 10 40 discrete: 25-50-25% 

7 Oxidation model IOXMOD - 2 1 3 discrete: 30-40-30% 

8 Upper limit of steam availability OXXLIM - 0.1 0.1 0.5 log. uniform 

9 Emissivity EPS - 0.7 0.6 0.8 uniform 

10 Oxide thickness (clad failure criterion) DDTAL m 0.0003 0.0001 0.0006 triangular 

11 Cladding failure temperature for low δ TALLOW K 2300 2300 2400 uniform 

12 Relocation velocity for metallic melt WSLMAX m/s 0.01 0.005 0.05 triangular 

13 Heat conductivity of metallic crust ALAMSL W/m/K 30 5 30 uniform 

14 Oxide (ceramic) melt temperature TCOMPM K 2600 2550 2650 uniform 

15 Temperature difference for refreezing DTSLUO K 50 20 80 uniform 

16 Relocation velocity for ceramic melt WSLUO m/s 0.005 0.003 0.05 triangular 

17 Rated perimeter of melt rivulet BUSLUO - 0.25 0.125 0.25 discrete: 50-50% 

18 Heat conductivity of ceramic melt ALAMUO W/m/K 20 2 30 uniform 

19 Index of rod collapse model IACUO - 1 0 1 discrete: 50-50% 

20 Temperature difference for melt 

accumulation 

DTACUO K 50 20 80 uniform 

21 FW pump coastdown time TFW s 1 1 60 log uniform 

22 Failure of core support plate MTLP kg 25000 20000 30000 uniform 

23 Containment backpressure PCONT MPa 0.15 0.1 0.3 uniform 

24 Bundle interfacial drag factor OIBUN - 1 0.2 2.50 triangular 

25 Failure criterion for CR guide tubes CTRVER K 1523 1473 1573 uniform 
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Distribution function Sensitivity coefficients 

 

Figure 5.2-1 - U&S Analysis: First clad melting and dislocation 

 

 

Distribution function Sensitivity coefficients 

 

Figure 5.2-2 - U&S Analysis: Time point of vessel failure 

 

 

Uncertainty range Sensitivity coefficients 

 

Figure 5.2-3 - U&S Analysis: Cumulated hydrogen production 
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Benchmark participants ATHLET-CD + SUSA 

 

Figure 5.2-4 - U&S Analysis: Comparison of the calculated water levels in the core region 

 

 

Benchmark participants ATHLET-CD + SUSA 

 

Figure 5.2-5 - U&S Analysis: Comparison of the calculated hydrogen production 

 

 

 

Benchmark participants ATHLET-CD + SUSA 

 

Figure 5.2-6 - U&S Analysis: Comparison of the calculated secondary pressures 

 

 

 

Besides the combined uncertainty and sensitivity analysis on the results of the ATHLET-CD simulation 

of the base case of SLB sequence presented above, some additional parametric studies have been performed 
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in the frame of this benchmark. One of them addressed the modelling of Zr oxidation. For the SBLOCA 

sequence without reflooding, an additional calculation has been carried out with the correlations of Leistikov 

(low temperature range) and Prater-Courtright (high temperature range). 

While the results concerning hydrogen production in the low temperature range (T < 1800 K) were very 

similar to the original calculation, the use of Prater-Courtright in the high temperature range led to about 

20% lower hydrogen production than with the Urbanic-Heidrick correlation, as well as about 10% less melt 

mass. The predicted time for vessel failure was however similar for both cases. 

Additional calculations have been performed to assess the various modelling options to describe lower 

head failure in ATHLET, which were not taken into account in the combined uncertainty and sensitivity 

analysis. Two cases have been considered: SBLOCA sequence without reflooding and SLB sequence with 

reflooding at high core degradation. For both cases, four different model options have been assessed. The 

timing of vessel failure was significantly affected by the different options used, cf. Appendix A.3.  

Furthermore, for SBLOCA sequence two different melt configurations in the lower head have been 

considered: homogeneous distribution and metallic melt segregation. The simulation of metallic melt 

segregation leads generally to an earlier vessel failure, but the time difference is not as large as expected a 

priori. 

5.3 Analyses with the MELCOR code 

A sensitivity study has been performed by Tractebel Engineering using SNL best practices [7] with the 

MELCOR code. The considered scenario is the SLB sequence with high flow rate core reflooding starting 

from a slightly degraded core (10 tons). The assumptions made and the results of the analysis are described 

in details in Appendix 11.  

Several parameters have been changed that might significantly affect the core melt progression. They 

concern mainly: 

 Refreezing heat transfer coefficients of core materials have been significantly increased i.e. 

- UO2 : from 1000 to 7500 W/m²/K 

- Zirconium : from 1000 to 7500 W/m²/K 

- Stainless steel : from 1000 to 2500 W/m²/K 

- Zirconium oxide : from 1000 to 7500 W/m²/K 

- Stainless steel oxide : from 1000 to 2500 W/m²/K 

- Control rod poisons : from 1000 to 2500 W/m²/K 

 Radiative heat exchange factors for radiation between core cells  

- is reduced from 0.25 to 01 for radial radiation  

- is reduced from 0.25 to 01 for axial radiation  

 Minimum porosity to be used in calculating flow resistance in flow blockage model and area for heat 

transfer to fluid  

- are increased from 0.001 to 0.05 

 Heat transfer coefficients  

- from debris to penetrations is decreased from 1000 W/m²/s to 100 W/m²/s 

- from debris to lower head is decreased from 1000 W/m²/s to 100 W/m²/s 

 Debris falling velocity and heat transfer coefficient to pool are adapted i.e. 

- Heat transfer coefficient from in-vessel falling debris to pool is increased from 100 W/m²/s 

to 2000 W/m²/s 
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- Falling debris velocity is decreased from 1.0 m/s to 0.01 m/s 

 Remark that these parameters only affect the debris falling down from the core support plate after it 

fails into the lower plenum but not the debris falling down from upper part of the core onto the core 

support plate 

 Minimum porosity to be used in evaluating the flow blockage friction is increased from 1.0E-6 to 

0.05 

 Momentum exchange length for flow paths between lower plenum and downcomer, lower plenum 

and core, and between core and upper plenum is manually set to 0.2m to avoid “levitation” of water 

in case of strong boiling in the core. 

 

In the best practices case, the debris are seen falling down slowly toward the lower plenum following 

core support plate failure, whereas in the reference case they reach bottom of the vessel almost instantly. 

Slower fall of debris favor debris cooling as they are able to exchange more heat with water located in the 

lower plenum. Changes made to core degradation parameters allow increased cooling of the debris during 

water injection. Also, more water remains in the core at that time, meaning better heat transfer between the 

debris and the water is achieved. 

Another significant difference between the two cases is the failure of the core support plate which has 

entirely failed in the best practices case while only failing in ring 1 occurs in the reference case. Although 

core cooling is improved in the best practices case during and after water injection, loss of LPI inevitably 

leads to the increase of core temperatures 

As expected from previous insights regarding core degradation and temperatures, lower head 

temperatures are lower in the best practices case during and after LPI injection until increasing again to 

values comparable to lower head temperatures in reference case and even higher after about 9000 s. Lower 

head stresses in the best practices case are comparable to those in reference case until 8000 s. From that 

moment, they continuously decrease until reaching negligible value. This behaviour is not expected as 

significant amount of debris are still resting on the lower head. Logically, lower head plastic strain responds 

to these stresses accordingly by remaining very low and even stopping increasing after about 9000 s when 

lower head stresses become negligible. However, temperature of the lower head is still very high at that 

moment and vessel failure is expected but does not occur. The code fails after 11940s most probably due to 

very high temperatures. The reason of these unexpected results provided by the mechanical model is to be 

further investigated.  
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6. CONCLUSIONS AND RECOMMENDATIONS 

Within the current benchmark exercise on TMI-2 plant, SBLOCA and SLB sequences have been 

calculated by several organizations using different mechanistic and integral codes. The calculations confirm 

the general robustness of the codes. Indeed, all the codes were able to calculate the accident sequences up to 

the more severe degradation state and under degraded core reflooding conditions. While the uncertainties in 

the current code results seem not to be significantly reduced with respect to the previous ATMI benchmark 

exercise [1], the present benchmark has highlighted the extended robustness of the codes for the analysis of 

the late phase degradation with core slumping into the lower head until vessel failure, thanks to the large 

effort spent by the code developers for physical modelling improvements in this field. 

Different conclusions can be drawn for the different aspects and phases of an accident as summarized 

below. 

 Following an outcome of the previous benchmark in 2009, it was decided in the present benchmark 

to harmonize the initial steady-state and boundary conditions; this had the objective of inducing 

core uncovery at the same time in the different simulations. 

 Here the uncertainties in the predictions of the plant thermal-hydraulic behaviour have been 

minimized, at least before significant core degradation takes place. Residual differences result from 

the choice of different modelling options and discretization schemes. In this way, the timing of core 

uncovery and heat-up show good agreement between the different simulations due largely to very 

similar treatment of thermal hydraulics in the codes during this early phase. 

 Concerning the early-phase degradation, all codes give similar results in terms of the phenomena 

involved and the timing of events. These events include: (i) clad rupture (the starting point for 

fission-gas release); (ii) clad oxidation runaway leading to rapid temperature escalation (SBLOCA) 

or more progressive core heat-up in steam-starved conditions (SLB); and (iii) clad failure and 

relocation. 

 During and after substantial core melting and relocation, i.e., loss of rod-like geometry, fuel rod 

collapse and formation of a debris bed and a molten pool, the divergence in code results becomes 

more pronounced. As an illustration based on Table 4.2, for the base case of the SBLOCA 

sequence, the standard deviation of the hydrogen cumulated mass after 10 tons of debris are 

produced, i.e., 28kg, is lower than the same standard deviation after 45 tons of debris are produced, 

i.e., 50 kg. This is primarily due to different core degradation models used by the codes, mainly in 

the late degradation phase (see the discussion of Section 2.4). Furthermore, some differences in 

core discretization and in the value of core degradation parameters in input to the code (the various 

codes have different flexibility in the choice of these parameters) might contribute to enhance the 

spread in the code results. These latter effects are strictly connected with the user effect where 

currently any reduction of the degree of freedom left by the code developers in the selection of 

code input parameter values is prevented by lack of knowledge. In this context, the importance of 

precise code user guidelines based on additional experiments is strengthened. However, from the 

benchmark exercise it appears that the main reason for the extent of the results spread was not the 

user effect, but the difference in phenomenological modelling. 
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 The timing of vessel failure can be strongly affected by the different failure criteria used in a 

calculation. More generally, these benchmark results show that lower plenum models need more 

validation and benchmarking. 

 Concerning molten-material slumping and corium behaviour in the lower head, and quite apart 

from points mentioned above, it should be stressed that in reality stochastic effects such as jet 

fragmentation or increase of heat flux after metal stratification (focusing effect) may lead to 

divergent degradation outcomes. Hence, even with a comprehensive code, safety analysis would 

still require exploration of various alternative assumptions or model parameters in order to capture 

all possible outcomes. 

 Furthermore, mainly depending on molten pool formation and the progression of corium in lateral 

and/or downward directions, the relocation path of corium/debris into the lower plenum might be 

different (through the core support plate or through the lateral core bypass). In Appendix 12, a 

synthesis table presents the corium relocation paths for the various scenarios. Significant 

differences are highlighted in the table among the calculations of the same scenario, likely due to 

differences in the late phase degradation models and failure criteria for the core supporting 

structures (lower core plate and core baffle). 

 

The uncertainties on the calculation of reflooding scenarios are still rather large, especially in case of 

later core reflooding. In the case of the SBLOCA sequence, all codes predict more-or-less delayed core 

quenching without any significant core slumping into the lower plenum at the end of reflooding thus 

preventing vessel failure. Conversely, in the case of the SLB sequence, slow and delayed core reflooding 

starting from degraded core with relatively high power density has much reduced effectiveness for core 

quenching. Therefore, in most of the calculations, core melt progression and material slumping to the lower 

plenum cannot be terminated, and in some cases (ASTEC calculations) the vessel failure is not prevented. 

This is an important result since it shows that, despite the relatively large uncertainties for reflooding phases, 

the codes are able to provide useful qualitative indications about the success or failure of reflooding under 

different conditions or scenarios. 

The calculation of the reflood phase is strongly affected for a highly-degraded core by the use of models 

and user-defined parameters concerning melt relocation and lower head behaviour. In particular, the 

modelling of areas where melt has relocated is dealt with by blockage factors and/or specific thermal 

hydraulics devoted to porous media which may strongly influence the outcome of the reflood phase. The 

modelling of this phenomenon still requires some efforts. 

The sensitivity and uncertainty analyses performed with some of the codes on important parameter and 

model options in part explain the rather large spread induced in the simulation results. The combined 

uncertainty and sensitivity analyses presented in Chap. 5 provided additional information about the influence 

of several code input parameters and modelling options on the simulation of the main phenomena expected 

to occur during a severe accident. It has shown also that the range of variation of the results of other 

participants is within the calculated uncertainty of the applied code. 

The following recommendations can be made: 

 This benchmark showed that the simulation of core degradation phenomena is still strongly 

dependent on the choice of input parameters. Clear user guidelines should be developed in order to 
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reduce or minimize user effects. However, this “user-effect” (between different users of the same 

code) is comparable to the “code-effect” (between results of different codes) and remains 

acceptable (no inconsistent results in most cases). As a consequence, sensitivity analyses are 

strongly recommended to support and complement code applications for deterministic plant 

analyses. 

 New and/or improved models based on additional experiments are needed for the description of 

late-phase degradation phenomena.  These experiments should mainly focus on:  

 debris bed and melt coolability inside the core region (in particular for areas with very low 

porosity); 

 melt interaction with core support structures and slumping into the lower head; 

 melt behaviour in the lower head. 

 The fact that the amount of hydrogen generated during the core reflood differs considerably in the 

calculations requires further in-depth analysis of factors that impact zirconium oxidation rate in 

various severe accident scenarios, including applicability of correlations to non-rod-like geometries 

(debris, melt). 

 This benchmark showed that some “cliff-edge” effects still exist, e.g. for the quenching of a much 

degraded core where some codes predict success of quenching whereas other codes predict the 

impossibility of stopping melt progression and thus the occurrence of vessel failure. Consequently, 

uncertainty and sensitivity analyses are strongly recommended to support and complement code 

applications for deterministic plant analyses. 

 Future benchmark activities in the area of severe accidents should try to focus on each degradation 

phase separately in order to analyse which phases of the accident induce the larger uncertainties. 

The latest phases (corium in the lower plenum) are not necessarily the most uncertain but they 

always appear to be very uncertain because they cumulate all the previous uncertainties. A 

suggestion for a future benchmark following this one would be to study the behavior of corium in 

the lower plenum independently of the early degradation phase (initial conditions for melt 

relocation in the lower plenum could be deduced from this benchmark, for example).  
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APPENDIX A.1 BARC CALCULATIONS WITH THE ASTEC CODE 

 

B. Chatterjee, H. G. Lele 

Reactor Safety Division 

Bhabha Atomic Research Centre 

 

 

1.  Introduction 

 

The OECD benchmark exercise on TMI-2 plant was launched by the Working Group on the Analysis and 

Management of Accidents (WGAMA) of OECD/CSNI, in conjunction with the WP 5.4 “Corium and Debris 

Coolability – Bringing Research Results into Reactor Applications” of the EU/SARNET-2 network of 

excellence. The main objective of this benchmark exercise is to investigate the ability of current advanced 

codes to predict in-vessel core melt progression and degraded core coolability by the analysis of different 

severe accident sequences, and comparing the various results from several computer codes. 

 

Two accident sequences have been simulated using severe accident code. These two accident sequences 

concern a small break loss of coolant accident (SBLOCA) and surge line break. Both accident sequences 

were first analysed without high pressure injection until almost complete core melting, corium slumping and 

possible vessel failure. In a second step, core reflooding is simulated by start-up of high pressure injection at 

different time instants, corresponding to a pre-defined amount of core degraded materials.  

 
2.  Description of ASTEC Code 

 

The ASTEC computer code [1, 2] is composed of a system of modules to predict the behavior of a water 

cooled nuclear power plant during a severe accident.  Each module is in charge of a part of the reactor or the 

simulation of a particular physical phenomenon. 

 

The CESAR module simulates the thermal-hydraulics in the primary and secondary sides and in the reactor 

vessel up to the start of core uncovery. The reactor vessel structures are modelled with the ICARE module 

which includes reactor core, baffle, the cylindrical part of the barrel, vessel cylindrical part, fuel assembly 

supports and vessel lower head. ICARE models the in-vessel degradation phenomena for both earlier and 

late degradation phases. It simulates also the release of core structural materials, including control rods. The 

ELSA module simulates the release of fission products (FP) from fuel in the core. The SOPHAEROS 

module simulates the FPs and structural materials transport phenomena through the circuit. The CPA module 

allows the simulation of all relevant processes in the containments of reactors. 

 

2.1  Geometrical modeling 
 

The RCS model presented in Figure 1 includes the major components of the primary and partially secondary 

sides. Each one of primary the loop has been modelled independently by volumes and junctions representing 

hot leg, SGs hot collector, SGs tubes, SGs cold collector, cold leg and a MCP. The pressurizer (PRZ) with its 

safety valves and surge line has been modelled, too. 

 

The primary system has two reactor loops, each one including two cold legs and MCPs. 

 

The reactor core has been divided in axial and radial direction (ten nodes in axial direction and six rings in 

radial direction, including baffle and barrel). 

 

The reactor vessel structures are modelled with the ICARE module which includes reactor core, baffle, the 

cylindrical part of the barrel, vessel and fuel assembly supports. 
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Figure 1: Reactor coolant system nodalization 

 
The secondary circuit is modelled by defining the volumes SGA_STEA and SGB_STEA, representing the 

secondary side of steam generators, each of which is connected to its corresponding downcomer 

SGA_DOW, SGB_DOW, risers SGA_RI, SGB_RI, steam lines SLINE_A, SLINE_B. 

 

2.2 Physical modelling 
 

The 2-D (r, z) heat conduction ‘COND’ model is used for all structural component of reactor core involved 

in the heat transfer. Similarly convection ‘CONV’ model is used to model the convective heat transfer 

between structural components and the fluid channels. Radiative heat exchange is modelled with ‘RADC’ 

model for large core radiation. In this model, it is assumed that the core is discretized into several concentric 

rings and the fuel rods are the most numerous and control rods are sparsely distributed. The radiative and 

conductive heat exchanges in the gap between fuel and clad and in the gap between control rod clad and 

guide tube are taken into account through the ‘GAP’ model. Physical models used for simulating different 

phenomena and chemical reactions in the reference calculations are given in Table 1. 

Table 1: Core degradation parameters 

  Correlation or criterion 

Chemical kinetics 

1 Zircaloy oxidation by steam Best-Fit model  

2 UO2 and Zirconia dissolution by 

molten Zircaloy 

KIM-CONV (Kim convective 

model) 

3 Steel oxidation by steam MATPRO (J. F. White kinetics) 

 

Loss of integrity rules 

4 Melting temperature of oxide 

(UO2 and ZrO2) 

2550-2600 K 

5 Cladding failure criteria 2300 K & thk < 300 µm  

2500 K & thk > 300 µm 

Movement of materials 

7 Debris formation criteria 2300 -2500 K 

8 Debris porosity and particle 

diameter 

0.4 &3 mm 

 

  

HLA1 

HLA2 

HLA3 

HLA4 

HLB2 

HLB1 

HLB3 

HLB4 

SGA_HCOL 
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SGA_CCOL 

CL1A1 

         CL1A2 

 

CL2A1 

 

         CL1A3 

 

         CL1A4 
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LOWERPL

E 
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PRZDOOM 

PORV 
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Reactor Coolant System Nodalisation 

LOWERPL

E 



NEA/CSNI/R(2015)3 

81 

 

3.  Analysis of Severe Accident Sequences 

 

3.1  SBLOCA 

 

The initial event of the SBLOCA accident scenario is a small break of 20 cm
2
 size in the hot leg of loop A 

with a simultaneous total loss of the main feed water at t = 0 s. The reactor scram occurs when the 

pressurizer pressure set-point of 16.3 MPa is exceeded. 

 

The auxiliary feed water starts at t = 100 s trying to restore the water in the SG up to 1 m level in a time 

interval of 100 s. Afterwards the SG level is maintained constant by controlling the auxiliary feed water flow 

rate. At the same time the SG pressure is increased up to 7.0 MPa and then maintained at this value 

throughout the remaining transient. 

 

In the base case calculation without reflooding, the postulated failure of the high pressure injection (HPI) and 

low pressure injection (LPI) are assumed. However a constant make-up flow rate of 3 kg/s is injected in the 

cold leg during the transient. The primary pumps are stopped on the basis of primary coolant inventory 

depletion, when the primary mass falls below 85 tons. In the base case the accidental transient is let free to 

evolve towards core uncovery, heat-up, melting and relocation into the lower plenum, until possible lower 

head vessel failure. 

 
3.1.1 Base case without reflooding 

 

The aspects relevant to plant thermal-hydraulic behaviour are illustrated from Figure 2 to Figure 9. Figure 1 

shows break mass flow. The break mass flow rate decreases quickly at the beginning of the transient 

according with the decreasing primary pressure, until saturation conditions are reached in equilibrium with 

the secondary pressure at about t = 300 s. Then the break flow rate (liquid and steam mixture) continues to 

progressively decrease due to increasing void fraction seen at the break. After primary pumps stop around t = 

2177 s with consequent hot leg draining, the break flow rate switches from mixture to pure steam flow and 

then suddenly reduces by about 60%. From this point onwards, the break flow rate decrease is consistent 

with the primary pressure behaviour.  

 

Figure 2: Break flow rate         Figure 3: Primary mass inventory 

 

           
 

The time evolution of the core collapsed water level is compared in Figure 4. The collapsed water level 

reduces before primary pumps stop due to core void fraction increase. Just after the stop of primary pumps 

the water level suddenly increases, owing to stratification of liquid water in the lowest volumes of the 

primary circuit, including the vessel. There is a level rise again after 6000 s due to material slumping in the 

lower head. 
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Figure 4: Core collapsed level                                Figure 5: Primary pressure 

           
 

Core heat up starts as soon as primary pumps are tripped (Figure 6). Cumulated hydrogen production is 

shown in Figure 7.  

 

   Figure 6: Clad temperature at the top              Figure 7: Cumulated hydrogen production 

          
 

First arrival of molten metal and corium in the lower head is found to happen simultaneously at 5175 s. Total 

mass of degraded core materials and total mass of materials relocated in the lower plenum are shown in 

Figure 8 and 9. The vessel rupture is predicted at 8754 s. At the time of vessel failure, total hydrogen 

generation and corium relocated in the lower plenum are 380 kg and 97.6 tons respectively. 

 

Figure 8: Total mass of degraded core materials        Figure 9: Total mass of materials relocated 

                                                                                      in the lower plenum 
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3.1.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

Two cases of SBLOCA are analysed for reflooding with 25 kg/s injection flow. The reflooding is started 

when corium mass formed were 10 tons and 45 tons for two cases. Figure 10 to 17 depict different thermal 

hydraulic parameters during reflooding transient. The only difference in the reflooding scenario with 45 tons 

corium mass to the previous one of 10 tons is in the extension of core degradation at the time of reflooding 

start-up. Most of the parameters show similar behaviour except hydrogen generation and corium formation.  

 

Figure 10: Break flow rate    Figure 11: Primary mass inventory 

 
 

Figure 12: Core collapsed level                                 Figure 13: Primary pressure 

           
 

In 45 tons case, the cumulative hydrogen generation (281 kg) is higher than in 10 tons case (222 kg). 

Similarly corium production is also higher. Table 2 shows comparison of different core degradation 

parameters. Table 2 shows comparison of different core degradation parameters.  
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Figure 14: Clad temperature at the top                   Figure 15: Cumulated hydrogen production 

           
Figure 16: Total mass of degraded core materials    Figure 17: Total mass of materials relocated 

                                                                                 in the lower plenum 

           

 

Table 2: Core degradation parameters 

Core Degradation 

Parameters 

SBLOCA Base 

Case  

 

SBLOCA Reflooding 

when corium is 10 tons  

 

SBLOCA Reflooding 

when corium is 45 tons 

Hydrogen 

Generation (kg)  

380.0 222.0 281.0 

First corium slump 

in vessel lower head 

(s)  

5175.0 - 4814.0 

Corium mass in the 

core (t.)  

46.0 38.8 62.8 

Corium mass in the 

lower head (ton)  

97.6 0.0 15.3 

Lower head vessel 

failure (s)  

8574.0 - - 

 

3.2  Surge-line Break Sequence 

 

In order to investigate a low pressure accident scenario, the Surge Line Break (SLBLOCA) sequence 

resulting from the loss of offsite power supply (station blackout at t = 0 s) with the simultaneous double 

ended guillotine break (DEGB) of the surge line has been simulated. The loss of offsite power leads to 

immediate reactor scram, primary pump coastdown, and turbine and feedwater trip on the secondary side 

without auxiliary feed water start-up.  
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In SLBLOCA base case calculation the HPI and LPI systems are not actuated and then the transient leads to 

large core melting and slumping in the lower plenum with eventual vessel failure. Starting from the base case 

calculation, two reflooding scenarios have been defined with HPI actuation, starting from different core 

degradation conditions, as for the previous SBLOCA sequence. 

 

3.2.1 Base case without reflooding 

 
The aspects relevant to plant thermal-hydraulic behaviour are illustrated from Figure 18 to Figure 27. There 

is fast primary system depressurization and coolant inventory depletion. When the primary pressure 

approaches the containment pressure (constant value of 1.5 bar imposed as boundary condition in all 

calculations), after about t = 1000 s in most of the calculations, the break flow rate becomes negligible and 

the primary coolant mass remains almost constant (Figure 18).  

 

Figure 18: Break flow rate        Figure 19: Primary mass inventory 

           
 

Figure 20: Loop flow rate                    Figure 21: Upper plenum pressure 

          
 

Due to higher break flow in the initial period, the core uncovery (Figure 22) takes place around 600 s. This 

leads to core heat up and fuel temperature reaches melting point around 2000 s (Figure 23). 
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Figure 22: Core collapsed level                                  Figure 23: Clad temperature at the top 

          
 

 

Due to metal water reaction, Hydrogen generation starts at around 803 s. As large amount of coolant 

inventory is lost through the break, steam starvation limits the rate of oxidation of Zr and the cumulated 

hydrogen generation is only 95 kg at the time of vessel rupture. 

 

Figure 24: Instantaneous hydrogen generation      Figure 25: Cumulated hydrogen production 

           
 

There is significant amount of corium produced due to early core heat up. The vessel rupture takes place at 

4488 s. At the time of rupture, total corium produced in the core is 136 tons and 126 tons of corium is 

relocated at lower plenum. This means that almost all the corium produced has collapsed in the lower 

plenum. Since surge line break is a large break LOCA, without core injection, the coolant inventory gets 

exhausted faster than small break LOCA. It is expected that the core degradation will take place to a larger 

extent due to higher decay power as compared to SBLOCA. This leads to higher amount of corium mass 

formation and relocation in the lower head. 
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Figure 26: Total mass of degraded core materials      Figure 27: Total mass of materials relocated 

                                                                           in the lower plenum 

          
 

 

3.2.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials with 28 kg/s injection 

flow 

 

The core reflood is started when the total amount of degraded core materials reaches the value of 10 tons and 

45 tons for the two cases analysed. HPI reflooding rate was set to 28 kg/s. Figure 28 to 37 depict different 

thermal hydraulic parameters during reflooding transient. The start of collapsed water level rise in the core 

(Figure 32), with consequent onset of core quenching, is delayed with respect to reflood initiation, since the 

water collapsed level falls down below the core bottom before reflood. 

 

Figure 28: Break flow Rate        Figure 29: Primary mass inventory 
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Figure 30: Loop flow rate                                            Figure 31: Upper plenum pressure 

         
 

Figure 32: Core collapsed level                                        Figure 33: Clad temperature at the top 

          
 

The hydrogen release during reflooding increases in both the calculations, with respect to the base case. This 

increase in hydrogen generation could be attributed to the availability of steam provided by thermal 

interaction of water with hot core structures. 

 

Figure 34: Instantaneous hydrogen generation             Figure 35: cumulated hydrogen production 

          
 

 

The slow core reflooding rate was not enough to cool the core down and to stop the core melt progression. 

As a consequence, in these calculations the whole core degradation and core material slumping into the 

lower plenum was not significantly different than in the base case. In 45 tons case, the vessel failure was 

only delayed by 100 s (Table 3), with respect to the base case. In 10 tons case, the vessel failure time was 
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early as compared to base case. This could be attributed to higher metal water reaction heat. Table 3 shows 

sequence of events for surge line cases. 

 

Figure 36: Total mass of degraded core materials           Figure 37: Total mass of materials relocated                    

                        in the lower plenum 

 

           
 

Table 3: Event sequence and core degradation parameters 

Event (s) No water injection Water injection @ 10 tons Water injection @ 45 tons 

Loss of off-site power 

and surge line break 

0.0 0.0 0.0 

Reactor scram and 

primary pumps stop 

0.0 0.0 0.0 

Full  SG dry out - - - 

First fuel rod  clad 

perforation/ burst 

904.0 904.0 904.0 

Total core uncovery 810.0 810.0 810.0 

First ceramic melting 

and dislocation 

1972.0 1978.0 1972.0 

First molten material 

slumping into the lower 

plenum 

1872.0 1872.0 1872.0 

Start of water injection - 1943.0 2238.0 

Vessel failure 4488.0 4473.0 4589.0 

End of calculation 4488.0 4473.0 4589.0 

 

3.2.3 Reflooding start-up at 10 tons and 45 tons of degraded core materials with 360 kg/s Injection 

flow 

 

Surge line break is also analysed with reflooding flow of 360 kg/s. Figure 38 to 47 depict different thermal 

hydraulic parameters during reflooding transient. Core level rises quickly to core top at 2000-2300 s (Figure 

42). There is significant increase in primary inventory and it reaches to 220 tons and 125 tons respectively 

(Figure 39).  
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Figure 38: Break flow rate        Figure 39: Primary mass inventory 

           
 

Figure 40: Loop flow rate                                        Figure 41: Upper plenum pressure 

           
 

Initially steam production is increased due to higher injection rate. This causes higher hydrogen generation 

(Figure 45). Higher injection flow is able to cool down the core and limits the corium formation to 40 and 90 

tons respectively. As the core temperature decreases to 400 K, there was no vessel failure. 

 

Figure 42: Core collapsed level                        Figure 43: Clad temperature at the top 
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Figure 44: Instantaneous hydrogen generation            Figure 45: Cumulated hydrogen production 

           
 

Figure 46: Total mass of degraded core materials       Figure 47: Total mass of materials relocated 

in the lower plenum 

           
 

Table 4 shows comparison of event sequence and core degradation parameters for surge line base case and 

reflooding cases with 360 kg/s reflooding cases. No vessel failure was observed in either reflooding case. 

 

Table 4: Event sequence and core degradation parameters 

Event(s) No water injection Water injection @ 10 tons Water injection @ 45 tons 

Loss of off-site power 

and surge line break 

0.0 0.0 0.0 

Reactor scram and 

primary pumps stop 

0.0 0.0 0.0 

Full  SG dry out - - - 

First fuel rod  clad 

perforation/ burst 

908.0 908.0 908.0 

Total core uncovery 810.0 810.0 810.0 

First clad melting and 

dislocation 

1618.0 1618.0 1618.0 

First ceramic melting 

and dislocation 

1972.0 1978.0 1972.0 

First molten material 

slumping into the 

lower plenum 

1872.0 1872.0 1872.0 

Start of water injection - 1943.0 2238.0 

Vessel failure 4488.0 No Vessel Failure No Vessel Failure 

End of calculation 4488.0 3000 3000 
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4. ASTEC sensitivity analyses 

 

Sensitivity analyses on core degradation parameters for the TMI-2 SBLOCA scenario have been performed 

with the ASTEC code. 

 

A sensitivity analysis is carried out to study the effect of different core degradation parameters on severe 

core damage progression for TMI-2. For this analysis, SBLOCA accident scenario of small break of 20 cm
2
 

size in the hot leg of loop A has been selected. 

 

4.1  Zircaloy oxidation model 

 
The ASTEC code has the option of different oxidation kinetics like Cathcart-Pawel, Urbanic-Heidrick, 

Prater-Courtright, Sokolov and Best-Fit models, the latter being an ASTEC home-made correlation. 

Cathcart-Pawel, Urbanic-Heidrick, Prater-Courtright and Best-Fit are especially valid for PWR claddings, 

i.e. Zry claddings made of Zry-4 alloy. A second series of correlations (Sokolov and another Best-Fit model) 

are especially valid for VVER claddings, i.e. Zry claddings made of Zr1%Nb alloy. In base case calculation, 

Best-Fit oxidation model is used. Table 5 shows comparison of hydrogen generation as obtained by Best-Fit, 

Cathcart-Pawel, Urbanic-Heidrick oxidation models. For the selected scenario, the hydrogen generation 

estimation by Cathcart is 8.1% higher and Urbanic 1.8% compared to Best-Fit. As for the total in-vessel 

corium mass, the use of the VVER Best-Fit model leads to lower amount.  Anyway, the observations on the 

kinetics effects have to be taken with a lot of care. That means no formal and general conclusion can be 

drawn from these sensitivity analyses about the oxidation processes, except very small influence of the 

chosen kinetics on the course of the core degradation. In summary, the cumulated hydrogen production at the 

end of the transient cannot be linked only to the chosen oxidation kinetics but is instead strongly connected 

to the evolution vs. time of the oxidation surfaces which is itself highly dependent on the course of the 

corium relocation process. 

 

Table 5: Influence of oxidation models 

Models Best-Fit Cathcart-Pawel Urbanic-Heidrick 

Parameters Base case Value % 

Variation 

Value % 

Variation 

Hydrogen mass (kg) 380.0 411.0 +8.1 387.0 +1.8 

Corium mass (tons) 97.6 114.8 +17.6 117.3 +21 

Vessel rupture (s) 8574.0 8832.0 +3.0 9113.0 +6.2 

 

4.2  Model of channel blockage 

 
The channel blockage factor is a scalar quantity between 0 and 1 allowing determination of when a channel 

mesh is empty enough to receive flowing materials. The value recommended in the ASTEC Users’ 

guidelines is 0.90. This default value means that no relocating materials may enter in a channel mesh whose 

free volume is less than 10 % of the initial one. Sensitivity analysis for channel block values of 0.8 is carried 

out. Table 6 depicts comparison of severe core damage scenario for different values of channel block data. 

Lower channel blockage value leads to higher hydrogen (2.6%) mass generation but lower corium (-22.3%) 

compared to base value. Lower channel blockage also leads late vessel rupture. 

 

Table 6: Effect of channel blockage factor 

 Blockage = 0.94 Blockage = 0.8 

Parameters  Value % Variation 

Hydrogen generation (kg) 380.0 390.5 +2.6 

Corium mass (tons) 97.6 75.8 -22.3 

Vessel rupture (s) 8574.0 10700. +24.7 
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4.3  Model of UO2 and ZrO2 dissolution by molten Zircaloy 

 

Three different kinetics are available in the UZRL model and each kinetics can then be associated to four 

alternative solubility limits. Among the three available kinetics, the KIM-CONV option is generally 

providing the best prediction. It is recommended in the ASTEC Users’ guidelines and adopted for this 

parametric study. In the same way, three different options are available in the UZRL model to evaluate the 

solubility limit, the KIM option being the recommended one in the ASTEC users’ guidelines for best-

estimate calculations. Nevertheless, to quantify the influence of such a limit, two solubility limit models, i.e. 

“KIM” and “LIQUIDUS” are analysed in this parametric study. It is observed that the solubility models 

affect core degradation quite significantly. The LIQUIDUS option means that the U-O-Zr melt will be 

considered as saturated when the liquidus boundary as defined in the ICARE ternary phase diagram is 

reached. It means that the LIQUIDUS curve should provide a lower dissolution limit. Hence more zircaloy is 

available for oxidation resulting in higher hydrogen generation. In summary, the hydrogen production is 

marginally higher (2.3%) by LIQUIDUS model, as expected. LIQUIDUS model predicts lower corium mass 

(-23%) compared to “KIM” model, which could also be expected because less UO2 is dissolved with Zr at 

the beginning of core degradation. 

 

Table 7: Effect of UZRL solubility limit models 

Models KIM LIQUIDUS 

Parameters Nominal 

Case 

Value % 

Variation 

Hydrogen mass (kg) 380.0 389.0 +2.3 

Corium mass (tons) 97.6 74.6 -23 

Vessel rupture (s) 8574.0 8838. +3 

 

 
4.4  Modelling of heat transfer within debris bed 

 
The effective thermal conductivity within the debris bed is very sensitive to the correlation chosen for the 

calculation. In usual cases (porous medium composed of a packed bed of spheres), the Yagi correlation, 

recommended in the ASTEC Users’ guidelines, is selected for reference calculations. However, other 

correlations (Imura, Hsu) have been used to study the effect of debris bed conductivity correlations on core 

degradations. It is observed that there are changes (Table 8) in terms of vessel failure time, corium formation 

and hydrogen generation compared to base case, i.e. with Yagi correlation. 

 

Table 8: Effect of thermal conductivity within debris 

Models Yagi Imura % Variation 

Parameters    

Hydrogen mass (kg) 380.0 402.0 +5.7 

Corium mass (tons) 97.6 92.6    -5.1 

Vessel rupture (s) 8574.0 8383.0 -2.2 

 

There are two debris permeability models, namely “Carman” and “Rumph”. The Carman model, 

recommended in the ASTEC Users’ guidelines, is used for the base case. Table 9 provides comparison 

between Carman and Rumph permeability. The debris permeability model Rumph predicts marginally lower 

vessel failure time, lower corium mass and higher hydrogen masses compared to Carman model. 
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Table 9: Effect of permeability models 

Models Carman model Rumph model % Variation 

Parameters    

Hydrogen mass (kg) 380.0 406.0 +6.8 

Corium mass (tons) 97.6 66.9     -31.4 

Vessel rupture (s) 8574.0 8326.0. -2.8 

 

5. Conclusions 

 

The main conclusions from the BARC calculations with ASTEC are outlined as follows: 

 

1. Hydrogen generation in SBLOCA reflooding cases is lower than the base case. Reflooding is able to cool 

the core thus reducing hydrogen generation. 

2. There is no corium slump in lower head in SBLOCA second case (10 tons corium case). 

3. There is vessel rupture in base case of SBLOCA. But vessel failure is not observed when reflooding is 

activated, in 10 and 45 tons corium cases. 

4. Hydrogen generation in surge line break reflooding cases is higher than the base case of surge line break 

where reflooding is not considered. This increase in hydrogen is due to more steam inventory available 

in the core due to reflooding flow. 

5. There is corium slump in lower head in all the cases of surge line break reflooding cases with 28 kg/s 

injection flow. 

6. The vessel rupture is observed in all surge line break reflooding cases with 28 kg/s injection flow. 

7. The reflooding of 360 kg/s is adequate to keep the core cooled and no vessel failure was observed. 
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APPENDIX A.2 ENEA CALCULATIONS WITH THE ASTEC CODE 

G. Bandini 

ENEA/Bologna 

 
1.  Introduction 

 

ENEA participated in the benchmark activities using the European ASTEC V2.0R2 code [1, 2] jointly 

developed by IRSN and GRS. After a brief description of the code models used and of the simulation of the 

TMI-2 plant and the core, the main results of the calculations for the two accident sequences investigated and 

respective reflooding scenarios are presented and discussed. Finally, the results of some sensitivity studies 

performed on more uncertain key degradation parameters and reflooding rate are reported. 

 

2.  Description of code models used 

 

The European ASTEC V2.0R2 code is an integral code able to assess the whole severe accident sequence in 

a nuclear power plant, from the initiating event up to fission product release and behaviour in the 

containment. The code includes several coupled modules that can deal with the different severe accident 

phenomena: thermal-hydraulics in the reactor system, core degradation and melt release, fission product 

release and transport, ex-vessel corium interaction, aerosols behaviour and iodine chemistry in the 

containment, etc. Among them, the CESAR module is used to compute the thermal-hydraulics in the primary 

and secondary systems of the reactor. Such module is coupled to the ICARE2 module that computes core 

degradation, melt relocation and behaviour in the lower head up to vessel failure. 

 

The CESAR module allows a detailed representation of all components of primary and secondary circuits 

including auxiliary, emergency and control systems. CESAR is a two-phase flow thermal-hydraulic code. 

The gas phase can be a mixture of steam and hydrogen. The solution of the problem is based on two mass 

equations, two energy equations, one equation for the gas/water mixture velocity, and a drift flux correlation 

for water and gas velocities. The state variables computed by CESAR are: total pressure, void fraction, steam 

and water temperature, steam and water velocity, and partial pressure of hydrogen. All hydraulics 

components can be discretized by volumes (one mesh) or axial meshed volumes and connected by junctions. 

The volumes can be homogeneous or with a swollen level. Thermal structures are used to model the walls of 

the components, and compute thermal heat exchange between primary and secondary systems and heat 

losses to the environment.   

 

The ICARE2 module can simulate the thermal-hydraulics in the part of the vessel below the top of the core: 

downcomer, lower plenum and the core itself including the core bypass. The model of the lower head of 

ICARE2 has one single mesh for fluids, three layers for corium (pool, metal and debris), and a 2D meshing 

for the vessel. The ICARE2 module is activated to compute core heat-up and degradation, in coupled mode 

with CESAR, at the onset of core uncovery. Before ICARE2 activation, the thermal-hydraulics in the vessel 

and the core is computed by CESAR through an automatic vessel model creation based on ICARE2 input 

deck. The convective and radiative heat exchanges between core components and structures are computed by 

ICARE2. Most important core degradation phenomena are dealt with in ICARE2 including: (1) core material 

oxidation and hydrogen generation, (2) control rod material interaction, melting and relocation, (3) Zircaloy 

clad melting and fuel dissolution, (4) fuel rod clad failure and metallic melt relocation, (5) debris bed and 

molten pool formation and spreading in the late degradation phase. 
 

The ASTEC calculations have been performed applying core degradation parameters according to best code 

practice guidelines and the experience gained in the analysis of real TMI-2 accident scenario. The value of 

code parameters and modelling options relevant to core degradation are presented in Tab. 1. 
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Tab. 1: ASTEC core degradation parameters and modelling options 

Parameter ASTEC Reference 

Zircaloy oxidation kinetics Best-fit of ASTEC code: 
- Cathcart-Pawel (low temp. range) 
- Prater-Courtright (high temp. range) 

Recommended value of ASTEC 
code 

Cladding failure criteria 
(T = clad temperature) 
(e = ZrO2 layer thickness) 

- T > 2300 K and e < 0.3 mm 
- T > 2500 K 

Standard values in ASTEC 
applications for steam-rich 
oxidation environment 

Melting temperature of oxide 
(UO2 and ZrO2) 

2550 K Interpretation of Phebus FP 
tests 

Debris bed formation criteria 2500 K Fuel rod clad dislocation 

Debris bed porosity and particle 
size 

- Porosity = 40%, 
- Size = 3 mm 

- Default value of ASTEC 
- Mean size of TMI-2 debris 

Core slumping Baffle melting (relocation through core by-
pass) or melting at core bottom (relocation 
through core support plate) 

 

RPV failure Vessel wall melting (100%) Fusion criterion in ASTEC 

 

The TMI2 plant state at transient initiation (initial conditions at t = 0) is obtained by a steady-state code run 

lasting 2000 s and starting from plant thermal-hydraulic parameter values close to the ones specified for 

TMI-2. During the steady-state calculation, some regulations on the primary and secondary sides are 

activated to facilitate the achievement of stable conditions, as close as possible to the initial TMI2 plant state 

defined in the benchmark specifications. The regulated parameters are: 

 The pressurizer pressure by turning on/off the heaters in the bottom pressurizer volume and the spray in 

the pressurizer top volume; 

 The pressurizer liquid mass, by water injection or draining, in order to obtain the precise liquid level; 

 The feedwater mass flow rate at the steam generator downcomer inlet according to the steam mass flow 

rate at the steam generator outlet; 

 The primary loop mass flow rate varying the pump rotation speed. 

The TMI-2 plant initial conditions calculated by ASTEC are compared with TMI-2 benchmark specification 

data in Tab. 2. The primary circuit conditions show a very good agreement with the plant data. The largest 

discrepancy is on the steam temperature at the steam generator outlet, which is under predicted by 5 °C. This 

deviation leads to an overestimation of the feedwater flow rate at the steam generator inlet of about 1.5%, in 

order to match the right steam generator power removal. 

 

Tab. 2: Initial conditions for TMI-2 benchmark calculations 

Parameter Unit ASTEC  TMI-2 

Primary System 

Reactor Power MW 2772 2772 

Pressurizer pressure (dome) MPa 14.94 14.96 

Temperature Hot Leg A/B K 591.3 591.15 

Temperature Cold Leg A/B K 563.6 564.15 

Mass Flow Rate - Loop A/B kg/s 8800 8800 

Pressurizer level m 5.588 5.588 

Total primary mass kg 222392 222808 

Secondary System 

Pressure SG A/B MPa 6.41 6.41 

Steam temperature SG A/B K 567.0 572.15 

Riser collapsed level SG A/B m 3.21 3.28 - 4.03 

Liquid mass SG A/B kg 16782 13140-19210 

Feedwater flow SG A/B kg/s 772.1 761.1 

SG feedwater temperature K 511.15 511.15 
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3.  TMI-2 plant and core nodalization 

 

The TMI-2 plant nodalization scheme is shown in Figure 1. The plant simulation includes a detailed 

modelling of the primary coolant system with: 

 

 the reactor pressure vessel volumes and structures, including the VENT valve between the cold 

collector and the hot collector; 

 the two primary coolant loops (1 hot leg and 2 cold legs in each loop) with once-through steam 

generators and main coolant pumps; 

 the pressurizer with surge-line, PORV, heaters, spray-line and valve; 

 the external walls of the primary circuit; 

 main emergency and control systems. 

 

Modelling of the secondary systems is limited to the secondary side of steam generators, the steam lines with 

isolation valves, and main feedwater and auxiliary feedwater injections. 

 

Fig. 1: TMI-2 plant nodalization scheme (break location in SBLOCA sequence) 

 
 

The core is represented by 6 radial rings plus the by-pass, and axially discretized in 20 equal meshes. The 

core baffle, the barrel and the thermal shield at the core periphery are also represented. One representative 

fuel rod component and one control rod component are modelled in each core ring. The control rod 

component simulates all the full and part-length control rods, all the guide tubes (including those containing 

burnable poison rods) and all the instrument tubes. 

