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FOREWORD

The IAEA initiated in 1990 a programme to assist the countries of central and eastern Europe
and the former Soviet Union in evaluating the safety of their first generation WWER-440/230 nuclear
power plants. The main objectives of the Programme were: to identify major design and operational
safety issues; to establish international consensus on priorities for safety improvements; and to provide
assistance in the review of the completeness and adequacy of safety improvement programmes.

The scope of the Programme was extended in 1992 to include RBMK, WWER-440/213 and
WWER-1000 plants in operation and under construction. The Programme is complemented by national
and regional technical co-operation projects.

The Programme is pursued by means of plant specific safety review missions to assess the
adequacy of design and operational practices; Assessment of Safety Significant Events Team (ASSET)
reviews of operational performance; reviews of plant design, including seismic safety studies; and
topical meetings on generic safety issues. Other components are: follow-up safety missions to nuclear
plants to check the status of implementation of IAEA recommendations; assessments of safety
improvements implemented or proposed; peer reviews of safety studies, and training workshops. The
IAEA is also maintaining a database on the technical safety issues identified for each plant and the
status of implementation of safety improvements. An additional important element is the provision of
assistance by the IAEA to strengthen regulatory authorities.

The Programme implementation depends on voluntary extrabudgetary contributions from IAEA
Member States and on financial support from the IAEA Regular Budget and the Technical Co-
operation Fund.

For the extrabudgetary part, a Steering Committee provides co-ordination and guidance to the
IAEA on technical matters and serves as forum for exchange of information with the European
Commission and with other international and financial organizations. The general scope and results
of the Programme are reviewed at relevant Technical Co-operation and Advisory Group meetings.

The Programme, which takes into account the results of other relevant national, bilateral and
multilateral activities, provides a forum to establish international consensus on the technical basis for
upgrading the safety of WWER and RBMK nuclear power plants.

The IAEA further provides technical advice in the co-ordination structure established by the
Group of 24 OECD countries through the European Commission to provide technical assistance on
nuclear safety matters to the countries of central and eastern Europe and the former Soviet Union.

Results, recommendations and conclusions resulting from the IAEA Programme are intended
only to assist national decision makers who have the sole responsibilities for the regulation and safe
operation of their nuclear power plants. Moreover, they do not replace a comprehensive safety
assessment which needs to be performed in the frame of the national licensing process.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscript(s). The views expressed do not necessarily reflect those of the governments of the
nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
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SUMMARY

The reactor pressure vessel integrity is ensured by a margin between its load bearing capacity
(material properties) and the acting loads, which occur during operation. The high sensitivity of the
WWER-440/230 vessel material, and in particular of welds to irradiation embrittlement and the
relatively high neutron flux on the vessel wall, could lead to considerable irradiation embrittlement and
therefore reduce the resistance of the vessel against brittle fracture. The lack of supporting material
data and surveillance programmes increases the uncertainties in the determination of the status of the
vessel irradiation embrittlement, effectiveness of the annealing treatment to restore material properties
and the rate of re-embrittlement. The loads to be considered in the vessel integrity assessment are
mainly related to pressurized thermal shock events. They are characterized by rapid cooldown in the
primary coolant system at high primary system pressure. Such events depend strongly on the actual
plant's configuration, system's operation and operator's actions. The consideration given to all these
aspects in the original vessel integrity assessment was not adequate in many cases. Therefore, the issue
of reactor pressure vessel integrity has been recognized as of major safety significance.

In 1992 the IAEA published IAEA-TECDOC-659, 'Reactor Pressure Vessel Embrittlement1,
which presents a comprehensive survey of the technical information available to the IAEA at the time.
The other aspects related to vessel integrity were also closely examined and several consultants
meetings and expert missions were organized by the IAEA.

This report was prepared with the objective of integrating all aspects involved and to provide
plant specific information on the issue of reactor pressure vessel integrity including pressurized thermal
shock assessment. Areas of the thermal hydraulic analysis including selection of transients, of the
structural analysis including fracture mechanics assessment and of the material properties including
embrittlement, annealing and re-embrittlement behavior are addressed. The report also provides related
recommendations and conclusions as well as detailed information on the plant specific status for
operating WWER-440/230 nuclear power plants.

It is concluded in the report that the vessel integrity assessment to demonstrate safety of
operation should be comprehensive and unit specific. The thermal hydraulic analysis including the
selection of transients, the structural analysis including fracture mechanics assessment and the material
properties evaluation have an equally important role in the assessment. The existing integrity
assessment needs to be re-evaluated as a matter of urgency for most of the operating plants in
particular with respect to thermal hydraulic and structural analyses. The use of other properly justified
methods or approaches could be also considered. The existing evaluation of material properties of the
WWER-440/230 vessels still involves uncertainties requiring direct measurement on the vessels and
further surveillance actions. The programmes on material properties evaluation under way and planned
are, however, capable to provide the further necessary support if successfully completed.



1. INTRODUCTION

The issue of the reactor pressure vessel integrity has been recognized as of the highest safety
significance. In order to provide a technical overview of the generic issue and of the work which is
still needed the IAEA prepared a status report in 1992. The status report 'Reactor Pressure Vessel
Embrittlement', IAEA-TECDOC-659 [1], presents a comprehensive survey of technical information
available to the IAEA at the time of publication and identifies those aspects requiring further
investigation.

Further in-depth review of the status of the issue at individual plants and of the programmes
completed, under way and planned to address this issue has been performed by the IAEA in the period
1993-1994. The information obtained was summarized in the report 'WWER-440/230 Reactor Pressure
Vessel Embrittlement and Annealing1 [2], which also includes the recommendations and conclusions
on actions still needed.

It was, however, recognized, that the national, bilateral and international activities including
those of the IAEA have been focused mainly on the vessel material behaviour, whereas the issue of
the reactor pressure vessel integrity is a much more complex problem. In addition to material
behaviour, thermal hydraulic analysis, structural analysis and fracture assessment have to be considered
in the reactor pressure vessel integrity assessment. The assessment needs to be further supported by
non-destructive examination (NDE) for in-service inspection.

In order to cover the above indicated areas, the IAEA initiated actions in two areas. The first
focused on material properties and the second on pressurized thermal shock analyses (i.e., thermal
hydraulic analysis, and structural analysis including fracture assessment). The area of non-destructive
examination for in-service inspection is not addressed in this report, but preparation of a separate
report providing guidance for performance demonstration of non-destructive examination for WWER
plants was started by the IAEA.

A Consultants Meeting on WWER-440/230 Reactor Pressure Vessel Embrittlement was
organized in Vienna, April 1995 with the objective to review the information available at present and
the prospective outcome of related programmes under way and planned, and to identify on a plant
specific basis activities still required. The meeting which discussed material aspects only, was attended
by 16 experts from Czech Republic, Finland, France, Germany, United Kingdom, Russia, Slovak
Republic, the G-24 Secretariat, and from the IAEA.

Further, a Consultants Meeting on WWER-440/230 Reactor Vessel Pressurized Thermal Shock
Analysis was organized by the IAEA and hosted by the Nuclear Regulatory Authority of the Slovak
Republic in PieStany, Slovak Republic, May 1995. The objective of the meeting was to discuss the
current approaches adopted for the integrity assessment of the WWER-440/230 vessels related to the
PTS analysis. In particular the adequacy of the selection of leading transients, the thermal hydraulic
calculations, the structural analysis including the fracture mechanics assessment were reviewed. The
meeting was attended by 25 experts from Belgium, Bulgaria, Czech Republic, Finland, France,
Germany, Hungary, Russia, Slovak Republic, and from the IAEA.

The discussions indicated that the activities in the individual areas of the reactor pressure vessel
integrity assessment are often performed in an isolated way, and that this results in a number of
problems related to the interfaces. In view of the situation and in order to provide for a comprehensive
and balanced approach, the results of the two meetings mentioned above have been consolidated. This
report presents the results of the IAEA meetings and of other national and bilateral activities.

The draft report prepared, based on the outcome of the two above meetings, by the IAEA
secretariat was reviewed and finalized during a consultants meeting held in Vienna, September 1995.



The meeting was attended by 6 experts from Czech Republic, Finland, France, Russia and from the
IAEA.

The objective of this report is to provide consolidated information on the issue of reactor
pressure vessel integrity including material behaviour and pressurized thermal shock assessment. Areas
of the thermal hydraulic analysis including selection of transients, structural analysis including fracture
mechanics assessment and the material properties are addressed. The report also provides related
recommendations and conclusions as well as detailed information on the plant specific status for all
WWER-440/230 nuclear power plants. Information on the Loviisa WWER-440/213 nuclear power
plant is also included for illustration.

2. BACKGROUND

Due to the relatively high sensitivity of the vessel material and in particular of the welds to
irradiation embrittlement, high neutron flux on the vessel wall, lack of supporting material data and
unavailability of surveillance programmes to validate empirical predictions, the issue of reactor
pressure vessel integrity has been recognized as of major safety significance.

The vessel integrity is ensured by a margin between the load bearing capacity, given by material
properties and vessel design and loads acting on the vessel. The loads to be considered in an
assessment are mainly related to plant states leading to a pressurized thermal shock (PTS) on the
reactor pressure vessel. PTS transients, which are challenging vessel integrity, are characterized by
rapid cooldown in the primary coolant system with high primary pressure.

The following measures in the areas of the vessel loading, of the material properties, and of the
in-service inspection were proposed in 1984 by the designer OKB Gidropress to ensure the WWER-
440/230 reactor pressure vessel integrity.

Loads

- revision of pressure and temperature limits for the reactor heat up and cool down, and revision
of the hydrotest permissible temperature based on the expired plant life;

- heating up of the safety injection water to reduce the PTS loading on the vessel due to safety
injection pumps operation during a small break loss of coolant accident (LOCA);

- relocation of the safety injection point from the cold leg to the hot leg with the same objective
as the measure above; this measure, however, was based on rather pessimistic assumptions on
water mixing in the downcomer, since at the time of the design of the measure, no sophisticated
mixing codes were available; therefore this measure is not considered necessary for
implementation at present;

- installation of fast acting isolation valves in the lines connecting the main steam lines with the
main steam header (closure time reduced from 140 s to 5 s) to reduce the overall overcooling
due to steam blowdown from intact lines through the header to the break; this measure also
prevents the recriticality;

- implementation of additional interlocks on a steam line break signal, shutting off the feedwater
and the main circulation pump of the faulted loop and therefore preventing a long term
overcooling.

Material properties

installation of dummy shielding assemblies, which reduce the neutron flux at the vessel wall
approximately by a factor of 3;



- annealing of the vessel to restore the material properties embrittled during operation due to
irradiation;

In-service inspection

- implementation of periodic non-destructive examination for in-service inspection in particular
for the vessel welds;

At some plants other measures were also implemented, such as low leakage core loading pattern,
modification of operational procedures, and cold overpressure protection.

The vessel integrity assessment, developed in the former Soviet Union and used for the WWER
plants, is based on a "temperature" approach. In this approach, the loads on the vessel are used to
evaluate the maximum allowable value of brittle fracture temperature Tk

a in a stress intensity factor
vs. temperature diagram for postulated crack sizes up to 1/4 of vessel wall thickness. The Tk

a is then
compared with the actual vessel material properties in terms of critical brittle fracture temperature Tk

and used as a screening criterion.

Recently, modifications of the vessel assessment method especially for detected cracks, have
been introduced. With this new assessment method, a maximum allowable crack size is evaluated for
a predicted end-of-life status of the material in terms of critical brittle fracture temperature Tk.

The loads on a vessel and consequently the maximum allowable critical brittle fracture
temperature or the allowable crack size are evaluated along the following steps:

- selection of leading transients (accident analysis);
- thermal hydraulic analysis;
- stress analysis;

fracture mechanics analysis.

The actual plant configuration including compensatory measures implemented should be taken
into account in addition to defined set of assumptions, initial and boundary conditions. At present, the
assessments performed have rather limited scope, considering only selected design basis accident
(DBA) sequences, and in some cases were not found to be fully applicable to the operating plants with
respect to their configuration. Moreover, the assumptions, initial, and boundary conditions used could
lead to non-conservative results or yield inadequate conclusions.

The vessel material properties in terms of critical brittle fracture temperature Tk are evaluated
as a sum of the initial critical brittle fracture temperature T^, and of the irradiation induced shift in the
critical brittle fracture temperature ATF. According to the standards applicable at present the initial
material properties have to be determined experimentaly and the predicted degradation due to
operational factors have to be verified by surveillance specimen testing. For the WWER-440/230
vessels there are no or rather limited data on initial material properties available. There are no
surveillance specimens installed in the reactor pressure vessel to monitor the irradiation embrittlement.
The archive material to perform supplementary evaluation is also not available. The evaluation of the
vessel material status in terms of Tk was therefore based on empirical relationships using assumed
chemical composition. Later the chemical composition has been verified on some plants by analysis
of scraps taken from the vessel surface. Model materials were used for irradiation experiments, some
of which are still under way. Since 1991 large samples-templates were taken from some of the units
to verify the material status using subsize Charpy specimen for mechanical testing and required
correlations were developed.

At all of the operating plants the RPV integrity assessment is supported by non-destructive
examination for in-service inspection, performed according to the applicable former Soviet Union
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standards. The reliability (performance) of the NDE methods used is, however, still to be
demonstrated.

Assessments of vessels at Kola, Novovoronezh and Kozloduy plants are performed by Russian
organizations which also provide assessment for plants at Medzamor and Rovno. The assessment of
other WWER-440 plants is being performed mostly by local technical support organizations or the
plant experts themselves. In addition, independent analyses have been initiated in the frame of the
international and bilateral assistance programmes with focus on accident analysis, thermal hydraulic
analysis and structural analysis.

Based on the evaluation according to the original assessment method, the WWER-440/230
reactor pressure vessels can be divided into three groups:

- vessels, for which the critical brittle fracture temperature has reached or is expected very soon
to reach its maximum allowable value;

- vessels, for which the critical brittle fracture temperature is expected to reach its maximum
allowable value before the end of design lifetime but after several more years of operation;

- vessels, for which the critical brittle fracture temperature is not expected to reach its maximum
allowable value during the design lifetime.

For the first group of reactor pressure vessels the new assessment method to evaluate allowable
crack sizes has been recently used to demonstrate vessel integrity.

3. OVERCOOLING TRANSIENT SELECTION

The objective of the transient selection is to define a set of transients for detailed deterministic
thermal hydraulic analysis, conservatively covering the possible PTS sequences.

3.1. COMPREHENSIVE SELECTION OF TRANSIENT FOR PTS ANALYSIS

Up to now, the WWER PTS analyses have been performed for a limited number of transients.
The selection of these transients has been primarily based on the analyst's engineering judgement
within the scope of design basis accidents (DBA).

This type of selection attempts to define a list of the worst PTS events and then show that:

(a) the consequences of these events are acceptable;
(b) all other credible events are less severe and therefore acceptable.

