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Foreword 

The Specialists Meeting on "Advanced Structural Integrity Assessment 
Procedures" was organized in the framework of the IAEA International Working Group 
on Life Management of Nuclear Power Plants (IWG-LMNPP) and sponsored by the 
Comision Nacional de Energia Atomica (CNEA), Argentina. 

The purpose of the meeting was to provide an international forum for discussion 
on recent results in research and utility practice in the field of methodology for the 
structural integrity assessment of components including relevant non-codified procedures. 
The scope of the meeting included deterministic and probabilistic approaches. The papers 
covered the following topics: Leak-before-break concepts; Non-destructive examination 
(NDE) and surveillance results; Statistical evaluation of NDE data; Pressurized thermal 
shock (PTS) evaluation; Fatigue effects (including vibration); and Verification 
qualification. 

The meeting was attended by 32 specialists from 8 countries. The list of attendees 
are given in Appendix 1. The programme is given in Appendix 2. 

Meeting Chairman: L.M. Davies 

Scientific Secretary: L. Ianko 

Ths Organizing Committee for the meeting was: 

Mr. D. Jinchuk Chairman 
Mr. E. Chomk 
Mr. J.C. Balderrama 
Mrs. M. Caro 

The programme was arranged into sessions with the following Session Chairmen: 

Session 1. Mr. Jinchuk 
Mr. Petrequin 

Session 2. Mrs. Caro 
Mr. Gillemot 

Session 3. Mr. Crespi 

Mr. van Walle 

Conclusion Session: Mr. Davies 

The programme also included a visit to the Bariloche Atomic Centre. 
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Session I 

Mr. van Walle presented "Pressure Vessel Steel Research : Belgian Activities". 
Born out of the surveillance programmes of the Belgian NPP's, the Belgian research 
activities lead to the development of material-saving techniques, like reconstruction 
and miniaturisation, and to improved neutron dosimetry technique. A physically -
justified RPVs fracture toughness indexation methodology, supported by micro-
mechanistic modelling, is based on the elaborate use of the instrumented Chaipy 
impact signal. Computational tools for neutron dosimetry allow the reduction of the 
uncertainties on surveillance capsule and vessel fluences significantly. Ex - vessel 
dosimetry has to take backscattering effects into account. 

The physically justified parameters are given by typical temperatures that 
occur in the load diagram of a certain material condition. A link with former 
programmes is given by the Shear Fracture Appearance. Neutron transport codes, 
thoroughly bench marked, allow the errors to be reduced on received vessel fluences 
to ~ 15%. Ex-vessel dosimetry needs further bench-marking. 

Mr. L. Ianko (IAEA) presented an overview of the IAEA International 
Working Group on Life Management of Nuclear Power Plants (IWG-LMNPP) 
activities. The details were given on the Specialists Meeting held and planned to be 
held, publications and data bases development. 

Mr. Gillemot (Hungary) presented his paper on "Material Reference Curve 
Selection". In the first chapter of his paper the PTS assessment methodology used in 
Hungary were presented. The second part of the paper dealt with the validation of 
the Russian Kic reference curves used for PTS integrity assessment. The cladding of 
the WWER type reactor is relatively thick; and limited amount of information 
available on the operation induced degradation of its properties; therefore crack 
initiation in the cladding may occur during PTS. If the crack initiated in cladding 
propagates into the base material crack arrest consideration is necessary. Since no 
K l a or K I R data exist for the 15H2MFA material, the ASME KIr curve have been 
validated for Paks unit 1-4 by using instrumented Charpy impact diagrams obtained 
from surveillance testing. 

Th^ paper on "Safety Analysis of Atucha I RPV for a Typical Transient" was 
presented by Enrique Chomik. 

OCA-II code was proven to be applicable for the analysis of this kind of 
transients. 

Results obtained showed a good agreement with the previous ones 
carried out using ASME methodologies. 

It was possible to probe for this specifical transient by means of the use 
of OCA-II code that safety analysis of Atucha I RPV was not 
challenged for a/w < 0.3, and if we consider an irradiation period up to 
40 fpy, safety analysis of Atucha I RPV would also be guaranteed. 

s 



- 2 -

Conclusions and Recommendations 

1) Explore the load diagram approach in Charpy V testing on more 
materials in order to develop physical indexation for transition curves 
shifts. 

2) Although well established, bench-marking of the reconstitution 
technique on radioactive materials, according to the load diagram 
approach, should be carried out. 

3) Ex-vessel dosimetry seems a promising method but needs further 
exploration. 

4) K 1 R , K,a reference curves should be developed or revised and validated 
for the different pressure vessel steels as they are essential for PTS and 
other safety analyst. 

5) PTS and in particular, other transients should be analysed using 
qualified computer codes and nationally approved rules. 

6) More work should be devoted to the study of the cladding behaviour of 
pressure vessels. 

Session II 

Mr. E. Pardo presented a paper on "Surface Effects and Assessment of Crack 
Propagation". A realistic analysis of microcrack interaction at stress concentrations 
require a 3D analysis and evaluation of fracture parameters along the crack front. 
Due to its complexity the problem can only be tackled using computational 
techniques. Boundary Element Technique (BEM) is applied to the analysis of surface 
effects vertex. The existence of a vertex singularity at the point of intersection of a 
crack front and a free surface poses limitations on actual crack geometries. Some 
common assumptions, like semielliptical geometry for surface cracks, might not be 
adequate for realistic description of surface crack growth. 

Mr. T. Wakai presented a paper on "Development of Simplified Methods for 
Fatigue Crack Growth Assessment under Cyclic Thermal Loadings". Simplified 
methods were developed to assess fatigue crack growth. In particular, a detailed non
linear fracture mechanics (FM) parameter evaluation code and a simplified crack 
growth analysis cod . The former estimates FM parameters based on the path 
integral method in a stress and strain field calculated by the finite element method 
(FEM) and the latter simulates the crack growth behaviour by using stress intensity 
factors which are obtained from influence function methods based on the principle of 
superposition. A series of thermal fatigue crack growth test on pre-flawed specimens 
were carried out to verify these codes. The simplified crack growth assessment 
methods were found to be applicable to the prediction of the crack growth behaviour 
under cyclic thermal transient loadings. 
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Mr. C. Belinco presented a paper en "Vibration Monitoring of Pressure Vessel 
in Atucha I Power Plant". The Vibration Monitoring systems (VMS) are used to 
obtain information about the mechanical status of components in a NPP. A VMS, 
consisting of 3 velocity sensors, was installed in 1991 at the top of the reactor 
pressure vessel of Atucha I. the main frequency peaks were identified from auto and 
cross power spectral density graphs, a continuous recording of the signal allowed to 
study the evolution of amplitude and RMS values. VMS is able to perform the 
surveillance of the RPV by detecting mechanical interactions between internal 
components. Installing this VMS in NPP, together with other detecting systems, 
increases the operational reliability. 

Mr. B. Dikstra presented a paper on "Assessing the Reliability of Ultrasonic 
Examination on Reactor Vessels". In the first part of the paper a summary of PISC-I, 
II and III was presented. The author introduced the difficulties in flaw detection and 
concluded that predicted cracks can be more easily detected if effort is placed in 
selecting the proper ultrasonic technique according to the expected plans. Comments 
were made on the difficulties of fully applying ASME XI, App. VIII for countries with 
few NPPs because of the high costs involved. Modelling was shown to be a powerful 
tool to tackle the above mentioned difficulties. Finally, the paper gave an overview 
on the equipment, techniques and qualification blocks and procedures employed for 
the US inspection of Atucha 2 NPP. 

Mrs. I. Lopez Pumarega presented a paper on "Development on an Acoustic 
Emission Equipment for CNA I Valves". Acoustic emission equipment was developed 
for the detection of leaks in valves of the pressurized air system of Atucha I. the 
system consists of four channels, each one with piezoelectric transducer, preamplifier, 
amplifier, threshold level, channel identification and visual alarm system. The system 
installed in the controlled zone of Atucha I was calibrated and works "on-line". A 
daily registration is performed to separate the normal valuer from the leak ones. 
Acoustic monitoring of valve leaks is perceived to be a viable and valuable technique. 
Pipe and valve leaks arf significant contributors to power plant unavailability and are 
therefore targets for "on-nne" AE monitoring for incipient failure detection. 

Mrs. L. Perez presented a paper on "Signal Analysis for Failure Detection". 
Failure of a dynamic system or components of systems can be detected using several 
mathematical methods. These methods applied to digitized acoustic emission signals, 
may complete classical methods and may be implemented "on-line". Non classical 
methods for failure detection using digitalized data from AE system is shown to be 
useful not only on simulated but also experimental data. They should complement or 
be alternative to classical Fourier analysis. 

Conclusions and Recommendations 

1. The assessments based on linear-elastic fracture mechanics are sometimes not 
adequate. To evaluate the real lifetime elastic-plastic analyses are 
recommended. Surface effects should be taken into consideration. 

2. There is an increasing interest in "on-line" monitoring systems to check the 
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integrity and proper operation at different components is continuously 
increasing. Acoustic emission can be used to check the proper closure of 
valves. 

3. New monitoring systems are installed on main components of nuclear units. 
International efforts to develop a methodology to use the acquired information 
for integrity assessment is recommended. 

4. Coordinated international activity to improve and validate the elastic-plastic 
integrity assessment codes is necessary. 

Session III 

Mr. J. Crespi presented the paper "Review of Recent Advances in the Role of 
Leak-Before-Break Concept in Assessment of Flow Detected in Candu Pressure 
Tubes". An overview of the crucial parameters that govern the crack development 
and the leak-before-break concept were given. Experimental data allow to increase 
the time available before reaching critical crack lengths for unstable crack 
propagation by a factor of ~4, to about 110 hours. The detection time for a leak is 
of the order of 1 hour. The margin on LBB can be improved by keeping hydrogen 
low in the tubes. Moreover, the impurity levels must be kept low to maintain the 
fracture toughness of the tube material high. 

Mr. Peyrano presented the paper "Monitoring for Safety and Reliability of 
Nuclear Facilities". A detailed and systematic application of procedures is required 
for early failure diagnostics in machinery installed in electrical power plants. The 
objective of the work was to obtain a clear information from the blades of the Bl 
PRI pump with a computer situated 900 meters from the reactor and transmitting the 
signal by radio. 

Mr. Sanzi presented the paper on "Stress Analysis in Tubes". The analytic 
elastic method provides a basis for calculating the expansion pressure needed to 
achieve a desired adhesion between the tube - tubesheet. For some material 
combinations and geometries durable adhesion can only be obtained if a partial 
plastic deformation of the tube sheet is enforced. 

Elastic plastic finite element calculations allow to determine the exact stress 
state, deformations and the coarse and extent of the plastic zone during the expansion 
process. It is necessary to compare experimental results with those obtained from the 
analytical procedures. 

Mr. Petrequin presented "Some Aspects of Fracture Mechanics Research and 
Development in France". A study on mixed mode I & II rupture of austenitic 
stainless steels has shown that the use of a combination of the ratio K„/K,= 3 leads 
to more detrimental loading. The R 6 method, option 1, is conservative for this kind 
of loading but other options are not. A study on intergranular rupture of embrittled 
RPV steels has shown that the local approach technique can be used. In that case, 
the critical intergranular rupture stress has shown a linear temperature dependency. 
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Messrs. Caro and Pelloni presented "Nucleonic Calculations for Possible 
Irradiation Experiments in Saphir". Accurate two dimensional calculations show that 
a neutronic environment exists in the Saphir reactor at the Paul Scherrer Institute 
(PSI) able to simulate the inner surface of a given trepan of the Gundremmingen 
reactor Neutron fluences and DPA rates were calculated at two positions in Saphir 
using the modern codes and nuclear data (from JEF-1). 

Optimization of the leak-before-break concept in flaw assessment of 
Candu pressure tubes is still possible by improving the material 
characteristics of the tubes. So it is recommended that further work on 
material improvement should be carried out. 

It is necessary to compare steam generator experimental results on 
crack behaviour in tubes with those from the analytical procedures. 

National training centres and monitoring centres for NPPs should be 
developed in cooperation with IAEA. 

Larger effort is needed for wider application of the plant monitoring 
technologies in order to develop advanced procedures, e.g. contact 
frictia between calandria tubes and horizontal flux detection in Candu 
reactors. 

Validation of flux rate effects by comparison of irradiation with 
advanced flux factors, and extrapolated surveillance (Gundremmingen) 
results are needed especially in the light of ASTM E-185 -
recommendations. 

Verification of the CRP III database is necessary in view of the above 
recommendations on flux rate effects. 

Further consideration should be given to define radiation damage using 
the PKA spectrum. 

Follow-on studies on particular loadings for ductile rupture are 
necessary to improve the validation of the R 6 method. 

The application of local approach methods should be encouraged for 
different materials, condition and rupture modes for NPP application 
situations. 

It is considered necessary to put more effort in the understanding of 
different rupture modes, e.g. K„/K,. 
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Pressure Vessel Steel Research: Belgian Activities 

£. van Walle, A. Fabry, H. Ait Abderrahim, R Chaouadi, P. Dtondt, J l Puzzobnte, J. Van 
de Vdde and T. Van Ransbeeck 
SCK*CEN. Boeretang 200, B-2400Mol, Belgium 

R Gerard 
Tractebel Energy Engineering, Avenue Ariane 7, B-I200 Brussels, Belgium 

Abstract: A review of the Belgian Research Activities on Nuclear Reactor Pressure Vessel 
Steels and on related Neutron Dosimetry Aspects is presented. Bora out of the surveillance 
programmes of the Belgian NPPs, this research *zds to the development of material-
saving techniques, like recoastrtutkn and miniaturisation, and to improved neutron 
dosimetry techniques. A physically justified RPVS fracture toughness indexation method
ology, supported by rrucro-fnechanistk modelling, is based on the elaborate use of the in
strumented Charpy impact signal. Improved oornputational took tor neutron dosimetry, 
validated on basis of benchmark experiments, allow to reduce the uncertainties on 
surveillance capsule and pressure vessel fluences significantly. 

Keywords: reactor pressure vessel steel, neutron dosimetry, neutron transport calculations, 
fracture toughness indexation, instrumented Charpy-V impact, recoostitutioii, miniaturisa
tion, plant life management, fracture mechanics 

1. Introduction 

The seven pressurised water reactor plants, operated in Belgium by the utility ELEC-
TRABEL, represent a total capacity of more than 5500 MW. In 1993, they assured the 
production of 60% of the country's electricity. The main characteristics of these units 
and the status of their pressure vessel surveillance programmes are summarised in 
Table 1. All surveillance capsules retrieved are tested at SCK«CEN, the Belgian Nu
clear Centre. 

Plant Capacity 
MWe 

First 
operation 

Number 
of 

capsules 

Capsules 
withdrawn 

Doell 400 1974 6 3 (1977,80,89,93) 
Doel2 400 1975 6 4(1977,82,82,91) 
Doel3 975 1982 6(*) 2 (1986,88) 
DoeH 1010 1985 6(*) 1 (1989,94) 
Tihange 1 870 1975 8 3 (1979,85,92) 
Tihange 2 900 1983 6(*) 2(1986,89) 
Tihange 3 1020 1985 6(*) 1(1988) 

(*) 4 capsules in the reactor vessel and 2 in standby for delayed insertion 

Table 1: The Belgian nuclear units and the status of their surveillance programme 
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The test matrix within these capsules scopes the future embrittlement status of the 
reactor pressure vessel. The actual information on the vessel embrittlement, evaluated 
according to nationally accepted regulations and standards, indicates mat the embrit
tlement of the vessels should remain acceptable largely beyond 40 years of operation. 
As a consequence, a modified withdrawal scheme for the remaining capsules in the 
Belgian NPP has been adopted. This schedule allows to investigate the embrittlement 
status up to 50 or 60 years of operation. 

On the research side, the shortage of vintage material for the older plants and the in
terest to revisit some destructively tested materials, called for optimised use of the ma
terial stock. Besides opening a vast area for development - from reconstitution to 
miniaturisation - the information from classical tests has to be maximised, promising 
test techniques have to be evaluated and correlations with the classical tests have to be 
established. As will be shown, this approach could lead to an extended surveillance 
methodology where non-arbitrary indexation parameters are used to evaluate the em
brittlement of the reactor pressure vessel material. This methodology is complemented 
by the development of physical models of embrittlement and validated on test results 
on reference reactor pressure vessel steels (RPVS), to come to relevant fracture tough
ness indexation procedures. The need to understand the apparent outlier behaviour of 
the Doel 1&2 reactor pressure vessel weldsl1!, has provided the initial impetus for this 
research program. 

A special effort is also devoted to improve trie neutron dosimetry techniques and to 
validate the computational tools, used to assess the fast neutron fluence at the inner 
surface of the pressure vessels. In this frame, many benchmark experiments were con
ducted in the VENUS critical facility and the BRl-reactor at SCK«CEN. 

These developments are financially supported by the utility ELECTRABEL. In order 
to have access to the international community, SCK»CEN and TRACTEBEL partici
pate in several Kound-Robins and play an important role in international committees, 
like: AMES, ASTM, CSNI, ESIS, EWGRD, IAEA and WGRD-WER. Moreover, co
operation programmes with universities, research institutes and official organisations 
in the domains of interest, are established. 

2. The Pressure Vessel Surveillance Programme 

The pressure vessel surveillance programme of the Belgian NPP was designed accord
ing to ASTM-procedure El85 and is, besides some slight modifications, executed ac
cording to El 85. 
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2.1. The capsules 

The reactor surveillance capsules are placed in the beltline region towards the inner 
surface of the nuclear reactor vessel, with a typical lead factor varying between 2 and 
3. Every capsule contains Charpy-V bars, tensile specimens and fracture mechanics 
samples, prepared from base, weld and heat affected zone materials, representative for 
the actual vessel. The heat treatment is representative of the one for the beltline mate
rial. 
Various radiometric neutron dosimeters and fissile detectors (Fe, Ni, Cu, Ti, Nb, de
pleted U and Np), as well as temperature monitors are inserted at selected positions 
into the capsule. 
At the time of the vessel fabrication, reference 'baseline' tests were made on similar 
non-irradiated specimens. 

2.2. Information from KPV capsules 

The capsule is dismantled at the LHMA hot cells of SCK»CEN. Visual inspection of 
the low uniting point eutectic temperature monitors tells whether the upper tempera
ture limit has been exceeded, but gives no information on the excess time nor on the 
lowest temperature during irradiation. 
The radiometric neutron dosimeters are counted with Ge y-spectrometry installations, 
calibrated in efficiency and energy, whereas to deduce the absolute specific activity of 
these dosimeters. The fissile detectors, as initially mounted, are put in solution and 
subsequently a selected fission product activity ( 1 3 7Cs, 1 3 4 Cs or 1 0 6Ru) is counted 
with the y-installation. These specific activities are then used to derive the saturated 
activities by taking different parameters into account, such as: the reactor power his
tory during the irradiation and the decay during the irradiation, the cooling time and 
the measurement. From the saturated activities, the fast neutron fluence (E > 1 MeV) 
received by the samples, is derived by using the cross-section above 1 MeV, averaged 
or. the local spectrum deduced from transport calculations. These neutron transport 
calculations - based on the Sn-method (the LEPRICON-code, used at SCK'CEN) or 
on the Monte-Carlo method (the MCBEND-code, used at TRACTEBEL) - allow to 
relate the surveillance capsule neutron dose to the actual vessel condition (inner sur
face, 1/4 T,...). 

Tensile testing, primarily according to ASTM E8, is performed at reactor operating 
temperature, yielding the stress-strain curve of the irradiated vessel material. Instru
mented Charpy-V impact tests, for the non-instrumented part according to ASTM E23, 
are performed as a function of temperature, to obtain the brittle-ductile transition 
curve of the irradiated materials. The compact tension fracture mechanics specimens 
have not been tested until now, as no requirement exists from the regulatory side. 
In general, neutron exposure of vessel material induces an increase in hardness and 
other strength properties, and reduces the ductility of the material. These properties 
are commonly detected: in tensile specimens as an increase in tensile strength, while 
fracture occurs at lower strain values; in the Charpy test: the strength increase is seen 
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as a shift in temperature of the Charpy-V energy curve as a function of temperature, 
combined with a lowering of the maximum energy needed to break a fully ductile 
specimen (upper shelf energy, USE). This is illustrated by the top part of Figure 1. 
The Charpy impact test gives also information on the lateral expansion of the broken 
sample (LE) and the percentage of crystallinity of the fracture surface (also expressed 
by its complement: the shear fracture appearance (SFA)). The functional dependence 
on temperature is similar to the one for fracture energy: both LE and SFA shift after 
irradiation. 

For Belgium, the vessel surveillance and integrity evaluation is mainly in accordance 
to the US Nuclear Regulatory requirements. 
For the Charpy-V impact energy curve, the temperature shift of the brittle-ductile 
transition curve after irradiation, AT4 1 J, is indexed at 41 J. Similar temperature shifts, 
AT 

89mm' respectively AT 5 0 %, are indexed at LE-.89mm for the lateral expansion 
curves, respectively at SFA=50% for the shear fracture appearance. 
The temperature shift at 41 J, an arbitrary conventional 'measure' for the embrittlemcnt 
of the vessel material, is used to update the Reference Temperature of Nil Ductility 
Transition (RTNDT). The initial RTNDT for the unirradiated vessel material under 
consideration is defined according to ASME Section III: it results from a combination 
of drop weight and Charpy tests on unirradiated pressure vessel material. 
The updated RTNDT, resulting from the surveillance tests, gives the basic ingredient 
to shift the lower bound fracture toughness crack initiation and arrest curves, as origi
nally calculated in an empirical way from the ASME XI code. The overall method is 
demonstrated in Figme 1. The updated fracture toughness curves are then further used 
for the safety analysis of the reactor vessel. As for now, no Regulatory requirement on 
die direct measurement of fracture toughness curves exists, as long as the RTNDT 
does not exceed the PTS screening criterion and the Cy-USE is not less than 68J. 
On the other hand, predictive formula allow to estimate the upper bound shift of the 
RTNDT. Here TRACTEBEL has, for the newer plants, adopted the French FlS-for-
mula PI. Figure 2 illustrates the measured RTNDT shifts from the Belgian surveil
lance programmes versus the shifts calculated with the FIS-formula. 
Another surveillance programme result is the USE. Here the 10CFR50 Appendix G 
requires the initial USE of the vessel materials to be not less than 102J and requires 
the USE to be not less than 68J throughout the vessel lifetime. 

3. The Research Programme 

The surveillance programmes need to be backed by research in order to verify and to 
understand irregularities, observed in testing the capsule material. Uncertauities can 
stem from a variety of causes, like dosimetry evaluation, irradiation temperature, 
number of specimens (statistics), representativeness and orientation of the specimens. 
More fundamentally, the test techniques used in the surveillance programme can be 
questioned and - as indicated above - the toughness indexation methods applied, 
although conservative, are arbitrary. 
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This leads to a more general research programme concentrating on the development, 
correlation and justification of improved experimental techniques and theoretical 
models for evaluating the in-service behaviour of RPV Steels. 
A basic reference for this research will be the reactor surveillance material of the 7 
nuclear pressure vessels of the Belgian PWR's, conventionally tested to meet the cur
rent Regulatory requirements relative to the vessel fracture toughness. The ability to 
use minimum amounts of crucial material is a central issue from the beginning, which 
did lead to a documented elaboration of the technique of Charpy-V reconstitution and 
miniaturisation, qualified on reference steels in different material conditions. A thrust 
of these developments is the determiiiarioii of irradiation-induced shifts using pre-
cracked Cy-size specimens for fracture toughness evaluation. In parallel, full advan
tage is taken from all data generated from quasi-conventional surveillance tests: in 
particular, the instrumented Charpy-V traces and the Shear Fracture Appearance data, 
are interpreted in terms of a Charpy-V indexation procedure, based on the evolution of 
the load diagram of the material. 
These mechanical test results are supplemented with micro-structural information to 
allow for an overall interpretation at light of physical models of embrittlement. 