 
  

Upper head

Upper plenum

Lower plenum

Pressurizer

Steam 

Line

Pump Pump

Make-up

LOOP BLOOP A

OTSG-BOTSG-A

Check valve

Steam 

Line

feedwaterfeedwater

Break 

location

Vessel

Core

Upper head

Upper plenum

Lower plenum

Pressurizer

Steam 

Line

Pump Pump

Make-up

LOOP BLOOP A

OTSG-BOTSG-A

Check valve

Steam 

Line

feedwaterfeedwater

Break 

location

Vessel

Core



NEA/CSNI/R(2015)3 

98 

 

4.  Main results from transient analyses 

 

4.1  SBLOCA sequence 

 

Three calculations have been performed for the first specified sequence (SBLOCA with total loss of main 

feedwater): 

 

 base case without reflooding; 

 start safety injection (25 kg/s) when melt mass reaches 10 tons; 

 start safety injection (25 kg/s) when melt mass reaches 45 tons 

 

The chronology of the main events for the base case SBLOCA sequence without reflooding and the two 

reflooding scenarios is presented in Tab. 3, while the main results of the transient calculations are shown 

from Fig. 2 to Fig. 9. Furthermore, the core temperature field and the core degradation inside the vessel are 

represented in Fig. 10 after 6750 s from transient initiation. 

 

Tab. 3: Chronology of main events in SBLOCA sequence and reflooding scenarios 

Event (s) No HPI injection HPI at 10t deg. HPI at 45t deg. 

Break opening & main feedwater loss 0 s 0 s 0 s 

Pressurizer PORV opens 47 s 47 s 47 s 

Reactor scram 51 s 51 s 51 s 

Pressurizer PORV closes 55 s 55 s 55 s 

Full steam generator dryout 66 s 66 s 66 s 

Startup of auxiliary feedwater 100 s 100 s 100 s 

Pressurizer is empty 150 s 150 s 150 s 

Stop of primary pumps 2188 s 2188 s 2188 s 

First fuel rod clad perforation/burst 3743 s 3743 s 3743 s 

First clad melting and dislocation 4264 s 4264 s 4264 s 

First ceramic melting and dislocation 4310 s 4310 s 4310 s 

Degraded core mass = 10 tons 4405 s (start of reflood) - 

Degraded core mass = 45 tons 4962 s - (start of reflood) 

First molten material slumping in L. P. 5079 s No slumping 4978 s 

Vessel failure 8187 s No failure No failure 
 

 

 
 

Fig. 2: Primary pressure Fig. 3: Break mass flow rate 
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Fig. 4: Primary coolant mass inventory Fig. 5: Core collapsed water level 

 

 

  
Fig. 6: Clad temperature at core top Fig. 7: Total core degraded mass 

 

 

  
Fig. 8: Total mass relocated in the lower plenum Fig. 9: Cumulated hydrogen mass 

 

a) No HPI injection b) HPI at start at 10t degradation c) HPI start at 45t degradation 
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---------------------------------------------- Debris porosity in the core ---------------------------------------------- 

   
--------------------------------------------- Magma saturation in the core ---------------------------------------------- 

   
---------------------------------------------------- Temperature field ---------------------------------------------------- 

Fig. 10: Core temperature field and core degradation at 6750 s 

 

 

4.1.1 Base case without reflooding 

 

The break opening at 0 s in the hot leg with simultaneous loss of feedwater on the steam generator secondary 

side results in primary pressure increase with consequent PORV valve opening at 47 s. The opening of this 

valve is not enough to limit the pressure increase and then the reactor scram occurs when the high pressure 

set-point of 163 bar is exceeded after 51 s. The primary pressure starts to decrease after reactor scram, the 

PORV closes at 55 s and the steam generators are dried out on the secondary side at 66 s. Start of auxiliary 

feedwater is considered at 100 s trying to restore 1 m water level inside the riser of the steam generator. The 

primary coolant inventory (Fig. 4) reduces according to the evolution of the mass flow rate at the break (Fig. 

3) and the primary pressure (Fig. 2) tends to approximate the secondary pressure in few hundreds of seconds. 

 

When the primary coolant inventory reaches the threshold value of 85 ton at 2188 s, the primary pumps are 

shutdown, with transition from forced to natural circulation of water-steam mixture in the primary circuit. 

Very soon the core becomes to uncover (Fig. 5) and then the core temperature increases above the saturation 

value starting from the core top (Fig. 6). The progressive core uncovery and heatup lead to Zircaloy clad 

oxidation with subsequent temperature escalation up to reaching Zircaloy clad melting point, possible clad 

failure and molten material relocation. After this early degradation phase the core continues to heat up 

leading to debris bed formation and collapse and the development and spreading of a molten pool (Fig. 10) 

starting from the core centre. 

 

The spreading of the molten pool towards the periphery of the core results in core baffle structure ablation 

and consequent start of molten material relocation into the lower plenum of the vessel at 5079 s through the 

core by-pass. The accumulation of molten material into the lower plenum leads to lower head structure 

thermal-mechanical loading, threatening its integrity. The vessel failure is calculated by ASTEC at 8187 s 

when the vessel wall is completely melted and ablated (fusion criterion) in the hottest point. By this time, the 
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total mass of degraded core materials (debris + molten mass) is around 130 tons (Fig. 7), and the total mass 

of material relocated into the lower plenum is around 95 tons (Fig. 8). The largest amount of hydrogen is 

produced during the early degradation phase of the core between 4000 – 5000 s (about 280 kg). The total 

mass of hydrogen cumulated at the end of the transient approaches 400 kg (Fig. 9). 

 

Some important aspects might be observed during the accidental transient:  

 

 the break flow rate strongly decreases after primary pump coastdown due to water settle-down in the 

vessel and the cold legs (transition from water-steam mixture to pure steam flow at the break), and 

then progressively reduces according to the reducing primary pressure; 

 the core heat up at the top in the core centre overcomes the debris bed transition threshold (2500 K), 

leading to fuel rod remnant collapse at 4320 s; 

 primary pressure and core water level peaks are calculated at about 6000 s and 8000 s are consistent 

with massive relocation of molten material into the lower plenum and consequent strong thermal 

interaction with water still present in the vessel; also a rather significant hydrogen source is 

evidenced during this events, which is produced by the oxidation of remaining metallic structures.   

 

4.1.2 Reflooding scenarios 

 

According to benchmark specifications, the degraded core reflooding is started at different times: at 4405 s 

from a slightly degraded core (10 tons) and at 4962 s from a highly degraded core. It is worth to mention 

here that after reflooding onset the transition from fuel rod-like geometry to debris bed in considered for 

damaged fuel rods of the core, when the clad temperature fall-down below 1800 K in a region in which the 

clad temperature exceeded 2000 K during the transient phase before reflooding. 

 

Similar conclusions can be drawn from the results of both reflooding scenarios. Because of the rather low 

water flow rate (25 kg/s by HPI + 3 kg/s by make-up flow), the recovery of the core proceeds at a rate of 1-2 

mm/s (Fig. 5). This limited water flow rate is not enough to cool-down the upper part of the core and then to 

stop the degradation and fuel rod collapse at the core top. After about 2000 s from reflooding onset, the core 

is totally recovered and the primary mass inventory remains almost constant, since the water leakage through 

the break increases and balances the HPI + make-up flow injection. A significant primary pressure increase 

is observed at the onset of reflood (Fig. 2), which is likely produced by the strong evaporation of water in 

contact with the hot structures of the core. 

 

The reflooding starting from a slightly degraded core (10 tons) leads to the formation of a rather large debris 

bed region in the upper part of the core during cool-down (Fig. 10). Also in this case the development of 

molten pool in the central region of the core cannot be avoided but the amount of molten materials is much 

more limited than in the base case without reflooding. The core melt progression is arrested to the point that 

prevents core baffle from ablation and then the relocation of molten materials into the lower plenum (Fig. 8). 

No vessel failure then occurs. The total mass of degraded core materials is limited to about 60 tons, which is 

less than the half of the core degraded mass obtained without reflooding (Fig. 7). Some increase in the 

hydrogen generation is predicted by ASTEC after the onset of reflooding (Fig. 9), but the hydrogen 

cumulated at the end of the transient remains limited below 250 kg. Some hot spots remain in the core due to 

the presence of a molten pool (Fig. 10), but the enlargement of this pool seems prevented by water cooling at 

the pool boundaries, which assures the removal of decay heat. 

 

The reflooding starting from a highly degraded core (45 tons) leads to the formation of rather large debris 

bed region in the upper part of the core during cool-down that collapse and heat up leading to the 

development of a quite large molten pool in the central part of the core (Fig. 10). In this case the core baffle 

is partially ablated, but the core slumping into the lower plenum is limited to a small amount of corium 

(about 6 tons, see Fig. 8), which cannot compromise the integrity of the vessel. The total mass of degraded 

core materials is about 77 tons (Fig. 7). No significant deviation in the hydrogen generation is calculated by 

ASTEC after the onset of reflooding, but the hydrogen cumulated at the end of the transient is reduced below 
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300 kg (Fig. 9). As in the previous reflooding scenario, the enlargement of the in-core molten pool is 

prevented by water cooling at the pool boundaries, which assures the removal of decay heat. 

 

A general conclusion from reflooding scenarios is that the core melt progression cannot immediately stop at 

the beginning of the reflooding phase, because of the limited HPI flow rate considered. However, in both 

cases the core reflooding seems successful, since the termination of the core melt progression and the 

coolability of the degraded core is assured, also limiting the mass of corium relocated in the lower head of 

the vessel, and then preventing it from failure. 

 

4.2 SLB sequence  

 

Five calculations have been performed for the second specified sequence (SLB with total loss of off-site 

power): 

 

 Base case without reflooding 

 Start HPI injection (28 kg/s) when melt mass reaches 10 tons 

 Start HPI injection (28 kg/s) when melt mass reaches 45 tons 

 Start LPI injection (360 kg/s) when melt mass reaches 10 tons 

 Start LPI injection (360 kg/s) when melt mass reaches 45 tons 

 

The chronology of the main events for the base case SLB sequence without reflooding and the two low flow 

rate reflooding scenarios (HPI flow rate = 28 kg/s) is presented in Tab. 4, while the main results of the 

transient calculations are shown from Fig. 11 to Fig. 18. The core temperature field and the in-vessel core 

degradation progression are represented in Fig. 19 for the base case without HPI injection. Besides, the in-

vessel core degradation just before vessel failure under low flow rate reflooding scenarios (HPI start at 10 

tons and 45 tons) is represented in Fig. 20. 

 

Finally, the main results of the transient calculations for the high reflooding scenarios are shown from Fig. 

21 to Fig. 28.  

 

Tab. 4: Chronology of main events in SLB sequence and low flow rate reflooding scenarios 

Event (s) No HPI injection HPI at 10t deg. HPI at 45t deg. 

SLB + loss of off-site power 0 s 0 s 0 s 

Reactor scram and primary pump stop 0 s 0 s 0 s 

Total core uncovery 470 s 470 s 470 s 

First fuel rod clad perforation/burst 776 s 776 s 776 s 

First clad melting and dislocation 1712 s 1712 s 1712 s 

First ceramic melting and dislocation 1830 s 1830 s 1830 s 

First material slumping in the lower plenum 1712 s 1712 s 1712 s 

Degraded core mass = 10 tons 1794 s (start of 

reflood) 

- 

Degraded core mass = 45 tons 2077 s - (start of reflood) 

Vessel failure 5372 s 5469 s 5569 s 
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Fig. 11: Primary pressure Fig. 12: Break mass flow rate 

 

 

  
Fig. 13: Primary coolant mass inventory Fig. 14: Core collapsed water level 

 

 

  
Fig. 15: Clad temperature at core top Fig. 16: Total core degraded mass 

 

 

  
Fig. 17: Total mass relocated in the lower plenum Fig. 18: Cumulated hydrogen mass 
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Time = 1953 s Time = 2702 s Time = 3202 s 

   
Time = 4202 s Time = 5370 s 

 

 

 

Fig. 19: In-vessel core degradation progression (base case without HPI/LPI injection) 

 

 

 

Time = 5466 s (HPI start at 10 tons) Time = 5565 s (HPI start at 45 tons) 

  

Fig. 20: Core degradation just before lower head vessel failure 

HPI injection (25 kg/s) start at 10 and 45 tons 
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Fig. 21: Primary pressure Fig. 22: Break mass flow rate 

 

 

  
Fig. 23: Primary coolant mass inventory Fig. 24: Core collapsed water level 

 

 

  
Fig. 25: Clad temperature at core top Fig. 26: Total core degraded mass 

 

 

  
Fig. 27: Total mass relocated in the lower plenum Fig. 28: Cumulated hydrogen mass 
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Time = 1793 s (start of reflooding) 

   
Time = 1953 s (160 s after start of reflooding) 

   

Fig. 29: Core degradation progression with LPI injection (360 kg/s) start at 10 tons 

 

 

Time = 2076 s (start of reflooding) 

   
Time = 2250 s (174 s after start of reflooding) 

   

Fig. 30: Core degradation progression with LPI injection (360 kg/s) start at 45 tons 
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4.2.1 Base case scenario without HPI injection 

 

The surge line break opening at 0 s (Fig. 12) and simultaneous station blackout lead to a quick depletion of 

coolant mass inventory in the primary system (Fig. 13), with consequent depressurization of the circuit (Fig. 

11) and early start of core uncovery (Fig. 14). The core is completely uncovered in less than 500 s, while the 

residual coolant mass in the primary circuit (inside the lower plenum of the vessel and the cold leg loop 

seals) reduces down to 30 tons. The primary circuit depressurizes down close to the containment pressure, 

which is assumed to reach a constant value of 1.5 bar, after the blow-down phase.  

 

The core uncovery leads to core heat-up, starting at about t = 450 s at the top of the core centre at a rate of 

approximately 3 K/s (Fig. 15), according to the rather high decay power level. Due to the limited availability 

of steam, no temperature escalation is observed in the high temperature range (above 1700 - 1800 K). In fact, 

clad oxidation under steam starved conditions is calculated by ASTEC in the initial oxidation phase.   

 

Because of the total core uncovery, the core heat up and melting starts early over the whole core height. First 

fuel rod clad perforation/burst is calculated at t = 776 s and first clad melting and dislocation at t = 1712 s 

(Tab. 4). First ceramic melting and dislocation is calculated at t = 1830 s. The core degradation and melting 

spread quickly from the core centre towards the core bottom and the first relocation of molten materials in 

the lower plenum is detected at t = 1712 s (control rod materials) through the lower core plate. The molten jet 

is fragmented in the lower plenum by thermal interaction with water still present in the lower head of the 

vessel (fragmentation model was applied in the simulation of SLB sequence). After about t = 2700 s a large 

amount of core is already melted and relocated, and a large pool of molten materials is present in the lower 

head of the vessel (Fig. 19). Most of the core melts and relocates in the lower plenum along with a 

significant amount of molten steel coming from the melting of core supporting structures. More than 150 

tons of core degraded materials is calculated by ASTEC (Fig. 16), just before vessel failure occurring at t = 

5372 s due to vessel wall melting and ablation. By this time the total amount of materials relocated in the 

lower plenum amounts to about 140 tons (Fig. 17). 

 

Because of the steam starved conditions attained during the transient, the cumulated mass of hydrogen at the 

time of vessel failure, that is approximately 100 kg (Fig. 18), is rather small if compared to the one produced 

in the previous SBLOCA scenario.  

 

4.2.2 Low flow rate reflooding scenarios 

 

The core degradation reaches the thresholds for start of HPI (10 and 45 tons) when the water level in the 

vessel is largely below the core bottom; therefore, in case of low HPI reflooding rate (28 kg/s), a time 

interval of several hundreds of seconds is needed to fill-in the lower plenum, before the quenching of the 

damaged core structures is effective. In fact, once the water  becomes to recover the damaged core, after 

about t = 3500 s (Fig. 14), a larger amount of core material is still molten and relocated into the lower 

plenum (Fig. 17), so that the core melt progression cannot be promptly terminated. 

 

Some debris bed formation and collapse is calculated during reflooding around t = 3000 s, which leads to an 

earlier relocation of material to the lower plenum. Further relocation of materials in the lower plenum is then 

slightly reduced during the late transient phase. However, since the total materials relocated into the lower 

plenum is reduced by only 20 tons with respect to the base case without HPI injection, the vessel failure is 

just few hundreds of seconds delayed in the low flow rate reflooding scenarios investigated (Tab. 4). 

 

The cumulated mass of hydrogen produced during the reflooding scenarios increases by about 50% with 

respect to the base case (Fig. 18). The increase in the hydrogen production seems mainly consequent to the 

larger availability of steam for oxidation of the remaining hot metallic structures. 
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4.2.3 High flow rate reflooding scenarios 

 

The possibility to cool-down the degraded core is investigated by the start-up of LPI with a high flow rate of 

360 kg/s. The injection is terminated after 1000 s from its initiation. In this case the refilling of the lower 

plenum by water takes few tens of seconds and then the core is promptly recovered after the start of LPI. 

 

The strong vaporization of cold water in contact with the hot core structures leads to primary pressure peaks  

up to 40 bar (Fig. 21) with a renewed loss of water through the surge line break (Fig. 22). The primary 

coolant mass reaches a maximum of about 140 tons (Fig. 23) at the end of injection phase and then starts to 

progressively decrease according to the leakage at the break. 

 

The fast core recovery and hot structure quenching of the partially damaged core lead to fuel rod 

embrittlement with consequent debris bed formation, collapse and accumulation in the lower part of the core 

(Fig. 29 and Fig. 30). The formed debris bed is coolable under water and then the core melt progression is 

temporarily terminated. In both reflooding scenarios, the material relocation in the lower plenum of the 

vessel is rather limited (around 15 – 20 tons, see Fig. 27) and the early lower head failure is avoided. The 

cumulated hydrogen mass is increased and reaches a maximum of about 300 kg during the reflooding phase 

(Fig. 28) starting from 10 tons of degraded core materials. The largest source of hydrogen is in this case 

produced by the oxidation of debris bed. 

 

No recirculation of water from the sump is considered in this scenario to assure the core recovery during the 

late transient phase. Therefore, after the stop of LPI (1000 s from its start-up), the core starts to uncover and 

heat up again (Fig. 24 and Fig. 25). The debris bed in the core then starts to melt and relocate in the lower 

plenum. Finally, vessel failure is calculated at about 10500 s and 12600 s in the 10 tons and 45 tons core 

degraded cases, respectively. 

 

 

5. Sensitivity studies 

 

Several sensitivity studies has been performed for the SBLOCA sequence and reflooding scenarios in order 

to verify the influence of some uncertain core degradation parameters and models on the ASTEC code 

results. 

 

5.1 SBLOCA sequence: sensitivity to core degradation parameters and models 

 

The investigated parameters and modelling are reported in Tab. 5. They include: 

 

 The influence of eutectic interaction between Zircaloy clad and Inconel grids; 

 The influence of different oxidation kinetic models; 

 The influence of different melting temperature of fuel rod ceramic materials; 

 The influence of molten jet break-up during slumping in the lower plenum filled by water. 

 

Tab. 5: Parametric study: base and sensitivity case parameter values 

Case Parameter Base case Sensitivity Case  

Zr-In Int 
Eutectic interaction between Zircaloy clad 
and Inconel grids 

yes no 

Ox Kinet Zr oxidation correlation for clad and debris  
Best-Fit  

(Cathcart – Prater) 
Urbanic  

Tfr Melt Ceramic UO2 – ZrO2 melting temperature 2550 K 2800 K 

Jet Frag 
Molten jet break-up during core slumping in 
the lower plenum filled by water 

No yes 

 

The influence of different parameters and models on the chronology of main events is shown in Tab. 6. The 

eutectic interaction between Zircaloy clad and Inconel grids leads to earlier clad perforation by about 450 s. 
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In this case, the first material slumping into the lower plenum is slightly delayed and the timing of vessel 

failure increases by about 550 s.  

 

The use of Urbanic oxidation kinetics instead of the best-fit correlation in ASTEC (Cathcart in the low 

temperature range and Prater in the high temperature range) results in a delayed temperature escalation and 

then in an equivalent delay in the onset of clad melting and dislocation by about 140 s. Similar delay is 

observed in the first material slumping and vessel failure. 

 

The increase of melting temperature of ceramic materials UO2 and ZrO2, according to the eutectic 

temperature of their binary phase diagram (near 2800 K), results in a delay of about 300 s in the first material 

slumping and a smaller delay of about 100 s in the prediction of vessel failure. 

 

The molten jet fragmentation in the lower plenum during slumping has a very significant impact on the 

timing of vessel failure. The jet fragmentation leads to the formation of a debris bed in the lower plenum that 

is only partially coolable by water. In fact, the residual core make-up flow rate of 3 kg/s is not enough to 

quench the debris bed that will re-heatup again until melting. The development of a molten pool leads to 

vessel wall thermal attack and its failure (fusion criterion) at t = 12092 s, that is about 3900 s delayed with 

respect to the base case without jet fragmentation. 

 

Tab. 6: Parametric study: chronology of main events 

EVENT BASE 

(s) 

Zr-In Int  

(s) 

Ox Kinet  

(s) 

Tfr Melt  

(s) 

Jet Frag  

(s) 

Break opening & main feedwater loss 0 0 0 0 0 

Stop of primary pumps 2188 2188 2188 2188 2188 

First fuel rod clad perforation/burst 3743 4200 3759 3743 3743 

First clad melting and dislocation 4264 4209 4400 4264 4264 

First material slumping in lower plenum 5079 5296 5247 5389 5079 

Vessel failure 8187 8735 8454 8290 12092 

 

The influence of investigated core degradation parameters and models on the evolution of some important 

results: primary pressure, cumulated hydrogen mass, total mass of degraded core materials and material 

relocated in the lower plenum is presented from Fig. 31 to Fig. 34. The primary pressure behavior is mainly 

influenced by the molten jet fragmentation at the time of massive molten core slumping into the lower 

plenum. Pressure peaks up to 20 bar are evidenced during the first core slumping phase (Fig. 31), when water 

is still present in the lower plenum. 

 

The deviation in the cumulated hydrogen mass is rather small (Fig. 32). The largest increase of about 10% is 

found during the early degradation phase with the highest melting point of ceramic material which delays the 

onset of the late degradation phase with fuel rod collapse, debris bed and molten pool formation. 

 

The total amount of degraded core mass is not significantly influenced by the different parameters and 

models (Fig. 33). The molten jet fragmentation and consequent strong water vaporization tends to slowing 

down the progression of core melting in the late phase. The largest influence on core slumping is more in the 

timing of massive material relocation than in the total corium mass relocated in the lower plenum (Fig. 34). 
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Fig. 31: Primary pressure Fig. 32: Cumulated hydrogen mass 

  
Fig. 33: Total core degraded mass Fig. 34: Total mass relocated in the lower plenum 

 
5.2 SBLOCA sequence – Reflooding at 10 tons: sensitivity to debris bed particle size  

 

Debris bed models available in ASTEC have been applied in the analysis of the late degradation phase. The 

application of these models in ASTEC is still uncertain because they are not validated yet, also due to the 

lack of valuable experimental data. The debris bed model have been applied in ENEA calculations, in 

conjunction with the 2D magma model, also to investigate the difference in the results with other ASTEC 

calculations (IVS and KIT) where these models are not applied. 

 

One important parameter to be considered for the debris bed behaviour is the particle size since this 

parameter can affect significantly the relative permeability and passability of the debris bed and then its 

coolability. The sensitivity to debris bed particle size was investigated in the case of SBLOCA sequence and 

low reflooding rate starting at 10 tons of degraded core materials. The main results of this analysis are 

presented from Fig. 35 to Fig. 38. The 3 mm particle size used in the reference calculation was reduced to 1 

mm size in the sensitivity calculation. 

 

The use of a smaller particle size leads to reduce the relative permeability and passability of a debris bed and 

then the capability of the water to penetrate the debris and remove the decay power assuring its coolability. 

As a consequence of that, a largest amount of hydrogen is produced during reflooding (approximately +32%, 

see Fig. 36) with a larger primary pressure increase (Fig. 35). The reduced debris bed coolability leads to an 

increase in the total mass of degraded materials (approximately +20%, see Fig. 32). Some molten material 

slumping is calculated with the smaller particle size, but the relocated mass is rather small (about 2 tons, see 

Fig. 38). 

 

The core degradation configuration calculated by ASTEC at the end of the reflooding phase (t = 6750 s) is 

presented in Fig. 39 for the two particle sizes. A larger zone with debris bed melting is predicted towards the 

periphery of the core in case of smaller particle size due to reduced water penetration through the external 

ring of the core. 
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Fig. 35: Primary pressure Fig. 36: Cumulated hydrogen mass 

  

  
Fig. 37: Total core degraded mass Fig. 38: Total mass relocated in the lower plenum 

-------------------------------------------------- Particle size = 3 mm -------------------------------------------------- 

   
-------------------------------------------------- Particle size = 1 mm -------------------------------------------------- 

   

Fig. 39: Sensitivity to debris bed particle size (start at 10 tons): core temperature field and core degradation 

at 6750 s  
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5.3 SBLOCA sequence with HPI injection at 10 tons: sensitivity to reflooding rate 

 

In this sensitivity study the reflooding rate has been varied making reference to the SBLOCA sequence and 

reflooding scenario starting at 10 tons of degraded core materials. The reference HPI reflooding rate of 25 

kg/s has been first reduced down to 50% (12.5 kg/s) and then increased by 100% (50 kg/s). The main results 

of this sensitivity study are presented from Fig. 40 to Fig. 48. 

 

Of course, the different reflooding rate is reflected in the timing needed to fully recover the core (Fig. 40) 

and the increase in the inventory of primary coolant mass (Fig. 41), until the renewed break flow rate (Fig. 

42) tends to stabilize its value. The largest reflooding rate leads to enhanced primary pressure increase during 

reflooding. The core degradation progression is promptly terminated at the onset of reflood (Fig. 44), while it 

continues in the upper part of the core with the lowest flow rate due to delayed quenching of hot structures at 

core top. Some molten material slumping is predicted in case of reduced HPI flow rate (Fig. 45). The HPI 

flow rate has a rather significant impact on the total mass of cumulated hydrogen at the end of core reflood. 

Due to earlier core quenching with the highest flow rate, the mass of hydrogen produced reduces by about 

30% with respect to the reference case (Fig. 47). 
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Fig. 40: Core collapsed water level Fig. 41: Primary coolant mass inventory 

  
Fig. 42: Break flow rate Fig. 43: Primary pressure 

 

  
Fig. 44: Total core degraded mass Fig. 45: Total mass relocated in the lower plenum 

 

  
Fig. 46: Hydrogen generation rate Fig. 47: Cumulated hydrogen mass 

 

a) HPI flow rate = 12.5 kg/s b) HPI flow rate = 25 kg/s c) HPI flow rate = 50 kg/s 
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-------------------------------------------- Debris porosity in the core -------------------------------------------- 

   
-------------------------------------------- Magma saturation in the core -------------------------------------------- 

   
-------------------------------------------------- Temperature field -------------------------------------------------- 

Fig. 48: Sensitivity to HPI flow rate (start at 10 tons): core temperature field and core degradation at 6750 s  

 

 

6. Final remarks 

 

The calculation of different severe accident sequences has allowed the in-depth investigation of both 

thermal-hydraulic and core degradation code models and the evaluation of the robustness of the code under 

the most severe core damage conditions until corium relocation in the lower plenum which can threats the 

vessel wall integrity. The reflooding scenarios have further allowed the investigation of the code for 

evaluating the coolability of a damaged core and the success of accident management measures based on the 

availability and capability of emergency core cooling systems, which can be made available later during the 

accident progression, at different levels of core degradation. 

 

The robustness of the code is confirmed under the most severe conditions: all the accident sequences and 

reflooding scenarios were calculated by ASTEC, without significant convergence problems, until reaching 

vessel failure or quasi steady-state conditions, when the reflooding of the damaged core is successful and 

core coolability is confirmed. 
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The debris bed models have been applied for the calculation of the late phase along with the 2D magma 

model, but the consistency of the results is to be confirmed in comparison with other codes, because of the 

limited validation of the debris bed model in ASTEC for reactor applications. 

 

The results of the SBLOCA sequence and reflooding scenarios show that even a rather small HPI flow rate is 

able to terminate the core melt progression and stop the relocation of molten materials in the lower plenum, 

thus avoiding vessel failure. The core coolability seems assured even if the reflooding starts when the core is 

in an advanced state of degradation. The drawback related to the increase of hydrogen source due to the 

consequent fuel rod clad embrittlement and collapse is not significant in the ASTEC calculations, but the 

validity of this result needs to be confirmed by further model qualification on experimental data. This last 

result is not consistent with what happened in the real TMI-2 accident and in the LOFT LP-PF-2 integral 

experiment where large debris zones formed under reflood conditions and there was a large mass of 

hydrogen produced. The difficulty of ASTEC code to predict this large amount of hydrogen under TMI-2 

and LP-FP-2 reflooding conditions has been reported in Ref. [3]. Specific integral experiments focusing on 

fuel rod collapse and debris bed formation under reflood are suggested to enlarge the database for code 

model development and validation.  

 

The results of the SLB sequence and reflooding scenarios show that the core melt progression, molten core 

slumping and vessel failure cannot be prevented by the reduced HPI flow rate, being the transient very fast 

and then the decay power level rather high. Furthermore, the quick full core uncovery and depletion of water 

inventory in the lower plenum of the vessel makes the HPI not effective during the beginning of reflooding 

phase. The only way to stop the core degradation and slumping seems the prompt actuation of the LPI 

system with a very high flow rate. Once the availability of water from the LPI system is over, recirculation of 

water from the sump is needed to avoid further core uncovery and heat up and terminate the accident. 

 

The sensitivity study to core degradation parameters and models has shown their rather limited impact on the 

core melt progression and timing of vessel failure, except for the molten jet fragmentation model which can 

have a strong impact in delaying the vessel failure, due to its strong influence on the coolability of corium in 

the lower head of the vessel. Furthermore, the particle size of debris bed which can develop during core 

reflooding might significantly affect the coolability of the debris and then both core melt progression and the 

hydrogen produced during reflood. 

 

The sensitivity study performed to HPI reflooding rate under SBLOCA scenario has shown how this 

parameter might influence the final core degradation state and the hydrogen source. The largest the flow rate 

is, the faster the stop of core melt progression occurs, thus reducing the likelihood of molten core slumping 

and the total hydrogen source. This sensitivity study shows that the hydrogen production is not proportional 

to the steam flow rate produced by evaporation during quenching but it seems to be increasing with the 

duration of total quenching. It is consistent with QUENCH results which had shown that “slow” reflooding 

could lead to a large hydrogen production.    
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APPENDIX A.3 GRS CALCULATIONS WITH THE ATHLET-CD CODE 

H. Austregesilo, S. Weber 

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH 

 

 

1.  Introduction – Brief description of the code ATHLET-CD 

 

The system code ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core 

Degradation) is designed to describe the reactor coolant system thermal-hydraulic response during severe 

accidents, including core damage progression as well as fission product and aerosol behavior, to calculate the 

source term for containment analyses, and to evaluate accident management measures [1]. It is being 

developed by GRS in cooperation with the Institut für Kernenergetik und Energiesysteme (IKE), University 

of Stuttgart. ATHLET-CD includes also the aerosol and fission product transport code SOPHAEROS which 

is being developed by the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN). 

 

The ATHLET-CD structure is highly modular in order to include a manifold spectrum of models and to offer 

an optimum basis for further development. ATHLET-CD contains the original ATHLET models for 

comprehensive simulation of the thermo-fluid-dynamics in the coolant loops and in the core. The ATHLET 

code comprises a thermo-fluid-dynamic module, a heat transfer and heat conduction module, a neutron 

kinetics module, a general control simulation module, and a general-purpose solver of differential equation 

systems called FEBE. The thermo-fluid-dynamic module is based on a six-equation model, with fully 

separated balance equations for liquid and vapour, complemented by mass conservation equations for up to 5 

different non-condensable gases and by a boron tracking model. Alternatively, a five-equation model, with a 

mixture momentum equation and a full-range drift-flux formulation for the calculation of the relative 

velocity between phases is also available. Specific models for pumps, valves, separators, mixture level 

tracking, critical flow etc. are also included in ATHLET.  

 

The rod module ECORE consists of models for fuel rods, absorber rods (AIC and B4C) and for the fuel 

assemblies including BWR canisters and absorbers. The module describes the mechanical rod behaviour 

(ballooning), zirconium and boron carbide oxidation (Arrhenius-type rate equations), Zr-UO2 dissolution as 

well as melting of metallic and ceramic components. The melt relocation is simulated by rivulets with 

constant velocity and cross section (candling model), starting from the node of rod failure. The model allows 

oxidation, freezing, re-melting, re-freezing and melt accumulation due to blockage formation. The feedback 

to the thermal-hydraulics considers steam starvation and blockage formation. Besides the convective heat 

transfer, energy can also be exchanged by radiation between fuel rods and to surrounding core structures. 

 

The release of fission products is modelled by rate equations within the module FIPREM, mostly based on 

temperature functions taking into account the partial pressure of the material gases. The transport and 

retention of aerosols and fission products in the coolant system are simulated by the code SOPHAEROS. The 

nuclide inventories are calculated by a pre-processor (OREST) as a function of power history, fuel 

enrichment and initial reactor conditions. The release and the transport of nuclides consider decay heat (α, β, 

γ) and further decay by means of mother-daughter chains calculated within the module FIPISO. 

 

For the simulation of debris beds a specific model MEWA is under development 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 code development comprises also late phase models for core slumping, melt 

pool behaviour within the vessel lower head (new module AIDA) and vessel failure. 
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The code system ATHLET/ATHLET-CD is coupled to the containment code system COCOSYS, and it is 

the main process model within the German nuclear plant analyser ATLAS. The ATLAS environment allows 

not only a graphical visualization of the calculated results but also an interactive control of data processing. 

 

The code validation is based on integral tests and separate effect tests, proposed by the CSNI validation 

matrices, and covers thermal-hydraulics, bundle degradation as well as release and transport of fission 

products and aerosols. Recent post-test calculations have been performed for the out-of pile bundle 

experiments QUENCH-13, QUENCH-15, QUENCH-16 and PARAMETER SF4 as well as for the in-pile 

experiments PHÉBUS FPT2 and FPT3. The TMI-2 accident is used to assess the code for reactor 

applications. 

 

The development and the validation of ATHLET-CD are sponsored by the German Federal Ministry for 

Economic Affairs and Energy (BMWi). 

 

2.  Description of code models used 

 

The benchmark calculations were performed with the code versions ATHLET-CD Mod. 2.2 Cycle C 

(Sequences 1 and 2) and Mod. 3.0 Cycle A (Sequence 3). Only the modules ATHLET (thermal-hydraulics), 

ECORE (core degradation) and AIDA (lower plenum behaviour) have been applied. Additional calculations 

using the debris bed module MEWA for the simulation of the reflooding cases were not successful. 

 

The system thermal-hydraulics was simulated with the six-equation model (fully separated balance equations 

for liquid and vapour), complemented by an additional mass conservation equation for hydrogen as a non-

condensable gas, except for the pressurizer and for the steam generator secondary sides, where the five-

equation approach (one mixture momentum equation) together with the mixture level tracking model was 

used. The quench front model, which takes into account both top and bottom reflooding, has been applied for 

all rod components. 

 

According to the benchmark specifications, the calculations have been performed applying the main input 

parameters for core degradation as recommended in the code User’s Manual (Table 1). Fuel rod relocation is 

simulated in rod-like geometry (candling model) assuming a constant relocation velocity of 1 cm/s for 

metallic melt and 0.5 cm/s for ceramic melt, respectively. Radial melt spreading outside a core ring is not 

taken into account. 

 

Table 1: ATHLET-CD code parameters relevant to core degradation 

Parameter Correlations/values Reference 

Zircaloy oxidation kinetics Cathcart (low temp. range) 

Urbanic-Heidrick (high temp. range) 

/1/ 

Cladding failure criteria 

T = clad temperature 

e = ZrO2 layer thickness 

T > 2300 K  and  e < 0.3 mm 

T > 2500 K  and  e > 0.3 mm 

/1/ 

Melting temperature of oxide (UO2 

and ZrO2) 

2600 K /1/ 

Debris formation criteria 2400 K Transition to MEWA /1/ 

Debris porosity and particle  

diameter 

D = 2 mm, porosity = 38% Only for AIDA module 

 

The system code ATHLET/ATHLET-CD provides a steady state calculation capability which initializes the 

complete system starting from a limited amount of user-supplied initial and boundary conditions. To check 

the adequacy of this steady state solution, a zero-transient run (without any external disturbances) lasting 100 

s was performed. At the end of this period, the main calculated plant parameters were stable and thus this 

time point was chosen for transient initiation. 
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Table 2 compares the main plant parameters at transient initiation calculated by ATHLET-CD with TMI-2 

nominal data as given in the benchmark specifications. The primary circuit conditions show a good 

agreement with the plant data. The secondary parameters reflect the estimated plant conditions before turbine 

trip. Due to the simplified modelling of the steam generator secondary sides, the degree of steam overheating 

at the steam generator outlets is underestimated, but this does not affect the results of the transient 

calculations. 

 

Table 2: Initial conditions for TMI-2 benchmark calculation 

Parameter Unit GRS 

(ATHLET-CD) 

TMI-2 

steady state 

Primary System 

Reactor Power MW 2772 2772 

Pressurizer pressure (dome) MPa 15.10 14.96 

Temperature Hot Leg A/B K 593.3 591.15 

Temperature Cold Leg A/B K 564.9 564.15 

Mass Flow Rate - Loop A/B kg/s 8670/8705 8800 

Pressurizer level m 5.69 5.588 

Total primary mass kg 221138 222808 

Secondary System 

Pressure SG A/B MPa 6.41/6.41 6.41 

Steam temperature SG A/B K 568.7/568.8 572.15 

Riser collapsed level SG A/B m 4.10/4.07 3.28-4.03 

Liquid mass SG A/B kg 12360/12270 13140 - 19210 

Feedwater flow SG A/B kg/s 761.1 761.1 

SG feedwater temperature K 500.8 511.15 

 

 
3.  TMI-2 plant and core nodalization 

 

The nodalization adopted for the ATHLET-CD benchmark calculations is shown in Fig. 1. It consists of the 

reactor pressure vessel (RPV), the two coolant loops A and B with the once-through steam generators, four 

cold legs with main coolant pumps, four high pressure injection lines connected to the cold legs and one let-

down in loop A1, as well as the pressurizer with the surge line connected to the hot leg of loop A, heaters, 

spray line, a pilot operated relief valve (PORV) and a safety valve (POSV). The surge line break for 

sequences 2 and 3 is simulated directly at the connection to the hot leg. 

 

The RPV comprises the downcomer, lower and upper plenum, upper head, the core region and the core 

bypass. The vent valves between downcomer and upper plenum are modelled as check valves. The core is 

modelled by five concentric rings with 22 axial nodes (20 within the active core region) and with cross flow 

connections to allow flow deflection due to fuel rod deformation and blockage formation caused by 

refreezing of molten material. The three inner core rings include fuel and AIC control rods. The fourth ring 

contains only fuel rods. The fifth channel contains no rods and is defined to avoid a complete core flow 

blockage in case of strong melt relocation.  

 

The simplified model of the secondary system consists of two components (loop A and B) simulating the 

riser, with 16 axial volumes, and steam dome as well as the boundary conditions for feedwater injection and 

steam outlet flow to control the secondary side water levels and pressures according to the benchmark 

specifications. In total, the nodalization comprises 280 control volumes, 404 flow paths, as well as 158 heat 

slabs (not including fuel and control rod components) for the modelling of RPV structures and pipe walls. 
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Figure 1: ATHLET-CD nodalization scheme for TMI-2 (primary circuit) 

 
 

 

 

4.  Main results from transient analyses 

 
4.1  SBLOCA sequence 

 

Three calculations have been performed for the first specified sequence (SBLOCA with total loss of main 

feedwater): 

• Base case without reflooding 

• Start safety injection (25 kg/s) when melt mass reaches 10 tons 

• Start safety injection (25 kg/s) when melt mass reaches 45 tons 

 

The main results of the ATHLET-CD calculations are depicted in Figs. 2 to 7. The black, dashed curves refer 

to the base case without reflooding, the blue ones to the safety injection after 10 tons melt, and the red, 

dashed ones to the safety injection after 45 tons melt. A chronology of the main events is presented in Table 

3. The calculations have been performed either until vessel failure or up to the refilling of the reactor 

pressure vessel. The core status at the end of the calculations is summarized in Table 4. 

 

The postulated accident starts with the opening of a small break at hot leg A, simultaneously with the 

complete loss of main feedwater. Due to the strongly reduced heat transfer to the secondary side, primary 

pressure increases (Fig. 2). The pressure set-point for PORV opening is reached within 32 s. Shortly 

afterwards, reactor scram signal due to high pressure is generated. After reactor scram, primary pressure 

starts to decrease and the relief valves close (t = 78 s). About 410 s after break opening the pressurizer 

empties, and the hot legs reach saturation conditions. 

 

The primary coolant mass inventory reaches 85 ton at t = 2087 s (Fig. 3) and the pumps are switched off. 

With the breakdown of forced circulation, liquid coolant settles down very quickly, mainly in the reactor 
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pressure vessel (Fig. 5) and in the pump loop seals. Due to liquid stratification, steam with entrained water 

flows through the break. Core decay heat is mostly removed through the break flow. 

 

Afterwards the liquid level within reactor vessel decreases continuously, leading to core depletion and start 

of core heat-up at t ~ 2400 s (Fig. 4). After start of core dry-out, fuel cladding temperatures at higher core 

elevations increase rapidly. First control rod failure through dissolution of the guide tubes by molten steel is 

predicted to occur at t = 3980 s. 

 

Oxidation runaway with a sudden temperature excursion at the top of the core occurs at about 4200 s (Figs. 4 

and 6). At about the same time first fuel rod clad burst is predicted to occur due to over-pressurization. 

 

Clad melt and relocation starts in the central core ring at about 4250 s. The metallic melt flows downwards 

and refreezes at an elevation slightly above the liquid surface. The amount of metallic crust, together with the 

molten control rod materials, is enough to cause a partial channel flow blockage in Ring 1. The total melt 

mass reaches 10 tons at about 4485 s. From this time point on, the results of the simulations start to diverge. 

 

The melt temperature of the UO2-ZrO2 eutectic mixture is reached at 4630 s. Afterwards ceramic melt 

becomes the main contributor to the total melt mass. The hot ceramic melt can be only partially cooled in the 

lower core regions, leading to the inception of a liquid melt pool within the innermost core channel. 

 

With the start of safety injection in the case of slightly core degradation (HPIS@10ton) there is a strong 

steam production and a considerable increase of the primary pressure (Fig. 2). The reflooding rate is enough 

to quench the slightly degraded core and to continuously refill the pressure vessel (Figs. 4 and 5).  

 

In the other two simulation cases the hot magma relocated in the lower core regions causes a gradual 

evaporation of the remaining coolant. At about 5290 s, melt mass reaches 45 tons (Fig. 7). For the case with 

reflooding of the highly degraded core (red curves), the reflooding rate is still sufficient to quench the core 

and refill the pressure vessel (Figs. 4 and 5). However, the amount of hydrogen generated after reflooding 

onset is considerably smaller than in the case with reflooding of a slightly degraded core.  

 

In the base case without reflooding, failure of the lower core grid plate is predicted to occur at 5700 s. The 

molten and partially frozen pool above the plate mostly relocated in the lower head, leading to the partial 

evaporation of the residual water and increase of the primary pressure (Fig. 2). The generated steam 

contributes to a partial cooling of the highly degraded core (Fig. 4).  

 

The weight of the relocated melt pool as well as its decay heat lead finally to the vessel failure, predicted to 

occur at 10356 s. The calculated total amount of magma at the time point of vessel failure, about 48 tons, is 

considerably less than the value calculated by most participants. 
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Table 3: Sequence 1: Chronology of main events 

Event (s) No HPIS HPIS@10t HPIS@45t 

Break opening and total loss of main feedwater 0 0 0 

Pressurizer PORV opens (P>15.56 MPa) 32 32 32 

Reactor scram (P>16.30 MPa) 53 53 53 

Full steam generator dry-out 62 62 62 

Pressurizer PORV closes (P<14.96 MPa) 78 78 78 

Stop of primary pumps (Primary mass < 85000Kg) 2087 2087 2087 

First fuel rod clad perforation/burst 4195 4197 4197 

First clad melting and dislocation 4250 4252 4252 

First ceramic melting and dislocation 4630 4632 4631 

First molten material slumping into lower plenum 5700-5970 - - 

Start of HPIS injection - 4485 5287 

Vessel failure 10356 - - 

End of calculation 10356 10000 10000 

 

 

Table 4: Sequence 1 - RCS status at end of calculation 

Parameter Base Case HPIS@10t HPIS@45t 

Primary coolant mass inventory (ton) 39.0 95.4 93.6 

Generated H2 mass (ton) 0.42 0.32 0.39 

Mass of molten Zr (ton) 11.8 8.5 11.4 

Mass of molten ZrO2 (ton) 2.5 0.4 1.3 

Mass of molten UO2 (ton) 48.4 13.4 26.9 

Mass of molten control rods (ton) 3.5 3.1 3.4 

Mass relocated into LP (ton) 47.9 - - 

Total magma mass (ton) 65.8 25.0 42.6 
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Figure 2: Sequence 1 - Pressurizer pressure 

 
 

Figure 3: Sequence 1 – Total primary coolant inventory 

 
 

Figure 4: Sequence 1 – Fuel rod temperatures at top of core 
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Figure 5: Sequence 1 - Core collapsed liquid level - inner ring 1 

 
 

Figure 6: Sequence 1 – Total hydrogen production 

 
 

Figure 7: Sequence 1 – Total mass of molten material 
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4.2  SLB sequence 

 

Three calculations have been performed for the second specified sequence (Surge line break with loss of off-

site power): 

• Base case without reflooding 

• Start safety injection (28 kg/s) when melt mass reaches 10 tons 

• Start safety injection (28 kg/s) when melt mass reaches 45 tons 

 

The main results of the ATHLET-CD calculations are depicted in Figs. 8 to 13. The black, dashed curves 

refer to the base case without reflooding, the blue ones to the safety injection after 10 tons melt, and the red, 

dashed ones to the safety injection after 45 tons melt. A chronology of the main events is presented in Table 

5. The calculations have been performed either until vessel failure or up to the refilling of the reactor 

pressure vessel. The core status at the end of the calculations is summarized in Table 6. 

 

In contrary to Sequence 1 (SBLOCA), Sequence 2 is characterized by a fast, low pressure accident scenario. 

Due to the large break area, the depressurization of the primary system (Fig. 8) and the loss of coolant 

inventory (Fig. 9) are considerably faster than in Sequence 1. The onset of core heat-up is predicted to occur 

at about 280 s after break opening (Fig. 10). About 380 seconds later the whole core is uncovered (Fig. 11). 

Due to the limited steam availability, the oxidation of Zircaloy claddings is limited, compared to Sequence 1 

(Fig. 12). 

 

First ceramic melt relocation is predicted to occur at about t = 1500 s. In opposition to Sequence 1, where 

melt was partially refrozen in the lower (and still covered) core regions, the molten magma flows through the 

lower core grid plate and slumps into the lower head. In the base case without reflooding, the melt relocated 

into the lower plenum causes the evaporation of the remaining water. The increased steam availability leads 

to an increase of the hydrogen production (Fig. 12) but also to a partial cooling of the upper core regions. 

