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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into force on 30th
September 1961, the Organisation for Economic Co-operation and Development (OECD) shall promote policies designed:

− to achieve the highest sustainable economic growth and employment and a rising standard of living in Member
countries, while maintaining financial stability, and thus to contribute to the development of the world economy;

− to contribute to sound economic expansion in Member as well as non-member countries in the process of economic
development; and

− to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in accordance with
international obligations.

The original Member countries of the OECD are Austria, Belgium, Canada, Denmark, France, Germany, Greece,
Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United Kingdom
and the United States. The following countries became Members subsequently through accession at the dates indicated hereafter:
Japan (28th April 1964), Finland (28th January 1969), Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th
May 1994), the Czech Republic (21st December 1995), Hungary (7th May 1996), Poland (22nd November 1996), Korea (12th
December 1996) and the Slovak Republic (14th December 2000). The Commission of the European Communities takes part in the
work of the OECD (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC
European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first
non-European full Member. NEA membership today consists of 27 OECD Member countries: Australia, Austria, Belgium,
Canada, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg,
Mexico, the Netherlands, Norway, Portugal, Republic of Korea, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the
United States. The Commission of the European Communities 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, as well as

− 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 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.

© OECD 2003
Permission to reproduce a portion of this work for non-commercial purposes or classroom use should be obtained through the
Centre français d’exploitation du droit de copie (CCF), 20, rue des Grands-Augustins, 75006 Paris, France, Tel. (33-1) 44 07 47
70, Fax (33-1) 46 34 67 19, for every country except the United States. In the United States permission should be obtained through
the Copyright Clearance Center, Customer Service, (508)750-8400, 222 Rosewood Drive, Danvers, MA 01923, USA, or CCC
Online: http://www.copyright.com/. All other applications for permission to reproduce or translate all or part of this book should
be made to OECD Publications, 2, rue André-Pascal, 75775 Paris Cedex 16, France.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up of
scientists and engineers.  It was set up in 1973 to develop and co-ordinate the activities of the Nuclear Energy Agency
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 amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and for collaboration between organisations
which can contribute, from their respective backgrounds in research, development, engineering or regulation, to these
activities and to the definition of its programme of work.  It also reviews the state of knowledge on selected topics of
nuclear safety technology and safety assessment, including operating experience.  It initiates and conducts
programmes identified by these reviews and assessments in order to overcome discrepancies, develop improvements
and reach international consensus in different projects and International Standard Problems, and assists in the
feedback of the results to participating organisations.  Full use is also made of  traditional methods of co-operation,
such as information exchanges, establishment of working groups and organisation of conferences and specialist
meeting.

The greater part of CSNI’s current programme of work is concerned with safety technology of water reactors.  The
principal areas covered are operating experience and the human factor, reactor coolant system behaviour, various
aspects of reactor component integrity, the phenomenology of radioactive releases in reactor accidents and their
confinement, containment performance, risk assessment and severe accidents.  The Committee also studies the safety
of the fuel cycle, conducts periodic surveys of reactor safety research programmes and operates an international
mechanism for exchanging reports on nuclear power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s Committee on Nuclear
Regulatory Activities (CNRA), responsible for the activities of the Agency concerning the regulation, licensing and
inspection of nuclear installations with regard to safety.  It also co-operates with NEA’s Committee on Radiation
Protection and Public Health and NEA’s Radioactive Waste Management Committee on matters of common interest.
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Foreword

The OECD meeting "OLHF Seminar 2002" held on 26th -27th June 2002 in Madrid, Spain, was sponsored
by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear Energy Agency
(NEA). It was hosted by the Consejo de Seguridad Nuclear (CSN).

This Seminar covers experimental and analytical work done within the OECD Lower Head Failure Project
from 1998 to 2001.  Eight countries participated in the Project.
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B.  SUMMARY OF THE SEMINAR

The OECD meeting "OLHF Seminar 2002" held on 26th -27th June 2002 in Madrid, Spain, was sponsored
by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear Energy Agency
(NEA). It was hosted by the Consejo de Seguridad Nuclear (CSN).

BACKGROUND AND OBJECTIVES

The lower head of the reactor pressure vessel (RPV) can be subjected to significant thermal and pressure
loads in the event of a core meltdown accident. The mechanical behavior of the reactor vessel lower head
is of importance both in severe accident assessment and the assessment of accident mitigation strategies.
For severe accident assessment the failure of the lower head defines the initial conditions for all ex-vessel
events, and in accident mitigation the knowledge of mechanical behavior of the reactor vessel defines the
possible operational envelope.