All the mechanical test results must be linked with the neutron dosimetry results in 
order to correlate the embrittlement with the irradiation. As the dosimetry results de
pend on neutron tran~ lit catenations, it is necessary to validate these tools on the 
basis of well-establishtd benchmark experiments. Indeed, different parameters can af
fect the correct prediction capability of these calculation tools for the fast fluence on 
the RPV. Amongst them are: the fission spectrum, the neutron source distribution 
(especially in the core periphery), the geometrical model, the materials cross-section 
library and the cross-section dosimetry file. SCK»CEN and TRACTEBEL investigate 
these problems since many years and continue to improve their methodologies for 
predicting as accurately as possible, the fast neutron fluence integrated in the pressure 
vessel. 

3.1. The Reconstitution Technique 

SCK«CEN has developed a stud welding technique to reconstitute broken Charpy 
specimens l3-4>5]. The impetus for the development lay in the need to investigate the 
weld part of heat-affected-zone specimens of the Doel 1&2 power plants; unusually 
high copper content was detected in such specimens, as compared to the inventory of 
normal weld samples. The method, schematically illustrated in Figure 3, has been 
qualified extensively on various pressure vessel materials in non-irradiated and irradi
ated conditions, leading to acceptance by the Belgian authorities. The principle con
sists of welding two studs to an insert made of pressure vessel material, with subse
quent remachining into a 'new' specimen. For now, two geometries are commonly pre
pared: a 10x10x55mm Charpy bar and a small tensile specimen of gage length 20mm 
and diameter 3.6mni. Proper choice of insert lengths allows to increase the statistics, 
i.e. the number of test samples made of representative material, by at least a factor of 
3. 
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To avoid influences of the welding procedure on the inserts, reconstitution weldments 
are carried out on dummy specimens - loaded with a thermocouple that measures the 
temperature at 4mm from the weld interface - before and after reconstituting the in
serts of interest. At all times the temperature has to remain below the normal operating 
temperature of the plant, i.e. 300°C -
The qualification tests give confidence that the reconstitution technique is properly 
designed in order to avoid any biases with the original specimens. Detailed finite ele
ment, calculations to simulate the differences between as-received and reconstituted 
specimens, are in progress. ••-
SCK*CEN plays a major role in the ASTM Round Robin on-Reconstitution, designed 
to update ASTM guideline E-1253 on Reconstitution of Charpy-V bars. 

3.1.1. Charpy-V impact specimens 

The original qualification tests were executed on 20mm inserts. No deviation in en
ergy, lateral expansion and shear fracture appearance between as-received and recon
stituted Charpy-V impact tests were observed. However, to maximise the available 
amount of material, the insert length should be minimised. An interesting insert size is 
lOxlOxlOmm since it allows to reorient a Charpy sample - for example: from L-T to 
T-L - see Figure 4. However, for smaller insert length, the impact test reveals that, 
from a certain test temperature on, the plastic flow is constrained by the welds. In
deed, these weldments are situated at less than 5mm from the sample notch, while. 
hardness testing on broken as-received specimens suggests that, at upper shelf test 
temperatures, the plastic flow can spread 8 to 10mm from the notch. Consequently, 
the loss in plastic flow energy causes the recorded fracture energy to be less than for 
an as-received sample. Initial two-dimensional finite element calculations confirm this 
btiiaviour. Figure 5 shows the energy reduction for unirradiated HSST-03 material in 
the L-T and T-L orientation. The apparent shift in temperature after reconstitution is -
on Figure 5 - primarily a direct consequence of the lower USE. 
Similar losses occur on the lateral expansion of the reconstituted 10mm inserts. On the 
other hand, as can be seen in Figure 6, the shear fracture appearance is independent of 
the reccpstitimon and, in the HSST-03 case, of me sample orientation. The shear frac
ture appearance gives information on a localised region, i.e. the fracture plane under 
the notch. The lateral expansion and fracture energy depend on the volume 
surrounding the notch, a volume restrained by the weldments. 
For some steels, like some 22NiMoCr37 nuclear grade materials, there exists a lateral 
shift in temperature between the L-T and T-L transition curves of as-received samples. 
This shift depends on material properties and is also reflected after reconstitution. 

Another source for energy differences with small inserts comes from the impact ham
mer geometry - DIN or ASTM - used for breaking the samples I4>51. The edgy ASTM 
tup can introduce a Brinell type of deformation on the impact side of as-received 
samples and spends energy with this process. However, with reconstituted samples 
made from small inserts, the hard weld zones will interact.with the ASTM-tup and the 
Brinell deformation disappears. Consequently an additional reduction in the fracture 
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energy is detected. The smooth round DIN-tup does not suffer from this effect as the 
considered Brinell deformation is not introduced on as-received or reconstituted sam
ples. The combined effect of plastic flow constraint and hammer influence on the 
Charpy energy of 22NiMoCr37 steel is shown in Figure 7. The hammer effect is ma-

- terial dependent: it is less apparent for HSST-03, where losses mainly come from 
plastic constraint. In fact, the shape of the instrumented Charpy-V load-time curve and 
the inspection of the broken Charpy halves reveal whether the hammer effect is pre
sent l4-5!. 
The SFA for the tests-on 22NiMoCr37 - illustrated in Figure 8 - is, however, again 
independent of the impact hammer used, sustaining the above statement that the shear 
fracture appearance gives information on what happens in a localised region, i.e. the 
fracture plane under the notch. 

A regulatory requirement is to have Charpy results on weak T-L oriented specimens. 
With only L-T specimens available, the T-L as-received energy cannot be derived by 
simply testing L-T->T-L reconstituted specimens; one needs to test L-T->L-T recon-
stitutions too. The conceptual approach to find the T-L as-received energy was tested 
for HSST-03 and is illustrated in Figure 9. Considering the losses due to plastic con
straint and to the hammer as isotropic, the difference in energy between the L-T as-
received and the L-T reconstituted curves can be added to the experimentally deter
mined T-L reconstituted curve; this leads to a predicted T-L 'as-received' curve, in ex
cellent agreement with the experimentally determined one. 
The application of the reconstitution technique of 10mm long inserts to materials with 
different upper shelf energy revealed that the maximum losses, recorded after testing 
at upper shelf temperatures, depend on the upper shelf energy of the samples. This is 
illustrated in Figure 10, where the spline fits through the experimental - non-irradi
ated, as well as, irradiated - data serve as a guide to the trends. Two further effects 
catch the eye: i) energy losses can depend on the hammer geometry and on the mate
rial; ii) there is a threshold USE below which no losses, due to the reconstitution of 
10mm inserts, occur. The curves of Figure 10 prove that the losses can depend on the 
orientation of the material and mis complicates the application of the simple correc
tion method described above (Figure 9). 
For some radioactive steels tested many years ago, an additional embrittlement 
(parallel temperature shift of the transition curve to higher temperature) was detected 
after testing reconstituted specimens (insert length of 20mm: no plastic constraint ef
fects, therefore no reduction of the USE). A batch of the same radioactive Cy-samples 
was recently tested and subsequently reconstituted at VTT, Finland and SCK»CEN: 
after testing, no additional embrittlement was detected. The origin of the effect on the 
delayed reconstitution of those steels is probably material bound but remains up-to-
now unclear. 

In conclusion, it can be stated that the Cy-reconstitution of small insert lengths, influ
ences the fracture energy and lateral expansion behaviour, but does not affect the SFA. 
The reduction in USE and the induced apparent shift in temperature at 41J are conser
vative from the safety viewpoint. There is tup geometry dependence on the USE and 
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the LE, but none on the SFA. The invariance of the SFA is advantageous in the frame 
of a new indexation methodology, to be highlighted in paragraph 3.3. 

3.1.2. Precracked Charpy-V specimens 

Precracking and side-grooving Charpy-V specimens leads essentially to plane strain 
conditions in the notch plane. Three point bend tests on these samples act on the ma
terial concentrated in die notch plane. Reconsritution should therefore be possible with 
small insert lengths without influencing the results. 
JIC-compliance tests were conducted on as-received and reconstituted samples (10mm 
inserts) at upper shelf temperatures (most stringent condition) in collaboration with 
Nuclear Electric, Berkeley, UK. The deduced Jlc-values are identical. 
Although Charpy-V specimens do not fulfil the ASTM size requirements for direct K l c 

measurements, the 3PB-results can be used for relative comparison of fracture tough
ness values and can be the basis for a more physically-grounded fracture toughness 
indexation procedure of the embritdement of RPVS. This is the current topic of a 
demonstration experiment co-operatively undertaken by SCK, ORNL and VTT. This 
collaboration looks for correlations between K-values from Charpy size specimens 
and CT size samples (up to 4T-CT), made of an irradiated US reference weld. 

3.1.3. Tensile specimens 

Mini tensile specimens were reconstituted from Charpy remnants of 22mm in length 
l 6' 7). The gage length-to-diameter ratio of the reduced part was identical to the ratio for 
the ASTM E8 defined Pin-Loaded Tension Test Specimen with 2 inch gage length; the 
latter specimen is present in the surveillance capsules. Qualification tests on as-re
ceived and reconstituted mini-tensile specimens, together with tensile tests on die E8 
specimen size were conducted. This resulted in a one-to-one correspondence for the 
tensile properties of all specimens. As an application, Doel 2 weld unirradiated refer
ence Charpy halves were reconstituted and tested at reactor operation temperature, to 
determine the baseline tensile properties. The results can be found on Figure 22 in 
Section 3.4.2.. 
In the near future, we will reduce the insert length down to -10mm in order to prepare 
notched precracked tensile specimens for direct toughness evaluation. Again, quasi 
plane-strain conditions will reduce the plastic deformation. Moreover, the notch 
eliminates the risk of rupture out of the region of interest. Comparative tests with non-
reconstituted tensile specimens will be carried out as well (see 3.4.1.). 

3.2. Miniaturization of Charpy-V specimens 

Miniaturized Charpy-V specimens are an alternative for optimising the use of surveil
lance matenal. Moreover, in special situations, like e.g. scoping an operational reactor 
vessel through boat sampling, the maximum size of the specimens is limited. Actually, 
some interest goes to the DIN50115 standard specimen with dimensions 3x4x27mm. 
Validation of these specimens requires correlations with data obtained from the 
standard 10x10x55mm specimens. 
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The toughness behaviour of these small specimens (MS) has been characterised by 
several authors 18>91 with index temperatures like T L 9 J , T 3 u , T 0 3 m m 1*1, respectively 
corresponding to the empirical indices T 4 1 J , T 6 8 J , T 0 9 m m of the standard 10x10x55mm 
size specimens (SS). This leads to a seemingly simple empirical formula, T ^ T ^ + 
70K, the mean correlation of a rather large data base whose scatter band (81 is shown 
in Figure 11. 
Mini-Charpy specimens of Doel 4 base and weld material, prepared with the electric 
discharge technique, were tested with instrumented equipment to verify the scatter of 
mini specimens and to check the proposed correlation. As can be estimated from Fig
ure 12, the scatter of the mini-Charpy impact results turns out to be comparable to the 
scatter for the standard size specimen. The correlation result for the Doel 4 base ma
terial is within the scatter band of Figure 11. However, although the temperature shift 
of the energy curves indexed at 1.9J and 41J is only 33K and although the lateral ex
pansion gives a similar result, the shift indexed at 50% shear (for both geometries) 
corresponds to about 78K - as illustrated in Figure 12. 
Consequently, caution should be taken to introduce empirical indexation shifts with 
large error bars (moreover, the initial indexation is already empirical). The indexation 
approach should take information from the instrumented" signal on mini and standard 
specimens, combined with the physical differences between the two geometries, like 
volume effects and strain rates - as illustrated on Figures 11 and 12 - into account l 1 0l. 
From an experimental viewpoint, it should be mentioned that the thermal mass of mini 
Cy-specimens is much lower than for standard Cy-specimens. The specimen transit 
times from thermal bath to impact should therefore be drastically reduced. SCK*CEN 
co-developed a mini C v impact system where the standard 5 second transit-time is re
duced to below 2 seconds. 

3.3. Interpretation of the instrumented Charpy-V impact signal 

The classic general principles of RPVS embrittlement modelling in the ductile-brittle 
transition temperature range are summarised on Figure 13. To first approximation, the 
ductile-brittle transition temperature (DBTT) can be considered as the temperature 
corresponding to the intersection between the general yield curve and the micro-cleav
age fracture stress. Irradiation does, generally, not affect the micro-cleavage fracture 
stress, but raises the general yield curve. This leads to the so-called DBTT shift, a 
measure for RPVS embrittlement. In surveillance capsule programmes, this shift is by 
contrast taken at an arbitrary level of absorbed energy (e.g. 41 J). 
The ideas, presented below, are summarised from a recent paperl10J. 

Charpy impact machines, instrumented with strain gages, measure - as a function of 
time t - the load P exerted by the impacting tup en the Charpy sample. The (P,t) 
Charpy impact curve can contain, depending upon the test parameters, several charac
teristic load points: P G Y , the general yield load; Pm, the maximum load; Pu, the brittle 
crack initiation load; Pa, the crack arrest loadl11!. 
For our analysis purposes, the instrumented signal is subdivided in several parts, 
schematically illustrated in Figure 14. Three or four critical temperatures and a related 
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energy partitioning can experimentally be determined to reasonable accuracy from the 
impact traces UOJ, [12-14]-
TD: 'brittleness, temperature = the onset of'energy fraction A'. Above this temperature, 
plastic deformation of the sample is necessary to cause fracture. 
Tji ductile crack initiation temperature = the onset of ductile crack growth, i.e. the 
temperature at which the SFA starts to exceed 0%. 
TN: 'ductility' temperature = the onset of 'energy fraction B\ In the transition region, 
mis ductile tearing can suddenly change to unstable brittle crack propagation (point 'u' 
on the impact trace). — 
T0: the onset of the Cv upper shelf,-i.e. the temperature at which brittle crack initiation 
and crack arrest loads coincide; at higher temperature, inflexion of the velocity-time 
record allows to define the shelf of'energy fraction C. 
At high strain rates, such as in the Cy-test, T D is generally close to Tj. 
Energy fraction B contains mainly plastic deformation energy, but 'measures' also the 
specimen's capability to sustain stable ductile crack growth; most of the scatter in the 
transition region for the Cy-test is associated f o this fraction. Conversion from ductile 
to brittle behaviour stems from the interaction with 'trigger' particles under the strain 
field triaxiality, prevailing in conventional Charpy-V specimens. Upon irradiation, 
fraction B diminishes drastically: the reduction in ductility favours the conversion to 
brittle behaviour and reduces the statistical variation. Fraction C indicates the ability 
to stop a fast crack and to return to the tearing mode, but under plane stress condi
tions, characterised by shear lip formation. 
Energy transition curves are a superposition of the individual fits of the energy frac
tions A, B and C; this explains their slightly unusual shapes (Figure 15). 
Comparison of energy transition curves of non-irradiated and irradiated surveillance 
samples with subsequent indexation at an arbitrary energy level in the transition region 
(like 41 J), can lead to surprising results: whereas in the non-irradiated data the transi
tion region can, for example, be controlled by fraction A, some contribution of frac
tion C may be needed in the irradiated condition in order to reach 41J (due to the fact 
that fraction A and B are reduced through irradiation). This feature is demonstrated in 
Figure 15. The regulatory indexation at the 41J level can in such cases lead to an un-
realistically large shift, for which no explanation can be found when using the classi
cal hyperbolic tangent fit of the total Charpy-V energy. The apparent outlier behaviour 
results from the fact that the 41J shift depends on the relative position of the shelf and 
transition temperature of the various fractions in the baseline and irradiated condition. 
This indexation bias can be different from material to material and depends on the ir
radiation level. 
Not only can energy shifts misleadingly correlate different physical phases within the 
fracture of Cy-specimens, but they can also be influenced by the reconstitution tech
nique, a cornerstone for future plant life management. The unravelling of these arte
facts encourages the search for other indexation parameters. The load diagram as a 
function of temperature, Figure 14, is the more adequate reference for indexation. Es
pecially Tj and T 0 are physically-grounded measures of the DBTT: T 0 is directly cor
related to the transition temperature TTC of the corresponding energy fraction, taken at 
50% of its shelf. 
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Figure 16 shows, as an example, the instrumented Cy-impact load diagram and SFA 
for the Doel 4 base material. As is apparent, there exists a one-to-one correlation be
tween the Cy-impact load diagram and the shear fracture appearance, bound by the 
two characteristic temperatures Tj and T 0. A fit of the experimental SFA-data can be 
derived from the load diagram as 

SFA <%) = [1 - ( P . - P J ^ P . + K P ^ P C Y ) ) ] x 100% 

-where, 0.4 < k < 0.6110J. Most tests show that k=0.5 tends to be a good approximation 
of reality. This method allows for an excellent correspondence with the experimental 
SFA-results. 

An example of the evolution of the load diagram after irradiation is shown in Figure 
17. The unique relationship between the SFA-data and the respective load diagrams is 
depicted for the baseline and irradiated condition. The shift of the load diagram be
tween the baseline and irradiated condition, reflected by die shift of T] and TQ, corre
sponds in this case to the SFA-shift at 50% shear. Most importantly, Figure 17 is a 
direct experimental expression of the Davidenkov diagram of Figure 13: it establishes 
the relationship between hardening and DBTT-shift of the steel (shift of Tj, T 0), 
bringing also together the static and dynamic yield stresses; in turn, this provides input 
needed for l 1 0l: i) the modelling of embrittlement mechanisms and ii) the micro-me-
chanics-based correlation.of fracture toughness shifts. 
Another interesting feature of the load diagram is the independence to reconstitution 
and to the hammer geometry. These effects are illustrated in Figure 18 for the recon
stitution of 10mm long inserts of HSST-03 material and more general in Figure 19 for 
different data on the 22NiMoCr37-material. 
In conclusion, elaborate use of the instrumented Cy-signal brings new insight into the 
embrittlement of RPV Steels, and in particular allows improved indexation of dy
namic fracture toughness K I d through physically meaningful temperatures Tj and T 0 

characterising the load diagram. 

3.4. Damage modelling 

3.4.1. Micro-mechanics using local approach 

The local approach looks at die evolution of microscopic behaviour to derive macro
scopic quantities. The evolution of damage towards macroscopic crack initiation de
pends on the initial damage model adopted. This model describes the microscopic 
mechanisms that induce fracture. 
In order to describe die damage evolution, the local stress-strain history of me material 
has to be computed through finite element calculations. The combination of the stress-
strain history with the damage model allows to determine die critical damage needed 
for crack initiation. 
A simple cylindrical tensile geometry wim various notches was chosen to verify die 
proposed models. This geometry has me advantage that it is easy to simulate widi two-
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dimensional finite element calculus, that the loading condition could be easily modi
fied by simply changing the notch radius and mat the experiments are straightforward 
tensile tests. 
Two micro-mechanically-based ductile damage models have been applied to two reac
tor pressure vessel steels, namely 18MND5 (at 20°C) and 22NiMoCr37 (at 100°C). 
The comparison of experimental results to finite element calculations shows an overall 
good agreement, as illustrated in Figure 20. Physically, ductile fracture is related to 
the nucleation, growth and coalescence of cavities created around second phase parti
cles. Thus, the Rice and Tracey void enlargement model and the damage work associ
ated to plastic flow and cavity growth have been used as damage models l l s ) . The lo
cal damage model is given in its general form as: 

D = f ( a s , s ; , a k ) 

where D is the damage rate, c^ are the stresses, ejj are the plastic strain increment and 
ock are the parameters of the model. The evolution of both models with mean strain as 
well as the crack initiation level are given in Figure 21. For bom investigated materials 
and models, the critical value, D c - associated to crack initiation - is geometry inde
pendent and thus could be considered as a material constant. The most severe condi
tion to test these damage models would be die crack tip condition. Tests on precracked 
Charpy specimens in three-point bending have been carried out using the unloading 
compliance technique. The finite element simulation as well as the application of these 
damage models are still in progress. In the near future, we intend to test radioactive 
reference materials to verify correlations with other techniques mentioned throughout 
this paper. 

3.4.2. Damage modelling and micro-structural characterisation 

Our damage modelling effort can best be summarised by starting with the Davidenkov 
diagram of Figure 13, experimentally transposed into load diagrams such as the ones 
of Figure 17. If the microscopic fracture stress is found invariant upon service expo
sure, embrittlement is represented in terms of hardening damage mechanisms alone, 
i.e. irrespective of whether or not grain or lath boundaries are weakened by segrega
tions; indeed, interfacial coverage sufficient to promote intergranular fracture would 
also measurably decrease this fracture stress. Furthermore, and as needed, confirma
tion is independently provided through SEM examination of the fracture surfaces. In 
our work, hardening stemming from copper precipitation effects is described in first 
approximation by the Fisher model! 1 61, and we concentrate on the deviations of the 
experimental data from these initial "predictions". A first type of deviation entails the 
distinction between bulk copper content of the steel and copper in solid solution 
within the matrix: copper precipitated during the steel heat treatment or chemically 
bound (e.g. as sulphide) does not contribute to irradiation embrittlement. An example 
is given by the Doel 1&2 Soudotenax weldsHl; this is illustrated by Figure 22 in terms 
of static yield stress increase: specimens with bulk copper contents of 0.15% and 
0.37% cannot be distinguished, and follow a trend curve corresponding to the lower 
content. This is supported by extensive evaluation of reconstituted Cy-datal17! and is 
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presently under direct verification through high resolution field emission gun trans
mission electron microscopy! 1 8 l But in general, the most important deviations from 
the Fisher model are due to the presence of at least two other, competing, hardening 
mechanisms, and our emphasis since the last few years has been to separate their in
fluences. From a phenomenological viewpoint, this has been and continues to be done 
by examining data obtained at different irradiation temperatures, in combination with 
annealing studies. We follow an approach pioneered by Pachuri19!. In this sense, we 
have long identified!20! two mechanisms active at PWR temperatures, and labelled 
them mechanisms 2 and 2A: see an example on Figure 23; the second mechanism 
displays an incubation fluence function of alloying elements, most certainly nickel, 
and both depend on irradiation temperature. The micro-structural origin of the corre
sponding hardening obstacles is not yet fully clear, but our candidate explanations 
have led us to select two experimental techniques to help actual identification and 
more quantitative characterisation in terms of defendable engineering trend curves: 
positron annihilation lifetime spectroscopy!21! and mechanical spectroscopy, including 
internal friction!22!. It has been recently found that unexpected insight may also be 
gained from the combined Cy-tensile load diagrams, and this potential avenue is being 
explored further by dedicated tests. 

3.5. Neutron dosimetry 

3.5.1. In-vessel surveillance dosimetry 

At the end of the seventies, the US Nuclear Regulatory Commission (NRC) estab
lished the Light Water Reactor Pressure Vessel Surveillance (LWR-PV-SDIP) to im
prove, maintain and standardise neutron dosimetry, damage correlations and the asso
ciated reactor analysis procedures used for predicting the integrated effect of neutron 
exposure to LWR-PV. Four principal laboratories collaborated in the conduct of this 
program: HEDL, Richland, Washington; NIST, Gaithersburg, Maryland; ORNL, Oak 
Ridge, Tennessee and SCK»CEN, Mol Belgium. Later on, other European laboratories 
- RR&A, Derby, UK; AEA, Winfrith, UK; and KFA, Mich, FRG -joined the collabo
ration. 
One of the major contributions of SCK«CEN to this program in the eighties, was the 
VENUS PWR Engineering Mock-Up Experiment, that was established as one of the 
benchmark fields to the LWR-PV-SDIP. The VENUS programme was sponsored by 
the Belgian Utilities. Its particularity is a precise modelling of a generic 3-loop power 
plant: indeed, its core loading was made of pins with the same diameter, similar 2 3 5 U -
enrichment and the same pitch as the 17 x 17 fuel assemblies of modern PWR's. It had 
a staircase shaped core boundary with a steel baffle, a core barrel and a thermal shield 
with tliicknesses and at distances from the core representative of the actual PWR's. 
The program was conducted in three phases: VENUS-1 t 2 3l, representing a fresh core 
loading; VENUS-2 (241, representing a low-leakage' core loading; and VENUS-3 I25!, 
simulating the Partial Length Shielded Assembly (PLSA) concept. In the three con
figurations, the investigated parameters were the pin-to-pin power distribution, the 
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propagation of the fast neutrons outside the core and the y-dose rates in the steel struc
ture. Figure 24, taken from reference [26], illustrates the improvement of the dosime
try results when die benchmarks are used to validate the adopted analysis procedures. 
Actually, in order to take advantage of the experimental and computed results of the 
VENUS-programme, an effortl27! is going on at SCK*CEN to bring these data into die 
benchmark data base of die LEPRICON code system, which is used to analyse the 
capsule surveillance dosimetry. 