Without external cooling, the melt accumulated in the lower head yields finally to the vessel failure, 

calculated to occur at about 4000 s. At this time point about 68 tons magma have been relocated into the 

lower head (Fig. 13). 

 

In the cases with reflooding, the assumed safety injection (28 kg/s) is enough to refill the pressure vessel 

(Fig. 10) and to quench the core region (Fig. 11). In both cases, the code calculates a strong steam generation 

due to the thermal interaction between the injected water and the hot core structures, resp. corium, which in 

turn enhances considerably the hydrogen generation mainly due to cladding but also metallic melt oxidation 

(Fig. 12). On the other hand, the calculated pressure increase in primary system seems to be underestimated 

(Fig. 8). 

 

The calculations with safety injection have been performed till 5000 seconds. For the case with delayed 

injection (HPIS@45ton), the magma in the lower head was not yet quenched, so that a later lower head 

failure cannot be excluded. 
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Table 5: Sequence 2 – Chronology of main events 

Event (s) No HPIS HPIS@10t HPIS@45t 

Loss of off-site power and surge line break 0 0 0 

Reactor scram and primary pump trip 0 0 0 

Full steam generator dry-out - - - 

First fuel rod clad perforation/burst 608 608 608 

Total core uncovery ~665 ~665 ~665 

First clad melting and dislocation 1169 1169 1169 

First ceramic melting and dislocation 1498 1498 1498 

First molten material slumping into lower plenum 1483-1629 1487-1621 1483-1620 

Start of HPIS injection (28 kg/s) - 1230 1620 

Vessel failure 4050 - - 

End of calculation 4050 5000 5000 

 

 

 

Table 6: Sequence 2 – RCS status at end of calculation  

Parameter Base Case HPIS@10t HPIS@45t 

Primary coolant mass inventory (ton) 18.4 84.8 88.2 

Generated H2 mass (ton) 0.166 0.152 0.164 

Mass of molten Zr (ton) 16.6 15.9 16.6 

Mass of molten ZrO2 (ton) 1.2 0.3 1.2 

Mass of molten UO2 (ton) 48.6 18.8 45.3 

Mass of molten control rods (ton) 3.8 3.7 3.8 

Mass relocated into LP (ton) 67.6 34.5 66.4 

Total magma mass (ton) 69.8 38.3 63.5 
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Figure 8: Sequence 2 - Primary pressure 

 
 

Figure 9: Sequence 2 – Total primary coolant inventory 

 
 

Figure 10: Sequence 2 – Fuel rod temperatures at top of core 
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Figure 11: Sequence 2 - Core collapsed liquid level - inner ring 1 

 
 

Figure 12: Sequence 2 – Total hydrogen production 

 
 

Figure 13: Sequence 2 – Total mass of molten material 
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4.3  SLB sequence with high flow rate reflooding 

 

Three calculations have been performed for the third specified sequence (surge-line break with loss of off-

site power, high reflooding rates): 

 Base case without reflooding 

 Start safety injection (360 kg/s) for 1000 sec when melt mass reaches 10 tons 

 Start safety injection (360 kg/s) for 1000 sec when melt mass reaches 45 tons 

 

With the interruption of the safety injection after 1000 sec, a second core dry-out with melt production and 

relocation is expected for this third sequence. Since melt relocation into the lower head in the code version 

ATHLET-CD Mod 2.2C was described as a one-step process, it was decided to use the new code version 

Mod 3.0A, which optionally models melt relocation more realistically as a continuous process. 

 

As a regression test, the calculation of the base case, without reflooding, has been repeated with the new 

code version. Besides the new melt relocation option in AIDA, the only change in the input data set was the 

coast-down time of the feedwater pumps (60 instead of 1 sec), which was the main reason for the earlier 

code degradation calculated by ATHLET-CD in comparison to the other codes, as shown in the uncertainty 

analysis presented in Chap. 5.2 of the main report. 

 

The main results of the ATHLET-CD calculations are depicted in Figs. 14 to 19. The black, dashed curves 

refer to the base case without reflooding, the blue ones to the safety injection after 10 tons melt, and the red, 

dashed ones to the safety injection after 45 tons melt. A chronology of the main events is presented in Table 

7. The core status at the end of the calculations is summarized in Table 8. 

 

In general, the results of the simulation of the base case are similar to those presented in the previous sub-

chapter. As shown in the sensitivity analysis presented in Chap. 5.2, the longer coast-down time of the 

feedwater pumps delays the start of core degradation and consequently the calculated time point of vessel 

failure. On the other hand, the new relocation modelling option in AIDA leads to an about 6 minutes earlier 

vessel failure. Both effects compensate each other. 

 

In both cases with reflooding, the high safety injection flow rates are enough to quickly refill the pressure 

vessel and to quench the degraded core, including the magma relocated into the lower head. The thermal 

interaction between ECC water and hot magma leads to a strong steam generation, which in turn promotes 

cladding oxidation, hydrogen generation (Fig. 18) and a significant increase of the system pressure (Fig. 14). 

 

With the interruption of the safety injection, decay heat cannot be removed any longer. The core region dries 

out again, leading to a second core heat-up and additional core degradation (Figs. 16 and 17). In the case 

with slightly degraded core (LPIS@10ton), there is considerable melt relocation into the lower head at about 

100 min after break opening (Fig. 19). The hot magma in contact with the residual lower plenum water 

causes again a strong evaporation and hence an increased hydrogen generation due to cladding and metallic 

melt oxidation. The generated steam provides a partial cooling of the core region (Fig. 17). However, the 

corresponding pressure increase seems to be again underestimated (Fig. 14).  

 

About ten minutes later core heat-up and melt formation proceed again, leading to a third major melt 

relocation into the lower head between 8000 and 8500 s (Fig.19). Afterwards, the residual water evaporates 

completely, and vessel failure is predicted to occur at t =10852 s. At this time point, the magma relocated 

into the lower head amounts to 52.5 tons.  

 

In the case of reflooding with highly degraded core (LPIS@45ton), after the interruption of the safety 

injection at t = 2780 s, the core heat-up was considerably delayed (Fig. 16 and 17). The decay heat generated 

in the lower plenum was high enough to maintain a liquid melt pool, which causes a vessel failure due to 

thermal stress at t = 8684 s. Nevertheless, the calculation has been extended until 12000 s in order to assess 

several vessel failure criteria. 
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Table 7: Sequence 3 – Chronology of main events 

Event (s) No LPIS LPIS@10t LPIS@45t 

Loss of off-site power and surge line break 0 0 0 

Reactor scram and primary pump trip 0 0 0 

Full steam generator dry-out - - - 

First fuel rod clad perforation/burst 667 667 667 

Total core uncover ~680 ~680 ~680 

First clad melting and dislocation 1284 1284 1284 

First ceramic melting and dislocation 1620 5834 1620 

First molten material slumping into lower plenum 1529 1435 1531 

Start of safety injection (360 kg/s) - 1400 1780 

Stop safety injection - 2400 2780 

Vessel failure 3981 10852 8684* 

End of calculation 3981 10852 12000 

      * Value depends on the selected criterion (s. also Chap. 5) 

 

 

 

Table 8: Sequence 3 – RCS status at end of calculation 

Parameter Base Case LPIS@10t LPIS@45t 

Primary coolant mass inventory (ton) 13.8 15.9 37.1 

Generated H2 mass (ton) 0.16 0.20 0.16 

Mass of molten Zr (ton) 16.7 13.2 15.5 

Mass of molten ZrO2 (ton) 0.68 0.88 0.41 

Mass of molten UO2 (ton) 48.4 38.7 33.8 

Mass of molten control rods (ton) 3.9 3.5 3.8 

Mass relocated into LP (ton) 66.3 52.5 49.1 

Total magma mass (ton) 69.2 55.9 53.1 
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Figure 14: Sequence 3 - Primary pressure 

 
 

Figure 15: Sequence 3 – Total primary coolant inventory 

 
 

Figure 16: Sequence 3 –Core collapsed liquid level - inner ring 1 
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Figure 17: Sequence 3 - Fuel rod temperatures at top of core  

 
 

Figure 18: Sequence 3 – Total hydrogen production 

 
 

Figure 19: Sequence 3 – Melt mass relocated into lower head 
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5.  Main results from sensitivity analysis 

 

Besides the combined uncertainty and sensitivity analysis on the results of the ATHLET-CD simulation of 

the base case of sequence 2 (Surge line break with loss-of-offsite power, without reflooding), presented in 

Chap. 5.2 of this report, some additional parametric studies have been performed in the frame of this 

benchmark. One of them addressed the modelling of Zr oxidation. For the Sequence 1 (SBLOCA) without 

reflooding an additional calculation has been carried out with the correlations of Leistikov (low temperature 

range) and Prater/Courtright (high temperature range). 

 

While the results concerning hydrogen production in the low temperature range (T < 1800 K) were very 

similar to the original calculation, the use of Prater/Courtright in the high temperature range led to about 

20% lower hydrogen production than with the Urbanic/Heidrick correlation, as well as about 10% less melt 

mass. The predicted time for vessel failure was however similar for both cases. 

 

Additional calculations have been performed to assess the various modelling options to describe lower head 

failure in ATHLET, which were not taken into account in the combined uncertainty and sensitivity analysis. 

Two cases have been considered: Sequence 1 (SBLOCA) without reflooding and Sequence 3 (SLB+LOOP) 

with reflooding at high core degradation. For both cases, four different model options have been assessed: 

 

 Response surface method ASTOR (recommended option in ATHLET-CD). 

 Larson-Miller approach. 

 Larson-Miller approach with additional consideration of instantaneous plastic rupture. 

 Simple temperature criterion. 

 

Furthermore, for Sequence 1 two different melt configurations in the lower head have been considered: 

homogeneous distribution and metallic melt segregation. The main findings can be summarized as follows 

(Tab. 9): 

 

 The simulation of metallic melt segregation leads generally to an earlier vessel failure, but the time 

difference is not as large as expected a priori.  

 For Sequence 1 (high system pressure) the response surface method ASTOR and the Larson-Miller 

approach predict similar failure times, while the simple temperature criterion and the consideration of 

instantaneous plastic rupture lead to considerably earlier failure times. 

 For Sequence 3 (low system pressure) the Larson-Miller approach did not predict vessel failure until the 

end of calculation. 

 All model options predict vessel failure at the same azimuthal position. 

 Modelling of vessel failure is one of the main sources of code uncertainties and must be further assessed 

against experimental data. 

 

Finally, the calculations performed with the debris bed module MEWA were not successful due to strong 

numerical instabilities in two-phase flow conditions. 

 

 

Table 9: Predicted vessel failure time (sec) 

Sequence ASTOR Larson-

Miller 

LM+plastic 

rupture 

Temp. 

criterion 

SBLOCA without reflooding 

(homogeneous melt) 

10720 11095 7964 8388 

SBLOCA without reflooding 

(metallic melt segregation) 

10600 10360 N.A. 7230 

SLB with reflooding at high rates after 

large core degradation 

8684 - 6509 7500 
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6.  Final remarks 

 

The ATHLET-CD results for the TMI-benchmark are physically reasonable and comparable to the results 

of other participants, mainly with respect to the thermal-hydraulics of primary system and to the predicted 

total mass of hydrogen produced in the early phases of core degradation. 

 

The main observed discrepancies are related to core degradation evolution in the late phases, including 

cooling of the degraded core geometry and the simulation of melt relocation into the lower head. In 

general, ATHLET-CD simulations predicted non-coolability and vessel failure for a smaller degree of core 

degradation, in comparison to other participants (about 50 ton of melt relocation into the lower head were 

enough to cause vessel failure, according to the calculations). 

 

The participation in this TMI benchmark was the first application of the new lower head module AIDA for 

reactor calculations. It provided an important feedback for the ATHLET-CD code development. The 

original AIDA module within ATHLET-CD versions 2.2B and 2.2C simulated melt relocation into the 

lower plenum as a one-time process. This approach was acceptable for Sequence 1, where a failure of the 

core lower grid plate was assumed to occur, as well as for Sequence 2, with some restrictions. However, it 

could not be applied to Sequence 3, where a second core dry-out was expected after the stop of the safety 

injection. For the current code version 3.0A, a new option has been introduced, which allows continuous 

melt relocation into the lower plenum. Besides that, the original AIDA input was not user-friendly and 

therefore, it has been adapted to the general ATHLET-CD data structure for this new code version. 

 

It is important to note that the modelling of late phase phenomena in ATHLET-CD, especially of melt 

thermal behavior in the lower head and its interaction with the pressure vessel walls, still needs a thorough 

assessment against experimental data. 

 

With respect to code performance, the simulations up to the start of safety injection were in general faster 

than real time (an average time step between 0.1 and 0.2 s), with a noticeable increase of processing time 

during the reflood phase, but still with a ratio between CPU time and real time less than 5. These figures 

indicate a rather good and robust code performance and show the adequacy of the coupling technique 

between the thermal-hydraulics and core degradation models. The performed calculations with the new 

version 3.0A documented also the improved numerical stability and code robustness, especially for the 

sequences with reflooding. 

 

Furthermore, some calculations have been repeated in three different platforms, with different operating 

systems and FORTRAN compilers. The results were practically identical, confirming the good code 

portability. 

 

Finally, the benchmark calculations showed that the simulation of core degradation phenomena is strongly 

dependent on the choice of code input parameters. The choice of model options in the code should be 

reduced in order to minimize user effects. Furthermore, uncertainty analyses, taking into account the 

influence of the combined variation of input parameters and modelling options, are recommended to 

support and complement code applications for deterministic plant analyses. 
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APPENDIX A.4 IBRAE RAS CALCULATIONS WITH THE SOCRAT CODE 

A. Kapustin, K. Dolganov, D. Tomashchik 

Nuclear Safety Institute of Russian Academy of Sciences 

 

 

1.  Introduction 

 

This report presents the results of the work carried out at IBRAE RAS in the framework of the Benchmark 

Exercise based on TMI-2 plant. The Benchmark Exercise is being conducted by the Working Group on the 

Analysis and Management of Accidents (WGAMA) of OECD/CSNI. 

The calculations reported herein have been performed using the computer code SOCRAT that is a best-

estimate analysis tool designed in IBRAE RAS for simulating the nuclear reactors behavior under severe 

accident conditions. 

 

2.  Description of code model used 

 

The SOCRAT (System Of Codes for Realistic AssessmenT of severe accidents) computer code [1] is a best-

estimate numerical tool for simulating the nuclear reactor severe accident behaviour. SOCRAT has been 

developed in tight cooperation with different institutes of national nuclear industry. These include VVER 

designers, scientific centres (RFNC-VNIIEF, Kurchatov institute, IPPE). It is used by IBRAE RAS, OKB 

Gidropress, Kurchatov institute, Moscow and Saint-Petersburg Atomenergoproekt. 

 

First version SOCRAT/V1 was licensed by national nuclear authority in 2010 and allows self-consistent 

modelling of physical processes typical for in-vessel stage of severe accidents at VVER reactors. Another 

version SOCRAT/V3 is used for numerical analysis of radiological consequences of severe accidents. It 

includes all the models of version /V1 and is also supplemented by the models of fission product behaviour 

in primary side and in the containment, point neutron kinetic model, core-concrete interaction model, and 

special models of equipment and safety systems. Fig. 1 illustrates the capabilities of SOCRAT/V3 version. 

SOCRAT is widely validated on experimental data from integral and separate effect tests and on 

international standard problems. 

 

SOCRAT has a modular structure. Each module allows modelling of a separate set of physical processes, 

and coupling of modules through the common interface standards assures the modelling of interaction 

between different processes. Some of these modules are computer codes developed by different Russian 

institutes. 

 

The hydrodynamic module RATEG of the code SOCRAT features a nonhomogeneous and nonequilibrium 

two-fluid model of a two-phase steam-water mixture (including incondensables) that allows modelling of 

different flow regimes in the LWR systems under normal operation and accident conditions. Heat transfer 

in solid structures can be modelled in either one or two-dimensional approaches. 

 

The core degradation phenomena are modelled by SVECHA code package which is capable of simulating 

a comprehensive range of severe accident phenomena such as zirconium oxidation in rod-like geometry 

(including external and internal cladding oxidation, and steam starvation conditions), cladding strain and 

burst, radiation heat exchange, interaction of UO2 with Zr, dissolution of UO2 and ZrO2 by molten 

zirconium, material melting and relocation, melt oxidation, blockage formation, and heat transfer by 

convection. 
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The third basic module HEFEST is used to simulate phenomena that take place after the molten material 

slumping to the lower plenum, such as interaction of the corium with the reactor vessel wall, heat transfer 

in the corium, stratification in the liquid phase, vessel thermal failure, etc. 

 

In addition to this, the version SOCRAT/V3 comprises special modules to simulate fission product 

accumulation in the fuel (BONUS), fission product release and behaviour in primary side and containment 

(PROFIT and CONT_FP), containment thermal hydraulics (KUPOL-M and ANGAR), molten fuel and 

coolant interaction (VAPEX-M), molten core-concrete interaction (HEFEST-EVA), etc. 

 

Figure 1: SOCRAT modelling capabilities 

 
 

PWR-like core degradation phenomenology implemented in SOCRAT is based on experiments and 

includes the following stages. After major voiding of the core the fuel rods start to heat-up. As the 

temperature of the cladding increases the zirconium oxidation in steam is initiated. The zirconium 

oxidation reaction leads to the cladding surface being enriched with oxygen taken from the ambient steam. 

When steam is abundant around the cladding the oxidation rate depends on the oxygen transport across the 

cladding material; therefore, in this case diffusion is the main mechanism that governs the cladding 

oxidation and limits the oxidation rate in solid state condition. As oxygen is accumulated in the cladding 

outer layer, a shell of ZrO2 is formed on the cladding surface. Under steam starvation conditions, oxygen is 

no longer abundant in the hydraulic channel and the oxygen intake by cladding surface is ceased. From the 

other hand, the oxygen that has already been accumulated near the surface continues to diffuse from the 

outer layer into the cladding thus decreasing the oxide shell thickness. At a certain time, the diffusion of 

oxygen may lead to a complete vanishing of the oxide layer. Oxidation may take place not only on the 

external surface but also on internal one as a result of fuel-cladding interaction due to gas gap closure or 

cladding burst that makes it possible for steam to penetrate into the gap. 

 

Oxidation of Zr produces hydrogen and heat. When the cladding temperature exceeds 1500 K the oxidation 

rate increases considerably provided that steam is abundant and that the oxide shell is not too thick. For 

instance, experimental investigations [6, 7] show that oxide shell thicker than 0.3 mm prevents the 

intensive oxidation of Zr cladding at temperatures up to 1873 K. This means, for example, that a fuel rod 
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bundle with an oxide shell of 0.3 mm on the surface of the claddings can be successfully reflooded even at 

rather high temperatures. Unlike the preoxidized cladding, an unoxidized one (which does not present a 

considerable ZrO2 layer on its surface) undergoes very intensive oxidation at 1500 K with additional heat 

production that leads to further heating up and melting of the fuel rods cladding. 

 

The melting point of ZrO2 exceeds that of metallic Zr; therefore, a shell of zirconium dioxide is able to 

retain zirconium melt within the cladding so that the liquid zirconium does not directly contact with steam 

until the oxide shell is broken. It fails due to high temperatures or crack formation and then the melt 

appears on the surface of the cladding. In the melt, oxygen transport is governed by convection which is 

much more effective than diffusion. Therefore, oxidation rate of liquid zirconium (or liquid mixture 

containing metallic Zr) streaming as drops or rivulets on the surface of fuel rods is about 10 times larger 

than the oxidation rate of solid cladding (provided that there is sufficient amount of steam). Different low 

melting-point eutectics may form as a result of liquid Zr contact with UO2. 

 

Since the lower portion of the core is relatively cold, the melt downward relocation is limited by formation 

of solid blockages where the melt contacts with cold surfaces. The process of blockage build-up and 

remelting may be quite long in some scenarios, but sooner or later the melt gets in contact with the core 

lower grid or attacks the baffle and barrel walls and penetrates through them to lower plenum. When first 

portions of melt pour into lower plenum filled with water they produce a lot of steam. That steam coming 

to the core may reoxidize the remaining Zr with more heat generated and more molten material relocated to 

the lower plenum. All these processes are modelled in SVECHA module. After the degraded core material 

relocates to lower plenum the corresponding processes are modelled in HEFEST module. Through 

modelling of different processes inside the corium the temperature distribution within RPV wall is found, 

and, in the case of weak external cooling, the time and location of vessel failure are evaluated. 

 

Oxidation modelling in SOCRAT includes models for oxidation of Zr, stainless steel and boron. The 

models of oxidation of stainless steel and boron use correlations based on experimental data. 

Regarding the zirconium oxidation kinetics, the code SOCRAT uses two universal models: one model is 

used for oxidation of solid cylindrical clads, and another one is used for oxidation of the melt. The 

universality of the models is achieved by the basic equations describing the physics of the processes. Both 

models are based on numerical solution of continuity equations for oxygen, zirconium, and uranium, and 

are considered to be realistic. Two different oxygen transport mechanisms are taken into account in the two 

models. For solid materials, the oxidation rate is limited by oxygen diffusion across the cladding that is 

taken into account by solving the equation of oxygen diffusion within a system of material layers. In liquid 

phase the convection is the main transport mechanism that is much more intensive than diffusion. 

Convection equations are solved to simulate the transport of oxygen, zirconium and uranium in the melt. 

The approach makes it possible to describe the oxidation process in a wide range of configurations and 

different conditions observed in severe accidents. 

 

The main assumption of the model of solid clad oxidation used in SOCRAT is that oxidation kinetics is 

governed by diffusion of oxygen across clad material. The model considers Zr oxidation by steam and by 

interaction with fuel. In accordance with physics, during oxidation of the cladding on both sides (internal 

and external) a system of cylindrical layers is forming: β-Zr – α-Zr(O) – ZrO2 by channel side and UO2 – 

α-Zr(О)+(U,Zr)– (U,Zr)– α-Zr(O) – β-Zr by fuel side. 

 

The model takes into account the global oxygen content and its spatial distribution within the clad and 

diffusion of oxygen in the complex system of forming material layers. This allows modelling the oxide 

dissolution in the cladding and the oxide (ZrO2) shell thinning that may occur under steam starvation 

conditions. Cracking of ZrO2 shell occurring during clad strain and consequent oxygen penetration into 

metallic layer is also taken into account. 
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The model is based on solution of Fick’s law for oxygen and continuity equation for non-compressible 

zirconium cladding. The total flux is represented both by diffusion flux and by flux generated by layer 

movement (for example, due to volumetric expansion of material following phase transformation). 

Diffusion coefficients in different materials are defined from experiments. These equations are 

supplemented with closure relations for oxygen concentration, Zr and uranium densities at the boundary 

between two consecutive layers. 

 

Such a model uses temperature profile in cladding, cladding ballooning and steam mass in the core as input 

parameters calculated in different modules of SOCRAT. The model allows predicting complex structures 

of layers inside the cladding depending on oxidation conditions. For instance, Fig. 2 shows an evolution of 

layers during Zr oxidation on both sides of the cladding. 

 

Figure 2: An example of evolution of layers during Zr oxidation on both sides of the cladding 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the temperature exceeds 2105 K, the alpha-phase of Zr starts to melt, and the previously described 

oxidation model is no longer applicable because the oxidation is now governed by convection process and 

not by diffusion. Interaction of Zr with UO2 results in forming the low-melting point eutectic U-Zr-O, and 

following the raise of temperature the eutectic may dissolve most of fuel. The melt itself is kept inside the 

fuel rod by a thin shell of ZrO2 which has a higher melting temperature. When that layer breaks, the melt 

releases on the cladding surface and then relocates down in form of drops or rivulets. 

 

In order to model the oxidation of the melt the convection processes are taken into account in SVECHA 

module. Similarly to the oxidation in solid rod-like geometry, the melt oxidation model of SOCRAT is 

based on continuity equations for oxygen and Zr, but, now the convection is assumed to be the governing 

phenomenon for the oxidation kinetics. In addition to U-Zr-O mixture, other eutectics are also considered 

(for instance, steel-B4C) that appear as a result of interaction between different core and in-vessel 

materials. 

 

Candling of melt on the surface of a cylindrical solid element or inside cylindrical gap is modeled using a 

system of differential equations of momentum, mass and heat balance. 

The model considers the following effects that govern the process of melt downward relocation: 

 different regimes of candling (drops, rivulets of different lengths, flow in chinks and free flows, 

films); 

 transient processes (transformation from drop to rivulet, liquid element disintegration due to capillary-

viscous-gravitational interaction, freezing); 

 transient heat transfer of the melt with underlying surface; 

 capillary effects (hysteresis of wetting angle, contact resistance, surface wetting); 

 viscous effects. 
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In the material relocation model, the melt starts to move as a drop provided that the size of the drop 

exceeds the first critical volume so that the gravity forces dominate the capillary ones. When the size of the 

drop exceeds the second critical volume, it changes to a rivulet, because its kinetic energy becomes so high 

that capillary forces are not sufficient anymore to keep the form of a drop. 

 

In accidents when the core is voiding slowly (like SBO or SB LOCA) the core upper part can be melted 

down while the lower part is covered with water. Under these conditions, the melt freezes on cold surfaces 

and forms channel blockages (or crust). After the melt is resolidified it does not resume its way to the 

lower part of the core until the crust is reheated and remelted. Further portions of the melt supported by the 

crust can form a large molten pool. Convection processes in the molten pool leads to mass and energy 

transfer from the core centre to the periphery so that the melt can attack the core shroud and the barrel. In 

order to simulate such phenomenology, SOCRAT is provided with models of convection, crust formation 

and dissolution, melt horizontal spread, and vertical stratification. 

 

Simulation of convection is done by using effective heat fluxes specified by Nu versus Ra correlations. 

Multi-component melts are also taken into account in convection model. 

 

The molten pool is considered as a system of non-mixing components. The material exchange between two 

neighbouring cells is modelled in a simple way shown in Fig. 3. Stratification of the melt into several non-

mixing phases was observed in RASPLAV and MASCA experiments. Based on these experiments, it is 

assumed that the U-Zr-O mixture is not stratified unless steel is present. If some steel is present in the melt 

it stratifies into metallic and oxide layers in accordance with their densities. Formation of the crust at the 

boundaries between the melt and colder surrounding structures or gas is modelled by solving a Stephan 

problem. 

 

Figure 3: Illustration of the simulation of horizontal spread in the convection model 

 
 

                  Figure 4: Two paths of the melt 

relocation to the LP in a WWER reactor 

 
 

Melt relocation in lower plenum may take place by two 

paths (Fig 4). The first path is through the core lower grid. 

When the temperature of the lower grid reaches 1700 K the 

grid is considered failed, and all the core material is 

assumed to slump into the lower plenum. Besides, as the 

grid has orifices for coolant flow, some part of melt 

penetrates through these holes to the lower plenum. Usually 

this is the material with low melting temperature, steel for 

example, or low-temperature eutectics. The second path 

simulates the radial convection of the molten corium within 

the core from the centre to the baffle, melting of the baffle, 

interaction with the core barrel, and local failure of the 

barrel shell. Once the barrel wall locally fails due to 

melting, the part of melt driven by convection to the barrel  
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region is assumed to be relocated into the lower plenum. In some scenarios both paths may be present. 

 

The corium-structures interaction in the RPV lower head is modelled using HEFEST module of SOCRAT. 

The numerical procedure is based on finite element method of solution of 2D energy equation along with 

material relocation algorithms. The model takes into account the 2D heat and mass transfer through the use 

of effective heat conduction coefficients, composition of the corium, radiation heat exchange, stratification 

of metals and oxides in liquid state. The treated configurations are: debris in lower plenum, normally or 

inversely stratified molten pool in the lower head together with RPV wall thermal erosion. In the model, 

the vessel breach and consequent melt release to reactor cavity are assumed to occur on local melting of 

the vessel wall. An illustration of RPV wall melting calculated by HEFEST module is shown in Fig. 5. 

 

Figure 5: Illustration of the simulation of melt stratification in the lower plenum 

 
 

 

3.  TMI-2 plant and core nodalization 

 

The TMI-2 hydraulic nodalization (Fig. 6) is based on the plant geometry data given in [2]. The plant 

model consists of the reactor pressure vessel, the two coolant loops A and B, two once-through steam 

generators OTSG-A and OTSG-B, four cold legs each comprising a main coolant pump, and the 

pressurizer with the surge line. The reactor pressure vessel model comprises the inlet chamber, the 

downcomer, the lower plenum, the core region, the core bypass, the upper plenum, and the upper head. The 

total number of hydraulic volumes is 195. A hot leg consists of 24 hydraulic cells; each cold leg comprises 

13 control volumes. The main coolant pumps are simulated using the homologous curves given in [2]. Four 

high pressure injection lines deliver water to each cold leg. The make-up water is connected to the loop B 

cold legs 1 and 2. The primary side of each steam generator is modelled by 22 hydraulic cells, the 

secondary side being simulated with 40 volumes. 
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Figure 6: TMI-2 plant nodalization 

 
 

The reactor core is simulated by 6 parallel channels simulating 6 concentric rings of the core, with the core 

active section divided into 20 axial cells. The radial profile of the core power given in [3] has been used in 

the input model (Tab. 1). Fig. 7 shows the initial temperature distribution within the heat structures 

simulating the core, core baffle, core barrel and the core lower grid. 

 

Fig. 8 shows the finite element mesh used by HEFEST module of the code SOCRAT to simulate the late 

phase of the accident when molten material reaches the reactor lower plenum. The finite element model 

consists of 8619 mesh points and 8440 elements. 

 

Table 1: Radial profile of core power 

Ring Peaking factor Number of fuel rods External radius (m) 

1 1.2572 1040 0.27 

2 1.2127 3120 0.54 

3 1.1469 5200 0.81 

4 1.0596 7072 1.08 

5 0.951 9152 1.35 

6 0.8198 11232 1.665 

 

Figure 7: Initial temperature profile in the core 

components and in-vessel structures 

Figure 8: Finite-element mesh of PWR 

 
 

 
pressure vessel 
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The modelling options used for simulating the core degradation phenomena are presented in Table 2. 

 

Table 2: Modelling options 

Parameter  Correlations/values 

Zircaloy oxidation kinetics  

800…1250 K – parabolic oxidation kinetics  

1250…2105 K – diffusion model PROF /Zr-O/ 

2105…3000 K – diffusion+convection model LIQF /U-Zr-O/  

ZrO2 Shell Failure  

T > 2300 K and e < 0.3 mm or T > 2500 K, 

T – oxide shell temperature 

e – oxide shell thickness 

Cladding mechanical 

failure criteria  

Combined criterion: 

calculated stress more than stress limit OR calculated hoop strain more 

than strain limit 

Melting temperature of 

oxide (UO2 and ZrO2)  

UO2 (irradiated): 2850 K  

ZrO2: 2900 K  

mixture U-ZR-O: 2250…2850 K (depends on composition)  

Melting temperature of Zr 2250 K start of candling of the Zr rods 

 

 

4.  Main results from transient analyses 

 

In this section, the main results of the base case and reflooding scenarios are presented. Each calculation is 

ended either by vessel failure or by reaching a “stable condition” that implies a successful reflooding of a 

degraded core. 

A successful reflooding means that the integrity of the reactor pressure vessel is maintained and the total 

energy stored in the reactor (including the core intact and degraded parts, debris, melt, and reactor 

internals) is decreasing. The latter is fulfilled provided that the heat removal is greater than the power of all 

heat sources in the reactor so as to decrease the accumulated heat and to shift the reactor state to a safe 

condition. In order to define the stable condition three qualitative criteria are proposed (Tab. 3), each 

supported by several quantitative and qualitative criteria. The main qualitative criteria are: 

1. Reactor pressure vessel is intact; 

2. The power of heat removal is greater than the power of all heat sources in the reactor; 

3. The reactor is in a relatively safe state. 

 

To make sure that the vessel is intact the distributions of different quantities such as material density, 

material composition and temperature within the finite-element mesh are checked. The plots showing the 

distribution of the quantities are examined in terms of heat erosion or breach in vessel wall. It should be 

noticed here that the plots are made by post processing software and the analysis is supported by some 

illustrative features of the software. For instance, boundaries between different material regions are plotted 

making it possible to check if the elements initially containing the stainless steel of the lower head wall 

change the material or transform to liquid state. In addition to the postprocessor plots, zero mass of corium 

released out of the vessel can confirm the vessel integrity; therefore, a corresponding quantity calculated 

by the code is used. 
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The main parameter to determine that the heat removal exceeds the power of all heat sources is the integral 

enthalpy of the material in the core. The resolidification can be checked by the derivative dMl/dt (the time 

derivative of the melt mass), but the code does not give the derivative as an output parameter. The mass of 

liquid melt is used instead. Decrease of core temperature can be an evidence of the core cooling. Also it is 

assumed that the zirconium oxidation is stopped in the “stable condition”. 

 

Another condition required for the reactor to be in a stable condition is that the water level is recovered to a 

certain rate which allows an effective cooling. Therefore, the core water level is used to identify the 

condition as safe. The time of total recovery of water level is determined though a partial water level 

recovery may be enough to maintain cooling. 

 

An additional qualitative criterion is introduced to make sure that the reactor is in a relatively safe state. 

The main parameter to confirm the safe state is that the core temperature is less than 1500 K to prevent 

intensive oxidation of zirconium (that takes place at temperatures above 1500 K). In addition to this, the 

decrease of coolant temperature has been chosen to confirm a safe state to make sure that the reactor is 

cooled down. 

 

Table 3: Criteria defining a stable condition after core degradation 

Criteria defining a “stable condition” The code calculated parameters 

1. Reactor pressure vessel is intact The distribution of density, material composition and 

temperature within the finite-element model of the reactor 

pressure vessel; 

The mass of corium released out of the vessel equals zero 

2. The power of heat removal is greater than 

the power of all heat sources in the reactor 

 

2.1 Core enthalpy is decreasing The integral core enthalpy 

2.2 Oxidation of zirconium has stopped The oxidation power is much less than decay power; 

hydrogen generation is stopped 

2.3 The core is covered by water Water level in the core 

2.4 The core reflooding has resulted in a 

total resolidification of the melt 

Melt mass is decreased to zero 

Zero liquid fraction in the material cell 

2.5 Core degradation stopped Mass of core degraded material does not increase 

2.6 Core temperature is decreasing Core temperature 

3. The reactor is in a relatively safe state  

3.1 Core temperature is below 1500 K Core temperature 

3.2 The coolant temperature is decreasing Coolant temperature in the reactor upper plenum 

 

 

4.1  SBLOCA sequence 

 

In this section, three alternative accident scenarios based on the TMI-2 plant are analysed each initiated by 

a small break LOCA with different reflooding conditions. In the first transient (the base case), no 

reflooding is simulated, the calculation proceeds to the complete core meltdown, corium slumping to the 

lower plenum, and vessel failure. In the second and the third transients, core reflooding is simulated by 

start-up of high pressure water injection when a total amount of the core degraded materials reaches 10 and 

45 tons, correspondingly. 
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The chronology of main events for the three scenarios is given in Tab. 4. In the next sections the 

calculation results of the transients are discussed in details with pictures included to illustrate the in-vessel 

core-degradation progression. 

 

4.1.1 Base case without reflooding 

 

The initial phase of the three scenarios is the same until the mass of degraded core material reaches 10 

tons. The initial event is a small break of 20 cm
2
 size in the hot leg of loop A with a simultaneous total loss 

of the main feed water. The transient initial phase involves the primary system depressurization, steam 

generators fast boil-off, the re-pressurization of the primary system due to the loss of secondary side heat 

removal, the reactor scram due to high pressure, and pressurizer PORV opening. After reactor scram the 

primary pressure starts to decrease. 

The pump trip is imposed on decreasing the primary mass inventory to 85000 kg that takes place at 2319 s. 

Switching off the pumps leads to reduction of the flow rate in the loops that causes the coolant in the hot 

legs to flow back to the reactor due to phase separation, the core water level being increased for a short 

period of time. 

 

The loss of coolant eventually leads to the core uncovery and cladding heatup. The water level drops 

gradually with an average rate of 2.86 m/hour. This rather slow level decrease results in that the upper core 

region is dried out and overheated while the lower core region is covered by boiling water producing a lot 

of steam to oxidize the zirconium in the core upper part. Zirconium oxidation due to cladding overheating 

starts at 3200 s. At this time the collapsed water level equals to 1450 mm. Fig. 9(b) shows the temperature 

distribution in the core at the moment. 

 

At 4270 s the cladding temperature exceeds 1500 K that leads to intensification of zirconium oxidation 

with the heat-up rate being increased considerably. At about 4280 s the temperature of the zirconium 

cladding in the upper part of the core reaches the melting point (Fig. 10(a)). About this time the calculation 

shows that the zirconium melt appears on the cladding surface and starts to relocate downward. The liquid 

zirconium dissolves UO2 with eutectics formed. Therefore, UO2 appears as a composition of the melt 

before reaching the melting point of ceramic. For instance, at 4300 s the melt candling on the surface of the 

central fuel assembly (Fig. 10(b) mesh # 18) contains 52 % Zr, 39 % ZrO2 and 9 % of UO2 while the 

temperature equals to 2346 K. First ceramic melting occurs at 4380 s (Fig. 11(a)). 

 

At 4442 s into transient, the degraded material mass reaches 10 tons; the core temperature distribution at 

that time is shown in Fig. 11(b). The core presents a geometry which is close to rod-like one, without 

molten pool formed, but some rods have candled in the upper part of the core. By this time, the bottom part 

of the core is covered by a water level of about 1.0 m, and there is enough steam to maintain the zirconium 

oxidation. The total hydrogen production by this time amounts to 125 kg, the mass of liquid Zr in the core 

is 1118 kg (Fig. 13(a)). 
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Figure 9: The core temperature distribution: a) initial steady-state; b) start of Zr oxidation at 3200 s 

        
a)                                                                                             b) 

At 4534 s the degraded material mass reaches 45 tons. The temperature distribution in the core at that time 

is shown in Fig. 12. At this time, the liquid melt contains about 3000 kg of UO2, 1120 kg of Zr and 

1200 kg of ZrO2, and the molten pool is already formed, while more than a half of the core bottom presents 

a rod-like geometry. The collapsed water level in the core is 0.8 m, the boiling water in the core bottom 

presents a considerable steam source to oxidize Zr in the fuel rods cladding as well as in the melt. The 

evolution of the total mass of ZrO2 in the core (Fig. 13(b)) shows that oxidation does not stop until 6200 s 

when the major part of molten material is relocated to the reactor lower plenum. 

Figure 10: The core temperature distribution: a) clad reaching the melting point at 4280 s; 

b) melt dislocation at 4300 s 

        
a)                                                                                             b) 

Figure 11: The core temperature distribution: a) first ceramic melting at 4380 s;  

b) degraded core mass 10 tons at 4442 s 

 
a)                                                                                             b) 
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Figure 12: The core temperature distribution: degraded core mass 45 tons at 4534 s; 

 

 
Figure 13: The mass of liquid components in the core (a) and the total mass of ZrO2 (b) in the 

reactor 

 

 
a)                                                                                             b) 

 

In 5000 s after the accident starts, more than 50% of the core is melted. In the middle of the core, the crust 

is formed that supports the molten pool. The crust prevents the molten corium from relocating downward, 

but the radial convection leads to melting of the baffle. At 5173 s the first material slumping occurs, the 

slumping path being through the degraded baffle and barrel (Fig. 14). Since the lower plenum contains 

water (see Fig. 15(a)), the relocated material produces steam that maintains oxidation of zirconium. 
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Figure 14: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) after the first material slumping to LP at 5173 s 

 
Figure 15: The mass of water in the RPV lower plenum (a), and the mass of molten material 

dislocated on the surface of the RPV bottom head (b) 

 

          
a)                                                                                             b) 

 

In 5715 s after accident start, a relocation of molten material of considerable mass begins (Fig. 15(b)). As 

molten material relocates to the RPV lower head water is boiling off in it; therefore, the oxidation of 

zirconium does not stop. 

 

At 5800 s the core is completely voided, a large molten pool is present in the core (Fig. 16) that contains 

about 60 tons of liquid materials (Fig. 13(a)), the major part being UO2. By this time, the mass of generated 

hydrogen amounts to 660 kg. At 6100 s the relocation of molten materials to the lower plenum is 

terminated, and hydrogen production due to zirconium oxidation almost stops. The total mass of hydrogen 

generated during the accident amounts to 739 kg. The reason for such a large mass of hydrogen predicted 

by SOCRAT in the SBLOCA base case is the oxidation of liquid mixtures containing metallic zirconium. 

To better understand the calculation results let us consider how SOCRAT simulates different oxidation 

mechanisms during different phases of the transient (small break LOCA base case is considered). As it was 

mentioned in Appendix A.4 section 2, two different oxidation models are used in the SOCRAT code, first 

one is used for modelling of oxidation of material in solid state, and second one – for modelling of liquid 

phase oxidation. Both models are based on numerical solution of continuity equation for oxygen (as well as 

for Zr and U) and are considered to be realistic, the difference between them being the oxygen transport 

mechanism in abundant steam environment. When there is enough steam for oxidation, in case of solid 
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material the rate of transport of oxygen is limited by diffusion process, while in liquid phase the governing 

mechanism for oxidation is convection which it is much more intensive than diffusion. 

 

In the transient considered here, the oxidation of solid Zr cladding in rod-like geometry begins at 3200 sec. 

The oxidation is simulated using diffusion model “PROF” that takes into account the transport of oxygen 

across a system of solid material layers inside the cladding so that the oxygen concentration near the 

cladding surface can increase or decrease depending on a mass of available steam in hydraulic channel. 

Since in small break LOCA there is enough steam, the oxidation model predicts the increase of oxygen 

concentration near the cladding surface, which may be interpreted as oxide shell (ZrO2 layer) growth. 

Liquid zirconium does not appear on rod surface until 4300 sec. By this time the cumulative hydrogen 

production reaches 26 kg. Thus, during the oxidation of Zr in solid geometry a relatively small amount of 

hydrogen is produced. 

 

According to SOCRAT results, the rod-like geometry of the core persists until 4300 sec when zirconium 

candling (melting and relocation) begins, and Zr melt starts to dislocate downwards as drops and/or 

rivulets. Oxidation of candling (streaming) melt is simulated in SOCRAT by “LIQF” model which 

considers convection as the governing process and takes into account formation of low melting-point 

eutectics. Oxidation of liquid Zr progresses about 10 times faster than the oxidation of solid claddings 

(again, provided that there is enough steam), with the corresponding increase of the heat produced by the 

chemical reaction. Thus, at 4500 sec the cumulative hydrogen production reaches 210 kg. It should be 

mentioned that oxidation of liquid Zr under conditions similar to ones of the considered transient was 

observed in PARAMETER experiments. In particular, the tests showed that in case when temperature 

exceeded 1800 K and outer ZrO2 layer was less than 0.3 mm the injection of water produced a very 

intensive oxidation of zirconium along with substantial core meltdown, and a considerable mass of 

hydrogen was generated. That experiment was analysed with SOCRAT with its oxidation model and the 

calculation results demonstrated rather good agreement with measured data [6, 7]. 

 

In 4600 sec into transient SOCRAT predicts formation of molten pool in the upper half of the core. The 

pool present a liquid mixture of UO2, ZrO2 and Zr (with concentration of Zr about 1-6 %) supported by 

resolidified ceramic material and solid UO2. Oxidation of the molten pool is limited since the outer surface 

of the pool is much smaller than surface of the candling rods. But the oxidation does not stop completely 

for the oxygen transport continues both by diffusion in solid material and by convection in liquid mixtures 

containing metallic zirconium. The rate of oxidation of the pool itself depends on pool surface available for 

contact with steam. SOCRAT model supposes certain porosity remaining in molten part of the core which 

may be varied by user and represents an uncertainty parameter. But in that scenario the total amount of 

hydrogen produced by oxidation of molten pool is relatively small (about 100 kg). 

 

Below the molten pool, melting and dislocation of zirconium claddings continues as water level in the core 

gradually decreases and new portions of the core get voided. The melt that appears on the newly uncovered 

rods flows down and resolidifies in relatively cold regions of the core forming a crust with concentration of 

Zr about 40 %. As the ceramic material supporting the molten pool reheats and gets liquid (due to water 

level drop) the molten pool relocates down for a distance of one cell length. So do the crust and zirconium 

melt below the molten pool. The oxidation of candling zirconium thus continues until the molten pool 

reaches the bottom of the core. Therefore, in the considered transient most of hydrogen is generated by 

oxidation of candling zirconium (or liquid mixture of Zr, UO2 and ZrO2 in form of drops and rivulets). 
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Figure 16: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) at 5800 s (core is completely voided) 

 
 

Below Fig. 17 shows the temperature distribution in the RPV finite-element mesh just before the vessel 

failure. In the base case, the vessel failure has been predicted to occur at 8754 s due to wall melting. 

 

Figure 17: Distribution of temperature in RPV lower head 10 seconds before the vessel failure 

 
 

4.1.2 Reflooding start-up at 10 tons of degraded core materials 

 

At 4442 s the mass of degraded core materials reaches 10 tons. At this time the high pressure water 

injection begins with the total flow rate of 25 kg/s that together with the make-up gives a flow rate of 

28 kg/s. 

 

Fig. 11(b) presents the temperature distribution and geometry of the core at the moment. It is seen that the 

geometry is close to rode-like one, and the molten pool has not yet been formed. It can also be seen that 

almost all the cells in the upper part of the core are heated to 2100 K and higher. According to some 

experimental data (for example, the Quench experiments [4] and [5]), reflooding the zirconium cladding at 

high temperatures (2100 K and higher) will result in a very intensive oxidation and degradation. Applying 
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the experimental results to the core configuration calculated by 4442 s (Fig. 11(b)), 40% of the core height 

cannot be successfully quenched without further core degradation because it is overheated more than 

2100 K. With the initial zirconium mass in the core of 20260 kg the expected hydrogen production due to 

oxidation of 40% of all zirconium can be estimated as 20260*4/91.2*0.4 = 355 kg. It should be taken into 

account that the energy released during the oxidation will produce additional degradation of the core, and 

the total hydrogen mass will raise even more. The calculation shows that after the reflood starts the 

degradation of the upper part of the core continues, and a molten pool is formed. The cumulative hydrogen 

production at the end of the calculation equals to 460 kg. 

 

Reflooding leads to water-level increase in the core. At 6200 s the water level reaches 3 m that corresponds 

to the top of materials remaining in the core. Fig. 18(a) presents the core geometry and temperature 

distribution at this moment. In spite of the core being covered by water, the molten pool exists until 8850 s. 

It should be noted here that the melt mass goes to zero when the liquid fraction in the last melt cell 

becomes less than 1.0 (starts to solidify) that happens at 7908 s. But the freezing itself takes some time; 

therefore, the calculated melt mass being zero does not correspond to the end of the resolidification of the 

cell. For instance, freezing of the last melt cell in this calculation lasts for almost 1000 s. The moment 

when the liquid fraction is zero is checked by post-processing visualization software (or manually in the 

code output). 

