








3BThe Safety Case Roadmap _

e The complementary probabilistic SIA concludes that the Frequency of Crack Initiation of
Tihange 2 RPV amounts to 1.4x10°® per reactor year, which is two orders of magnitude
below the acceptance criterion of 10 defined in 10CFR50.61a.

4.8.2 Methodology

The Structural Integrity Assessment (SIA) procedure is presented in the scheme below.

Figure 4.31 Schematic presentation of the Tihange 2 RPV Structural Integrity Assessment
(SIA)

All evaluations, both deterministic and probabilistic, consider an additional shift in RTypr of
50°C, which is conservative with respect to the results of the material investigations (see
Chapter 4.7).

Deterministic SIA (see 4.8.3)
The deterministic SIA is divided into three separate assessments:

¢ Flaw Acceptability Assessment: inspired by the ASME XI procedure but adapted to the
nature and number of indications found in the Tihange 2 RPV. For the indications’
grouping, a particular methodology has been developed. The Flaw Acceptability
Assessment consists of three parts:

- ASME III Primary Stress Re-evaluation: the primary stresses are re-evaluated
according to the ASME III rules, taking into account the presence of flaw indications in
the RPV shell.

- Fatigue Crack Growth Analysis: assessment of potential crack growth due to
fatigue, in accordance with the rules of ASME XI Appendix A (see also 4.6.2).

- Flaw Acceptability Analysis: based on the ASME XI criteria but adapted to the
particular nature of the flaws.

¢ Fracture Toughness Requirements: an analysis of the fracture toughness
requirements, as stipulated in 10 CFR 50 Appendix G, and performed according to the rules
of ASME XI Appendix G.

o Deterministic PTS Analysis: a deterministic pressurized thermal shock (PTS) analysis as
requested by 10 CFR 50.61.
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Complementary Probabilistic SIA (see 4.8.4)
The complementary probabilistic SIA covers a probabilistic PTS analysis according to 10 CFR
50.61a.

4.8.3 Deterministic SIA

Flaw Acceptability Assessment
Electrabel decided to perform a Flaw Acceptability Assessment in line with ASME XI. The
conclusions of this assessment can be summarized as follows:

o The most critical criterion regarding primary general membrane hoop stress is
still met in all Tihange 2 RPV components.

¢ The results have shown that fatigue crack growth is not a concern.

¢ All indications encountered in the Tihange 2 RPV core shells, transition ring,
nozzle shell, vessel flange, and vessel head flange fully meet the acceptance
criteria.

From measurements to calculations

Every single flaw detected by UT inspection is known in terms of its exact position in the RPV
wall and its maximum dimensions in three orthogonal directions. This means that each flaw
may be represented by a rectangular box surrounding the flaw, with the same dimensions in
three orthogonal directions as the flaw. This principle is illustrated in the picture below. For
visualization purposes, the detected flaw is schematically represented by an ellipse in this
figure.

Figure 4.32 Illustration of rectangular box surrounding one detected flaw

For each flaw, i.e. each rectangular box, the corresponding circular flaw characteristics used in
the calculations need to be defined. This is illustrated in the figure below:
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Figure 4.33 Illustration of definition resulting flaw characteristics

e The diameter of the circular flaw is taken as the maximum length of the two diagonals (Ly,
Ly) depicted in the figure above.

e The flaw inclination is taken as the maximum of the angles of the diagonals (ay, ay)
depicted above.

e The ligament S of the circular flaw is taken as the minimum distance between the box and
the interface between the cladding and base metal.

The definition of the resulting circular flaw is illustrated in the figure below. The dashed line
depicts the largest flaw that may be included in the rectangular box. In general, this flaw is
elliptical. The resulting flaw that will actually be considered in the Flaw Acceptability Analysis is
the circular flaw (indicated by the solid line) that envelopes the elliptical flaw.
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Figure 4.34 Illustration of resulting flaw to be assessed
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3BThe Safety Case Roadmap

Flaw grouping rules

The flaws found in the Tihange 2 RPV fall outside of the ASME XI in-service framework.
Therefore, before the Flaw Acceptability Assessment could start, the ASME XI assessment
procedures had to be adapted to the very specific indications found in the Tihange 2 RPV, i.e.
present in large numbers and nearly laminar in shape. Two specific rules have been
developed:

e One for the grouping of closely spaced flaws, based on ASME XI IWB-3300 (flaw
characterization).

e One for demonstrating the flaw acceptability, based on ASME XI IWB-3600 (analytical
evaluation of flaws).