3.5.2. Ex-vessel dosimetry 

In the frame of future plant life management, some utilities are interested in the use of 
ex-vessel dosimetry in order to monitor the vessel fluence. When using me same com
putational tools as for in-vessel dosimetry to analyse such ex-vessel dosimetry, a cal-
culational overestimanon in comparison with me experimental results, is observed. To 
investigate tins trend, a 'Concrete Benchmark Experiment'!28! in the BRl-reactor at 
SCK*CEN, was implemented. The aim is to study die backscattering effect due to the 
presence of concrete, and to validate - on the basis of die experimental results of mis 
experiment - the computational scheme used for ex-vessel dosimetry analysis. Actu
ally, the analysis is in progress and the preliminary results are encouraging. 
Latter study is conducted in collaboration with the French Utilities EDF. 

3.5.3. Maintenance of die dosimetry expertise 

To maintain the expertise gained over all the years of international collaboration, SCK 
•CEN is carrying on diis policy. Actually, SCK»CEN is participating in international 
programmes, such as DAVIS-BESSE 1, dedicated to ex-vessel cavity dosimetry!29!, 
and the KORPUS Benchmark Facility Characterisation, representing a WER-1000 
Mock-Up. 

4. Conclusion 

The Belgian Activities on Pressure Vessel Steel Research make elaborate use of the 
'normal' surveillance programmes of the Belgian Nuclear power plants to develop an 
advanced research programme on the characterisation and modelling of Reactor Pres
sure Vessel Steels. The research activities question the actual arbitrary indexation 
memods for steel embrittlement, and put forward a meuiodology - based on die infor
mation contained in die instrumented Charpy-V signal - to come to physically based 
indexation procedures. On the technical side, advanced specimen preparation and 
analysis techniques make use of limited amount of material to optimise die use of the 
material stock available. In parallel, test techniques are being developed to measure 
fracture toughness directly or to get Charpy-V information from small specimen sizes. 
A continuous effort on neutron dosimetry techniques and computational tools to main
tain the expertise is this domain, is conducted at SCK«CEN. 
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Terms of Reference for the International Working Group on 
Life Management of Nuclear Power Plants HWG-LMNPP) 

These Terms of Reference were originally approved by the IWG-RRPC at its Meeting 
on 17-19 February 1975, modified on 14-16 March 1990 and serve as a basis of the IWGs. 
They will be reviewed on the request of working group members or the Scientific Secretary 
and recommendation will be made to the Director General of the IAEA on any modifications. 

1. Objectives 

1.1 To assist the International Atornic Energy Agency to provide its Member States with 
information and comments on design aspects, material selection, fabrication, testing, 
operational, maintenance, monitoring, and mitigation of degradation aspects related 
to "major critical components" with die aim to manage lines (design life as well as 
extended life) of nuclear power plants by having due regard for effects of components 
ageing and thus assuring their long-term reliable function. 

1.2 To promote exchange of information on national and international - programmes and 
new developments and, if necessary, to stimulate co-ordinated research in the field 
of reactor plant and components in Member States and Organizations. 

2. Scope of activities 

The IWG-LMNPP should provide the Secretariat of the IAEA with advice and 
recommendations on the Agency's activities, forward programmes in this area by means of 
specialists' meetings, training courses, etc., when they have particular relevance to reliable 
plant life management, and, specifically, on priority, scope and content of publications in 
form of guides and manuals, and meetings to be organized and sponsored by the Agency. 
The scope of the IWG activities include the following topics: 

2.1 Design 
2.2 Materials 
2.3 Fabrication 
2.4 Monitoring, testing and inspection 
2.5 Information on service and test conditions 
2.6 Degradation mechanisms, their significance and mitigation 
2.7 Plant life management 

3. Methods of work 

The working group will determine its own methods of work, including frequency of 
regular and other meetings, preparation of Agenda, establishment of special groups, keeping 
of records and other procedures. The work of the working group between the regular 
meetings is carried out and coordinated by the Scientific Secretary taking into account the 
working group's recommendations. The working group normally meets at the IAEA 
Headquarters. It may meet from time to time away from the IAEA Headquarters to 
familiarize itself with activities in a member country. Special arrangements will be made to 
provide Secretariat services for such meetings in cooperation with the host country. 

4. Organizational matters 
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4.1 Membership 

In appointing the membership of this International Working Group the Director 
General v/ill be guided by the following considerations: 

1. The Working Group will include one member and not more than one alternate 
from each Member State which is an expert actively working in the field of 
life management of KPP and wishes to participate; 

2. Each member and alternate will be appointed after consultation with the 
member's government; and 

3. Members and alternates will normally serve on the Working Group for a 
period prescribed by their governments, preferably for a period of at least 
three yars. 

The Director General may from rime to time co-opt members and invite observers 
from other Member States on an ad-hoc or continuing basis. 

A limited number of advisers or specialists from member countries may be invited 
to attend regular meetings of the working group but the representation of a member country 
should include the member and/or his alternate. 

International Organizations with interest in the same field could be invited as 
observers to the IWG meetings. 

4.2 Chairmanship 

A Chairman of the IWG is nominated by the Director General from the members of 
the Working Group. The chairmanship will be rotated among the members of the 
IWG periodically, not less frequently than every three years. The Chairman should 
with the assistance of the Scientific Secretary determine subjects of the meetings, 
chair the meetings, and conduct them along the lines of the subject. Reports on IWG 
activities should be reviewed before distribution. 

4.3 Secretariat 

The Agency provides the administrative and secretarial services required by the 
Working Group, including translation services, when necessary, meeting rooms, 
maintenance of records, publication and distribution of documents. The Agency also 
provides the service of a permanent Scientific Secretary of the Working Group, who 
is to be in chaarge of the above mentioned matters. 

4.4. Expenses 

The respective Governments provide the Agency with experts for the lWG-i-MNPP 
free of cost. Travel and subsistence expenses for experts are borne by the respective 
Governments or Organizations. Travel cost and subsistence for consultants invited 
to prepare a draft document or advise the Agency on special aspects of its programme 
will normally be borne by the Agency. 
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IWG-LMNPP Current Priorities 

Radiation Damage and Annealing of RPV 

surveillance data base 
optimization of surveillance programmes 

annealing 

RPV Integrity Assessment 

fracture mechanics 
NDE 
material data bases 

Integrity Assessment of Primary Circuit 

LBB 
NDE 
corrosion and water chemistry 
monitoring (loads, water chemistry) 

SG Life Management 

corrosion and water chemistry 
NDE 
replacement and repair 

Reactor Internals Integrity 

radiation damage 
corrosion (IASCC) 

Concrete Structures Ageing 

degradation 
NDE 

Secondary Circuit Integrity 

erosion corrosion 

water chemistry (optimization and monitoring) 

Plant Life Management of Other Components - Cables etc. 

Other Important Items 
guidelines 
codes and standards 
quality (assurance) 
economics 
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List of Meetings Held Within the IWG-LMNPP (former IWG-RRPC) 

3-7 October 1966 Panel on "Recurring Inspections of Nuclear 
Reactor Steel Pressure Vessels" 

2-4 October 1967, Austria IWG on "Engineering Aspects of Irradiation 
Embrittlement of Reactor Pressure .Vessel 
Steels" 

21-25 July 1969, Japan "Development of Advanced Reactor Pressure 
Vessel Materials" 

9-13 February 1970 Panel on "Basic Structural Design Philosophy, 
Criteria and Safety of Concrete Reactor 
Pressure Vessels" 

5. 10-12 May 1971, Austria 

29 Nov. - 3 Dec. 1971, Austria 

2-4 May 1972, Germany 

IWG on Reactor Pressure Vessels "Effect of 
Radiation and Other Time-Dependent 
Phenomena on Steel Pressure Vessel Integrity" 

Panel on "Non-Destructive Testing for Reactor 
Core Components and Pressure Vessels" 

Specialists Meeting on "Assessment of 
Engineering Significance of Embrittlement 
Effects in Pressure Vessels" 

8. 17-18 October 1972, Austria 

27 Nov. - 1 Dec. 1972, Austria 

10. 28 May - 1 June 1973, Austria 

11. 23-25 October 1974, Austria 

IWG Consultancy on "Reliability of Reactor 
Pressure Components" 

Panel on "Experience and Techniques in 
Repair of Reactor Components" 

Panel on "Methods of Assessment for 
Assuring Nuclear Power Stations' Reliability" 

CRP on "Irradiation Embrittlement of Reactor 
Pressure Vessel Steels" 

12. 17-19 February 1975, Austria Meeting of International Working Group on 
Reliability of Reactor Pressure Components 
(IWG-RRPC) 

13. 3-5 December 1975, Switzerland SPM on "Fracture Mechanics Applications: 
Implications of Detected Flaws" 

14. 29-31 March 1976, USA TCM on "Stress Corrosion Cracking Problems 
in the Primary System of Nuclear Power 
Plants 
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15. 17-18 May 1976, Czech ?vep. 

16. 19-21 May 1976, Czech Rep. 

17. 25-27 April 1977, Japan 

18. 20-22 June 1977, Sweden 

19. 14-15 October 1977, Austria 

20. 13-15 September 1978, Denmark 

21. 21-25 October 1978, Sweden 

22. 20-21 November 1978, Austria 

23. 5-8 March 1979, Spain 

24. 20-22 October 1980, Austria 

25. 1-3 December 1993, Austria 

26. 

27. 

28. 

29. 

30. 

13-15 May 1981, Germany 

19-21 October 1981, Austria 

TCM on "Reactor Vessel Surveillance: Results 
of Programmes Conducted and Proposals for 
Revision" 

IWG on "Reliability of Reactor Pressure 
Components" 

TCM on "Use of Non-Destructive Testing 
Techniques for In-Service Inspection of 
Reactor Pressure Components" 

TCM on : Operating Experience Relating to 
Reliability of LWR Pressure Components" 

IWG on "Reliability of Reactor Pressure 
Components" 

TCM on "Repair Aspects and Procedures" 

SPM on "Periodic Inspection of Nuclear 
Reactor Steel Pressure Vessels" 

TCM on "Time and Load Dependent 
Degradation of Reactor Pressure Bounding 
Materials" 

Meeting on "Trends in Reactor Pressure 
Vessel Development" 

SPM on "Environmental Factors Causing Pipe 
Cracks and Degradation in Primary System 
Components" 

SPM on "Reliability Engineering and Lifetime 
Assessment of Primary System Components" 

SPM on "Subcritical Crack Growth" 

SPM on "Radiation Embrittlement and 
Surveillance of Reactor Pressure Vessel 
Steels" 

4-5 December 1981, Austria IWG-RRPC Meeting 

14-16 September 1982, Denmark SPM on "Repair Aspects and Procedures" 

22-26 November 1982, Austria Int. Symp. on "Water Chemistry and 
Corrosion Problems of Nuclear Reactor 
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Systems and Components" 

31. 14-16 December 1982, Austria 

32. 21-25 March 1983, Germany 

33. 12-15 May 1983, Italy 

34. October 1983, Finland 

35. February 1984, Austria 

36. May 1984, Italy 

37. 15-17 May 1985, Japan 
38. 3-5 September 1985, Austria 

39. 25-28 November 1985, Austria 

40. January 1986, Hungary 

41. 27-30 May 1986, Czech. Rep. 

42. February 1987, Austria 

43. May 1987, USA 

44. 25-27 May 1988, Germany 

45. 27-29 June 1988, Finland 

46. 12-14 September 1988, Austria 

47. October 1988, Austria 

IWG-RRPC Meeting 

Int. Symp. on "Reliability of Reactor Pressure 
Components" 

SPM on "Defect Detection and Sizing" 

SPM on "Corrosion and Stress Corrosion of 
Pressure Boundary Components" 

SPM on "Radiation Embrittlement and 
Surveillance of RPV Steels" 

SPM on "Crack Initiation and Arrest Control 
during Thermal Transients" 

SPM on "Sub-Critical Crack Growth" 

IWG-RRPC Meeting 

SPM on "Recent Trends in the Development 
of Primary Circuit Technology" 

SPM on "Time and Load Dependent Material 
Performance other than Irradiation Effects" 

SPM on "Reactor Pressure Vessel Behaviour 
under Transient Conditions Caused by 
Thermal Shock" 

IWG-RRPC Meeting 

SPM on "Irradiation Embrittlement of RPV 
Steels and Ageing" 

SPM on "Fracture Mechanics Verification by 
Large Scale Testing" 

SPM on "Inspection of Austenitic Dissimilar 
Materials and Welds" 

SPM on "Corrosion and Erosion Aspects of 
Pressure Boundary Components of LWR's" 

IWG-RRPC Meeting 
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SPM on "Experience and Further 
Improvement of In-Service Inspection methods 
and Programmes of NPPs with Particular 
Emphasis on On-Line Techniques" 

SPM on "Residual Stresses in Structural 
Materials and Components of NPPs" 

SPM on "Sub-Critical Crack Growth" 

WPM on "Radiation Embrittlement of Nuclear 
Reactor Pressure Vessel Steels" 

SPM on "Nuclear Power Plant Lifetime 
Assurance" 

48. 5-9 June 1989, Czech. Rep. 

49. 24-26 October 1989, Argentina 

50. 14-18 May 1990, Russia 

51. 26-28 Sept. 1990, Hungary 

52. 10-12 October 1990, Sweden 

53. 24-25 September 1990, Hungary 

54. 23-26 Sept. 1991, Spain 

55. 19-21 November 1991, UK 

56. 17-19 February 1992, Austria 

57. 25-29 May 1992, Hungary 

58. June 1992, Czech Rep. 

59. 26-29 October 1992, USA 

60. 20-23 Sept. 1993, France 

61. 18-22 October 1993, Spain 

62. 22-23 November 1993, Austria 

4 

CRP on "Optimization of Reactor Pressure 
Vessel Surveillance Programmes and Their 
Analysis" 

SPM on "Nuclear Power Plant Components 
Maintenance, Repair and Replacement for 
Plant Life Management" 

Meeting of the International Working Group 
on "Life Management of NPPs" 

SPM on "Experience in Monitoring Ageing 
Phenomena for Improving NPP Availability" 

CRP on "Optimization of Reactor Pressure 
Vessel Surveillance Programmes and Their 
Analysis" 

5 

SPM on Thermal and Mechanical 
Degradation" 

SPM on Integrity of Pressure Components of 
Reactor Systems" 

SPM on Fracture Mechanics Verification by 
Large Scale Testing" 

SPM on "Irradiation Embrittlement and 
Optimization of Annealing" 

SPM on "Steam Generator Problems and 
Replacement" 



63. 7-9 February 1994, Austria Meeting of the International Working Group 
on "Life Management of NPPs" 

64. 8-10 March 1994, The Netherlnds SPM on "Non-Destructive Examination 
Practices and Results" 

65. 14-18 March 1994, Argentina SPM on "Advanced Structural Integrity 
Assessment Procedures" 
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PROGRAMME FOR 1994 

IWG-LMNPP Meeting 
7 - 9 February Vienna 

SPM on Non-Destructive Examination Practices and Results (joint with OECD 
and CEC). 
8 - 1 0 March Petten (Netherlands) 

SPM on Advanced Structural Integrity Assessment 
1 4 - 1 6 March Bariloche (Argentina) 

SPM on Corrosion and Erosion of NPP Components 
Kiev (Ukraine) 

SPM on Sub-Critical Crack Growth 

Japan 

Development of Data Base on NPP Components Life Management. 
Pressure Vessel 
Primary Pipings 
Steam Generators 
Concrete Structures 

CRP on Optimizing of Reactor Pressure Vessel Surveillance Programmes 

CRP on Reactor Pressure Vessel Primary Nozzle 

TRS on Irradiation Effects in RPV Steels and Weldments. 
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Tasks Planned for 1995-96 

1. Performance of and Issues on LWR Vessel Heads, 
Internals and Pressure Tubes. 

SPM 1995 

2. Primary Piping Experience and Issues including 
Leak-Before-Break. 

SPM 1995 ~ 

3. Irradiation Embrittlement and Mitigation Practices 
(including internals) 

SPM 1995 

4. Technical Document on International Reactor 
Materials Surveillance Data Base 

CS 1995 

5. Technical Document on Lifetime Management of 
Nuclear Power Plants 

CS, AGM 1995 

6. Experience and Issues with In-Service and 
Condition Monitoring of NPP Components 

SPM 1996 

7. Steam Generator Lifetime Management, including 
Replacement and Repair 

SPM 1996 

8. Fracture Mechanics Applications and Verifications SPM 1996 

9. Sub-Critical Crack Growth SPM 1996 

10.. CRP on Management of Ageing of Reactor Pressure 
Vessel Primary Nozzle (coordinated with NENS) 

CRP 1996 

11. IWG-LMNPP Meeting TC 1996 

12. Technical Document on Lifetime Management of 
Nuclear Power Plants 

CS 1996 
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Proposed Study to Follow: CRP IV 

Assuring Structural Integrity of Reactor Pressure Vessels 

Phase III of the irradiation embrittlement studies focussed mainly upon 
enhancement of reactor vessel surveillance for future programmes. However, the 
catastrophic consequences of the failure of a primary pressure vessel (as by pressurized 
thermal shock - PTS) of any currently operating reactor in the world, dictates a most 
serious effort to gain the knowledge to preclude such a failure. Because of the limited 
surveillance materials within these reactors plus knowledge uncertainties or limits in areas 
critical to understanding factors key to vessel integrity over its anticipated life, the IAEA 
CRP-m specialists agreed that we must seize this unique opportunity and advance our 
critical knowledge base. Accordingly, it was unanimously agreed by representatives of 
all 15 participant nations to extend their studies to a Phase IV which capitalizes, with 
minimal cost, on unique materials and knowledge to aid nuclear safety of existing 
reactors. 

Considering the severe limitation inherent to current surveillance programmes 
several goals were accepted. First, to extend the scope of current limited surveillance 
specimens there is a need to multiply available data through reconstitution of broken or 
tested specimens. Available irradiated materials could be used to validate or qualify 
techniques now being developed to reconstitute typical surveillance specimens. Secondly, 
this multiplied base of irradiated specimens would aid greatly the goals of structural 
integrity assurance as well as demonstrating the necessary insight for vessel annealing to 
ameliorate irradiation embrittlement and the mechanisms inherent to this procedure. 
Thus, structural integrity as well as optimal vessel life may be assured through knowledge 
generated by a coordinated research effort so directed. Another valuable goal related to 
this use of irradiated material is to meet the urgent need to develop data from simple 
fracture specimens now in reactor for understanding the mechanics of fracture using small 
irradiated specimens. This part of the proposed programma may require additional 
irradiation of specimens. Two nations, Argentina and Russia, have offered free neutrons 
for such efforts. If deemed necessary, such added irradiations would require funding for 
irradiation assemblies and instrumental documentation of exposure parameters. 

One major result of CRP-III, was that of aiding the understanding of the 
mechanisms of irradiation embrittlement in terms of microstructural or micro-
metallurgical parameters. The diverse chemistries of Phase 3 materials provide a unique 
opportunity to study the role of diverse compositions and structures on embrittlement 
propensity. These special materials have been irradiated by several national specialists 
and may be studied using already irradiated steels or may be included with any added 
irradiations cited above. 

It should be stressed that interest in the various CRP programmes has increased 
progressively the years both in terms of participation and content. This is an important 
assessment criterion for judging the actual need for such successful IAEA programmes 
and suggests the importance of continuing further support, for the proposed development. 
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Material reference curves selection 
by F. Gillemot * 

T. Fekete* 
F. Oszwald** 

* Atomic Energy Res. Inst., H-1525 Budapest P.O.B. 49 
**-NPP Paks, H-7031 Paks 

Introduction 
At the beginning of the eighties it had become evident from operating experience that 

transients can occur in pressurized water reactors resulting in a severe overcooling that 
causes thermal shock in the vessel, concurrent with or followed by re-pressurization. These 
transients are generally known under the name Pressurized Thermal Shock (PTS). The very 
high tensile stress caused by thermal shock at the vessel inside wall could cause the initiation 
of the propagation of a pre-existing flaw of small dimensions, which would stop when it 
reaches a zone of higher temperature, where the material toughness is high enough to arrest 
the running crack. This crack could restart propagating later on during the transient if the 
pressure is maintained, and the toughness at crack tip is decreasing due to the progressive 
cooling of the vessel wall. This could ultimately lead to vessel failure after a sequence of 
arrest-reinitiation events. 

The WWER-440 V213 type design was developped in the seventies, so no PTS 
assessments were made before the operation of the units. Since then several calculations 
were performed by GIDROPRESS (USSR) and other institutes, but they were completed on 
the basis of the Soviet rules, and they could not take into consideration the plant specific 
operational and material characteristics. This initiated the present study on unit 3 of NPP 
Paks. 

The specific design and material characteristics of the WWER-440-s (and NPP Paks) 
made it impossible to refer directly to the results of the generic US studies in case of the PTS 
assessment of the pressure vessel integrity, but the methodology of the PTS evaluation, the 
safety factors and the acceptance limit met the requirements of the ASME code [1], and the 
10 CFR 50 code [2]. 

1. Chart flow for WWER-440 PTS evaluation 

During the elaboration of the methodology for updated evaluation of PTS integrity of 
PAKS vessels the experience of the PTS assessment at Loviisa (Finland) [3], RPV Stade 
(Germany) [4], RPV-s DOEL (Belgium) [5]; US practice [6], and IAEA documentation 
were used [7-9].The flow-chart of the assessment can be seen in Fig. 1. 
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FIG.1. The chart-flow of PTS assessment of RPV 

The assessment is divided into three main phases: 

Phase I is a deterministic analysis evaluating whether crack initation can occur or not 
during PTS event. The stress and temperature distribution in the function of the time is 
calculated by a fast analytical code. The Kl values (stress intensity factor) at the crack tip 
divided by the Klc value at the crack tip gives the safety factor. If this safety factor is higher 
during the whole transient event than 1.3 the vessel is safe, and no further calculation is 
needed. If the calculated value is less than 1.3 the whole calculation is repeated by a more 
precise finite element code. If the resulted safety factor is higher than 1 the assessment is 
finished, otherwise crack initiation may occur (the calculation is based on very conservative 
assumptions, and a calculated safety factor below 1 means only a low probability of crack 
initiation, not a vessel failure) and the calculation is continued according Phase II.. 
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Phase II.. If a crack is initiated during a PTS it generally runs into a hotter location 
where the material toughness is higher and it is arrested. If the crack is arrested before 
reaching 70% of the wall thickness the vessel is still considered safe. The calculation method 
is the same as in Phase I. but Kla (crack arrest toughness) is used instead of Klc. If the 
crack is arrested the evaluation continues according to Phase 1, because during the 
remaining time of the PTS event crack initiation may occur again. If the crack becomes 
stable before reaching 70% of the wall thickness the vessel is safe in case of the tested PTS 
case. 

