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ABSTRACT

The Reactor Pressure Vessel life management of 56 PWR 3 loop and 4 loop reactors units was
engaged by the French UtilityEDF (Electricite de France) a few years ago and is yet on going on. This
paper will present the work carried out within the framework of justifying why the 34 three loop
reactor vessels will remain acceptable for operation for a lifetime of at least 40-years.

A summary of the measures will be given. An overall review of actions will be presented describing
the French approach, using important existing databases, including studies related to irradiation
surveillance monitoring program and end of life fluence assessment. The last results obtained are
based on generic integrity analyses for all categories of situations (normal upset emergency and
faulted conditions) until the end of lifetime, postulating circumferential an radial kinds of flaw located
in the stainless steel cladding or shallow subcladding area.

The results of structural integrity analyses beginning with elastic computations and completed with
three-dimensional finite element elastic plastic computations for envelope cases, are compared with
code criteria for operating plants. The objective is to evaluate the margins on different parameters as
RTNDT (Reference Nil Ductility Transition Temperature), toughness or crack size, to justify the
global fitness for service of all these Reactor Pressure Vessels.

The paper introduces EDF's maintenance strategy, related to integrity assessment, for those nuclear
power plants under operation, based on NDE in-service inspection of the first thirty millimeters in the
thickness of the wall and major surveillance programs of the vessels.
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1 - INTRODUCTION

The Reactor Pressure Vessel is a major component for life management evaluation of nuclear plant
units. This component contains the reactor core and is at high pressure and temperature conditions of
the primary loop. This paper deals with the verification of the integrity of the component by finite
element mechanical studies, in all conditions of loading in relation with RTNDT (Reference Nil
Ductility Transition Temperature), and considering all parameters.

The French approach, applied on three-loop and four-loop 54 PWR nuclear power plants, is based on
mechanical safety studies, to demonstrate the absence of risk of failure by fast fracture.

Two approaches were engaged to evaluate the RPV integrity (Fig.l & 2):

- 1st approach based on generic assessment,

- 2nd approach based on specific vessel by vessel evaluation.

The objective is to show significant margins toward the initiation of the fast fracture, considering in
these cases, shallow flaws beneath the cladding (subclad flaws) or in the cladding.

The recent major tasks engaged by EDF are :

- better knowledge of the vessel material properties, including the effect of irradiation,

- more precise assessment of the fluence and neutronic calculations,

- the NDE inspection program based on the inspection of the vessel wall, with a special NDE tool to
inspect" the first thirty millimeters " (FTM) area in the subcladding zone,

- the evaluation of vessel integrity, the mechanical analysis of margins in all loading conditions.

The principal actions conducted recently are:

- fuel management optimization (reduced fluence level management),

- data gathered from radiation specimen capsules, removed from the vessels (3 loop RPV), within the
framework of the radiation surveillance program,

- mechanical calculations based on finite element thermohydraulic computations and three
dimensional elastic-plastic mechanical analyses.

2 - OVERALL REVIEW OF THE METHODOLOGY

The aging analysis adopted by the French utility is based on the behavior of the vessel material after
embrittlement under irradiation during the vessel lifetime (at least 40 years) with aged material
properties.

This evaluation is based on the determination of themargin factors in relation to the risks of brittle
fracture compared to code criteria, considering all cases of loading at the most severe point on the
vessel wall:

Margin = Kcp/K,c
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The stress intensity factor KcP [1] characterizes the mechanical behavior of a flaw. To calculate this
factor, the parameters are :

- the stress considering the particular transient loading,

- the size of the postulated subclad flaw (height and length).

The factor Kic characterizes the material fracture toughness determined from the RCC-M curve [1],
as a function of end-of-life RT NDT of the component, evaluated using initial properties of the material
and the radiation damage for the particular fluence level.

The demonstration consists of verifying the fundamental relation for all load cases, and at all points of
the structure :

A (T) n B (D) = K l c < m Kcp (i)

A: system of stress due to a transient (T),

B: is a function of the flaw (D) postulated in the cladding and subcladding zone of the vessel,

m: is the margin factor in the RCC-M [1] or RSEM [2] code criteria (Fig. 3).

3 - EVALUATION OF FLUENCE

The fluence value introduced in mechanical calculations is the fluence received in the core shell area
at the end of life (40 years basic design lifetime) and permits the evaluation of RTNDT. The assessment
of neutron flux is evaluated by a three-dimensional specific calculation code - Monte-carlo code,
"TRIPOLI B4 2P" - from a large cross section database. This code was developed by CEA
(Commissariat a PEnergie Atomique) and EDF [3] and compared with results of dosimetry
associated with pressure vessel surveillance program.

During the last 4 or 5 years, an intensive research and development program was conducted to
estimate the uncertainty level in the assessment of fluence and the exploitation of the radiation
specimen capsules removed from the vessels.
The value of basic design fluence, for a lifetime of at least 40 years, for all of the 3-loop reactor
vessels is of the order of:

7.3 1019 n/cra2.