Before assessing the acceptability of flaws by fracture mechanics, closely spaced flaws must
be grouped first. Mechanical interactions between flaws tend to increase when the distance
between the flaws decreases. Rules are developed that enable the experts to decide whether
two closely spaced flaws can be considered as individual flaws or have to be combined into
one single flaw. This principle is applied for each flaw and all of its surrounding flaws. This
sequence continues until no interaction with surrounding flaws is found anymore.

For every couple of
detected flaws

Flaws closely
spaced in

Z-direction ?
(H-rule)

Flaws closely
spacedin X and
Y direction ?
(S-rule)

Yes l

\ 4
Flaws remain Flaws remain
Flaws grouped
ungrouped ungrouped

Next couple of
detected flaws

Figure 4.35 Application of grouping rules to detected flaws
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e Flaw grouping rules

In fracture mechanics, each
individual flaw may be
characterized by its Stress
Intensity Factor (SIF, see
definition in Chapter 4.7).
When the distance between
flaws decreases, the
interaction between both
the flaws increases and
hence so do their
respective SIF. Experiments
show that interactions
between flaws may be
$ S considered as significant
when the increase of a
H flaw’s SIF due to the
presence of another flaw, is
larger than 6 %, i.e. the
interaction factor is larger
than 1.06. This observation
1 is the basis for the

development of the rules
on grouping of flaws.

In fact, the spatial situation
of any pair of flaws may be
characterized by two

geometrical parameters:

- H: used to check the

spacing between the two

— flaws in the direction of the
i RPV wall thickness (Z-

direction).
Figure 4.36 Any flaw or group of flaws is screened based on its - S: used to check the
H and S values spacing between the two

flaws in the axial (X) and
circumferential (Y) direction

The grouping rules have been applied to all possible pairs of of the RPV wall.
flaws detected in the Tihange 2 RPV forgings as follows: as : .

. . . .. Any pair of flaws in the
explained above, every single flaw detected by UT inspection is Tihange 2 RPV forgings is
represented by a rectangular box surrounding the flaw, and screened based on its H
with the same dimensions in three orthogonal directions as the and S value (see scheme

) . . e left). The values of H and S
flaw. In addition, this box has a well defined position in the RPV el il (RS FEve i
wall. This principle is illustrated in the picture below for a case be grouped are determined
in which three flaws have to be grouped. based on 2D finite element

calculations. These
calculations cover all
possible configurations of
flaw pairs that may be
encountered in the Tihange
2 RPV forgings. For each
configuration, the
interaction factor related to
the SIF is calculated and is
compared to the threshold
value of 1.06.

Figure 4.37 Illustration of flaw grouping

On the left hand side of this figure, the three flaws are schematically depicted as ellipses (for
visualization purposes) together with the three red surrounding rectangular boxes. If the flaws
are to be grouped according to the H and S rule (see sidebar), this means that the red boxes
will be replaced by the blue box depicted on the right hand side. It is the smallest box that
surrounds the three red boxes.
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3BThe Safety Case Roadmap

Thus, for each forging, the result of this operation is a combination of a list of individual flaws
that will remain individual ones in the acceptability assessment phase and a list of flaws that
have to be grouped. For the Tihange 2 RPV as a whole, 17.6 % of the detected flaws have
been grouped. For the upper core shell in particular, 18.0 % of the detected flaws have been
grouped.

Definition of combined flaw

In exactly the same way as explained above for the individual flaws, the corresponding
circular flaw for which the actual Acceptability Assessment will be performed needs to be
defined. This time however, the starting point is the blue rectangular box that envelopes the
red boxes surrounding the flaws that have to be grouped. The result of this step is illustrated
in the figure below:
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Figure 4.38 Illustration of resulting flaw to be assessed in case of flaw grouping

The dashed line depicts the largest flaw that may be included in the rectangular box. In
general, this flaw is elliptical. The resulting flaw that will actually be considered in the Flaw
Acceptability Analysis, is the smallest circular flaw (indicated by the solid line) that envelopes
the elliptical flaw.

The figures above also illustrate the conservatism of the grouping approach: the flaw size that
is finally considered in the Flaw Acceptability Analysis, will be much larger than the size of
each of the individual flaws in the red boxes. Among the grouped flaws of the Tihange 2 RPV,
inclinations up to 40° are encountered, while the detected individual flaws have inclinations
between 0° and 20°. The higher the inclination of the flaw, the more the flaw moves away
from the relatively favourable orientation that pure laminar flaws have with respect to the
governing stress fields in cylindrical vessels, and, hence, the more conservative the analysis
becomes.