Phase III. The deterministic evaluation is based on very conservative assumptions. If the 
results of the assessment inPhase II don't prove the vessel to be safe probabilistic analyses can 
be used. 

Each phase of the evaluation requires the knowledge of different material properties. 
These material properties are generally given in the form of reference curves in the standards 
or codes. These reference curves are corrected by the material degradation during service. 
The WWER vessel materials are different from the materials used in Western reactors. 

This paper surveys the method used to select the proper material toughness values in the 
case of NPP Paks. 

1. Material database of NPP Paks 
The WWER-440 V-213 units operating at NPP Paks were made by SKODA Works in 

Czechoslovakia. All four units have full manufacturer documentation including material 
properties and production technology and quality assurance. These data were validated by 
NPP owner during installation. Surveillance testing of the vessel material including 
surveillance of radiation embrittlement and thermal ageing were performed parallelly with 
ISI testing. The operational parameters are also monitored. These databases and the 
knowledge of 15H2MFA steel properties gained from international co-operation and from 
the research performed in Hungary inake a reliable integrity assessment during PTS possible. 

On the basis of these results the material data used for this assessment were calculated. 
These data are conservative enough, as the original surveillance didn't take into consideration 
that recently a new low-leakage core system is used, which considerably reduces the neutron 
embrittlement of the vessel wall, and further mitigation actions are already being peformed or 
planned. 

A different database was elaborated for the deterministic analysis, and for the use of the 
HUSIC-V code. (The deterministic calculations are using very pessimistic reference curves, 
while the probabilistic analysis based on material curves is fitted with the near least square 
method for the real data). 

In this paper the selection of the material properties in case of NPP Paks is presented. 

2. Material characteristics for crack initiation considerations 
In case of the Paks units modern technologies were used during the raw material 

production and both the forged material and the welding satisfies the updated requirements 
of 15H2MFA steel, and during the assessment the new reference curves are used. 
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The K i c reference curves for PTS events given in the Russian Normative Documents 
[9]: 

K I c = 35+ 45*exp(.02*(T-Tk) [MPam0 5 ] 15H2MFA forging 
and 

K l c = 35+ 53*exp(.02n*(I-Tk) [MPam0 5] 15H2MFA weld. 
where T R can belong to irradiated or unirradiated values. (TKo or TKoj) 
T|( is evaluated from the non-irradiated material. Charpy transition curves are obtained 

during the zero level tests. The evaluation critenum was 68 J. 
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FIG.2. Radiation embrittlement trend of unit 1-4 at NPP Paks. Surveillance results, 
a. weld b. forging. 

Tjy is based on the surveillance results of the irradiated materials. The end of lifetime 
(EOL) fluence and 47 J transition shift value are calculated on the basis of the surveillance 
results as shown in Fig.2. The Ty value is the sum of the Tkggj and the AT/47J) transition 
shift. 
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For validation of the 15H2MFA reference curves, fracture toughness values obtained on 
small size TPB specimens were used within the surveillance program. As an example Fig.3 
shows the 15H2MFA reference curves corrected with the end of lifetime shift from 
surveillance Charpy results (weld 5/6 -circumferential weld located against the bottom of the 
core- and core zone forging) of Unit 3, and the irradiated weldment K j c data obtained 
during the Unit 3 surveillance program, (irradiation fluence corresponding to 47 years of 
operation). The results prove that the use of the new Russian 15H2MFA curves is a realistic, 
even a conservative assumption in case of the Paks units. 

3. Material characteristics for crack arrest considerations 
For the 15H2MFA steel and weldment no K j a reference curves are available in the 

Rules or in the Russian Normative Documents. For further calculations the ASME KJR 
Reference Fracture Toughness curve was selected . The KIR curve represents the lower 
bound critical stress intensity factors determined from static, dynamic and crack arrest 
curves. In the ASME Code, Krj^ is a function of temperature and R T J ^ J 

K!R=29.4 + 13.44*exp{0.0261[T-(RTNDTj - 88-89)]} [MPam0-5] 
To verify the use of the ASME KJR curve [1] the instrumented impact diagrams 

obtained during the surveillance testing of NPP Paks on 15H2MFA steel and in the frame of 
the IAEA co-ordinated program on A 533B type steels have been compared. The 
characteristics of the diagrams verified the use of the KJR curve for PAKS unit 3. The 
method used for evaluation is based on the Finnish.and Belgian experince. [10, 11] . As an 
example the Charpy curves of irradiated 15H2MFA and JFL material shown in FIG.4. 
Further study is planned to obtain direct crack arrest data on irradiated 15H2MFA steel. 
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FIG.4. Comparison of instrumented Charpy curves. 
a.) 15H2MFA forging irradiated with 4*10 1 9 n/cm2. Tested at 80 °C. Impact energy 70 J. 
b.) JRQ forging irradiated with 4*10 1 9 n/cm2. Tested at 180 °C. Impact energy: 74 J 

4. Summary 

For PTS analyses of NPP Paks units material toughness reference curves have been 
selected and valiadted. 

The new Russian 15H2MFA Klc reference curves have been validated by comparison 
with the surveillance results. This curves are validated for unit 3 of NPP Paks. Further study 
of valiadation in case of other units are planned. 
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To replace the missing crack arrests curves the US Kir curve is used. The use of this 
diagram is verified by the analyses of the instrumented Charpy impact curves obtained in the i 
surveillance programmes. 
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SAFETY ANALYSIS OF 
ATUCHA I REACTOR 

PRESSURE VESSEL FOR A 
TYPICAL TRANSIENT 

As a consequence of disturbances on the CNA I external 
electric grid some incidents were produced in a 6 
minutes lapse, causing a sudden cooling of the primary 
system, while pressure was maintained nearly constant. 
On the basis of this event, a safety analysis based on the 
Linear Elastic Fracture Mechanics (LEFM) was carried 
out. 
This paper presents an alternative method for the 
calculation of transients; the Finite Element Methtd 
(FEM), particularly, the OCA-D FEM code. 
By using this method it was possible to demonstrate, for 
this event, a safe operating condition for the end of life 
of the RPV, with regard to brittle fracture risk. 

Introduction 

As a consequence of disturbances on die CNA I external electric grid some incidents were produced 

in a 6 minutes lapse, causing a sudden cooling of the primary system. 

During that event, temperature dropped 110 °C in about 20 min., simultaneously, pressure 

experienced a drop of only 9 atm. in such a period. 

The reactor completed its cooling blowing secondary steam to the atmosphere, through the Main 

Safety Valves. 

This event does not fit in levels A, B, C or D of the ASME code, therefore it belongs to the 

"unexpected operating conditions" group. 

Some preliminary analysis were carried out in the days following the event (1), afterwards, a safety 

analysis based on the Linear Elastic Fracture Mechanics (LEFM), was carried out to evaluate the 

effect on the Reactor Pressure Vessel (RPV) based on the guidelines of ASME III and 

ASME XI code (2). 

Finally, to compare results with the previous analysis, a finite element method approach is shown 

in this report using the OCA-II code (3). 
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Technical data 
Materials and physical properties 
Table 1 shows the RPV wall's materials data. 

Heat transfer Coefficient ~ 

Primary side 

The coefficient was obtained using Colburn's relation (6) 

h = 20000 W/(m2 °C) — 

For the calculation of this coefficient the following data were used : 

Flow of water = 2612 Kg/sec 

Pressure =121 atm. 

Temperature = 262 °C 

RPV internal diameter = 5360 mm 

Moderator tank external diameter = 5180 mm 

Geometrical data of •*«* rylinHriral zone 

Internal radius = 2680 mm 

External radius = 2900 mm 

Wall thickness = 220 mn. 

Cladding thickness = 5 mm 

Temperature evolution 

Fig.l shows the temperature evolution during the event 

Analysis and results 
The OCA-II code performs thermal, stress and LEFM analysis for the case of circumferential or 

longitudinal cracks localized on the surface of a cylinder that is subjected to thermal and pressure 

transients, it is not a general purpose FEM code, but it is specifically designed to analyze quick and 

economically the RPV's response to a certain transient. 

It is composed of 2 separate codes, the first of them, 1-R, performs the heat transfer analysis, and 

the other, FM, performs the remaining calculations, which constitute the fracture mechanics 

analysis. 

Although OCA-II can be applied only to the RPV eylindrical region, this is not a limitation, even 

Safety Anatisyt of AWCHA I RPV for a typical transient 
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when this is not the region that should present bigger stresses level, assuming that they appear 

normally in regions of discontinuity, because we want to know if the irradiated material can resist 

the transient we are considering, and the RPV cylindrical region presents die greatest radiation 

embrittlement condition. 

For the analysis, a model with cylindrical symmetry was elaborated considering a cylinder long 

enough to present a region where stresses were not affected by the free border effects. 

In the thermal part of the analysis (1-R), an unidimensional calculation was performed to obtain the 

temperature distribution through the RPV's wall as a function of time, for the analysis 3 elements 

in the cladding and 9 elements in die base material were considered. 

Fig. 2 shows the relation between node and element numbers. 

For this part of the analysis we must enter die coolant temperature as a "unction of time ( as can 

be seen in fig. 1 ), the fluid-film heat transfer coefficient, the initial temperature profile through 

the RPV's wall and the values of thermal conductivity, specific heat and density, both for cladding 

and base material. 

This first part of the code gives us die temperature profiles inside the RPV's wall as a function of 

time. Fig. 3 to 5 show typical temperature profiles. 

For the stress intensity factor calculation (FM), the code use a superposition technique and influence 

coefficients. For this purpose a special K* file must be generated, this file contains K, values that 

would correspond to unitary point applied loads on the crack front, as can be seen in fig. 6, and 

is calculated separately for all crack depths of interest considering both circumferential or 

longitudinal cracks. This K* file must be generated just once for a determined RPV dimension's 

set. It is basically this technique that makes OCA-II so economical to run. 

Other parameters that must be considered in the fracture mechanical part of the code (FM) 

are : Young's elasticity modulus, the thermal expansion coefficient, the Nil Ductility Reference 

Transition Temperature ( R T ^ ), both for cladding and base material, and RPV's internal 

pressure. 

It is worthwhile to note that, aldiough RPV's pressure dropped from 115 Kg/cm2 to 106 Kg/cm2, 

a constant value of 115 Kg/cm2 was considered for calculations in order to apply a conservative 

criteria, therefore, the calculated stresses due to internal pressure don't vary over the transient. 

Although NDT in-service inspections carried out until the event didn't show any flaws indications, 

a/W ratios (crack depth / wall thickness) from 0.01 to 0.8 were postulated as a conservative 

criteria. 

Results obtained ( fig. 9), may suggest that for a/W > 0.4 a ductile tearing onset is observed, and 

in consequence, LEFM methodology would not be applicable in this region. 

Safety Analisys ofATVC'A I RPV for a typical transient 
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Fig. 7 and 8 show the Applied Stress Intensity Factor variation ( K,) during the event's evolution 

for a/W = 0.1, 0.2 and 0.25, both for the case of circumferential and longitudinal cracks. As 

should be expected, these figures show that the applied K, is bigger for iongitudinally oriented 

cracks, and the maximum K, value is obtained approximately at 13 min. of the event's initiation. 

Since K, values are bigger for longitudinally oriented cracks than for circumferential oriented ones, 

only this orientation was considered for the remaining calculations. 

Fig. 9 show K, versus crack tip temperature curves for all the a/W considered, compared with Kfc 

and K l s curves shifted due to radiation effect for the RPV's end of life period (32 fpy). 

Radiation shift for the most sensitive belt line region material ( plate 41.1) was obtained from the 

RPV's surveillance programme. Fig 11 shows the shift in Transition Temperature AT 4 U as a 

function of displacement per atom ( dpa ). 

Correlation between displacement per atom (dpa) and the corresponding irradiation period ( FPY ) 

were calculated as follows (4): 

DPA (from figure II ) - 7.7 • 10' 3 dpa + ^ = F p y 

1.2 • 1 0 3 dpa 

Where : 

FPY = irradiation period in Full Power Years ( corresponding to DPA ). 

Kk and K u curves are determined according to an analytic approximation to the curves given 

by ASME XI Ap. A (5). 

Klc = 36.5 + 3.083 • exp { 0.036 [ ( T - RT^ ) + 55.55 ] } (2) 

Kla = 29.43 + 1.55 • exp { 0.0261 [ ( T - RT^ ) + 88.88 ] } (3) 

( K,e and K„ in MPa • m") 

Where : 

An upper shelf of 220 MPa • m* was considered to delimit the LEFM application region. 
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Conclusions 
In fig. 9 we can observe that, as a consequence of this upper shelf application, ratios of a/W > 0.3 

cannot be analyzed by LEFM, and for ratios of a/W up to 0.3, the RPV's structural integrity would 

be guaranteed for the event here considered, even if it would occur to the RPV's end of life 

( 32 fpy ), since it's verified that for all points of the K, applied curve : 

K i < * , c _ (5) 

Likewise it's possible to observe in fig. 10 that if we consider a possible life extension until 40 fpy, 

RPV's structural integrity would be also guaranteed for the event here considered, since 

equation (5) is also verified. 

Safety Aiwlisys of ATVCHA I RPV for a typical transient 
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Fig.7 : K, as a function of time for longitudinal cracks ^ 4 
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Fig.8 : K, as a function of time for circumferential cracks 
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Cladding Material Base Material 
Denomination X 5 Cr Ni Nb 19 9 22 Ni Mo Cr 37 

Thermal Conductivity 
(W/m/°C ) 

15.86 
i 

43.00 

Density ( Kg/m 3) 7916 7800 
Specific Heat ( J/Kg/°C ) 502 473 

Young Modulus ( Kg/cm 2) 1.85 10 6 1.95 10 6 

Poisson Modulus 0.27 0.30 
Thermal Expansion Coefficient 

(1/°C ) 
17 10 6 12 10 6 

Table 1 : Cladding and base material's properties 
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SURFACE EFFECTS AND ASSESSMENT OF CRACK PROPAGATION 
A. CISILINO, E. PARDO and J.L.OTEGUI 

INTEMA - Facultad de Ingenieria, (7600) Mar del Plata-, Universidad 
Nacional de Mar del Plata, Argentina. 
Abstract. 
A realistic analysis of microcrack interaction at stress 
concentrations require a three dimensional analysis, and evaluation 
of fracture parameters along the crack front. Due to its complexity 
the problem can only be tackled through computational techniques. 
In this work, we describe the use of the Boundary Element Technique 
for analysis of surface effects at crack vertex, jt is shown that 
the existence of a vertex singularity at this location poses 
limitations on actual crack geometries, and hence some common 
assumptions migth not be adequate for a realistic description of 
surface crack growth. 

1. Introduction 
In all fabrication process geometrical discontinuities are created 
which generate stress concentration effects. Also, defects 
associated with fusion and solidifiation are produced (cracking, 
metallurgical transformations, residual stresses, inclusions, 
etc.). Under cyclic loading conditions these defects introduce a 
high probability of crack initiation. Frequently this is followed 
by subcritical crack growth that eventually lead to failure, thus 
limiting the component's life. 
Recent experimental results [1,2] demonstrate that the rate at 
which small cracks initiate and propagate is strongly dependent on 
crack interaction and microstructural characteristics. This feature 
is a consequence of the discontinuous nature of fatigue crack 
formation and propagation. In a defect-free weldment, for instance, 
the fatigue process starts when microcracks initiate at different 
points along the weld toe. As these microcracks grow, they interact 
and eventually coalesce into a main crack whose further growth may 
lead to failure. It has been observed that if these microcracks 
grow in different planes there is an effective stress shielding 
that may reduce and even stop crack growth. In the case of coplanar 
growth, on the other hand, the growth rate is increased. 
From the available data in the open literature a number of 
conclusions can be drawn regarding this problem: 
i) A realistic analysis of microcrack interaction at stress 
concentrations require a three dimensional analysis, and evaluation 
of fracture parameters along the crack front. 
ii) The real crack front must be adequately characterized in order 
to study propagation. The geometries for which solutions exist 
(straigth and semielliptical cracks) are usually very different 
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from actual crack geometries during the early stages of 
propagation. 
iii) Due to its complexity the problem can only be tackled through 
computational techniques. 
Modelling of three dimensional cracks posses a number of problems 
that are not present in two dimensions. In the latter case the 
stress field is known to develop the classical Hutchinson-Rice-
Rosengen (HRR) singularity. Under linear elastic assumptions this 
field takes the form of the well known square root singularity. In 
three dimensions, the stress field around^points of the crack front 
far removed from free surfaces can be expressed in a similar 
manner, as shown by Hartranf and Sih [ 3,~ 4 ]. 
The vertex of a crack, namely the intersection of its front with a 
free surface, has some characteristic features that are not present 
in two dimensions. At this location there is a steep stress 
gradient in the direction normal to the free surface, and the 
deformation field has been observed to behave in a unique way. This 
problem has been addressed by a number of authors during the last 
two decades. The peculiarities of this kind of cracks lie in the 
dominance of the boundary layer effect. This term was introduced by 
Hartranft and Sih to designate the region of high stress and 
deformation gradients which develops in the neighborhood of the 
vertex. Several authors have investigated the behavior of the 
stress field in the boundary layer by analytical, numerical and 
experimental means [14]. Folias [5,6] and Benthem [7,8] showed that 
a characteristic singularity may exist at the vertex. For a crack 
front normal to the free surface the power of this singularity 
ranges from 0.5 to 0 and depends on the Poisson ratio. Bazant and 
Estenssoro [9] and Shivakumar and Raju [10] confirmed and extended 
these predictions using numerical models. 
Experimental determinations using different techiques where 
conducted by several authors [11,13], which seem to confirm this 
prediction. This implies that the strain-energy release rate, G, 
(or equivalently the J integral) is zero at this location, yielding 
a crack "pinned" at the surface. Such a crack would begin to grow 
at interior points far from the boundary layer, until the curvature 
of the front develops a finite value of G at the surface, and then 
crack growth starts at this point. Moreover, the power of the 
singularity varies with the angle of intersection of the crack with 
the surface, and can be larger than 0.5 for certain cases. 
For numerical analysis of this effect, the Boundary Element Method 
is a more suitable technique than the classical Finite Element 
Method used in previous investigations. It yields more accurate 
results than the latter at the surface, especially for comparable 
computational effort. 
2. Definition of Fracture parameters 
The stress intensity factor, K, is a measure of the strength of the 
assumed square root singularity in linear elastic conditions. The 
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energy release rate G, on the other hand, does not make this 
assumption explicitly. However, it does it implicitly under linear 
elastic conditions. In fact, G can be shown to be equivalent to the 
well known J integral defined as 

where 
^ Ei:j = w6i:j-aikukij 

is the energy-momentum tensor and r is the distance to a given 
location of the crack front. The line integral encircles the crack 
front line at this location going from one of the crack lips to the 
opposite -one. Clearly, J measures the strength of the 1/r 
singularity in the energy momentum tensor, which in turn requires 
a stress field inversely proportional to the square root of r in 
the vecinity of the crack front. Hence K and G (J) are equivalent 
(i.e. they are in a one-to-one correspondence) under linear elastic 
assumptions, and they will be zero if the singularity of the stress 
field is weaker than the HRR singularity. 
In the absense of body forces the energy momentum tensor is 
divergence free, and the J integral can be calculated as the sum of 
a path integral along a remote circle plus the area integral on the 
enclosed surface of the normal derivative of the tensor [14]. While 
the area integral may be negligible at interior points, its 
influence is considerable at a free surface where steep gradients 
of stress and deformation exist in the vecinity of the crack 
vertex. Since it requires the numerical evaluation of derivatives 
of stress and strain, it is expected to give poor results. For this 
reason, it seems more apropiate to evaluate J directly as the limit 
(1). The stress intensity factor, Kt, on the other hand is defined as [15] 

kx= ±2£y/2nS(i) ; 5(r)=a 2 2.r 1 / 2 ; 6=0 (2) 

Here a^ is the stress component normal to the crack plane, and r 
the distance on the crack plane normal to the crack front. 

3. Computational model 
While displacements may be calculated with high precision on the 
surface with the Finite Element Method, stress is a secondary 
variable (derived from nodal displacements) that attains its 
maximum precision at Lobato points departing from the external 
surface. To accurately model three dimensional crack problems with 
finite elements, on the other hand, posses formidable mesh 
limitations that require careful mesh design and considerable 
refinement. Hence the Boundary Element Method seems more adequate 
to study crack fields in three dimensions. 
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In this work computational calculations where performed using the 
BEASY Boundary Element code. The physical situations analysed are 
a Double Edge Notch specimen with uniform applied remote stress and 
a semi-circular surface crack loaded in mode I. For the DEN 
specimen two situations were considered: a straigth crack normal to 
the free surface and a sligthly curved through crack intersecting 
the free surface at an angle of 30° with respect to the normal, as 
depicted in figure 1. The material was assumed to be linear 
elastic, homogeneous and isotropic, with Poisson's ratio 0.3 and 
Young modulus 10 GPa. Specimen's dimensions are: crack length a=10 
mm., width w=50 mm., thickness t=20 mm. and heigth h=150 mm. As 
usual, in both cases one quarter of the specimen was modeled taking 
advantage of symmetries. Figure 1. The DEN specimen was discretised 
into 216 quadratic boundary elements with 2937 degrees of freedom. 
The elastostatic problem was solved using BEASY boundary element 
code based on a PC 486 computer with 16 Mb RAM, demanding 3.5 hours 
total running time. 

(a.l) 

(a.: 

(b) 
Fig. 1. Geometries analised. (a) Through 

cracks (a.l) Straight (a.2) Curved 
(b) Semicircular crack. 

Mesh refinement was confined at the vertex to capture the singular 
behavior at this point, with the smallest element 0.4% the crack 
length. Otherwise, the mesh is rather coarse. Only 9 elements 
define the intersection of the crack with the free surface, and 12 

Si 



elements compose the remaining ligament. Similar degree of 
refinement was used for the semicircular crack. In both models 
there are internal surfaces which define a quarter of a sphere with 
a radius of half the crack length enclosing the crack vertex. To 
capture the singular behavior around the crack vertex, a second 
model was produced for each case, corresponding to the inner sphere 
with a much finer discretisation, as shown in figure 2. For the DEN 
specimen this has 242 quadratic elements and 3462 degrees of 
freedom, with 38 unevenly spaced nodes in the radial direction, and 
demanded 23 hours running time. The length of the smallest element, 
adjacent to the crack tip, is 0.18 % the crack length a. This 
degree of refinement is similar to the one used in [10] for a 
finite element model. 

The displacement field obtained on the inner surface of the first 
model was imposed as a boundary condition on the surface of the 
second one. Traction fields on this surface were found to be in 
close agreement for both models. The use of discontinuous elements 
was avoided for all models in the neighborhood of the crack, since 
they were found to introduce spurius oscillations of stress and 
displacement fields. 
Finally, a two dimensional boundary element model was used to 
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calculate plain-stress, which was then compared with the three 
dimensional results. 
4. Results and discussion 

JL log-log plot of stress normal to the crack plane versus distance 
to the crack corner is shown in figure 3 for the three cases 
analysed. Stresses are normalised with the remote applied stress, 
a0, and distance is normalized with crack length, a. The 2-D plain stress solution is also shown in this graph for comparison 
purposes. For distances to the crack tip greater than r/a=l (far 
field) all four stress fields merge. Close to the crack tip 
however, the free surface is relatively unloaded as compared to the 
2D solution. It is also observed that the sligthiy curved through 
crack, that departs from a straigth line only in the 4% of its 
length close to the free surface, produces much higher surface 
stresses than the straight one. Hence the details of crack geometry 
in the vecinity of the crack surface have a considerable effect on 
the local stress field and consequently on fracture parameters. 
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Fig. 3. Normalised s t ress normal to the crack 
plane versus normalised distance to the crack 

corner p lo t . 