 

According to Tab. 3, the time of reaching the stable condition is determined as follows. First, it should be 

noted that no vessel failure has been predicted that can be confirmed by zero material mass relocated to the 

lower plenum. The density of material inside the RPV lower head is demonstrated in Fig. 19(a) showing 

that the lower head does not contain molten materials. 

 

Second, the power of heat removal should be greater than the power of all heat sources in the core. This is 

confirmed by 6 items that follow. 

 

1) The core enthalpy is shown in Fig. 20. The black line represents the base case, while the blue line and 

the red one show the results for the reflooding scenarios with injection started on reaching 10 and 45 

tons of molten materials. In the base case, a continuous increase of enthalpy takes place followed by 

sharp decreases due to material relocation to the lower plenum. In the reflooding scenarios, starting 

the water injection leads to decrease of the total enthalpy of core materials that confirms the heat 

removal from the core. 

2) Oxidation of zirconium stops at 8300 s. 

3) Water level in the core is recovered at 6750 s. 

4) The resolidification of melt (negative time derivative of the melt mass) in the core starts at 4952 s and 

completes at 8850 s (Fig. 18(b)).  

5) Degradation of the core stops at 5592 s. 

6) The core temperature shows a continuous decrease from about 8900 s. 

 

Third, the core temperature is decreased to less than 1500 K at 9750 s. At this time, the coolant 

temperature at the reactor outlet equals to 528 K and is continuously decreasing. 

 

The stable condition is, therefore, defined to occur at 9750 s. The core final state is shown in Fig. 18(b). 
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Figure 18: The core temperature distribution: a) water level reaches 3 m at 6200 s; 

b) the core final state at 9750 s (stable condition) 

 
a)                                                                                             b) 

 

 

Figure 19: Distribution of material density in RPV (a) at 9750 s,  

and evolution of melt mass in the core (b) 

 
a)                                                                                             b) 

 

 

Figure 20: The integral enthalpy of materials in the core 
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4.1.3 Reflooding start-up at 45 tons of degraded core materials 

 

The degraded material mass of 45 tons is reached at 4535 s. The core geometry and temperature 

distribution at that moment is shown in Fig. 12. At that time, a molten pool is formed in the upper half of 

the core, the region of 11/20 the core height is degraded. 

 

After the reflood starts, the lower part of the core is cooled down, while the upper part continues to melt. 

The complete core reflooding occurs at 6150 s when the water level reaches 2.8 m thus covering the top of 

the molten material. The calculation shows a large molten pool surrounded by solid material and covered 

by water (Fig. 21(a)). It should be mentioned that the melt has contacted with the baffle and the baffle has 

been damaged before the reflood starts. As the core degradation progresses a part of melt relocates 

horizontally to the baffle due to convection and is accumulated in the core bypass region. During reflood 

this material is successfully cooled while the molten pool under water needs another 2000 s to freeze. 

The core degradation reaches the 1/3 of the core height and then stops. The stable condition is reached at 

18400 s and has been defined using the same criteria that have been applied for the previous scenario. The 

total hydrogen production at the end of the calculation equals to 556 kg. 

 

Figure 21: The core temperature distribution: a) water level reaches 2.8 m at 6150 s; 

b) the core final state at 18400 s (stable condition) 

             
a)                                                                                             b) 

 

Figure 22: Distribution of material density in RPV (a) at 18400 s, & evolution of melt mass in the core (b) 

            
a)                                                                                             b) 
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Table 4: SBLOCA sequence: chronology of main events 

Event Reflooding 

at 10 tons  

Reflooding 

 at 45 tons 

Base case 

Break opening 0 

Pressurizer PORV opening 49 

Reactor SCRAM 52 

Pressurizer PORV closure 60 

Auxiliary feed water start-up 100 

Stop of primary coolant pumps 2319 

Zirconium oxidation start 3200 

Zirconium starts to melt 4280 

First fuel rod clad perforation/burst 4280 

First clad melting and dislocation 4296 

First ceramic melting and dislocation 4380 

Degraded core mass = 10 tons 4442 

Degraded core mass = 45 tons 4555 4534 

First molten material slumping in the L. P no no 5173 

The melt mass stops to increase 4916 5120 - 

The melt mass starts to decrease (negative time derivative of 

the melt mass) 

4952 

5746 
5140 - 

Core degradation stops 5592 5890 - 

Water level in the core is recovered 6200 (3 m) 

6750 

6150 (2.8 m) 

10600 
- 

Complete resolidification of melt (melt mass equals to zero) 8850 8250 - 

Oxidation of zirconium stops 8300 8380 - 

Core temperature is below 1500 K 9750 18400 - 

Stable condition 9750 18400 no 

Vessel failure no no 8754 

 

 
4.2  SLB sequence 

 

In this section, the results of five SLB calculations are presented. For all the five transients an initial event 

is considered that is the pressurizer surge line break. In addition to the break, the loss of off-site power at 

time 0 s is imposed. A base case calculation is performed without reflooding so that the core degradation 

proceeds to the vessel failure. Four reflooding transients are simulated starting the water injection at 10 and 

45 tons of molten material. Two reflooding rates are considered: the slow reflooding with the total 

injection rate of 28 kg/s; and the fast reflooding with the total injection rate of 360 kg/s. 

 

4.2.1 Base case without reflooding 

 

Unlike the SBLOCA sequence, the pressurizer surge line break presents a large break LOCA, for the surge 

line diameter is 222 mm that is enough to produce a quick blowdown of the reactor coolant. Figures 23-28 

illustrates the core degradation progression at different moments of time, while the chronology of main 

events is presented in Tab. 5. 

 

Because of the fast loss of coolant the whole core is dried out in 360 s and then an extensive core heat-up 

begins. Oxidation of zirconium starts at 446 s. 
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Figure 23: The core temperature distribution: a) core uncovery at 360 s; 

b) zirconium oxidation start at 446 s 

           
a)                                                                                             b) 

 

At 700 s the primary system is depressurized to nearly the boundary (1.5e+5 Pa) pressure; the break flow 

as well as the mass flow rate at the core inlet are reduced to nearly zero. The stagnation of the circulation 

leads to the steam starving conditions. Because of the slow oxidation and high temperatures the oxygen 

concentration in the oxide shell of the claddings is reduced. During 940-1300 s the code predicts the 

reduction of ZrO2 total mass (Fig. 29(a))) that is caused by oxygen diffusion across the zirconium 

claddings. 

 

The mass of degraded material reaches 10 tons at 1724 s. Fig. 25(a) shows the core temperature and 

geometry at that moment. By this time, the melting temperature of ceramic has not yet been reached, but a 

part of UO2 has been dissolved by Zr melt and candled in the form of low-melting point eutectic. 

 

Oxidation of Zr is rather slow until the relocation of molten material initiates the boiling of residual water 

accumulated in the lower head. A considerable slumping of material begins at 2780 s. The melt-water 

interaction in the lower head leads to production of steam that causes re-oxidation of the remaining Zr in 

the core. 

 

Figure 24: The core temperature distribution: a) steam starving conditions at 940 s; 

b) clad melting and dislocation at 1305 s 

 
a)                                                                                             b) 
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Figure 25: The core temperature distribution: a) degraded core mass = 10 tons at 1724 s; 

b) first ceramic melting and dislocation at 2045 s 

 
a)                                                                                             b) 

 

Figure 26: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) after the material slumping to LP at 2780s; 

 
 

 

Figures 27 – 28 show the distribution of different quantities (the material density, the temperature, the steel 

fraction, the UO2 fraction, and the liquid fraction in the finite-element mesh of the RPV lower head at the 

moment corresponding to the reactor vessel failure. The molten pool in the lower head is predicted to be a 

normally stratified melt with the light metal layer above the heavy oxide fraction. In the base case, the 

vessel failure is predicted at 6166 s due to wall melting. The total hydrogen production equals to 150 kg. 
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Figure 27: Distribution of density (a), and distribution of temperature (b) in RPV lower head 10 seconds 

before the vessel failure 

 
 

a)                                                                                             b) 

 

Figure 28: Distribution of UO2 in RPV lower head 10 seconds before the vessel failure 

 
 

Figure 29: The mass of ZrO2 (a); and the water mass in the lower head (b) 

          
a)                                                                                             b) 
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4.2.2 Low flow rate reflooding start-up at 10 tons of degraded core materials 

 

At 1724 s the mass of degraded core materials reaches 10 tons. The temperature distribution and geometry 

of the core at the reflood start is shown in Fig. 25(a). It is seen that the zirconium claddings in the central 

part of the core have been melted and collected in lower regions. The molten pool is not yet formed, for the 

ceramic has not yet been heated to melting point, but UO2 appears in a liquid state as a component of low-

melting point eutectic. In the bottom of the core, channel blockages of resolidified zirconium are present. 

 

The high pressure water injection starts at 1724 s with the total flow rate of 28 kg/s. The injection provides 

water source thus eliminating the steam-starved conditions and causing a significant change in oxidation 

rate. Since the major part of the core presents candling-rod geometry with plenty of Zr in liquid state as 

well as solid Zr in claddings at temperature of 2100 K and higher, a considerable increase of oxidation rate 

is expected should water enter the core. The expected evolution of a large break LOCA involves refill 

before the reflood. Similarly, in the considered transient the start of water injection first leads to refilling of 

the lower plenum. The actual increase of the water level in the core begins at 2070 s. Before this time, the 

code predicts a relocation of a portion (about 390 kg) of metallic melt to RPV lower head in 10 s after the 

injection initiation, and there has been an increase in hydrogen production rate for 100 s related to the 

relocation. But the main consequences of the reflooding do not become apparent until the lower plenum is 

refilled and the water level reaches the core bottom. When the core reflood actually begins (at 2070 s) 

almost all Zr in the core is collected in the bottom part of the core (see Fig. 30) as metallic melt 

surrounding the ceramic rods and supported by resolidified material. During the core reflood the code 

predicts a strong increase of oxidation rate along with reactor repressurization due to steam generation. The 

chemical reaction of water with liquid Zr produces heat that melts the solid blockages in the core bottom 

and initiates the molten material relocation starting at 2096 s and terminating at 2642 s. 

 

By 2642 s the total mass of corium relocated to RPV lower head equals to 52 tons, while a part of the core 

remains above the lower head (Fig. 31). The rest of the degraded core is then successfully cooled. The 

corium on the RPV bottom wall is reheated and turns into molten pool. At 9500 s the thermal erosion of 

RPV wall occurs because of the oxidic phase of the molten pool starts to interact with the vessel. Finally, at 

10824 s the code predicts the vessel failure due to the wall local melting through. 

 

The cumulative hydrogen production by the end of the calculation equals to 353 kg. The chronology of 

main events is presented in Tab. 5. 
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Figure 30: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) at 2067 s (begin of core reflood) 

 
 

Figure 31: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) at the end of material relocation at 2642 s 
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Figure 32: Distribution of liquid phase in RPV lower head at the moment of the vessel failure 

 
 

 

 

4.2.3 Low flow rate reflooding start-up at 45 tons of degraded core materials 

 

In this calculation, the high pressure injection starts when the mass of degraded core material reaches 

45 tons that occurs at 2562 s. Fig. 33 shows the core temperature and geometry at this moment. The 

effective core reflooding starts 204 s later (at 2766 s), after the lower head has been refilled. Slumping of 

the molten material to RPV lower head begins at 2278 s with relocating of about 5 kg, becomes 

considerable by 2645 s, and terminates at 2858 s. During this time, 64 tons of corium has relocated to the 

reactor lower plenum. The calculation shows that a part of the core remains above the lower core plate and 

is successfully cooled, but the corium in the reactor lower head is predicted to cause the vessel failure at 

6866 s. 

Compared to the transient with early reflood (at 10 tons of molten material), later reflood gives a smaller 

value of cumulative hydrogen production. The total mass of generated hydrogen equals to 192 kg. 

The timing of main events is listed in Tab. 4. 

 

 

Figure 33: The core temperature distribution at 2562 s (degraded core mass = 45 tons) 
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Figure 34: The distribution of material density in the RPV (left) and the distribution of the temperature in 

the core (right) at 2766 s (start of effective core reflood) 

 
 

Figure 35: Core geometry and distribution of temperature at 6854 s (10 seconds before the vessel failure)
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Table 5: SLB sequence with low reflooding rate: chronology of main events 

Event Reflooding 

at 10 tons  

Reflooding 

 at 45 tons 

Base case 

Break opening & loss of off-site power 0 

Reactor SCRAM 0 

Stop of primary coolant pumps 0 

Total core uncovery 360 

Zirconium oxidation start 446 

First fuel rod clad perforation/burst 627 

Steam starvation condition 940-1300 

Zirconium starts to melt 1300 

First clad melting and dislocation 1302 

Degraded core mass = 10 tons 1724 

First ceramic melting and dislocation 2045 

Degraded core mass = 45 tons 2097 2562 

First molten material slumping in the LP 1734 (390 kg) 2278 (~5 kg) 

Relocation of a considerable mass of molten material to LP 2096 2645 2780 

Start of core reflood (confirmed by increase of water level 

in the core) 
2070 2766 - 

Water level in the core is recovered 4550 (1.7 m) 6050 (~4 m) - 

Stable condition no no no 

Vessel failure 10824 6866 6166 

 

4.2.4 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

 

In this section, the results of the two reflooding transients with high injection rate are presented. 

Reflooding is initiated at 10 and 45 tons of molten material by starting the high pressure injection with a 

total rate of 360 kg/s for 1000 s. After 1000 s the injection stops and the process is let free to evolve further 

until the vessel failure. 

 

The fast reflooding transients have the same initial phases as the slow reflooding scenarios discussed in the 

previous section until the water injection begins. The calculations of transients with starting the fast reflood 

on reaching 10 and 45 tons of molten materials show that in either case the core reflooding first leads to 

increase of melt mass as well as hydrogen mass. The core degradation then is terminated as the water level 

in the core is recovered and a coolable geometry is reached. Fig. 36 illustrates the state of the core in the 

two calculations after 1000 s of water injection. The calculation with the early reflood (Fig. 36(a)) shows 

that the half of the core has been melted down. The molten pool of liquid mixture of UO2 and ZrO2 is 

surrounded by resolidified material limiting the steam access to the melt so that the melt is not oxidized 

unless the degradation resumes due to stop of water injection. In the second calculation (Fig. 36(b)), a part 

of the melt has relocated horizontally to the core bypass region thus increasing the surface area of material-

water contact and making core geometry more coolable. 
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Figure 36: The core temperature distribution after 1000 s of reflooding: a) reflooding start-up at 10 tons; 

b) reflooding start-up at 45 tons 

               
a)                                                                                             b) 

 

Since the reflooding phase lasts only for 1000 s it is hard to clearly identify the core geometry formed by 

the end of reflood as coolable and the core state as “stable conditions”. The geometry obtained in the 

transient with the late reflood (Fig. 36(b)) seems more feasible to cool that is also supported by the 

evolution of the liquid melt mass presented in Fig. 37(b). The liquid melt mass is continuously decreasing 

during the reflood phase that is an evidence of the cooling. It should be noted that the time axes of the plots 

shown in Fig. 37 are limited by the end of the reflooding phase. The behavior of the melt mass in the 

transient with early reflood (Fig. 37(a)) is uncertain, for the mass remains constant during the given time 

limit of 1000 s of reflood, and further relocation is still possible like it was observed in TMI-2 accident 

when the coolable core geometry was not achieved unless a portion of the melt had relocated to the core 

bypass and then to the lower plenum. 

 

Figure 37: The mass of the liquid melt in the two SLB sequences with fast reflooding: a) reflooding at 10 

tons, and b) reflooding at 45 tons 

 
a)                                                                                             b) 

 

Fig. 38 presents a comparison of calculated molten material mass (a) and total hydrogen production (b) in 

the five SLB transients. In the pictures, the end of the curves corresponds to the failure of the vessel. The 

solid lines represent the evolution of the mass in the base case as well as in scenarios with low reflooding 

rate, while the dotted lines correspond to the high reflooding rate calculations. Since steam starving takes 

place during the initial phase the minimum hydrogen mass (Fig. 38(b)) is calculated in the base case (no 

water injection) with minimum time to RPV failure. Slow rate injection does not stop the core melting and 

does not allow the corium retention inside the vessel, though the vessel failure occurs later. Calculations of 

reflooding transient with high rate water injection show more optimistic results, the core degradation 

completely stops until the reflooding is terminated. Termination of water injection after the reflooding 
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phase of 1000 s is followed by a second core uncovery, resuming of degradation and oxidation processes, 

and, finally, the vessel failure. 

 

Figure 38: The evolution of the molten material mass (a), and the cumulative hydrogen production (b) in 

the five SLB sequences with different reflooding conditions 

            
a)                                                                                             b) 

 

5.  Final remarks 

 

Three small break LOCA sequences as well as five surge line break scenarios have been analysed using 

SOCRAT code as part of IBRAE RAS contribution to ATIM-2 benchmark exercise. The overall analysis 

of the calculation results shows that the code allows modelling of all relevant phenomena. 

 

The obtained results of study of the coolability of degraded core are based on the phenomenology 

implemented in SOCRAT. While the core keeps the rod-like geometry the result of reflooding mainly 

depends on the cladding temperature and thickness of ZrO2 shell. For instance, if the temperature exceeds 

1800 K with the ZrO2 layer less than 0.3 mm the injection of water produces a very intensive oxidation of 

zirconium along with substantial core meltdown and a considerable mass of hydrogen generated that is 

demonstrated in experiments (e.g. QUENCH and PARAMETER). Should the temperature be less than 

1800 K and the oxide shell thicker than 0.3 mm the core is very likely to be successfully cooled with the 

hydrogen generation being relatively small. When a molten pool is formed the code’s prediction of melt 

oxidation will depend on whether steam can contact with the melt. 

 

Analysis of the SBLOCA sequences shows that early start of water injection reduces the cumulative 

hydrogen production compared to the transient with the late reflooding, while the transient without 

reflooding shows the maximum hydrogen release. On the contrary, in the surge line break scenarios the 

minimum mass of generated hydrogen is predicted in the base case, while injecting water leads to increase 

of the hydrogen production. 

 

In the calculation of surge line break sequences a short period of steam starvation is observed before start 

of water injection. During this period the code predicts the decrease of ZrO2 mass caused by oxygen 

diffusion into the metal that reduces the thickness of ZrO2 shell on the surface of Zr cladding. The 

importance of the effect is supported by experimental investigations. For instance, in QUENCH-09 

experiment [8] the steam starvation leading to thinning of protective oxide film is considered responsible 

for enhanced degradation of the rod bundle. In severe accident management analyses this effect may be 

significant and should be taken into account. 
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APPENDIX A.5 INRNE CALCULATIONS WITH THE ASTEC CODE 

Rositsa Gencheva, Antoaneta Stefanova, Pavlin Groudev 

Institute for Nuclear Research and Nuclear Energy – Bulgarian Academy of Sciences 

 

 

1.  Introduction 

 
This report presents the results and analyses from several calculations made with ASTECv2.0r2 and 

addressed to TMI2 benchmark exercise, which was organized by Working Group on the Analysis and 

Management (WGAMA) of OECD in cooperation with the SARNET2 European research program for 

Severe Accidents Research Network of Excellence – Phase 2, WP5-4 called: “Corium and Debris 

Coolability (COOL) – Bringing research results into reactor applications". The calculations were done in 

the frame of SARNET2 Mobility program which helps the researchers to form real teams and to exchange 

and disseminate knowledge to each other. Thanks to SARNET2 mobility program the researcher Rositsa 

Gencheva from (INRNE-BAS) was invited to work for two months at the (ENEA), Bologna, Italy under 

the guidance of Dr. Giacomino Bandini. As a result of this collaboration work the sensitivity TMI-2 

benchmark calculations for investigation of late reflooding of the degraded core were made with 

ASTECv2.0r2 computer code [2]. The results are discussed in this report. 

 

The main goal of this benchmark is to make a comparison between the results obtained by different severe 

accident computer codes representing the same scenario and to synthesize the conclusions. It will help for 

better understanding the physical processes phenomenology that may appear during severe accident and for 

improving the models included in the existing codes (including ASTEC computer code) [3, 4]. Some of the 

in vessel processes during the core degradation phase are not well understood till this moment. The 

difficulties appear because of several factors as well as the extremely higher temperatures, the high number 

of interacting components and the mixture of mechanical, physical and chemical processes that come 

simultaneously. 

 

This benchmark appears as a continuation of a previous ATMI benchmark [1]. The reference power plant 

design is the TMI-2 power plant [6, 7, 8]. For the calculations hereafter it was used an input deck prepared 

previously by Dr. Giacomino Bandini (ENEA). Some modifications have been done in the input deck in 

agreement with the Users’ Guidelines for ASTEC V2.0 (Revision 1), [5]. The reference input deck has 

been prepared for further simulations. 

 

After reaching stabilized steady-state conditions, around the nominal plant parameters shown in the 

specification report, two severe accident sequences are investigated: 

 

i. Small Break LOCA with Loss of main feed water 

 It has been investigated late degraded core reflooding by HPI system actuation, starting after 

reaching different values of total core degraded mass (10 tons or 45 tons). 

ii. Surge Line break (DEGB on the pressurizer surge line close to the hot leg) with simultaneous 

loss off-site power 

 It has been investigated later degraded core reflooding by HPI system actuation, starting after 

reaching different values of total core degraded mass (10 tons or 45 tons). 
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 It has been investigated later degraded core reflooding by LPI system actuation (360kg/s), 

starting after reaching different values of total core degraded mass (10 tons or 45 tons). LPI in 

primary side has been actuated for 1000 sec. and then it has been terminated. 

 

2.  Description of code model used 

 
The base TMI input deck for ASTEC computer code developed by Dr. Giacomino Bandini (ENEA) has 

been modified in accordance with the Best Practice Users Guidelines for integral code ASTEC v2. 

The modifications are pointed below: 

1. The pressurizer was modelled by only one volume of TYPE 1 (swollen water level volume). 

2. The junction 'HLA_SRGL' between the pressurizer surge line and the hot leg has been modelled 

using the following  values: 

PHASEUP 0 

PHASEDOW 1 

REL_DOWN 0.95 

DREL_DOW 0.05 

3. The downcomer of the vertical SG is modelled by 3 volumes TYPE0. 

4. The fragmentation model was added to the input deck.  

The reference values for core degradation, which are pointed in the Users’ Guidelines, were used in the 

input deck. All calculations with reflooding actuation are done using the criteria for ZrO2 shell 

failure in steam-rich atmosphere. The core degradation parameter criteria chosen in the calculations are 

shown in the table below. 

 

Table 1: Core Degradation Criteria chosen in the Calculations 

Parameter Correlations/values 

Zircaloy oxidation kinetics 

 

Urbanic-Heidrick  

Cladding failure criteria 

         T = clad temperature 

e = ZrO2 layer thickness 

T > 2600 K and e < 0.250 mm, 

T > 2700 K  

Fuel degradation criteria (dislocation) 

 

2750 K 

Melting temperature of oxide (UO2 

and ZrO2) 

2800K - 2850 K 

Debris formation criteria 2000 K (under reflooding) 

Debris porosity and particle diameter D = 2 mm, Porosity = 40% 

 

 

3.  Nominal steady-state conditions 

 
The nominal TMI-2 steady-state code output values and values pointed in the specification report are 

presented below in Table 2. The comparison indicates good agreement. Just the feed water flow rate in the 

SGs is a little bit higher and the steam temperature in SGs is with 1.5 K higher than the values pointed in 

the specification report. Total mass of coolant in primary circuit is approximately 2 tons less than in the 

specification report. 
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Table 2: Nominal TMI-2 steady-state code output values and values pointed in the specification report 

Parameter Unit Specification 

value 
Code output 

value 

Reactor core power MW 2772 2772 

Pressurizer pressure MPa 14.96 14.98 

Temperature hot leg A K 591.15 592.3 

Temperature hot leg B K 591.15 592.3 

Temperature cold leg A K 564.15 564.7 

Temperature cold leg B K 564.15 564.7 

Mass flow rate loop A  kg/s 8800 8805 

Mass flow rate loop B  kg/s 8800 8778 

Pressurizer collapsed level M 5.588 5.588 

Pressurizer water mass kg 13710 13725 

Total primary mass kg 222808 220655 

Steam pressure SG A (outlet nozzle) MPa 6.41 6.41 

Steam pressure SG B (outlet nozzle) MPa 6.41 6.41 

Steam temperature SG A K 572.15 573.5 

Steam temperature SG B K 572.15 573.5 

Riser collapsed level SG A M 3.28-4.03 3.876 

Riser collapsed level SG B M 3.28-4.03 3.882 

Downcomer collapsed level SG A M 5.1-5.6 4.027 

Downcomer collapsed level SGB M 5.1-5.6 4.028 

Liquid mass SG A kg 13140-19210 18310 

Liquid mass SG B kg 13140-19210 18330 

Feedwater flow rate SG A kg/s 761.1 763.5 

Feedwater flow rate SG B kg/s 761.1 763.6 

Feedwater Temperature  SG A & B K 511.15 511.15 

 

 

4.  Main results from transient analyses 

 

4.1  SBLOCA sequence 

 
The initial events are: opening a small break 20 cm

2
 at the hot leg A and simultaneously total loss of main 

feedwater. The main feedwater flow is reduced linearly to zero from 0 s to 60 s. After the break opening 

primary pressure and pressurizer water level start to decrease but a few seconds later primary pressure rises 

rapidly due to SG water level drop and the loss of primary heat removal. Pressurizer safety valves and 

PORV opening cannot stop the pressure rise and after reaching set point 16.3 MPa primary pressure reactor 

SCRAM actuates. The auxiliary feedwater starts at 100 s trying to keep 1 m water level in SGs. Main 

coolant pumps stop after primary inventory (liquid and steam) becomes less than 85000 kg. No HPI or LPI 

are actuated in this base case calculation. In this way the transient is let free to evolve towards core 

uncovery, heat up, melting and relocation in the lower plenum, until lower head vessel failure. 

 

4.1.1 Base case without reflooding 

 

The schedule of main events that appear during the reference case calculation without reflooding are 

pointed in the Table 3 below. 
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Table 3: Chronology of main events (code output) –  

base case calculation of SBLOCA with loss of main feedwater 

Parameter Time (s) 

Break opening and total loss of main feedwater 0 

Pressurizer PORV opens (P > 15.56 MPa) 50.3 

Reactor scram (P > 16.30 MPa) 53.3 

Pressurizer PORV closes (P < 14.96 MPa) 57.3 

Full steam generator dryout 70.3 

Startup of auxiliary feedwater 100.0 

Pressurizer is empty 120.0 

Stop of primary pumps (primary mass (liquid + steam) < 85000 kg) 2183.3 

Beginning of oxidation 3051.3 

First fuel rod clad perforation/burst 3549.2 

First clad melting and dislocation 4368.3 

First ceramic melting and dislocation 4541.8 

First molten material slumping in the lower plenum 4541.8 

Vessel failure 11112.0 
 

Figure 1: Temperature field in the core at the time of vessel failure - 11112 sec.

 

Figure 2: Cumulated hydrogen production – base case calculation of SBLOCA with loss of main feedwater 

 
  

Till the vessel failure 

generated hydrogen 

reaches 458 kg  
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4.1.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

Starting from the reference case calculation two reflooding scenarios, at different core degradation state, 

are calculated. In the different scenarios the reflooding is initiated after reaching the different values (10 

tons or 45 tons) of total degraded core material mass (magma and debris). 

 

In the both scenarios later core reflooding is initiated by setup of HPI system, which injects in each of the 

cold legs. The total HPI flowrate is 25 kg/s. Each one to the fourth HPPs injects 6.25 kg/s water with 

temperature 40 
°
C. At the same time makeup system also injects 3 kg/s water in primary side, so the 

cumulated water injection in primary side after HPPs actuation is 28 kg/s. 

 

The additional investigations have been done by prolonging the first calculation time up to 40000s to look 

for eventual very late vessel failure. It could be seen from the calculation results below that vessel failure 

doesn’t appear till 40000 sec. The fragmentation model applied in the lower plenum probably contributes 

for successful corium cooling and for keeping lower vessel wall temperatures low till this time. 

 

4.1.2.1 Reflooding start-up at 10 tons of degraded core materials 

 

The schedule of main events that appear during the SBLOCA with loss of main feedwater and actuation of 

HPI system at 10 tons degraded core mass is pointed in the Table 4 below: 

 

Table 4: Chronology of main events after reflooding with HPI system at 10 tons degraded core mass – 

(SBLOCA with loss of main feedwater) 

Parameter Time (s) 

Break opening and total loss of main feedwater 0 

Pressurizer PORV opens (P > 15.56 MPa) 50.3 

Reactor scram (P > 16.30 MPa) 53.3 

Pressurizer PORV closes (P < 14.96 MPa) 57.3 

Full steam generator dryout 70.3 

Startup of auxiliary feedwater 100.0 

Pressurizer is empty 120.0 

Stop of primary pumps (primary mass (liquid + steam) < 85000 kg) 2183.3 

Beginning of oxidation 3051.3 

First fuel rod clad perforation/burst 3549.2 

HPI system starts (after reaching 10 tons degraded core mass) 4231.0 

Melting pool formation in the core 4475.9 

First ceramic melting and dislocation 4813.8 

First molten material slumping in the lower plenum 4813.8 

End of calculation 12000 

Vessel failure does not appear till 12000 s 
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Figure 3: Temperature field in the core at 40000 sec. 

 

 

Figure 4: Cumulated hydrogen production – reflooding at 10 tons degraded core mass 

 
 

4.1.2.2 Reflooding start-up at 45 tons of degraded core materials 

 

The schedule of main events that appear during the SBLOCA with loss of main feedwater and actuation of 

HPI system at 45 tons degraded core mass is pointed in the Table 5 below: 

 

  

Hydrogen production 

stop due to core water 

level increasing 

(310kg) 



 NEA/CSNI/R(2015)3 

 171 

Table 5: Chronology of main events after reflooding with HPI system at 45 tons degraded core mass – 

(SBLOCA with loss of main feedwater) 

Parameter Time (s) 

Break opening and total loss of main feedwater 0 

Pressurizer PORV opens (P > 15.56 MPa) 50.3 

Reactor scram (P > 16.30 MPa) 53.3 

Pressurizer PORV closes (P < 14.96 MPa) 57.3 

Full steam generator dryout 70.3 

Startup of auxiliary feedwater 100.0 

Pressurizer is empty 120.0 

Stop of primary pumps (primary mass (liquid + steam) < 85000 kg) 2183.3 

Beginning of oxidation 3051.3 

First fuel rod clad perforation/burst 3549.2 

First ceramic melting and dislocation 4541.8 

First molten material slumping in the lower plenum 4541.8 

HPI system starts (after reaching 45 tons degraded core mass) 4579.3 

End of calculation 12000 

Vessel failure doesn’t appear till 12000 s 
 

 

Figure 5: Temperature field in the core at 12000 sec. 

 

 

 

Figure 6: Cumulated hydrogen production – reflooding at 45 tons degraded core mass 

 
 

Cumulated hydrogen 

production  reaches 

340kg at around 5400s 
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4.2  SLB sequence 

 
The initial events are: the double-ended guillotine break (DEGB) of the PRZ surge-line (387 cm

2
) and 

simultaneous loss of off-site power supply (SBO). In this condition the pressurizer will be completely 

disconnected from primary system and will be discharged in few seconds. The second end of the break is 

located on the top of hot leg, where previously the pressurizer surge line was connected. Primary system 

pressure measure is modelled at the reactor vessel upper head. The containment pressure is modelled to be 

1.5 bars. 

 

Due to loss of off-site power supply (SBO) we assume: 

 Reactor SCRAM occurs at t=0 sec with delay of 1 sec; 

 No makeup, HPI and LPI in primary side; 

 Main feed water flow starts to decrease linearly at t=0 sec and completely stop at t=60 sec; 

 No emergency feedwater supply to SGs is actuated; 

 Main coolant pumps stop at 0 sec; 

 

After reactor SCRAM and break opening primary pressure starts to decrease fast. Due to MCPs stopping, 

the circulation in primary loop B practically stops in the first 100 seconds and after 140 sec in primary loop 

A, where circulation is a little bit longer promoted by the flow through the break. Heat exchange in the SGs 

decreases rapidly in the first 50 seconds. Due to SG heat exchange decreasing and the existence of water 

flow from main feedwater pumps in the first 60 sec of the transient SG water levels increase to 6.5m in 

SGB and 7.0m in SGA. Higher size of the break leads to faster water depletion in the reactor core. No HPI 

or LPI and makeup injections are actuated in this base calculation. In this way the transient is let free to 

evolve towards core uncovery, heat up, melting and relocation in the lower plenum, until lower head vessel 

failure. 

 

4.2.1 Base case without reflooding 

 

For reference (base) case calculation the criteria of ZrO2 shell failure for steam-rich atmosphere where 

chosen. After reflooding initiation by HPI we will have conditions of steam–rich atmosphere. The schedule 

of the main events that appear during the reference case calculation without reflooding are given below. 
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Table 6: Chronology of main events (base case calculation) – 

SLB with DEGB at pressurizer surge line + SBO 

Parameter Time (s) 

PRZ surge line guillotine BREAK opening and SBO 0 

Reactor scram ( this time with 1 sec. delay) 0 

Stop of primary pumps (MCPs stop) 0 

Pressurizer is empty ≈ 10 

Main feedwater stop 60.0 

Beginning of oxidation 501.3 

First cladding creep rupture 691.6 

First cladding perforation by grid 792.8 

First material slump in lower plenum 1611.8 

First slump of corium with FPs in lower plenum 1611.8 

Melting pool formation in the core 1945.4 

Vessel failure 5529.3 

 

Figure 7: Temperature field in the core at the time of vessel failure – 5529 sec. 

 

 

Figure 8: Cumulated hydrogen production – 

(base case calculation of SLB with simultaneous SBO) 

 
 

 

Till the vessel failure 

generated hydrogen 

reaches 141 kg  
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4.2.2 Low flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

Investigation of later reflooding at different core degradation stages is presented hereafter. Starting from 

reference case calculation (SLB + SBO) two reflooding scenarios are calculated. For both scenarios the 

reflooding is initiated after reaching the different values of total degraded core material mass (magma and 

debris). 

 

Degraded core reflooding is initiated by setup of HPI system, which injects in each of the cold legs. The 

total HPI flow rate is 28 kg/s. Each one to the four HPPs injects 7.0 kg/s water with temperature 40 
0
C. 

The basic scenarios that are investigated here are: 

1. In the first scenario core reflooding is started when the total amount of degraded core materials 

became equal to 10 tons. 

2. In the second scenario core reflooding is started when the total amount of degraded core materials 

became equal to 45 tons. 

 

4.2.2.1 Low flow rate reflooding start-up at 10 tons of degraded core materials 

 

The schedule of the main events that appear during the SLB sequence with DEGB at pressurizer surge line 

and SBO with actuation of reflooding by HPI system switching on at 10 tons degraded core mass is 

pointed at the Table 7 below: 

 

Table 7: Chronology of main events after reflooding with HPI system at 10 tons degraded core mass during 

SBO sequence and DEGB at pressurizer surge line 

Parameter Time (s) 

PRZ surge line guillotine BREAK opening and SBO 0 

Reactor scram (this time with 1 sec. delay) 0 

Stop of primary pumps (MCPs stop) 0 

Pressurizer is empty ≈ 10 

Main feedwater stop 60.0 

Beginning of oxidation 501.3 

First cladding creep rupture 691.6 

First cladding perforation by grid 792.8 

First material slump in lower plenum 1611.8 

First slump of corium with FPs in lower plenum 1611.8 

HPI (28kg/s) started 1693.2 

Melting pool formation in the core 1774.4 

Vessel failure 5986.2 
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Figure 9: Temperature field in the core at the end of calculation – 5986.2 sec.

 

 

 

 

 

Figure 10: Cumulated hydrogen production - 

reflooding at 10 tons degraded core mass 

 
 

 

4.2.2.1 Low flow rate reflooding start-up at 45 tons of degraded core materials 

 

The schedule of the main events that appear during the SLB sequence and simultaneous SBO with 

actuation of HPI system after reaching 45 tons degraded core mass is pointed at the Table 8 below: 

 

  

Generated hydrogen 

reaches 190 kg  
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Table 8: Chronology of main events after reflooding with HPI system at 45 tons degraded core mass during 

SLB sequence with DEGB at pressurizer surge line 

Parameter Time (s) 

PRZ surge line guillotine BREAK opening and SBO 0 

Reactor scram ( this time with 1 sec. delay) 0 

Stop of primary pumps (MCPs stop) 0 

Pressurizer is empty ≈ 10 

Main feedwater stop 60.0 

Beginning of oxidation 501.3 

First cladding creep rupture 691.6 

First cladding perforation by grid 792.8 

First material slump in lower plenum 1611.8 

First slump of corium with FPs in lower plenum 1611.8 

Melting pool formation in the core 1945.4 

HPI (28kg/s) started 2219.3 

Vessel failure 5697.2 
 

 

Figure 11: Temperature field in the core at the end of calculation – 5697.2 sec.

 

 

 

 

Figure 12: Cumulated hydrogen production - reflooding at 45 tons degraded core mass 

 

Cumulated hydrogen is 

approximately 170 kg  
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4.2.3 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

 

Two basic scenarios have been investigated: 

 In the first scenario LPI starts to deliver in primary 360kg/s after reaching 10t core degraded mass 

and stops 1000 sec later. 

 In the second scenario LPI starts to deliver in primary 360kg/s after reaching 45t core degraded 

mass and stops 1000 sec later. 

 

4.2.3.1 High flow rate reflooding start-up at 10 tons of degraded core materials 

 

The schedule of the main events that appear during the SBO sequence and DEGB at pressurizer surge line 

with actuation of LPI system after reaching 10 tons degraded core mass is pointed at the Table 9 below: 

 

Table 9: Chronology of main events after reflooding with LPI system (360 kg/s) at 10 tons degraded core 

mass during SBO sequence and DEGB at pressurizer surge line 

Parameter Time (s) 

PRZ surge line guillotine BREAK opening and SBO 0 

Reactor scram ( this time with 1 sec. delay) 0 

Stop of primary pumps (MCPs stop) 0 

Pressurizer is empty ≈ 10 

Main feedwater stop 60.0 

Beginning of oxidation 501.3 

First cladding creep rupture 691.6 

First cladding perforation by grid 792.8 

First material slump in lower plenum 1611.8 

First slump of corium with FPs in lower plenum 1611.8 

LPI (360kg/s) start 1695 

Melting pool formation in the core 1945.4 

LPI (360kg/s) stop 2695 

Vessel failure 14665 

 

 

Figure 13: Temperature field in the core at the end of calculation – 14665 sec. 
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Figure 14: Cumulated hydrogen production - 

reflooding (LPI of 360 kg/s) at 10 tons degraded core mass 

 
 

 

4.2.3.1 High flow rate reflooding start-up at 45 tons of degraded core materials 

 

The schedule of the main events that appear during the SBO sequence and DEGB at pressurizer surge line 

with actuation of LPI system after reaching 45 tons degraded core mass is pointed at the Table 10 below: 

 

Table 10: Chronology of main events after reflooding with LPI system (360 kg/s) at 45 tons degraded core 

mass during SBO sequence and DEGB at pressurizer surge line 

Parameter Time (s) 

PRZ surge line guillotine BREAK opening and SBO 0 

Reactor scram ( this time with 1 sec. delay) 0 

Stop of primary pumps (MCPs stop) 0 

Pressurizer is empty ≈ 10 

Main feedwater stop 60.0 

Beginning of oxidation 501.3 

First cladding creep rupture 691.6 

First cladding perforation by grid 792.8 

First material slump in lower plenum 1611.8 

First slump of corium with FPs in lower plenum 1611.8 

Melting pool formation in the core 1945.4 

LPI (360kg/s) start 2160 

LPI (360kg/s) stop 3160 

Vessel failure 11597 

 

 

 

  

Cumulated hydrogen at 

the time of vessel failure 

is 467 kg 
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Figure 15: Temperature field in the core at the end of calculation – 5697 sec. 

 

 
 

Figure 16: Cumulated hydrogen production - 

reflooding (LPI of 360 kg/s) at 45 tons degraded core mass 

 

 

 

5.  Final remarks 

 

The results and analyses from several calculations made with ASTECv2.0r2 and addressed to TMI2 

benchmark exercise are presented in this report. 

 

First, the base TMI input deck for ASTEC computer code (provided previously by Dr. Giacomino Bandini, 

ENEA) was modified in accordance with the Best Practice Users Guidelines for integral code ASTEC v2. 

Some of the basic changes in the model are splitting of the downcomer of the vertical SG in 3 volumes 

TYPE0, modeling of the pressurizer by only one volume of TYPE 1, applying of the fragmentation model 

in the input deck, applying of criteria for ZrO2 shell failure in steam-rich atmosphere. After changes the 

model was stabilized so as to obtain the nominal TMI-2 steady-state ASTEC code output values, which are 

pointed in the specification report. 

 

After model stabilization two severe accident sequences were investigated: “Small Break LOCA with Loss 

of main feed water” and “SLB with double ended guillotine break (DEGB) on the pressurizer surge line 

Till the vessel failure 

generated hydrogen 

reaches 458 kg  
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close to the hot leg”. For the both sequences it has been investigated later degraded core reflooding by HPI 

system actuation, starting after reaching different values of total core degraded mass (10 tons or 45 tons). 

The results from reference (base) case calculation for the first sequence “Small Break LOCA with Loss of 

main feed water” show that 500 
0
C maximal fuel cladding temperature is reached at 3051sec. This is the 

time for ICARE module actuation. A total core degraded mass of 128 tons and cumulated mass of 

Hydrogen of 458 kg has been reached at vessel failure time (11112 sec.). 

 

The results from later reflooding by HPI system actuation after reaching 10 tons core degraded mass (at 

4231 sec) show that vessel failure doesn’t appear till 40000 sec. The maximal core degraded mass of 64 

tons and the maximal Hydrogen production of 310 kg have been reached at 4950 sec. 

The results from reflooding by HPI system actuation after reaching 45 tons core degraded mass (at 4579 

sec) show that vessel failure doesn’t appear till 12000 sec. The maximal Hydrogen production of 340 kg 

has been reached at 5400 sec. Total core degraded mass reaches approximately 70 tons at 5400 sec. After 

5400 sec till the end of calculation total core degraded mass increases slowly to 76 tons. 

 

The results from reference (base) case calculation for the second sequence investigated in this report “SLB 

with double ended guillotine break (DEGB) on the pressurizer surge line close to the hot leg” show that 

500
0
C maximal fuel cladding temperature is reached at 501 sec. A total core degraded mass of 152 tons 

and cumulated mass of Hydrogen of 141 kg has been reached at vessel failure time (5529 sec.). 

Later reflooding by HPI system actuation (28 kg/s) after reaching 10 tons core degraded mass (at 1693 sec) 

and respectively after reaching 45 tons core degraded mass (at 2219 sec) show low efficiency. It delays the 

vessel failure time with just a few hundreds of seconds (560 sec in the case of 10 tons and 160 sec in the 

case of 45 tons). 

 

This is the reason additional calculations to be done with LPI flow rate of 360 kg/s. Due to the surge line 

guillotine break size is considerably higher (387 cm
2
) and primary side is depressurized in the first few 

seconds during the SBO sequence we can also use the LPI system for reflooding. Reflooding by LPI 

system actuation starts after reaching different values of total core degraded mass (10 tons or 45 tons). LPI 

in primary prolongs 1000 sec. Then it has been terminated. The results show that actuation of LPI system 

for 1000 sec with flow of 360 kg/s immediately after reaching 10 tons core degraded mass delays vessel 

failure to 14665 sec. Actuation of LPI system with the same flow and also for 1000 sec after reaching 45 

tons core degraded mass leads to vessel failure at 11596 sec. 
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APPENDIX A.6 IRSN CALCULATIONS WITH THE ICARE/CATHARE V2 CODE 

Patrick Drai 

IRSN/Cadarache - France 

1. Introduction 

The ICARE/CATHARE system is developed by IRSN to meet requirements in light water reactor safety 

analysis (PWR1, VVER2, EPR3, etc.) and level 2 probabilistic safety analysis (PSA). This system results 

from the combination of the ICARE2 mechanistic code for core degradation developed by IRSN and the 

CATHARE2 thermal-hydraulic code developed in collaboration by CEA, IRSN, EDF and FRAMATOME-

ANP. 

This system is also an excellent synthesis tool for all phenomenological knowledge on core degradation. 

ICARE/CATHARE is designed to:  

 evaluate the consequences of a severe accident in the primary system of a PWR (from the initiating 

event to vessel failure) , 

 interpret experimental programs conducted by IRSN and French or international partners.  

 

1.1 Brief Description of the ICARE/CATHARE V2 Code 

ICARE/CATHARE is composed of a series of modules that each deal with a specific phenomenon: 

thermal-hydraulics, thermo-mechanics, chemistry, fission products, movement of materials, debris beds, 

core meltdown, etc. 

The V1 version (released from 1999) has been used for IRSN level 2 PSAs applied to 900 MWe reactors. 

The first V2 version (V2.1) combined with a 3D thermal-hydraulic model has been released in 2007 and 

simulates all physical phenomena, including vessel failure. The system is designed to facilitate the 

integration of new models and perform calculations both for experimental programs and reactors. 

The validation phase carried out in partnership with about ten foreign organizations includes:  

 approximately one hundred separate effect tests (chemistry, mechanics, reflooding, etc.);   

 about thirty integral degradation tests making it possible to validate core & structure degradation 

models (PHEBUS, MAESTRO, PBF, QUENCH, etc.) and enabling coupling with the primary 

system (LOFT); 

 reactor sequence calculations. 

 

Most of the thermal-hydraulic models benefit from the validation of the CATHARE code. 

Development is achieved in a high-level scientific environment: fundamental research (theses and post-

doctoral studies), collaboration with universities and French & foreign research organizations [(CEA, 

IMFT/Toulouse, Kurchatov & IBRAE Institutes (Russia), ENEA (Italy), etc.)], not to mention participation 

in several European R&D Framework Programmes and international projects (OECD).  
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2. Description of Code Models Used 

The benchmark calculation has been performed with the last version of Icare/Cathare, which is the version 

V2.3-rev2 released in June 2011. The main core degradation physical parameters used in Icare/Cathare 

calculation are given in Table 1. All the parameters requested in the benchmark specifications, actually 

correspond to the recommended values by Icare/Cathare team for reactor applications. Therefore, no 

sensitivity study was necessary. 

The most advanced models concerning the degradation phase have been used: 

 2D molten material movement model, 

 Two dimensional Thermal-hydraulics into the vessel, 

 Advanced 2D radiative model in core region, 

 Molten pool formation and evolution model, 

 Corium oxidation model. 

 

Debris components have initially been taken into account, but numerical difficulties led to no-activate this 

model in the last calculations. Finally, the Cathare 3D thermal hydraulics model has been used to calculate 

the thermal hydraulics in the whole reactor vessel but because of only one azimuthal mesh, it calculates 2D 

thermal hydraulics in the vessel. 