ASME III Primary Stress Re-evaluation

The Tihange 2 RPV has been designed in accordance with ASME III for Class 1 components.
As such, the different stress and stress range criteria given under Subsection NB-3000 ‘Design
by Analysis” have been verified at the design stage. These criteria aim to prevent a nhumber of
pressure vessel failure modes, such as excessive plastic deformation, plastic instability leading
to incremental collapse, and fatigue, among others.
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The flaw indications revealed during the 2012 in-service inspection, are addressed in ASME
Section XI. One ASME XI Article, IWB-3610(d)(2), refers to the ‘Design by Analysis’ Subsection
NB-3000 as it requires the verification of the primary stress limits of that Subsection,
assuming a local area reduction of the pressure retaining membrane that is equal to the area
of the detected flaws.

Membrane hoop stress analysis

In each stress criterion the calculated primary stress is compared to the allowable stress. The
original Tihange 2 RPV stress analysis has shown that the criterion regarding the primary
general membrane hoop stress in the circumferential direction is the one where the calculated
stress comes closest to the allowable stress, i.e. 95.1 % of the allowable value. The calculated
stress is proportional to the internal design pressure (171.6 bar) and the diameter of the
reactor vessel and inversely proportional to its wall thickness (200 mm). The allowable stress
is a material characteristic defined in the ASME Code and has to be taken at the design
temperature of the vessel.

Membrane hoop stress re-evaluation

As requested by IWB-3610(d)(2), the calculated stress must be
re-evaluated, thereby considering a reduced wall thickness that

accounts for the presence of flaws in a particular location of the As required by the ASME
vessel wall. As long as this thickness reduction does not exceed Code, the flaws in the
4.9 % (i.e. 100 - 95.1 %), the criterion on the primary general forgings are subjected to
b h ill still b Thi ification h the ASME Level A and B

membrane hoop _stress will still be met. This verification has TR e
been done explicitly for the lower and upper core shells of the maximum allowable
Tihange 2 RPV, where numerous flaws have been detected. It number of occurrences over

I tomatically covers the transition ring, the nozzle shell the whole service lifetime,
also automatically g as specified in the Final
and the vessel flange where much smaller numbers of flaws Safety Analysis Report of
have been detected. the unit. This is a

conservative approach,
since in reality the

Doing so, it appears that the most critical ASME III NB- transients appear less
3000 criterion regarding primary general membrane frequently than supposed in
hoop stress is still met in all reactor pressure vessel 11D RS,

locations. In addition, conservative
heat transfer coefficients
for the heat transfer from

Fatigue Crack Growth Analysis primary water to the
As requested by ASME XI IWB-3610(a), Fatigue Crack Growth is reactor pressure vessel wall
. . . are considered during the

evaluated by the analytical procedures described in ASME XI T EES, e

Appendix A ‘Analysis of Flaws’, based on linear elastic fracture temperature-time and

mechanics. The objective is to calculate the growth of the stress-time histories at the
. . Lo level of the reference flaws

nearly laminar flaws until the end of service lifetime of the Sl Gl lnEs) e Fifie

Tihange 2 RPV. Element modelling, and the

crack growth is evaluated
by the fracture mechanics

The results show that even when applying the very conservative coftware TEEPAC.

approach (see sidebar), the maximum growth of the flaws in

. . e s s The fatigue crack growth
the forgings over th_e whole service lifetime of 'Fhe RPy is limited e et [
to 2.18 % of their size, and for the core shells in particular, the the axial and

maximum growth is limited to 1.28 %. This means that circumferential projections

of the flaws rather than by

fatigue crack growth is not a concern and does not need considering Eheir ezl
to be further considered in the Flaw Acceptability orientations. Comparison
Analysis. between both approaches

has shown that the
approach based on axial
and circumferential
projections is much more
conservative.
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3BThe Safety Case Roadmap

Flaw Acceptability Analysis

Since the Fatigue Crack Growth Analysis has shown that the growth of the flaws is negligible,
the Flaw Acceptability Analysis can consider the flaws with their dimensions derived from the
2012 ultrasonic inspections (as described above).

This analysis has made clear that all indications encountered in the Tihange 2 RPV
core shells are acceptable. The few indications found in the transition ring, nozzle
shell, vessel flange, and vessel head flange were accepted as well.

As can be seen in the diagram below, the vessel shells (transition ring, core shells and nozzle
shell) are addressed in a different way than the vessel flanges. This is because of the number
of flaws in the vessel shells and because the stress field in the vessel flanges is differs from
the stress field in the vessel shells (due to the presence of holes for the RPV bolting).