As stated above, Linear elastic fracture mechanics (LEFH) assumes 
the classical square root stress singularity at the crack tip. The 
exponent of the actual singularity at the free surface can be 
obtained as the slopes of the graphs in figure 3 for r/a 
sufficiently small. This is shown in figure 4 where the regressed 
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exponents of stress, n, are plotted versus the distance to the tip 
considered in the regression. It should be pointed out that the 
first two nodes closest to the crack tip were eliminated from the 
analysis to avoid excesive numerical error. 

.60 
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Fig. 4. Regressed exponents of stresses 
plotted versus the distance to the tip 

considered in the regression. 

In all cases the regressed exponent decreases as r increases, due 
to the presence of non singular terms. As r tends to zero the 
straigth and curved through cracks at the free surface develop 
exponents of 0.45 and 0.54 respectively. These values are in close 
agreement with Benthem's theory and with the finite element 
calculations of Bazant and Estenssoro. For the semicircular crack 
n lies below the values corresponding to the straight crack, but 
increases faster than the former as r tends to zero. Also, nodal 
spacing is coarser for the circular crack which tends to give lower 
n values and additionally, the angle of intersection is sligthly 
smaller than 90° since the circular contour was approximated by 
piecewise quadratic functions. Taking all these factors into 
consideration it can be concluded that the vertex of the 
semicircular crack possibly develops the same exponent as the 
straigth normal crack. On this basis, and considering the local 
nature of the vertex singularity, it becomes clear that the power 
of the singularity depends on the angle of intersection (for fixed 
poisson ratio and loading mode) and not on the inner geometry of 
the crack. 
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From these results it is concluded that at the vertex of a crack 
normal to the free surface, fracture parameters are zero (i.e. this 
is a non propagating point). For the curved through crack the 
singularity is stronger than 0-5 yielding infinite fracture 
parameters, implying that such an angle cannot be produced by crack 
growth. This is confirmed by direct calculation of the J integral, 
as shown in figure 5. Far from the vertex both through cracks 
develop line integrals that are approximately constant for a wide 
range of distances, and sligthly smaller that the 2D plain stress 
value. As the path radius tends to zero, however, J tends to zero 
for the straigth normal crack and to infinity for the curved one. 
For the circular crack the decrease in the line integral is 
confined to a small region around the vertex, but the trend is 
apparent even with the relatively coarse mesh used. 

2 5 0 0 0 • 

A 
3° 

20000 no 

» • » » « S t ra i g th t h rough c rack 
0 0 0 0 0 Curved t h r o u g h c rack 
x x x x x Semic i r cu la r c rock 

2D Plain s t ress — Analy t ica l 
- — — Semic i r cu la r c rack — Analy t ica l 

i ° 
A 0 1 5 0 0 0 -

C\J voo 

10000 

5C00 • 

•**z 
0. 

**~ 

COO 
-r-r—|—n—T—T—I—i—r—i—r-[—i—p-
0.10 0 . 2 0 

r/a 
i i i i i ; i i ; i i i I 

0.30 0.40 

Fig. 5. Calculated J values plotted versus 
path radius. 

It should be noticed that an infinite J is physically impossible, 
since it implies finite crack growth with negligible applied load. 
Hence it must be interpreted as a geometry that cannot be obtained 
by a crack growth process. Moreover, assuming that a finite crack 
growth rate requires a finite value of J, the preceeding results 
indicate that propagating cracks must have a fixed angle of 
intersection with the free surface, the one which yields a finite 
driving force. This requisite imposes a limitation on actual crack 
geometry, that must be taken into account for a realistic 
description of surface crack growth in attemping to numerically 
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model interaction of multiple propagating surface cracks. 

5. Conclusions 
A boundary element analysis was conducted to investigate the 
singular behavior of the stress field at the point of intersection 
of a crack front and a free surface, where three dimensional 
effects are dominant. Numerical results confirm that a vertex 
singularity of variable order exists at this location. For fixed 
material properties and loading mode, the strength of the 
singularity depends on the angle of intersection and not on the 
inner geometry of the crack. Since LEFM assumes that crack growth 
rate depends on applied fracture parameters at each crack front 
location, K and J must attain a finite value at the vertex. Hence, 
for each loading mode the angle of intersection of a propagating 
crack is fixed. While this has a local effect, it actually imposes 
a limitation on crack geometry that is likely to influence interior 
points. Hence, the usual assumption of semielliptical geometry for 
surface cracks migth be an oversimplification. 
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Development of Simplified Methods for Fatigue Crack 
Growth Assessment under Cyclic Thermal Loadings 

by; 
Takashi WAKAI and Morito HORDORI 
Power Reactor and Nuclear Fuel Development Corporation, 
4002 Narita, Oarai, Ibaraki, 311-13 Japan. 

ABSTRACT 
This paper describes simplified methods developed to assess fatigue crack growth and 

shows their applicability to the prediction of the fatigue crack growth behavior under cyclic 
thermal transient loadings. A detailed non-linear fracture mechanics parameter evaluation 
code and a simplified crack growth analysis code have been developed. The former estimates 
fracture mechanics parameters based on the path integral method in a stress aad strain field 
calculated by the finite element method (FEM) and the latter simulates the crack growth 
behavior by using stress intensity factors which are obtained from influence function methods 
based on the principle of superposition. A series of thermal fatigue crack growth tests on 
pre-flawed specimens were carried out to verify the validity of these codes. The predictions 
by these codes were compared with the results of the thermal fatigue crack growth tests. It 
was shown that the simplified crack growth assessment methods were found to be applicable 
to the prediction of the crack growth behavior under cyclic thermal transient loadings. 

Keywords : fracture mechanics, stress intensity factor, J-integral, 
fatigue crack growth, thermal transient loadings 

1. Introduction 
It is quite essential for structural integrity assessment of nuclear power plant components and 

pipes that reliable analysis methods are established both for stable crack growth and unstable 
failure. A great amount of effort has been devoted in this area, mainly to the assessment of Light 
Water Reactor (LWR) components. These technologies, however, may not always be applicable 
to Fast Breeder Reactor (FBR) components, since they are operated at elevated temperatures and 
cyclic thermal transient loads are predominant. In this situation, the non-linear fracture mechanics 
approach based on the J-integral, rather than the linear fracture mechanics with the stress intensity 
factor, K, is required. Intensive research and development activities have been and are in progress 
at PNC as illustrated in Fig. 1-1, for the purpose of establishing the methods applicable to the FBR 
components. The efforts chiefly focused on computer code development and experimental work. 
CANIS [ l] , a family of fracture mechanics computer codes, has several independent modules; 
one of these calculates J values by the path integral method, while another one employs so called 
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influence function method to evaluate J values. As for the experiment, a series of thermal fatigue 
crack growth tests on pre-flawed structures were carried out for providing experimental data to 
verify the validity of these codes. This paper discusses the validity and the applicability of these 
codes, comparing the analytical results with the experimental data. 

2. Crack Analysis Codes 
CANIS-J (Crack ANalysis In ^structures - J integral) calculates several forms of fracture 

mechanics parameters, such as J, J, J' and J', based on the path integral method in a stress-strain*" 
field provided by FEM analysis. Thermal stress analysis results are used as one of the input data 
to the code. 

J-integral proposed by Rice [2] is expressed as; 

J= W ^ y - T ^ d r 
(2.1) 

where T; and ^ axe traction andHisplacement vectors respectively as shown in Fig.2-1, and We is 
the elastic strain energy density given by; 

e 

W e = f e T j 

= I o ijd e fj 
Jo 

(2.2) 

J, suggested by Aoki et al. [ 3] , is an extension of Rice's J-integral. This parameter 
formulated as an equilibrium equation of strain energy density, is represented as; 

(2.3) 

where F ; and p u i are body force and inertia force, respectively, and e ?

i} and e ^ indicates plastic 
and thermal strain. 

y 
u 

ds 

Fig.2-1 Integral path for evaluating J-integral 
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Among these fracture mechanics parameters provided by this code, J was employed in the 
present study for the thermal fatigue crack growth evaluation, because J takes plasticity and thermal 
deformation into account. Since J is formulated assuming that a non-linear elastic media following 
the deformation theory is subjected to monotonic loading, it depends upon the integral path under 
cyclic thermal transient loadings. 

CANIS-G (CANIS - Growth of crack), on die other hand, employs a simplified approach to 
estimate die value of stress intensity factor, K, by using the influence function method based upon 
the principle of superposition . This method, which wafproposed by Besuner [4] , supposes 
that the mechanical state of a cracked elastic body subjected to an arbitrary force is equivalent to the 
superposition of that of the corresponding uncracked body subjected to the force and that around 
the crack subjected tc the corresponding distributed pressure on its surface. 

CANIS-G has a built-in database on non-dimensional values of stress intensity factors for the 
cracks on various types of structures, subjected to unit distributed loads of the Oth to 3rd order on 
its surface, as shown in Fig.2-2. The major portion ot the database is structured by referring to 
published references. In additions, a series of FEM analyses were carried out to extend the 
database. Once the database has been established, one can evaluate K of an arbitrary crack by 
using mis database and stress analysis of uncracked body. K is converted to elastic J-integral, J, 
assuming the plane stress; 

J - K 2 / E (2.4) 

where E is Young's modulus. J is further converted into elasto-plastic J-integral, J^ , if 
necessary, following the CEGB R6 method [5] ; 

Jep=fep • J (2.5) 

and 

fep=EeR/oR+{<,l/(2EeR<Tfj\ (2.6) 

where a R and e R are reference stress and strain, respectively, and a is yield stress. Stress 
redistribution induced by plasticity can be taken into account. 

(a)Othorder <r=1 (b) 1 st order 0 = £ (c) 2nd order c = £2 (d) 3rd order <y=<$3 

Fig.2- 2 Unit distributed load 
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3. Experimental Procedure 
A series of thermal fatigue crack growth tests on pre-flawed specimens were carried out to 

provide verification data for the CAMS [6] . These tests were carried out with the Air-cooling 
Thermal transient Test Facility (ATTF), which is shown in Fig.3-1. The test specimens made of 
forged type 304 stainless steel were cylinders with 1,500mm in length, 70mm in inner diameter and 
30mm in thickness as shown in Fig.3-2. Axisymmetrical and axial and circumferential semi-
elliptical initial cracks were prepared by electric discharge machining on the inner surface of the 
specimen. In the test the specimen is first heated by an electrical furnace gradually up to 650*C, 
followed by an exposure to a cold transient by pressurized air. Pressurized air is blown into the 
cylinder for 90 seconds. Then after 210 seconds, heating-up process is restarted. It takes 24 
minutes to complete one thermal cycle. Figure 3-3 shows the temperature history of a thermal 
transient (0-160sec). The test was interrupted approximately every 500 cycles, and crack size 
was measured by ultrasonic examination. After completion of the test, fracture surface of the 
specimen was examined in detail to observe the striation spacing and the uvtck profile by scanning 
electron microscopy. 

4. Analytical Procedure 
4.1 Detailed Crack Growth Analysis 

Prior to the estimation of crack growth by CAMS-J, it is required to run an FEM analysis to 
obtain the stress-strain field around the crack tip. A transient heat transfer analysis simulating the 
test conditio , was carried out with an uncracked axisymmetrical model. Fluid temperature history 
and heat transfer coefficient on the inner surface of the test specimen used in the analysis are shown 
in Fig.4-1. A typical result of the heat transfer analysis is shown in Fig.4-2, indicating a good 
agreement with the observations shown in Fig.3-3. 

For the axisymmetrical crack, thermo-elastic stress analyses were carried out with 
axisymmetrical 2-dimensional models, in each of which a crack of various depth, such as 1, 3, 5, 
9,15,20 and 25mm, was included. The detailed non-linear fracture mechanics analyses were then 
carried out by CANIS-J in me stress-strain field obtained by the thermal stress analyses. J values 
of the cracks for which stress analysis was not made were calculated by linear interpolation. Crack 
growth was simulated from initial crack of a= 1.0mm, were carried out based on the J calculated by 
CANIS-J. The relationship between J and crack growth rate is represented by; 

d A = C ( J ) m (4.1) 
on 

da /dn and J was given in mm/cycle and kg/mm 2, respectively, where C = 1.2022 X 10 , m = 
1.4435 for type 304 stainless steel [6] . 

For the axial and circumferential semi-elliptical surface cracks, 3-dimensional solid models 
including a crack which has various normalized crack depth, a/t, and aspect ratio, a/b, were 
employed in the thermal stress analyses. A typical FEM model, (a/t, a/b)=(0.4,0.4), is shown in 
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Fig.4-3. Total of 25 models were prepared for each of the axial and the circumferential crack 
analyses. Based on the result of the thermal stress analyses, the fracture mechanics parameters 
were calculated by CANIS-J. A numerical table relating J with a/t and a/b for both of axial and 
circumferential semi-elliptical cracks were obtained. In this case, J values of a crack without stress 
analysis was approximated by interpolation with a cubic function. Crack growth simulation started 
from initial crack, (a/t, a/b) = (0.1,0.4) by using these tables. 

4.2 Simplified Crack Growth Analysis 
As an input to CANIS-G, the stress distribution in the corresponding uncracked structure was to 

be obtained. For this purpose, thermo-ciastic and thermo-elasto-plastic stress analyses were 
carried out with an axisymmetrical model by using temperature history obtained from the heat 
transfer analysis mentioned in the previous section. 

For the axisymmetrical crack, it was assumed that it grew uniformly in geometry. The database 
of non-dimensional stress intensity factors obtained by Xue-Ren Wu et. al. [7] was used for this 
case. _ 

For the axial and circumferential semi-elliptical cracks, the shapes of the cracks were assumed to 
remain semi-elliptical until penetration occurred. The database of non-dimensional stress intensity 
factors for the axial semi-elliptical crack on the inner surface of a thick-wall cylinder was not 
available from any reference. So we ran a series of FEM analyses with a thick-wall cylinder 
models with an axial semi-elliptical crack and prepared the database for me axial crack subjected to 
unit distributed load of 0th to 3rd order on its surface. Axial crack growth was analyzed by using 
this database. On the other hand, as for circumferential semi-elliptical crack, the database 
produced by Shiratori et. al. [8] could be used. 

5. Discussions 
5.1 Comparison of analytical results with experimental data 

As for the axisymmetrical cracks, both the analytical results by CANIS-J and CANIS-G were in 
a good agreement with the experimental crack growth data, as shown in Fig.5-1. As die crack 
grows, the CANIS-G based on elastic stress analysis tends to predict slower growth rate than that 
observed in the experiment. It may be attributed to that the difference of the stress distribution 
between analysis (no crack assumed) and the actual one becomes too large to be neglected. 
However, by taking plasticity into consideration, this decreased. It was found that these codes are 
applicable to the prediction of the thermal fatigue crack growth and that the way of taking the effect 
of plasticity is adequate. In the case of incorporating with plasticity correction, the effect of the 
enhancement of strain by plasticity and yield area expansion near the crack tip on crack growth 
bahvior assumed in CANIS-G are appropriate. 

As for the axial and circumferential semi-elliptical cracks, both the analytical results by CANIS-J 
and CANIS-G were in a good agreement with me experimental crack growth data as a whole, as 
shown in Fig.5-2 and Fig.5-3. However there are some rooms for improvement. In the case of 
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the circumferential crack, CANIS-G based on elastic stress analysis tends to predict slower growth 
rate for a deep crack than the experimental observations and prediction ty CANIS-J. This may be 
reasoned the same as mentioned above, as shown in Fig.5-3(a). Another example is related to the 
variation of aspect ratio with crack growth. Although the analytical results obtained by these codes 
were in a good agreement with the observations qualitatively, as the crack grows the analytical 
results go below the observations, as shown in Fig.5-2(b) and Fig.5-3(b). This was caused by 
over estimation of crack length in these analyses. In the experiment, a large number of hair cracks 
were found on the inner surface of the specimen. Growth of these hair craeks would release 
thermal peak strain, so that the crack growth rate in the direction of crack length'would decrease. 
The effect of strain release on crack growth is not taken into account in the crack growth analyses. 
This resulted in the difference between analytical results and the observations for the variation of 
aspect ratio with crack growth. In order to observe more accurate crack giowth behavior, it is 
required to avoid the initiation of hair cracks. It may be helpful to obtain crack growth data under 
more moderate test conditions. 

5.2 An attempt of assessment based on simplified elasto-plastic stress analysis 
In this study, thermo-elasto-plastic stress analysis by FEM to provide an input stress distribution 

for CANIS-G was not troublesome, because the shape of the model was very simple. However, it 
is expected to assess the crack growth in more complex structures, such as structure 
discontinuities. In the case of the complex model, FEM analysis will be troublesome and 
expensive. So we attempted to develop a simplified elasto-plastic stress analysis. 

At first, membrane strain and stress (e e

m , a e J analyzed elastically indicated by point-1 in 
Fig.5-4 was converted to (e v

m , a ^J indicated by point-1' taking plasticity into account by using 
the elastic follow-up parameter, q ,̂ which expresses die enhancement of strain by plasticity. Then 
bending strain and stress (e e

b , ac^ is superposed elastically. (e c

m + b , a c

mttt) and (e e

r o_ b , a c

m_^ 
are converted to (e \+h, o < p

i m b ) and (e e p

m _ b , c v

m-^ respectively as shown in Fig.5-4. As for 
peak stress a is considered to be a conversion from the peak strain e caused by non-linear 
temperature distribution across the wall as follows; 

<7p = E e p (5.1) 

By using the elasto-plastic stress distribution across the wall analyzed by means of the method 
mentioned above, thermal fatigue crack growth were evaluated. The results were shown in 
Fig.5-5. CANIS-G with plasticity correction tends to predict faster crack growth than that 
predicted by CANIS-J for shallow crack, and it gives slower crack growth rate than that given by 
CANIS-G. 

This was caused by the inadequacy of dealing with <r in this procedure, a has a large 
magnitude near the surface so that CANIS-G with plasticity correction gives faster crack growth 
rate for shallow crack and gives slower crack growth rate for deep crack than those predicted by 
CANIS-J . It is clarified that there are some rooms for improvement in the plasticity correction 



taken in the present study, especially in dealing with peak stress distribution. 

6. Conclusion 
The detailed non-linear fracture mechanics parameter evaluation code, CANIS-J, and the 

simplified crack growth analysis code, CANIS-G, were developed to assess thermal fatigue crack 
growth in structures. The prediction by these codes was compared with the results of the thermal 
fatigue crack growth tests. It was shown that CANIS-J and CANIS-G were found to be 
applicable to the prediction of the creek growth behavior under cyclic thermal transient loadings. 
There are discrepancies between the analytical results and the observations for variation of aspect 
ratio with crack growth. It may be attributed to strain energy release by the hair cracks initiated. 
To observe the more accurate crack growth behavior, die experimental condition may have to be 
reconsidered. For more simplified assessment, we attempted to develop a simplified method to 
take plasticity into account However, this method had some rooms for improvement. 
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VIBRATION MONITORING OF PRESSURE VESSEL 
IN ATUCHA-I POWER PLANT 

C.Belinco - A. Pastorini - A. Martin Ghiselli - M. Sacchi 
CNEA- GAID - Gcia. Desarrollo - Estudio y Ensayo de Componentes 
Estructurales (EECE) 

The Vibration Monitoring Systems (VMS) are used to obtain 
information about the mechanical state of differents components 
in the main coolant system of nuclear power plants (NPP) a*d to 
ensure that changes in the mechanical integrity of this 
components are detected at an early point in time, even during 
operation. 

In order to develop a VMS for the pressure vessel of the 
Atucha-I NPP, 3 velocity sensores were installed in 1991 on the 
top of the pressure vessel, fixed to the main pins of the 
clossure head of the reactor. 

The transducers were installed at 45 , 165 and 225 of 
angular coordinates of the reactor, so two of them are on the 
same diameter line, and all with vertical measurement direction 
(Figure 1). 

Assuming that the system would operate during plant 
operation, with high temperatures and radiation, it was necessary 
to protect the transducers and cables against this enviroment. 
For example, the coupling element between the transducer and the 
fixing point works also like a thermal isolator. 

The signals were carried to the amplifiers and then out of 
the reactor building to an office near the control room, where 
the information can be recorded or analized (Figure 2). 

During each annual maintenance period of the plant, the 
transducers were took out calibrated and installed again. This 
work allowed us to verify that the transducers sensivity were 
decreasing gradually, probably because of the temperature. 

Now, we hope to change the transducers with four new 
velocity sensors of better response characteristics at low 
frequencies and capables to operate at higher temperature. 

Until now we obtained records during differents conditions 
of the plant, with the main coolant pumps turned off, during the 
start of the pumps, in isotermal states and during power 
generation from 50% to 100% of nominal power. 

The results of the signal analysis, using a Fast Fourier 
Transform Analizer, leads to Auto Power Spectral Density graphs, 
with the frequency in Hertz in the horizontal axis and a velocity 
related magnitude [(m/s)/Hz°»5 ] in the vertical axis. The square 
root of the area below the curve is the RMS value of the velocity 
in (m/s) (Figures 3 to 5). 
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To have an idea of the changes that its possible to observe, 
the spectrum in Figure 3 was obtained before the start of the 
main coolant pumps and the spectrum in Figure 4 after this 
moment. The peaks that appears in the second spectrum are the 
natural frequencies of components excited by the fluid. 

Another kind of change is the peaks displacement in 
frequency. The Figure 5 was obtained with the plant running at 
90% of jiominal power. The displacements in frequencies between 
Figures 4 and 5 are owing to the change in the system temperature 
from 50"C to 300 C. 

Another way to evaluate the signals is using phase diagrams 
between two sensors, like in Figure 6. The phase angle for 
differents frequencies allows a better undestanding of the 
movements and is another tool to identify the origin of each 
frequency peak. 

For example, the peak of 7.13 Hz in Figure 5 which 
correspond to a natural frequency of the pressure vessel, has a 
phase angle near 180 between transducers located in 45 and 225 

This information shows us that it is a pendular mode of 
vibration of the pressure vessel. 

In a VMS, the resultant spectrums are usually evaluated 
starting from the knowledge of the natural frequencies of the 
differents components in the system for each operational 
condition. 

With this data is possible to set a boundary mark for each 
peak of frequency. 

Inside this bandwith the frequency changes are normal. A 
normal amplitude for each peak is set too. 

In this way a new peak or a great change in the amplitude 
are indications that something is going wrong. 

In the case of Atucha-I NPP there weren't any value of 
natural frequencies available for the components of the main 
coolant loops. Because of this, it was necessary to calculate 
some of them and also to carry out a review of the commissioning 
tests reports of the plant. 

With these tasks and the analysis of the initials 
measurements, it was possible to identify the pressure waves 
produced by the main coolant pumps (25 and 124.22 Hz) and the 
moderator pumps (25 and 172.66 Hz) (Figure 6), the pressure 
vessel pendular mode (7.13 Hz) and two modes (9.8 and 10.4 Hz) 
of the pressure vessel or the moderator tank. 
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During the last two years a continued record of signal 
allowed an evaluation of the peaks amplitude and RMS values for 
same frequency bandwiths evolution. For example, Figue 7 shows 
the evolution of RMS values in the 0-25 Hz bandwith and Figures 
8 3 the amplitude evolution for the 7.13 and 10.4 Hz peaks. 

With the information obtained at present time, some 
theoretical models to calculate the natural frequencies for 
others components of the system and the set up of the new 
transducers equipment, a first reference set of spectrums for the 
system will be determined. 

Using this and other monitroring systems che reactor is 
actually "heard" and this allows a early failure detection. 

The types of failure are possible to detect are: interactions 
between components, flow interacting over components, that is, 
mechanical interactions between internal components. 
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Figura 7 
Valores RMS en la banda de 0 a 25 Hz. 
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DEVELOPMENT OF AN ACOUSTIC EMISSION EQUIPMENT FOR VALVES OF THE 
NUCLEAR POWER STATION ATUCHA I. 
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ABSTRACT. 
A four channel Acoustic Emission was developed by the 

Acoustic Emission Group, INEND Department, of the Atomic Energy 
Commission of Argentina, for the detection of leaks in valves of 
the pressurized air system: "Sistema de desconexion de 
emergencias por acido deuteroborico". 