This DBA approach for plant specific PTS analyses does not take into account all credible PTS
events which can be significant, and can thus lead to the omission of some more severe PTS
sequences. In particular, transients like steam generator collector breaks and isolated leaks (i.e. reseat
of a stuck open pressurizer safety valve) are not addressed.

The modifications performed on various plants to improve core cooling or safety in general can
have an impact on the PTS risk and associated transients to be analyzed. These changes have indeed
a direct impact on either the transient severity (e.g. modification of ECCS water temperature or
capacity) or on the conditional probability of vessel failure (e.g. vessel annealing). The list of the
dominant accident scenarios can therefore differ from plant to plant.

The design of the cold overpressure protection system can have an impact on the analysis
performed for core cooling after a specific initiating event. In particular, a steamline break initiated

11



from hot zero power can lead to the cold overpressure protection actuation and a consequential
combined steamline break/LOCA event (opening of the relief valves). Subsequent closure of the relief
valves will lead to repressurization at low temperature.

The selection of PTS accident scenarios must also be performed in a more comprehensive way
that accounts for various accident sequences including the impact of equipment malfunctions or
operator actions. The operator actions have an impact on the selection of the PTS transients. Therefore,
a detailed review of the existing emergency operating procedures and operating practices is needed
while analyzing the potential PTS sequences.

To meet this goal, a PTS probabilistic assessment to determine the accident scenarios that are
most contributing to the risk of vessel failure could be used.

This type of approach is currently imposed for example in the United States for all vessels that
must be further analyzed based on a certain screening criterion, according to the PTS rule established
in 10 CFR Part 50.61 [3]. The method and format of the required analyses are described in the US
NRC Regulatory Guide 1.154 [4].

The method consists in selecting initiating events which by themselves are PTS events or along
with other consequences can lead to a PTS event.

Event tree analysis (covering equipment malfunctions and operator actions) and probabilistic
fracture mechanics analysis are employed in order to estimate total plant PTS risk and to identify the
specific transient scenarios which are anticipated to contribute most significantly to the total PTS risk.1

Once the probabilistic PTS risk assessment has been completed, the transient scenarios that
dominate the PTS risk can be selected for a more detailed deterministic analysis. The deterministic
fracture mechanics analysis is important for those sequences where significant non-uniformity occurs
in thermal loading.

The results of this study can also be used for the selection of a PTS screening criterion which
would provide a limiting level of vessel embrittlement (Tk) beyond which plant operation would not
be allowed any longer without further plant specific evaluation. This probabilistic PTS approach has
been used by the US NRC for establishing the PTS screening criterion for all US vessels.

It should also be noted that this probabilistic treatment of PTS has been followed for the
selection of the dominating transient scenarios for the Loviisa WWER-440 units in Finland [5]. The
results of this analysis have led to the following list of leading transient sequences: steam generator
collector break including lift-off of the collector cover, stuck-open pressurizer safety valve with flow
stagnation and the valve later reclosing, small break LOCA (dia. 25 mm) with low decay heat and
flow stagnation, and medium size LOCAs (40 cm2).

This list of transients is plant dependent due to the numerous plant differences, such as ECCS
temperature, ECCS capacity, protection logic, and vessel material properties.

Recommendations

1. A more comprehensive basis for the WWER transient selection for a PTS analysis should be
provided in order to demonstrate the adequacy of the list of retained scenarios. A probabilistic
approach should be considered for identification of the main sequences contributing to PTS.

'PTS risk in this sense means the frequency of initiating events multiplied by the conditional probability of
vessel failure summed up over all initiating events to be considered.
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2. Meanwhile the comprehensive transient selection is being carried out, a set of deterministically
selected transients, based on the existing experience and engineering judgement should be
applied. Several assumptions must be carefully evaluated to determine their impact on the PTS
results. In particular, the transient selection should take account of the decay heat level, power
level and break location and size.

3. The impact of the modifications performed at the plants to improve core cooling or safety in
general should be carefully evaluated and any adverse effects related to PTS, and therefore to
RPV integrity should be identified.

4. The design of the cold overpressure protection system should be carefully reviewed to avoid
accident sequences not covered in the core cooling analyses.

5. The impact of the operator actions and potential equipment malfunctions should be addressed
in the evaluation of the PTS sequences. Plant personnel should be involved in this effort. The
impact of modifications proposed to reduce the PTS risk on core cooling should be analyzed

6. Safety injection into hot leg instead of cold leg makes a better mixing and slows transient
cooldown. This is an important measure to reduce the severity of a transient from structural
point of view but the consequences concerning core cooling have to be analyzed in detail. More
generally, when plant modifications for prevention of PTS are analyzed and planned the
sufficient provisions for core cooling should be always considered.

3.2. DETERMINISTIC SELECTION OF TRANSIENTS FOR PTS ANALYSIS

There is no standard or guide for PTS analysis available in countries operating WWER plants.
Meanwhile a probabilistic PTS transient selection is performed, the deterministic selection of transients
can be based on engineering judgement and on the experience gained from all WWER units including
Loviisa, Paks and more generally from other PWRs. Additional sequences should be further analyzed
once the probabilistic results are known.

While performing the deterministic selection of transients, it is important to consider several
factors determining thermal loading mechanisms in the downcomer during the overcooling events.
These factors are:

- the final temperature in the downcomer;

the temperature decrease rate;

the existence of cold plumes and as a consequence, the high degree of non-uniformity of the
temperature fields;

the non-uniformity of the coolant-to-wall heat transfer coefficients in the downcomer; and

the level of primary pressure.

The final temperature in the cases of primary system leaks tends to approach the injection water
temperature.

In the large break LOCA the rate of temperature decrease to the injected water temperature takes
place in the time frame of some minutes. In the case of small breaks there are two possibilities:

- if the natural circulation is maintained, the high pressure injection (HPI) cools down the whole
primary system;
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- in case of flow stagnation, the mixing volume is much less than the whole primary system and
this volume cools down with a fairly small characteristic time constant. Moreover, asymmetric
fluid temperature distribution with cold plumes appears in the downcomer.

The non-uniform temperature and heat transfer coefficient fields are created by the cold plumes
resulting from the high pressure injection to the cold legs. Also accumulator injection to the
downcomer can create non-uniformities. In principle such plumes can be created only during loop flow
stagnation conditions, or during asymmetric secondary cooling. The influence of these non-
uniformities is much more pronounced for base material than for the lower core peripheral weld,
because the intensive turbulent mechanisms tend to smooth out the temperature differences in the
lower parts of the downcomer. In many cases the non-uniform heat transfer field is more significant
than the non-uniform temperature field. This is an outcome of the situation when the temperature
differences between the plume and the ambient are already balanced, but the heat transfer coefficients
are much higher in the plume area, because of the higher flow velocity than in the ambient fluid of
the downcomer.

There are separate assumptions for flow stagnation cases:

- in case of a compensated LOCA, if the decay heat level is very low, the flow stagnation can
take place;

- for a non-compensated LOCA one should assume the onset of the flow stagnation when steam
enters hot legs.

High primary pressure occurs during a cooldown in case of any compensated or isolated leaks
or during some other transients initiated by the secondary side depressurization.

The possibility of outside cooling of the reactor pressure vessel is also to be considered at
WWER plants. In some situations reactor cavity can be flooded from the ECCS or spray system. The
cold water contained in the biological shield tank can be other source for the external vessel cooling.

Based on the above loading mechanisms, the deterministic accident sequences can be selected.

Until now the following cases were selected and analyzed by OKB Gidropress for WWER-
440/230 as limiting cases for PTS:

- 20 mm and 32 mm small break LOCAs with different assumptions;
- pressurizer safety valve inadvertent opening;

steam line break and inadvertent opening of a BRU-A valve starting from different power levels.

Skoda and VUJE analyzed PTS events of 20 mm, 32 mm, 50 mm and 100 mm small break
LOCA with different assumptions, the 200 mm medium size LOCA was analyzed by VUJE for the
Bohunice VI plant.

The number of selected and analyzed scenarios is limited to design basis accidents and therefore
some overcooling cases are omitted.

For many WWER-440/230 plants the main steam line break (SLB) has been analysed as a
limiting PTS scenario. This scenario is based on the analysis resulting in a very fast cooldown to
approximately 100 °C in the affected cold leg and in the corresponding sector of the downcomer. At
the same time, another sector of the downcomer remains at higher temperature. This situation results
from the conservative assumption of no mixing between the water from the faulted loop and other
loops. This assumption was based on the large flow rate from the faulted loop. The heat transfer
coefficients for the non-uniform conditions are derived from the average velocities of the fluid. In
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reality, the temperature non-uniformity would be milder but the heat transfer coefficients would be
higher.

Recommendations

1. The following groups of initiating events should be taken into account:

- Different sizes of both cold and hot leg LOCAs (up to maximum size where core cooling can
still be ensured) which are characterized by rapid cooldown and where there is a certain chance
for flow stagnation which causes cold plumes in the downcomer. The spectrum of LOCAs to
be considered for each individual plant should be defined based on its ECCS capacity. All the
LOCAs where core cooling can still be ensured (with realistic assumptions) should be considered
in the PTS analysis. Cold repressurization of the reactor vessel is usually prohibited in principle
by the operational procedures, but since the isolation of breaks gets high priority in the
procedures of the WWER reactors, the possibility of isolating the leak and resulting
repressurization has to be considered.

- For plants which do not have fast acting main steam isolation valves or for cases when the
steam line isolation criterion is not met, transients with secondary side depressurization can
cause significant cooldown while the primary pressure rises back to its nominal value.

- Large primary-to-secondary leakage, mainly the steam generator collector cover opening, is an
important contributor, since the operator is requested to isolate the affected steam generator by
all possible means. The successful isolation is a source of cold repressurization.

- After an overcooling transient caused by a stuck open pressurizer safety valve, possible valve
reseating can cause a severe repressurization.

- Inadvertent actuation of the high pressure injection system both in cold and hot conditions,
which can result in a rapid pressure increase.

2. Only those accident scenarios should be investigated for which the core cooling can be
guaranteed by safety systems with the maximum designed ECCS capacity and with other
optimistic assumptions.

3. A flow stagnation criterion should be developed based on the principle that stagnation is
assumed when loop flow rate is about the same as the injection rate.

4. The final deterministic selection of transients should be done after the results from the
comprehensive selection process are available.

5. Based on the available results of the main steam line break analysis, a conclusion was originally
made, that the installation of fast acting steam line isolation valves is necessary. This
modification is safety oriented and would have a positive effect to prevent the recriticality as
well. More realistic thermal hydraulic analysis of the steam line break should be, however,
performed.

3.3. PTS RELATED PLANT FEATURES

The principal characteristics of the units to be taken into account in the transient selection are
the following (see Table I):

- Characteristics of the HPI system:

• type of HPI pumps;
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TABLE I. WWER-440/230 PTS RELEVANT FEATURES

Plant

Bohunice 1

Bohunice 2

Novovoronezh 3

Novovoronczh 4

Kola 1

Kola 2

Kozloduy 1

Kozloduy 2

Kozloduy 3

Kozloduy 4

Medzamor2

HPI
Location

CL

CL

HL

HL

HL

HL

CL

CL

CL

CL

CL

Max.No. of
operating

HPI pumps

4

4

4

4

4

4

4

4

3

3

4

NoVcapacity
of LPI pumps

-

3/300

3/300

HPI pumps
nominal flow

[m'/h]

65

65

50

50

50

50

65

65

63

65

65

Max. No. of
dkxl

powered
HPI pumps

4

4

2

2

4

4

2

2

3

3

4

Injection
point

CP1"

CP1"

separated"'

separated"'

separated1"

separated"1

CP1"

CP"

separated0'

separated11'

CP"'

Aut isolation
on SL break

signal

yes

yes

yes

yes

yes

yes

planned 19%

planned 1996

planned 1996
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(1) The HPI system is connected to the primary circuit continuous purification system: injection in 6 loops.
(2) Separated system: each HPI pump injects into 2 cold legs.
(3) Fast acting and "normal" isolation valves are in each main steam line; there is also a fast acting valve in the feedwater line.
(4) Low pressure safety injection pumps are installed, which Stan to inject when pressure drops below 6.87 bar. The low

pressure injection system (LPI) consists of 3 trains injecting into 3 loops (cold legs) through a 206 mm diameter piping,
connected to the main circulation piping horizontally between the RPV and the main isolation valve. Capacity of the low
pressure system is 300 m'/h. talcing suction from the large boron solution tank. One train of the ECCS (1 HPI and 1 LPI pumps)
can cope with 200 mm diameter LOCA.

(5) According to the existing assessment by the plant designer, installation of fast acting valves is required latest 1997.

LPI
HPI
CL
HL
SL

Low pressure injection system
High pressure injection system
Cold leg
Hot leg
Steam line

LTOP Low temperature overpressure protection system
CP Continuous purification



• number of HPI pumps working on ECCS actuation;
• number of HPI pumps working during a loss of off-site power.

These parameters influence the pressure, the final temperature, the temperature decrease rate, the
heat transfer coefficient and the non-uniformity.

- Location of HPI injection points (hot leg or cold leg)

The HPI system can be connected to the cold legs and to the primary coolant purification
system; in that case the injection is into two different locations of each cold leg. A separate
injection is applied in Kozloduy 3 and 4, where each of the 3 HPI pumps injects into 2 cold
legs. In Kola and NovoVoronezh the injection points were moved to the hot legs. This is an
important measure to reduce the severity of the transient from the structural point of view since
it makes a better mixing, slows transient cooldown and prevents the development of cold plumes
in the downcomer but the impact on the core cooling need to be assessed carefully.

ECCS temperature increase:

It influences favourably the final downcomer fluid temperature.

- Existence of an automatic steam line isolation signal and isolation valve closure time:

These characteristics influence the final temperature. A fast acting valve implies a shorter
cooldown, leading to a higher final temperature and thus less severe consequences.

- Main coolant pump inertia:

Low inertia pumps may be more easily operable to prevent flow stagnation since they have no
automatic stop signal and this can have an effect on transient selection. On the other hand,
pumps with higher inertia can slightly postpone the stopping of natural circulation. Only units
in Armenia have pumps with high inertia.

Presence or absence of cladding of the RPV, dummies and annealing of the RPV are important
for the transient selection and the integrity assessment of a vessel and therefore should be taken
into account.

- Cold overpressure protection system:

Bohunice has implemented a system with some impact on overpressure protection. Kozloduy
plans to install a cold overpressure protection system.

- Operator instructions are specific to each unit and have to be taken into account in the analyses.

Recommendations

1. There are many differences between the WWER-440/230 units which can have a significant
impact both on transient selection and thermal hydraulic analysis. The PTS analysis to be
conducted has to be plant specific and accounts for all plant specific features.

2. Detailed design review should be carried out for each plant modification in order to avoid any
detrimental impact on the overall plant safety (e.g. cold overpressure protection system, HPI
injection point, water temperature and capacity, steam line isolation criteria).
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4. THERMAL HYDRAULIC ANALYSES

The first objective of thermal hydraulic analyses is to support the transient selection process. The
supporting analyses are needed as a feedback for development of overcooling scenarios in both
deterministic and probabilistic transient selection.