In fact, considering the actual fluence received for at least 40 years period, and after examining the
calculation results, it appears that there exists a significant margin between the basic design fluence
and actual fluence received. The R&D program over the past five years has shown that the actual
level of fluence undergone by pressure vessels in EDF's 900 MW plants is much lower than that
assumed in the plant's design, by about 15% and 20% (Fig.4).



4 - PRESSURE VESSEL SURVEILLANCE PROGRAM and RTNDT EVALUATION

Organization and monitoring of embrittlement damage

Requirement

The vessel is composed of several parts made of low alloy ferritic steel - 16MND5 (A508 cl3). The
core shell zones, vessel shell rings and the welds are subject to neutronic irradiation. The effect is
embrittlement of the material inducing an increase of the ductile-brittle transition temperature
(RTNDT)- The requirement is to assure safety against fast fracture risk considering the material
toughness at the end of life.

Monitoring of embrittlement and methodology for RTNDT evaluation

The Pressure Vessel Surveillance Program conducted on French reactor vessels is given by The Code
of Federal Regulation 10CFR50 appendix G & H.
Each vessel is the subject of special radiation damage monitoring. The materials of each vessel were
identified. The embrittlement of vessel materials is measured by the increase of the transition
temperature ATcv as defined below. The temperature Tcv is determined using CHARPY V maximum
curve established using PELLINI and Charpy tests (ASME code procedures).

The relationship is:

ARTNDT = ATcv

5 - MECHANICAL ANALYSES - ASSESSMENT OF MARGINS

The mechanical analysis to estimate the safety margins regarding brittle fracture must consider
following data after evaluation for all of the reactor vessels : fluence level, RTNDT values, flaw
dimensions, transient consideration, safety injection temperature and material properties [4].

The fracture mechanics assessment is established by a conventional methodology based on the
comparison of the stress intensity factor to the fracture toughness reference curve indexed on the
RTNDT values evaluated in relation with the fluence.

Two methodologies of calculations were adopted for the evaluation of the brittle fracture margins in
the generic approach and specific vessel by vessel approach . In both cases are conducted:

1/- a two-dimensional elastic analysis considering, as input data, one dominant transient in each
condition (normal, upset, emergency and faulted), with maximum dimensions of defect, the results
of inspection performed on the reactor vessels (3-Loop ; 4-loop) confirmed the maximum size of
reference defect.

21- in addition, to the 2D elastic calculation, a new three-dimensional elastic-plastic anlysis was
performed for the most severe conditions.

The margin increase is of the order of 10% after comparison between the 2-D elastic and the 3D
elastic-pastic computations [5].
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6 - CONTRIBUTION OF THE IN-SERVICE-INSPECTION OF THE VESSELS

Knowledge of the internal characteristics of the vessel wall in the subcladding area is very important
(flaw presence in the wall or not and size of flaw). These are used in the finite element calculations
[B(D) in relation (1)].

In fact, different flaw sizes are postulated in the calculations as reference defects.

An important program of in service inspection was engaged based on ultrasonic examination of the
vessels. The area controled in the wall of each vessel is the " First Thirty Millimeters " (FTM).
The results of this vessel wall inspection, on 34 reactor vessels (3-loop) confirmed the maximum size
of reference defect (Table 1). This data was introduced in the mechanical calculations.

The inspected areas were focused in the core shell zone (Fig. 5). The inspected internal surfaces were
the two vessel shell rings Cl and C2 and the weld between rings Cl and C2 .

7 - SAFETY MARGINS EVALUATION

Approach and Criteria

The basic approach is to define a margin factor for each reference defect associated with each leading
transient and to compare this factor to the required margin specified in the codified set of criteria. The
results are presented in terms of margin factor m defined as the following ratio, and depends on
whether the reference crack tip is in or against the base metal or cladding (Fig. 6):

- For a crack tip in or against the base metal, m is linked with the onset of cleavage cracking
instability;

m = Kic/Kcp [5]

- For a crack tip in or against cladding, m is linked with the onset of tearing propagation

m = Kjc / Kcp

with:

Kjc = [E.J0.2 / (l-v2)]1/2 [5],

The loading parameter Kcp is defined as the stress intensity factor adjusted with a specific plasticity
correction whose definition depends on the shape and the position of the defect and on the loading
[5].
The parameter J is determined as a function of toughness of the vessel base metal material at the end-
of-life condition [5].

Required criteria

A semi-probabilistic approach, derived from the codified methodology is applied for this mechanical
analysis.
The level of criteria is compared with:

- basic design margin factors and,
- in-service inspection margin factors,

and depends on the probability of the combination of defect and selected transient ( Table 1 and
Table 2).
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Should also be mentioned that this approach is still not strictly codified but corresponds, for margin
factors concerning units in operation, to a tacit agreement between the Manufacturer, the Utility and
the Safety Authority.