Basically, the system consists of four piezoelectric 
transducers with their corresponding preamplifiers coupled to the 
piping close to the valves. The following stages: amplifiers, 
threshold levels, channel identifications and visual alarm system 
are gathered in a box. 

The system was installed in the controlled zone of the 
Nuclear Power Station Atucha I. It was calibrated and works on 
line. 

The values shown on the display are registered daily in 
order to separate the normal values from the leak ones. 

Part of this work was supported by the IAEA Research 
Contract Number 5987/R1/RB. 
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1- Introduction. 

Acoustic Emission testing offers a new method to perform 
nondestructive testing of materials, manufacturing processes and 
structural components. When a material is strained, it emits a 
characteristic sonic signal that is called Acoustic Emission 
(AE). Detection of AE signals allows in the engineering or 
scientific field to predict when a material is about to fail and 
gives him the opportunity to prevent the failure in such cases. 

The family physician employs one form of AE testing when he 
listens to the human heart-beat with a stethoscope. However, the 
sound emitted by a deforming metal or nonroetalic structure is 
much more difficult to detect. Sensitive piezoelectric 
transducers must be utilized to hear the events of deformation 
and fracture, and convert these pulses to electronic signals. 
Filters are required to screen cut unwanted background or 
extraneous noises. The electronic signals need to be amplified, 
processed and presented to the user in a simple display (1). 

An extra capability of those equipments is to detect, and 
to hear, leaks in pipes and valves, because leaks produce elastic 
waves in a large frequency spectre included in AE frequencies (50 
kHZ up to 1 MHz). 

A typical nuclear power station has more than 70 safety-
related check valves, the majority of which control water flow 
(2). 

Among the various on-line monitoring techniques for a prompt 
leak valve detection, particularly attractive appear to be the 
acoustic techniques based on the detection of acoustic noise 
associated with leak outflow. The acoustic techniques have a 
unique set of features: omnidirectional monitoring, remote 
sensing, high sensitivity, reliability, low cost. 

Besides, if we use the part of acoustic energy which 
propagates through the metal of the structure, it is possible to 
use a non-invasive sensor, i. e. set on the outer side of the 
component. 

Leaks in any pressure or vacuum system can be located by 
using the ultrasonic energy generated by molecular collisions 
when gas is forced through a small orifice. The ultrasonic 
frequencies involved are well outside the audible range, thus 
enabling the instrument to be used in areas of extremely high 
audible noise level. 

Ultrasonic energy is picked-up by a high frequency 
piezoelectric sensor. The signal is amplified and conditioned in 
order to provide a visual indication (3). 

Part of this work was supported by the IAEA Research 
Contract Number 5987/R1/RB. 
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2- Development. 

Nuclear Power Station Atucha I required the AE Group to 
develop an AE equipment able to detect leaks in four valves of 
the "Sistema de Desconexion de emergencia por acido 
deuterob6rico". This equipment controls the valves of an air 
system that must be ready to stop quickly the reactor in case of 
accident. Leaks on valves produce the compressor to work 
continually to keep a constant pressure. 

Figure 1 shows the scheme of valves location, TB11-S001, 
TB21-S001, TB31-S001 and TJ50-S050. 

Basically, the equipment consists of four piezoelectric 
transducers which are coupled near the valves with their 
corresponding preamplifiers; the following stages: amplifiers, 
threshold levels, channel identifications and visual alarm system 
are gathered in a box. 

Figure 2 shows a block diagram of the main parts of the AE-
system. 

It is worth noting that all parts of this four channel 
equipment were developed and constructed at the Atomic Energy 
Commission of Argentina. 

2.1- Transducers. 

Basically transducers consist of a PZT (lead, zirconium, 
titanium) piezoelectric crystal, with their faces silvered. It 
has one or more preferred frequencies of oscillation, governed 
by crystal size and shape. In this case its diameter is 25.5 mm 
and 2 mm of height, getting a resonant frequency of 75 kHz. 

The crystal and its electrodes were enclosed inside an 
aluminium capsule, the base is made of plastic. To ensure good 
contact with the tube where the detector was placed, a special 
plastic shoe with tube shape was constructed; vacuum grease was 
used for couplant. 

The transducers are plugged into a differential connector, 
via a coaxial cable; the signal is fed into the preamplifier, 
some 50 cm away. Figure 3 shows a photograph of the detectors. 

All transducers were characterized using the published 
standards (4).The calibration yielded the frequency response of 
the transducer to wav&s, such as those normally encountered in 
AE works, at a block surface. The transducer voltage response was 
determined at discrete frequency intervals of approximately 10 
kHz up to l MHz. 
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2.2-* Preamplifiers. 

The signals generated by the transducer are amplified to 
provide a higher, more usable voltage. 

The amplifier was designed to have low noise. Because 
electric inputs are about 10 /iV, it must be placed not farther 
than 0.50 m, to minimize pickup of electromagnetic interference. 
The preamplifier has a wide dynamic range and can drive the 
signals over, a long length of cable, so thaV- the main 
instrumentation can be placed far away if necessary.. 

The preamplifier provides a fixed gain of 100 (40 dB)and 
includes a high-pass filter to eliminate the mechanical and 
acoustical background noise that prevails at low frequencies. The 
band pass is 30 kHz up to l MHz, encompassing the 75 kHz resonant 
frequency of the transducer used. At lower frequencies, there are 
increasing problems with mechanical background noise. At higher 
frequencies the waves attenuate (damp out) more rapidly, and the 
detection range of the transducer will be smaller. Choice of 
operating frequency is therefore a trade-off between noise and 
detection range. In this case, as on pipelines, low frequencies 
were used. 

Figure 4 shows a photograph of the preamplifiers. 
All the preamplifiers were adjusted to get a gain of 49.5 

dB near the sensor resonant frequency. 

2.3- Amplifiers. 
The amplifier was also low noise designed. It provides a 

variable gain up to 30 dB in steps of 1 dB, attainable by the 
combination of a potenciometer and different keys. They were 
included in the main box. 

2.4- General system. 

The system provides a mean for discriminating between 
signals of interest and noise sources as friction, impact and 
electromagnetic interference. 

In each of the four channels, the signal is measured by its 
RMS value and compared with an independent and variable 
threshold, attainable by a potenciometer from 0 V up to 10 v. 

Each RMS value is showed on a voltmeter. By means of a key 
the channel can be selected, so the operator can read the RMS 
value for each channel. 
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To make the inspection of the valves easier, the equipment 
provides an audible indication too. This is achieved by means 
of a frequency converter from AE frequencies to audible 
frequencies. The sound is a real one, as leaks are, and is 
emitted by a low noise speaker. Its volumen is controlled by a 
potenciometer. 

The system works online. To supply an easy and quick 
indication to the technician who controls the equipment daily, 
a visual alarm on the front pannel indicates which valve is 
exceeding the settled threshold. 

To avoid false indications produced by noise sources such 
as friction or impact,the visual alarm has a delay time. The leds 
in front panel light on only for signals which exceed the 
threshold continuous-ly for longer than 20 seconds. The whole 
system is reseted by a button. 

Figure 5 shows a photograph of the front panel of the 
equipment. 

To enable calibration and subsequent analysis, the system 
can be output to an oscilloscope and to a transient recorder. 

The system works with 220 V, 50 Hz AC. 

3- Installation. 

At a first step, the system was tested in the lab with 
different pressurized air leaks for long time periods. In figure 
6 one of the test can be seen. 

At last, the system was installed in the controlled zone of 
Atucha I Nuclear Power Plant. This work was complicated due to 
the safety requirements to work in that zone, i.e.,special 
clothes and gloves. 

The valves controlled by the AE technique are: TB11-S001, 
TB21-S001, TB31-S001 and TJ50-S050. 

Each sensor was coupled to the tube, as close as possible 
to each valve, with vacuum grease as acoustic coup1ant between 
the metal and the shoe, and held with a plastic holder. The 
preamplifier was held in the same form. Figure 7 shows in detail 
the sensor and the corresponding preamplifier fixed to the tube 
close to the valve. 

Cables from each preamplifier to the control box were held 
with plastic tape to the pipes, the longest of them about 14 m. 

In figures 8 and 9 the equipment and its inside pannel in 
its present location can be seen. 
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4- Calibration. 
The gain was fixed at the maximun level for all channels. 
At a first step we measured the noise level in each channel, 

which was about 50 mV. 
To test each channel, the signal produced by an ultrasonic 

probe sensor excited with a sine wave was used as a source for 
the AE transducer. The ultrasonic sensor was placed on the 
pipeline, 4 cm away from the AE sensor,and excited by an 
oscillating signal, 85 kHz, 1 V amplitude. The threshold was 
lowered to light on the corresponding leds ligths on in the front 
panel. 

To check the whole system, we used a portable pressurized 
air cylinder. Placing the air peak over the pipe 5 cm away frcm 
each valve, we augmented the air leak until the corresponding led 
light were on. 

5- Discussion. 

Acoustic monitoring of valve leaks is perceived to be a 
viable and valuable technique. 

Pipe and valve leaks are significant contributors to power 
plant unavailability and are therefore targets for on-line AE 
monitoring for incipient failure detection. 

At present, vs are constructing a portable equipment, to 
detect leaks in other pipelines of difficult access. 

At this moment too, we are studying a project to develop a 
24 channel AE system to detect leaks in the primary circuit 
system by mean of thermocuples and AE transducers and PC 
controlled. 
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Abstract 

Several methods for analysis of acoustic emission signals are presented. They are 
mainly oriented to detection of changes in noisy signals and characterization of higher 
amplitud discrete pulses or bursts. The aim was to relate changes and events with 
failure, crack or wear in materials, being the final goal to obtain automatic means of 
detecting such changes and/or events. Performance evaluation was made using both 
simulated and laboratory test signals. 

The methods being presented we the following: 

1. Application of the Hopfieid Neural Network (NN) model for classifying faults in 
p*pes and detecting wear of a bearing. 

2. Application of the Kohonnen and Back Propagation Neural Network model for 
the same problem. 

3. Application of Kalman filtering to determine time ocurrence of bursts. 

4. Application of a bank of Kalman filters (KF) for failure detection in pipes. 

5. Study of amplitude distribution of signals for detecting changes in their shape. 

6. Application of the entropy distance to measure differences between signals. 

This work is partially supported by IAEA Research Contract Number 5987/R1/RB. 

Introduction 
We analyzed acoustic emission signals (AES). They are the electric response of a 

piezoelectric transducer to an excitation consisting of elastic waves. Elastic waves are 
emitted by a material during development of plastic Reformation or development and 
crack growth. AES can be seer, as a series of decaying bursts, stochastically spaced 
and with random amplitudes. When monitoring the transducer output, each burst 
results in the form of decaying oscillations within frequencies 50 KHz to lMHz.(Fig 2). 
We may distinguish two kinds of AES: low amplitude continuous emission and higher 
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amplitude discrete bursts. Random noise is always present. AES had been analyzed 
by Fourier techniques. Gabor or Wavelet transforms.etc. and aiso using only bursts 
parameters, i.e. amplitude, duration and rise-time, whose definition is dear from Fig. 1. 
The approach presented here uses neural networks, Kalman filtering, usual statistics 
and time series results. 

1 Neural Networks 

1.1 General Concepts 
Neural Network (NN) computing model is based on actual brain NN. A NN is defined 

by its architecture and by the activation function it uses (see [1]). Network architecture 
depends on neurons and synaptic weight matrix. Neurons are simple processing units 
where a weighted sum of inputs is done. The synaptic matrix contains synaptic junction 
weights between pairs of neurons. It is respectively possitive or negative according to 
excitatory or inhibitory synapse. Network ""aining for each determined task consists 
of fitting the strenght of synapse. A differed. NN models arises from each architecture, 
as for example: Hopfieid model. Back Propagation, Kohonen features mapping, etc. 
Not all problems can be solved with any model. It will depend on interconnections 
and activation functions. 

1.2 Hopfieid Model 
This model recovers a given set of images in such a way that if a previously learned 

fuzzy or noisy image is entered, the network is capable of returning.the complete 
original image. 

1.3 Back Propagation 
A set of patterns is given as input. Network is trained to obtain the desired output. 

This is accompiised by minimizing mean square differences between network output 
and desired output. 

Once trained, the network was capable of producing a reasonable answer even for 
patterns not belonging to the training set (pattern: input problem representation). 

1.4 Kohonen feature mapping 
It maps input patterns onto an output matrix. Only one neuron of the output matrix 

gives an answer when the network is excited by each input pattern. The goal was 
having grouped similar input patterns in neighboring locations of the output matrix. 
This network preserves input features. 

2 Applications of Neural Networks 
2.1 Hopfieid model 

In this approach Hopfieid model is used to memorize different stages of wear in a 
bearing. Each event is parameterized as amplitude, duration and rise-time. Afterwards 
it is discretized in binary matrices so becoming images capable of being memorized. 
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This approach was also used to memorize pressure zones when piessuring a pipe 
that had a defective welding in an extreme. The experiment is descript in [3], and the 
neural network is in [2]. Same parameterization was used. 

2.2 Kohonen plus Back Propagation 
When locating the source of an Acoustisc Emission, the model that best suits is 

Back Propagation. The input is a pattern that represents a signal and the output is 
a distance. One drawback of this model is that, to avoid loosing signal features, it 
is necessary a high sampling frecuency during a reasonable long period. The pattern 
representing the signal includes too many points, the synaptic matrix results extremely 
large and processing become difficult. It is then seek an input pattern representation 
including fewer points. It's done by preprocessing input patterns (previously to the 
Back Propagation Network) through a Kohonen Network. The la'ter maps signal 
features in neighbouring regions. 

To enter Kohonen network signal is divided in k windows of a fixed size. So, k 
coordinates in the matrix are obtained and used as input to the Back Propagation 
network. 

3 Estimation of time occurrence and ampli
tude of bursts using Kalman filters 

Fig. 2 shows a laboratory simulated signal consisting in two bursts of the same 
amplitude located in tx = 350fis and H = oOO/xs. As can be :seen two contiguous 
bursts can be andistinguishable because they are too close, their amplitudes differs too 
much, they are masked by background noise, etc. Hence it is worth to estimate time 
of occurrence and amplitude of bursts, and much better if it can be achieved on line. 
Ours is a model based approach and make use of Kalman filtering theory, issued about 
1960. 

3.1 Model assumed 
We consider the AES s{t) to be of the form (see [4]) 

where h(t) = tb exp _ <* sin u0t fort>=0 
Oi random variables of a known distribution 
U random impulses, Poisson distributed 
w 0 transducer resonant frequency 
6, c a priori estimated parameters 
Using this model, ${t) can be represented as the solution of a dynamical system of 

the form 

X{t) = AX{t)+Bti{t) 
X{to) = 0 

where 
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.4. B are coefficient matrices. 
XL a one-dimensionai excitation of the form ii{t) = T?jl1 a;£(t — U) where 6 is the 

Dirac delta function 
X(i} the state vector, being s{t) one of its components. 

3.1.1 K a l m a n filtering 

This is an approach that leads to computing algorithms that provide at each time 
t an estimate £(x) of a random process x(t). It is based on measurements related 
with x(t) obtained previously to time t. The process to be estimated must satisfy an 
equation of the form: 

X(t) = AX(t)-rB*(t) + Gv{t) 
X(to) = 0 K 1 } 

where 
X is the state vector 
a is a gaussian white noise with zero mean and known variance. 
A, B and G are coefficient matrices. 
v any known input. 
It must be assumed that the initial value s(*o) is a gaussian random variable with 

known mean and variance. There must be also available measurements z-K at time Z* 
for i = fl,l,2.... related with the process by an equation of the form 

zK = Hz(tk) -r v>k 

where H is a matrix and wt is a white gaussian sequence with zero mean and known 
variance. Under the above conditions it is possible to obtain for each time ft an 
estimate £(:*) of x{t-K) that has minimum variance and is liuear on the measurements 
r I : ...,zjt- This result is due to Kalman and leads to an algorithm that allows computing 
on line the estimate i{tk) as soon as the observation z& is obtained. The main use of 
this algorithm has been to obtain the actual signal by filtering both the measurement 
noise Wk and the uncertainties in the model expresssed through the noise input u in 
the dynamic model. Nevertheless, we went farther in the applications. 

3.1.2 App l i ca t ion 

Two approximations were made in this point. Firstly, we replace the Poisson impulses 
process a exciting the system by a sum of strongly decaying exponential functions, i. 
e.: 

7 a large possitive number. This allows including u as another component of the 
system of differential equations 1 and so using Kalman filtering to estimate it. Secondly, 
including u in the state vector the resulting system random input is a Poisson process 
with zero mean and variance A *6(t-1i)'. It is observed that first and second moments 
of this process coincide with those of white noise. So, we directly considered the input 
as if it were white noise. [5]. By monitoring the signal we obtain noisy measurements 
that can be modelled as 

Z = $(t ) + W = Hx{t )+U7 
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by letting H — { 0 0 ...i ...0 j . Hence, we only need to the assumptions on initial 
conditions necessary to use KF theory. 

3.1.3 Resul t s 

As output of KF fed with signai measurements it is obtained a new signal where 
it is easier to distinguish two bursts very close, its relative amplitude and, if a long 
rise-time is present, the actual initiation of bursts. Figures 2 and 3 show the input 
signal and that provided by the filter.lt is possible to distinguish two pulses of same 
amplitude approximately located in 320 — ZSOus and 500—550/is. This fact is not dear 
in the original signal. It is remarked that the output signal is obtained on line, making 
so possible to relate ocurrence of bursts with deformations or cracks and further on, 
with distance to the sensor. It also has to be remarked that this method is based on 
the model assumed. So, one of the remaining questions is the reliability of the model 
parameters. Even when numerical experiments showed good results independentiy 
of parameter accuracy, we continued this work looking for a method to evaluate the 
parameter c. 

4 Banks of Kalman filters 

4.1 Estimation of decay time. 
The parameter r = ~ is called decay time of bursts and is related with source-sensor 

distance. For this reason and for improving model reliability, we extended the above 
modei based approach fay using, instead of one, several filters, with the purpose of 
estimating r . As has been said, KF are used to estimate the time signal. It is then 
reasonable to expect tLit if the estimation is good it will not be very far form the 
measurements. In other words, the series of the so called "residuals" or "innovations" 

e/e = z* - z(tk) 

should have zero mean and small variance. As r is not known, a finite set of r values 
Ti,Tirm'i'rm, is proposed. For each, r,- a different model Mi is obtained. On this 
base, a different KFi is designed for each model, constituting a bank of m KF that 
operates simultaneously in parallel on the measurements (Fig. 4). It is then established 
a criterion to choose the value rs« such that the corresponding KFi- works best. The 
criterion consists on choosing the minimimun of Si, a weigthed sum of the residuals 
e\. of each filter.In other words, the smaller the residuals , the better the estimation. 
Weights are obtained from probabilistic considerations [6] 

4.2 Results 
We tested the method on numerically simulated noisy signals [7]. They were obtained 

by simulating the stochastic model for a particular value of r and corrupting with 
noise. Simulated observations were entered a bank of filters designed for that r value 
and several others. The minimun Si was reached by the KF designed for the r used 
in the simulation. 

Hence, including the bank of KF allows to improve the model used to estimate 
time of occurrence of bursts as well as get information about source-sensor distance. 
Both tasks can be done on-line. 

We use a sligthly different approach to solve another pvoblem. 
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4.3 Application to leakage detection 
In figure -5 it can be seen a simplified scheme of doubie pipe "neat excaanger.The 

failure to be detected is any ieak in the inner pipe. In normal operating conditions, 
velocity in each pipe remains invariant. 

If a ieak in the inner pipe occurs, velocity is modified due to the Sow going from 
one pipe to the other. We considered both pipes divided in sections. Taking as state 
variables temperatures of the flow at each section of each pipe, we can reach to a model 
for normal operating conditions of the form i. where now X Ls a vector of tempera
tures of dimension equal to twice the number of sections. Observations available were 
tremperatures of the outcoming water from the inner pipe. i.e. measurement model 
resulted 

z{tk) = Hxitk) ~ wK 

where S — [0 0 ... 0 I 0 ...01 and tr* the observation noise, (gaussian. white, zero mean, 
known variance). So. conditions to design a KF are satisfied. 

The coefficients in A. B and G depends on 8ow velocities in each section. When a 
failure occurs in one section, velocities in that and subsequent sections change propor
tionally to the leak size and so do coefficients. Hence for each failure hypothesis TU, 
different matrices Ai, B,- and Gi will be obtained, each one leading to a different model 
Mi and so to a different filter KF{. 

On this scheme , observation are processed through a bank of filters including that 
designed en the normal operation model and those designed on models corresponding 
to each size and location of failure. It is reasonable to expect that, at each time, the 
filter designed on the actual operating model should work best. We used the criterion 
mentioned in the previous section to choose it. Hence, while system operates on normal 
conditions. The sum S/v corresponding to the normal model will be minimum. When a 
failure occurs, another 5,» will become minimum. As Mi- models one determined size 
and location of leak, detection and identification of failure are achieved simultaneously 
and on line. We evaluated this method simulating leaks of several sizes in different 
sections [8]. Fig. 6 shows 5,- values as function of time. It can be seen that the 
minimum changes after failure occurrence at time t = 300s. It has to be remarked 
that simulated faults cannot be seen in the observations because the effect produced 
is smaller than measurements standard deviation. 

5 Detecting toolwear by AES amplitude dis
tributions 

We sought a method to detect changes in the shape of signal waves that could 
be related with toolwear. Our approach, began considering segments of the digitized 
signal as statistical populations and establishing their probability density function. In 
other words we simply divide the range of amplitudes in several intervals, count how 
many times the amplitud value fall in each interval and build a frequency histogram. 
Figure 7 show how different wave sha?es result in different probability density shapes. 

Third and fourth moments of a distribution, i.e. skew and kurtosis are related with 
density function shape. Skew refers to the symmetry about its mean and kurtosis to its 
sharpness. Moreover, they can be easily estimated from data. So if pairs of estimated 
skew and estimated kurtosis are plotted in the x-y plane, similar distribution shapes 
will result in neighboring locations. 
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Then, the method proposed consists of firstly determining the region in the plane 
corresponding to right working. When pairs of estimated skew and kurtosis computed 
while monitoring the signtl fail outside that region, it will mean that a change in the 
waves happened, indicating begining of wear. 

A drawback is that skew and kurtosis are very sensitive to odd values. So we 
normalized data, and assumed they are Beta-distributed. This distribution depends on 
two parameters a and 6, that are mutually independent and completely determines its 
shape. Depending on a and b. this distribution takes different asymmetries and changes 
from bell-shaped to U-shaped- Moreover, a and b can be easily estimated using only 
mean and standard deviation of data. Skew and kurtosis of Beta distribution may 
in tarn be computed from a and b. So we assumed data, were Beta distributed and 
then determined right working regions for pairs (a,b) and skew and kurtosis of Beta 
distribution [9]. 

Figures 8, 9 and 10 show plot obtained by monitoring AES from a bearing rolling 
without lubrication. It can be seen that pairs obtained near the end of the experience 
and those of the begining lie in different regions. 

6 Entropy distance 
This is another idea to determine differences between signals that make use of the 

entropy distance. 
A classical approach to analyze time series is fitting to data the so called Autorre-

gresive (AR) models. It consists of assuming that signal satisfies a difference equation 
of the form 

? 

where x,- are the signal values, <,- are zero mean,gaussian random variables, p the 
selected order and a,- coefficients that have to be estimated from the signal itself, as 
well as a2. 