The second objective of thermal hydraulic analyses is to produce necessary initial data for
structural analyses:

primary pressure;
downcomer temperature field;

- downcomer vessel wall-to-fluid heat transfer coefficient field.

All this information should be provided as a function of time throughout the considered transient.

The general progression of accidents is calculated with thermal hydraulic system code packages.
In case of flow stagnation in the primary circuit, when buoyancy induced forces dominate the fluid
flow behaviour in the cold legs and the downcomer, the system code results are not reliable. For those
cases separate methods shall be applied.

4.1. SYSTEM CODE ANALYSES

Several thermal hydraulic system codes are available for the core cooling analysis of design basis
accidents. These codes have been extensively validated for PWR plants and a similar effort is under
way for WWER plants. With certain modifications and adjusted assumptions these codes are readily
applicable for PTS sequence analyses.

System codes are used for calculating primary system temperature and pressure conditions which
are a necessary input for structural analysis. Separate methods are needed for heat transfer coefficient
(HTC) calculations under low flow conditions, and especially for the determination of the non-
uniformity of the downcomer temperature and HTC fields.

When applying the system codes to overcooling sequence analysis one must consider
conservative assumptions regarding PTS. It means that the initial conditions shall be chosen with the
aim to maximize thermally and mechanically induced stresses in the RPV wall. Many of these
assumptions are usually opposite to those used for LOCA analysis related to fuel integrity. Thermal
hydraulic analyses of overcooling sequences include therefore many features that are different from
the traditional thermal hydraulic accident analyses.

Recommendations

1. Operation of plant control and process systems and operator actions should be considered when
performing PTS analysis whenever these could lead to more severe consequences.

2. The transient should be analysed over a period of time long enough to be consistent with
structural analysis requirements.

3. Limiting thermal hydraulic conditions should be considered. These include:

(a) LOCAs and primary to secondary leakages

- low decay heat and minimum possible ECCS water temperature;
- maximum possible number of HPI pumps;
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- maximal HPI pump characteristics;

- loss of off-site power, in the case this assumption has negative impact on the transient.

(b) Secondary side accidents:

- low decay heat and minimum possible ECCS water temperature;

- heat transfer from primary to secondary circuit is maximized;
- water entrainment from steam generator to steam line is minimized;
- maximum possible number of HPI pumps;
- maximal HPI pump characteristics.

4. The applicability of the used thermal hydraulic system code to make a reliable prediction of
onset of flow stagnation in the primary circuit should be verified.

4.2. NON-UNIFORM THERMAL LOADINGS

Non-uniform cooling of the RPV wall in the downcomer as well as outside of the RPV is a
result of an axial and azimuthal distribution of fluid temperature and of heat transfer coefficient from
the RPV wall to the fluid.

The following cases could lead to a non-uniform cooling:

in case of an event with subsequent ECCS injection into cold legs (e.g. LOCA, inadvertent
actuation of HPI pump) and flow stagnation in the RPV, cold water flows from the injection
location to the bottom of the cold leg towards the downcomer. Underneath the lower edge of
cold leg it flows as a cold plume to the bottom of the vessel while mixing with the hot ambient
water;

- in case of an increased heat removal in a loop (e.g. secondary side leakage) and flow stagnation
in the RPV, the primary coolant of the affected loop flows towards the downcomer and mixes
also as a cold plume with the hot ambient water in the downcomer;

- in case of a break of the biological shield tank, the RPV wall is non-uniformly cooled from
outside.

Separate fluid-fluid mixing calculation methods such as REMIX code are applied to study flow
stagnation situations. Because of non-uniformities, the highest loads are found below the nozzle and
also in the upper weld.

Non-uniform cooling is one of the important aspects of PTS analysis since it can increase the
axial stresses in the RPV wall. RPV cladding also influences the stress distribution in the wall and
cannot be neglected.

Recommendations

1. Non-uniform cooldown should be analysed with appropriate thermal hydraulic codes, able to
determine the azimuthal and axial temperature and heat transfer distribution in the downcomer.
Current 3D codes or mixing codes based on engineering models allow an accurate calculation
of thermal stratification and fluid-fluid mixing.

2. Combined thermal hydraulic and structural analyses should be performed for defining the
limiting cases.

3. After annealing other sections of the RPV should be verified from the PTS viewpoint.
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4.3. VERIFICATION OF METHODS

A correct PTS assessment of the RPV must be mainly based on the calculation of the
temperature and HTC fields in the downcomer. For that reason all computer codes should be qualified
in order to demonstrate that the results are in agreement with the available experimental data.

Flow stagnation is a particularly crucial phenomenon for the downcomer temperature and heat
transfer which are calculated with single phase 3D codes and mixing codes based on engineering
models. Particular requirements for the applicability of the system codes are established to predict
correctly the onset of stagnation.

Recommendations

1. The applied thermal hydraulic codes should be able to describe all the important thermal
hydraulic phenomena expected during the transients and sufficiently validated for WWER
accident and transient analyses.

2. For the system code validation, experience from various code validation exercises should be
applied. For example, OECD/NEA ISP-33 (PACTEL facility) might give valuable insights for
flow stagnation predictions.

3. The input data of the system codes should be plant specific.

4. Fluid-fluid-mixing codes should be able to describe the phenomena like mixing near the
injection location, stratification in the cold leg and mixing in the downcomer. Post-test
assessment calculations of available experiments should confirm that the fluid-fluid-mixing codes
are validated.

5. The results of the fluid-fluid-mixing code calculations should clearly be defined as input
parameters for the structure mechanics analyses.

5. STRUCTURAL ANALYSES INCLUDING FRACTURE ASSESSMENT

The objective of the RPV integrity assessment is to determine stress intensity factors K, for
postulated cracks loaded by thermal hydraulic transients and to evaluate the maximum allowable brittle
fracture temperature Tk

a or to evaluate the allowable crack size for predicted material properties. These
are subsequently compared with the actual vessel status.

Fracture assessments are performed within the fracture mechanics diagram which shows the
temperature dependent fracture toughness KIC of the reactor vessel material as well as the load
dependent stress intensity factor K, as function of crack tip temperature. With increasing transient time
during PTS scenario the crack tip temperature of the K, path is decreasing. Starting from the hot initial
state up to the maximum K, value, the K, path is called increasing, later on it is called decreasing Kt

path.

Within the RPV integrity assessment it has to be ensured that all vessel areas are investigated
by fracture assessment, e.g. welds no. 4 and 5, base metal in the beltline region, as well as nozzle
corners. In the frame of the fracture assessment, axial and circumferential cracks have to be
investigated. After annealing, the selection of leading transients has to be verified.

5.1. THE APPROACH OF THE PLANT'S DESIGNER

The evaluation of RPV integrity is performed in accordance with one of the two following
methods:
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- evaluation of the allowable critical brittle fracture temperature;
- evaluation of the allowable defect size.

The first method has been used in principle for the analysis at the design stage and is still used
for most of the plants to evaluate residual lifetime of the RPV. For plants for which it is not possible
to demonstrate RPV integrity using the first method, the second method is used. To date, it was
applied only for Kozloduy 1 RPV assessment.

5.1.1. Evaluation of the allowable critical brittle fracture temperature

Evaluation of brittle fracture resistance of the RPV at the design stage is performed in
accordance with the former Soviet Union "Standards for Strength Evaluation of Components and
Piping of Nuclear Power Plants", PNAE G-7-002-86 [6].

The evaluation is performed on the basis of the linear elastic fracture mechanics. The main
characteristics of the materials used in the calculation are static fracture toughness, K,c, and the critical
brittle fracture temperature Tk as function of operational history (with respect to the material
degradation). Change in material properties in the course of operation is taken into account by means
of introducing the shifts of initial critical brittle fracture temperature T^ due to different operational
effects (radiation embrittlement, thermal ageing, fatigue damage) in the calculation. Critical brittle
fracture temperature is determined using Charpy V impact testing at different temperatures. Neutron
fluence and temperature values in the deepest point of postulated cracks are used in the assessment
(see also sections 5.4. and 6.1).

RPV resistance to brittle fracture during a particular plant state is considered to be ensured if,
for all defect sizes up to the postulated quarter wall thickness size defect, the following condition is
met:

where K, is the defect loading in terms of the stress intensity factor and [K,]j is the allowable value
of stress intensity factor for the plant state considered, i.e.:

i = 1 for normal operating conditions,
i = 2 for operational occurrences and hydraulic tests,
i = 3 for accident conditions.

Statistically evaluated lower envelope of all available experimental data is taken as the [K,]3

temperature dependence, which is a function of relative temperature:

T R = T - T k

where T is the calculated temperature. Allowable stress intensity factors are obtained from the [K, ]3

by applying safety factors:

- for normal operating conditions

nK = 2, AT = 30 °C,

for operational occurrences and hydraulic tests

nK= 1.5, AT=30°C,

- for accident conditions
nK = 1, AT = 0 °C
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The nK is a safety factor with respect to fracture toughness values and AT is a safety factor with
respect to calculated crack tip temperature. The allowable stress intensity curve is obtained as a lower
envelope of two curves, the first of which is obtained by dividing the [K,]3 by nK and the other one
by a horizontal shift of the initial curve by AT. The recommended temperature dependencies of [K,]j
for different RPV materials are given in the applicable standard [6].

Temperature and stress fields in the vessel during a PTS sequence are calculated for the whole
vessel wall thickness, i.e. austenitic cladding is taken into account if it exists. For the calculation of
the temperature distribution in the wall, as well as the stress calculation, usually the finite element
method (FEM) is used.

Surface semi-elliptical cracks are postulated in the ferritic material only and with depth up to
a=0.25 S (where S is the vessel wall thickness without cladding) and with aspect ratio a/c = 2/3. Stress
intensity factor K, is usually determined using analytical formula given in the Standard, where
membrane and bending stress components are used as input parameters. Mechanical as well as thermal
stress components are added together and membrane and bending stress components are then derived
using summary stress integration through the vessel wall.

The stress intensity values K, are calculated using the following formula:

K, = Tl(Mm.om + Mb.ob).(7i.a)1/2/Q

where T| correction of stress concentration

<J m membrane stress
<yb bending stress
Mm membrane correction factor
Mb bending correction factor
Q shape factor

The stress intensity factor K, is determined only for the deepest point of the crack.

The calculation is performed only for K, values at temperatures below the [K,]3 curve, which in
a way corresponds to the limit of the plain strain loading conditions in the RPV wall with a given
defect.

Comparing calculated loading path in terms of K, values of the whole set of postulated defects
with temperature dependencies of allowable values of stress intensity factors [K,]3, a maximum
allowable critical brittle fracture temperature Tk

a(i) for the analyzed PTS sequence is obtained. The
lowest of these temperatures for the whole set of analyzed PTS sequences is taken as the maximum
allowable critical brittle fracture temperature Tk

a.

This temperature is then compared with the critical brittle fracture temperature Tk of the analyzed
vessel. Based on this assessment, decisions on further operation, annealing, etc. could be made.

5.1.2. Evaluation of the allowable defect size

Evaluation of allowable defect size is performed in accordance with the procedure "Method for
evaluation of allowability of defects in materials of components and pipings in NPPs during
operation", M-02-91 [7].

This procedure is in principle divided into three main parts.

Defects, found during ISI are schematized using conservative approach, i.e. equivalent defect
diameter obtained from ultrasonic tests is transformed into fatigue like crack with the same surface
area but with semiaxis ratio a/c equal to 0.5 for internal defects (subsurface) and to 0.4 for surface
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defects, respectively. Detailed rules and formulas for evaluation of closely spaced defects or their
groups are also given. All defects are defined as located in the plane perpendicular to the RPV surface
as well as to the principal stresses.

Calculation of defect allowability is then performed using a complex approach, including linear
elastic fracture mechanics, elastic-plastic fracture mechanics as well as theory of plasticity.

Linear elastic fracture mechanics is used in the "brittle region" for temperatures below the
critical temperature T^, calculated from the plane strain condition validity for analyzed RPV with a
given crack size.

"Quasi-brittle region" is then defined as 70 °C wide; calculation in this region is based on elastic
plastic fracture mechanics using pseudoelastic stress intensity factor (calculated from Hook's stresses)
Ke based on strain intensity factor approach.

Calculations in "ductile region" for temperatures above Tk2 + 70 °C is based on evaluation of
plastic instability of RPV with the given defect.

Third part of the procedure defines how possible growth of the given defect due to operational
loading is calculated. The standard does not provide the coefficients of Paris law for all materials used
but these are available at Russian organizations (e.g. at Prometey Institute). This calculated defect
growth for the whole remaining lifetime is added to the initially schematized defect sizes.

Pseudo-stress intensity factors Ke are calculated using a formula, which takes into account real
distribution of stresses in the defect depth. This formula is identical with the one used for stress
intensity factors K[ evaluation but with Hook stresses instead of elastic stresses.

Values of Ke are calculated both for the crack deepest point as well as for the intersection with
the surface for a surface defect or the closest point to the inner surface for an internal defects. These
values are then compared with allowable values of fracture toughness derived from static fracture
toughness [K,]3 used in the standard [6], discussed in the previous section of this report.

The following safety factors for different operational conditions are used:

for normal operating conditions

nK = 3, A T = 30 °C,

- for operational occurrences and hydraulic tests

nK= 1.5, AT = 20°C,

- for accident conditions

nK= 1.4, A T = 10 °C

i.e. the allowable fracture toughness dependence for defects allowability evaluation is obtained as a
lower boundary of two calculated curves, one received by dividing the [K,]3 by a safety factor nK, and
the other by shifting the [K,]3 curve along the temperature axis by the value of the temperature margin
AT.
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5.2. ALTERNATIVE METHODS TO EVALUATE THE STRESS INTENSITY FACTOR

5.2.1. Examples of western approaches

ASME Code

In the ASME Code [8], Section III, Appendix G, temperature and stress field calculation are
given in diagrams for coolant temperature decrease rate less than -50 K/h, otherwise special methods
have to be applied.

For normal operating conditions a postulated surface crack with depth of 1/4 wall thickness and
aspect ratio a/2c = 1/6 is recommended to be used in the analysis.

For accident conditions no special crack depth and no special methods are recommended.

In the ASME Code Section XI, Appendix A an analytical method for calculating stress intensity
factor K, for flaws detected during ISI is given.

Kt can

where

be determined from equation

Ob

Mm

Mb

Q

K, = (Mm

membrane stress
bending stress
membrane correction factor
bending correction factor
shape factor

Mb ab).Q
1/2

The sum of the stresses originated from internal pressure, temperature gradients, etc. must be
divided into membrane and bending stress due to linearization.

KTA rule

In the German approach, KTA 3201.2 [9], the procedure for normal operating conditions is
comparable to the method given in ASME Code Section III, Appendix G.

For accident conditions a surface defect must be analysed.