7.1 - GENERIC APPROACH

The result obtained by the generic approach, following the diagram figure 1, is the justification of a
6 mm height subclad flaw in level A, level C and level D loading conditions (in the most severe
position - maximun fluence and inlet cold leg). In these generic analyses the maximum RTNDT values
for all of the 3-loop reactors, for at least 40 years are:

- 87°C for CPO series (for earlier French nuclear 3-loop NPPs and,

- 77°C for CP1 and CP2 series (for more recent 3-loop series plants).

Important results were obtained recently. These latest studies consider finite element thermohydraulic
computations in the downcomer to adjust the profile of severe small primary break transients to
optimize the heat transfer coefficient.

These calculations, coupled with the 3D elasto- plastic mechanical computations increase margin
values to justify 6 - 8 - 10mm subclad flaws, using RTNDT values for 40 years in all loading cases.

7.2 - SPECIFIC APPROACH - VESSEL BY VESSEL ANALYSES

The generic approach is a very conservative methodology and to obtain the real assessment, vessel by
vessel life evaluation, it was decidedto carry out a specific file for each vessel.

In fact, following the diagram shown in figure 2,

- the real RTNDT at 20 - 30 - 40 years are calculated considering the projection of fluence at the end of
life (fuel management with fluence reduced by 15%) and the ARTNDT evaluated using real chemical
composition,

- the limiting RTNDT determined with flaw characteristics from NDE inspection and transient
considered in each loading situation.

In this case, the RTNDT values obtained are about 8 to 10°C less than those of the generic
approach.

7.3 - MAIN RESULTS

This study leads to the following results for a crack postulated in the subcladding area,

- for the normal and upset conditions (level A), the required criteria are largely satisfied for all the
selected defects,

- for emergency conditions (level C) the criteria required for units in operation are satisfied, in
particular for the most severe transient representing a small break LOCA,

- for faulted conditions (level D), a defect arrest analysis must be performed to demonstrate that the
arrested crack height remains less than V* of the vessel thickness.

The analysis shows indeed that the crack arrest is about 70mm which satisfies the criteria.

One should that the results for level C analysis were obtained with thermohydraulic finite element
computations in the downcomer, associated with three- dimensional finite element mechanical elastic
plastic computations.
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8 - DATA TO SUPPORT PWR LIFE BEYOND 40 YEARS

EDF decided to put reserve radiation specimen capsules back into its 3-loop and 4-loop PWR reactors
during the 20th-year outage, which begin with TRICASTIN Unit 1 at the beginning of 1999.

This new action, combined with low fluence level management will permit an assessment for life
extension after 40 years for all of its reactor vessels (objective is 50 years)

9 - CONCLUSION - MAINTENANCE STRATEGY

The assessment reports presented to the Safety Authority were carried out justifying the fact that the
primary pressure vessels of all of the 3-loop reactors (900MW series) are safe to operate throughout
the design lifetime of at least 40 years. Actually the authorization obtained from Safety Authority is
30 years and additional actions have been engaged following the Safety Authority requirements.

Some additional actions have been undertaken to confirm the In-Service safety by some specific
maintenance strategy plans.

Maintenance program in support

Three important actions were implemented:

- a specific fuel management monitoring, in particular a fluence management level, vessel by vessel,

- a specific extension of the pressure vessel radiation surveillance program based on the
reintroduction of reserve radiation specimen capsules in each vessel in the place of capsules taken
out for expertise,

- a continuation of " First Thirty Millimeters " NDE inspection program on the vessel where this was
not completely performed, and every ten years on all of the vessels, in particular where a flaw might
have been observed.
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RPV INTEGRITY EVALUATION
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2 - SPECIFIC EVALUATION (VESSEL BY VESSEL)
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MARGIN FACTOR - CODE CRITERIA

'M" is margin factor in codes criterias

>̂ RCC-M (basic design conception)

^ RSEM (for units in operating)

Level
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Margin factor
basic design - conception

2.5
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in operating

2

1.6

1.2

Figure 3
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Figure 4

Diagram of Projection of Fluence
40 years

FIGURE 3 : PROJECTIONS DE FLUENCE A 40
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RPV in-service inspection machine
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TABLE 1 : DEFINITION OF THE REFERENCE DEFECTS

Type of defect

Weld or base
metal
Underclad or
repair
Throughwall defect

Envelope defect

6 mm x 60 mm

6 mm x 60 mm

Exceptional defect

12 mm x72 mm

12 mm x 60 mm

Conventional
defect

13,5 mm x81 mm

Orientation

Circumferential

Perpendicular to
the cladding layers
Perpendicular the
most unfavorable

TABLE 2 : SELECTION OF LEADING TANSIENTS

CATEGORY
2

3

4

TRANSIENTS
- Cooling down and refuelling
- Small primary break 3" -100 % Reactor in operation
- Small primary break 2" -100 % Reactor in operation
- Intermediate leak on the Main steam line before the main steam isolation

valve (intervention after 15 min)
- Intermediate leak on the Main steam line before the main steam isolation

valve (intervention after 30 min)
- Main steam line break before main steam isolation valve
- Large primary break (LOCA)

2 - .Level A
3 - Level C
4 - Level D
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