The objective of the OLHF (OECD Lower Head Failure) program is to provide data and insight to
characterize the mode, timing and size of reactor pressure vessel lower head failure for conditions of: (1)
low to moderate RCS (reactor coolant system) pressure
(2MPa and-5 MPa) including both constant and transient pressurization, and (2) prototypical differential
temperatures (∆TW= 200K –400K) across the lower head wall to develop models for assessing accident
management strategies involving RPV depressurization. The OLHF program complements the earlier
SNL/NRC Lower Head Failure (LHF) program that was centered mainly at high RCS pressures (10MPa)
associated with TMI-like severe accidents. Because of experimental limitations, the LHF experiments were
preformed with small through-wall temperature differential (∆TW) of 25K.

Prototypic ∆TW is important because of the need to provide data where stress redistribution in the vessel
wall (as a result of decreasing material strength with temperature) is important. Recent analyses indicated
that stress redistribution due to large ∆Tw could be quite important in vessel failure. Pressure transient is
useful in assessing the effect of water injection as part of accident management strategy.

The CSNI decided to hold a seminar where the major outcome of the OLHF Project could be presented and
discussed also in the context of other experienced activities on Severe Accidents.
The objectives of the seminar are:

− to review the experimental results of the OLHF project

− to exchange information on complementary research

− to discuss the progress made on the understanding of severe accident progression

− to discuss the applicability to nuclear power plants and use of the results
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SCOPE AND TECHNICAL CONTENT OF THE SEMINAR

The Seminar provided an in-depth review of the OLHF Project in terms of the technical capabilities, results
and analyses that have been produced during the project execution. The application of the results and their
significance for power plant applications were addressed. Relevant results of the complementary research
carried out at various laboratories were presented. The seminar consisted of five sessions organized as
follows. Sessions 1 to 3 addressed the OLHF project while sessions 4 and 5 covered other projects and
future work.

Introductory paper:
- Overview and application of the OLHF project

− Scope

− LHF program

Session 1
- Major experimental activities and results of OLHF program

- Data analyses

Session 2
- Materials, properties studies

- Complementary research (dilatometry, comparison LHF-OLHF,..)

Session 3
- Post test analyses

- Mathematical modeling

- Outcome, evaluation and use of the Project results

Session 4
- Overview of remaining issues

- Complementary experiments (Forever, Rupther ….)

Session 5
- Conclusions
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C.  CONCLUSIONS AND RECOMMENDATIONS FROM THE SEMINAR

Overview of the OLHF Program

The OLHF program consists of three elements: integral experiments, material characterization, and model
development and validation.  Material characterization is the key link between integral experiments and
modeling.

The OLHF integral experiments are performed using 1 to 4.85 linear scale models of a typical PWR lower
head. The test vessel consists of a 91.4-cm ID, nominally 70-mm-thick SA533B1 steel (prototypical
material for U.S. PWRs) hemisphere welded to a 45-cm upright cylinder assembly closed off on top by a
blank flange. The vessel is heated from within with a unique induction-heated graphite-radiating cavity.
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the wall un-insulated. The membrane stress is preserved by increasing the test pressure by a factor
corresponding to the wall thickness distortion (RW), i.e., RCSWtest PRP ⋅= . The tests are extensively

instrumented to provide temperature, pressure, and displacement data.  The vessel surfaces are mapped
both before and after the test to provide measurements of pre-test thickness, post-test thickness, and
cumulative vessel deformation.   Data has been assessed and qualified in supplemental data reports for
each test.  The data has been preserved in MSEXCEL  spreadsheets with a suite of macro utilities to
facilitate access and analysis of the data.  As a result, there exists a well-archived, well-qualified database
for model development and validation.

Four integral tests were performed as part of the OLHF project.  OLHF-1 and OLHF-2 are performed at 5
MPa and 2 MPa RCS pressure respectively.  OLHF-3 examined the effect of pressure transients as the
vessel wall passed through the ferrite-austenite phase transition region while the RCS pressure increased
from an initial pressure of 2 MPa and to an upper plateau of 5 MPa. The final test, OLHF-4 examined the
effect of penetrations on vessel failure and was also tested at 2 MPa RCS (similar to OLHF-2). The bottom
120o of the test vessel was uniformly heated with a heat up rate of 12K/min for all tests.

Two extra vessels were fabricated from the SA533B1 steel from which samples were prepared for material
property testing. This material underwent essentially the same heat treatment and work history as actual
test vessels to minimize variability in material properties. Five tensile tests and 21 creep tests (at about 75
percent and 95 percent of yield stress) were performed at high temperatures between 925 K and 1275 K.
Two replicate creep tests were performed to provide a means of assessing the reproducibility of test results.
Additional mechanical property testing was carried out at CEA Saclay. SA533B1 steel undergoes a
transition from ferrite to austenite at approximately 1000 K. In the OLHF tests, failure of vessel occurs at
inside surface temperatures well above the phase transition temperature. Dilatometry experiments were
performed to define the phase transition region of the test vessel material.