The postulated defect should be at least twice as large as a defect which can be detected reliably
by NDE, i.e. there is a safety margin of 2 on the crack size.

If it is possible to demonstrate by non-destructive examination that there are no defects in the
cladding, subsurface cracks are investigated but modelled by surface cracks.

A method to calculate the temperature and stresses across the vessel wall is not prescribed.

The given method for calculating K, is the same as described in ASME Section XI, Appendix
A. In the K, calculation all stresses components including residual stresses must be considered. No
safety factors are used in the K, calculation.

Consideration for crack arrest is allowed only if it can be demonstrated that a postulated crack
stops within 3/4 wall thickness after its initiation.

For detected flaws no safety factor is applied on the flaw size. Instead a safety factor of 1.5 is
applied on the sum of the calculated K,.
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The linear elastic 2D or 3D FEM analysis is used for calculating temperature and stress field
in the PTS assessment. The cladding is taken into account in the FEM analysis but not in the K,
calculation of the postulated surface crack. K, calculation is performed with analytical solutions, such
as Newman and Raju solution.

In special cases when only small safety margin concerning vessel integrity exists, elasto-plastic
3D FEM analysis with postulated cracks generated in the FEM-mesh and with considerations for the
cladding are performed. The crack loading is calculated based on the J-integral.

5.2.2. Detailed elasto-plastic numerical methods

For the WWER vessel integrity assessment both simplified engineering methods and
sophisticated numerical methods such as FEM or boundary elements are used for stress-strain state
calculations as well as fracture mechanics parameters evaluation at present. In the case of complicated
structure and crack geometry under complex loadings, the simplified 2D or axis symmetric solutions
are not capable of obtaining adequate solutions. Moreover, for the fracture assessment of the postulated
cracks, in particular for cladded vessels, the simplified methods show a weakness concerning the
treatment of the cladding.

3D analysis is capable of providing full information on vessel behavior during overcooling
transients taking into account thermal hydraulic analyses results:

- number and geometry of plumes;
- temperature distribution in the plume;
- heat transfer coefficient distribution.

These factors have an effect on the vessel integrity assessment and the consideration of these
factors increases the accuracy.

The 3D approach allows to evaluate quantified safety margins and therefore to estimate the
degree of conservativity of the simplified engineering methods.

Therefore 2D or 3D elastic plastic analysis of the stress strain state as well as of the fracture
mechanics parameters (J-integral) is required. In the elastic plastic fracture mechanics analysis, namely
evaluation of the J-integral, detailed analysis is required to verify the independence of the J-integral
on the integration path especially for the unloading conditions.

In the frame of PTS test calculations, some investigations based on 3D FEM show, that the
calculated crack loading of underclad cracks can be underestimated if plasticity is not taken into
account. Therefore, in some specific cases, the linear elastic analysis could yield non-conservative
results and is not a fully adequate tool. In these cases it is necessary to use 3D FEM elastic plastic
analysis.

The 3D FEM method with J-integral is available in several recognized code packages such as
ABACUS, ADINA, BERSAFE, SYSTUS, KORPUS, RASTR-SIGMA. This method has been applied
successfully to a series of large scale PTS tests within the frame of e.g. the FALSIRE2 project.

The degree of plasticity for "best estimate" PTS transients is rather limited in uncladded vessels
and limited to the cladding and its interface in cladded vessels. Therefore the fracture assessment of
a crack front based on the J-integral is sufficient also for the unloading situation.

A basic assumption in the development of the J-integral is a nonlinear elastic material behavior,
which differs from the real material behavior concerning unloading after significant plasticity. The path

2FALSIRE - Fracture Analyses of Large Scale International Experiments.
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dependence of the J-integral indicates the effect of unloading and has to be verified for each loading
step.

For the calculation of stress intensity factor using simplified methods, similar formulas are used
in Russia as well as western countries.

Recommendations

1. Simplified engineering methods are useful for the fracture mechanics assessment of the
postulated cracks in uncladded WWER-440/230 vessels for loading sequences, which do not lead
to significant plasticity. For cladded WWER-440/230 vessels with small safety margin
concerning integrity more precise numerical methods are recommended.

2. 3D FEM method with J-integral is recommended to be used for calculation of the crack loadings
for the postulated cracks.

3. In the cases where simplified engineering methods and linear elastic approaches could yield non-
conservative results, more sophisticated approaches should be used.

4. Calculations of allowable defect should be performed without safety margin for KIC. Instead,
safety margin on the crack size shall be used subsequently.

5.3. LEADING SCENARIOS

From the thermal hydraulics point of view the transients could be characterized by different
factors:

- the final temperature in the downcomer;

- the temperature decrease rate;

- the degree of the non-uniformity of the fluid temperature and of the heat transfer coefficient;

- the absolute difference between fluid temperatures and heat transfer coefficient in the cold plume
and in the ambient;

level of primary pressure.

These factors have different influence on the crack loading path and consequently have an
important role in the selection of transients to be considered in the PTS analysis.

The final temperature in the downcomer affects predominantly the long term behaviour of the
crack loading path, in particular the slope of the decreasing crack loading path. The crack loading path
is very sensitive to changes of the temperature decrease rate. Especially it influences the gradient of
the increasing crack loading path and the position of the peak stress intensity.

The variations in the fluid temperature and heat transfer coefficients in the downcomer in case
of asymmetric loading conditions influence the absolute value of peak stress intensity.

In some plants measurements of outer surface vessel temperatures during operation have been
performed and show a gradient across the vessel wall.

Recommendations

1. The input parameters for structural analyses concerning RPV integrity, taken from thermal
hydraulic transient analysis are the primary pressure, the fluid temperature and the heat transfer
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coefficient in the downcomer, which may be non-uniform in axial and circumferential directions.
Therefore it is proposed to sort the thermal hydraulic transients into groups with no significant
change of the above mentioned input parameters.

2. Grouping of the transients can also be performed with the use of proper probabilistic fracture
mechanics codes. However, detailed deterministic structural analysis should be performed for
at least one transient of each group, usually with the highest failure probability.

3. The influence of initial temperature gradient in the vessel wall on fracture assessment of PTS
transients should be clarified (see also section 6.1. of this report).

5.4. SENSITIVITY OF THE CRACK LOADING

Based on the results presented and on the discussions, parameters suitable for quantifying the
influence on the crack loading paths were identified.

Crack depth and shape are significant parameters which influence the crack loading path. With
increasing postulated crack depth, the peak stress intensity for the deepest point of a surface crack
increases and is shifted to higher temperatures. Then the crack front intersection with the surface may
become more severe than the deepest point.

Internal pressure is an important parameter for estimation of the severity of a transient. For a
shallow crack the influence on crack loading is smaller than for a deeper crack. Contribution of the
pressure to the final result depends on specific calculation of the transient. In most transients the main
contribution to crack loading results from the thermal loads. Therefore, transients with low pressure,
which result in high cooldown rate and low fluid temperature in the reactor downcomer can be very
dangerous for RPV integrity. This transients should be analyzed during RPV integrity assessment.

Some investigations show that the number of cooling plumes is not a significant parameter if
no change in the thermal hydraulic loading parameters is assumed. One plume is the worst case.

The width of an assumed cooling plume has no strong influence on the loading of a postulated
crack in the middle of the plume, if the plume width is in the range 200 - 2000 mm.

The form of the cooling plume is not a significant parameter. The straight plume gives slightly
higher crack loading.

The loading paths are strongly dependent on the heat transfer coefficient. For an uncladded
vessel a change of the heat transfer coefficient from 2000 to 5000 W/m2K could effect a decrease in
the allowable Tk

a value by about 30 °C.

The influence of a 8 mm deep sampling (template removal from the inner surface) in uncladded
vessels is more pronounced for shallow cracks, corresponding to approximately 20 % increase on peak
stress intensity.

The influence of residual stresses on brittle fracture could be rather significant. The residual
stresses are not, however, taken into account in the existing approaches. Detailed investigations are
an ongoing effort (see Appendix II).

Recommendations

1. The transients with low pressure, high cooldown rate and low fluid temperature in the
downcomer should also be analyzed in the RPV itnegrity assessment.

2. The influence of residual stresses should be accounted for in the RPV integrity assessment.

27



5.5. ADDITIONAL ASPECTS ON FRACTURE ASSESSMENT

Large scale PTS tests show that in a decreasing crack loading path (dK/dt < 0) crack initiation
can be excluded. Therefore the probability for crack initiation is much smaller in a decreasing than
an increasing crack loading path. The safety margin on crack initiation could be credited if the stress
intensity factor decreases. Crack initiation is not expected on the decreasing crack loading path below
80% peak stress intensity. ASME Code [8] states that warm prestressing may be credited to preclude
flaw initiation. In Russia, a similar approach has been proposed and approved by the Russian
Regulatory Body.

Standard fracture toughness tests as well as large scale experiments show that the crack depth
(shallow cracks) and the biaxiality of the loading have a significant, but negative effect on fracture
toughness.

While a shallow crack in a three-point-bending-specimen shows increased fracture toughness this
effect is reduced when the biaxial load ratio is increased like in the cruciform specimens tested at Oak
Ridge National Laboratory, USA. The effect of increased fracture toughness appears only in
connection with significant plasticity and can be described by using a suitable constraint parameter.
However, based on the present experience from PTS tests and numerical simulations no significant
influence on RPV assessment is expected.

Recommendation

1. In a decreasing loading path the crack initiation can be excluded due to warm prestressing which
could be used in the reactor pressure vessel integrity assessment.

2. Crack depth and biaxiality of loading in connection with significant plasticity could have a
strong impact on fracture toughness as shown in some large scale tests. However, no significant
influence on RPV integrity assessment is expected due to low level of plasticity and high degree
of biaxiality.

6. MATERIAL PROPERTIES

Assessment of the effectiveness of measures to ensure vessel integrity, namely of the measures
to reduce loads on the vessel and the justification of the use of reduced postulated crack sizes in the
fracture assessment depends very strongly on the reliability of the material properties data. This
indicates high safety significance of reliable material data.

6.1. BASELINE INFORMATION AND ANALYSIS

WWER-440/230 reactor pressure vessels belong to a family of first generation RPV with
corresponding features. They were designed in the late sixties and produced exclusively in Izhora,
Russia, according to the standards applicable at the time of design.

In Table II a list of WWER-440/230 NPPs is given including information on plant status and
measures implemented.

In addition to the design, the vessels are characterized by rather similar mechanical properties
and chemical composition, since all were manufactured using the same technology in a relatively short
period of time as one series. Reactor pressure vessels of Loviisa and Rovno nuclear power plants were
manufactured at that time, and therefore their vessels have similar features as model 230 vessels even
though these plants are of the more advanced 213 model.
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TABLE II. WWER-440/230 RPV STATUS

Plant

Bohunice 1

Bohunice2

Novovoronezh 3

Novovoronezh 4

Kola 1

Kola 2

Kozloduy 1

Kozloduy 2

Kozloduy 3

Kozloduy 4

Medz&mor 2

BOL

78

80

71

72

73

74

74

75

80

82

79

Cladding

yes

y «

no

no

no

no

no

no

y «

yes

yes

Annealing

1993

1993

1987. 1991

1991

1989

1989

1989

1992

1989

no

no

Dummies

1992. Ik 1983

1985. lie 1984

n. I k u

n, Ucu

1985

1985

1987

1988

1987

n. lie 1986

n

T, (weld No. 4, EOL)

117

171

194

158

148

186

>200

175

195

106

156

TV (weld No. 4)

146

146

175

175

194

194

."'

163

179

179

170

BOL Beginning of life
EOL End of life
tic Low leakage core
Ucaa Low leakage core after annealing
(" Allowable crack sizes evaluated
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Present material status of the vessels is determined mainly by the following factors:

initial mechanical properties, i.e. transition temperature Tk0;
- chemical composition, mainly concentration of Cu and P;
- neutron flux and fluence;

annealing efficiency and re-embrittlement rate;

Initial critical brittle fracture temperature

For some WWER-440/230 reactor pressure vessels initial transition temperature Tk0 of weld
metal was not measured using the standardized experimental procedure based on Charpy impact
testing. An empirical formula has been developed to evaluate this value subsequently [10]. This
formula relates the initial critical brittle fracture temperature to the chemical composition of the steel:

Tk0= 101.6-171 (Mn.Mo)+151.8(Mn. V)+8224(Si.P)-42139(S.P)-2726(P)-163(Si.Mo)

The predictions of Tk0 calculated by this formula are therefore considered not to be reliable (see
also Table III for case of Novovoronezh 3,4, Kozloduy 2 and Greifswald 1).

The formula results are compared with the actual certificate testing of the WWER-440 vessels
weld metal in Table III, where only in case of Paks 1 the formula provides a significantly non-
conservative T^ value. It is, however, clear from Table III that the formula is not a conservative
estimate. It should be noted that conservative in this context means that when T ĵ is added to ATF, a
conservative value of Tk will be calculated. Furthermore, the uncertainty in the prediction capability
of the formula has not been estimated.

The initial transition temperature values for weld No. 4 metal used in the vessel assessment are
given in Table III, the base metal Tk0 being assumed to be 0° C in the assessment while it is lower in
all cases and within 0° C and -40° C.

Chemical composition

The concentration of Cu and P is a major factor affecting the susceptibility of reactor pressure
vessel steel to irradiation embrittlement. For plants where neither surveillance programme is available
nor samples for mechanical testing can be taken from inside of the vessel wall, the concentration of
these two elements have been the only basis for irradiation induced transition temperature shift
evaluation.

For weld material, the Cu and P content values given in the certificate of each vessel are not in
all cases based on measurement on a production test coupon welded by identical procedure and
materials as the weldments of the vessel. Consequently, samples to determine the chemical
composition were taken from most of the model 230 vessels. Concentration of Cu and P for weld
(weld No. 4) and base metal of the model 230 vessels along with the method of determination used
are given in Table IV.
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TABLE III. COMPARISON OF MEASURED CALCULATED AND ESTIMATED T,
VALUES ;WWER-440, WELD No.4

kO

Plant

Kola 1

Kola 2

Kola 3

Kola 4

Novovoronezh 3

Novovoronezh 4

Kozloduy 1

Kozloduy 2

Kozloduy 3

Kozloduy 4

Medzamor 1

Medzamor 2

Bohunice 1

Bohunice 2

Bohunice 3

Bohunice 4

Dukovany 1

Dukovany 2

Dukovany 3

Dukovany 4

Greifswald 1

Greifswald 2

Greifswald 3

Greifswald 4

Greifswald 5

Greifswald 6

Loviisa 1

Loviisa 2

Mochovce 1

Mochovce 2

Paks 1

Paks 2

Paks 3

Paks 4

Rovno 1

Rovno 2

T,,, certif.

-

+ 15

+ 10

+50

+5

+22

+26

+2

+50

0

-4

+18

•5

•8

-8

-

-5

+5

+25

+8

-10

-10

+23

+5

-4

-13

0

+15

T^cak.