A comparison of the signal monitored with another used as reference will be done. 
Modelling both two as AR processes of the same order p, it is possible to compute the 
joint probability density function of the two signals. It will depend on the parameters 
fitted. 

These probability density functions are computed under two different hypothesis 
Tic .""both signals fit the same model", Ti\ :"the signals fit different models" Under Tic , 
parameters of two signals will be the same and the maximum joint likelihood function 
results 

where A* is the signal length and a> the standard deviation estimated for a joint rgnal. 
Under Ti\, two set of parameters have to be consider >d, hence it results 

where C"R and C'M are the standard deviations of reference and monitored signals re
spectively. Then a likelihood ratio is computed and the entropy distance is defined as 
[10] 
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This is a non-negati%'e number that is nail if and only the parameters are equal. 
i.e. if the fitted models coincide. The entropy distance is a measure of the statistical 
difference between two signals. The larger the value of d is, the parameters of the 
two signals are considered to be more different. By comparing monitored signals with 
those corresponding tc right working, a threshold may be determined beyond that it 
is considered that wear began. 

We applied this method on the data mentioned in the previous section [9]. Figure 11 
show distances computed between segments of the signal at the begining (named with 
V ) and near the end of the experience("marked with f ) . 
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cb ) fa | fb | fc 
1034.7J 3389.7) 2821.6) 5671.1 

d) | 0.0( 1253.1) 1889.5) 3572.1 
fa j 0.0) 1209.1) 1563.9 
fb ) 0.0) 3297.5 

Fieura i I: Computed entropy distance (segments ca and cb corresponds to the oegining and 
the / a , fb and fc corresponds to the end) 
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ABSTRACT 

The CANDU reactor utilizes horizontal fuel channels each 6 m long, which are installed in a 
low pressure calandriatank filled with heavy water moderator at 70°C. Each channel consists 
of a pressure tube containing natural uranium fuel and heat transport heavy water at a 
pressure of about 10 MPa and at a temperature ranging from 250°C at the inlet end to 300°C 
at the oulet end. At each end.lhe pressure tube is connected to a stainless steel end fitting 
by a rolled joint. A thin calandria tube surrounds the pressure tube and the annular space 
between the tubes is filled with carbon dioxide and it is called gas annulus. The pressure 
tubes are fabricated from cold-worked Zr-2.5 Nb alloy, with a wall thickness of 
4 mm and an inside diameter of 103 mm, and the caiandria tubes are made from annealed 
ZircaIoy-2, with a wall thickness of 1.4 mm and an inside diameter of 129mm. 

If a crack develops in a pressure tube, the leak is detected by monitoring the moisture in the 
gas annulus and the reactor shutdown before becomes unstable. Because the delayed 
hydride cracking has been associated to date with all pressure tube failures at a rolled joints, 
the delayed hydride cracking is considered to be the dominant mecanism by which the flaws 
can grow to a size which exceeds the critical crack length. 

For the delayed hydride cracking failure mode leak-before-break is used as defense in depth 
against unstable rupture. The methodology depends on showing than the time available to 
detect a delayed hydride crack is much greater that the time required to detect it in the gas 
annulus. The time available is estimated from measurements of: (a) axial delayed hydride 
crack growth rates, (b) crack lengths at penetrations of the tube wail when leakage first 
occurs and (c) critical crack lengths at instability when a crack is growing by the delayed 
hydride cracking mechanism. A review of recent advances in the experimental data used in 
leak-before-break assessments are presented and discussed. 
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1.0 INTRODUCTION 

The CANDU reactor has a controlled atmosphere space surrounding each of its pressure 
tubes which is suitable monitored to detect leaks from the primary system. Thus if a crack 
develops in a pressure tube, penetrates the tube wall, is detected and located by fluid 
leakage and action taken before the crack becomes unstable, then Leak-Bebore-Break (LBB) 
has been achieved. The key elements are the ability to detect the leaking fluid and the time 
available to take action relative to the time to detect the leak. 

For cold-worked Zr-2.5Nb pressure tubes the two primary mechanims of stable crack growth 
are fatigue and delayed hydride cracking (DHC). Because the fatigue properties of irradiated 
Zr-2.5Nb indicate that failure by fatigue is less likely than failure by DHC, and because DHC 
has been associated with all pressure tube failures to date [1-3], DHC is considered to be the 
dominant mechanism by which the flaws can grow to size which exceeds the critical crack 
length (CCL). The conditions under which DHC can occur are summarizea in Reference [4]. 
For DHC failure mode LBB is used as defence in depth to avoid pressure tube rupture. 
The LBB methodology depends on showing than the time available to detect a delayed 
hydride crack is much greater that the time required to detect it in the gas annulus. 
information on LBB in CANDU pressure tubes was summarized in References [5-6]. The time 
available is estimated from measurements of: 

(a) the crack lengths at penetrations of the tube wall when leakage first occurs (L,), 
(b) the axial delayed hydride crack growth rates (V), 
(c) the CCL at instability when a crack is growing by the DHC mechanism. 

-For conservatism, the values of these parameters that have been used to date for LBB 
assessments have been the lower bound values for CCL and the upper bound values for V 
and Lp. The results of recents tests indicate that the use of the upper bound values for V 
obtained from the tests on the centre region of irradiated pressure tubes are overly 
conservative. These results are presented and discussed in this paper. 

2.0 THE CANDU REACTOR 

The CANDU reactor consists of a low pressure calandria tank filled with heavy water 
moderator at 70°C, that is penetrated by about 480 horizontal fuel channels each 6 m long, 
arranged in a regular lattice. Each channel consists of a pressure tube containing natural 
uranium fuel and heat transport heavy water at a pressure of about 10 MPa and at a 
temperature ranging from 2506C at the inlet end to 300°C at the oulet end. At each end, the 
pressure tube is connected to a stainless steel end fitting by a rolled joint. A thin calandria 
tube surrounds the pressure tube and the annular space between the tubes is filled with 
nitrogen or carbon dioxide and it is called gas annulus. The pressure tubes are fabricated 
from cold-worked Zr-2.5 Nb alloy, with a wall thickness of 4 mm and an inside diameter of 
103 mm, and the calandria tubes are made from annealed Zircaloy-2, with a wall thickness 
of 1.4 mm and an inside diameter of 129mm. 

3.0 LBB EXPERIENCE IN CANDU REACTORS 
In early CANDU reactors incorrect rolling produce excesive tensile residual stresses in the 
pressure tube. The hoop tensile stresses had high values over a length of 10mm on the inside 
surface. At some of the rolled joints in these early reactors, the total tensile hoop stresses 
were sufficiently large that a stable DHC initiated on the inside surface of the pressure tube 
that led eventually to detectable leakage of the primary heat transport water into the channel 
annulus. Heavy water leaked into the annuli of 24 channels in early CANDU reactors. The 
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leakage was detected, the reactors were shut down, the leaking tubes identified and replaced 
and the reactors returned to power. The experience demostrated that LBB was an effective 
defence against unstable cracking in CANDU presure tubes. 

Rolled joints in reactors constructed since 1978 have much lower tensile residual stress 
because of improved rolling procedures and better dimensional tolerances. So that, DHC in 
the new reactors couid only be initiated if there is a flaw that produced a sufficient stress 
concentration (in conjuntion with thermal cycles) such that the threshold stress for cracking 
was exceeded. There are, however, situations where through wall thermal gradients may 
prevent DHC in the radial direction while axial crack growth continues. Since LBB cannot be 
garanteed for such conditions, they must be prevented by design and installation practice. 

4.0 DELAYED HYDRIDE CRACKING, SMALL SPECIMENS RESULTS 

For DHC to occur in Zr-2.5Nb pressure tubes, the following must be presen+ at the same time: 

a) a large tensile stress to reorient and fracture the hydrides, 
b) a crack initiator, 
c) hydrides, the presence of which indicates that the hydrogen concentration is greater than 

the solubility limit of hydrogen in zirconium at the temperature of interest. 

Hydrogen accumulates at a stress raiser. If sufficient hydrogen is present hydrides form and 
if the stress is high enough the hydride fractures and the crack advances. The process is then 
repeated until the crack becomes unstable. The two main charateristic parameters of DHC 
are the crack velocity, V, and a threshold loading below which cracks do not grow; with sharp 
cracks at moderate loads, linear elastic fracture mechanics is used, and the thresshold stress 
intensity factor is called K,H. 

The factors that affect DHC were expected to be irradiation fluence, irrad:ation temperature, 
test temperature and direction of testing on the normal plane to the transverse direction. Two 
types of small specimens were prepared from tubes: cantilever beam specimens (CB) and 
curved compact toughness (CCT) specimens. Crack velocity of DHC is sensitive to the 
temperature history; the maximun value of V is attained by cooling to the test temperature 
from above the solvus temperature of hydrogen in zirconium [7]. Thus a standard procedure 
for measuring V has been developed [8]. To minimize annealing of irradiation damage, the 
maximum peak temperature in irradiated material should not be greater than the irradiation 
temperature plus 10°C. The load can be applied either at the end of high temperature soak, 
or after attaining the test temperature. CB specimens were loaded in bending and cracking 
was detected by acoustic emission [9]. CCT specimens were dead weight loaded in tension 
in a creep frame and cracking was monitored by a direct current potential drop method [10]. 
The cracks were grown from about 0.5 to 2.0 mm. Crack velocity was derived from the 
average crack depth divided by the time over which steady craking occurred. Crack depth 
was defined as the area of DHC, delineated by heat tinting, divided by the specimen 
thickness. 

In the literature, two methods of determining K,«, have been described as follows: 

a) a number of specimens are loaded to different K and incubation times for tracking are 
measured; K,H is estimated by a projection to infinite time [11]. Measuring K „ using this 
technique takes several years, but provides realistic values. 

b) one specimen only is used and K,H is measured over a relatively short period of time by 
either incresing the load until cracking starts or decreasing the load until cracking ceases 
[9.12], 
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The method that has been standardized on for quick comparisons is based on decreasing 
the load. After the standard temperature cycie, the specimen is loaded to 17 MPavm. Once 
cracking is initiated, the K, is reduced 2% per 5/im of crack growth, derived from the 
calibration of the acoustic emission through an automatic feedback system [9]. The load is 
reduced until acoustic emission stopped and no further indications are obtained for a least 
24 h. K,H is derived from this final load and the average crack depth. 

The effect of irradiation fluence was studied on specimens prepared from the rolled joints 
(R/J) and main body regions of pressure tubes removed from power reactors, and on 
specimens from end-of-life irradiations. DHC velocities in both the radialjand axial directions 
were determined as a function of fluence. In the R/J region the crack velocity increased 
rapidly with fluence, Fig. 1. in the specimens from the main body of pressure tubes, the crack 
velocity was 3 to 5 times higher than that of unirradiated material and was found to be 
independent of fluence. These observations suggest that the effect of irradiation saturates 
at about 1X1025 n/m2 [8]. 

In CANDU reactors the temperature along the channel increases from about 250°C at the inlet 
end to about 290 - 300°C at the oulet end. As shown in Fig. 1, the crack velocities are higher 
at the inlet end than at the oulet end. The velocity drops off sharply towards the R/Js and 
decreases gently from the inlet end towards the oulet end. The results are obtained on 45 
pressurelubes and the scatter includes tube-to-tube variability. 

Crack velocities were also measured, in both the radial and axial directions. The temperature 
dependence of the crack velocity followed an Arrhenius relationship. Fig. 2 shows the 
temperature dependence of the axial crack velocity [8]. The least square analysis gave the 
following expression for the mean V, in m/s: 

VA = 4.02x10* exp(-43/RT) (1) 

where: R = 8,314x10"3 kJ/mol y T is the absolute temperature; with 95% confidence limits 
equal to a factor of ± 2.3 from the mean. 

The results showed that the temperature dependence of V in the axial direction is smaller than 
that in the radial direction. At low temperature V A) Vp but at about 300°C both velocities have 
about the same value [8]. 

For the purpose of LBB evaluation at R/Js, it is recommended that the upper bound 
crack velocities obtained on specimens removed from the R/J region be used. Assuming 
the same temperature dependence of the axial crack velocity as in the main data base, the 
upper bound crack velocity at R/Js can be expressed as: 

V A W J ) » 2.24x10"3 exp(-43/RT) (m/s) (2) 

For the inlet R/Js that operate at 250°C, the upper bound crack velocity is 1.1x10*7 m/s, 
anf for outlet R/Js at 300*C, the upper bound crack velocity is 2.5x10'7 m/s [6]. 

The threshold stress intensity factor, K,M, was measured using the load reducing method on 
several tubes removed from reactors and on their offcuts. The results showed a small 
decrease in K,c as the fluence increased to about 1X1025 n/m2, but no decrease in K^ was 
observed with further increase in fluence. The average K,M in the offcuts was 7.5±1.3 MPa\/m 
and in the irradiated material it was 6.2±0.9 MPv'm at the 95% confidence level. Within the 
temperature range of 140 to 250*C, K,M remained constant [8]. 
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5.0 DELAYED HYDRIDE CRACKING, LARGE SCALE TESTING 

The main features of the CRACLE (Chalk River Active Channel Leak Evaluation) facility have 
been described elsewere [13]. A 450 mm long section of pressure tube and its irradrted R/J 
is attached to a source of hot pressurized water, supplied by the X-5 loop in the NRX reactor 
at Chalk River Laboratories. The water was presurized to between 5.8 and 10.3 MPa and 
mantained at CANDU chemistry. If a natural flaw was absent, a deliberate flaw, 1-2 mm deep 
and 3-6 mm long was spark machining on the inside surface of the pressure tube at the high 
stress zone of the rolled joint. The pressure tube was surrounded by a water-cooled jacket 
to simulate the temperature conditions imposed by the calandria tube. For protection, the test 
section was contained in a water-cooled steel pressure vessel, which in turn, was surrounded 
by a layer of lead to absorb gamma radiation. The crack length was measured semi-
continuosly by eddy current probes in-situ. and at intervals, during shut downs, by 
ultrasonics. The following quantities are measured in the experiment: L,, V, CCL, and leak 
rates. Several R/Js have been testd over the last few years [13]. 

The latest test was done in 1991 on a R/J removed from Pickering Unit 4 fuel channel L20 
(P4L20) after 111,900 equivalent full power bot&s. A deliberate flaw 1.3 mm deep and 3.3 mm 
long was spark machined on the inside surface of the tube at the R/J burnish mark [6]. The 
program involved a series of tests, as shown in Fig. 3. The crack was first grown through the 
pressure tube wall by a thermal cycle from 250 to 210°C, and then in was grown axially until 
burst. The crack grew to about 90 mm before it became unstable. The crack velocity 
appeared to be decreasing until a crack length of about 35 mm. This decrease in crack 
velocity was caused by two factors: a) the metal around the crack tip was cooled by the 
leaking water flashing to steam as it exited the crack, b) the hydrogen concentration 
decreased along -the specimen. For crack lengths higher than 35 mm, the average crack 
velocity increased followed by bursting of the tube at a CCL of about 90 mm. These results 
suggest that for a significantly part of the crack growth the velocity is expected to be below 
that measured in small specimens, Fig. 4, [6]. 

From Fig. 4, the crack velocity in the P4L20 R/J, at 250°C, varied from about 3.2x10"9 to 
1.1x10"7 m/s. Previous experiments in CRACLE [13] have shown that the crack velocity 
appears to be independent of coolant temperature in the range from 250 to 290°C. Adopting 
the upper bound crack velocities for use in LBB evaluation, the crack velocity in a 
leaking crack at both inlet and ouiet R/Js then is 1.1x10'7 m/s [6]. 

6.0 THE TIME AVAILABLE BEFORE REACHING CCL 

To assure LBB in pressure tubes it is required that: 

a) the Lp is less than CCL for unstable propagation, 
b) the leak is detected, 

c) action is taken before the crack length exceeds the CCL. 

The questions that the reactor operators need answering are: 

a) how much time is available to detect the leak and to take action? 
b) how much time is required to detect the leak? 
The minimum time available before reaching CCL can be estimated from a single model for 
crack growth in a pressure tube close to a R/J. In the cold-worked Zr-2.5Nb pressure tubes, 
cracks tend to grow about twice as fast axially as radially. After penetration, if the crack 
continues to grow in both directions axially, the amount of crack growth that can occur in 
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each direction before CCL is reached is 0.5{CCL - L,) [5]. The study of the oxide markins in 
cracks that leaked in Pickering Units 3 and 4 in the >rwd 1970's shows that L, is about 4 times 
de pressure tube wall thickness. W, [4]. In a R/J the situation is more complicated. After a 
certain amount of crack growth, the outboard end of the crack is influenced by the 
compressive stress at the R/J and the crack outwards slows down and may eventually stop. 
The crack length when this arrest of the outward growth occurs is CR. Crack growth in the 
inboard direction continues, assuming that hydrides are present at the crack tip, and the 
operators must detect the teak before the crack length reaches the CCL The model, as 
shown in Fig. 5, can be used to calculate the minimum time, t, for a crack to reach CCL, 
assuming the operators do not take any action, as follows: 

t = (2 CCL - Lp - CR) / 2V (3) 

The values for CCL are based on slit burst tests on 500 mm sections of irradiated pressure 
tubes, and on fracture tests on small compact toughness specimens from .rradiated material. 
The latter are know to be conservative at operating temperature, and the data from the 
slit burst tests in Fig. 6 have been used to obtain values for CCL at the inlet and outlet 
R/Js [6]. The lower bound curve for the data at operating stresses for the inlet and oulet R/Js 
ends (154.4 and 144.8 MPa respectively) gives CCL values of 61 mm and 65 mm at operating 
temperature. The value of L, is assumed to be 16 mm and CR is assumed to be 22jrim (from 
a study of cracks removed from Pickering A). The value of the crack velocity, 1.1x10'7 m/s, 
for the R/Js areas was given in Section 5.0. The use of these values in Equation (3) results 
in the times given in the Table 1 [6] needed to reach CCL after the start of leaking: 

Tube 
End 

Velocity 
Data 

Velocity 
(m/s) 

CCL 
(mm) 

Time to reach 
CCL (h) 

"Inlet Previous : 4 X 1 0 " 7 61 29 

New 2 1.1 x10' 7 61 106 

Oulet Previous 1 6 x W7 65 21 

New 2 1.1 X10 7 65 116 

1 Based on upper bound data from centre of tube. 
2 Based on upper bound R/J data. 

Table 1. Effect of crack velocity on time to reach CCL 

The time available before reaching the CCL is increased by a factor of a least 3.6 using 
the new velocity data. 

7.0 THE TIME REQUIRED TO DETECT A LEAK 

The annulus gas system (AGS) has been developed into a system sensitive to the presence 
of moisture resulting from the penetration of the primary heat transport pressure boundary. 
The AGS is a closed recirculation loop, with headers and intermediate tubing connections, 
that ensures a uniform flow through each annulus [5]. In recent CANDU reactors up to 11 
channel annuli may be connected in series between of headers. Compressors are used to 
recirculate COs through the system, which is operated at a pressure of 70kPa(g) and a dew 
point (DP) range of -30°C to 0*C in Bruce A and -40°C to -18°C in Pickering A. The DP shows 
a gradual increase due to the production of moisture by the oxidation of deuterium. The 
deuterium and the D20 are removed from the AGS by periodic purging to a low DP. The AGS 
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is instrumented outside containment with OP indicators, beetles, sight giasses and coid finger 
traps. The DP indicators are Alj0 2 hygrometers calibrated for D20 in C0 2; beetles make use 
of the limited conductivity of D20 between electrodes to detect the presence of liquid water 
sight glasses are used to indicate the string of channels in which the leak is located and cold 
finger traps are used to obtain moisture samples to establish the source of the D20. When a 
leak occurs its presence is revealed by the following [5]: 

a) the DP incrases, 
b) the rate of dew point increase, d(DP)/dt, is much faster than that expected from deuterium 

ingress and water formation, 
c) when the DP exceeds a specified value or the d(DP)/dt exceeds a specified value the DP 

alarms are triggered, 
d) at later times, the bettles alarms will confirm the presence of liquid water. 

The response times of the AGS at Pickering A have included calibrated D20 additions of 10g/h 
at an initial DP of -40*C (about 1% of the the leak rates measured from cracks in irradiated 
pressure tubes in laboratory tests). The d(DP)/dt went through a maximum value greater than 
30°C/h in less than 1 h after the start of the D20 addition. The operator has to take action 
if the d(DP)/dt exceeds 7°C/h [5]. Beetles alarms respond more slowly that DP monitors. 
Additions of D20 at a rate of 2.3kg/h at an initial DP of -40°C cause beetle alarm to 
indicate a leak in less than 1 h [5]. The results of the experiments carried out on the AGS 
response to small leaks showed that small leaks of a few gramos of water per hour can be 
detected in a few hours from the onset of leakage. The time required for this detection is 
much less than the time available for a crack to grow to its CCL 

8.0 IMPROVED MARGIN IN LBB 

It is expected that the current research programs will result in an increase in CCL, a decrease 
in V and a decrease in detection time and hence will further increase the margins in LBB. 
The CCL depends on the fracture toughness. Fracture toughness may be decrease by 
hydrogen thus it is having another incentive to keep the concentration of hydrogen low 
[14] and it is now specified at 5 ppm maximum in new tubes. Fracture toughness is also 
reduced by neutron irradiation [15]. The results has a large scatter that has been atributed 
to the presence of the trace elements such as carbon, chlorine, oxygen, phosphorus and of 
course, hydrogen [14,16]. Mantaining the chlorine concentration to very low values by 
multiple melting mantains the fracture toughness at a very high values, i.e. dJ/da = 400 
Mpa. Such material is now specified for new tubes. The Table 2 gives the element changes 
[ppm(wt)] as defined by the pressure tube specification in 1982 and in 1992 [16]: 

ELEMENT 1982 1992 

C 270 max 125 max 
CI not covered 0.5 max 
P not covered 10 max 
0 900-1300 1000-1300 
H 25 max* 5 max* 

' Finished tube Table 2. Element changes (ppm(wt)] 

DHC is controlled by crystallographic texture and it can be exploited to reduce the 
susceptibility of Zr-2.5Nb to DHC [17]. Fabrication routes are being sought to minimize the 
number of basal plane normals in the transverse direction to increase the value of the 
threshold stress intensity factor,K,H, and decrease the crack velocity of DHC. 
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ABSTRACT 

This paper is related to die development of a Condition Monitoring 
Center for the CNEA production plants. 
A pilot surviQiance program is now in operation using the main pump 
of the RA-6 REACTOILand small tests set up. 
Radio Hnks»and digital data transmition systems is in operation in both 
cases. 
Standard software is used for data acquisMon,function calculation and 
post processing. 
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1 ) INTRODUCTION : 
A detailed and sistematic apiications of procedures 

is required for eariy failure diagnostics in machinery installed in electrical power plants, 
hi our case the production plants are spread in diferent places of the country,and we need 
to concentrate the infonnation to conduct surveys on machine diagnostic engineering. 
Fast and accurate response to detect Mures can avoid mayor damage or costs, wich are re
lated to safety & reliability. 
The objetrve of the job was to obtain a clear infonnation from the blades of the Bl PRI pump 
with a computer situated 900 meters from the reactor,and transminng the signal b>-radio. 

6 
Pre-proccesing was done with MATHCAD,commertial software.Post-procesmg is supported 
by the Quatro - pro and its database. 

The basic anaHsys functions we calculate are: Spectra, 
Histogram 
CEPSTRA 

The infonnation is basically pleasure but it is correlated with another variables measured in 
the same machine,but in diferent localization^ InExmple: bearing vibration) 
It is a very dear thing mat the * Mean Waiting Time" has a priority for the predictive mainte-
nance,but it is also important for reliability management,because if the component is correct 
instrumented a lot of real dynandcsprc>penies can be obtained improving safety. 

2 ) INSTRUMENTATION: 

2-1) Pressure Transducer^ Figure 3 : Transfer function.). 