Table 1: Mains Icare/Cathare Code Parameters  

Parameters  Standard Case 

Zr Oxidation correlation  

Correlations proposed by Schanz et al. (2001) 

 Cathcart correlation if T < 1800 K 

 Prater correlation if T > 1900 K 

 Linear interpolation between 1800 – 1900 K 

Cladding Failure criteria  
 T > 2300 K and e(ZrO2) < 300 μm 

 T > 2500 K 

UO2-ZrO2 melting temperature  2550-2600 K 

2D Corium Movement Model enable 

Corium Oxidation Model enable 

Debris model  disable 

 

3. TMI-2 Plant and Core Nodalization 

The TMI-2 plant nodalization used in the Icare/Cathare benchmark calculation is shown on Figure 1. This 

modeling includes a detailed nodalization of the primary circuit with: 

 The reactor pressure vessel, 

 The two primary coolant loops (with one hot leg and two cold legs for each loop) with the once-

through steam generators, 
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 The pressurizer (with the surge-line, the heaters, the spray-line and the pilot operated relief valve), 

 All the main emergency and control systems are also represented. 

 

Concerning the secondary circuit, the modelling is limited to the secondary side of the steam generators, 

the steam lines with the isolation valves and of course the main and auxiliary feed waters injections. 

The reactor vessel is modelled as an Icare/Cathare full 2D module (see Figure 2) with the core and all the 

major internal structures. A total of 8x45 meshes are used. 6 radial rings and 25 axial meshes model the 

core. Another ring is devoted to the core bypass and another one for the vessel downcomer. 

All other elements of the plant are modelled as standard Cathare 0D or 1D module with their external 

walls. 

Finally, all the boundaries conditions are modelled according to the prescribed scenario: 

 With a constant make-up flow, 

 With regulations of the secondary side of the steam generators. 

 

 

Figure 1: Reactor Plant Nodalization 
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Figure 2: Reactor Vessel Meshing 

 

 

The TMI2 plant state at the beginning of the transient is obtained by performing an Icare/Cathare steady 

state calculation of the reactor followed by a transient calculation at nominal conditions with standard 

regulation processes. This transient lasts about 5000 s and, at the end, all the main plant parameters are 

stable. All those parameters are given in Table 2 and compared with TMI-2 accident data at turbine trip. 

All parameters are in rather good agreement with TMI-2 specification values. Primary temperatures are 

slightly overestimated by about 3 K. Pressurizer mass is underestimated by 2.7 tons even if the pressurizer 

level is correct, because of uncertainties in the reference elevation for collapsed level calculation. The total 

primary mass is overestimated by approximately 2.8 tons. 

 

Table 2: Steady State Conditions Parameters 

Parameter  Unit  ICARE/CATHARE V2  TMI-2  

Reactor Power  W  2772 2772  

Primary Pressure  MPa  14.91 14.96  

Temperature Hot Leg A&B  K  594.3 591.15  
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Temperature Cold Leg A&B  K  567.7 564.15  

Mass Flow Rate – Loop A  kg/s  8892 8800  

Mass Flow Rate – Loop B  kg/s  8915 8800  

Pressurizer Level  M  5.59 5.59  

Pressurizer Water Mass kg 10992 13710 

Total Primary Mass  ton  225642 222808  

Pressure SG A  MPa  6.41 6.41  

Pressure SG B  MPa  6.41 6.41  

Steam Temperature SG A  K  584.9 586  

Steam Temperature SG B  K  583.6 586  

Collapsed Level SG A  M  5.26 -  

Collapsed Level SG B  M  5.39 -  

Liquid Mass SG A  Kg  18425 -  

Liquid Mass SG B  Kg  18989 -  

Feedwater Flow SG A  Kg/s  720 761.1  

Feedwater Flow SG B  Kg/s  745 761.1  

SG Feedwater Temperature  K  511.15 511.15  

 

 

4. Main Results from Transient Analysis  

4.1 SBLOCA sequence 

4.1.1 Base case without reflooding 

The chronology of major events as calculated by Icare/Cathare is presented in the Table 3. Five synthetic 

views of the reactor vessel state at different times are shown on Figures 3 to 7. 

Table 3: Chronology of Main Events 

Event  
Time (s)  

Standard Case  

Break opening and total loss of feedwater  0 

Pressurizer PORV opens (P>15.56MPa) 42.4 

Reactor scram  46.9 

Pressurizer PORV closes (P<14.96MPa) 47.4 
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Startup of auxiliary feedwater 100. 

Full Steam Generator Dry out (M<23kg) 220. 

Primary pump shutdown (M < 85000 kg)  2212. 

First fuel rod clad perforation/burst 4916. 

First clad melting and dislocation 4919. 

First ceramic melting and dislocation 4979. 

First molten material slumping in the lower plenum  5230. 

Molten pool formation 6200. 

Tend (Cathare stop – melting point reached in the hot leg) 7874. 

 

The scenario calculation can be divided into three phases: the thermal hydraulics phase, the core 

degradation phase and the core reflood phase. 

The thermal hydraulics phase (from t = 0 s to t = 2900 s) 

The scenario starts with the opening of a small break on hot leg A and with the loss of main feedwater at 

the same initial time. The loss of feedwater induces a strong reduction of heat transfer between primary 

and secondary circuit. The resulting loss of heat removal causes the primary pressure to reach rapidly the 

high-pressure reactor trip point and the reactor scram occurs at about 47 s. After this scram, the primary 

pressure decreases progressively to reach a stable value near the secondary pressure value at about 550 s. 

During this phase the mass inventory in the primary circuit continuously decreases due to the break on hot 

leg A. But as the primary pumps are still working, a forced circulation of a liquid water and steam mixture 

is established. In those conditions, the core decay power is removed totally from the primary circuit by the 

steam generators. 

According to the benchmark scenario, this behaviour continues until the primary mass inventory falls 

below 85000 kg. This occurs at 2212 s. At this time, the primary pumps are shutdown. 

After pumps stop, the forced convective circulation in primary circuit is replaced by a natural circulation. 

This induces small increase of primary pressure. The heat removal from the core is progressively reduced 

and the core decay power is no more removed at about 2800 s. From this moment the vessel water level 

decreases continuously and the core uncovery starts at about 2900 s (see Figure 4).  

The degradation process starts after this moment. 

The core degradation phase (from t = 2900 s to t = 7874 s – end of calculation) 

Shortly after the start of core uncovery (see figure 3) the fuel rod temperatures increase rapidly in the 

central zone of the upper part of the core (at about 4000s – see Figure 4). The temperature escalations 

expand radially and downwards to the bottom of the core. 

The oxidation runaway occurs at about 4800 s and increases the core heat-up rate (the state of the core at 

this time is shown on Figure 3). It is followed by the first clad failure at about 4916 s and by the first melt 

relocation at about 5230 s (see Figure 4). 
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The evolution of the degradation process can be seen on Figure 8. The degradation zone is limited to the 

upper part of the core because the total dry-out of the core is never reached. 

At the time 7874s s, a total of 288 kg of hydrogen has been released, 91829 kg of corium has been formed 

and 10831 kg of debris remain in the core (see Figure 8). The state of the core at the end of calculation is 

presented on Figure 7. The calculation stops because a melting point is reached in the wall surrounding the 

Hot leg and lead to a CATHARE code stop. An extension of the maximum temperature allowed for the hot 

leg was not enough to permit the calculation to go on further. 

 

Figure 3: View of the Reactor Vessel at the beginning of core uncovery 
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Figure 4: View of the Reactor Vessel at time of strong oxidation  

 

Figure 5: View of the Reactor Vessel at time of first rod clad failure 
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Figure 6: View of the Reactor Vessel at time of first melt relocation into the lower plenum 

 

Figure 7: View of the Reactor Vessel at the end of the calculation  
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Figure 8: View of the Degradation Process 
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Figure 9: Evolutions of physical paramete 
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4.1.2 Reflooding start-up at 10 tons and 45 tons of degraded materials 

Two sensitivities to safety injection depending on the total amount of degraded materials (10 t and 45 t) are 

defined. The mass flow rate of safety injection (SI) located on the cold leg is fixed to 25 kg/s. 

 

 
Primary mass 

 
Debris mass 

 
Total H2 production 

 
Total amount of degraded materials 

 

5. Conclusions 

In both reflooding sensitivities, calculations stop too early because of numerical problem in thermal-

hydraulic calculations. It is not possible to conclude about the capability of the ICARE/CATHARE code to 

predict or not in-vessel retention in case of severely degraded situation. These numerical problems come 

from a lack of robustness in thermal-hydraulic model devoted to porous media. It is necessary to improve 

the numerical formulation of physical laws for this kind of situations. Furthermore, late phase models need 

also to be improved. By example, the geometry of the core in a degraded situation depends on the 

relocation model used, the size of debris, the oxidation model of magma components, etc. 

The strategy developed by IRSN in this exercise was to use best-estimate model in order to define the 

capabilities of the code to predict or not the in-vessel retention. This exercise has highlighted the lack of 

robustness when using these newest models. 

IRSN launched also calculations without activation of debris components inside the code and without 

thermal-hydraulic devoted to porous media. This calculation led to the vessel failure but degradation 
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process was quite different. Indeed, in the base case, vessel failure is reached for both calculations without 

reaching melting point in the hot leg. Reflooding sensitivities led also to difficulties in thermal-hydraulic 

calculations. 

Presently, IRSN no longer uses ICARE/CATHARE code for power plant calculations. The main effort is 

now done in the use and development of ASTEC V2.1 code which will be delivered at the end of 2014. In 

the future, the reference code of IRSN severe accident calculation will be ASTEC V2.1 version. 
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APPENDIX A.7 IVS CALCULATIONS WITH THE ASTEC 2.0 CODE 

Miroslav Barnak, Peter Matejovic 

Inzinierska Vypoctova Spolocnost Trnava, Ltd.  

 

 
1.  Introduction 

 

The work performed by IVS within this project is a continuation of previous effort performed in the frame 

of first benchmark exercise on alternative TMI-2 accident scenario [1]. In that time we have used in the 

analysis the code version ASTEC V1.3 that was available at this time. Within this project ASTEC V2.0 

rev.1 (SBLOCA sequences) and rev.2 (SLB sequences) were used. These versions were released during the 

present BE-TMI2 project. The last sensitivity analysis of SLB sequence presented in this Appendix was 

performed using ASTEC V2.0 rev.3 patch 1 that was released in December 2013.  

 

2.  Description of code model used 

 

Two ASTEC modules were used in the analyses of defined scenarios: A front-end thermal-hydraulic part 

of the transient was analysed by CESAR module. Later, when the core heat-up takes place in the course of 

the accident, the ICARE module was activated.  

 

Decay heat 

Constant (nominal) reactor power 2700 MW was assumed before scram actuation. The residual power after 

the reactor scram was taken from defined decay heat curve. The power generation is associated with UO2 

(including core melting and relocation phase). Such approach does not allow neither accounting for 

reduction of decay heat due to escape of volatile fission products (FPs) after fuel cladding burst nor for 

splitting of FPs and corresponding fraction of decay heat between oxidic and metallic layer in molten 

corium pool that could develop in lower reactor head in the later phase of the accident especially in 

scenarios without recovery of safety injection. Such approach was chosen in order to harmonize the input 

data within the presented benchmark exercise. An alternative approach based on the definition of initial 

FPs inventory in core is available in ASTEC code. In this case decay heat is calculated based on the 

transmutation of FPs and transport of FPs is taken into account. Activation of dedicated ASTEC modules 

ISODOP (transmutation of FPs), ELSA (FP release from fuel) and SOPHAEROS (FP transport in primary 

system) is necessary.      

 

Physical Parameters Used in the Analysis  

Main core degradation physical parameters used in presented ASTEC calculations are given in Table 1 

below.  
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Table 1: Main physical parameters used in the base case and sensitivity analysis 

Parameter Correlations/values 

Zircaloy oxidation kinetics Cathcart + Prater 

Cladding failure criteria 

 

T > 2260 K and e < 0.16 mm 

T > 2280 K and e > 0.20 mm 

T > 2340 K and e > 0.22 mm 

T > 2380 K and e > 0.24 mm 

T > 2450 K and e > 0.30 mm 

T > 2500 K  

Melting temperature of oxide (UO2 

and ZrO2) 

2550 – 2600 K 

Debris formation criteria Not applied in the core region 

Debris porosity and particle diameter Porosity = 30%, D = 3 mm (in lower plenum only) 

 

2-D magma model was used for modelling of relocation of molten core materials. This allows modelling of 

temporary molten corium pool formation on core support plate before slumping into lower reactor head 

occurs. Due to numerical problems the debris model was not applied together with magma model.  

 

Corium slumping into residual coolant in lower reactor head occurred after melting through the core 

support plate or melting the wall of core barrel (side relocation). Model of molten corium interaction with 

residual water in reactor lower head was applied. This model simulates erosion of corium jet by residual 

coolant that results in quenching of corium fragments and creation of solid debris in lower head.  

 

Regarding the RPV failure model, the OEUF rupture model (that is applicable to reactor vessel with 

hemispherical lower head) was activated. The RPV failure was predicted only in several SLB scenarios. 

Because of low primary pressure in all relevant cases the reason of vessel failure was melting through of 

lower head (fusion) due to contact with hot corium pool.  

 
3.  TMI-2 plant and core nodalization 

 

The two previously mentioned ASTEC modules were used in coupled mode. Two-loop nodalization was 

used for CESAR module. The thermal-hydraulic of core was defined to CESAR module automatically 

based on the input data definition within the ICARE module. Except of steam generators only simple 

model was used in nodalization of secondary side (boundary conditions instead of FW and turbine). The 

TMI-2 plant nodalization scheme is shortly described below.  

 

Reactor vessel: 

 

 PRIMARY data (core, bypass, lower plenum and downcomer) automatically created from 

VESSEL_D data by ASTEC; 

 VENT valve was modelled between the reactor downcomer and upper plenum;  

 Double junctions to reactor vessel upper head with slightly different elevations were used in order to 

prevent the flow stagnation in this volume; 

 All junctions were of type 0 (standard two-phase flow junction); 

 Volumes of type 0 (standard homogeneous volumes) were used preferably. Volumes of type 1 

(volumes with swollen level) were used in upper part of the reactor vessel. Volumes of type –1 (axial 

elements) were used to model fuel assemblies; 

 All characteristic features of vessel (e.g. vessel vent valves) modelled; 
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Circulation loops: 

 

 Two identical loops were modelled (loop with pressurizer and break is shown); 

 Two parallel cold legs were modelled in each loop;  

 Volumes of type 0 (standard volumes) were used preferably. Volumes of type 1 (volumes with 

swollen level) were used only in pressurizer and SG cold collector, volumes of type –1 (axial 

elements) used only in SG tubes; 

 Junctions of type 0 (standard two-phase flow junction) preferred, some junctions of type 1 used in 

order to enable proper phase separation; 

 SG tubing was split into 2 parallel bundles (90% - inner channel and 10% - outer channel cooled by 

EFW spray) in accordance with nodalization of secondary side; 

 Reactor coolant pumps were modelled using shaft equation, respecting the pump inertia, friction, 

motor and hydraulic torque. 

 

Figure 1: Nodalization of the reactor vessel 

Pressurizer and surge line: 

 

 Pressurizer was modelled using 3 volumes of type 1 (volumes with swollen level); 

 RRZ surge line was modelled by 2 volumes of type 0 (standard volumes) connected by junction in 

their bottom part (loop seal shape). 

 

Steam generator – secondary side: 

 

 Two identical SGs modelled; 

volume type 0  

volume type 1 

volume type -

junction type 

junction 
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 SG tubes bundle was split into 2 parallel parts modelled by volumes of type -1 (90% - inner channel 

and 10% - outer channel that is directly sprayed by FW and AFW). In axial direction SG tubes were 

split into 11 meshes; 

 Volumes of type 0 (standard volumes) were used preferably; 

 All junctions are of type 0;  

 EFW injected into upper part of outer channel. 

Figure 2: Nodalization of the loop with the pressurizer 

 

Core, lower plenum and downcomer model: 

 

 Meshing: 6 parallel channels (core rings) + bypass, downcomer and lower plenum;  

 Fuel assemblies split into 24 axial meshes; Core is assumed only as a region containing fuel: 

assembly shanks and grids were not modelled; Only lower core plate is modelled (as a PLATE 

element); 

 The following solid macro components were defined:  

- Fuel and cladding; 

- Control rods and guide tubes; 

- Core baffle and shield; 

From  
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Break 
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- Reactor vessel with thermal insulation; 

- Lower plenum; 

 

Model of the molten pool formation used (=> macro components MAGMA was defined); 

 

Figure 3: Nodalization of the SG secondary side 

 

 

Figure 4: Nodalization of the reactor core, the lower plenum and the downcomer  
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Initial Steady-State Conditions 

 

The initial “steady-state” conditions were obtained running the calculation (with t < 0) on nominal TMI-2 

plant conditions using the simplified form of most important plant controllers. This includes simple FW 

controllers, cycling of PRZ heaters according to primary pressure set-points and turbine modelled as 

pressure boundary condition. The obtained stabilized parameters and their comparison with nominal TMI-2 

values at the start of transient (t = 0) is given in the table 2.   

 

 

Table 2: Nominal TMI-2 steady-state (code output) 

Parameter Unit Calculated value TMI-2 plant data 

Reactor core power MW 2772 2772 

Pressurizer pressure (dome) MPa 15.16 14.96 

Temperature hot leg A K 589.31 591.15 

Temperature hot leg B K 589.31 591.15 

Temperature cold leg A K 560.39 564.15 

Temperature cold leg B K 560.40 564.15 

Mass flow rate loop A  kg/s 8578.4 8800 

Mass flow rate loop B  kg/s 8581.3 8800 

Pressurizer collapsed level M 5.005 5.588 

Pressurizer water mass kg 10 302.5 - 

Total primary mass kg 222160 222808 

Steam pressure SG A (outlet nozzle) MPa 6.42 6.41 

Steam pressure SG B (outlet nozzle) MPa 6.42 6.41 

Steam temperature SG A K 565.84 572.15 

Steam temperature SG B K 564.61 572.15 

Riser collapsed level SG A M 3.603 - 

Riser collapsed level SG B M 3.603 - 

Downcomer collapsed level SG A M 4.625 - 

Downcomer collapsed level SGB M 4.424 - 

Liquid mass SG A kg 18282 - 

Liquid mass SG B kg 18005 - 

Feedwater flow rate SG A kg/s 769.89 761.1 

Feedwater flow rate SG B kg/s 775.79 761.1 

Feedwater Temperature  SG A & B K 511.15 511.15 
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4.  Main results from transient analyses 

 

4.1  SBLOCA sequence 

 

The results obtained with ASTEC V2.0 rev.1 code are reported in Tab. 3 and Figs. 5-12. On Figs 10-12 

illustrating the temperature field in reactor the molten magma pool on core support plate is not shown (this 

is done for post-processing of results obtained with ASTEC V2.0 rev.3 patch 1 for SLB sequence in 

chapter 5). 

 

After break opening (20 cm
2
 size on the hot leg of loop A) and loss of total feedwater at t = 0 s primary 

pressure starts to rise (Fig. 5). The effect of decreased heat removal from primary to secondary side in SGs 

due to fast SG dryout is higher than the effect of loss of coolant from primary system. After 19 s since the 

initiating event the set-point for PORV opening was reached and shortly later reactor scram occurred due 

to high primary pressure (the capacity of PORV was not sufficient to keep primary pressure below the set-

point for scram actuation 16.3 MPa). After scram and start of AFW the primary pressure starts to drop, 

reached saturation and later further decreases close to the secondary pressure. Here the pressure stabilizes 

temporarily until the t ~ 50 min s when the core uncovery takes place followed by decreased steam 

generation here. Until the RCP trip at t = 2150 s reactor core was cooled via two-phase forced circulation 

in primary system. The core decay heat and power introduced into coolant due to RCPs operation is 

removed to secondary side in steam generators, where coolant level ~ 1 m and pressure ~7 MPa is 

maintained. During this phase of the accident the total heat removed by both SGs is clearly higher than the 

decay heat. The mass-flow-rate through the loops is monotonously decreasing due to increased void 

fraction in primary coolant.  

 

After RCP trip the phase separation occurred and the break flow turns from water-steam mixture to 

practically purely steam phase. The break mass-flow-rate drops significantly from ~ 50 kg/s below 20 kg/s 

(Fig. 7). The forced two-phase flow in primary system turns to single-phase natural circulation. Steam 

produced in core region flows towards SGs and the condensate is collected in cold leg loop seals. After 

their refilling the condensate flows back into the reactor vessel. When the core uncovery (Fig. 6) takes 

place the steam production drops and core heatup followed by Zr oxidation takes place. At the beginning 

the maximum hydrogen production rate reaches nearly 3 kg/s, but shortly later then drops significantly due 

to steam starvation as well as due to formation of oxide layer on Zr surfaces. Shortly after 1 hour since the 

beginning of the accident first cladding burst occurs. Later the melting and relocation of core materials 

takes place and gradual formation of molten pool on core support plate begins. At the time t ~ 70 min first 

(minor) relocation of corium into lower plenum through existing openings in core support plate occurs. 

The further course of the accident differs for cases without reflooding and cases with early and late 

reflooding. The mass of molten materials in reactor vessel that is used as symptom for high-pressure 

injection is shown on Fig. 9.  

 

 

4.1.1 Base case without reflooding 

 

In the base case the operation of make-up system is not sufficient to compensate the loss of coolant 

through the break. Thus the coolant inventory in primary system (Fig. 8) is steadily decreasing and, when 

the core melting takes place the mass of molten pool on core support plate is growing monotonously until 

the failure of core barrel occurs (Fig. 11). Certain amount of corium penetrates through opening in core 

support plate before core barrel melted through and is fragmented and quenched in lower reactor head. 

Shortly after 2 hours since the beginning of the accident melt through of core barrel was predicted and first 

massive (~30 tons) side relocation of corium into lower reactor head occurs. Since there was still residual 

water in lower head, corium jet break-up occurs with enhanced thermal interaction between water and 

molten material. This interaction results in pressure spike in primary system. Similar corium slumps occur 

at the time t ~ 3 hours and the mass of corium in lower reactor head reached nearly 100 tons. Residual 
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water in lower head is evaporated, re-melting of debris (that were before quenched) takes place and 

formation of developed molten pool started. However, until the end of the analysis at the time t ~ 217 min 

the RPV failure was not predicted. 

 

4.1.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

Shortly after t ~ 67 min the criterion for start of safety injection (10 tons of melt) was fulfilled. Due to 

injection into primary system the coolant level in the core raises and the hot fuel rods (that were not 

relocated yet) at the bottom and side part (later on the top, as well) of the core are quenched successfully 

(Figs. 7 and 11). However, melting of the core materials continues in the hot central part of the core despite 

reflooding but with limited speed. Till the end of the analysis the hot spot remains in this part of core. 

Coolant injection and core quenching results in increased steam production and consequently, in increased 

primary pressure comparing to base case. 

 

In the second sequence with reflooding (Fig. 12) after the criterion for start of safety injection (45 tons of 

melt) was fulfilled at time t ~ 91 min. At this time molten pool was formed at the bottom part of the core 

on the core support plate. The molten pool is flooded (but not quenched) like in previous case. Melting of 

the core materials continues slowly despite the side and upper part of the core are quenched. Small part of 

corium (~12 tons from ~78 tons of totally molten materials) penetrates into lower reactor head. Here the 

melt was fragmented, quenched and collected in the form of coolable debris bed on the bottom.  

 

 

Table 3: Chronology of main events (code output) 

Parameter Time (s) 

Break opening and total loss of main feedwater 0 
Pressurizer PORV opens (P > 15.56 MPa) 19 
Reactor scram (P > 16.30 MPa) 23 
Pressurizer PORV closes (P < 14.96 MPa) 30 
Full steam generator dryout 26 
Start of auxiliary feedwater 100 
Pressurizer is empty 162 
Stop of primary pumps (primary mass (liquid + steam) < 85000 kg) 2169 
First fuel rod clad perforation/burst 3642 
First clad melting and dislocation 3806 
First ceramic melting and dislocation 4412 
First molten material slumping in the lower plenum 4485 
Vessel failure - 
Mass of molten material = 10 t 4070 
Mass of molten material = 45 t 5470 
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Fig. 1.  Primary pressure (reactor).
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Figure 5: SB LOCA, course of primary pressure 

 

 

Figure 6: SB LOCA, course of core water level (collapsed)  

 

Fig. 2.  Core level (collapsed).
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Fig. 3.  Total break mass-flow rate.
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Figure 7: SB LOCA, break mass-flow-rate  

Fig. 4.  Total primary water masses.
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Figure 8: SB LOCA, coolant mass in primary system 
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 3229 s, start of 

ICARE 

4069 s, 10 t of 

molten’s 

5415 s, 45 t of 

molten’s 

8029 s 9509 s 11029 s 

Figure 10: SB LOCA, base case, temperature field in the reactor 

Fig. 8.  Total mass of molten materials (core + LP).
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4069 s, 10 t of 

molten’s 

4589 s 5149 s 

5749 s 6309 s 11029 s 

Figure 11: SB LOCA, reflooding at 10 tons of molten materials, temperature field in 

the reactor  

 
6469 s 6869 s 7309 s 

7869 s 9269 s 11029 s 

Figure 12: SB LOCA, reflooding at 45 tons of molten materials, temperature field in 

the reactor  
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4.2  SLB sequence 

 

The results obtained wit ASTEC 2.0 rev2 are reported in Tab. 4 and Figs. 13 - 21. The double ended 

guillotine break of the surge line occurred in conjunction with the loss of offsite power supply at t = 0 s. 

The loss of offsite power leads to immediate reactor scram, primary pump coast down, and turbine and 

feedwater trip on the secondary side of steam generators without actuation of auxiliary feedwater. A large 

primary coolant leakage results in fast depressurization of the primary system with rapid primary coolant 

inventory depletion and consequently onset of core uncovery, heat-up and cladding oxidation. After initial 

blown-down phase primary pressure stabilizes close to atmospheric value (Fig. 14). Certain pressure 

increase in later phase is caused due to initiation of safety injections (cases with core reflooding) or due to 

relocation of molten corium into residual coolant in lower reactor head (all cases). First cladding burst 

occurs due to ballooning shortly after t = 16 min. The onset of cladding oxidation takes place shortly 

before.  

 

4.2.1 Base case without reflooding 

 

In the base case after the initial onset of cladding oxidation the further hydrogen production slows down 

due to steam starvation. Because of absence of any injection the coolant inventory in primary system is 

steadily decreasing and, when the core melting takes place, the mass of molten pool on core support plate 

is growing steadily until the failure of core barrel occurs (Fig. 19) and the corium is massively relocated 

into lower reactor head (side relocation). Corium slump is followed by increased steam, and consequently, 

hydrogen production. Certain amount of corium penetrates through opening in core support plate before 

core barrel was melted through and was partly fragmented and quenched in lower reactor head. Later 

residual water in lower head is evaporated and re-melting of debris (that were quenched before) takes 

place. After formation of developed stratified molten pool with presence of light metallic layer above the 

heat generating oxidic pool the ablation of RPV wall takes place and melting trough the wall occurs shortly 

after t ~ 128 min. Here the analysis was terminated.   

 

4.2.2 Low flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

Uninterrupted coolant injection 28 kg/s into cold legs (4x7 kg/s) with coolant temperature 40 °C was 

actuated in these two sequences when the mass of molten materials reached 10 tons, respectively 45 tons.  

 

In the case when the safety injection was actuated at the early stage of core damage the start of injection is 

followed by accelerated cladding oxidation. Despite of coolant injection the corium pool on core support 

plate wasn't quenched and later at t ~ 100 min failure of core barrel occurs and massive corium slump into 

lower head that was completely filled by water takes place. Here the melt was fragmented and quenched. 

Till the end of the analysis (at t ~ 140 min due to code crash) the vessel failure was not predicted and even 

wall ablation did not occur (Fig. 13). 

 

In the case when the safety injection was actuated at the highly degraded core state. The start of safety 

injection is followed only by slightly increased Zr oxidation and hydrogen production. Integral hydrogen 

production until the vessel failure occurs is about the same size like in the basic case without injection. 

After the failure of core barrel massive corium slump into lower head that was completely filled by water 

takes place similarly like in previous case, but (due to delayed injection) rather earlier. Here the melt was 

partly fragmented and quenched that resulted in pressure spike in primary system. After remelting of debris 

and stratified molten pool formation the vessel failure occurred at t ~ 143 min due wall fusion at the 

elevation close to border between oxidic and metallic layer, where the highest heat flux is predicted (Fig. 

13).     

 

  



NEA/CSNI/R(2015)3 

 210 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4.2.3 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

 

Coolant injection 360 kg/s into cold legs (4 x 90 kg/s) with coolant temperature 40 °C was actuated in 

these 2 sequences. The duration of injection phase was 1000 s and then the injection was terminated.  

 

In the case when the safety injection was actuated at the early stage of core damage at t ~ 26 min the high 

flow-rate injection results in rapid reflooding (Fig. 15) of hot core region and, consequently, increased 

steam production followed by pressure spike in primary system (Fig. 14). Increased steam presence in RPV 

and increased steam pressure accelerates temporarily exothermic Zr cladding oxidation and melting of core 

materials (Fig. 18). About 100 kg of hydrogen was produced during the reflooding phase. Despite of 

complete core flooding the corium pool on core support plate wasn't quenched and melting of core 

materials continues but with limited speed comparing to basic case. Later, after termination of safety 

injection at t ~ 43 min coolant from core gradually boiled off and second uncovery of damaged core 

occurs. The mass of molten materials in the pool on core support plate starts to rise more rapidly (Fig. 18). 

At t ~107 min failure of core barrel followed by massive side-relocation of corium into lower head (that 

was completely filled by water) occurred. Here the melt was fragmented and quenched. Till the end of the 

analysis at t = 109 min the vessel failure was not predicted and even remelting of solid debris and wall 

ablation did not occur (Fig. 20).        

 

In the 2nd case the safety injection was actuated at t ~ 35 min under the condition of highly degraded core 

state. The actuation of safety injection is followed by increased Zr oxidation and hydrogen production 

(integral hydrogen production during reflooding phase increases about 100 kg like in previous case). 

Despite of almost complete reactor vessel re filling and core flooding the corium pool on core support plate 

wasn't quenched and melting of core materials continues but with limited speed comparing to basic case. 

6514 s 

6514 s 

8331 s 

8331 s 

8571 s 

8571 s 

base case reflooding at 45 t of molten’s reflooding at 10 t of molten’s 

Figure 13: SLB without and with low flow-rate reflooding, temperature field and gas 

porosity at the final stage of the accident 



 NEA/CSNI/R(2015)3 

 211 

Later, after termination of safety injection at t ~ 51 min coolant from core is gradually boiled off and 

coolant level in core is decreasing (Fig. 15). However, till the end of the analysis at t ~ 80 min (code crash) 

there was still sufficient coolant level in the core and the failure of core barrel and corium slump into lower 

head did not (Fig. 21). There was only a minor penetration of molten corium through the openings in core 

support plate. This corium was fragmented, quenched and settled on the bottom of lower head.   

 

Table 4: Chronology of main events (code output) 

Parameter Time (s) 

Break opening and total loss of electrical power 0 
Reactor scram, turbine off, MCP off  0 
Full steam generator dryout - 
Pressurizer is empty 8.5 
First fuel rod clad perforation/burst 992 
First clad melting and dislocation 1229 
First ceramic melting and dislocation 2211 
First molten material slumping in the lower plenum 1915 
Mass of molten material = 10 t 1571 

* 
Mass of molten material = 45 t 2091 

* 
Base case - vessel failure  7710 

*
 

Reflooding with low flow rate at 10 tons of molten material - code crash 8331 

Reflooding with low flow rate at 45 tons of molten material - vessel failure 8587 

Reflooding with high flow rate at 10 tons of molten material - code crash  6533 

Reflooding with high flow rate at 45 tons of molten material - code crash 4771 

 
*
 discrepancies against original values presented in Chapter 4 due to use of newer (internal) ASTEC 

versions released within MARCUS sheet No 2385 [3]

Fig. 1.  Primary pressure (reactor).
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Figure 14: SLB without and with high flow-rate reflooding, evolution of 

primary pressure  
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Fig. 2.  Core level (collapsed).
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Figure 15: SLB without and with high flow-rate reflooding, evolution of core water level (collapsed) 

Fig. 3.  Total break mass-flow rate.
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Figure 16: SLB without and with high flow-rate reflooding, break mass-flow-rate   
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Fig. 4.  Total primary water masses.
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Figure 17: SLB without and with high flow-rate reflooding, mass of coolant in primary system  

Fig. 8.  Total mass of molten materials (core + LP).
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Figure 18: SLB without and with high flow-rate reflooding, total mass of molten materials  
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  803 s 1571 s, 10 t 

ofmolten’s 

2091 s, 45 t 

ofmolten’s 

3731 s 5411 s 7710 s, vessel 

failure 

Figure 19: SLB base case without reflooding, temperature field in the reactor 

1571 s, 10 t of 

molten’s 

     1811 s 2131 s 

3333 s 6013 s 6533 s, end of calc. 

Figure 20: SLB with high flow-rate reflooding reflooding at 10 tons of molten materials, 

 temperature field in the reactor  



 NEA/CSNI/R(2015)3 

 215 

 
5.  Main results from sensitivity analysis 

 

The basic SLB scenario and two scenarios with low reflooding rate initiated at slightly and highly 

degraded core were recalculated using the latest version ASTEC V2.0 rev3 patch 1 that was released in 

December 2013. Besides certain code improvements that are briefly described in [2] the visualization of 

the results was improved as well. Contrary to previous analyses (that are presented in chapters 4.2.1 and 

4.2.2) that were obtained with version ASTEC 2.0 rev2, all three sequences were analysed successfully till 

the reactor vessel failure occurs due to fusion. Figs. 24 -26 illustrate the temperature field in reactor vessel 

during the accident. Contrary to previous results molten magma pool that develops in course of the 

accident on core support plate is shown here (this possibility was not available in older code versions). 

There are certain differences in comparison with the results that were obtained for the same sequences 

using V2.0 rev2 version. In basic case the vessel failure was predicted more than 8 min later than in the 

case obtained with older code version. In both cases with reflooding the vessel melt through was predicted 

later than in basic case without recovery of safety injection. However, in the case with initiation of safety 

injection at 45 tons of molten material the vessel failure occurred more than 24 minutes later than in the 

case with early (at 10 tons) actuation of reflooding. This is due to higher Zr oxidation and thus higher 

exothermic heat (Fig. 23) and, consequently, earlier melting through the core barrel and corium slump into 

lower reactor head. These inconsistencies with older results are probably due to some mistakes in 

prediction of residual coolant mass in reactor vessel at the time of ICARE actuation (MARCUS sheet 2385 

[3]). This bug was later corrected in newer code versions. However, since the code version ASTEC V2.0 

rev3 patch 1 was released close to the end date of the BE-TMI2 project, it is too early for deeper 

assessment of performances of this latest code version.  

  

2091 s, 45 t of molten’s 2251 s 2531 s 

3251 s 4571 s 4771 s 

Figure 21: SLB with high flow-rate reflooding reflooding at 45 tons of molten materials,  

temperature field in the reactor  
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Fig. 5.  Cumulated hydrogen production.
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Figure 23: SLB without and with low flow-rate reflooding, integral production of 

hydrogen 

 

Fig. 4.  Total primary water masses.
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Figure 22: SLB without and with low flow-rate reflooding, total mass of coolant in primary 

system  
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Figure 25: SLB low flow-rate reflooding at 10 t of molten materials, temperature field in the 

reactor  
 

1683 s, 10 t of molten’s      2267 s 3045 s, first slump 

4307 s 6187 s 7865 s, vessel failure 

 
738 s, start of ICARE 1683 s, 10 t of molten’s 2003 s, 45 t of molten’s 

3211 s, first slump 4627 s 7006 s, vessel failure 

Figure 24: SLB base case without reflooding, temperature field in the reactor  
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6.  Final remarks 

 

Comparing to experience with previous BE-TMI2 [1] important improvements of ASTEC code were made 

both on the area of code models development as well as on the area of code robustness. Besides basic cases 

without safety injection recovery this time the cases with reflooding of overheated and degraded core were 

analysed, too. In most of analysed sequences the code was running successfully until the debris cooling 

was reached or reactor vessel failure occurred.   
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Figure 26: SLB low flow-rate reflooding at 45 t of molten materials, temperature field in the reactor  
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APPENDIX A.8 KIT CALCULATIONS WITH THE ASTEC CODE 

Heinrich Muscher 
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1. Introduction 

 

The OECD-NEA CSNI BE benchmark exercise (BE) on TMI-2 NPP accident was launched 2011 by the 

WGAMA, in conjunction with the WP 5.4 “Corium & Debris Coolability – Bringing Research Results into 

Reactor Apps” of the EU/SARNET-2. Main objective was to investigate the ability of codes to predict the 

degraded core coolability as well as the kinetics of in-vessel core melt progression by the analysis of 

different severe accidents (SA) sequences. The simulation of 2 representative SA sequences addresses the 

core reflooding issue, starting from different degrees of core degradation, as well as molten core slumping 

into the lower plenum. A small break loss of coolant accident (SBLOCA) and a pressurizer surge line 

break (SLB), double end guillotine break (DEGB), were concerned, too. These SA scenarios include cases 

with & w/o high pressure injection (HPI) until almost complete core melting, corium slumping and 

possible vessel failure. Apart from the base cases, the start-up of LPI/HPI took place at different time 

instants, corresponding to a user pre-defined amount of core degraded materials: 10t or 45t, respectively. 

Time of reflooding was limited at 1000s in case of LPI injection. The code result comparison regarding the 

analysis of the SBLOCA and SLB sequences and related reflooding scenarios was the main goal.  

 

Two accident scenarios have been simulated using the SA integral code ASTEC. These sequences concern 

a small break loss of coolant accident (SBLOCA) and surge line break (SLB). They were at first analyzed 

without emergency core cooling systems actuation until almost complete core melting, corium slumping 

and possible vessel failure. In a second step, core reflooding was simulated by start-up of HPI/LPI at 

different time instants, corresponding to a pre-defined amount of core degraded materials [1]. 

 

2. Description of the ASTEC code  

 

The purpose of the ASTEC software package (Accident Source Term Evaluation Code) is to simulate all 

the phenomena that occur during a SA in a water-cooled NPP, from the initiating event to the possible 

release of radioactive products (the 'source term') outside the containment. ASTEC has been developed by 

the French Institute de Radioprotection et de Sûreté Nucléaire (IRSN), Cadarache and the GRS, Cologne. 

 

The main applications of the software package are: safety analyses for NPPs (e.g. the European Pressurized 

Reactor - EPR), source term evaluations (e.g. the re-evaluation of the S3 source term for the French - 

PWRs) and last but not least: the development of SAM guidelines. 

 

ASTEC is widely used in level two probabilistic safety assessments (PSA2) for 900 and 1300 MWe PWR 

and for EPR. It is also used in the preparation and interpretation of experimental programs, in particular the 

Phébus FP integral test programme (now finished) and in the tests carried out as part of the International 

Source Term Programme (ISTP). 

 

ASTEC was the EU reference software within the European Commission SARNET network of excellence. 

It is also used in other countries, like the Rep. South Africa. 
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The system code ASTEC is also designed - as other integral codes, too - to describe the reactor coolant 

system thermal-hydraulic response during severe accidents, including core damage progression as well as 

fission product and aerosol behaviour, to calculate the source term for containment analyses and to 

evaluate SAM measures. ASTEC includes among others the aerosol and fission product transport code 

SOPHAEROS, the thermo-hydraulics of ICARE and many other parts. 

The ASTEC structure is highly modular in order to include a manifold spectrum of models and to offer an 

optimum basis for further development. ASTEC contains original models for comprehensive simulation of 

the thermo-fluid dynamics in the coolant loops and in the core itself. The ASTEC code comprises a 

thermo-fluid-dynamic module, a heat transfer and heat conduction module, a neutron kinetics module, a 

general control simulation module, and a general-purpose solver of ODE/PDE systems. The thermo-fluid 

dynamic module is based on a six-equation model, with fully separated balance equations for liquid and 

vapor, complemented by mass conservation equations for up to 5 different non-condensable gases and by a 

boron tracking model. Alternatively, a five-equation model, with a mix momentum equation and a full-

range drift-flux formulation for the calculation of the relative velocity between phases is also available. 

Specific models for pumps, valves, separators, mixture level tracking, critical flow etc. are also included in 

ASTEC.  

ASTEC covers the phenomenology of severe accidents except some aspects of steam explosion and the 

mechanical integrity of the containment. Its modular structure (see Figure 1) simplifies qualification by 

comparing the simulated results with those obtained experimentally. Each module simulates phenomena 

occurring in one part of the reactor or at one stage of the severe accident. These include: the two-phase 

thermo-hydraulics of coolant flows in the reactor coolant primary and secondary systems using an 

advanced numerical approach (the so called state of the art modelling).  

The degradation of the core geometry as the residual power causes a temperature rise resulting in chemical 

reactions between the constituent materials and even their melting, up to the formation of molten corium. 

This must be taken into account by the advanced codes. Therefore a dynamic management approach 

(appearance, disappearance, transformation, relocation) of the various components is used within particular 

control volumes (CV) of the core – being a part of the new ASTEC philosophy. 

 

The release of fission products (FP) - particularly iodine - from fuel in the core, together with their 

transport and chemical behaviour in the reactor coolant system and subsequently within the containment, 

the thermal-hydraulics and transport of aerosols within the containment - for all this a so called lumped-

parameter and/or the “0D volumes” approaches are used.  

 

While describing the molten corium-concrete interaction (MCCI) in the reactor cavity following rupture of 

the reactor vessel, a 0D volumes or layers approach is adopted. 
 

ASTEC simulates other phenomena, associated with the severe accident, including direct containment 

heating (DCH), too. Transfer of hot gases and corium droplets from the reactor cavity, following the 

rupture of the vessel; the combustion of H2 accumulated within the containment and the associated risk of 

explosion; as well as the radioactivity of the isotopes (especially Iodine) and the associated residual power 

in all parts of the reactor.  

 

The most recent version of ASTEC (V2.0rev2p2) contains models that incorporate in many cases the latest 

state-of-the-art knowledge. For instance, the models of FP behaviour have been validated on the results of 

the French Phébus FP experiments. These models are one of the major advantages of ASTEC compared 

with other integral software packages. New models have been developed for representing the EPR core-

catcher, too. 
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The core degradation models, an essential component of the ASTEC package, have been considerably 

improved in the new V2 family of versions. These models are the ones of the ICARE2 mechanistic 

approach and are resulting from a major IRSN work dating back to the early 1990s. Similarly, the 

containment models (thermal-hydraulics and aerosols) are based on work by the GRS COCOSYS software. 

Unfortunately, the models relating to the reflooding of degraded cores are still considered to be inadequate 

and actual R&D work on this model is still continuing. 

 

The core module ICARE consists of models for fuel rods, absorber rods (AIC and B4C) and for the fuel 

assemblies including canisters/absorbers. The module ICARE describes the mechanical rod behavior 

(ballooning), the Zr and B4C oxidation (Arrhenius-type rate equations), the Zr-UO2 dissolution as well as 

melting of metallic and ceramic components. The melt relocation (candling model used here in majority of 

cases) is simulated by rivulets with constant velocity and cross section, starting from the node of rod 

failure. The model allows the simulation of oxidation, freezing, re-melting, re-freezing and melt 

accumulation due to blockage. The feedback to the thermal-hydraulic considers steam starvation and 

blockage formation. Apart the convective heat transfer, energy can also be exchanged by radiation between 

fuel rods and to surrounding core structures. 

 

The release of FPs is modelled by rate equations, mostly based on temperature functions taking into 

account the partial ∆P of the gases. The transport and retention of aerosols as well as of FPs in the coolant 

system can be simulated separately by SOPHAEROS. 

 

The code system ASTEC is coupled to the containment code system COCOSYS, too. The German (GRS) 

NPP analyser ATLAS environment allows here not only a graphical visualization of the calculated results 

but also an interactive control of data processing, as well. 

 

The code validation is based on integral tests and separate effect tests (SET), proposed by the CSNI 

validation matrices, and covers the field of thermal-hydraulics, the bundle degradation as well as release 

and transport of FPs / aerosols.  Post-test calculations have been performed both for the out-of-pile as well 

as for the in-pile experiments (Phébus FP). Among others, the severe accident on TMI-2 was used to 

assess the ASTEC code for NPP applications [2].  

 

Figure 1: Structure of ASTEC - its principal modules 
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3. TMI-2 plant and core nodalization 

 

The illustration of the TMI-like plant geometry is given in Figures 2 and 3; according to the modelling 

with the ASTEC code prepared by IRSN, the complete input deck is provided in the related TMI-2 PWR 

severe accident test cases subdirectory consisting of the following */DAT-FILES: connecti, event, fp-heat, 

plot, primary, regu, run_restart; run_steady, run_transient, secondary, sensor, system, vessel, visu_stdy, 

visu_tran (names are self–explaining). 

 

Figure 2: Isomeric view of the TMI-2 unit (left) 

Figure 3: Technical drawing of a PWR RPV, similar to that of the TMI-2 unit (right) 

 
 

The TMI-2 plant nodalization scheme employed in the ASTEC applications [1, 3, 10, 11] is shown in the 

Figs. 4 - 7 below. The NPP nodalization includes a detailed modelling of the primary coolant system with: 

 the RPV volumes and structures, including the VENT valve between the cold and the hot collector; 

  primary coolant loops (1 hot leg and 2 cold legs in each loop) with once-through SGs and 

pumps; 

 the pressurizer with surge-line, PORV, heaters, spray-line and valve; 

 the external walls of the primary circuit; 

 main emergency and control systems. 

Modelling of the secondary systems was limited to the secondary side of SGs, the steam lines with 

isolation valves and main feed water as well as the AFW injections. The core is represented by 6 radial 

rings plus the by-pass and axially discretized in 20 equal meshes. The core baffle, the barrel and the 

thermal shield at the core periphery are also represented. One representative fuel rod component and one 

control rod component are modelled in each ring. The control rod component simulates all the full and 

part-length control rods, all the guide tubes (including those containing burnable poison rods) and all the 

instrument tubes. 

 

The NPP geometry, the initial & boundary conditions and the SA scenario itself have all been defined and 

updated according to the new, actual, alternative TMI-2 scenario BE specifications. The RCS model 

includes the major components of the primary and secondary sides. The primary side the loop has been 

modelled independently by volumes and junctions representing the hot leg, the SGs hot collector, SGs 

tubes, SGs cold collector, the cold leg and the main coolant pumps (MCP). The pressurizer (PRZ) with its 
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safety valves and surge line has been modelled, too. The primary system has two reactor loops, each one 

including two cold legs and MCPs. 

 

The reactor core has been divided both in axial and radial direction (20 nodes in axial direction and six 

rings in radial direction, including baffle and barrel). The RPV structures are modelled with ICARE which 

includes reactor core, baffle, the cylindrical part of the barrel, vessel and fuel assembly supports. 