+30

+60

+16

+ 13

+5

+5

+52

+10

+49

+14

+20

+27

0

+49

+38

-1

+18

-1

+ 10

+ 10

+46

+4

+23

-13

-1

+ 18

+31

+26

-10

-10

+9

+23

-1

+5

+ 17

+13

!•„, eval.

+55

+15

+50

+20

Tw certif. data based on test coupon testing
T t t calc. data calculated from chemical composition
Tk0 eval. data based on irradiated material annealed at high temperature to simulate initial status

31



TABLE IV. Cu AND P CONCENTRATION OF RPV BELTLINE MATERIAL

Plant

Kola 1

Kol>2

Medzamor 1

Medzamor 2

Novovoronezh 3

Novovoronezh 4

Kozloduy 1

Kozloduy 2

Kozloduy 3

Kozloduy 4

Bohunice 1

Bohunice 2

Greifswald 1

Greifswald 2

Greifswald 3

Grcifswald 4

Loviisa 1

Loviisa 2

Cladding

no

no

no

yes

no

no

no

no

yes

yes

yes

yes

no

no

yes

yes

yes

yes

Weld metal No. 4

Cu

0.13

0.146

0.154

0.16

0.15

0.17

0.12

0.18

0.20

0.04

0.15

0.103

0.20

0.109

0.1(14

0.10

0.157

0.15

0.12

0.16

P

0.032

0.033

0.036

0.0375

0.030

0.031

0.030

0.0515

0.036

0.036

0.0375

0.036

0.021

0.035

0.043

0.036

0.026

0.034

0.043

0.037

0.032/

0.036

0.035

0.035

Method

calc.

scrap inside

calc.

scrap inside

scrap inside

template

template

scrap inside

calc.

template

certif. based on test

coupon

certif. based

on test coupon

certif.

scrap outside

certif.

scrap outside

scrap inside

template

certif.

scrap inside

certif. based

on test coupon

certif. based

on test coupon

Base metal

Cu

0.16

0.15

0.17

0.17

0.10

0.13

0.091

0.08

0.082

(1.17

0.18

0.12

P

0.012

0.012

0.013

0.012

0.011

0.010

0.017

0.016

0.012

0.012

0.014

0.010

0.010

0.010

0.015

0.012

0.012

0.016

Method

certif.

certif.

certif.

template

certif.

certif.

template

certif.

certif.

certif.

scrap outside

ccrtif.

scrap outside

ceru'f.

template

certif.

certif.

certif.

The representativeness of pressure vessel surface sampling is not completely clear. Some data
are available indicating that in weld metal the maximum of phosphorus contents is found on the
surface. On the other hand, due to metallurgical inhomogeniety (manufacturing and heat treatment
history) the surface layer of the base metal, in cases it is not machined off, tends to show the lowest
Tk0 and hence it is difficult to decide whether the surface samples give a conservative or non-
conservative estimate of the material properties across the vessel wall thickness.

Measurement on samples of the vessel itself were conducted in uncladded vessels when
templates were taken out of the vessel inner surface, namely in Kozloduy 2, Novovoronezh 3, 4 and
Greifswald 1, 2.
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In some cladded vessels, namely at Bohunice 1 and 2, scraps for chemical analysis were taken
from the outside. Special uncertainty in the weld outer surface sampling is caused by a protective
surface weld layer used in some vessels. In this case care must be taken to avoid this protective
weldment layer, which is made of a different type of steel. It has been stated that with the sampling
method applied this year in Bohunice even a second and a third sampling in the same positions might
contain a small amount of the first layer. No samples were taken at Kozloduy 3 and 4, however, the
certificate data are based on actual measurements performed on test coupon weld in accordance with
the former Soviet Union standards and procedures applicable at that time (Cu was, however, not
required to be analyzed according to the standards applicable at that time).

The templates taken from Novovoronezh 3 and Kozloduy 2 did not show any noticeable
variation of chemical composition in the depth direction of the weld in the thickness analyzed. Data
from Bohunice samples suggest that gradient in chemical composition is found related to sampling
depths.

Neutron fluence evaluation methods

Neutron fluence and its profile across the vessel wall thickness need to be precisely characterized
in order to evaluate the irradiation induced changes in the reactor pressure vessel wall.

Due to uncertainties in physical parameters (cross sections, etc.) and difficulties of modelling
neutron transport, the numerical evaluations of fluences on RPV and surveillance capsules have to be
validated by measurements.

For the WWER-440 reactors the results of neutron fluence calculation were verified by
measurements in a mock-up zero power reactor in former Czechoslovakia and former Soviet Union
for both full and reduced cores. Further verification of the results was performed by cavity
measurements. At present the cavity measurement is performed at Bohunice 1, 2, Kozloduy 2, 3, 4,
Novovoronezh 3, 4 and in Loviisa 1, 2, where also scraps are used to evaluate the neutron fluence.

In Kozloduy templates were also used to evaluate the neutron fluence on the pressure vessel
wall. Measurement on templates or scraps could provide accurate information on neutron fluence
attenuation through the wall thickness.

Embrittlement assessment

The discussions are focused on the weld metal properties. Base metal is not considered to be a
critical issue.

According to applicable Russian standards for the embrittlement assessment the critical brittle
fracture temperature Tk is used. Its value should be evaluated experimentally by Charpy impact testing
entirely, as summarized in detail in TECDOC-659 [1]. However, if this is not applicable, empirical
relationships given next have to be used [6].

Tk = Tu + ATF

ATF = AF
270 (FxlO22)"3 for lO^^F^.lO24

AF
270 = 800 (P+0.07 Cu)

where T^, is the initial value of critical brittle fracture temperature and ATF irradiation induced shift
in Tk, AF

270 is the irradiation embrittlement factor for irradiation at temperature 270°C in °C, F is the
neutron fluence in n.m"2, E > 0.5 MeV and P, Cu is the concentration in wt.%.
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The irradiation embrittlement factors AF is irradiation temperature dependent and its value for
irradiation at 250°C is evaluated (see also section 5.4. of this report):

AF
2S0 = 800 (P+0.07 Cu) + 8

These formulas are used in general to evaluate the critical brittle fracture temperature of the
WWER-440/230 reactor pressure vessels. In some cases these results are being verified by testing of
material samples, templates, cut directly from the vessel wall. Subsized Charpy specimen are used for
this purpose. Russian specialists developed a procedure to correlate results of subsized and standard
Charpy testing, and obtained data supporting the procedure. It was found, however, that the supporting
experimental evidence was not sufficient.

This approach has been applied to date to some of the uncladded vessels where templates were
taken from inside. For cladded vessels only scraps for chemical analysis were taken from outer surface;
no templates were taken from outside or through the cladding.

When specimen data are to be used in a vessel integrity assessment, the orientation of the
specimen notch (crack) should be similar to the orientation of the postulated defect. Otherwise the
conservativeness of the specimen orientation used should be demonstrated.

Results from laboratory tests and from vessel templates indicate that the formula to calculate AF

is an upper limit formula; according to Russian specialists this formula is basically conservative. It is,
however, based on a database which is small as compared to data available today and might not cover
all the cases.

There is some uncertainty concerning the temperature profile in the pressure vessel wall during
normal operation; the profile was reported to be plant specific and depends on the cooling of the
reactor cavity. The lower temperature could affect the degree of embrittlement near the outer surface.

Flux effect

Due to the lack of surveillance specimen in WWER-440/230 reactors the importance of the
accuracy and conservativeness of the formulas to predict embrittlement behaviour is extremely high.

Kurchatov Institute obtained data which suggest for the existence of a flux effect [2]. Flux effect
if not properly accounted for would have important consequences for the vessel integrity and residual
lifetime assessment.

Finnish test results from surveillance positions with full core and reduced core as well as on mini
specimens cut out from the outside wall of the RPV did not indicate any flux effects in these
conditions. Neither did the test results from the Finnish contribution in the Novovoronezh 1 RPV
trepan testing show flux effect dependence. However, it should be noted that flux effect could depend
on flux and fluence values, which may differ in the cases considered.

Consequently, the formula to evaluate irradiation embrittlement induced shift is not necessarily
always conservative in the whole applicable fluence range. The coefficient AF in this formula has been
determined as an upper bound for fluence exponent n = 1/3 for the whole range of fluences. The
deviations from conservativeness of this formula could occur due to flux effects.

Annealing

The selection of the temperature regime for annealing WWER-440/230 steel is based on a large
amount of experimental work, which has been done by the various organizations involved, considering:

- optimization of recovery of transition temperature shift;
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- evaluation of margins against temper embrittlement of base and weld metal.

An annealing regime with temperature above 460°C during hold period of at least 100 hours
results in acceptable residual embrittlement which does not depend on neutron fluence but mainly on
phosphorous concentration.

The data available, obtained both from irradiation experiments as well as from templates cut-out
directly from the vessel indicate that the residual transition temperature shift ATFres is below 20°C for
steels with less than 0.040 wt % phosphorus for the selected regime. It appears that for these steels
the margin of 20°C conservatively covers the possible deviations. This could not be claimed for
material with larger phosphorus content without further validation.

The annealing in practice requires installation of monitoring and control devices and
development of implementation procedures. The temperature gradient region in the reactor has to be
defined with respect to temperature limitations on specific components and limits on secondary stress.

In view of repeated annealing treatment which might be required for some units existing data
on heat affected zone (HAZ) material behaviour were discussed. The data available on HAZ were
found not sufficient to validate the process completely.

The evaluation of stress fields induced by the annealing cycle was done on plant specific basis,
including the cladding if it exists. The cooldown rate is also carefully controlled in order to limit the
thermal stress gradient.

Depending on the presence of cladding (which excludes the access on the inner surface) two
ways for determining the residual transition temperature after annealing exist:

- Evaluation of ATFres as a function of phosphorus content according to the existing database. In
this case data on the chemical composition and T^, are required.

- Evaluation of Tk after annealing by testing subsized Charpy specimens from templates cut out
from the inner surface. In this case the use of correlation between subsize and standard
specimens results is required.

The large uncertainties, considerable scatter and lack of data on material irradiated at conditions
close to that of the vessel wall could be resolved by further investigations on decommissioned RPVs.
The programme under way on Novovoronezh 2 plant and others should be complemented by
investigations on Greifswald plant, which represents the standard situations of the WWER-440/230 in
terms of operating conditions and material sensitivity to radiation embrittlement.

Furthermore, validation of the correlation between Charpy and fracture toughness data of
irradiated base and weld metal is still to be completed for WWER pressure vessel steels in order to
demonstrate that structural integrity assessments are not based on non-conservative values.

Microstructure examinations using various techniques have been performed on different types
of material and no discrepancies in the experimental data were found. The underlying mechanisms
were, however, not identified. The use of archive or quasi-archive material has to be considered for
further progress in the analyses and these comprehensive studies have to be encouraged.

Re-embrittlement

The residual lifetime of annealed vessels is determined by their re-embrittlement behaviour. The
re-embrittlement behaviour can be described by using the vertical, lateral or conservative shift of the
transition temperature, as outlined in detail in the IAEA-TECDOC-659 [1]. The conservative shift
approach has previously been used in the assessment of the residual lifetime of annealed vessels. Some
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recent data indicate that adjusting the initial embrittlement curve using a lateral shift approach is
adequate. However, further validation on the use of the lateral shift approach is needed.

The experimental data indicate that re-irradiation produces embrittlement rates which are lower
than those measured following the initial irradiation. The irradiation-induced shift in transition
temperature following annealing depends on the annealing temperature. Experimental data indicate that
higher annealing temperatures result in higher re-embrittlement rates. Although these data appear to
be consistent, further investigation is needed. Nevertheless, it is clear that increasing annealing
temperatures result in increasing recovery of irradiation embrittlement.

As far as chemical composition is concerned, the most important variable is phosphorus. Since
in Russian steels the variation in copper content is generally small, the effect of this element is
difficult to characterize.

Little information is available on the metallurgical changes occurring during irradiation,
annealing and re-irradiation, though there is some evidence on the role of copper and phosphorus. As
a result there is currently no physically based micromechanistic model available to describe re-
embrittlement behaviour.

Finally, it is noted that relatively few data are currently available on the effect of more than one
annealing cycle. However, the data that are available indicate that the steel exhibits consistent
responses during subsequent annealings. Therefore, it appears that the repeated annealing could be used
for pressure vessel properties recovery if validated.

Recommendations

1. A data base of all available measured Tk0 and chemical composition data should be collated. The
data base should be analysed to clarify differences in Ty, values in relation to chemical
composition, microstructure and heat treatment.

2. The preferred sampling method for taking samples of the core welds from the vessel inside are
templates, so that unambiguous determination of chemical composition profiles in the sampled
weld can be made.

3. Further information on the variation of chemical composition through the thickness of full size
welds is needed to establish the confidence that surface composition measurements (sampling)
are representative of the bulk through wall composition profile.

4. It is recommended that full size welds shall be examined, e.g., trepans from Greifswald units, in
order to obtain in addition to data on embrittlement complete information on metallurgical
characteristics, such as chemical composition, profiles, impurities form, weld root material
behaviour, scatter.

5. In the absence of reliable measured data, conservative values of the impurity concentrations
should be used in vessel assessment.

6. Manufacturing details for each unit should be as complete as possible. Any further information
held by the manufacturer should be obtained. In particular, detailed information on the welding
procedures, including the application of protective layers are required. Also manufacturing
specifications and mechanical properties testing should be obtained.

7. The dosimetry methods used should be unified and the differences in fluence evaluation
clarified. Unified cavity measurement methods should be implemented in all WWER-440/230
units.

36



8. Samples from vessel wall (for chemical analysis and mechanical testing) should be used also for
fluence and flux evaluation by measuring the Mn54 activity of the iron. In cladded vessels,
samples from stainless steel cladding can be also used to evaluate neutron fluence (applied
several times in nuclear power plants in Finland, France, Germany and Switzerland).

9. The neutron fluence attenuation through the reactor pressure vessel wall should be evaluated
using vessel sampling results, dosimetry results from Novovoronezh 1 trepan investigation and
calculations.

10. The formulas to predict irradiation embrittlement should be verified by all the data available to
date and optimized if necessary. A co-ordinated effort should be made to compile data on
WWER-440 (all models) pressure vessel embrittlement including surveillance and material test
reactor data into a database. The scatter in the experimental data generally should be estimated
and taken into account in the vessel integrity assessment in a systematic way.

11. The flux effect should be analysed and its possible impact on the assessment formula evaluated.
The results and methods used should be peer reviewed. The results obtained should be used to
develop an irradiation embrittlement formula in which impurity concentration, fluence and flux
are accounted for by a more appropriate functional form.

12. Temperature and its distribution in the irradiated surveillance specimens and in the reactor
pressure vessel wall should be re-evaluated and taken into account in vessel assessment. Direct
measurement of specimen temperature for full and reduced core configuration (using
thermocouples) should also be performed.