Lower core shell Transition ring
Upper core shell Nozzle shell Vessel flange Vessel head flange

Individual and grouped flaws

A\ 4

One virtual No flaws to be
conservative flaw justified

Determination of l
acceptable core shell No _flavqs olbe
A justified
flaw sizes 2.

For every flaw

Flaw Acceptability
Comparison of flaw size 23 with Analysis according to

acceptable core shell flaw size 23,

ASME XI App. A and
IWB-3612

e

Figure 4.39 Schematic overview of Flaw Acceptability Analysis for Tihange 2 RPV

Core shells
For the Flaw Acceptability Analysis of the core shells, a
methodology inspired by ASME XI has been developed to

determine acceptable sizes of large numbers of nearly laminar A ligament between

flaws. flakes is a bond of sound
matter between flakes. By
sound is meant: with no

mechanical discontinuities

The first step was to develop a set of curves that enable the

assessment of the acceptability of all possible configurations of such as cracks, cavities,
individual flaws or flaw groups detected in the Tihange 2 RPV. etc. It can be evaluated
A h, parametric analyses were made to cover each along different directions,
S such, pa Y H - when not specified, the
parameter that may take any value within a particular range. direction along which the
usually assumed.
« The inclination of the individual flaw or group of flaws with A ligament can also stand
respect to the cylindrical surface of the RPV. ifgrtlggedﬁ’r‘;sc'g'gg g{ :,:‘ee S'VZW
e The RTypr of the base metal at the location of the flaw. This thickness of the RPV and
temperature varies with the position in the RPV in a similar V\Ilitgdr_ewgct to thf |
H H cladding-base meta
way as the neutron fluence responsible for this temperature interface. In that sense it
shift. corresponds to the ASME

variable S.
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e The ligament (see sidebar) of the flaw or group of flaws,
being the position of the flaw in the direction of the RPV wall
thickness, measured from the interface between the
cladding and base metal.

Each curve gives the acceptable flaw size as a function of the
ligament and is valid for a particular combination of inclinations
and RTypr values.

Acceptable flaw size - $=10°

600

300

0 20 40 60 80 100 120 140

Ligament S {mm)

Figure 4.40 Four acceptable flaw size curves for 4 different
RTypr values, and for inclinations up to 10° (B)

The second step consists of comparing the size (2a) of each
individual flaw and of the grouped flaws to its acceptable flaw
size (2a,.). This acceptable flaw size was determined based on
the acceptable flaw size curves, and by considering the
inclination and ligament of the flaw and the RTypr at the flaw’s
location, evaluated at the end of the RPV service lifetime. As
mentioned earlier, the RTypr at the end of the service lifetime
includes an additional shift of 50 °C that covers the effect of
macro-segregations on the fracture toughness properties of the
base metal.

Finally, the 2a/2a,. ratio for all flaws in a particular forging
were represented in one single plot showing this ratio as a
function of the flaw ligament. The figures below give the results
for the lower and upper core shells of the Tihange 2 RPV.

3BThe Safety Case Roadmap

How to determine the
acceptable flaw size
curves? The points of the
curves are determined by
numerous 3D finite element
simulations of the flaw
behaviour in the RPV wall.
The key parameter is the
Stress Intensity Factor
(SIF) at the flaw tip. For
the most penalizing load
cases the RPV may be
subjected to, an equivalent
SIF Ke is calculated at the
flaw tip. This equivalent SIF
Ke considers three different
modes of deformation that
may be triggered by the
stress field in the case of
nearly laminar flaws: crack
opening, crack shearing,
and crack twisting
(common ASME XI analysis
only considers a SIF KI
related to the crack
opening mode I).

Comparison between the
equivalent SIF and the
acceptance criteria given in
ASME XI IWB-3612
Acceptance Criteria Based
on Applied Stress Intensity
Factor indicates whether
the analyzed flaw is
acceptable or not.

N

Mode I
crack opening mode

Mode II
crack shearing mode

Mode IIT
erack twisting mode

Modes of deformation
considered in the
equivalent Stress

Intensity Factor Ke
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ILowershe‘II : Comparison to acceptable flaw size|
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Figure 4.41 Comparison of actual flaw size to acceptable flaw size for lower core shell of
Tihange 2

IUpper shell : Comparison to acceptable flaw size|
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Figure 4.42 Comparison of actual flaw size to acceptable flaw size for upper core shell of
Tihange 2

Because all flaws have a 2a/2a,. ratio below 1, it can be concluded that all flaws encountered
in the lower and upper core shell are acceptable.