The results of material characterization tests are used to construct the constitutive models for
implementation into structural analysis models to assess the ability of the models and codes to capture the
response of the pressure vessel in the integral experiments.  Independent numerical simulations were
performed for the OLHF-1 test by all OECD partners in an international benchmark activity.  Simple
“engineering” methodologies utilized in Severe Accident Codes were also assessed against the OLHF and
LHF experimental data.
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Key observations from integral experiments

Large temperature differential leads to failure at higher inside wall temperature

Large temperature differential leads to failure at higher inside wall temperature. Comparison of the results
of OLHF-1 and earlier tests (i.e., LHF-7) demonstrates the importance of stress redistribution on vessel
deformation.  Tests performed with large through-wall temperature differences (OLHF-1 and OLHF-2)
both showed signs of non-linear deformation at higher temperatures than similar tests with small through-
wall temperature differentials (LHF).  The LHF tests showed signs of non-linear deformation when the
inside surface was well below the yield stress.  For the conditions of the OLHF tests, the onset of nonlinear
deformation occurs as more than 10% of the vessel wall exceeds the yield stress.  Failure for the OLHF
tests occurred at higher temperatures than corresponding LHF tests (small temperature differential).  Since
penetration failure was governed by global vessel deformation, this was also true of the penetration test.

− FAILURES ARE TYPICALLY LOCALIZED

Both the LHF and OLHF experiments as well as FOREVER experiments revealed that the initiation of the
failures is typically local. Failure was found to initiate at location of maximum membrane to yield stress
ratio. For OLHF experiments, since the load is carried by the cooler outer region of the wall the stress ratio
is evaluated at the external wall temperature. For the case of uniform temperature distribution crack
initiates in the thinnest region because the location corresponds to maximum membrane stress. The crack
initiates at the highest temperature regions for the case of non-uniform temperature distribution because
yield stress is minimum at the highest temperature region.

Most of the tests exhibited a localized propagation afterwards. Nevertheless re-pressurization at elevated
temperature can lead to rapid onset of non-linear deformation and failure and resulting in larger failure
sites. This was observed in both OLHF-3 and LHF-5 tests.

It is important to note that the test results cannot be directly used to assess failure size for reactor cases
because the rate of depressurization depends on the gas volume in the system, which is not scaled in the
OLHF or the LHF tests. Furthermore, in the reactor case, molten corium ejection could enlarge the failure
site through ablation.

− CONSISTENT GLOBAL FAILURE STRAIN WAS OBSERVED

The critical effective strain is often used as a failure criterion in modeling the vessel deformation in Severe
Accident Codes. The critical effective failure strain for uniformly heated vessel without penetration was
found to be ~30%. This value is consistent among the first three OLHF tests, and uniformly heated LHF
tests.

Penetration failure has been found to occur as a result of global deformation of the lower head leading to
failure at the weld vessel interface. Penetration failure occurs at much lower effective strain, i.e., 10% for
OLHF-4 and 7% for LHF-4. In both experiments, failure initiated at the weld-vessel interface, which
resulted in depressurization and termination of experiments. Direct application of the results to the reactor
cases is questionable because currently understanding of the scaling effect of weld failure is lacking;
furthermore, the effects of molten corium is not simulated in the OLHF experiments. Provisionally, one
can assume that initiation of penetration failure due to global deformation occurs at a critical effective
strain of ~10%. Metallurgical and material properties of weld are important topics that should be addressed
for developing predictive model of penetration failure.
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Key observations from material characterization experiments

The tensile and creep properties were measured for temperature up to ~1300K for LHF and OLHF steel.
There is general consistency between the data from Sandia and CEA and the external database established
in the LHF program. The data fits (except elastic modulus) developed in the LHF program were used in
OLHF analyses and numerical simulations.

However, a close examination of the data indicates that for future analysis of OLHF integral experiments it
might be advisable to refit the data with more weight given to measured OLHF material properties. Fits
giving equal weights to all data can be used for general assessment purposes. It is also important to note
that comparisons between the SNL and CEA measurements indicate that there are laboratory-to-laboratory
differences in the OLHF material data set.  The effort and resources required to resolve such difference is
likely to be quite high. At the moment it is perhaps best to acknowledge the difference as an irreducible
uncertainty.

CEA has performed metallurgical characterization of failure sites of LHF and OLHF material. For high
temperatures (> 1000K), LHF material exhibits brittle failure whereas OLHF material exhibits ductile
behavior. CEA concluded that the difference could be attributed to the nearly 10 fold higher sulfur content
in the LHF material as compared to the OLHF material although both materials conform to the
specifications of SA533B1 steel. The effect of the ductile versus brittle behavior on critical strain, failure
propagation and final failure size should be assessed.