13. Additional experimental evaluation of the effect of flux has to be performed with high fluxes
and low fluences (410 l 2 ncm 2 s ' resp. 51019ncm"2) using representative and well documented
materials (for which low flux data exist).

14. Flux reduction measures to reduce the fluence on the reactor pressure vessel wall should be
applied on the operating plants.

15. The conservative shift approach should be used for the reactor pressure vessel residual lifetime
assessment, unless the use of the lateral shift approach can be validated.

16. For cladded vessels, all supplementary methods for assessing the actual vessel state, should be
employed for validation of re-embrittlement. The estimation of residual shifts is an important
component in the assessment of re-embrittlement. Further research is needed on the method of
characterizing T^, and residual shifts.

17. For the vessels without cladding, templates should be taken before and after annealing to
accurately determine the baseline information. To monitor re-embrittlement, the irradiation of
annealed templates in host reactors should be undertaken.

18. Further justification of the efficacy of repeated annealing and its validation is needed. Attention
should be given to vessel sections outside the annealed zone, which may become critical.

6.2. INTERNATIONAL ACTIVITIES

In this section, the activities carried out in the major international programmes under way are
described.

6.2.1. TACIS 91 project 1.1 activities

The objective of the activities is twofold, plant specific and generic. Siemens-KWU, EDF,
Framatome and MOCHT Otjig are involved in the activities.
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The plant specific objective is to evaluate the present actual Tk by taking templates for
Novovoronezh Units 3 and 4 and Kola Units 1 and 2.

The generic objective to be achieved by examinations of trepans from Novovoronezh Unit 2 is,
for all plants where templates are or will be taken (justification of template-based analysis), to validate
correlation between subsize and standard charpy specimen results and to validate representativity of
surface samples for bulk properties.

For other plants the generic objective of the activities is:

- to validate correlation between Tk and fracture mechanics results;

- to check correlation of annealing effect on Tk (Charpy results) and on fracture mechanics results;

- to improve understanding of irradiation and annealing effects (underpin predictions) by
microstructural examinations.

Further the evaluation of results should provide for all WWER-440/230 plants, the validation
of the re-embrittlement prediction, in particular whether the "lateral shift approach" is conservative.

The schedule of the programme is as follows:

Novovoronezh 3 templates taken in March/April 1995, test results expected still in 1995;

Novovoronezh 4 templates taken in September/October 1995, test results expected in 1996;

Kola 1, 2 templates are planned to be taken in 1996, to be specified more exactly, results
expected in 1997;

Novovoronezh 2 trepans were removed in 1994, testing of as removed samples was finished in
March 1995, results are presently under evaluation, machining and testing of
annealed samples is under way.

The activities in the frame of TACIS'91 Project 1.1 will give information on the actual Tk value
of Novovoronezh 3 for March 1995, for Novovoronezh 4, Kola 1 and 2 at the time when the templates
will be taken. Furthermore, the results will substantiate the re-embrittlement prediction formula.
However, to extend the verification of the prediction formula and to get more exact end of life (EOL)
Tk values for Novovoronezh 3, 4, and Kola 1, 2, the re-irradiation of the spare samples in a host
reactor would be required but is not included in the present programme scope.

Recommendation

1. The programme under way should be extended or complemented by further activities to include
the re-irradiation of the spare material from the templates.

6.2.2. EDF programme

EDF initiated a research programme on model materials representing WWER-440 weld, base
and heat affected zone (HAZ) materials. The objective of the programme is to provide a basis for a
comprehensive parametric study of the phosphorus and copper effect for this type of weld materials.

The targets for producing the model welds cover the various chemical compositions (phosphorus
up to 0,055 %) of the operating WWER-440/230 reactor pressure vessels and include also a typical
WWER-440/213 weld. Additionally, some investigations on base and HAZ material are proposed.
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The archive plates forged from a typical WWER-440/213 ingot will be used in general and also
for producing more sensitive materials (regarding radiation embrittlement), which are designed to cover
the extreme cases as well as local segregation. Investigation on HAZ is proposed by using simulated
materials in order to provide intensive examination possibilities.

The programme addresses specific issues for WWER-440/230 RPVs, which are mostly a source
of high uncertainties, such as:

(a) Retrospective simulation of Tk0. The programme should be able to provide information for the
validation of a simulation procedure which would be helpful for further evaluation of the
behaviour of irradiated samples. Additional bases for the development of a realistic prediction
law are expected. That support might be useful especially for vessels without mechanical
characterization after annealing, i.e. cladded vessels.

(b) Thermal ageing. The resistance to thermal ageing of the materials will be evaluated based on
equivalent time dependent bases.

(c) Temper embrittlement risk during annealing. Segregation processes of phosphorus to grain
boundaries might be a result of long time annealing in the chosen range of temperature. The
programme intends to evaluate the margins against critical mechanisms during the annealing.
Some screening information are expected on the corresponding HAZ.

(d) Re-embrittlement rate. The re-embrittlement rate needs to be confirmed at least for the expected
fluence range in order to contribute to the validation of the prediction accuracy.

Complementary investigations on cladding are under discussion at present. Further, a
contribution to existing data for evaluation of the flux effect is included. The programme will also
provide a large extent of materials (in various states) for mechanistic investigations.

In principle the planned schedule allows to expect that the corresponding results could be
available during the last years of this century. Therefore, they would be able to contribute to support
the evaluation of the expected behaviour at least for the most critical situations towards the end-of-life
of the plants concerned.

Representatives of Russia noted that the part of the programme related to the base metal is not
representative due to the material used (too large concentration of impurities, original technology not
used). It should be noted that the objective of this part of the programme is not to derive overall
conclusions but to evaluate specific effects.

Recommendations

1. The test results, which are of importance for evaluation of the residual temperature shift, have
to be collected and documented. The data available at present covers a wide range of phosphorus
concentration, but needs to be complemented by additional investigations for materials with high
phosphorus contents (from 0.040 to 0.056 wt.%).

2. The selected annealing regime (in particular temperature and time) is based on experimental
work including evaluation of margins against temper embrittlement of base and weld metal for
a long period of thermal exposure. Additional validation for heat affected zone material needs
to be performed for a specifically selected conservative case.

6.3. FURTHER ACTIVITIES

Considerable uncertainties still exist with respect to the functional form of irradiation
embrittlement, the effect of flux on embrittlement and with respect to the correlations used, such as
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subsize Charpy vs. Charpy, Charpy vs. fracture toughness shifts. More data is also needed on
annealing and especially on re-embrittlement behaviour of WWER-440 pressure vessel materials.

In addition, little verification of the reliability and consistency of the material data used in the
vessel integrity assessment is available at present, including material in unirradiated, irradiated,
irradiated-annealed and irradiated-annealed-reirradiated conditions.

A specific conclusion of the IAEA-TECDOC-659 was that mechanistic models of annealing
recovery and re-embrittlement behaviour are needed for better understanding of the underlying nature,
which will enable more precise management of the process and assessment of the results. This remains
still applicable as well as the continued development of required experimental techniques. It is
considered vital that such programmes should be encouraged to provide a mechanistic framework to
underpin the RPV trend curve development. It is particularly important that this should be linked to
issues which are relevant to the needs of the operating plants. The mechanisms of the embrittlement
of annealed material are a key to underpinning the trend curves employed for describing the
modification of properties on subsequent irradiation.

The TH) is a critical parameter as it represents the start of life condition. In the case of WWER-
440/230 plants there is an absence of plant specific data, and there is a need to confirm the estimation
of initial properties from irradiated material.

Greifswald plant is a standard WWER-440/230 plant and can offer relevant long time irradiated
reactor pressure vessel materials for research to analyze the material properties of operating WWER-
440 plants. The long term irradiation represented by Greifswald materials can lead to material
properties which cannot be simulated in a short time surveillance or research irradiation.

Recommendations

1. A comprehensive exercise facilitating the evaluation of the reliability of the material data should
be established using a WWER-440 representative material.

2. An international programme should be established to take sufficient number of trepan material
from Greifswald Unit 4 (and if applicable Unit 3) for characterizing the in situ material
properties and to be used in annealing and reirradiation (second annealing, etc.) studies.

3. It is recommended to stimulate programmes and to exchange information on programmes
existing or planned to improve the mechanistic understanding of WWER-440/230 RPV
embrittlement.

4. Consideration should also be given to the development and improvement of investigation
methods for obtaining material properties data directly from the RPV itself.

7. GENERAL FINDINGS AND RECOMMENDATIONS

1. A comprehensive selection of PTS transients should be carried out. A method for a
comprehensive transient selection is recommended based on the probabilistic methodology as
described in the US NRC Guide for PTS assessment. In order to avoid postponing of PTS
studies, initial set of deterministic sequences should be worked out based on the experience from
other WWER units and western PWR plants, and on the engineering judgement. After
completing the probabilistic transient selection, the final set of deterministic PTS accident
sequences should be developed.

2. The classes of accident sequences resulting from a comprehensive (probabilistic) overcooling
transient development are initially based on a common initiating event or initiating event class.
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However, grouping of overcooling transients from the structural analyst's viewpoint requires that
the similar histories regarding downcomer cooling rate, final temperature, non-uniform thermal
loadings and primary pressure are placed to the same group which should then be represented
by a single (or several) limiting sequence. Therefore for final grouping of the PTS transient
sequences, thermal hydraulics and fracture-mechanics experts should work closely together.

3. The actual plant configuration, implemented and proposed plant modifications, including existing
control and process systems, and operating procedures should be accounted for in transient
selection and thermal hydraulic analyses. Because of the significant differences among WWER-
440/230 units, these studies should be plant or even unit specific.

4. Thermal hydraulic analysis for PTS analysis requires a combined utilization of system codes and
specific fluid-fluid mixing models. Specific assumptions for PTS transients shall be applied.
Applicability of the used thermal hydraulic and fracture mechanics methods has to be shown by
extensive comparison to relevant experimental results. This should be an ongoing process.
Detailed numerical simulation of the thermal hydraulic and structural behaviour including
fracture assessment can quantify the impact of modifications in the systems of the plant and
should be used as an input for decisions for plant's modifications.

5. Non-uniform thermal loadings require a careful thermal hydraulic treatment. The loading
conditions in connection with the plant specific RPV properties (cladding vs. no cladding,
performed annealing, neutron fluence level), influence the vessel integrity assessment and
therefore affect the determination of limiting sequences.

6. The contribution of a transient to vessel failure probability, especially for significant asymmetric
loading conditions (e.g. steam line break), cannot be estimated sufficiently if the asymmetry is
not taken into account. Therefore, transient assessment concerning PTS relevance can only' be
performed by a detailed thermal hydraulic and structural mechanics analysis including fracture
assessment; probabilistic assessment is not sufficient for this purpose.

7. For the integrity assessment, simplified as well as detailed numerical structural and fracture
mechanics methods are used. Simplified engineering methods are useful only for the assessment
of postulated cracks in uncladded WWER-440/230 vessels for transients which do not lead to
significant plasticity at the analyzed crack. For cladded WWER-440/230 vessels with small
safety margins concerning integrity, more precise numerical methods are recommended.

8. Application of the screening criterion in terms of Tk
a is an effective means to obtain a fast

glance of the situation concerning the PTS vulnerability. However, the use of Tk
a approach could

lead to an oversimplification. All the aspects of transient selection, thermal hydraulic analysis,
structural analysis and fracture mechanics assessment are included in one Tk

a value. Since
differently based assumptions are made in various studies, plant specific Tk

a values are not
necessarily comparable. Therefore, applicatin of more sophisticated methods is recommended.

9. Kozloduy 1 reactor vessel is subject to the most severe irradiation embrittlement due to highest
P concentration in the whole series of WWER-440/230 plants. There are significant uncertainties
in the vessel material behavior which should be clarified urgently e.g. by taking samples for
mechanical testing or by irradiation of representative material to support further safe operation.

10. Kozloduy 2 reactor vessel mechanical properties after annealing and after accelerated irradiation
representing 7 years of operation were obtained by testing templates. The result indicates a
margin with respect to the lateral shift re-embrittlement prediction.

11. For Kozloduy 3 and 4 reactor vessels the certificate data based on actual material or test coupon
material on chemical composition and mechanical properties are available. These data in
connection with the outcome from programmes under way appear to be sufficient to support the

41



vessel assessment. However, for Unit 3 the Tk will probably reach its maximum allowable value
before the end of the design life time, which will require further action. For Unit 4 the Tk will
not reach its maximum allowable value during the design life with a margin according to the
existing assessment.

12. Novovoronezh Unit 3 reactor vessel samples for mechanical testing were taken before and after
2nd annealing. Further templates were taken in April 1995 for subsequent testing of mechanical
properties (Tk). For Unit 4, reactor vessel templates are planned to be taken in second half of
1995 for subsequent testing of mechanical properties (Tk). The resulting data in connection with
the results of Novovoronezh 1,2 trepans investigations will provide for verification of the
prediction of the reembrittlement. Accelerated irradiation of the spare material, which is not
planned yet, would provide for additional verification of the prediction towards the end of life.

13. For Kola 1 and 2 the removal of templates in 1995 or 1996 to verify the material properties in
terms of Tk has been agreed upon with Rosenergoatom within the frame of TACIS 91, Project
1.1.

14. For Bohunice 1 and 2 the removal of bulk samples from the vessel outer surface is planned for
1996, Unit 2, and 1997, Unit 1 to verify the chemical composition. Mechanical properties testing
of the samples to verify the prediction is not included in the programme. If feasible,
consideration should be given to the extension of the programme to include mechanical testing
using subsize specimen to verify the predictions.

15. Considerable uncertainties still exist with respect to the functional form of irradiation
embrittlement, the flux effect, and the correlations used (sub-size Charpy, Charpy, fracture
toughness). More data is needed on annealing and in particular on reirradiation behaviour of
WWER-440 pressure vessel materials.

16. In order to verify the reliability and representativeness of the material data used in the reactor
pressure vessel integrity assessments and to promote the consistency of the approaches adopted,
a round robin exercise on a typical WWER-440 material should be initiated. The focus of such
an exercise should be on the irradiation embrittlement status evaluation methods. The results will
provide basis for strengthening the confidence in this aspect of the vessel integrity assessment.

17. Greifswald plant vessels offer a unique opportunity to evaluate the WWER-440 pressure vessel
in-service aged material to validate the conclusions made for the operating plants. Such ageing
cannot be simulated in a short time surveillance irradiations. An international programme should
be established to take sufficient number of trepan material from Unit 4 and if applicable from
Unit 3 for characterizing the in situ material properties and to be used in annealing and
reirradiation (second annealing, etc.) studies.

8. CONCLUSIONS

1. In the RPV integrity assessment, the thermal hydraulic analysis including the selection of
transients, the structural analysis including fracture mechanics analysis and the material
properties assessment have an equally important role.

2. The original thermal hydraulic analysis including the selection of the transients for WWER-
440/230 plants is limited to the original design basis scenarios only, which may not include all
PTS important sequences. The methods and assumptions used are in some cases not appropriate.
Therefore, it does not provide a fully adequate basis for the RPV integrity assessment.