 

The front-end thermal-hydraulic part of the transient was performed by CESAR until the ICARE module 

was activated later, when the core heat-up takes place. The TMI-2 NPP nodalization scheme is shortly 

described below. 

 

Reactor vessel (according to the VESSEL.dat file): 

 PRIMARY data (core, bypass, lower plenum and downcomer) are automatically created from 

VESSEL.dat file by ASTEC; 

 VENT valve was modelled between the reactor down comer and upper plenum; 

 All junctions were of type 0 (standard two-phase flow junction); 

 Volumes of type 0 (standard homogeneous volumes) were used preferably. Volumes of type 1 

(volumes with swollen level) were used in the upper part of the reactor vessel (upper plenum and 

dome). 

 Default value of τ-long parameter (time return to thermal equilibrium) for volumes of type 1 was 

used.  

 All important characteristic features of the vessel (e.g. vessel vent valves) were modelled. 

 

 

Figure 4: Nodalization scheme of the reactor core, lower plenum and the down comer (left) 

Figure 5: Nodalization of loop with pressurizer (center-left) 

Figure 6: Nodalization of the SG secondary side (center-right) 

Figure 7: Nodalization of the reactor vessel (RPV) (right) 

           

 

Circulation loops: 

 Two identical loops were modelled (one loop with pressurizer and the according break is shown); 

 Two parallel cold legs were modelled in each loop; 
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 Volumes of type 0 (standard volumes) were used preferably. volumes of type –1 (axial elements) 

were used only in SG tubes; 

 Junctions of type 0 (standard two-phase flow junction) were preferred; 

 Reactor coolant pumps were modelled using a shaft equation, respecting the pump inertia, friction, 

motor and hydraulic torques (a fluid mechanics consideration). 

 

Pressurizer and surge line: 

 Pressurizer (PRZ) was modelled using 3 volumes of type 1 (volumes with swollen level); 

 PRZ surge line was modelled by 2 volumes of type 0 (standard volumes) connected by a junction 

in their bottom part (loop seal shape). 

 

SG – secondary side; a simplified modelling: 

 Two identical SGs were modelled; 

 Volumes of type 0 were used; 

 All junctions are of type 0. 

 

Core, lower plenum and downcomer modelling: 

 Meshing: 6 parallel channels (core rings) + bypass, down comer and lower plenum; 

 Fuel assemblies split into 20 axial meshes; 

 The following solid macro components were defined: 

- Fuel and cladding; 

- Control rods: absorber, gain and guide tubes; 

- Core baffle, barrel and shield; 

- Reactor vessel with thermal insulation;

- Lower plenum structure. 

 

he debris bed and molten pool formation could be modelled optionally (or not) (=> macro components 

DEBRIS & MAGMA can be optionally defined via parts of the according ASTEC Input Decks).  

 

Comments came from the experienced colleagues of IVS, Trnava: the vessel.dat ASTEC file is checked by 

them concerning the question, whether the input data model adopted here really corresponds with the 

corresponding nodalization of the SG: Colleagues of IVS Trnava for instance have split the SG tube bundle 

into two parallel channels: an outer CH (directly sprayed by FW injection) and the inner one [3]. 

 

4. Main results from steady state & transient analyses 

 

The objectives and the scope of the BE on TMI-2 plant were clearly outlined: radial and axial core power 

profiles according to specification OECD MSLB BE Report (1999) as well as the ATMI plant geometry.  

Severe accident sequences to investigate core reflood and corium behaviour in the lower until vessel failure 

concerning different degrees of in-vessel core degradation / melt progression: (including molten corium 

relocation/slumping into the lower plenum). 
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4.1  TMI-2 nominal steady state vs. KIT-ASTEC modelling results 

 

The main parameters of the nominal TMI-2 steady-state calculated by ASTEC are compared to 

specification values (TMI-2) in Table 1. There is a general good consistency between calculated and TMI-

2 data. 

 

Table 1: Nominal TMI-2 steady-state 

Parameter Unit ASTEC KIT TMI-2 

Reactor core power MW 2772 2772 

Pressurizer pressure MPa 14.9 14.96 

Temperature hot leg A K 591 591.15 

Temperature hot leg B K 591 591.15 

Temperature cold leg A K 564 564.15 

Temperature cold leg B K 564 564.15 

Mass flow rate loop A kg/s 8820 8800 

Mass flow rate loop B kg/s 8800 8800 

Pressurizer collapsed level m 5.59 5.588 

Pressurizer water mass kg 14600 13710 

Total primary mass kg 222400 222808 

Steam pressure SG A MPa 6.41 6.41 

Steam pressure SG B MPa 6.41 6.41 

Steam temperature SG A K 567.0 572.15 

Steam temperature SG B K 567.0 572.15 

Riser collapsed level SG A m 3.21 - 

Riser collapsed level SG B m 3.21 - 

Down comer collapsed level SG A m 4.52 - 

down comer collapsed level SG B m 4.52 - 

Liquid mass SG A kg 16800 - 

Liquid mass SG B kg 16800 - 

Feed water flow rate SG A kg/s 772 761.1 

Feed water flow rate SG B kg/s 772 761.1 

Feed water temperature SG A & B K 511 511.15 
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4.2   The SBLOCA sequence (scenario 1): 

 

The 1
st
 transient calculation (base case) started from a sequence close to the one of the ATMI BE, but w/o 

HPI in the late phase and thus consequently until vessel failure. The chronology of main events is given in 

Table 2: 

- The initial event is a small break of 20 cm
2
 in the hot leg A, with contemporary loss of main feed 

water (t = 0 s) and reactor scram on high pressurizer pressure signal at 21.8 s.  

- Auxiliary feed water startup is assumed at 100 s. 

- Primary pump shutdown when primary mass < 85 t at 2177 s. 

- First fuel rod perforation occurs at t = 3737 s due to Zry clad dissolution by Inconel grids. 

- Molten material slumping into the lower plenum through the core by-pass after baffle melting 

starts at t = 4681 s, followed by further massive molten material slumping.  

- Vessel failure at t = 10937 s by rupture criteria. 

 

 

Table 2: Chronology of main events 

EVENT Time (s) / 

ASTEC KIT 

Break opening & main feed water loss 0 

Pressurizer PORV opens 17.1 

Reactor scram 21.8 

Pressurizer PORV closes 25.3 

Full steam generator (SG) dry out 27.0 

Startup of auxiliary feed water, AFW 100.3 

Pressurizer is empty 128 

Stop of primary pumps 2177 

First fuel rod clad perforation/burst 3737 

First clad melting and dislocation 4040 

First ceramic melting and dislocation - 

1st molten material slumping in L. P. 4681 

Vessel failure 10937 

 
 

4.2.1 Base case without reflooding (preliminary discussion, comments) 

The code version used for this transient analysis was the ASTEC V2.0R2. The main results of the 

ASTEC calculation are collected in the “tmi2_results.plot” file. According to BE specifications, the global 

parameters are obtained from the values reported in this file: 

- Q-brk = Q-BRK-l + Q-BRH-g 

- M-pri = M-PRI, until instant of ICARE start 
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- M-pri = M-PRI + M-VES-l + M-VES-g, after instant of ICARE start 

- T-cor = T-COR-1 until instants of ICARE start (calculated by CESAR) 

- T-cor = T-COR-2, after instants of ICARE start (calculated by ICARE) 

- M-tco = MDEBRCOR + MMAGMCOR + MDEBRLP + MPOOLLP 

- M-tlp = MDEBRLP + MPOOLLP 

Regarding the discrepancy on T-cor1 and T-cor2 at the time when ICARE starts: this problem could be 

related to the values calculated by CESAR and ICARE. Since CESAR simulates only one average fuel rod 

for the whole core, while ICARE calculates the temperature in each core ring, maybe there is some 

inconsistency during the switch from CESAR to ICARE. 

 

4.2.2 Reflooding start-up at 10 tons (left) and 45 tons (right) of degraded core materials 

 

The time evolution of main parameters and the core configuration at the end of ASTEC calculation (t = 

15000 s is illustrated in Fig. 8 below. 
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Figure 8: Comparison of reflooding transients: the 10 t case (left) vs. 45 t case (right) 

 

 

4.3  SLB sequence (Scenario 2) 

 

The code version used for this transient analysis was the ASTEC V2.0R2p2. 
 

4.3.1 Base case without reflooding 

 

The chronology of main events is given in Tab. 3, while the core configuration at the end of ASTEC 

calculation (t = 15000 s) is illustrated in Fig. 9. 
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Table 3: Chronology of main events 

break opening (s) 0,0000E+00 

switch off MCP1A (s) 1,0000E-04 

switch off MCP2A (s) 1,0000E-04 

switch off MCP1B (s) 1,0000E-04 

switch off MCP2B (s) 1,0000E-04 

reactor scram - this time plus 1 s delay (s) 2,0640E-01 

First total core uncovery (s) 5,7829E+02 

First cladding creep rupture (s) 7,7669E+02 

First cladding perforation by grid (s) 8,7889E+02 

First material slump in lower plenum (s) 1,3980E+03 

First slump of corium with FPs in lower plenum (s) 1,3980E+03 

Melting pool formation in the core (s) 1,6782E+03 

Lower head vessel failure (s) 4,6193E+03 

   - Melt-through rupture (axial level) 5,0000E+00 

    - Elevation of rupture (m) -1,7347E+00 

    - Corium mass in the lower head (kg) 1,2901E+05 

    - H2 mass produced during the in-RPV phase (kg) 4,1025E+02 

End of sequence calculation (s)            1,5000E+04 
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Figure 9: End results for the SLB Base Case 

 

 

4.3.2 Low flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

4.3.2.1 Chronology of main events (the 10 tons case) 

 

The chronology of main events for the reflooding scenario starting from a slightly degraded core is given 

in Tab. 4 below. 
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Table 4: Chronology of main events 

break opening (s) 0,0000E+00 

switch off MCP1A (s) 1,0000E-04 

switch off MCP2A (s) 1,0000E-04 

switch off MCP1B (s) 1,0000E-04 

switch off MCP2B (s) 1,0000E-04 

reactor scram - this time plus 1 s delay (s) 2,0640E-01 

First total core uncovery (s) 5,7829E+02 

First cladding creep rupture (s) 7,7669E+02 

First cladding perforation by grid (s) 8,7889E+02 

First material slump in lower plenum (s) 1,3980E+03 

First slump of corium with FPs in lower plenum (s) 1,3980E+03 

HPI_1A on (s) 1,5813E+03 

HPI_2A on (s) 1,5813E+03 

HPI_1B on (s) 1,5813E+03 

HPI_2B on (s) 1,5813E+03 

Melting pool formation in the core (s) 1,5843E+03 

End of sequence calculation (s) 1,5000E+04 

 

 

4.3.2.2 Chronology of main events (the 45 tons case) 

 

The chronology of main events for the reflooding scenario starting from a highly degraded core is given in 

Tab. 5 below. 

 

Table 5: Chronology of main events 

break opening (s) 0,0000E+00 

switch off MCP1A (s) 1,0000E-04 

switch off MCP2A (s) 1,0000E-04 

switch off MCP1B (s) 1,0000E-04 

switch off MCP2B (s) 1,0000E-04 

reactor scram - this time plus 1 s delay (s) 2,0640E-01 

First total core uncovery (s) 5,7829E+02 

First cladding creep rupture (s) 7,7669E+02 

First cladding perforation by grid (s) 8,7889E+02 

First material slump in lower plenum (s) 1,3980E+03 

First slump of corium with FPs in lower plenum (s) 1,3980E+03 

Melting pool formation in the core (s) 1,6782E+03 

HPI_1A on (s) 1,8113E+03 

HPI_2A on (s) 1,8113E+03 

HPI_1B on (s) 1,8113E+03 

HPI_2B on (s) 1,8113E+03 

End of sequence calculation (s) 1,5000E+04 

 



NEA/CSNI/R(2015)3 

 236 

4.3.3 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

 

4.3.3.1 Chronology of main events (the 10 tons case) 

 

The chronology of main events for the reflooding scenario starting from a slightly degraded core is given 

in Tab. 6 below. The main results of this transient are illustrated in Fig. 10 in comparison with the ones of 

the 45 tons case. 

 

Table 6: Chronology of main events 

break opening (s) 0,0000E+00 

switch off MCP1A (s) 1,0000E-04 

switch off MCP2A (s) 1,0000E-04 

switch off MCP1B (s) 1,0000E-04 

switch off MCP2B (s) 1,0000E-04 

reactor scram - this time plus 1 s delay (s) 2,0640E-01 

First total core uncovery (s) 5,7829E+02 

First cladding creep rupture (s) 7,7669E+02 

First cladding perforation by grid (s) 8,7889E+02 

First material slump in lower plenum (s) 1,3980E+03 

First slump of corium with FPs in lower plenum (s) 1,3980E+03 

HPI_1A on (s) 1,5813E+03 

HPI_2A on (s) 1,5813E+03 

HPI_1B on (s) 1,5813E+03 

HPI_2B on (s) 1,5813E+03 

Melting pool formation in the core (s) 1,5839E+03 

HPI_1A off (s) 2,5813E+03 

HPI_2A off (s) 2,5813E+03 

HPI_1B off (s) 2,5813E+03 

HPI_2B off (s) 2,5813E+03 

End of sequence calculation (s) 1,5000E+04 

 

 

4.3.3.2 Chronology of main events (the 45 tons case) 

 

The chronology of main events for the reflooding scenario starting from a highly degraded core is given in 

Tab. 7 below. The main results of this transient are illustrated in Fig. 10 in comparison with the ones of the 

10 tons case. 
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Table 7: Chronology of main events 

break opening (s) 0,0000E+00 

switch off MCP1A (s) 1,0000E-04 

switch off MCP2A (s) 1,0000E-04 

switch off MCP1B (s) 1,0000E-04 

switch off MCP2B (s) 1,0000E-04 

reactor scram - this time plus 1 s delay (s) 2,0640E-01 

First total core uncovery (s) 5,7829E+02 

First cladding creep rupture (s) 7,7669E+02 

First cladding perforation by grid (s) 8,7889E+02 

First material slump in lower plenum (s) 1,3980E+03 

First slump of corium with FPs in lower plenum (s) 1,3980E+03 

Melting pool formation in the core (s) 1,6782E+03 

HPI_1A on (s) 1,8113E+03 

HPI_2A on (s) 1,8113E+03 

HPI_1B on (s) 1,8113E+03 

HPI_2B on (s) 1,8113E+03 

HPI_1A off (s) 2,8113E+03 

HPI_2A off (s) 2,8113E+03 

HPI_1B off (s) 2,8113E+03 

HPI_2B off (s) 2,8113E+03 

End of sequence calculation (s) 1,5000E+04 
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Figure 10: Comparison of transients: the 10 tons case (left) vs. the 45 tons case (right) 

(SLB sequence: main results for the high flow rate reflooding scenarios) 

 
4.4 Additional analysis of the ASTEC results 

 
4.4.1 SBLOCA sequence 

 
At first the results of the base case w/o HPI/LPI are presented. Then, two reflooding scenarios are 

considered, assuming the recovery of HPI system and starting from different degraded core conditions: 10 

tons and 45 tons of degraded core mass. 



 NEA/CSNI/R(2015)3 

 243 

4.4.1.1  Base case w/o reflooding 

 

Tables are giving an overview of the core melt progression and the hydrogen source. The mass flow rate 

decreases quickly at the beginning of the transient according with the decreasing primary pressure, until 

saturation conditions are reached. Then the break flow rate (liquid and steam mix) continues to decrease 

due to the increasing void fraction at the break. After primary pumps stopped with the consequent hot leg 

draining, the break flow rate switches from the mix to pure steam flow. From this point onwards, the break 

flow rate decreases. ASTEC was able to reproduce the break flow rate behavior. This leads to good 

ASTEC results in the calculation of the primary mass development. 

 

The timing of primary pumps stop given by ASTEC was satisfactory. After primary pumps stop and the 

hot leg draining, the core decay heat removal by the secondary side progressively reduces. Therefore, the 

primary pressure is no more sustained by the SG pressure and then tends to be monitonically reduced. In 

our ASTEC calculation the jet fragmentation during slumping was not taken into account (simplifying the 

model). 

 

The strong non-linear evolution of the core collapsed water level with time was satisfactory to us, too. This 

right behavior was shown by ASTEC here. During the OECD meeting was shown, that this behavior was 

in good agreement among all BE participants. A large amount of hydrogen is predicted during the first 

oxidation phase. 

 

The ASTEC calculation stopped at the time of vessel failure. ASTEC agreed with the others concerning the 

onset of molten core slumping into the lower plenum.  

 

4.4.1.2  Reflooding of a slightly degraded core 

 

The HPI reflooding rate was set to (25+3) = 28 kg/s, including the make-up flow rate of 3 kg/s. All the 

calculations are stopped when the core heat-up and degradation progression is terminated. The code results 

regarding the chronology of main events, the degraded/relocated core masses and the hydrogen source are 

compared in previous Tables. ASTEC predicted core quenching, core slumping and no vessel failure after 

the reflooding phase. However, the amount of hydrogen generated after reflooding simulated via ASTEC 

was somewhat too high. 

  

Primary system refilling was predicted well by ASTEC. Significant primary pressure spikes were 

calculated by ASTEC at the onset of core reflooding, mainly due to strong thermal interaction of water 

with hot structures of the core. Following core quenching, some enhanced hydrogen generation is 

calculated, as well.  

ASTEC shows that the core melt progression is terminated by core reflooding. 

 

4.4.1.3  Reflooding of a highly degraded core 

 

The only difference in this reflooding scenario with respect to the reflooding of a slightly degraded core is 

the time of reflooding start-up. One can understand this study as a kind of a parametric one, “a more or less 

sensitivity study” since the only change was the triggering point for the reflooding itself. 

  

The ASTEC results regarding the chronology of main events, the degraded/relocated core masses and the 

hydrogen source are given in appropriate Tables above. Following core quenching, some enhanced 

hydrogen generation is calculated, as well, like in the previous reflooding scenario. Even in this case 

ASTEC shows that the core melt progression is terminated by core reflooding. 
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4.4.1.4  Main outcomes 

 

 ASTEC predicted vessel failure in the base case w/o reflooding  

 There is a rather large difference in the hydrogen production (as integral value) in comparison to 

the results of other BE participants (see the according BE comparison file). The late phase of the 

transient should be better modelled somehow. The usage of debris bed models by the others 

against 2D magma model by KIT in ASTEC simulations might have an impact on the calculation 

of late phase core melt progression, and so on the hydrogen source term. 

 

4.4.2 SLB sequence 

 
The following calculations have been performed for the second specified sequence (SLB with total loss of 

off-site power: 

 Base case w/o reflooding 

 Start of HPI injection (28 kg/s) when melt mass reaches 10 tons / 45 tons 

 Start of LPI injection (360 kg/s) when melt mass reaches 10 tons / 45 tons 

The chronology of the main events for the base case SLB sequence w/o reflooding and the two low flow 

rate reflooding scenarios (HPI flow rate = 28 kg/s) are presented in Tables and Figures.  

In the base case, the surge line break opening at 0 s with simultaneous station blackout (SBO) leads, as 

expected, to a quick depletion of coolant mass inventory in the primary system with contemporary 

depressurization of the circuit and early start of core uncovery. The core is completely uncovered in short 

time. The primary circuit depressurizes down to the containment pressure of 1.5 bar. 

 
4.4.2.1  Base case w/o reflooding 

 

The total amount of hydrogen produced ranges from 100 kg to 250 kg in different ASTEC calculations 

(Figure 4.30). In the ASTEC calculation by KIT, no debris bed (only magma) modeling was taken into 

account differently from ASTEC calculations done by ENEA, INRNE and BARC. This confirms that 

different late phase core degradation modeling can strongly impact on the hydrogen source term and, at the 

same time, on core melt progression plus corium relocation into the lower plenum. 

 

4.4.2.2  Low flow rate reflooding of a slightly degraded core 

 

In some ASTEC calculation, by KIT and the others, in the reflooding of a slightly degraded core the slow 

core reflooding rate was not enough to cool the core and then to stop the core melt progression. As a 

consequence, in these calculations the whole core degradation and core material slumping into the lower 

plenum was not significantly limited and, therefore, the vessel failure was only shortly delayed, with 

respect to the base case without reflooding.  

 

4.4.2.3  Low flow rate reflooding of a highly degraded core 

 

As in the previous reflooding scenario, the vessel failure was just delayed in the KIT ASTEC calculation. 

 

4.4.2.4  High flow rate reflooding of a slightly degraded core 

 

The core reflooding started when the total amount of degraded core materials reached the value of 10 tons.  

The LPI reflooding rate was set to 360 kg/s here and kept constant for 1000 s, continuously. The main 

results of this reflooding scenario are shown in Figures and Tables. Fast core cool-down is predicted by 
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ASTEC. The ASTEC calculation shows additionally a sharp increase in the cumulated hydrogen mass 

during the reflooding phase. The core degradation is temporarily (properly) captured during reflooding. 

The increase in core degradation could be explained by fuel rod collapse. 

 

4.4.2.5  High flow rate reflooding of a highly degraded core 

 

The core reflooding is started here at the time point, when the total amount of degraded core mats reaches 

the value of 45 tons. The LPI reflooding rate was set to 360 kg/s and kept continuously for 1000 s. The 

ASTEC results are given in according Tables and Figures. The large LPI flow rate leads here, as expected 

intuitively, to a fast recovery of the core, pronounced degraded core coolability during the early phase and 

vessel failure in the late phase. The reasons for this – not unusual - behaviour are sufficiently explained 

elsewhere in this report. 

 

Also in this case a highest hydrogen source during reflooding is calculated by KIT-ASTEC. Once more, 

the massive molten material slumping into the lower plenum seems captured by ASTEC in a proper way. 

 

4.4.2.6 Main outcomes 

 

From the analysis of the SLB sequence and related reflooding scenarios, the following main outcomes can 

be identified: 

 The convergence between different ASTEC calculations made by different benchmark participants 

are in majority of transients obtained satisfactory also to us, as KIT, although some spreading was 

observed in the ASTEC investigations especially under the highest reflooding flow rates. 

 ASTEC agreed with other results in predicting early total core uncovery with progressive core heat 

up and oxidation under steam starved conditions, which prevent fuel rod temp escalation at core 

top during the early phase (see the comparison plots). Despite similar hydrogen integral values, 

some spreading might be found in the timing of hydrogen produced. Analysing the time evolution 

of the hydrogen rates can be recommended here for the purpose of further, deeper analysis. 

Sometimes the instantaneous values are more informative than the “smoother” integral ones. 

 ASTEC predicted well the core melting and slumping into the lower plenum in the late degradation 

phase, including melting and relocation of significant amounts of metallic and ceramic materials of 

core, support and peripheral structures etc. The timing of melting, massive slumping and vessel 

failure must be further and deeper examined - hopefully a better, or even best, choice of late phase 

degradation models to be applied in the future ASTEC v2.1. 

 By reasons unknown in the ASTEC by KIT as well as in the ATHLET-CD calculation, done by 

RUB, the hydrogen amount during reflooding was larger than predicted by other BE participants. 

 

5.  Main suggestions concerning sensitivity analysis (parametric study) 

 
The GRS- SUSA work of 1992 (an ATHLET-CD related final report, in German) [6] is very important in 

the context of properly done NPP uncertainty analysis.  This pioneering work is now being continued at the 

GRS Cologne/Garching, Germany. SUSA (Software for Uncertainty & Sensitivity Analyses) guides 

through the main steps in terms of PDFs & dependence measures via generation of a sample of values for 

the uncertain parameters according to a multivariate PDF which satisfies the given input. Performance of 

runs for each set of values sampled for the uncertain parameters (random sampling). Both the 

quantification of the uncertainties of the code results as well as the ranking of the parameters with respect 

to their contribution to the overall uncertainty of the computational result (including sensitivities) is 

possible and plausible within SUSA/ ATHLET-CD [9]. 
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Parameter studies, so called “sensitivities”, have been performed, collected and presented by other 

colleagues in this report. (See the general part as well as the particular appendixes). 

 

Here, in the Appendix A.8, only one aspect will be additionally discussed (sketched). Numerical 

differentiation with variable time instants (for instance under EXCEL, MS-Office package) is 

recommended for a check of the rapid time evolution of the liquid fraction versus time (dMl/dt) observed 

during our BE exercise. Further discussing the criteria defining ‘stable conditions’ after very rapid changes 

in the time dependencies of many significant parameters are an obvious need (see the sketch below, a 

simple numerical algorithm for differentiating with variable time instants and smoothing can be delivered 

upon request. In the TMI-2 BE task group we talked about the way to define a slope function of time. 

EXCEL spreadsheets are available now showing time evolution of data similar to ours. Such plots are 

giving the 1
st
- 2

nd
- and higher order derivative results vs. time; see the simple sketch below: 

 

 
Figure 11 

The main part of the advanced ASTEC-specific SLB-Sensitivity Analysis (TMI-2-like parameter studies) 

via SUNSET is still to be performed. Coupling ASTEC with SUNSET for sensitivity studies have been 

already suggested (theoretically prepared to some extent by KIT) during this BE through a literature study 

(concerning the special topic of propagation of uncertainties, E. Chojnacki, et al. IRSN) [8].  

In May 2014 a meeting of advanced ASTEC /XASTEC users in Aix-en-Provence/CEA-Cadarache 

addressed among others also these points. Generally spoken, ASTEC V2.1 will possess some new features 

(main general evolutions on code structure and physics w.r.t V2.0, of the dataset evolutions especially on 

CPA and main associated CONNECTI evolutions as well as some new ICARE test datasets etc.). Up till 

now we have no possibility to go into a description of the new kind of SUNSET/ASTEC v.2.1 coupling. 

New ASTEC V2.1 plant input decks with a focus on NPP datasets parameterization would bring us near to 

the “sensitive analyses” similar to these done with the help of SUSA/ ATHLET_CD and other codes, 

presented elsewhere. Nevertheless, we hope that for performing NPP-like parameter sensitivity analyses 

the new ASTEC version will be more suitable and user-friendly than it was in case of the previous 

solutions. 

6.  Final remarks, conclusions, insights & recommendations based on ASTEC results 

 

Result comparison for the ASTEC SBLOCA and related reflooding scenarios have been presented and 

discussed in Chapter 4. The calculations confirm the general robustness of the ASTEC code. ASTEC was 

able to calculate the SA sequences up to the severe degradation state, under degraded core reflooding 

conditions, without code crashes; this even after core slumping into the lower plenum, and in almost all 

calculations until vessel failure. 

 

After core melting/relocation, involving the loss of rod-like geometry and the molten pool formation (late 

degradation phase) the ASTEC results should be confirmed via appropriate sensitivity analysis 

(particularities of core degradation models used as a parameter input for the “sensitivities”). By reasons 
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unknown up to now, a visible spread in the ASTEC code results among ENEA, BARC, IVS and KIT was 

especially pronounced in the total hydrogen amount produced during the transient. This, although the 

degree of freedom left by the Chairman of the BE was not especially high (a harmonization of IC/BC 

values for all scenarios). Differences in the nodalization schemes could be one of the reasons of the 

discrepancies. Differences in the modelling itself (transients with vs. w/o debris bed formation) can also 

explain to some extent the result uncertainties in the strong non-linear transient regions. It could also be 

that some other “second order” parameters, neither fully/clearly expressed nor properly chosen, finally 

exhibited more significant influence on the final results, getting out of the intuitively expected uncertainty 

margins. 

 

In some ASTEC SBLOCA/SLB calculations vessel failure could not be prevented, this even in case of 

reflooding. 

 

The main results were presented and discussed here including the chronology of main events (in most 

cases). Majority of captured trends is consistent with the (intuitive) expectation. Results are strongly 

dependent on the imposed boundary and initial conditions.  

 

Changing the maximum time step (Δt) influenced the results especially for the case when HPI was 

triggered at 45 tons of degraded material, because core degradation and relocation happens in flooded 

conditions here. Core relocation to lower plenum pre-defined by user criteria has significant impact on core 

coolability and hydrogen production as well as for the ASTEC numerical stability – this for both 

reflooding cases MTCO = 10 tons (Trigger value 1) and MTCO = 45 tons (Trigger value 2). 

 

Only mass from magma corium was specified at KIT, since no debris bed modelling was originally 

assumed/ specified in the design of the transient runs to be different from the ENEA work; in other words 

debris mass was specified as null in all cases. 

 

Slightly differences in fuel rod temperatures at the time increment, when CESAR stops to calculate core 

thermal-hydraulics and ICARE starts were analysed. Since there is only a short time in between: a linear 

interpolation was suggested here. 

 

Concerning the mandatory BE ASTEC post processing – KIT ASTEC work is successfully accomplished. 

The ICARE global modelling (vessel def., BCs & their influence on the results gathered in the *.plot 

output files, description & development of inputs decks…) was adopted from the reference IDs, both for:  

- the early phase modelling (HT, mechanical behaviour, chemistry, movement of materials) as well as  

- the late phase modelling (movement of material, heat transfer, mechanical behaviour). 

Concerning the vessel structure / vessel meshing – knowledge and skill of other more advanced ASTEC 

users was a great help.  

 

The in-vessel core degradation pictures at least just before vessel failure (if it occurs) or at the end of the 

calc. (if there is no vessel failure), were given in each case, since they were provided by ASTEC code 

output. Since ASTEC is based on empirical correlations and up-to-date physics (look at the manuals…) 

ASTEC has the potential to simulate real NPP performance (some evidence was qualitatively given for the 

alternative TMI-2 scenarios during our BE). 

 

Dynamic behaviour (i.e. time dependences; evolution of different parameters of importance)/ developed 

profiles can be visualized via ASTEC (even online, using ODESSA). During the BE we had the 

opportunity to get also some insight into FORTRAN structures, philosophy behind ASTEC, but 

unfortunately up to now we have not the possibility (and not the pleasure) to study the ASTEC source 



NEA/CSNI/R(2015)3 

 248 

code, as it was the case in former times, for instance analysing the Russian SVECHA 2.0 code with its 

particular FORTRAN procedures. 

 

The French Java Data Editor JADE was used parallel to the open source PS PAD for the editing work. The 

colour-coded JADE was especially helpful to find syntax errors in the own ASTEC IDs and can be 

recommended here as a good tool for such a kind work. Overall NPP both steady state and transient trends 

are captured. Concerning the produced numbers itself, for complicated, non-linear transients only a kind of 

“semi quantitative analysis” is done so far. Summarizing, we can conclude with a kind of an ASTEC- and 

“user” feasibility study: “Both the code and the analyst himself are ready now to examine TMI2-like NPP 

accidents also in the future “. It was a novel project for us to learn, how to manage, how to use ASTEC 

effectively in an NPP case…  

 

We agree with other colleagues that the BE results obtained are strongly dependent on the imposed BC, 

IC… 

From the “running point of view” the output is quite satisfactory – the majority of our semi-quantitative 

results provided by code output could fetch well the comparison files built together by the BE Chairman. 

To our knowledge, a complete reactor case was performed not for the 1st time (Marchetto, Cranga, Laurent 

Foucher were studying it a long time before KIT started within this BE, and there were two benchmarks on 

the TMI-2 topic in the past). 

 

Concerning the resulting sequences of our complete reactor case, the steady state as well as the transient 

plant phenomena could be properly detected by ASTEC. 

 

Steady state calculation 

The goal: bringing a TMI-2-like NPP structure from the initial conditions defined in the input deck to the 

real physical NPP plant conditions (nominal power, hot shut down etc.) taking into account that ASTEC 

regulations themselves are usually inspired by the plant regulations (e.g. feed water supply, spray, heaters, 

etc.). There is a remark in the literature that steady state calculation can take a long time (more than 10000 

s) [4] - this was fortunately not the case during our TMI-2 like analysis. All regulations should be stopped 

(except the real plant regulations) and the physical properties (e.g. pressure, flow rate) of the plant should 

stay constant. One has to make sure that the NPP is in a stationary condition before launching the transient 

[5]. 

Transient calculation  

The transient could be performed through ASTEC-RESTART procedures - using the ⋆.std file. The 

EVENT.dat (from the ENEA reference ID, with small modifications, could be successfully used for initiate 

event and simulate the operator actions. 
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APPENDIX A.9 KIT CALCULATIONS WITH THE RELAP/SCDAPSIM CODE 

Hiroshi Madokoro 

Karlsruhe Institute of Technology, The University of Tokyo 

 

 
1.  Introduction 

 

As a part of the OECD/NEA/CSNI WGMA activity, the calculations on the TMI-2 plants were carried out. 

This appendix describes the calculation results by the RELAP/SCDAPSIM code. The calculation includes 

SBLOCA sequence (base case, early reflooding and late reflooding) and SLB (base case, early reflooding 

and late reflooding). Note that only the low flow rate reflooding was carried out in SLB sequence, and that 

the high flow rate reflooding case was not conducted. 

 

2.  Description of code model used 

 

The RELAP/SCDAPSIM/MOD3.5, the latest version of the code, was used for this calculation. The 

RELAP/SCDAPSIM 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) [1, 2, 3]. This section describes several parameters and models that are used in the code: 

the In-vessel core degradation parameters (Table 1), the relocation model (Figure 1 and Table 2) and the 

core slumping model (Figure 2).  

 

Table 1: In-vessel core degradation parameters [4] 

Parameter Correlations/values 

Zircaloy oxidation kinetics Cathcart + Urbanic 

Cladding failure criteria T>2500K and e<0.3mm 

Melting temperature of oxide (UO2+ZrO2) 2830K 

Debris formation criteria 2830K 

Debris porosity and diameter 54% and 3.5mm 

e: oxide layer thickness 

 

The core relocation model in the SCDAP is as follows. The core liquefaction and relocation is calculated in 

the LIQSOL model in SCDAP. The LIQSOL model calculates the processes shown in Figure 1. Table 2 

summarizes the processes that are modelled. First, the model calculates the rate of dissolution of fuel by 

the cladding. Then, the model determines the timing and the locations in the fuel rod where liquefied fuel 

and cladding breach the cladding oxide shell that contains the liquefied mixture. Last, the model calculates 

the downward movement of the mixture due to gravity and the configuration and rate of oxidation of the 

liquefied mixture while it is slumping and after it has stopped slumping due to solidifying [4].  

 

This paragraph explains the slumping model in the SCDAP. Two possible flow paths to the lower head of 

the reactor vessel for molten pool material may be formed by melting of the structure at the periphery of 

the core. These two flow paths are shown in Figure 2. The first flow path is that which results by melting 

through the entire thickness of the structure. If a complete melt through occurs, then the molten pool will 

drain through the path formed by melting and then slump down the outside surface of the structure to the 

lower head. The second flow path is that which results when molten pool material melts the structure 

through to an embedded flow channel and then a plug of solidified molten pool material does not form. In 

this case, the molten pool will drain through the path formed by melting of the structure and then will 
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slump through the embedded flow channel to the lower head. In both cases, the molten pool model 

calculates that the pool drains until the elevation of its upper surface has decreased to the elevation of the 

point of melt through of the structure. 

 

Three events are considered to trigger this slumping. The first event is the melting or structural failure of 

the vertically oriented crust at the periphery of the core that was containing the molten pool and keeping it 

from slumping into the core bypass region. The second event is the structure failure of the crust at the top 

of the molten pool that was supporting core material above the molten pool. This event is considered to 

cause slumping of the molten pool to the lower head only when the molten pool had already spread to the 

periphery of the core. The third event is the propagation of the molten pool to the elevation of the bottom 

of the core. [4] 

 

Figure 1: Processes occurring during meltdown of fuel rod [4] 

 
 

Table 2: Summary of processes modelled by LIQSOL [4] 

Stage of Meltdown Liquefied cladding and 

fuel contained by oxide 

shell 

Liquefied material 

slumping down fuel rod 

Frozen drops 

 

Process being modelled 

 

1. Dissolution of fuel by 

Zr 

1. Configuration of 

liquefied material (array 

of drops) 

1. Transfer of internal 

energy from drops to fuel 

rod at moment of freezing 

2. Durability of oxide 

shell 

2. Motion of drops 

 

2. Additional heat 

capacity of cladding due 

to frozen drops 

3. Oxidation of drops 3. Additional oxidation 

due to frozen drops 4. Heat transfer from 

drops to fuel rod and fluid 

5. Temperature change of 

drops 
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Figure 2: Material in molten pool may slump to lower head by two different flow paths through the 

structure at periphery of core [4] 

 
 
3.  TMI-2 plant and core nodalization 

 

The TMI-2 plant nodalization scheme used in this calculation is depicted in Figure 3 and Figure 4. This 

was based on the input deck used in the TMI-2 calculation by the Idaho National Laboratory [5], which 

was originally derived from an Oconee plant model [6]. As shown in Figure 3, the vessel model consists of 

all major components of the reactor, including the inlet annulus, downcomer, lower plenum, core, core 

bypass, upper plenum, upper head, reactor vessel vent valves, and the control rod guide tube brazements. 

Figure 4 is a nodalization diagram of primary coolant loop A, which includes one hot leg, one steam 

generator, two pump suction legs, two reactor coolant pumps and two cold legs. Primary loop B is identical 

to loop A, except it does not contain a letdown flow path or connections to the pressurizer spray and surge 

lines. Modelling of the secondary systems is limited to the secondary side of steam generators, steam lines 

with isolation valves, and main feedwater and auxiliary feedwater injections. 

 

Figure 3: Nodalization of the reactor vessel and core [5]
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Figure 4: Nodalization of the primary coolant loop A [5] 

 
 

The TMI-2 core was divided into five regions, by grouping similarly powered fuel assemblies together, 

while the Specification document stated the power factors of six radial regions [7]. Therefore, the radial 

peaking factors were recalculated, considering the number of fuel rods. The radial power peaking factors 

used in this calculation is shown in Table 3. As for the axial direction, this calculation used 10 meshes over 

the total core length compared to 14 in the problem specification. The axial power peaking factors are 

summarized in Table 4. 
 

Table 3: Radial peaking factors 

Region Radial Peaking 

Factor 

Number of 

fuel rods 

1 1.2418 2704 

2 1.1747 5824 

3 1.0733 8320 

4 0.9437 9984 

5 0.8278 9984 
 

Table 4: Axial peaking factors 

Distance from 

bottom of fuel [m] 

Power Peaking Factor 

Region 1 Region 2 Region 3 Region 4 Region5 

0.183 0.7379 0.6980 0.6377 0.5608 0.4919 

0.549 1.1752 1.1116 1.0157 0.8931 0.7834 

0.915 1.4117 1.3354 1.2201 1.0728 0.9410 

1.281 1.5303 1.4476 1.3226 1.1630 1.0201 

1.647 1.5814 1.4959 1.3667 1.2018 1.0541 

2.013 1.5906 1.5046 1.3747 1.2088 1.0603 

2.379 1.5293 1.4466 1.3217 1.1622 1.0194 

2.745 1.3846 1.3098 1.1967 1.0522 0.9230 

3.111 1.0267 0.9712 0.8874 0.7803 0.6844 

3.477 0.4506 0.4263 0.3895 0.3424 0.3004 
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4.  Main results from transient analyses 

 

The TMI-2 plant state at the transient initiation is obtained by a steady-state precursor calculation lasting 

1000s and starting from plant thermal-hydraulic parameter values specified for TMI-2. The 

RELAP/SCDAPSIM output at the end of steady-state calculation is summarized in Table 5.  

 

Table 5: Steady-state conditions 

Parameter Unit Nominal Code Output 

Reactor core power MW 2772 2772 

Pressurizer pressure (dome) MPa 14.96 14.955 

Temperature hot leg A K 591.15 614.64 

Temperature hot leg B K 591.15 614.22 

Temperature cold leg A K 564.15 564.88 

Temperature cold leg B K 564.15 564.86 

Mass flow rate loop A  kg/s 8800 8742.4 

Mass flow rate loop B  kg/s 8800 8773.4 

Pressurizer collapsed level M 5.588 5.783 

Pressurizer water mass kg 13710 - 

Total primary mass kg 222808 221528.7 

Steam pressure SG A (outlet nozzle) MPa 6.41 6.5493 

Steam pressure SG B (outlet nozzle) MPa 6.41 6.5493 

Riser collapsed level SG A M 3.28-4.03 2.2686 

Riser collapsed level SG B M 3.28-4.03 2.2742 

Downcomer collapsed level SG A M 5.1-5.6 6.2844 

Downcomer collapsed level SGB M 5.1-5.6 6.2859 

Liquid mass SG A kg 13140-19210 - 

Liquid mass SG B kg 13140-19210 - 

Feedwater flow rate SG A kg/s 761.1 761.1 

Feedwater flow rate SG B kg/s 761.1 761.1 

Feedwater Temperature  SG A & B K 511.15 511.15 

 

4.1  SBLOCA sequence 

 

As the problem specification, the boundary condition of SBLOCA sequence is shown below, and the 

chronology of main events in SBLOCA sequence is shown in Table 6.  

- Hot-leg break 

 Break size = 0.002 m
2
 

 Break position = 4 m along the hot leg A 

 Containment pressure = 0.1 MPa 

- Letdown/Make-up and ECCS injections 

 Letdown flow rate = 0 

 Make-up flow rate = 3 kg/s in total during all the transient 

 1.5 kg/s in cold leg 1B and 1.5 kg/s in cold leg 2B 

 Water temperature = 315.15 K 
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 No HPI injection 

 No LPI injection 

- Set-point values 

 Pressurizer PORV opening: Pressurizer pressure > 15.56 MPa 

 Pressurizer PORV closure: Pressurizer pressure < 14.96 MPa 

 Reactor scram: Pressurizer pressure > 16.30 MPa 

 Pressurizer safety valve set-point: 17.0 MPa (valve capacity = 86.9 kg/s) 

 Primary pump stop: Primary mass (liquid + steam) < 85000 kg 

 

Table 6: SBLOCA sequence: Chronology of events 

Event [s] No water 

injection 

Water injection 

Melt at 10 tons 

Water injection 

Melt at 45 tons 

Break opening and total loss of main 

feed water 
0 

Pressurizer PORV opens 49 
Reactor scram 53 
Pressurizer PORV closes 63 
Full steam generator dryout N/A 
Startup of auxiliary feed water 100 
Pressurizer is empty 421 
Stop of primary pumps 2496 
First clad melting and dislocation 5702 
First ceramic melting and dislocation 5379 
First molten material slumping into 

the lower plenum 
8669 

Start of water injection - 6106 7507 
Vessel failure N/A 

*1
 N/A 

*1
 N/A 

*1
 

End of calculation 18000 
*2

 18000 
*2

 18000 
*2

 
*1: The exact time of the vessel failure is not available. However, the structure material of LP is hot 

enough to be melted. 

*2: Calculation stopped due to the input setting. 

 

Figure 5: SBLOCA sequence: Cladding temperature at core top 
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Figure 6: SBLOCA sequence: Core collapsed level 

 
 

Figure 7: SBCOLA sequence: Cumulated hydrogen production 

 
 

Until the primary pump stops, the RELAP/SCDAPSIM/MOD3.5 calculation was in good agreement with 

the other calculations in this benchmark activity. The break flow rate agreed well with the results of the 

other calculations, which resulted in reasonable primary mass calculation.  

 

The core heat up occurred more slowly than the other calculations, though the onset of the cladding 

temperature increase was almost the same. After about 7000 s, the top of the core in the central ring 

became porous debris and the temperature profile is no longer reliable (Figure 5). 
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Figure 8: SBLOCA sequence: Total mass of degraded core materials 

 
 

Figure 9: SBLOCA sequence: Total mass of relocated materials in lower plenum 

 
 

In the calculation, the total mass of degraded core material reached to 10 tons and 45 tons at the time of 

6106s and 7507s, respectively. The water injection from the cold-leg started at this moment in the 

reflooding calculation. In both reflooding calculations, the core did not reach the whole core covering 

(Figure 6), while the other code reached fully quench condition. Since the core heat up occurred more 

slowly with RELAP/SCDAPSIM than with other codes, the degradation process was slower accordingly. 

The onset of water injection was delayed about 2000s compared to the other codes. During this period, the 

coolant water continued to leak from the hot-leg break, and the total primary coolant mass was less than 

35000kg at the water injection initiation in both reflooding cases. In other codes, there was more than 

50000kg of primary coolant water available at the water injection initiation. Therefore, the water injection 

of 3 kg/s was not enough to cover the total core.  

 

The hydrogen production is shown in Figure 7. The hydrogen production also delayed according to the fuel 

cladding temperature. The significant amount of hydrogen was produced during the first oxidation of the 

core materials. No significant difference was detected among the calculation cases. The hydrogen 

continued to be generated until the end of the calculation since the core was not fully covered. The total 

amount of was within the range of the results of the other calculation codes.  

 



 NEA/CSNI/R(2015)3 

 259 

The total mass of degraded core materials showed the similar tendency as the hydrogen production (Figure 

8). Among the calculation cases, there was almost no difference in the total mass of degraded core 

materials at the end of the calculation. Most of the molten materials slumped into the lower plenum (Figure 

9), and it was predicted that the lower head rupture could occur. Even after the reflooding, the molten core 

continued to slump in to the lower plenum. It can be said that the timing of water injection after the LOCA 

initiation is significantly important, rather than the amount of degraded core. The injection of water was 

delayed 2000 s from the other codes, and this period could lead to a worse situation such that water 

injection cannot stop the lower head rupture. 

 

4.2  SLB sequence 

 

The chronology of the main events in SLB sequence is shown in Table 7. 

 

Table 7: SLB sequence: Chronology of events 

Event [s] No water 

injection 

Water injection 

@ 10 tons 

Water injection 

@ 45 tons 

Loss of off-site power and surge line 

break 
0 

Reactor scram and primary pumps 

stop 
0 

Full  SG dry out - 
First fuel rod  clad perforation/ burst N/A 
Total core uncovery Approx. 800 
First clad melting and dislocation 969 
First ceramic melting and 

dislocation 
789 

First molten material slumping into 

the lower plenum 
1350 

Start of water injection - 1798 2416 
Vessel failure N/A 

*1
 N/A *1 N/A *1 

End of calculation *3 *3 *3 
*3: Calculation stopped because the structure material in LP was high enough to be melted. 

 

Figure 10: SLB sequence: Cladding temperature at core top 
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The break mass flow rate, total primary coolant mass and core collapsed had agreed well with the results of 

other codes. Similar to the SBLOCA case, the fuel heat-up was slow. In the reflood calculation, the top of 

the core was cooled and quenched (Figure 10). As you can see in Figure 11, the water level after reflooding 

initiation reached almost the top of the active core. Blockage of the flow channel made it difficult to inject 

quenching water smoothly. The total hydrogen production differed significantly among the sequences 

(Figure 12). The early reflood case produced more hydrogen than the late reflood case. It can be said that 

the longer the steam starvation period, the less hydrogen was produced. The timing and the amount of 

initial slumping into the lower plenum was almost the same among the sequences. It has a large uncertainty 

and detailed analysis and assessment of the model should be conducted. Compared with the other 

calculations, it delayed for approximately 2000 s. Even after the water level reached the core top, the 

slumping of molten materials continued, since a significant amount of core materials was already 

degraded. In all the cases, the temperature of the lower plenum reached the melting temperature. 