2-2 )AmpBfier. 

2-3) Signal Conditioner & Radio Transmiter. 

2-4) Radio receiver 

2-5) Filters 

2-6) d/a phig-in card & P C 
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Fig 1 ) Instruments block diagram. Fig 2 ) Pressure Transducer. 
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Figure 3 ) Pressure signal of the pump 
at measurement point 

Pressure signal at the output of the sensor 
(In the measurement point x sensor 

transfer function). 

3 ) DATA PRE-PROCESSING: 
The pc. sees a narrow band signal between 

400 and 405 hz. (The pc was connected to a network where the students made a concurrent 
and coordinated signal analysis). 
In Figure 4,is shown the result of filtering using the cross - spectrum technique?(pressure / 
vibration),for a pressure signal of aprox: 295 hz.( wide band analysis) 
Figure 5 : shows the same result due to the utilization of a window function as a filter. 
Figure 6 : is the histogram of the amplitud RMS for the blades passing frequency.lt shows an 
asymetry. 

The last figure (Fig 7 ) is a plot of the cepstra,and shows a great capability- to separate pe-
riodicyties in a noisy band. 
The Matfacad software is a standard in the industry and universities.lt is also very cheap. 
This is connected to a stroger analysis system in our lab.providing aceptable calculation 
support. 
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4 CONCLUSIONS : 
1- Further research must be done in the pressure sensor mounting 

device, 
to assure a realistic measured signaLPresent design tends to convert the h i value for the blade 
passing frequency in a lower oncs.Signal manipulation can avoid this lower performance.but 
it is not quite simple to implement. 

2- Signal transrnition need to be changed to digital ,getting higher signal 
noise ratio. 

3- Histogram suggest pump is rotating roughly.Recomend to maintenan
ce staff detailed bearing inspection, during next planned stop. 

5 ) LITERATURE: 
Non Destructive Failure diagnosis for batt'roller bearings. 
D.StegemannxU SudmersenVO.Garcia Peyrano Volkswagen Foundation Project F63 142,1992 

Phase Enhanced Processing of vibration signals for hydroBc gear pump 
A.O. de Paz\D Stegcmann\U Sudmersen Volkswagen Foundation 1/63 142.1992 

Detecting Signals in Noise Workshop on S A 390 Signal analysis. 
A.C. Kefler \ 0 . Garcia Peyrano. San Diego California DEC ,1994. 

68 



STRESS ANALYSYS IN THE TUBES-TUBESHEET JOINT OF THE HEAT 
EXCHANGER UNDER HYDRAULIC EXPANSION 

by; 
Hector Sanzi and Roberto Carnicer 
Empresa Nuclear Argentina de Centrales Electricas 
1001 Buenos Aires Argentina 

ABSTRACT 
In the present work, we are presenting the stresses and displace
ment occured in the tube/tubesheet joint of a heat exchanger 
under hydraulic expansion process. During this process a great 
amount of tubes cracked. 
An elasto-plastic finite element calculation was carried out in 
order to determine the exact deformations of the tube-tubesheet 
joint. The most important conclusions are presented and compared 
with the obtained by analytical procedures. 

1 INTRODUCTION 
Hydraulic expansion, a method of anchoring tubes in the tubesheet 
has been used for many years and has in the meantime been applied 
in over a milion cases. 
The process is characterized by the careful treatment of the 
material to be expanded under favourable stress conditions. The 
process is extremely accurate as a result of the hydraulic appli
cation of pressure. 
This accuracy not only ensures that all joints are uniform and 
thus reproducible, it also permits the use of informative calcu
lations. Nowadays it is possible to calculate and check the 
suitability of the selected tube-tubesheet joint before it is 
made. 
The hidraulic method provides a clear basis for calculating the 
expansion pressure required to achieve a desired adhesion 
pressure between the tube and tubesheet. 
The adhesion pressure is the pressure necessary to guarantee the 
joint under the changes of the loads operation for the whole 
service life of the vessel. 

2 DESCRIPTION OF THE HYDRAULIC EXPANSION METHOD 
Hydraulic expansion differs from all other known anchoring 
methods because of tube is plastically deformed by means of a 
pressurized liquid. 
Under the pressure exerted by this liquid, the tube material 
flows until it reaches the wall of the bore. 
By increasing the pressure further, the tube is pressed against 
the wall of the receiving bore. 
The pressure is increased until the bore has been so deformed 
that the tube disc will lock permanently around the tube as a 
result of the elastic recovery of the disc when the pressure 
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is removed. 
Figure 1 illustrate the principle of hydraulic expansion. 
The different slopes of the elastic lines show the differing 
geometries of the tube and the tubesheet. It can be seen from 
figure 1 that a tight and secure tube to tubesheet joint depends 
on the material pairing, i.e, the relationship between the two 
yield points, and the geometry. 
The tube expander can be seen from Figure 2. 

3 TUBE ANCHORAGE CALCULATION BY ANALYTIC PROCEDURE 
The hydraulic method provides a clear basis for calculating 
the expansion pressure required to achieve a desired adhesion 
pressure (p ). 

h 
The adhesion pressure is the residual pressure between the tube 
and the plate which remains as a result of the greater recovery 
of the plate compared with the recovery of the tube after the 
pressure has been removed from the liquid, i.e, the adhesive 
pressure is the radial stress in the contact area of the tube and 
tubesheet. 
It is a defination value which quantitatively describes the 
quality of a tube-tubesheet joint and allows comparisions to be 
made between two different joints. 
The adhesion pressure required to secure the tubes using the 
hydraulic expansion method can be calculated. 
The method was developed in Reference [1]. 
To obtain a simple analytical solution, the tubesheet geometry 
is simplified as shown in figure 3. It is assumed that 
deformation is limited to that part of the plate which is 
located within the inscribed circle Ra. Strain measurements 
performed on a test block have confirmed that this assumption 
yields to satisfactory results. 
We shall introduce some terms that will be used below. 
The limit pressure is the expansion pressure of the liquid at 
which, after removing the pressure, the elastic recovery of the 
plate is equal to the elastic recovery of the tube, and thus 
is the limit at which no residual adhesion can be obtained 
between the tube and the tube.sheet. 

P a °" - = — + ~ 2 ~ a " (1) ftUR+1 [£g(l+|») + (l-|i)] 

The final pressure is the maximum expansion pressure of the 
liquid that should be obtained and it must be greater 
than the limit pressure. The final pressure is set on the 
overflow valve of the equipment before performing the expansion 
operation. 

(c£-D (ul-i) 
(U;*D 
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This last requirement must be satisfied if we wish to avoid 
plastic deformation of the material between the bores in the 
tubesheet. 

4 CALCULATION DATAS 
MATERIAL PROPERTIES 
The following material properties of the tube and tubesheet are: 
* Tubes XlCrNiMoNb (1.4575) (welded tube) 
a = 633 MPa 
ft 

a = 776 MPa 
rt 
* Tubesheet 15 MnNi63 (1.6210) 
a = 385 MPa 
fp 

a = 559 MPa 
rp 

These values were specified from test. The plastic material 
stress-strain curves used in this analysis are shown in Figures 
4 a and b. 

5 DESCRIPTION AND DETAIL OF COMPONENT DESIGN 
The drawing in figure 5 shows the geometry detail of the heat 
exchanger. 
The main dimension are: 
Outer diameter of the tube = 23 mm 
Thickness of the tube = l.i mm 
Diameter of the tubesheet = 1230 mm 
Thickness of the tubesheet = 330 mm 
Pitch » 25.11 mm (triangular) 
Diameter of the borehole = 23.35 mm 

6 LOADING 
According to the process datas of the hydraulic expansion the 
tubes were successfully expanded using a expansion pressure of 
3000 bar. This test is assumed as is shown in figure 6. 
The maximum pressure is reached at 3 second and the discharge at 
6 second. 
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7 ANALYTICAL CALCULATION 

According to the expression (1) and (2) above describe, the limit 
pressure is 

po = 2530 bar 
The maximum or final expansion pressure must be lower than 

pi < 2150 bar 
We want to point out the following conclusions: 
* The limit pressure is greater than the maximum pressure,which 
isn't correct because a plastic deformation between the bores 
in the tubesheet will be reached. 

* The applied pressure, 3000 bar, is greater than the mentioned 
pressures. 

* According to works of Reference [1] and these results, it is 
recommended to change the tubesheet material by other with 
yield stress limit higher. Thus we avoid a plastic deformation 
of the material between the bores in the tubesheet. 
In other case, a more complex and conservativeless analysis 
would be required in order to determine the exact deformation 
of the tube-tubesheet joint. 

8 NUMERICAL CALCULATION 
According to the explained in the above paragraph, an elasto-
plastic analysis by using finite element method was carried out. 
The mathematical model was prepared to be used by Finite Element 
Program NISA (Reference [2]). 
Figure 7 shows the section of the tubesheet and the tube 
idealized with 2D-plane stress element, with the limiting condi
tions resulting from the symmetry. 
A dense mesh was used in the vecinity of the tube-tubesheet 
joint. 
The material behaviour of the tube and tubesheet were assumad 
by elastic piecewise linear hardening. 
In the initial condition there is a radial clearance of 0.175 mm 
between the sheet boreholes and the outer diameter of the tube. 
A long-lasting contact force cannot be built up until this 
clearance has been reduced to nought by plastic deformation 
of the tube. In order to realize this condition GAP elements 
are inserted between the tube and the borehole. 
The load is built up incrementally. 

9 STRESS ANALYSIS RESULTS 
The results of the two different stages of the process are 
shown. 
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a) Maximum expansion pressure, corresponding to 3000 bar at 3 
seconds. 
Figures 8 a and b "show the curves of the efective stress 
of Von Mises and the radial displacement respectivelly during 
the expansion process when the pressure reachs the maximum 
value of 3000 bar. In this condition there are zones in the 
tube and the tubesheet which undergo plastic deformation. 
The maximum efective stress and the average displacement 
calculated in the tube-tubesheet joint are the following: 
* TUBE 
a = 694 MPa < a = 776 MPa 
t rt 

> a = 633 MPa 
ft 

5 = 0.2844 mm 
t 
* TUBESHEET 
a = 462 MPa < a = 559 MPa 
P rp 

> a = 385 MPa 
fP 

6 = 0.0956 mm 
P 

b) The expansion pressure is relieved, in a period of 6 seconds. 
Figures 9 a, b and c show the stresses and the displacements 
present in the joint. 
Figure 9a : Efective stress of Von Mises 
Figure 9b : Principal stress in circunferential direction. 
Figure 9c : Radial Displacement. 
The zone in contact presents compression stresses of average 
value: 
a = -136 MPa 
c 
The maximum stress and the average displacement in the 
tube-tubesheet joint are the following: 
* TUBE 
a = 135 MPa 
t 

S = 0.2516 mm 
t 
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* TUBESHEET 
a = 315 MPa 
P 

S = 0.07 mm 
P 

The final elastic recovery of the tube and tubesheet are: 

8 = 6 - S = 0.2844 - 0.2516= 0.0328 mm 
re t=3 sec. t=6 sec. 

The radial displacement of the tube at the end of the process is 
0.2516 mm, and the initial radial clearence is 0.175 mm,therefore 
the contact between the tube and the borehole is insured. 
Figures 10 a and b represent the time history of the displacement 
and the efective stress of Von Mises respectivelly for a radial 
direction. 
In this graphics can be seen the non-linearities changes caused 
by contact between tube and tubesheet and by elastoplastic 
behaviuor of materials. 
The contact between the tube and borehole is reached at 0.7 
seconds as is illustrated in figure 10 a. 
During the expansion process, in the instant 2.6 seconds, the 
tubesheet undergo plastic deformation. 
When the expansion pressure is removed the elastic recovery of 
the tube and the plate provides compression stresses sufficient 
to maintain the contact surface closed. 
The maximum displacements, reached on the plate after 3 seconds, 
are about 0.0956 mm while on the tube is 0.2844 mm. When the 
pressure is relieved, at 6 seconds, the remanent displacement in 
the plate is 0.07 mm and the tube 0.2516 mm 
The idealized structure and the deformed structure are shown in 
figure 11. It can be seen that the radial deformation of the 
stressed hole hardly changes over the extent of the hole, and it 
is therefore very similar in its behaviour to a tube under 
internal pressure. 
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10 CONCLUSION 

The present work describes the main results using analytical and 
numerical procedures in order to determine the structural inte
grity of the tube-tubesheet joint under hydraulic expansion 
process. 
According to the analytical results, a large hoop stress, greater 
than the yield point value of the tubesheet is necessary. 
In this case, if we wish to avoid the tubesheet plastic deforma
tion is recomended to change the material by other with higher 
limit. 
The most important conclusions obtained by numerical procedures 
are summarized in the following points. 
a) The remanent circunferential compressive stresses obtained in 
the joint during the expansion hydraulic process are enough to 
fix the tube. 
b) The plastic deformation of the tubesheet is confirmed. It 
might be avoided if we choose other material with higher yield 
stress limit. 
c) The contact between tube and tubesheet is insured. 
d) The stresses obtained in the tube at maximum pressure condi
tion, 3000 bar after 3 second, are higher (694 MPa) and close to 
the rupture stress of material. 
Information tests on yield/rupture stress value in other tubes 
are available. A large dispersion of these values with respect 
to the one used in this work were found. 
The incidence of these values in the results will have to be 
studied. 
e) The final radial displacement of the tube is 0.2516 mm while 
the initial radial clearence is 0.175 mm (44 % lower). If the 
expansion pressure is lower, the field stress in the joint will 
be lower too. 
Recalculation should be done to determine wether the contact is 
ensured with a lower expansion pressure. 
f) The influence of welds in the welded tube and the fractome-
chanic behaviour would be analized on view that the 90 % of the 
cases the crack appears in the weld. They aren't the objetives 
of this work. 

SYMBOLS AND ABBREVIATIONS 
a stress 
p pressure 
U ratio of radii (outside/inside) 
H Posson's ratio 
6 displacement 
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INDICES 
ft yield limit of tube 
fp yield limit of tubesheet 
t tube 
p tubesheet 
c circunferential direction 
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Introduction 
At the beginning of 1988 a series of irradiation experiments 
were foreseen at Paul Scherrer Institute (PSI) under the 
PSI-MEA (Materials Engineering Associates) Joint Research 
Program on Reactor Pressure Vessel (RPV) Steels. 
These experiments concerned the irradiation of samples 
obtained from the archive material of the Gundremraingen 
reactor pressure vessel (KRB-A, Germany) [1,2] at the 
Material Test Reactor Saphir (MTR-PSI, Switzerland). 
The experimental conditions found on the inner surface of 
the reactor pressure vessel (RPV) of the decommissioned 
nuclear power plant (NPP) had to be simulated in the MTR. 
Basically, the fast fluence, fast neutron spectrum and 
irradiation induced effects (measured in dpa) should be the 
same in both the archive material irradiated at the MTR and 
the inner surface of the PV of the NPP. 
The present summary is based on the PSI report [3] which 
describes the results of transport calculations done to find 
the requested irradiation conditions in Saphir. 

The Model 
Saphir is a pool MTR reactor with fuel elements and control 
rods, with different enrichment and different burn-up, 
disposed on an almost 6 by 6 lattice reflected by Be and BeO 
and moderated by light-water, (see Fig. 1) [4]. 
The procedure chosen to evaluate the "best" neutron 
environment in Saphir for the irradiations under study 
employs a fixed-source approach. The model chosen assumes 
that from the point of view of out-of-core experiments the 
reactor core can be simulated with an isotropic space and 
energy dependent neutron source. 
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The spatial source is defined using a precise spatial power 
distribution obtained from 2D transport full reactor 
eigenvalue calculations done with TWODANT [5]. The basic 
neutron library used was MAT70 [6]. This library contains 
Joint European File (JEF-1) base'd neutron P« and P^ 
temperature dependent data in the standard 69 WIMS group 
structure with an additional fast energy group from 10 MeV 
to 14.918 MeV. 
The geometric model of Saphir reactor used in TWODANT 
extended over a surface of about 100 cm x 100 cm, -"including 
a surrounding ring of 20 cm of water, with a fine spatial 
mesh of about 2 cm. 
For the evaluation of the neutron source for the 
irradiations, the reactor was supposed to operate at a 
thermal power of 10 MW with half of the control rods 
inserted. 
Calculated fission rates per element are given for each core 
element in the grid table in Fig. 2. These values constitute 
the basic input fixed-source spatial data for all 
simulations of possible irradiation experiments. The energy 
dependence of the fixed-source is a U 2 3 5 fission spectrum. 
The inhomogeneous transport fixed-source calculations, with 
vanishing fission spectrum were done with TWODANT in P 3 Sg approximation, using a 165 neutron group P 5 cross section library derived from MAT175 [6]. MAT175 is a JEF-1 based 
multigroup cross library in the VITAMIN-J structure [7]. 
Two possible out-of-core irradiation experiments were 
modelled: CASE 1 in which the irradiation box is placed at 
Position 92 and CASE 2 with the box at Position 82 behind a 
Tailoring Element (TE), (see Fig. 3). 
The irradiation equipment was simulated through a 8.1 cm x 
7.7 cm aluminium box, containing a 3 cm x 5.5 cm steel 
sample with the atomic composition of the KRB-A archive base 
material [8]. 
The KRB-A Reference Case 
The nuclear power plant Gundremmingen shut-down occurred in 
1977 and, after decommissioning, 15 trepans were taken out 
at different axial and azimuthal positions. The trepan 
sector of the RPV extended over 45°, from the mid-plane of 
the reactor to the bottom-plane. 
A 3D fluence distribution outside the reactor core has been 
calculated by G. Prillinger [1,2] and the fluence spectrum 
reported at 5 different inner positions (OT, 1/4T, 1/2T, 
3/4T, T=12.7 cm) in a 35 energy group structure, a 
substructure of the VITAMIN-J boundaries. 
The spectrum at point 1/4 T corresponding to trepan A 
located at 128.6° and at 93.45 cm from the bottom-plane was 
chosen as Reference Case, due to the high fast fluence (see 
Table I) and the particular position 3.175 cm behind the 
cladding of the PV. 
The Fast Fluence 
The first condition to be satisfied is that the archive 
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material irradiated at the SAPHIR out-of-core position 
should receive the same fast fluence (E > 1 MeV) as the 
pressure vessel steel of the nuclear power plant. The 
assumption is made that the resulting damage rates on the 
sample are equivalent to those found under low exposure 
rates after a long period of operation. 
Once the position of the irradiation experiment has been 
chosen, the fast fluence determines the irradiation time. 
The irradiation time derived using the fast fluences of 
Table I vary between 2-*and 6 months. A measure of the 
"acceleration" of the test is given by the ratio between 
fast fluences in the sample and in the RPV called 
acceleration factor (see Table II). 
The Neutron Spectrum 
The main requirement for reproducing the vessel inner 
surface conditions is that the fast neutron spectrum_ in the 
sample irradiated at SAPHIR matches the reference. A" first 
idea of the vicinity of the proposed test to the calculated 
fluence spectrum in Gundremmingen is given by the ratio 
between the fluences for E > 0.1 MeV and E > 1 MeV (see 
Table III). This ratio is close within 5 % in CASE 2 to that 
in the KRB-A trepan. 
The percent contribution of five main groups to the total 
neutron flux is displayed in Fig. 4. Even though in CASE 1 
the portion of fast neutrons (E > 3 MeV) covers almost the 
same range as in the reference, a better agreement is 
obtained in all other groups in CASE 2. The presence of the 
TE has shifted the spectrum in the desired direction. 
Fig. 5 shows the percent ratio between calculated and 
reference values. CASE 2 agrees within 40 % with the 
reference, even below 8 MeV. The main discrepancy is found 
between 0.1 and 0.6 MeV and would probably disappear if the 
thickness of the TE would be increased. 

The Displacements per Atom (DPA) 
Another requirement to reproduce the vessel inner surface 
conditions is that the irradiation induced effects measured 
in DPA should be the same at the irradiated sample and at 
the trepan. 
Radiation displacement energy cross sections Sp, contained 
in our 165 group library, can be converted to displacement 
per atom cross sections following the recipe of ASTM [9]. 
Essentially: 
SH - B S E / (2Ed) 
where B is the efficiency of the displacement and EJ is the 
energy required to displace one atom from its normal site. 
Values of 0.8 for B and 40 eV for Ed are recommended for 
iron, steel and nickel-based alloys [10]. Table IV compares 
the DPA values obtained for the out-of-core experiments and 
for the trepan. Results for Case 2 differ by 2% and 9% with 
the reference case. 
The group partition in percentage shown in Fig. 6 shows that 
97 % of the DPA's come from neutron energies higher than 0.1 
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MeV. Case 2 is closer to the reference. Only in the 
uppermost range is the contribution to the total DPA low by 
about 2%. 
Finally, Fig. 7 shows that the DPA spectrum values obtained 
for Case 2 are almost identical to the reference in the 
energy range from 1 MeV to 5 MeV. 
Conclusions 
The main objective for this report has been to plan 
experiments in the SAPHIR MTR to simulate the inner surface 
RPV steel conditions of the trepan A of the Gundremmingen 
reactor. 
Two out-of-core experiments have been described. A first 
experiment considered the sample in the irradiation-box at 
the far outmost position of the SAPHIR reactor grid. In the 
second experiment the box is moved nearer to the core and a 
tailoring element made of ferritic steel is added. 
It is found that for this last experiment the neutron 
fluence, energy spectrum and DPA are very close (within a 
few percent) to those calculated for the trepan A of the 
Gundremmingen reactor. 
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Table I: Fast Fluence Values for the Trepan 

fluence KRB-A (E > 1 MeV) = 2.829E+18 n/cm2 

fluence KRB-A (E > 0.1 MeV) = 6.086E+18 n/cm2 



Table II: Basic Parameters of the Irradiation 
CASE1 

without tayloring 
Rig in Position 92 

CASE 2 
with.tayloring 

Rig in Position'82 
flux (E > 1 MeV) (n/cm2sec) 
irradiation time (h) 
acceleration factor 

1.844E+11 
4262 

17 

5.655E+11 
1390 
52 



Table III: Comparison of Fast Flux Values 

CASE 1 CASE 2 Reference Case 
E > 1 MeV 
E > 0.1 MeV 
ratio 

1.844E+11 
3.183E+11 

1.73 

5.655E+11 
1.155E+12 

2.04 

1.083E + 10 
2.329E+10 

2.15 



Table IV: DPA Comparison 
i 

CASE 1 CASE 2 Reference Case 
E > 1 MeV 
E > 0.1 MeV 
ratio 

3.227E-03 
3.862E-03 

0.8 

3.028E-03 
3.927E-03 

1.3 

3.083E-03 
4.319E-03 

1.4 
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NUCLEAR FACILITIES" 
O. Garcia Peyrano (Argentina) 

10,00 hs. "STRESS ANALYSIS IN THE TUBES AND TUBESHEET OF A 
HEAT EXCHANGER UNDER HYDRAULIC EXPANTION". 
H.C. Sanzi (Argentina). 

10,30 hs. Coffee Break 

11,00 hs. " Title to be confirmed. 
R. Cardoso (Brasi!) 

11,30 hs. "NUCLEONIC CALCULATIONS FOR POSSIBLE IRRADIATION 
EXPERIMENTS". 
M. Caro (Argentina). 

12,00 hs. "SOME ASPECTS OF FRACTURE MECANICS RESEARCH AND 
DEVELOPMENT IN FRANCE" 
P. Petrequin (France). 

12,30 hs. Lunch 

14,00 hs. Visit to Bariloche Atomic Centre 

21,00 hs. Closure Dinner 

*?o<j 



THURSDAY 17 

Session D 

CHAIRMAN: L.M. DAVIES 

9,00 hs. Discussion, Conclusions, Recommendations 

12,00 hs. Lunch 

13,30 hs. Tour or Departure to the Airport 
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