3. To date the structural analysis including fracture mechanics was based on simplified engineering
methods. However, simplified engineering methods are only suitable for assessment of uncladded
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vessels. For the assessment of cases with significant plasticity and of cladded vessels, more
precise numerical methods should be used.

The use of qualified non-destructive examination should ensure that the assumptions on defect
structure used in the assessment are valid.

4. Based on conclusions 2 and 3 above, the existing integrity assessment in terms of Tk
a values

needs to be re-evaluated as a matter of urgency for most of the operating plants. The use of
another properly justified approaches could be also considered.

5. The existing evaluation of material properties of the WWER-440/230 vessels involves still
uncertainties requiring direct measurement of the actual vessel material properties including
surveillance actions. The programmes under way and planned at present are capable to provide
the further necessary support if successfully completed. In the absence of a verified vessel
specific information, conservative data should be used in the assessment.

6. The RPV integrity assessment to demonstrate safety of operation should be based on a
comprehensive and unit specific analysis. Transfer of analysis results from one unit to another
is acceptable only if system arrangements and boundary conditions are comparable. In the
absence of a unit specific comprehensive analysis, conservative Tk

a values, such as the lowest
applicable Tk

a value calculated for a similar plant, should be used in the interim RPV integrity
assessment until a comprehensive plant specific analysis is completed.

NEXT PAQl(S)
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Appendix I

PLANT SPECIFIC STATUS

In this appendix, plant or unit specific information is provided on the approaches adopted for
the integrity assessment as well as the summary of the plants activities completed and under way
related to the material behaviour.

The information in this appendix has been provided mostly by the plant's representatives without
any verification. The information reflects in addition to plant specific data the differences in the safety
culture at individual plants.
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A.I.I.

1.

2.

3.
3.1.
3.2.

4.
4.1.
4.2.
4.3.

5.
5.1.
5.2.

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1.
7.1.2.
7.1.3.
7.1.4.
7.1.5.
7.1.6.
7.2.
7.2.1.
7.3.
7.4.

KOZLODUY PLANT

Unit

Evaluation

Critical PTS event
Events evaluated
Measures during event
(operator/automatic)

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

o-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ K|C]3/weld metal

8.

Kozloduy 1

Gidropress

SLB
20 mm, 32 mm, BRU-A, SLB,
after 30 min. one pump is switched off manually for
LOCA 20 mm

DINAMICA
MIXER
1 - for SLB
5 - for ID 20, 32 mm

TEMP
no

RASTR-SIGMA
3D
no

spectrum of crack sizes
0.4
surface
no

LEFM
Russian Code
KA l f C

I ' K I

1.4
35 + 53 exp(0.0217TR)

Not applicable, max. allowable crack size evaluated
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1.

2.

3.
3.1.

Unit

Evaluation

Critical PTS event
Events evaluated

Kozloduy 2

Gidropress

SLB
20 mm. 32

3.2. Measures during event
(operator/automatic)

Siemens/KWU

ID 200 mm hot leg break
, 20 mm, 32 mm cold leg break

BRU-A, SLB, 200 mm hot leg break
after 30 min. one pump is switched off manually for
LOCA 20 mm

4.
4.1
4.:
4.:

5.
5.1
5.:

6.
6.1
6.:
6.:

7.
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.:
i.:
7.:
1A

8.

.
I

.
>

>

.1.
1.2.
1.3.
1.4.
1.5.
1.6.
>
>.l.
\.
\.

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

a-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

Tk
a(°C)

weld No.4*

DINAMICA
MIXER
1 - for SLB

TEMP
no

RASTR-SIGMA/E
3D
no

conservative approach
KWU/MIX
1 - for SLB

ADINA
no

ADINA/E
2D
no

<0.25 S
2/3
surface
no

LEFM
Russian Code
K,A

1
35 + 53 exp(0.0217TR)

163, 193, 179, 204

0.25 S
0.5
surface
no

LEFM
weight functions
K,A, K,c

1

The assessment does not take into account actual plant configuration.
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1.

2.

3.
3.1.

3.2.

4.
4.1.
4.2.
4.3.

5.
5.1.
5.2.

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1.
7.1.2.
7.1.3.
7.1.4.
7.1.5.
7.1.6.
7.2.
7.2.1.
7.3.
7.4.

8.

Unit

Evaluation

Critical PTS event
Events evaluated

Measures during event
(operator/automatic)

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

G-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

Tk
a (°C)

weld No.4*

Kozloduy 3,4

Gidropress

ID 20 mm
20 mm,32 mm,
BRU-A, SLB,

DINAMICA
MIXER
1 - for BRU-A, SLB
5 - for ID 20, 32

TEMP
yes

analytical
2D
yes

< 0.25 S
2/3
surface
no

LEFM
Russian Code
K,A

1
35 + 53 exp(0.0217TR)

179

The calculations should be updated using updated methods and actual configuration of the
plant, see also Table I.

9. Material

A. General

The assessment of RPV integrity and residual lifetime was performed using former Soviet Union
standards, developed to be used at design stage. For Unit 1 the new method for evaluation of allowable
crack sizes has been used recently since it was not possible to demonstrate vessel integrity using the
original method, i.e. for the postulated 1/4 wall thickness crack size.
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B. Baseline information

For Unit 1 the contents of copper and phosphorus and the T^, were not measured at the
manufacturer and they were later estimated using thermodynamic respective empirical methods. To
verify the information on the material properties, scraps were taken from the weld No.4, resulting
rather high phosphorus concentration. Unit 1 is the single WWER-440/230 plant with the phosphorus
content higher than 0.042%. The measured phosphorus content is beyond the limit for which some
experimental data exists. Therefore the new assessment method has been used, resulting in allowable
crack sizes less than 40 mm2 at the end of the 18. cycle. This assessment, performed by OKB
Gidropress, is based on insufficiently verified material properties.

For Unit 2 the contents of copper and phosphorus and the T^, were not measured at the
manufacturer and they were later estimated using thermodynamic respective empirical methods. To
verify the information on the material properties, scraps and templates were taken from the weld No.4
before and after the annealing in 1992. The evaluation based on subsize Charpy and a heat treatment
resulted in a T^ value 40°C higher than originaly predicted (50 versus 10°C).

For Units 3 and 4 the information based on test coupon examination is available.

C. Annealing and reembrittlement

For Unit 1 activities are under way at present to improve the material properties knowledge. The
plant originally indicated, that templates for subsize mechanical testing will be taken during the 1995
outage, but later it was decided not to take templates.

For Unit 2 the material behavior has been verified and the preliminary results available indicate
that the lateral shift approach could be used to predict the irradiation embrittlement.

Unit 3 was annealed but no complementary activities took place so far. The Tk will, however,
reach its maximum allowable value before the end of the design lifetime according to the present
assessment. For Unit 4 no problems are expected up to the end of the design lifetime according to the
present assessment. The assessment, however, is not fully adequate, as indicated earlier.

D. Operational regimes and loads

No information available.

E. Programmes under way

The programme to evaluate the material properties of Unit 1 is under way, the activities for Unit
2 will be completed soon.

F. Open issues

None.
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FIG. 1. Kozloduy NPP Unit 2 weld No. 4 critical brittle fracture temperature
(data before annealing not available).
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FIG. 2. Kozloduy NPP Unit 3 weld No. 4 critical brittle fracture temperature
(data before annealing not available).
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FIG. 3. Kozloduy NPP Unit 4 weld No. 4 critical brittle fracture temperature.
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A.I.2. NOVOVORONEZH AND KOLA PLANTS

1. Unit

2.

3.
3.1.
3.2.

4.
4.1.
4.2.
4.3.

Evaluation

Critical PTS event
Events evaluated
Measures during event
(operator/automatic)

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

5. T-field calculation
5.1. Code/FEM
5.2. Cladding included

6.
6.1
6.2
6.3

7.
7.1
7.1
7.1
7.1
7.1
7.1
7.1
7.2
7.2
7.3
7.4

8.

.1

.2

.3

.4

.5

.6

.1.

G-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ Kic]3/weld metal

k ^ '

weld No.4 175

NovoVoronezh 3,4

Gidropress

SLB
20 mm, 32 mm, BRU-A, SLB

DINAMICA
MIXER
1 - for SLB
5 - for ID 20, 32

TEMP
no

RASTR-SIGMA/E
3D
no

< 0.25 S
2/3
surface
no

LEFM
Russian Code
K,A

1
35 + 53 exp(0.0217TR)
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1. Unit Kola 1,2

2.

3.
3.1.
3.2.

4.
4.1.
4.2.
4.3.

5.
5.1.
5.2.

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.2.
7.2.1
7.3.
7.4.

8.

Evaluation

Critical PTS event
Events evaluated
Measures during event
(operator/automatic)

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

c-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

Tk
a (°C)

weld No.4

Gidropress

SLB
20 mm, 32 m

DINAMICA
TEMP
1 - for SLB

TEMP
no

analytical
2D
no

< 0.25 S
2/3
surface
no
no
LEFM
Russian Code
K,A

1
35 + 53 exp((

194*

The calculations should be updated using updated methods and actual configurations of the
plant.

9. Material

A. General

Data requirements for the vessel assessment according to the Russian standards (material
properties):

- chemical composition of base metal and weld metal of RPV;
- mechanical properties of base metal and weld metal of RPV;
- transition temperature of base metal and weld metal in initial state;

fracture toughness of base metal and weld metal in initial state;
- radiation embrittlement factors of base metal and weld metal;
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information on defects in base metal and weld metal.

B. Baseline information

Manufacturer's data on chemical composition of weld No. 4 are given in Table V on mechanical
properties of weld No. 4 in Table VI. Calculated and measured content of Cu and P in weld No. 4 is
given in Table VII.

C. Annealing and re-embrittlement

In 1991 both Novovoronezh units were annealed (Unit 3 for the second time) and templates were
removed to evaluate chemical composition and mechanical properties (T^,). Further, templated were
taken in 1995 and their evaluation is under way in the frame of TACIS 91 programme.

At Kola plant, scraps were removed in 1989 to evaluate the chemical composition.

Kola NPP has not yet taken the final decision of cutting templates from Units 1 and 2 vessels
because according to the present OKB Gidropress assessment, the design service life of both vessels
is ensured (30 years).

New data that could be obtained as a result of vessels' sampling in opinion of Kola NPP cannot
compensate the deterioration of RPV after cutting templates resulting in Tk

a reduction.

Kola NPP considers that apart from the already undertaken measures to improve safety and to
ensure the design service life, the following measures could be taken:

consideration of lateral shift effect after annealing,
- vessel assessment based on measured fluence values;
- fluence reduction by implementation of low leakage core loading patterns;

consideration of residual heat of reactor core in thermal hydraulic calculations of accident
sequences;
reliable defect detection in weld 4 metal by NDE (ultrasonic testing) performed with Siemens
KWU equipment.

D. Operational regimes and loads

Not available.

E. Programmes under way

See item C.

F. Open issues

None.
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TABLE V. MANUFACTURER'S DATA ON CHEMICAL COMPOSITION OF WELD No.4

Plant

Novovoronezh 3

Novovoronezh 4

Kola 1

Kola 2

Content of elements. %

C

0.06

0.05

0.06

0.05

Si

0.35

0.37

0.47

0.49

Mn

1.0

1.07

1.03

1.00

Cr

1.37

1.43

1.40

1.58

Mo

0.43

0.5O

0.50

0.40

V

0.10

0.19

0.21

0.23

S

0.011

0.019

0.013

0.012

P

0.039

0.036

0.037

0.036

Cu

0.21

0.06

0.21

0.12

Ni

0.29

0.O9

0.29

Note: In this table, calculated content P and Cu is given. Measured content P and Cu is given in Table A.I 2 III.

TABLE VI. MANUFACTURER'S DATA ON MECHANICAL PROPERTIES OF WELD No. 4

Plant

Novovoronezh 3

Novovoronezh 4

Kola 1

Kola 2

At 20°C

Rm.
MPa

629
629
613

598
642
652

598
585
559

562
556
564

RpO.2.
MPa

534
480
523

480
513
524

478
444
422

437
445
451

A. %

20.0
23.3
20.0

24.0
23.3
23.3

17.3
25.0
25.0

23.3
28.3
28.3

71.8
68.2
66.2

64.2
62.9
64.0

71.0
71.3
71.3

74.7
74.5
68.0

KCU
kgfra/

cm1

14.5
12.8
16.3

12.9
19.9
13.6

11.9
11.3
16.3

19.7
15.5
19.3

At 325-35O°C

Rm.
MPa

521
539
490

468
510
510

453
468
470
468
463
429

475
463
497

RpO.2.
MPa

453
451
4IS

408
449
429

398
395
421
415
399
347

398
426
382

A, %

16.7
16.0
19.3

19.3
18.3
17.3

16.7
16.7
16.7
17.3
17.3

20.0
16.7
18.7

Z.%

60.4
59.0
60.2

61.3
56.3
56.3

68.5
66.3
64.5
60.3
68.8
65.5

66.6
66.0
65.2

Tko. °C

Estimated

55

15

Calculated

+5

+5

+30

+60

TABLE VII. CALCULATED AND MEASURED CONTENT OF COPPER AND PHOSPHORUS IN
WELD No. 4

Plant

Novovoronezh 3

Novovoronezh 4

Kola 1

Kola 2

Cu

Measured

0.15"

0.17"

0.146'

0.154"

Calculated

0.21

0.06

0.21

0.12

P

Measured

0.031"

0.030"

0.0331'

0.0375'

Calculated

0.039

0.036

0.037

0.036

determined from scraps
determined from templates
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FIG. 4. Novovoronezh NPP Unit 3 weld No. 4 critical brittle fracture temperature.
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FIG. 5. Novovoronezh NPP Unit 4 weld No. 4 critical brittle fracture temperature.
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FIG. 6. Kola NPP Unit 1 weld No. 4 critical brittle fracture temperature.
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FIG. 7. Kola NPP Unit 2 weld No. 4 critical brittle fracture temperature.
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A.I.3.

1.

2.

3.
3.1.
3.2.

4.
4.1.
4.2.
4.3.

5.
5.1.
5.2.

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.2.
7.2.1
7.3.
7.4.

8.

MEDZAMOR PLANT

Unit

Evaluation

Critical PTS event
Events
Measures during event
(operator/automatic)

TVH calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

a-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

Tk
a (°C)

weld No.4*

Medzamor 2

Gidropress

SLB
SLB, 20 mm, 32 mm, BRUA

DINAMICA
MIXER
1

TEMP
yes

RASTR-SIGMA/E
2D
yes

> 0.25S
2/3
surface
no
no
LEFM
Russian Code
K,A

1
35 + 53 exp(0.0217TR)

172

Preliminary assessment of RPV integrity has been performed on the basis of calculations which
have been carried out for other units. It is necessary to perform new RPV integrity assessment
in the full scope considering actual configuration of the plant.