  

Figure 11: SLB sequence: Core collapsed level 

 
 

Figure 12: SLB sequence: Cumulated hydrogen production 
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Figure 13: SLB sequence: Total mass of relocated materials in lower plenum 

 
 

5.  Final remarks 

 

The RELAP/SCDAPSIM code was able to simulate the specified problem and its simulation ability was 

shown. The lesson learned from the comparison with the other reactor simulation code is that the heat 

balance in the core should be investigated. There was a large difference in the core-heat up phenomena. 

The heat could be more easily transferred to the outside of the core region by convective heat transfer and 

radiative heat transfer. The radiation model in the RELAP/SCDAPSIM should be assessed for a future 

analysis. It is also recommended to consider axial radiation transfer to investigate if there is any effect. 

Another important issue is modeling of core behavior in lower plenum after slumping. Failure of the lower 

plenum is an important phenomenon in view point of FP release, containment heating and MCCI. It has a 

large uncertainty and difficult to model, however, more experiments, modeling and validation work should 

be done. 
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APPENDIX A.10 RUB CALCULATIONS WITH THE ATHLET-CD CODE 

Mathias Hoffmann and Marco K. Koch 

Ruhr-Universität Bochum 

 

 

1.  Introduction 

 

This appendix to the report provides an overview of the contributions from Ruhr-Universität Bochum 

(RUB) to this OECD/NEA code benchmark. Calculations of the accident scenarios in the TMI-2 plant 

specified in [1] were performed with the mechanistic code ATHLET-CD (Analysis of Thermal-Hydraulics 

of Leaks and Transients – Core Degradation). This best-estimate code developed by the German 

Technical-Safety-Organization GRS (“Gesellschaft für Anlagen- und Reaktorsicherheit mbH”) has been 

validated at RUB for several years. RUB participation in this benchmark is mainly intended to support 

code validation regarding plant calculations by comparing the simulation results with those from various 

major severe accident codes.  

 

In particular, the aim is to benchmark the current modelling capabilities against the international status of 

code development. The analysis of the code performance as well as the interpretation of the code results 

allow to identify potential for further code development. This appendix highlights main insights from the 

assessment of code capabilities and structures as follows: At first, the main modelling capabilities of the 

code are briefly described in section 2. The ATHLET-CD nodalization of the TMI-2 plant is presented in 

section 3. In section 4 the simulation results are described and discussed. Main conclusions and outcomes 

from this code benchmark activity are given in section 5.  

 

2.  Description of code model used 

 

In general, the code structure of the mechanistic code ATHLET-CD consists in the coupling of the thermo-

fluid dynamic module ATHLET and a program package (CD) for the simulation of core degradation 

phenomena. Detailed descriptions of the code models can be found in the user manuals [2, 3, 4, 5]. 

 

At the beginning of the benchmark exercise the code version ATHLET-CD Mod. 2.2A was available. 

During the benchmark the code capabilities were extended and an updated code version 2.2C was released 

in October 2012. Model extensions relevant for this benchmark exercise are the options to simulate melt 

relocation into the lower plenum as well as subsequent corium behaviour in the lower head. The lower 

plenum modelling available in ATHLET-CD 2.2C (module AIDA) also accounts for the interactions 

between melt and the vessel wall in order to estimate the timing of a possible RPV failure. Criteria for the 

start of melt slumping into the lower plenum as well as defining the RPV failure have to be specified by 

the user. Parameters chosen for this benchmark activity are given and discussed in section 4. 

 

The formation of debris beds inside the core could not be considered. The late-phase module MEWA 

available in the ATHLET-CD code would in principle provide a mechanistic modelling allowing for a 

detailed simulation of the behaviour of debris beds and molten pools. But applying this module for reactor 

calculations especially under two-phase flow conditions leads to numerical instabilities. For this reason the 

module MEWA is not activated for the calculations. Instead, melt relocation inside the core is modelled 

using a 1D candling approach. Sensitive input parameters of the candling model are the candling velocity 

as well as the melt film thickness. 
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3.  TMI-2 plant and core nodalization 
 

The input deck has been widely validated and tested by GRS [6, 7] and is currently used for code 

validation at RUB [8]. For the simulations performed in this benchmark the input deck was adapted where 

necessary according to the specifications [1]. The nodalization of the TMI-2 plant used for this analysis 

with ATHLET-CD is depicted in Figure 1 showing that all relevant components of the primary side of the 

reactor cooling system (RCS) are modelled.  
 

Figure 1: TMI-2 Plant Nodalization for ATHLET-CD 

 
 

The ATHLET-module is used for the simulation of thermal-hydraulics. In the input deck various thermal-

fluid dynamic objects (TFO) are defined and connected to each other in order to represent the coolant flow 

on the primary side including heat transfer to the secondary side of the steam generators. Each of the two 

loops of the reactor cooling system consists of a hot leg connected to a once-through steam generator 

(OTSG) and two cold legs. Two main coolant pumps (MCP) as well as two high pressure injections (HPI) 

are connected to each of the two cold legs. Situated on top of the pressurizer (which is connected to the hot 

leg of loop A via a surge line), is the PORV. Modelling of the reactor pressure vessel (RPV) includes the 

downcomer, lower and upper plenum and the upper head. The central part of the RPV containing the core 

consists of five parallel channels and a core bypass each subdivided axially in 22 nodes. The core is 

radially subdivided into four rings containing in total 36816 fuel and 2832 control rods. In case of blockage 

formation inside the core due to refreezing of molten material, the modelling of special cross flow 

connections permit the simulation of a radial coolant flow between the core flow channels. The locations 

and sizes of the breaks are defined according to the specification of the code benchmark. Break mass flow 

rates are simulated based on a critical mass flow rates calculation. According to the specification the 

containment pressure is assumed to be constant at 1.5 bar.  

 

The simplified modelling of the secondary side of the two SG consists of the riser and the steam dome. For 

each SG, the injection rates of feed water or auxiliary feed water, respectively, as well as the steam 

pressure are given in order to control the water inventory and the steam flow at the SG outlet. 
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The module ECORE is applied to model core degradation phenomena associated with fuel rod as well as 

absorber rod melting and melt relocation.  

 

For the simulation of the oxidation of Zircaloy claddings under severe accident conditions, the two 

parabolic correlations “Cathcart” and “Urbanic/Heidrick” were selected to calculate the cladding oxidation 

in the low (below 1800 K) and high (above 1800 K) temperature ranges, respectively.  

 

The melting temperature of metallic core materials which also defines the start of fuel dissolution by 

molten zirconium is set to 2250 K. Oxidic materials (UO2-ZrO2) are assumed to melt at 2600 K. Melt 

relocation starts after cladding failure which is simulated based on the criteria given below for the cladding 

temperature (Tclad) and the oxide layer thickness. 
 

 Tclad < 2300 K and oxide layer < 0.3 mm or 

 Tclad > 2500 K. 

 

4.  Main results from transient analyses 

 

In the following the main results of the transient calculations are presented and discussed. At first, the 

SBLOCA sequence with related reflooding scenarios are described and analysed in section 4.1. Results for 

the SLB scenario and corresponding reflooding sequences are provided in section 4.2. For both 

calculations, the plant is assumed to be in steady-state at accident initiation. Main parameters are listed in 

Table 1. These parameters agree well with the specifications as well as with the range of calculated values 

in steady-state by the other codes. 
 

Table 1: Calculated Plant Parameters in Steady-State 

Parameter Unit Value 

Reactor core power MW 2772 

Pressurizer pressure (dome) MPa 14,82 

Temperature hot leg A K 591 

Temperature hot leg B K 591 

Temperature cold leg A K 562 

Temperature cold leg B K 562 

Mass flow rate loop A kg/s 8748 

Mass flow rate loop B kg/s 8736 

Pressurizer collapsed level M 5,94 

Pressurizer water mass kg 12465 

Total primary mass kg 222774 

Steam pressure SG A (outlet nozzle) MPa 6,43 

Steam pressure SG B (outlet nozzle) MPa 6,43 

Steam temperature SG A K 581,3 

Steam temperature SG B K 587,1 

Riser collapsed level SG A M 4,70 

Riser collapsed level SG B M 4,67 

Downcomer collapsed level SG A M - 

Downcomer collapsed level SG B M - 

Liquid mass SG A kg 14136 

Liquid mass SG B kg 14043 

Feedwater flow rate SG A kg/s 761,1 

Feedwater flow rate SG B kg/s 761,1 

Feedwater Temperature  SG A & B K 501 
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4.1  SBLOCA sequence 

 

In the following the results for the base case scenario of the SBLOCA sequence are presented. Based on 

these results two reflooding sequences starting from 10 tons and 45 tons of degraded core materials are 

simulated and the results are discussed in section 4.1.2. The code version used is ATHLET-CD Mod. 2.2A.  

 

4.1.1 Base case without reflooding 

 

The accident transient is initiated by the opening of a small break in the hot leg A. It is further assumed 

that the feed water injection to the secondary side of the steam generators stops abruptly at the same time 

(t=0s). The primary pressure rises rapidly following the lack of heat removal on the secondary side of the 

steam generators. The pressurizer relief valve (PORV) is opened at 50 s due to the high pressure which 

exceeds 155.6 bar but is not sufficient to stop the pressure increase. When the primary pressure reaches the 

set-point of 163 bar at 53 s reactor scram is activated. Table 2 provides the calculated timings for the 

simulated accident chronology for the base case.  
 

Table 2: SBLOCA: Chronology of main events 

Parameter Time (s) 

Break opening and total loss of main feedwater 0 

Pressurizer PORV opens 50 

Reactor scram 53 

Pressurizer PORV closes  77 

Full steam generator dryout 99 

Start-up of auxiliary feedwater 100 

Pressurizer is empty 464 

Stop of primary pumps 2171 

First fuel rod clad perforation/burst 4402 

First clad melting and dislocation 4450 

Degraded core mass = 10 tons 4565 

First ceramic melting and dislocation 5203 

Degraded core mass = 45 tons 5514 

End of calculation 10000 

 

At first, the simulation results are discussed in terms of the thermal-hydraulic plant behaviour during the 

loss-of-coolant phase. Severe accident conditions occur following the assumed trip of all main coolant 

pumps at 2171 s due to a simulated low water inventory of 85 t since no ECCS are activated in this base 

case scenario. Figure 2 shows the calculated primary pressure and break mass flow rate. 

 

Figure 2: SBLOCA Base Case: Primary pressure (left) and break mass flow (right) 
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After accident initiation the plant behaviour can be considered as stable since a sufficient heat removal is 

maintained as long as the primary pumps are in operation. Coolant flow through the core and into the 

steam generators can be ensured during this phase so that the resulting primary pressure remains constant. 

The calculated collapsed level in the core illustrated in Figure 3 indicates the beginning of coolant 

evaporation. The calculated void fraction increases due to the formation of a 2-phase-flow in the core 

region leading to the gradual almost linear decrease of the simulated collapsed level. However, core 

temperatures do not rise indicating that the fuel rods are still covered by water ensuring an effective heat 

removal. Primary pumps are assumed to be tripped when the coolant inventory in the primary circuit drops 

below 85 tons at 2171 s into the accident. Following the trip of the pumps the plant behavior changes 

dramatically since the coolant flow and, correspondingly, heat transfer to the secondary side are 

interrupted. This initiates the gradual beginning of core uncover and core heat-up. The following phase is 

therefore analysed in terms of the core degradation processes starting with the burst of the fuel rod 

claddings calculated to occur at 4402 s into the accident. 

 

The fuel rod cladding temperature at the top of the active core height begins to rise shortly after primary 

pump trip at around 2300 s as can be seen in Figure 3. At app. 4100 s a significant cladding temperature 

increase is simulated due to the strong heat release of the zirconium oxidation. As a result, the cladding 

temperature quickly reaches the melting temperature of the zirconium cladding. Subsequently, downward 

molten material relocation is initiated. The temperature plot in Figure 3 is stopped at app. 4150 s in order to 

indicate the calculated fuel rod failure at that time in the considered core mesh. The onset of hydrogen 

generation calculated to occur at around 4000 s agrees well with the simulated thermal core behaviour. 

Figure 4 shows that the code predicts an accumulated hydrogen generation of nearly 500 kg until the end 

of the calculation.   

Figure 3: SBLOCA Base Case: Core collapsed level (left) and Core temperature at core top (right) 
 

 

 

 

At around the same time the beginning of core damage due to the melting of core components is simulated. 

In Figure 4 the calculated degraded as well as molten masses of core materials are depicted. Until the end 

of the calculation almost 102 tons of core materials are degraded. Most of this material (approx. 90 tons) 

remains liquid (molten) and does not refreeze. This seems to be a plausible result given the lack of cooling. 

Therefore, the simulated extent of crust formation which would stop the downward melt progression is 

only very limited. As a result, melt relocation continues leading to massive material accumulation in the 

lower part of the active core. The calculated material distribution is illustrated in Figure 5. Subsequently, 

melt relocation to the lower plenum could be expected to occur since the melt reaches the lower boundary 

of the core. However, material slumping to the lower plenum cannot be simulated with the code version 

used (ATHLET-CD Mod. 2.2A). For that reason the corium behaviour in the lower head of the RPV 

cannot be analysed and the timing of a possible RPV failure cannot be estimated. The calculation is 
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stopped due to substantial melt formation and significant core degradation at 10000 s after accident 

initiation. 

 

Figure 4: SBLOCA Base Case: core hydrogen generation (left) and total degraded and molten core 

materials (right) 
 

 

Figure 5: SBLOCA Base Case: Final state of core 
 

 
 

 

4.1.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

In the following the code results for the two reflooding sequences are presented and discussed. The 

simulation results are compared to the base case scenario where no ECCS injection is simulated in order to 

analyse the effectiveness of the water injection into the core. Depending on the degree of core degradation 

it can be expected that if a sufficiently high coolant flow is provided, melt progression can be stopped 

leading to stable conditions in the core. Based on the simulated accident progression in the case without 

core reflooding described in the previous section, the two reflooding sequences are started when the 

calculated degraded core mass reaches an amount of 10 tons (reflooding case 1) or 45 tons (reflooding 

case 2), respectively.  
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The plant thermal-hydraulics during reflooding are discussed considering the primary pressure shown in 

Figure 6. Following the coolant injection the primary pressure rises in both reflooding sequences as a result 

of the calculated evaporation when the coolant gets into the overheated core. Figure 7 shows the calculated 

collapsed water level in the core indicating that for both cases the core is rapidly reflooded. The initial 

water level is, however, restored only for the reflooding case 1 where reflooding is initiated early in the 

accident progression after only slight core damage with 10 tons degraded core mass. Obviously, due to the 

limited extent of core degradation at the onset of reflooding for this case the injection rate of 25 kg/s is 

large enough to succeed in cooling the core. For reflooding scenario 2 the collapsed level initially increases 

quickly reaching almost 3.2 m core height before the end of the calculation at app. 8500 s. This result 

already provides an indication that the core cannot be entirely cooled since coolant cannot penetrate the 

blocked core regions. The simulated water distribution and the locations of blockages inside the core in the 

final state shown in Figure 12 indicate that melt progression results in a non coolable configuration 

consisting of a blocked region surrounded by water. Melt slumping out of this molten pool is likely to 

occur but is not considered in this calculation since corresponding models are not available in the code 

version used. 

 

Figure 6: SBLOCA Reflooding Scenarios: Primary pressure 

 
 

Figure 7: SBLOCA Reflooding Scenarios: Core collapsed level 
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The impact of reflooding in terms of the cool down of the partially degraded core can also be seen in 

Figure 8 where the calculated cladding temperatures are plotted. At the onset of injection for reflooding 

case 1 (at 10 tons degraded core material) the calculated cladding temperature at the top elevation of the 

active core is already at the ceramic melting temperature of 2600 K. After initiation of reflooding, the 

cladding temperature is predicted to fall almost linearly down to 510 K within app. 1000 s.  

 

Figure 8: SBLOCA Reflooding Scenarios: Cladding temperatures 

 
 

 

A similar behaviour is calculated for reflooding sequence 2 where quenching of the degraded core is 

achieved indicated by the fast temperature drop within 300 s after reflooding initiation. The reason is that 

most of the material in this upper part of the core has already relocated. Considering the calculated core 

temperatures in the lower parts of the core is therefore essential for the assessment and analysis of the core 

coolability under these conditions where the core is severely damaged. Figure 12 shows the axial 

temperature distribution indicating that the lower parts of the core where a substantial blockage formation 

occurs are not quenched.  

 

Furthermore, no hydrogen production escalation during reflooding is predicted for any of the two 

reflooding sequences. Figure 9 shows that the total calculated amount of hydrogen for reflooding case 1 

reaches almost 300 kg at app. 5600 s. Subsequently, zirconium oxidation stops due to the core temperature 

drop. For reflooding case 2 the hydrogen generation rate is significantly slowed down in comparison to the 

base case due to the cooling effect of the injection. However, some areas remain unquenched and hydrogen 

production is simulated to continue in these core regions where metallic materials still remain at high 

temperatures. At the end of the calculation (8500 s) the accumulated hydrogen generation reaches nearly 

425 kg.  

 

In Figure 10, the code results in terms of the degraded core masses are compared. The results indicate a 

fast and effective stop of melt progression and core degradation for reflooding case 1 where the slightly 

degraded core is cooled down fast enough to prevent further core heat-up or melt formation within 500 s – 

600 s after onset of water injection. The resulting material configuration can also be considered as 

stabilized since further material degradation does not occur as long as the coolant injection is maintained. 

The calculation is stopped for this reason after 10000 s after accident initiation.   

 

Figure 9: SBLOCA Reflooding Scenarios: Hydrogen generation 
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Figure 9: SBLOCA Reflooding Scenarios: Hydrogen generation 

 
 

Figure 10: SBLOCA Reflooding Scenarios: Degraded core material 

 
 

 

Figure 11 illustrates the calculated void fraction and core temperature distribution in the RPV for 

reflooding case 1 at start-up of reflooding at 4565 s and in the final state at the end of the calculation at 

10000 s. At start-up of reflooding there are no significant blockages in the core. Reflooding succeeds 

therefore in quenching the degraded core material indicated by the complete recovery of the water 

inventory. Stabilized conditions are simulated for the final state. 
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Figure 11: SBLOCA Reflood Start-up at 10 tons degraded core material:  

Material Distribution at start-up of reflood (left) and in final state (right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The calculation results for reflooding sequence 2 (start-up at 45 tons) show that the amount of degraded 

material continues to increase in a similar way compared to the base case until reaching more than 60 tons 

at app. 6000 s. From that moment on, the cooling effect of the injected water can clearly be seen. As a 

result the melting rate is significantly reduced so that further material melting is limited. However, the 

cooling is not sufficient to stop the melting completely. The code calculates a total mass of almost 75 tons 

of degraded material until the end of the calculation. Figure 12 provides a visualization of the material 

distribution and void fraction distribution in the RPV for the start-up of reflooding at 5514 s and in the 

final state at the end of the calculation (at 8500 s).  

 

Figure 12: SBLOCA Reflood Start-up at 45 tons degraded core material:  

Material Distribution at start-up of reflood (left) and in final state (right) 

 

 

 

In this visualization it can be seen that due to blockages the lower core regions are not quenched. Degraded 

material has mostly relocated into the lower part of the core where a substantial amount of material 

remains molten. Material relocation to the lower plenum would therefore be very likely to occur. In order 
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to further analyse the coolability of the degraded core materials under the conditions given in this 

reflooding scenario, material relocation into the lower head of the RPV has to be taken into consideration. 

But the code version used (2.2A) does not have the modelling capabilities to simulate melt slumping out of 

the core region which would have a significant impact on the simulated plant behaviour in terms of core 

coolability. Therefore, extending the simulation would not provide any further reliable information 

regarding the plant behaviour or the chances to achieve stabilized conditions in the core. For that reason 

the calculation is stopped at app. 8500 s. Since a significant material accumulation is simulated at this time 

in the lower part of the core, it can be assumed that the simulated reflooding is not enough to completely 

stop further melt progression and the possibility of massive melt relocation into the lower plenum cannot 

be ruled out. However, depending on the amount of melt and the resulting material configuration after melt 

relocation the chances of long-term stabilization in the lower head have to be assessed using detailed 

models. With the ATHLET-CD code version used the phenomena in the lower head cannot be modelled 

due to the lack of lower head models.   

 

Moreover, the code results during reflooding have to be discussed with regard to the modelling capabilities 

of ATHLET-CD. A detailed model (MEWA) providing a mechanistic approach to describe heat transfer 

mechanisms as well as melting and solidification in a debris bed including 2D melt flow is available in 

ATHLET-CD but could not be applied for this benchmark calculation due to numerical instabilities under 

two-phase flow conditions. An adequate modelling of the formation of debris beds or molten pools in the 

core region would be required to predict the core behaviour, particularly regarding the interactions with the 

injected coolant in a reliable and plausible way. Especially after massive blockage formation further 

downward movement of the melt should be treated with a 2D modelling approach. Using the 1D relocation 

modelling available in ATHLET-CD (candling model) seems not to be adequate enough to simulate the 

further melt progression in the later stages of the accident scenario. For that reason code development is 

needed in order to better describe the melt flow through largely degraded core regions. Since important 

aspects of the melt pool behaviour like e.g. the radial spreading of the melt pool when flow paths are 

blocked by crusts cannot be taken into account, the calculated material distribution in the core may be 

physically unrealistic. In particular for this reflooding scenario where a significant crust formation can be 

expected given the cooling effect provided by the residual water in the lower head, applying 2D relocation 

models would be crucial to estimate the chances to stabilize the molten material in the core by water 

injection. If the coolant cannot penetrate the crusts to effectively lower the melt temperatures it is likely 

that the molten pool may continue to laterally expand to the radial core boundaries even though the pool is 

surrounded by water. Reaching the radial boundaries or the failure of the surrounding crust may then 

trigger melt slumping to the lower plenum. Determining the exact timing and mass flow of melt relocating 

into the lower plenum would be essential to provide the initial conditions for the analysis of corium 

behaviour in the lower head.  

 

4.2  SLB sequence 

 

The calculation of this scenario was performed with the code version ATHLET-CD Mod. 2.2C. Main code 

improvements in comparison to the previous code version 2.2A (used for the simulation of the SBLOCA 

sequence (cp. Section 4.1)) are the extended modelling capabilities regarding melt relocation to the lower 

plenum necessary for the analysis of corium behaviour in the lower head. For that purpose, the new code 

module AIDA was implemented during the benchmark activity and was available for the first time. Code 

models used for the simulation of the core degradation processes are the same as in the SBLOCA sequence 

except for the relocation velocity which was set to 0.1 cm/s. This comparably low velocity was used in 

order to overcome numerical instabilities which caused program stops. In particular, the simulation of the 

reflooding scenario with start-up at 10 tons degraded core material turned out to be very sensitive to the 

candling velocity since all calculations with higher velocities stopped too early to analyse the simulation 

results in terms of core coolability. In order to ensure that the code results of the SLB calculations are 

comparable and not affected by different model input parameters, the base case as well as both related 

reflooding scenarios (with low flow rate) were run with the same candling velocity. The candling model 
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distinguishes between metallic and ceramic melts in case of melt relocation along fuel rods as well as 

between the types of reactor core components (fuel rod or control rod). Each of these three separate input 

parameters for the melt relocation velocity was set to 0.1 cm/s. The modelling of the molten corium 

behaviour in the lower plenum using the AIDA module uses recommended input values. The RPV wall is 

radially subdivided into 5 meshes.  

 

4.2.1 Base case without reflooding 

 

The results of the calculation in terms of the thermal-hydraulic plant behaviour are plausible and in good 

agreement to the other code results. Table 3 provides the calculated chronology of main events.  

 

Table 3: SLB Base Case: Chronology of main events 

Parameter Time (s) 

Break opening and primary pumps coast-down 0 

First fuel rod clad perforation/burst 676 

First melting of absorber material 929 

Degraded core mass = 10 tons 1505 

First clad melting and dislocation  1528 

First ceramic melting and dislocation 2051 

Degraded core mass = 45 tons 2194 

Melt relocation to lower plenum 2370 

RPV failure (= end of calculation) 4528 

 

Main assumptions affecting the simulation of late-phase melt progression are the model input parameters 

regarding melt relocation to the lower plenum. For this analysis it is assumed that melt slumping occurs 

when the total mass of degraded core material amounts to 60 tons. Since the code does not account for 

interactions with water during the simulated relocation, i.e. melt jet fragmentation is not modelled, the 

resulting debris configuration in the lower head has to be defined by the user. Here the initial material 

configuration in the lower head is assumed to be a homogenous melt pool. The RPV is assumed to fail due 

to melt through of the vessel wall caused by high thermal loads with the RPV failure temperature being the 

melting temperature of steel of 1600 K.  

 

The plant behaviour is determined by the large break leading to a rapid depressurization of the primary 

circuit. Figure 13 shows that the calculated primary pressure drops initially within 25 s to less than 70 bar. 

Subsequently, the pressure continues to fall down approaching the containment pressure of 1.5 bar after 

app. 650 s. The calculated break mass flow rate which initially is simulated to be as high as 1900 kg/s 

corresponds to this behaviour so that the mass flow through the break decreases gradually along with the 

calculated pressure drop. A zero break mass flow is simulated after app. 650 s indicating that no further 

coolant spills out into the containment when the pressure difference between primary circuit and 

containment becomes zero.  

 

Reactor scram is activated right at the accident initiation triggered by the assumed total loss of external 

power supply due to the station black-out. Heat removal from the core cannot be maintained following the 

coast down of the primary pumps occurring within a few minutes after station black-out. Subsequently, the 

code predicts a fast core uncovery caused primarily by the large break mass flow. Furthermore, the 

relatively high decay heat release results in a fast evaporation of the remaining water. 

 

Heat-up of core components is simulated following complete uncovery of the fuel assemblies. Rising core 

temperatures trigger core degradation processes listed in Table 3 starting with the simulated mechanical 

failure of the fuel rods due to ballooning at 676 s. Hydrogen generation starts at around 700 s after accident 

initiation. The calculated total amount of hydrogen is, however, rather moderate in this accident scenario. 
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The reason is that the rapid evaporation of the coolant leads to steam starved conditions. Figure 14 

provides the simulation results regarding the simulated progress of core heat-up and core damage due to 

melting. 

 

Figure 13: SLB Base Case: Primary pressure (left) and break mass flow (right) 

 

 

 

 

 

 

 

 

 

 

First melting of absorber material is predicted to occur at 929 s. Subsequently, melting of almost the entire 

absorber material inventory is calculated. For that reason the total mass of degraded core material reaches 

10 tons at 1505 s even before first fuel rod melting is simulated. Core temperatures continue to rise with 

the highest temperatures in the middle part of the core where the metallic melting temperature of 2250 K is 

first reached at 1528 s. Simultaneously, first local fuel rod failure is calculated resulting in the relocation of 

molten fuel rod material which is mostly metallic. First melting of ceramic fuel rod material is calculated at 

2051 s. Core melting advances relatively fast leading to a calculated amount of degraded core material of 

45 tons at 2194 s. Due to the simulated massive melt formation, it is assumed that melt relocation to the 

lower plenum occurs at 2370 s triggered by a mass of 60 tons of degraded core materials. It takes app. 

700 s for the molten material to relocate into the lower head of the RPV. This provides the initial 

conditions in terms of melt masses and composition for the analysis of corium behaviour in the lower head. 

After melt slumping is completed the module AIDA is applied for the simulation of the molten material in 

the lower head. The calculated vessel wall temperature indicates that at app. 4528 s the melting 

temperature of steel is reached leading to the local failure of the RPV wall due to melt through. After RPV 

failure the calculation is stopped. 

 

Figure 14: SLB Base Case: Cladding temperature at core top (left) and degraded core mass (right) 
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Figure 15 illustrates the final state of the core indicating that the massive melt slumping into the lower 

plenum leads to the evaporation of the water in the lower head. (Note: This visualization does not show the 

corium distribution in the lower head). 

 

Figure 15: SLB Base Case: Final state of core 

 
 

 

 

4.2.2 Low flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials 

 

In the following the results of two simulated reflooding sequences with an injection rate of 28 kg/s for the 

SLB scenario are presented. Initial accident conditions leading to core damage are provided by the 

calculation of the SLB base case described in detail in the previous section 4.2.1. In particular, the base 

case calculation provides the times for start-up of reflooding which are based on the state of core 

degradation. Water injection for reflooding scenario 1 is assumed to start when 10 tons of core materials 

are degraded. This condition is fulfilled after 1505 s. In order to simulate the plant behaviour when the core 

melt progression has significantly proceeded, the start-up of coolant injection for reflooding scenario 2 is 

simulated when 45 tons of degraded core materials have formed. According to the accident progression 

simulated in the base case, this degree of core damage is calculated to be reached at 2194 s. Comparing the 

simulation results of the two reflooding sequences with the base case without injection supports the 

analysis and interpretation of the simulated plant behaviour. In particular, the calculated impact of the 

delayed reflooding in terms of degraded core coolability can be discussed in order to estimate the 

effectiveness of reflooding depending on the degree of core degradation.  

 

Figure 16 shows the calculated collapsed water level in the core. Figure 17 provides a comparison of the 

calculated core temperatures at the top of the active core elevation. It can be seen that the water level starts 

to rise significantly due to the water injection for both reflooding scenarios. Both reflooding simulations 

indicate that the initial water level is not completely restored, though, with simulated water levels 

remaining below app. 3 m core height at the end of the calculations. Corresponding to the rising water 

level, the core is quenched indicated by falling core temperatures.   
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Figure 16: SLB with low reflooding rate: Core collapsed level 

 

 

 

Figure 17: SLB with low reflooding rate: Cladding temperatures at top of active core 

 

 

 

The simulated injection for reflooding scenario 1 results in a significant increase in hydrogen generation. 

Figure 18 shows that an accumulated hydrogen mass of app. 690 kg is simulated. In contrast, the impact of 

reflooding on the calculated hydrogen release for reflooding scenario 2 is far less dramatic with only a 

rather moderate increase in hydrogen production resulting in a calculated total hydrogen mass of 

app. 130 kg at the end of the calculation. This amount is comparable to the base case where a slight 

increase in hydrogen release is calculated following the relocation to the lower plenum. Due to subsequent 

evaporation of the remaining water in the lower plenum, a renewed steam flow through the core is 

simulated leading to the calculated increase in hydrogen generation. The reason for these large deviations 

in terms of the oxidation behavior is that in the reflooding scenario 1 metallic materials remain exposed to 

steam after start-up of injection. Since fuel rod claddings a rather less oxidized, oxidation kinetics tend to 

be very fast. Furthermore, fuel rod materials are mostly intact without significant melting. Massive melt 

relocation has not started at the time when injection is initiated. As a result, metallic materials remain 
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where temperatures are highest. Also, since there are no flow blockages steam can access all core regions. 

Even though the code predicts a substantial oxidation escalation, the injected water succeeds in cooling the 

degraded core material. The melt progression is effectively stopped since no further melting is simulated. 

Molten material is calculated to solidify completely until the end of the calculation. The results indicate 

stable conditions after app. 4500 s so that the calculation is stopped at 5000 s.  

 

Figure 18: SLB with low reflooding rate: Hydrogen generation 

 
 

Figure 19: SLB with low reflooding rate: Degraded core material 

 
 

Relocation to the lower plenum is not simulated for reflooding scenario 1. Given the rather small extent of 

melt formation it can be expected that only a very limited amount of melt, primarily from absorber rods 

would relocate. The simulated material distribution in the final state illustrated in Figure 20 also indicates 

that molten fuel rod materials do not relocate far enough to reach the lower core boundary. Only the 

control rod melt accumulates in the lowest core region possibly leading to some slumping of absorber 

material into the RPV lower head. 
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Figure 20 illustrates the simulated void fraction and temperature distribution inside the RPV for reflooding 

scenario 1 at start-up of reflooding and at the end of the calculation. Corresponding visualizations for 

reflooding scenario 2 are illustrated in Figure 21. 

 

The simulated impact of water injection on the plant response for reflooding scenario 2 is not as 

pronounced as in the reflooding scenario 1. Primarily, the state of core degradation and the extent of 

melting lead to a massive melt relocation to the lower plenum soon after start-up of reflooding. For this 

analysis it is assumed that slumping of molten core materials occurs when an amount of 60 tons of 

degraded core material is reached. Due to the relocation starting at 2390 s the metallic material relocates 

out of the core region so that compared to the reflooding scenario 1 significantly less metallic materials 

remain in the core region. After melt relocation the injected coolant can effectively cool down remaining 

materials in the core and succeeds in maintaining core temperatures well below the melting temperature. 

The analysis of the effectiveness in terms of long-term in-vessel retention focuses then on the simulated 

corium behavior in the lower plenum. It is assumed that the corium configuration in the lower head can be 

represented as a homogeneous melt pool. Heat transfer to the injected water is simulated at the top surface 

of this melt pool. The results indicate that the decay heat is not sufficiently removed. As a result, the wall 

temperature of the vessel begins to increase. Finally, the melting temperature of steel of 1600 K is locally 

reached leading to RPV failure at 4560 s. 

 

Figure 20: SBL Low Flow Rate Reflood with Start-up at 10 tons degraded core material:  

Material Distribution at start-up of reflood (left) and in final state (right) 
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Figure 21: SBL Low Flow Rate Reflood with Start-up at 45 tons degraded core material:  

Material Distribution at start-up of reflood (left) and in final state (right) 

 

 
 

 

4.2.3 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

 

In the following the results of the simulated high flow rate reflooding for the SLB scenario are discussed. 

The reflooding rate of 360 kg/s is considerably higher than in the low flow rate reflooding case. Water 

injection is, however, only maintained for a period of 1000 s assuming that coolant storage tanks are 

depleted by then. The timings for start-up of the two high flow rate reflooding sequences are the same as in 

the low rate reflooding scenario. Here again distinguishing between a slightly degraded (reflooding 

sequence 1) and a severely degraded core (reflooding sequence 2), reflooding is initiated when 10 tons or 

45 tons, respectively, of degraded core materials are calculated. The simulations were carried out with the 

code version ATHLET-CD Mod. 2.2C. Input parameters associated with the modeling of melt relocation 

were varied compared to the SLB base case. The candling velocity is set to 1 cm/s which is in the range of 

recommended input values for this parameter. While increasing the relocation velocity compared to the 

value used for the SLB base case (0.1 cm/s) seems to have no significant impact on the simulated melt 

relocation inside the core, the main reason for changing the candling velocity is that this reduces the time 

span for molten corium to relocate into the lower plenum. This may have an impact on the simulation of 

corium behavior in the lower plenum and could possibly lead to an earlier calculated RPV failure. Melt 

slumping to the lower plenum is assumed to occur soon after first ceramic melt formation for reflooding 

sequence 2. This assumption can be justified by the fact that no significant refreezing of the melt relocating 

along the fuel rods is simulated so that the melt approaches quickly the lower core boundaries. This makes 

melt relocation to the lower plenum likely to occur at the time of ceramic melting.  

 

The simulated core behavior during reflooding is essentially determined by the high flow rate. The 

collapsed level inside the core illustrated in Figure 22 is calculated to rise rapidly in both reflooding 

sequences and the initial water level is restored completely. Reflooding is fast enough to effectively cool 

the core components. Figure 23 shows the calculated cladding temperatures at the top elevation of the 

active core. Results regarding the oxidation behavior and resulting hydrogen generation are compared in 

Figure 24. For reflooding sequence 1, a short cladding temperature escalation at the top of the active core 

height is simulated caused by high oxidation rates. As a result the calculated hydrogen generation increases 

significantly. Shortly afterwards the core is effectively cooled down indicated by the simulated temperature 

drop. Hydrogen generation and melt formation are stopped due to the cooling during reflooding. For that 

reason the code results clearly predict an effective core cooling with stable conditions.  
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Figure 22: SLB with high reflooding rate: Core collapsed level 

 

 

 

Figure 23: SLB with high reflooding rate: Cladding temperatures 

 
 

Following the water injection starting at 2027 s, a rather slight increase in hydrogen generation rate 

resulting in an amount of app. 25 kg is simulated for the reflooding sequence 2. Due to that moderate 

oxidation the calculated core temperatures quickly drop during reflooding. Core conditions are predicted to 

be stabilized since the calculated water level increases rapidly and the remaining core materials are quickly 

quenched. The melt progression is stopped. However, a relocation of app. 30 t of core melt to the lower 

plenum is simulated. The corium behaviour in the lower head is simulated using the module AIDA. The 

interactions with the RPV wall lead to increasing wall temperatures. However, the temperature increase is 

rather slow as long as the coolant injection is maintained and a vessel failure can be avoided.  

 

After the injection ends the water level in the core in both sequences is calculated to decrease rapidly due 

to evaporation. As a consequence, the core becomes uncovered again leading to a renewed core heat-up 

and hydrogen production.  
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Figure 24: SLB with high reflooding rate: Hydrogen generation 

 
 

Figure 25: SLB with high reflooding rate: Degraded core material 

 
 

For reflooding scenario 1 the evaporation rate is calculated to be smaller compared to reflooding sequence 

2 so that the time period for complete core uncovery is longer than for reflooding scenario 2. The reason 

may be that the simulated heat transfer from the melt pool in the lower head to the water seems to result in 

a higher evaporation rate simulated for reflooding scenario 2. At 4700 s cladding temperatures at the core 

top start to increase again. From 6500 s a renewed hydrogen production is calculated. Subsequently, 

starting from approx. 7200 s, re-melting of core materials is simulated. Finally, the calculated degraded 

core mass reaches 60 tons. Since most of the core melt has relocated to the lower core boundary at that 

time it is assumed that melt slumping to the lower plenum occurs at 8030 s. This provides the initial 

conditions for the simulation of the corium behaviour in the lower head with a total amount of app. 39 tons 

of melt. In the following, a rupture of the vessel is likely given the large amount of melt and the lack of 

cooling. The exact timing of RPV failure, though, is not directly simulated. 

 

For reflooding scenario 2 the calculated core behaviour is plausible in terms of a renewed hydrogen 

generation and melting following the stop of reflooding. At 6980 s the simulated temperature of the RPV 

wall reaches the melting temperature of steel (1600 K) resulting in a local vessel rupture. The calculated 
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void fraction and temperature distribution after reflooding and in the final state are illustrated in Figures 26 

and 27 for reflooding cases 1 and 2, respectively. 

 

Figure 26: SBL High Flow Rate Reflood with Start-up at 10 tons degraded core material:  

Material distribution at start-up of reflood (left) and in final state (right) 

 

 

Figure 27: SBL High Flow Rate Reflood with Start-up at 45 tons degraded core material:  

Material Distribution at start-up of reflood (left) and in final state (right) 

 

 

 

 

5.  Final remarks 

 

Simulations using ATHLET-CD code of two different scenarios and related reflooding sequences specified 

in this code benchmark activity are presented and discussed. ATHLET-CD developed by the German TSO 

GRS is a best-estimate code for the analysis of severe accidents. The used code version for the SBLOCA 

scenario calculations was ATHLET-CD Mod. 2.2A. During the benchmark the code version 2.2C became 

available and was used for the SLB scenario calculations. The main difference between the code versions 

is the option available in code version 2.2C to model melt relocation processes to the lower plenum. The 
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module AIDA implemented in the code version 2.2C permits to describe the melt behavior in the lower 

head of the RPV taking into account the interactions between the corium and the vessel wall. This model 

extension is essential for the modelling and analysis of severe accidents in order to account for processes 

which may lead to a rupture of the vessel.  

 

The results of the code simulations for the SBLOCA scenario without activation of ECCS (base case) are 

in general plausible in terms of the predicted thermal-hydraulic plant behaviour. During the initial phase of 

the accident until the onset of hydrogen generation and melt formation the ATHLET-CD calculation agrees 

well with results from the other participating codes. Main deviations between ATHELT-CD and the other 

code calculations can be seen in the late phase of core degradation, particularly regarding the melt 

slumping to the lower plenum. Melt relocation to the lower plenum and subsequent corium behaviour in 

the lower head are not simulated due to a lack of corresponding model capabilities in the code version used 

(2.2A). The base case calculation for the SBLOCA scenario is therefore stopped after 10000 s due to 

massive melt formation. However, melt relocation to the lower plenum is likely to occur and may finally 

lead to vessel failure. Two reflooding scenarios with an injection rate of 25 kg/s were simulated starting 

from 10 tons and 45 tons, respectively, of degraded core materials. The simulated plant behaviour shows 

that the melt progression can effectively be stopped when reflooding is initiated at 10 tons of degraded core 

material. Heat removal is sufficient to avoid further melting and to ensure long term stabilized conditions 

of the partially degraded core. Initiation of reflooding at 45 tons is predicted to be too late and not effective 

enough to ensure core cooling. Coolant cannot penetrate the degraded core regions due to simulated 

blockages formed in the flow paths. In the simulation a substantial amount of degraded core material 

remains molten during reflooding until the end of the calculation. The calculation is stopped even though 

stable conditions are not reached. Anyway, since radial spreading of accumulated melt cannot be simulated 

due to the only one-dimensional treatment of melt flow, extending the simulation is not expected to 

provide any further insights in terms of degraded core coolability. Given the insufficient heat removal, 

though, melt accumulated above the blockages could continue to spread radially. When reaching the core 

boundaries the accumulated melt is likely to flow out of the core region to the lower plenum of the RPV. 

An adequate modelling of these phenomena is crucial for a reliable simulation. In particular, under the 

complex conditions resulting from massive crust formation and subsequent melt accumulations, modelling 

of melt relocation is required to be at least two-dimensional in order to account for radial melt spreading. 

For this reason the simulated plant behaviour during the later stages of the accident are far less certain and 

their reliability may be questioned due to the fact that the code treats crucial phenomena like the melt 

relocation with a 1-dimensional model only.  

In order to improve the code predictions and capabilities in terms of the melt pool behaviour the module 

MEWA has been implemented in the ATHLET-CD code. But this model could not be applied for the 

calculations in the benchmark activity due to numerical instabilities. For these reasons it is clear that the 

current modelling capabilities of the codes participating in the benchmark have a significant impact on the 

simulated core behaviour and lead possibly to the large deviations observed in the code results for the late 

phase of the simulated accident sequences.  

 

The SLB scenario was simulated using the code version 2.2C. Here again the code results in terms of the 

thermal-hydraulics are physically plausible and predict the plant behaviour in good agreement to the other 

codes in the benchmark. Deviations between the code predictions can be identified during the late-phase 

again. Due to the rapid heat-up, core damage occurs significantly earlier than in the SBLOCA scenario. 

Since the core is completely uncovered, this low-pressure scenario results in dry-core conditions. As a 

result, hydrogen generation is very moderate due to steam starved conditions. Slumping of app. 60 tons of 

melt to the lower head is simulated leading to a vessel failure due to local vessel melt-through.  

 

The impact of reflooding for this SLB scenario depends on the simulated material distribution inside the 

RPV at start-up of reflooding. For reflooding scenario 1 with an injection rate of 28 kg/s a significant 

amount of hydrogen is calculated during reflooding since the entire metallic core material is exposed to 

steam. Despite the hydrogen escalation, reflooding succeeds in cooling the core. This is indicated by 
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falling temperatures and simulated refreezing of molten material. Hence, with an injection rate of 28 kg/s 

stabilized conditions can be maintained and an effective heat removal can be ensured. The predicted 

impact of reflooding with a higher injection rate of 360 kg/s results in an even faster quenching of the core. 

Hydrogen generation is predicted to rise significantly. But degraded core materials are simulated to be 

cooled. Therefore, stabilized conditions are reached with an injection rate of 360 kg/s and can be 

maintained as long as coolant is supplied to the core. A renewed core heat-up and melting is predicted 

following the stop of coolant injection. In total, app. 39 tons of melt are simulated to relocate into the lower 

head. Given the lack of heat removal this melt mass is likely to cause a RPV rupture. The exact RPV 

failure timing could not be estimated, though, since the calculation stops due to numerical instabilities.  

 

If reflooding is initiated when the core is already severely damaged (reflooding scenario 2), the injection 

rate of 28 kg/s seems not to be sufficient to reach stabilized conditions and to prevent melt relocation into 

the lower plenum. Shortly after start-up of reflooding app. 60 tons of melt relocate into the lower plenum 

so that significantly less metallic material is exposed to steam during most of the reflooding period. As a 

result, hydrogen generation during reflooding is simulated to be very moderate. However, the assumed 

material configuration inside the lower head cannot be effectively cooled leading to rising vessel 

temperatures. Finally vessel failure is predicted due to high thermal loads when the calculated vessel 

temperature reaches locally the melting temperature of steel (1600 K).  

 

When reflooding the core with a high injection rate of 360 kg/s a rapid temperature decrease is calculated 

indicating an effective degraded core quenching. However, slumping of app. 30 tons of melt to the lower 

plenum is predicted to occur before start-up of reflooding. Finally, a vessel failure is simulated due to local 

heat-up of the vessel wall up to its melting temperature (1600 K).  

 

The interpretation of the simulation results regarding degraded core coolability during reflooding are based 

on core temperatures and remaining molten mass. Here the lack of models to consider the behaviour of 

molten pools seems to have a substantial impact on the simulated cool-down of degraded materials inside 

the core. The predicted plant response clearly depends on the assumptions for melt relocation to the lower 

plenum. In the current modelling of ATHLET-CD melt slumping is treated in a rather simplified way, 

though, and is primarily intended to provide initial conditions in terms of melt mass and composition for 

the analysis of corium behaviour in the lower head. In particular, the start of melt relocation to the lower 

plenum which is defined by the user significantly affects the simulated plant behaviour.  

 

Corium behaviour in the lower head is simulated assuming a homogeneous melt pool as initial material 

configuration. RPV failure is calculated based on thermal loads only. Taking into account the mechanical 

loads could have an impact on the analysis and may lead to an earlier vessel rupture due to mechanical 

stresses on the vessel wall in addition to the very high thermal loads.  
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APPENDIX A.11 TE CALCULATIONS WITH THE MELCOR 1.8.6 CODE 

J. Bulle, L. Sallus 

Tractebel Engineering (GDF SUEZ GROUP) 
 

1. Introduction 

This appendix provides complementary analyses to the ones already performed in the core of the report for 

the three transients performed by Tractebel Engineering using the severe accidents code MELCOR 1.8.6 

(YV).  

2. Description of code model used 

2.1 Main core degradation parameters 

In MELCOR 1.8.6, following a loss of core cooling and subsequent increase in temperatures, intact 

components can undergo two types of phenomena.  

First, components can melt when their temperature reaches the defined melting temperature. When melted, 

components will start candling down towards lower locations. Candling components can face three 

situations: 

 They are cooled down by heat exchanges while candling down on other intact components and 

ultimately refreeze. Refrozen components are termed conglomerate debris as opposed to 

particulate debris which are formed when failure  of a component occurs (see section 3.1.1 in page 

COR-RM-105 of [2]) 

 They reach a part of the core blocked by debris and cannot candle down any further. Candled 

materials will start accumulating and forming molten pools (see section 3.1.2 in page COR-RM-

107 of [2]). 