Ferrite to austenite phase transition region for the OLHF material has been determined to be between
1005K and 1133K using dilatometry. The tests also showed that there are no orientation effects although
the grain structure does indicate the effect of cold work, i.e. finer grain near the inner and outer surfaces.
The rate of vessel deformation diminished or reversed as the vessel wall passed through the phase
transition from ferritic to austenitic steel. However, the effect of phase transition appears not to be as
significant as once considered probably because only a portion of the wall is in the transition region at any
instance of time and the induced stresses due to phase transition are of second order.

Key Observations on Severe Accident Codes and Numerical Simulations

The OLHF project has produced a unique and well-qualified data set for code validation.

A benchmark exercise based on the OLHF-1 test data has been conducted by the OLHF participants.
Different failure criteria have been used (damage variable, stress or strain criteria) by the participants with
no consensus or convincing argument for any preference. Generally, the predicted failure times calculated
by participants agree reasonably well with the test data.  All the models, irrespective of their complexity,
gave reasonable prediction of the failure time.  It should be noted that failure time is not a rigorous
measure of model predictability because the time to non-linear deformation, is long compare to the time
interval between the initiation of non-linear deformation and vessel failure.  When referenced to the onset
of non-linear deformation, there is still considerable spread in the predicted time to failure.

The OLHF-4 (penetration) vessel provides a snapshot of the deformed vessel head prior to failure.  Since
the OLHF-4 vessel appears nearly symmetric this provides some evidence that early deformation in the
vessel head is axi-symmetric. Calculation performed by Finnish participants showed that penetration
behavior in OLHF-4 could be adequately represented by a 2-D simulation.

On the other hand, location and extent of failure site must be determined by 3-D modeling. The OLHF
tests as well as LHF tests demonstrate that rather small asymmetries in temperature or wall thickness could
lead to large asymmetries in the overall vessel deformation.  Therefore, a 3-D model would be needed to
completely characterize the vessel deformation and to predict the location and extent of the failure site. The
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propagation of the failure and final size of the failure is still an issue; 3-D calculations by CEA, presented
in the OLHF 2002 Seminar, show promising results.

The simple SAC models evaluated in this report proved quite adequate in predicting vessel failure in the
OLHF tests.  Various failure criteria, damage functions, and strain rate equations were assessed.  For the
conditions of these tests, the accuracy of the various models in predicting the test failure times appears to
lie within the spread of results obtained by the FEA benchmark analysis.  This would support the use of
such simple models for the purpose of severe accident analysis.  However, the correlation for LMP
parameters should be based on OLHF property data, as those based on LHF data fit predict earlier failure.

Recommendations for future works

The OLHF and LHF experiments and associated analysis have laid a sound foundation for predictive
modeling of lower head failure. The OLHF Project Committee has made a list of recommendations for
future work at the final business meeting:

1. Re-assessment of material data correlation

� Need to have an overall assessment of the SNL and CEA data together with the external
database.

� Chemical composition influence on failure characteristics (i.e., propagation and extent) should
be carefully assessed

2. Extension of material property data to temperatures above 1300K

� Wall temperature at failure for the OLHF experiments is as high as ~1800 K.  Therefore,
material property data should be extended to higher temperatures.

3. Bi-axial material testing

� There continues to be theoretical considerations concerning the appropriateness of using
mechanical properties derived from uni-axial tests for the interpretation and analysis of LHF
and OLHF tests, which involves multi-axial large deformations.  Therefore, biaxial material
testing should be pursued to assess the appropriateness of using uniaxial test data to establish
failure criteria.

4. Failure criteria needs additional assessment against LHF and OLHF database and other
experiments (e.g., Rupther, Forever)

5. It is beneficial to benchmark experiments with penetrations using FEM.  This would be helpful in
developing simplified models for use in SAC code.

6. Tube-like experiments could be used to extend validation database to other accident scenarios
and other vessel materials (e.g., French, German, LHF, OLHF steels).

7. Specific separate effect experiments on penetrations should be considered.

The OLHF program benefited greatly from contributions from all OLHF participants, Belgium, Czech
Republic, Finland, France, Germany, Spain and Sweden and the US. Partner contributions include test
matrix development, test design calculations, material property studies, model development, post test
analysis and the benchmark study. The most current accounts of the contributions of the OLHF participants
is published in the present Proceedings of OLHF Seminar 2002. The OLHF final report is mainly an
account of the work performed directly under the OLHF project. Details of partner contributions are
referenced in the OLHF final report as appropriate.
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