Material

Not available.
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A.I.4. BOHUNICE PLANT

1. Unit

2. Evaluation

3. Critical ITS event
3.1. Events evaluated

3.2. Measures during event
(operator/automatic)

Bohunice 1,2

VUJE + SKODA

ID 20 mm
20 mm, 32 mm,
50 mm, 100 mm

VUJE

ID 200 mm
200 mm*

4.
4.1.
4.2.
4.3.

5.
5.1.
5.2.

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.2.
7.2.1.
7.3.
7.4.

8.

TYH calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

T-field calculation
Code/FEM
Cladding included

G-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface/subsurface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

T k
a (°C)

weld No.4 152

RELAP 5 Mod2
SKODA
I

COSMOS/M-FEM
yes

COSMOS/M-E
3D
yes

< 0.25 S
2/3
surface
no
no
LEFM
Russian Code
K,A

1
35 + 53 exp(0.0217TR)

146

RELAP 5 Mod2
REMIX, NEWMIX
2

PMD-FEM
yes

PMD-E
3D
yes

< 0.25 S
2/3
surface
no
yes
LEFM
Raju-Newman

1

Thermal hydraulic analyses for secondary side failures were also performed. Results obtained
indicate less severe RPV cooling due to measures implemented. PTS analyses will be redone
as a part of the reconstruction programme.

9. Material

A. General

For the reactor pressure vessel assessment there is no national standard or code. Former Soviet
Union standards are used, i.e. Tk values required.
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B. Baseline information

Both vessels were made by the Izhora plant. The data on the chemical composition and T^,
were provided by the manufacturer in the vessel passport but they were not based on actual
measurement. In order to verify the manufacturer data the chemical composition was measured on
scraps from the vessel outside.

C. Annealing and reembrittlement

In connection with the annealing of both vessels in 1993 the following additional activities
were performed:

- annealing itself;
- comprehensive research programme on irradiation, annealing, and re-irradiation of samples

prepared from tailored material;
- further analysis of chemical composition of scraps from the vessel outside;
- instrumented hardness measurement of the vessel including cladding before and after annealing;

annealing recovery assessment;
residual lifetime assessment.

D. Operational regimes and loads:

All operational regimes important from the vessel lifetime point of view are recorded and
assessed. No unusual plant operation regimes were observed till present.

The neutron fluence measurement on the vessel outer surface (in the reactor cavity) has been
implemented.

E. Programmes under way

Sampling operation of both RPVs V-l is planned during the refuelling outage in 1996, Unit
2, resp. 1997, Unit 1. The objective is to remove bulk samples from outside from the weld and the
base metal and to perform the following analyses:

- chemical composition analysis;
- line profile analysis;
- hardness measurement;
- microstructural analysis;

neutron dosimetry (to verify the cavity measurements);
subsize samples preparation and testing to determine the mechanical properties (if applicable).

F. Open issues

None.
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FIG. 8. Bohunice NPP Unit 1 weld No. 4 critical brittle fracture temperature.

250

3

S 200
a

£ 150

o

£
a> 100

JO

S 50

O

0
0

annealing, 1992

Tk=80 deg C

start-up 1979, Tko=50 deg C

10 15 20 25
Time of operation

30 35

FIG. 9. Bohunice NPP Unit 2 weld No. 4 critical brittle fracture temperature.
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A.I.5. LOVIISA PLANT

1. Unit

2. Evaluation

3.
3.1.

3.2.

4.
4.1.
4.2.
4.3.

Critical PTS event
Events evaluated

Measures during event
(operator/automatic)

T/H calculation
Coolant p-T Code
Fluid mixing Code
No. of plumes

5. T-field calculation
5.1. Code/FEM
5.2. Cladding included

Loviisa 1, 2

IVO

Integrated, probabilistic PTS study included all initiators
and all operating modes.

Deterministic licensing calculations employ six different
PTS scenarios (incl. PRISE, SBLOCA with low decay heat,
cold depressurization, etc.), and external flooding of the
RPV

Automatic: steam line break isolations
Operator: management of PRISE, long-term actions
Forbidden: isolation of LOCAs

RELAP5, SMABRE
REMIX
varies: three or six HPI plumes, accumulator plumes

yes

6.
6.1.
6.2.
6.3.

7.
7.1.
7.1.1
7.1.2
7.1.3
7.1.4
7.1.5
7.1.6
7.2.
7.2.1.
7.3.
7.4.

8.

cr-field calculation
Code- E/EP
2D/3D
Cladding included

K-calculation
Postulated crack
a
a/c
Surface
Cladding included
Cladding residual stress
LEFM/EPFM
K, - calculation
K,A(deepest)/K ,c(surface)
Safety factor nK

[ KIC]3/weld metal

Tka (°C)
weld No.4 140

9. Materials

A. General

E/EP
2D/3D
yes

15 mm
1.00
0.5
yes
yes
EPFM
yes
yes
1.2

A Finnish Regulatory Guides on RPV assessment, based on the ASME approach applies. The
Finnish regulatory body STUK requirements, however, can be even much stricter. For example, the
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cladding must be taken into account in stress intensity factor evaluation. This has a large influence on
the lifetime calculations especially due to the larger thickness of WWER-440 RPV cladding.

Two approaches are used in the analyses. The Russian standard approach and approach based
on own results from the quality control and surveillance programmes. In the latter case the shift of KIC

based on COD-specimen testing (K^) was used in the irradiation induced shift estimation.

For the lifetime calculations the screening criterion is Tk
a = 140°C. This will be reached in 1996

for Unit 1. This value is smaller than in other WWER-440 plants. The main reason for this are the
pessimistic assumptions used in our thermal hydraulic analysis.

B. Baseline information

Both RPVs were made in Izhora plant in 1970s. Thus we may consider the quality as far as the
impurity contents of the core weld is concerned as a 230 type RPV.

An extensive fracture mechanics research work has been carried out in Finland since 1970's to
develop own experience and test results. The quality control tests during the manufacturing of the
RPVs in Izhora plant have provided complete information of the core weld Charpy V properties (the
whole transition curve). In addition we have also copper and phosphorus contents of the core welds
from the manufacturing stage (Cu especially on FVO's special demands since it was not specified at
that time in GOST).

Scrap analyses have been made on both base and weld metal. From the weld metal, we could
not get relevant results due to the protective layer of carbon steel on the top of the weld.

C. Annealing and reembrittlement

The Tk value of the critical core weld will be about 135°C in 1996 when the annealing is
scheduled. There is a large number of annealing research results available. Some of the latest results
indicate that the recovery is not as good as expected according to the Russian data. It is considered
very important to clarify the recovery behaviour.

The reembrittlement results which we have received so far are encouraging. The shift seems to
follow the lateral approach rule, not the conservative. This, however, still needs to be additionally
verified.

D. Operational regimes and loads

The neutron fluence on the vessel wall has been measured by both scrap and by Ni-wires on the
outside wall. Scraps were taken from the surveillance chains, RPV inner wall (cladding) and outer
wall. The results have been very good, confirming very much the theoretical calculations.

Plant operation at low temperatures have not been taken into account in Loviisa. The stretch out
has not been very largely in use. On the other hand, the temperature of the RPV outside wall seems
to be a problem. This needs to be taken into account when analyzing external cooling. This might be
a problem that need to be carefully looked at.

E. Programmes under way

A large amount of additional irradiation programmes have been carried out in Loviisa since the
discovery of the faster than expected embrittlement of the RPV steel in Finland in 1980. Currently,
the main objective is on annealing and re-irradiation. A comprehensive research programme has
recently started for licensing the annealing in Finland. The programme includes irradiation, annealing,
etc. of a tailored weld which corresponds to the real core weld of Loviisa 1. The basic tests on
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unirradiated material has been already started. Further work has been ordered from MOCHT Otjig in
Russia and the main part of the work will be carried out in ZNIIKM, Kurchatov Institute and
Dimitrovgrad. The research is focused on the weld, HAZ and the cladding. The scope of the irradiation
programme is shown in Table VIII.

TABLE VIII. SCOPE OF THE IRRADIATION AND ANNEALING RESEARCH PROGRAMME

R , 1A 1A1, IAI, IAIA IAIAI

Weld

CV

COD

Total

IS

15

30

15

15

30

15

15

30

12

12

24

12

12

24

12

12

24

12

12

24

Cladding

COD, 1st layer

COO. 2nd layer

Total

8

8

16

8

8

8

8

(8)

(8)

8

8

16

8

8

8

8

16

Heat affected zone

1CV

Grand Total

12

58

12

50

12

50

(12)

24(44)

12

52

12

44

12

52

R reference material
I irradiated
IA irradiated and annealed
IAI, irradiated, annealed and reirradiatcd. index i denotes different fluences
[A1A irradiated, annealed, reirradiated and reannealed

1A1A] irradiated, annealed, reirradiatcd, reannealed and reimtdiated
CV Chatpy V testing
COD Charpy sized K, testing
ICV instrumented Charpy testing

In addition to the above programme we also intend to start a completely new surveillance
programme (Table IX) after annealing by using the same tailored weld as above. The objective is to
monitor the reembrittlement of the core weld after annealing and at the same time to see if there is
a flux effect in the reembrittlement.

TABLE IX. THE SCOPE OF THE NEW SURVEILLANCE PROGRAMME FOR LOVIISA 1

Specimen

CV

COD

12

12

IA

20

20

IAI

12

12

12 12

12

12

IAIA

20

20

IAIAI

12

12

12

12

12

Total

136

100

I irradiated
IA irradiated and annealed
IAI irradiated, annealed and reirradiated
IAIA irradiated, annealed, reirradiated and reannealed

1AIAI irradiated, annealed, reirradiated, reannealed and reirradiated
CV Charpy V testing
COD Charpy sized «„ testing

F. Open issues

The correlation between "small specimen" and standard e.g. Charpy V specimen testing needs
to be improved urgently. At present the license of some RPVs is based on this correlation. According
to latest Finnish experience the correlation is not as reliable as expected. The results indicate that for
the shift in transition temperature due to irradiation and for the recovery due to annealing, the
correlation is not as good as assumed so far.
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Trepan testing of WWER-440/RPV core weld is a very important issue which should be
implemented urgently. For this purpose, the Greifswald RPVs are excellent (e.g. Unit 3). So far trepans
were taken out from not very representative WWER RPVs.

We also think that a "round robin" programme to monitor the annealing and reembrittlement of
the WWER-440 RPV core weld is also urgently needed, see a separate proposal.

Regarding "archive material" in general, we think that it can successfully be produced by
simulating the core welds of old WWER-440 RPVs. Special attention shall be paid to the impurities
Cu and P.
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Appendix II

INFLUENCE OF RESIDUAL STRESSES

Besides the main subject on the PTS, the subject of residual stresses has been discussed to a
limited extent only and some special points of view are summarized in this appendix.

Residual stresses arise from the welding process, cladding, if applicable heat treatment and
hydrotest pressure load of a vessel. After heat treatment and hydrotest pressure load the residual stress
level in cladding can range from 300 to 400 MPa. Residual stresses can significantly increase the stress
intensity factor, particularly those of shallow cracks.

It is recommended to take into account residual stresses in cases, when the crack depths are less
than about 1/4 of the wall thickness including cladding. The effect is pronounced for the part of the
crack front which belongs to the area near the inner surface.

Residual stresses can be determined by simulating the welding process, heat treatment and
hydrotest pressure load of a vessel.

For conservative approaches it could be sufficient to take into account the welding process only.

For modelling of the welding process best estimate material properties in particular the properties
of first and second layer of cladding and properties for base metal and heat affected zone (HAZ) metal
should be used.

Furthermore it is necessary to take into account the different thermal-physical properties of
cladding and base metal.

In case the crack tip is in HAZ, it is necessary to take into account the properties of this zone
and microstructural transformation Fea to Fep too.

In case of combined mechanical and residual stresses the crack loading can be estimated by
weight functions.

For the determination of stress intensity factor by the weight function method it is necessary to
determine nominal distribution stress using elastic-plastic problem but not elastic only. Furthermore
it has to be emphasized that more experimental tests have to be performed and simulated by numerical
approaches.
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Appendix III

RE-EVALUATION OF EMBRITTLEMENT ASSESSMENT FORMULAS

With respect to the lack of surveillance specimens in WWER-440/230 plants the importance of
the accuracy and conservativeness of the formulas to predict embrittlement behaviour is extremely
high.

According to applicable Russian standards for the embrittlement assessment the critical brittle
fracture temperature Tk is used. Its value is evaluated experimentally by Charpy impact testing entirely,
as summarized in detail in the IAEA-TECDOC-659 [1]. However, due to the lack of surveillance
specimens for WWER-440/230, empirical relationships are used.

The formulas used in this approach were obtained in the beginning of eighties on the basis of
test reactor irradiation embrittlement data and using a data base which is small as compared to data
available today and might not cover conservatively all the cases. Especially it does not take into
account flux effect. Flux effect, if not properly accounted for, would have important consequences for
the vessel integrity and residual lifetime assessment.

To improve the embrittlement assessment, the existing empirical relationships should be re-
evaluated using all data available today. The results of irradiations performed in WWER-440/213
surveillance positions (not only surveillance specimens, but also specimens irradiated for research
programmes) should be used.

The results of this analysis should be used to develop an irradiation embrittlement prediction
formula in which impurity concentration, fluence and flux are accounted for by a more appropriate
functional form. For this purpose, experimental Charpy impact test results (Tko, ATF, upper shelf
energy, P and Cu contents, fluence and flux) should be collected and evaluated.

NEXT PAQE(S)
left BLANK
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ABBREVIATIONS

a/c
Ap
ASME
BOL
BRU-A
DBA
EC
ECCS
EDF
EOL
FEM
GOST
HAZ
HPI
HTC

KTA
LOCA
MCP
Mm

Mb

NDE

NPP

OECD/NEA ISP
PTS
Q
RPV
STUK
T

Tk0

TR
AT

ATF

*TF,rcs

TACIS
US NRC
VUJE

crack aspect ratio
irradiation embrittlement factor
American Society of Mechanical Engineers
beginning of life
steam generator safety valve, atmospheric relief
design basis accident
European Commission
emergency core cooling system
Electricité de France
end of life
finite element method
Russian standards system
heat affected zone
high pressure injection
heat transfer coefficient
pseudoelastic stress intensity factor
stress intensity factor
fracture toughness
Kerntechnischer Ausschuss
loss of coolant accident
main circulation pump
membrane correction factor
bending correction factor
non-destructive examination
correction of stress concentration
safety factor, stress intensity
nuclear power plant
membrane stress
bending stress
OECD/NEA International Standard Problem
pressurized thermal shock
shape factor
reactor pressure vessel
Finnish regulatory body
temperature
critical brittle fracture temperature
maximum allowable critical brittle fracture temperature
initial value of critical brittle fracture temperature
reference temperature
safety factor, temperature
shift in Tk due to irradiation
residual shift in Tk after annealing
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United States Nuclear Regulatory Commission
Nuclear Power Plant Research Institute, Slovak Republic
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