 They are neither blocked nor refrozen and keep candling down until reaching the bottom of the 

vessel i.e. the lower head. Indeed, core support plate can only support particulate debris and cannot 

prevent candling material to go down.  

Next, components can also fail and form particulate debris. Failure of components can occur through 

several phenomena: 

 Component fails because lower supporting component has failed 

 Component fails because no sufficient intact material remains 

 Component fails through stress-based mechanisms i.e. combination of temperature and  stresses 

 Component fails through control function i.e. user-based decision 

These two important phenomena (melting and failure of intact components) rely on core nodalization and 

several parameters. The latter ones are detailed in §1 while core nodalization is described in §3.1 and §3.2. 

In case the core degradation cannot be stopped, the core support plate will ultimately fail and debris will 

relocate toward the lower plenum. The mechanisms for core support plate failure in MELCOR 1.8.6 are 

described in §2.3. 
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Another possibility for debris to relocate toward the lower plenum is by failure of the core shroud. The 

core shroud failure is described in §2.2. 

If core cooling is not restored at some point, the relocated debris start damaging the lower head. 

Eventually, the lower head fails and the debris are ejected out of the vessel. In case no cavity is modelled, 

the calculation stops at the moment of vessel failure as required by the benchmark specifications. The 

lower head failure mechanisms are described in §2.4. 

2.1.1 Zircaloy oxidation by H2O 

Zircaloy oxidation kinetics by 𝐻2𝑂 in the low temperature range follows an exponential law and uses the 

Urbanic-Heidrick constants: 
 

𝐴 𝑒𝑥𝑝(
−𝐵

𝑇
)         𝑇 < 𝐶 

𝐴 = 29.6 kg² m-4 s-1 

𝐵 = 16820 K 

𝐶 = 1853 K 

Zircaloy oxidation kinetics by 𝐻2𝑂 in the high temperature range follows an exponential law and uses the 

Urbanic-Heidrick constants: 

  

𝐷 exp (
−𝐸

𝑇
)         𝑇 > 𝐹 

𝐷 = 87.9 kg² m-4 s-1 

𝐸 = 16610 K 

𝐹 = 1873 K 

Linear interpolation between the two ranges.  

2.1.2 Steel oxidation by H2O 

Steel oxidation kinetics by 𝐻2𝑂 follows an exponential law and uses the White constants: 
  

𝐴 𝑒𝑥𝑝(
−𝐵

𝑇
)         

𝐴 = 2.429 kg² m-4 s-1 

𝐵 = 4.244 K 

2.1.3 Zircaloy oxidation by O2 

Zircaloy oxidation kinetics by 𝑂2 follows an exponential law and uses the default values of MELCOR 

1.8.6: 

𝐴 𝑒𝑥𝑝(
−𝐵

𝑇
)         𝑇 < 𝐶 

𝐴 = 50.4 kg² m-4 s-1 

𝐵 = 14630 K 

𝐶 = 10000 K 
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2.1.4 Oxides melting temperatures 

The oxides melting temperatures have been defined based on the findings of the previous TMI-2 

benchmark [1] and on the values used by the other participants for the current benchmark. 

 𝑍𝑟𝑂2 melting temperature is set to 2650K. This parameter is controlled by MPMAT ‘MLT’ record 

for ZrO2. Default value equals 2800K. 

 𝑈𝑂2 melting temperature is set to 2650K. This parameter is controlled by MPMAT ‘MLT’ record 

for UO2. Default value equals 2800K. 

2.1.5 Cladding and steel melting criteria 

Materials are assumed to candle immediately when reaching their defined melting temperature
1
 However, 

candling of molten metals (zirconium and stainless steel) can be delayed if they are being held up by oxide 

shells (as explained in section 1.4 in page COR-UG-18 of [3]. 

In Tractebel’s model for this benchmark, zirconium cladding starts melting:  

 If there is no oxidation and cladding temperature exceeds 2098K.  

 If 𝑒 < 0.3𝑚𝑚2
 and cladding temperature exceeds 2500K (hold-up temperature). These values are 

based on the previous TMI-2 benchmark [1]. The oxide layer thickness and hold-up temperature 

default values respectively equal 0.1mm  and 2400K and are modified by sensitivity coefficient 

1131 as detailed in page COR-UG-103 of [3].  

 If there is no more unoxidized zirconium in the cladding and if the cladding temperature exceeds 

2500K. The default value for this parameter equals 2500K and is modified by sensitivity 

coefficient 1132 as detailed in COR-UG-104 of [3]. 

Steel melting criteria are set to defaults i.e. steel starts melting: 

 If there is no oxidation and steel temperature exceeds 1700K.  

 If 𝑒 < 1𝑚𝑚2
 and steel temperature exceeds 1700K (hold-up temperature). These are the default 

values used in MELCOR 1.8.6 and may be modified by sensitivity coefficient 1131 as detailed in 

page COR-UG-103 of [3].  

2.1.6 Component critical minimum thickness 

 In Tractebel’s model for this benchmark, zirconium cladding fails:  
 

 If there is no more unoxidized zirconium in the cladding and if cladding temperature exceeds 

2500K. Default value for this parameter equals 2500K and is modified by sensitivity coefficient 

1132 as detailed in COR-UG-104 of [3]. 

 If cladding temperature exceeds 2600K. This temperature is modified by sensitivity coefficient 

1132 and the chosen value is based on page COR-UG-18 which states that this temperature shall 

approximate the melting temperature of UO2 i.e. 2650K in Tractebel’s model. 

 

2.1.7 Component critical minimum thickness 

The critical minimum thickness of unoxidized Zircaloy in cladding and critical minimum thickness of 

unoxidized steel are values below which component in a core cell becomes particulate debris. These values 

                                                           

1
. MELCOR 1.8.6 defaults melting temperatures are given in section 9 in page MP-RM-69 of [2].   

2
. 𝑒 is the oxide layer thickness 
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are set by record COR00008 and equal to the default value of 0.1mm in Tractebel’s model for this 

benchmark. 

2.1.8 Particulate debris parameters 

Diameter and porosity of particulate debris are respectively set to 2mm and 40%. These values follow the 

benchmark specifications and are controlled by records CORijj04, where i stands for the core ring and jj 

for the axial level. Refer to §3 for core nodalization. 

2.2 Core shroud failure criteria 

In Tractebel TMI-2 MELCOR 1.8.6 model, the failure of the core shroud (or core baffle) is modelled. As 

the core shroud is made of stainless steel, its failure is assumed once its temperature reaches the stainless 

steel melting temperature i.e. 1700K.  

When failure of the core shroud occurs, the debris located above this newly created breach can go through 

it, reach the space between the core shroud and the vessel’s external wall and ultimately relocate inside the 

lower plenum. 

The core shroud can be divided into multiple “parts” that can fail individually so that the temperature’s 

profile inside the core is better taken into account. 

In Tractebel’s model, the core shroud is divided into three parts: 

 The upper part comprising core axial levels 17 to 20 

 The middle part comprising core axial levels 13 to 16 

 The lower part comprising core axial levels 9 to 12 

See §3 for core nodalization. 

2.3 Core support plate failure 

In MELCOR 1.8.6, the core support plate is treated similarly to other supporting structures (if any) and 

does not require specific input. Supporting structure can be defined anywhere in the core i.e. any axial 

level and/or radial ring and its behaviour depends on the type of supporting structure: 

 PLATE represents an edge-supported plate and can initially support fuel assemblies and particulate 

debris and any inner section of the same plate. On failure, support structures defined as PLATE are 

converted to particulate debris along with everything supported by it, including any intact inner 

rings of the same PLATE and anything supported by them. 

 PLATEG represents a grid-supported plate and can initially support fuel assemblies and particulate 

debris. On failure, only the capability to support particulate debris and intact components above it 

is removed. Consequently, everything resting on that ring of the plate will fall down, but the plate 

itself will remain in place until it melts. Contrarily to a supporting structure defined as PLATE, a 

supporting structure defined as PLATEG fails ring by ring and failure of one ring has no influence 

on the other rings.  

 PLATEB is specific for BWR; see section 1.3 in page COR-UG-15 of [3] for more details. 

 COLUMN can support its own weight and the weight of the fuel assemblies through the mediation 

of a supporting structure defined as PLATE, PLATEG or PLATEB. Treatment of the COLUMN 

supporting structure and the weight repartition depends on the interactions of this structure and 

possible PLATE, PLATEG or PLATEB structures. See section 1.3 in page COR-UG-15 of [3] for 

more details. 
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 ENDCOL is equivalent to COLUMN except it is treated as self-supporting. See section 1.5.9 in 

page COR-UG-24 of [3] for details on core support modelling. 

In Tractebel’s model, the core support plate is modelled as PLATEG i.e. each ring may fail independently 

depending on the loads and temperature. Three types of failure are modelled in MELCOR 1.8.6 for 

supporting structure: 

 Failure by yielding 

 Failure by buckling 

 Failure by creep 

For more details, refer to section 5.3 in page COR-RM-141 of [2]. 

2.4 Lower head failure criteria 

Melcor 1.8.6 allows multiple options for modelling lower head failure. Failure of the lower head may 

occur: 

 By penetration  

 By a control function 

 By overpressure 

 By creep-rupture  

In TE’s model for this benchmark failure by penetration is deactivated by specifying a very high 

temperature failure criterion for the penetration: 

 COR00009 950. 950. MODEL MODEL 1.0E+10 1. 

Deactivating failure by penetration is supported by the fact that some participants in this benchmark do not 

have the possibility to model penetration failure. Moreover, during the second European Melcor Users 

Group meeting in Prague [3], SNL recommended value of 9999K for penetration failure temperature so 

that “Penetration failure is not modelled as a mechanism for vessel failure”. Indeed, “the SNL LHF tests 

showed that gross creep rupture of the lower head was the most likely mechanism for vessel failure” and 

“penetration ejection was highly unlikely”. 

No failure by control function is implemented in TE’s model so that the only two possible vessel failure 

modes are by overpressure or creep-rupture. Failure by overpressure occurs in case the pressure difference 

between the vessel and the reactor cavity exceeds 200 bar. Failure by creep-rupture is based on Larson-

Miller correlation. A Larson-Miller parameter is calculated for each radial ring of the lower-head. Once 

plastic strain for one ring exceeds 18% (default value), failure is assumed to occur. For more details, 

readers are referred to section 6.2 in page COR-RM-154 of [2]. 

3. TMI-2 plant and core nodalization 

3.1 Control volumes nodalization 

Control volumes nodalization used by Tractebel is shown in Figure 1. For comparison, SNL nodalization 

used in the previous TMI-2 benchmark is given in Figure 2. Performing a sequence in the benchmark 

typically requires eight hours of computation time using TE’s model with MELCOR 1.8.6. 

The core region has the particularity to have a double discretization i.e. one linked to the control volumes 

(control volumes hydrodynamics  (CVH) package) and depicted in Figure 1and one linked to the core cells 

(COR package), described in §3.2 and depicted in Figure 3. No particular recommendation is made in [2] 

or [3] concerning consistency between cells and control volumes discretization. It is only mentioned that 
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“A single CVH control volume may interface with many core or lower plenum cells”. Also in section 2.3 

in page COR-RM-51 of [2] it is said that “COR cell nodalization is typically much finer than the control 

volume […] nodalization”. 

In MELCOR 1.8.6, a control volume has one temperature computed for the pool region and one 

temperature computed for the atmosphere region. Consequently, in order to still have proper mass and 

temperature distributions e.g. taking into account convective molten pools interfacing in different core cells 

interfacing with the same control volume, a model called dT/dZ is used to compute local fluid 

temperatures. This model is described in section 2.6 in page COR-RM-89 of [2].  

Figure 1: Tractebel control volumes nodalization used in the benchmark 
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Figure 2: SNL’s control volumes nodalization used in the previous TMI-2 benchmark 

 

3.2 Core cells nodalization 

In Tractebel’s model for this benchmark, the core is discretized in 100 cells in the active region i.e. 20 

axial levels and 5 rings as shown in Figure 3. The core support plate is located in axial level 8. 

Figure 3: Tractebel core cells nodalization used in the benchmark 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 6
th
 radial ring is defined in the inactive core region and represents the space between the core shroud 

and the vessel’s external wall and part of the vessel’s lower head. 
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4. Main results from transient analyses 

Detailed analyses of the three transients performed for the benchmark are already provided in the main part 

of the report. The following paragraphs intend at complementing these analyses. 

4.1 SBLOCA sequence 

4.1.1 Base case without reflooding 

First transient – base case 

Timings (s) Event 

0 Small break in hot leg A (0.002m²) 

Loss of normal feedwater 

50 Pressurizer PORVs open (PPRZ > 14.96 MPa) 

60 SCRAM on high pressurizer pressure  

(PPRZ > 16.3 MPa)  

Full SGs dry out 

70 Pressurizer PORVs close 

100  Auxiliary feedwater starts 

390 Pressurizer is empty 

2330 Primary mass  < 85 tons 

RCPs stop  

3610  Tclad > 1100 K 

Start of H2 production 

3710 First fuel rod cladding burst (1173K) 

4360  First fuel rod cladding melting (2098K) 

Start of core melting 

4380 First molten core material slump in lower plenum  

(due to candling) 

5220 First fuel rod  cladding failure  

5310 First failure of core shroud (or core baffle) 

8820 Core support plate failure (ring 3) 

10850  Vessel failure 

 

The core configuration for the first transient base case at t = 4500s is shown in Figure 4-1. The legend for 

the different components is given in the left part of the figure and the definitions of the acronyms are found 

in Table 1. 

As shown in Figure 4-1, two different types of molten pools i.e. metallic and oxidic form inside the core 

during degradation. Indeed, in Melcor 1.8.6, convecting oxidic and metallic molten pools are simulated 

taking into account stratification based on components density inside a molten pool. More details are found 

in page COR-RM-124 of [2]. 
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Figure 3: Tractebel core cells nodalization used in the benchmark 

 

x 

 

Table 1: List of components shown in core degradation pictures and related acronyms. Information comes 

from page COR-UG-11 of [3]. 

Acronym Component 

FU Intact fuel component 

CL Intact cladding component 

PD Particulate debris component (in the 

channel) 

MP1 Oxidic molten pool (in the channel)
3
 

MP2 Metallic molten pool (in the channel) 

Void Void 

SH Intact PWR core shroud (or baffle) 

FM Intact PWR core formers 

PB Particulate debris component (in the 

bypass) 

MB1 Oxidic molten pool (in the bypass)
3
 

MB2 Metallic molten pool (in the bypass) 

SS Supporting structure component 

NS Non-supporting structure component 

OS Obsolescent combined other structure 

component 

HS Heat structure 

H2O Liquid water 

 

                                                           

3
. Channel and bypass are only differentiated for BWR type reactors. In the case of PWR type reactors, channel and 

bypass are merged 
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In the base case, no safety injection system is available. Consequently, core degradation progresses until 

first fuel rod cladding failure occurs in cell 117 i.e. axial level 17 and ring 1 (t = 5220 s) as shown in Figure 

4-2. Fuel rods located above cell 117 also fail by loss of support i.e. cells 118, 119 and 120. 

Figure 4-2: First transient, base case. Core degradation at t = 5220s. 

 

As time goes on, more and more degraded materials relocate onto the core support plate. Its temperature 

rises significantly along with the stresses due to the debris weight. Ultimately, the core support plate fails 

in ring 3 after 8820 seconds. The core situation just before core support plate’s failure is shown in Figure 

4-3.  

Figure 4-3: First transient, base case. Core degradation at t = 8820s. 

 

When the core support plate fails after 8820 seconds, about 90 tons of debris are relocated into the lower 

plenum. The vessel lower head’s temperature increases along with the stresses due to the debris weight. 

The lower head eventually fails after 10850 seconds. The core situation just before vessel failure is shown 

in Figure 4-4.  
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Figure 4-4: First transient, base case. Core degradation at t = 10850s. 

 

4.1.2 Reflooding start-up at 10 tons and 45 tons of degraded core materials 

First transient – reflooding of a slightly degraded core (when 10 tons of debris 

are created, sensitivity 1) 

28 kg/s in total – 3 kg/s from make-up system 

Timing (s) Event 

4500 Restarted from base case – previous events are identical 

4610 10 tons of debris are created
4
 

HPI started 

5720 First fuel rod  cladding failure 

12060 Core degradation is stopped 

40000 End of the calculation 

 

First transient - reflooding of a highly degraded core ( when 45 tons of debris 

are created, sensitivity 2) 

28 kg/s in total – 3 kg/s from make-up system 

Timing (s) Event 

4500 Restarted from base case – previous events are identical 

5220 First fuel rod  cladding failure 

5890 45 tons of debris are created
5
 

HPI started 

6240 First failure of the core shroud (or core baffle) 

16420 Core degradation is (almost) stopped 

20600 End of the calculation due to non-convergence in COR 

package 

                                                           

4
. Actually, HPI injection is performed after 10.2 tons of debris are created. This deviation from the specifications 

allows avoiding code crash because of non-convergence in COR package. 

5
. Actually, HPI injection is performed after 44 tons of debris are created. This deviation from the specifications 

allows avoiding code crash because of non-convergence in COR package. 
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Both sensitivities feature recovery of the HPI system, i.e. after 10 tons of debris are created for sensitivity 1 

and after 45 tons of debris are created for sensitivity 2. The core configuration for both sensitivities at the 

time of HPI actuation is shown in Figure 4-5. 

Figure 4-5: First transient, sensitivity 1 (left) - core degradation at t = 4610s and sensitivity 2 (right) - core 

degradation at t = 5890. 

 

However, although the HPI system is actuated in both sensitivities, core degradation still progresses until a 

maximum of 101 tons of debris are created in sensitivity 1 and 123 tons in sensitivity 2 (116 tons in the 

base case). In conclusion, the core is almost entirely degraded in both sensitivities, similarly to the base 

case, but vessel failure is avoided within the calculation timeframe because the core support plate remains 

intact and avoids large debris relocation toward the lower plenum and subsequent challenging stresses on 

vessel’s lower head i.e. high temperatures and high loads.  

The final core configuration for both sensitivities is shown in Figure 4-6. Additionally, the core 

configuration at t=20600 is shown for sensitivity 1 in order to have the corresponding time to the end of 

calculation for sensitivity 2. Indeed, sensitivity 2 is unable to reach completion (40000 seconds) due to 

non-convergence in the COR package. The degraded core configurations of sensitivity 1 and 2 are pretty 

different with a mix between particulate debris and molten pool lying on top of the core support plate in 

sensitivity 1 and almost only molten pool for sensitivity 2. Also, intact fuel is found in sensitivity 1 in ring 

5 and axial level 9 while in sensitivity 2 only the fuel in axial 9 remains intact. Finally, the core 

degradation evolves for sensitivity 1 between 20600 seconds and 40000 seconds with particulate debris 

melting and forming bigger molten pools as shown by comparing the left and middle schematics of Figure 

4-6. 
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Figure 4-6: First transient, sensitivity 1 - core degradation at t=20600s (left) and at t = 40000s (middle) and 

sensitivity 2 - core degradation at t = 20600s (right). 

 

The core temperatures are given in Figure 4-7. It is not detailed by SNL which temperatures are given in 

these figures produced by their PTFREAD tool i.e. whether is it is an average temperature or the maximum 

temperature between all components. However, it still gives an overall view of the core temperatures. 

Figure 4-7: First transient - sensitivity 1 (left) - core temperatures at t = 40000s and sensitivity 2 (right) - 

core temperatures at t = 20597s. 

 

In both sensitivities, the debris temperatures are still high at the end of the transient and although the last 

level of intact fuel is cooled and has low temperature i.e. below 400K and therefore offers protection to the 

core support plate, it could still fail by over-temperature. 

Analysing the total internal energy within the COR package confirms the above statement. Indeed, Figure 

4-8 shows that the energy inside the COR package continuously increases in both sensitivities meaning that 

molten pools’ temperature also continuously increases and that insufficient energy is transferred from the 

debris to the injected water i.e. the molten pools are not coolable. However, although core support plate 

failure is expected, the debris might still reach a coolable configuration after their relocation into the lower 

plenum and vessel failure might still be avoided. 

Remark that the decrease in the COR total internal energy shown in Figure 4-8 for the base case 

corresponds to the moment of core support plate failure. At that time, a significant part of the debris 

relocates from the core into the lower plenum and is cooled down by the remaining water inside the lower 
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plenum causing the total internal energy inside the COR package to decrease as the heat from the debris is 

transferred to the water which is then steamed and evacuated through the break. 

 

Figure 4-8: First transient, base case, sensitivity 1 and 2 – COR package total internal energy 

 

 

Maximum stresses and temperatures of the core support plate are shown in Figure 4-9 and Figure 4-10. 

Maximum stresses, temperatures and plastic strain of the lower head are shown in Figure 4-11, Figure 4-12 

and Figure 4-13.  

From these figures, conclusion is that both stresses and temperatures for the core support plate and vessel’s 

lower head in sensitivity 1 and 2 are in a safe range (and significantly lower than the temperatures 

observed in the base case where core support plate and vessel failure occur). Also, no plastic strain occurs 

in vessel’s lower head in both sensitivities contrarily to the base case where plastic strain in vessel’s lower 

head reaches 18% after 10850 seconds and causes vessel failure. Indeed, by default and as explained in 

section 6.2 in page COR-RM-153 of [2], lower head failure occurs when plastic strain reaches 18%. In 

conclusion, as long as the core support plate remains intact, the vessel failure is avoided. 

Oscillations in the maximum stress values for core support plate in sensitivity 2 (Figure 4-10) are probably 

linked to the non-convergence in the COR package provoking a code crash at t = 20600s. 
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Figure 4-9: First transient, base case, sensitivity 1 and 2 – CSP maximum temperature 

 

Figure 4-10: First transient, base case, sensitivity 1 and 2 – CSP maximum stress 
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Figure 4-11: First transient, base case, sensitivity 1 and 2 – LH maximum temperature 

 

Figure 4-12: First transient, base case, sensitivity 1 and 2 – LH maximum stress 
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Figure 4-13: First transient, base case, sensitivity 1 and 2 – LH maximum plastic strain 

 

 

4.2 SLB sequence 

4.2.1 Base case without reflooding 

Second transient – base case 

Timing (s) Event 

0 SBO 

Loss of RCPs 

Loss of feedwater 

DEGB of pressurizer surge-line 

490  Tclad > 1100 K 

Start of H2 production 

540 First fuel rod cladding burst (1173K) 

870  First fuel rod cladding melting (2098K) 

Start of core melting 

900 First molten core material slump in lower plenum  

(due to candling) 

1160 First fuel rod  cladding failure  

1750 First failure of the core shroud (or core baffle) 

1940 (First) Core support plate failure (ring 2) 

3830  Vessel failure 

 

In the base case, no safety injection system is actuated. Consequently, the core degradation progresses until 

the first fuel rod cladding failure occurs in cell 116 i.e. axial level 16 and ring 1 (t = 1160s) as shown in 

Figure 4-14. Fuel rods located above cell 116 also fail by loss of support i.e. cells 117, 118, 119 and 120. 



NEA/CSNI/R(2015)3 

 304 

Figure 4-14: Second transient, base case - core degradation at t = 1160s. 

 

Then, first melting of the core shroud occurs in the middle part i.e. axial level 13 to 16 after 1750 seconds 

quickly followed by melting of the lower part i.e. axial level 9 to 12. The two aforementioned failures of 

the core shroud offer new relocation paths for the debris toward the lower plenum.  

In the meantime, more and more degraded materials also relocate onto the core support plate. Its 

temperature rises significantly along with the stresses due to the debris weight. Ultimately, the core support 

plate fails in ring 2 after 1940 seconds. The core configuration just before core support plate failure is 

shown in Figure 4-15.  

Figure 4-15: Second transient, base case - core degradation at t = 1940s. 

 

Then, the other core support plate rings fail in the following order: ring 2, 1, 3, 4 and finally ring 5 after 

respectively 1940 seconds, 2145 seconds, 2530 seconds, 3000 seconds and 3330 seconds. In conclusion, 

the core support plate is entirely failed.  

Due to important debris relocations toward the lower plenum following each core support plate failure, the 

vessel’s lower head temperature increases along with the stresses due to the debris weight. The vessel 
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eventually fails after 3830 seconds. The core configuration just before vessel failure is shown in Figure 

4.16. 

Figure 4-16: Second transient, base case - core degradation at t = 3830s. 

 

 

4.2.2 Low flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials 

Second transient - reflooding of a slightly degraded core (when 10 tons of debris 

are created, sensitivity 1) 

28 kg/s in total 

Timing (s) Event 

1100 Restarted from base case – previous events are identical 

1130 10 tons of debris are created
6
 

LPI started 

1160 First fuel rod  cladding failure  

1930 (First) Core support plate failure (ring 2) 

2900 First failure of the core shroud (or core baffle) 

40000  End of calculation 

 

  

                                                           

6
. Actually, LPI injection is performed after 10.2 tons of debris are created. This deviation from the specifications 

comes from first transient sensitivity 1 and was necessary to avoid non-convergence in the COR package in the 

aforementioned calculation and has been kept. 
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Second transient - reflooding of a highly degraded core (when 45 tons of debris 

are created, sensitivity 1) 

28 kg/s in total 

Timing (s) Event 

1000 Restarted from base case – previous events are identical 

1160 First fuel rod  cladding failure  

1390 45 tons of debris are created 

LPI started 

1840 (First) Core support plate failure (ring 2) 

1870 First failure of the core shroud (or core baffle) 

40000  End of calculation 

 

Second transient sensitivities 1 and 2 both feature recovery of the LPI at two different timings i.e. after 

1130 seconds in sensitivity 1 when 10 tons of debris are created and after 1390 seconds in sensitivity 2 

when 45 tons of debris created. 

The core configuration at the moment of LPI recovery for sensitivity 1 and 2 is shown in Figure 4.17. 

Figure 4-17: Second transient, sensitivity 1 (left) - core degradation at t = 1130s and sensitivity 2 (right) - 

core degradation at t = 1390s. 

 

Contrarily to the first transient sensitivities 1 and 2, the core support plate in second transient sensitivity 1 

and 2 fails respectively after 1930 seconds and 1840 seconds but only in ring 2 while the other rings 

survive. 

The core support plate’s temperature and stresses for second transient sensitivity 1 and 2 are given in 

Figure 4-18 to Figure 4-21. Ring 2 encounters the most challenging combination of temperature and 

stresses and is therefore the most susceptible to fail. 

Comparing Figure 4-18 to Figure 4-20, sooner LPI recovery is beneficial for limiting the core support 

plate’s temperature in the different rings while the stresses are similar (Figure 4-19 and Figure 4-21). Ring 

5 in sensitivity 1 exhibits a temperature rise around 2900 seconds. This is due to the failure of the core 

shroud occurring at that time and allowing hot debris to flow between the core shroud (next to ring 5) and 

the external wall of the vessel, causing a significant temperature increase of ring 5. Similar phenomenon 

occurs in sensitivity 2 but the rise in temperature in ring 5 is less pronounced. 
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Figure 4-18: Second transient, sensitivity 1 – Core support plate rings temperature 

 

Figure 4-19: Second transient, sensitivity 1 – Core support plate rings stress (0-15000s) 
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Figure 4-20: Second transient, sensitivity 2 – Core support plate rings’ temperature. Zero value means no 

more supporting material is present in ring’s representative cell. However, core support plate may have 

failed and lost its supporting capability before that. Indeed, as explained in page COR-RM-135 in [2], core 

support plate defined as PLATEG will remain in place after failure until it melts. 

 

Figure 4-21: Second transient, sensitivity 2 – Core support plate rings stress (0-15000s). Zero value means 

no more supporting material is present in ring’s representative cell. However, core support plate may have 

failed and lost its supporting capability before that. Indeed, as explained in page COR-RM-135 in [2], core 

support plate defined as PLATEG will remain in place after failure until it melts. 

 

0

200

400

600

800

1000

1200

1400

1600

1800

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

Te
m

p
e

ra
tu

re
 [

K
]

time [sec]

Sensitivity 2
Core support plate temperature

Ring 1

Ring 2

Ring 3

Ring 4

Ring 5

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2000 4000 6000 8000 10000 12000 14000

P
re

ss
u

re
 [

M
P

a]

time [sec]

Sensitivity 2 
Core support plate stress

Ring 1

Ring 2

Ring 3

Ring 4

Ring 5



 NEA/CSNI/R(2015)3 

 309 

Although the core support plate fails in both second transient sensitivities and about 100 tons of debris are 

relocated into the lower plenum, vessel failure is avoided in both cases. Core degradation at the end of the 

calculation i.e. after 40000 seconds is shown in Figure 4-22 for sensitivity 1 and 2. The core degradation 

for both sensitivities is very similar and is stopped around 5000 seconds in both sensitivities while debris 

relocation toward the lower plenum stops after around 15000 seconds. 

The core temperatures for the two sensitivities are shown in Figure 4-23. As for the core degradation state, 

the core temperatures are similar in both sensitivities. Although no vessel failure occurs, the center of the 

relocated core is still quite hot i.e. above 2500 degrees in both sensitivities. 

Figure 4-22: Second transient, sensitivity 1 (left) and sensitivity 2 (right) - core degradation at t = 40000s. 

 

Figure 4-23: Second transient, sensitivity 1 (left) and sensitivity 2 (right) - core temperature at t = 40000s. 

 

As for the first transient, the total internal energy within the COR package is shown in Figure 4-24. 

Sensitivity 2 of this second transient has even been extended up to 80000 seconds for this purpose. Figure 

4-24 shows that for both sensitivities, the total energy within the core is slowly diminishing and suggests 

that molten pool is coolable. 
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Figure 4-24: Second transient, base case, sensitivity 1 and 2 – COR package total internal energy 

 

Maximum stresses, temperatures and plastic strain of the vessel’s lower head are shown in Figure 4-25, 

Figure 4-26, Figure 4-27 and Figure 4-28. The combination of stresses and temperatures influences the 

lower head’s plastic strain. As shown in Figure 4.27, the base case reaches 18% of plastic deformation 

after 3830 seconds provoking vessel failure as already explained in §0. In second transient sensitivity 1 and 

2, the plastic strain remains below 0.1% and the lower head is far from failure, as shown in Figure 4-28. 

Moreover, the stresses and temperatures of the lower head are below the ones encountered in the base case 

as shown in Figure 4-25 and Figure 4-26. However, after 40000 seconds i.e. end of the calculation and 

although evolving slowly, plastic strain shows an increasing trend in second transient sensitivity 1 and 2. 

Consequently, it cannot be stated that vessel failure won’t occur latter. 
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Figure 4-25: Second transient, base case, sensitivity 1 and 2 – Lower head maximum stress 

 

Figure 4-26: Second transient, base case, sensitivity 1 and 2 – Lower head maximum temperature 
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Figure 4-27: Second transient, base case, sensitivity 1 and 2 – Lower head maximum plastic strain (3500-

4000s) 

 

 

Figure 4-28: Second transient, sensitivity 1 and 2 – Lower head maximum plastic strain (3600-40000s 

 

) 

  



 NEA/CSNI/R(2015)3 

 313 

4.2.3 High flow rate reflooding start-up at 10 tons and 45 tons of degraded core materials  

Third transient – high reflooding rate of a slightly degraded core (when 10 tons 

of debris are created, sensitivity 1) 

360 kg/s in total 

Timing (s) Event 

 Timings are similar to the ones in second transient 

sensitivity 1 until LPI is started 

1130 10 tons of debris are created
7
 

LPI started 

1160 First fuel rod  cladding failure 

1590 First and only core support plate failure (ring 1) 

2130 Loss of LPI – stop of injection 

5690 First and only failure of the core shroud (or core baffle) 

6642 Vessel failure 

 
 

Third transient - high reflooding rate of a highly degraded core (when 45 tons of 

debris are created, sensitivity 2) 

360 kg/s in total 

Timing (s) Event 

 Timings are similar to the ones in second transient 

sensitivity 2 until LPI is started 

1160 First fuel rod  cladding failure 

1390 45 tons of debris are created
8
 

LPI started 

1920 First failure of the core shroud (or core baffle) 

2390 Loss of LPI – stop of injection 

3370 (First) Core support plate failure (ring 1) 

7240 Vessel failure 

 

The difference between the second and the third transient sensitivities lies in the injection flowrate i.e. 28 

kg/s for second transient sensitivities and 360 kg/s for third transient sensitivities. Consequently, in the 

third transient, there is 10g/s of water per fuel rod. A rule of thumb is that quenching requires 1g/s of water 

per fuel rod. Consequently, in theory, third transient sensitivities provide more water than needed for 

quenching. Also, it is assumed that the LPI system only injects water during 1000 seconds and is lost after 

that time. 

The core situation during the LPI injection is shown in Figure 4-29 and in Figure 4-30 for sensitivity 1 and 

in Figure 4-31 and Figure 4-32 sensitivity 2. Although a much higher flowrate is used compared to second 

transient sensitivities, the core degradation cannot be stopped and progresses during the entire time the LPI 

                                                           

7
. Actually, LPI injection is performed after 10.2 tons of debris are created. This deviation from the specifications 

comes from first transient sensitivity 1 and was necessary to avoid non-convergence in the COR package in the 

aforementioned calculation and has been kept. 

8
. Actually, LPI injection is performed after 44 tons of debris are created. This deviation from the specifications 

allows avoiding non-convergence in the COR package. 
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injects water into the core for both sensitivities. In sensitivity 1, core support plate failure even occurs 

during LPI injection i.e. after 1590 seconds whereas for sensitivity 2 it occurs later i.e. after 3370 seconds. 

In both sensitivities, the core temperatures remain high during the entire time of injection. 

The most significant difference between the two sensitivities is the moment of the core support plate 

failure. Failure in sensitivity 1 occurs during injection because fuel rods just above the core support plate 

fails and allows significant part of core debris to come into contact with the core support plate and heat it 
(see middle part of Figure 4-29) contrarily to sensitivity 2 where all the fuel rods above the core support 

plate remain intact and offer act as protection for the core support plate (see right part of Figure 4-31). 

These fuel rods remain intact even if very hot debris (T > 2500K) are present right above them as shown in 

right part of Figure 4-32.  

 

Figure 4-29: Third transient - Sensitivity 1 – Core degradation at 1130s (left), 1590s (middle) and 2130s 

(right) 

 

 

Figure 4-30: Third transient - Sensitivity 1 – Core temperatures at 1130s (left), 1605s (middle) and 2130s 

(right) 
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Figure 4-31: Third transient - Sensitivity 2 – Core degradation at 1390s (left) and 2390s (right) 

 

Figure 4-32: Third transient - Sensitivity 2 – Core temperatures at 1390s (left) and 2390s (right) 

 

In conclusion none of the sensitivities succeeds in quenching the core during the LPI injection although 

providing (theoretically) more water than needed. 

After core support plate failure, important debris relocations toward the lower plenum take place and the 

vessel’s lower head’s temperature increases along with the stresses due to the debris weight. The vessel 

eventually fails after 6642 seconds in sensitivity 1 and after 7230 seconds in sensitivity 2. The core 

configuration just before vessel failure for both sensitivities is shown in Figure 4-33. 
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Figure 4-33: Third transient, sensitivity 1 (left) and sensitivity 2 (right) - core degradation and temperatures 

respectively at t = 6642s for sensitivity 1 and at t=7230s for sensitivity 

 

 

Maximum stresses, temperatures and plastic strain of vessel’s lower head are shown in Figure 4-34, Figure 

4-35 and Figure 4-36. The combination of stresses and temperatures influences the lower head plastic 

strain. As already explained in §4.1.1, lower head failure occurs when plastic strain reaches 18%.  
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Figure 4-34: Third transient - sensitivity 1 and 2 – Lower head maximum stress 

 

Figure 4-35: Third transient - sensitivity 1 and 2 – Lower head maximum temperature 
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Figure 4-36: Third transient - sensitivity 1 and 2 – Lower head maximum plastic strain (5000-7500s) 

 

 

5. Sensitivity analyses 

5.1 Application of best practices 

In [3], SNL presents best practices for MELCOR. As some of these best practices concern the core 

degradation parameters, a sensitivity study has been performed by applying these best practices to the third 

transient sensitivity 1 already analyzed in the scope of this benchmark.  

The following changes are applied: 

 Refreezing heat transfer coefficients are increased through record COR00005 

- UO2 : from 1000 to 7500 W/m²/K 

- Zirconium : from 1000 to 7500 W/m²/K 

- Stainless steel : from 1000 to 2500 W/m²/K 

- Zirconium oxide : from 1000 to 7500 W/m²/K 

- Stainless steel oxide : from 1000 to 2500 W/m²/K 

- Control rod poisons : from 1000 to 2500 W/m²/K 

These coefficients influence the heat transfer from the candling material to the structure supporting it. 

 

 Radiative exchange factors for radiation between cells are decreased through record COR00003 

- Radial radiation heat transfer parameter is reduced from 0.25 to 0.1 

- Axial radiation heat transfer parameter is reduced from 0.25 to 0.1 

 Minimum porosity to be used in calculating flow resistance in flow blockage model and area for heat 

transfer to fluid are increased through sensitivity coefficients 1505(1) and 1505(2) from 0.001 to 0.05 
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 Heat transfer coefficients from debris to penetrations and lower head are decreased through record 

COR00009 

- Heat transfer coefficient from debris to penetrations is decreased from 1000 W/m²/s to 100 

W/m²/s 

- Heat transfer coefficient from debris to lower head is decreased from 1000 W/m²/s to 100 W/m²/s 

 Debris falling velocity and heat transfer coefficient to pool are adapted through record COR00012. 

Remark these parameters only affect debris falling down from the core support plate after it fails into 

the lower plenum and not debris falling down from upper part of the core into the core support plate 

- Heat transfer coefficient from in-vessel falling debris to pool is increased from 100 W/m²/s to 

2000 W/m²/s 

- Falling debris velocity is decreased from 1.0 m/s to 0.01 m/s 

 Minimum porosity to be used in evaluating the flow blockage friction is increased from 1.0E-6 to 0.05 

 Momentum exchange length for flow paths between lower plenum and downcomer (FL010), lower 

plenum and core (FL020) and between core and upper plenum (FL025) is manually set to 0.2m. By 

default, they are automatically calculated based on flow paths geometry and were approximately equal 

to 3 meters in this case. This change is suggested by section 5 in page FL-UG-36 of 3 to avoid 

“levitation” of water in case of strong boiling in the core. 

The combination of these changes should favour core cooling during water injection and during debris 

slumping into the lower plenum. The chronology of the main events for third transient sensitivity best 

practices case is given in Table 2. 

Table 2: Third transient, sensitivity 1 best practices case - Chronology of main events 

Third transient – sensitivity 1 best practices case 

(based on third transient sensitivity 1) 

Timing (s) Event 

0 SBO 

Loss of RCPs 

Loss of feedwater 

DEGB of pressurizer surge-line 

550  Tclad > 1100 K 

Start of H2 production 

590 First fuel rod cladding burst (1173K) 

860  First fuel rod cladding melting (2098K) 

Start of core melting 

890 First molten core material slump in lower plenum  

(due to candling) 

1100 10 tons of debris are created
9
 

LPI started 

1330 First fuel rod  cladding failure 

2040 (First) Core support plate failure (ring 1) 

2100 Loss of LPI – stop of injection 

11950  End of calculation – non-convergence in COR package 

 

                                                           

9
. Actually, HPI injection is performed after 10.2 tons of debris are created. This deviation from the specifications 

comes from first transient sensitivity 1 and was necessary to avoid bug in this calculation and has been kept. 
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The core degradation for the third transient sensitivity 1 best practices case is shown in Figure 5-1 and is 

compared to the third transient sensitivity 1. The decrease of the falling debris velocity in the third 

transient sensitivity 1 best practices can be seen in the lower right part of Figure 5-1. Indeed, the debris are 

seen falling down slowly toward the lower plenum following the core support plate failure whereas in the 

third transient sensitivity 1 they reach the bottom of the vessel almost instantly. The slower fall of the 

debris favor their cooling as they are able to exchange more heat with the water located in the lower 

plenum. 

Figure 5-1: Third transient - sensitivity 1 (left) – Core degradation at 1130s and 2130s and sensitivity 1 

best practices case (right) – core degradation at 1100s and 2100s. See Table for legend. 

 

 

The core temperatures for the third transient sensitivity 1 best practices case are shown in Figure 5-2 and 

compared to the third transient sensitivity 1. The changes made to the core degradation parameters indeed 

allow improved cooling of the debris during water injection and debris relocation toward the lower 

plenum. This is even more visible in Figure 5-3 where core temperatures for both cases are shown 2500 

seconds after the LPI system has been lost i.e. 4630 seconds for the third transient sensitivity 1 and 4600 

seconds for the third transient sensitivity 1 best practices case. In the latter case, the core temperatures are 

quite low i.e. below 1500K while in third transient sensitivity 1 a significant part of the core is in the range 

or above 2500K.  

Another significant difference between the two cases is the failure of the core support plate which has 

entirely failed in the third transient sensitivity 1 best practices case while only failing in ring 1 for the third 

transient sensitivity 1. 

Although core cooling is improved in third transient sensitivity 1 best practices case during and after water 

injection, the loss of the LPI inevitably leads to an increase in core temperatures as shown in Figure 5-4.   
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Figure 5-2: Third transient - Sensitivity 1 (left) – Core temperatures at 1130s and 2130s and sensitivity 1 

best practices case (right) – core temperatures at 1100s and 2100s 
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Figure 5-3: Third transient - Sensitivity 1 (left) – Core temperatures at 4630s and sensitivity 1 best 

practices case (right) – core temperatures at 4600s 

 

Figure 5-4: Third transient - sensitivity 1 best practices case – Core temperatures (top) and core 

degradation (bottom) at 11940s 
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The lower head maximum stresses, temperatures and plastic strain are shown respectively in Figure 5-5, 

Figure 5-6 and Figure 5-7.  

As expected from the previous insights regarding the core degradation and temperatures, the lower head 

temperatures are lower in the third transient sensitivity 1 best practices case during and after LPI injection 

until increasing again to values comparable to those in third transient sensitivity 1 and even to higher 

values after ~ 9000 seconds. 

The lower head stresses in the third transient sensitivity 1 best practices are comparable to those in the 

third transient sensitivity 1 until ~ 8000 seconds. From that moment on, they continuously decrease until 

reaching negligible value. This behaviour is not expected as significant amount of debris are still resting on 

the lower head. Logically, the lower head plastic strain responds to these stresses accordingly by remaining 

very low and even stopping increasing after about 9000 seconds when the lower head stresses become 

negligible. However, the temperature of the lower head is still very high at that moment and vessel failure 

is expected but does not occur. The code fails after 11940s due to non-convergence, most probably induced 

by the very high temperatures observed in the lower head. 
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Figure 5-5: Third transient - sensitivity 1 and sensitivity 1 best practices case – Lower head maximum 

stress 

 

 

Figure 5-6: Third transient - sensitivity 1 and sensitivity 1 best practices case – Lower head maximum 

temperature 
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Figure 5-7: Third transient - sensitivity 1 and sensitivity 1 best practices case – Lower head maximum 

plastic strain (5000-13000s) 

 

 
6. Final remarks 

Performing this benchmark using MELCOR 1.8.6 allowed Tractebel to demonstrate the efficiency and 

accuracy of its TMI-2 model along with confirming its experience as a MELCOR user. 

Also, in terms of user experience, the following statements can be made: 

 Reflooding sequences are challenging for the code. Many times, calculation was unable to reach 

completion due to non-convergence in the COR package. 

 Appropriate maximum timestep (DTMAX parameter, defined in the melin file) management is 

important.  

- Before core degradation, smaller timesteps are needed e.g. 0.05 

- During core degradation and particularly during core support plate failure, bigger timesteps are 

needed e.g. 0.1-0.5 
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APPENDIX A.12 SYNTHESIS TABLE OF THE CORIUM RELOCATION PATH FOR THE 

DIFFERENT SCENARIOS 

The Table 1 below gives an overview of the corium relocation path during the late phase of core 

degradation for the different scenarios. The relocation of corium into the lower plenum of the vessel can 

occur via the core by-pass and/or through the core support plate depending on the configuration and 

spreading of the in-core molten pool and according to core slumping parameters and criteria defined in 

Table 2.6 of Chap. 2. 

Table 1: Corium/debris relocation path during core slumping into the lower plenum 

(CSP-NN: at the core bottom through core support plate)  

(CBY-NN: at the core periphery through core by-pass) 

(NN = % of total relocated mass) 

Participant 

(code) 

SBLOCA sequence SLB sequence 

base 
case 

without 
reflood 

reflood 
at 10 
tons 

reflood 
at 45 
tons 

base 
case 

without 
reflood 

low rate 
reflood 
at 10 
tons 

low rate 
reflood 
at 45 
tons 

high rate 
reflood 
at 10 
tons 

high rate 
reflood 
at 45 
tons 

ENEA 

(ASTEC) 
CBY-
100 

CBY-
100 

CBY-
100 CSP-100 CSP-100 CSP-100 

CSP-85 

CBY-15 

CSP-85 

CBY-15 

GRS 

(ATHLET) 
CSP-
100 

CSP-100 CSP-
100 

CSP-100 CSP-100 CSP-100 CSP-100 CSP-
100 

IBRAE 
RAS 

(SOCRAT) 

CSP-41 

CBY-59 

CSP-00 

CBY-00 

CSP-00 

CBY-00 
CSP-100 

CSP-93 

CBY-07 
CSP-100 

CSP-99 

CBY-01 

CSP-72 

CBY-28 

INRNE 

(ASTEC) 
CSP-
100 

CSP-100 CSP-
100 

CSP-100 CSP-100 CSP-100 
CSP-95 

CBY-5 

CSP-95 

CBY-5 

IVS 

(ASTEC) 

CSP-20 

CBY-80 

CSP-100 

CBY-00 

CSP-
100 

CBY-00 

CSP-17 

CBY-83 

CSP-31 

CBY-69 

CSP-7 

CBY-93 
(

1
) (

1
) 

KIT 
(ASTEC) 

CBY-
100 

CBY-
100 

CBY-
100 CSP-100 CSP-100 CSP-100 

CSP-80 
 (

4
) 

CBY-20 

CSP-80 
(

4
) 

CBY-20 

RUB (
2
) 

(ATHLET) 
- - - CSP-100 - CSP-100 CSP-100 

CSP-
100 

Tractebel 
Engineering 

(MELCOR) 

CSP-91 

CBY-9 

No 
baffle or 

CSP 
failure 

CBY-
100 

no CSP 
failure 

CSP-100 

(
3
) 

CSP-100 

(
3
) 

CSP-100 

(
3
) 

CSP-100 

(
3
) 

CSP-
92.5 

CBY-
7.5 

(
1
) Information not available due to code crash. 

(
2
) In ATHLET-CD the melt relocation path is not modelled but is assumed to be through the core support plate in 

this analysis. 

(
3
) CSP failure occurs before baffle failure, therefore is impossible to track the difference in MELCOR. The 

assumption that 100% go through the CSP probably is not true. Anyway relocation through the bypass must be small 

compared to relocation trough CSP for these cases. 

(
4
) Large uncertainty on the evaluation of relocation fractions through core bypass and core support plate. 
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