Transition ring and nozzle shell
Since the 2012 inspections did not reveal any flaw in the transition ring and nozzle shell, there
are no justifications to be performed.
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Vessel flange

19 flaws were detected in the Tihange 2 RPV flange. These
flaws remained ungrouped after applying the flaw grouping
methodology. Since the vessel flange geometry is quite
different from the core shell geometry (due to the presence
of holes for the RPV bolting), a classical Flaw Acceptability
Analysis according to Appendix A of ASME XI was
performed.

In this approach, the axial and circumferential projections
of the flaws were assessed separately, which is much more
conservative than an analysis that considers the actual
orientation. All flaws are accepted.

Vessel head flange
Five indications are reported, all of them being too small to
be sized and therefore considered as point indications.

Fracture Toughness Requirements

3BThe Safety Case Roadmap

The p-T curves are updated to
include both the embrittlement of
the RPV at the end of its service
lifetime and the additional shift in
RTyor of 50°C that covers the
effect of macro-segregations on
the fracture toughness.

The update is performed based
on Appendix G of ASME XI,
Edition 1992 and Code Case N-
640 Alternative Reference
Fracture Toughness for
Development of p-T Limit Curves.

The update of the p-T curves
leads to more restrictive curves
than those that are applicable
today.

Appendix G of 10CFR50, which is applicable to the Tihange 2 RPV, defines the fracture
toughness requirements for ferritic materials of pressure-retaining components of the reactor
coolant pressure boundary of light water nuclear power reactors. The goal is to provide
sufficient safety margins in any conditions of normal operation, as well as anticipated transient
and accident conditions, to which the pressure boundary may be subjected over its service
lifetime. As such, 10CFR50 Appendix G refers to the analysis method included in ASME XI
Appendix G, which covers the requirements regarding Pressure-Temperature Operating Limits

and Low-Temperature Overpressure Protection.

Pressure-Temperature Operating Limits

The pressure-temperature domain in which the reactor can be operated safely, is
characterized by the pressure-temperature operating limits given in the form of pressure-

temperature (p-T) curves.

The p-T curves have been updated to include both the embrittlement of the RPV at the end of
its service lifetime and the additional shift in RTypt of 50 °C that covers the effect of macro-
segregations on the fracture toughness. The update is performed based on Appendix G of
ASME XI, Edition 1992 and Code Case N-640 Alternative Reference Fracture Toughness for
Development of p-T Limit Curves that allows using KIc (crack initiation fracture toughness)
instead of KIa (crack arrest fracture toughness) in the criteria of Appendix G.

The updated p-T curves (see sidebar) and the effects of the update on the plant’s operation
will be fully integrated into the plant’s Technical Specifications (see Chapter 4.9).
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Figure 4.43 Updated p-T curves for Tihange 2

Low-Temperature Overpressure Protection

The effect of the updated p-T curves on the Low-Temperature Overpressure Protection is
addressed through the analysis of typical Mass Input and Energy Input transients that may
lead to overpressures in the Reactor Coolant System (including the RPV) and Residual Heat
Removal System at low temperature:

e The analysis of Mass Input transients leads to more stringent operating limits for the
Residual Heat Removal System and to a change of the maximum Safety Injection
Accumulator’s pressure. Both effects will be integrated into the plant’s Technical
Specifications.

e The analysis of Energy Input transients leads to smaller allowable temperature differences
between primary and secondary side temperatures in the steam generators that will be
integrated into the plant’s Technical Specifications.

Deterministic PTS Analysis

The Deterministic PTS Analysis is restricted to the RPV core shells, since they are
the only forgings exposed to neutron irradiation. The analysis has shown that the
RTnpr Of the base metal will remain below 132 °C at the end of its service lifetime.

The assessment prescribed in 10CFR50.61 ‘Fracture Toughness Requirements for Protection
Against Pressurized Thermal Shock Events’ aims to verify that the (irradiated) RTypr of the
base metal of the Tihange 2 RPV forged components will remain below 132 °C at the end of
its service lifetime, and that the RTypr of the circumferential welds at the end of the RPV’s
service lifetime will remain below 149 °C (300 °F). This assessment was performed only for
the two core shells, as they are the only forgings exposed to neutron irradiation.

The RTypr Of the core shells at the end of the RPV's service lifetime was calculated as the sum
of the RTypr evaluated in the framework of the Tihange 2 RPV Surveillance Program and the
additional RTypr shift of 50 °C that covers the effect of macro-segregations on the fracture
toughness. The maximum RTypr obtained for the upper core shell is 106.9 °C, which is still
below the acceptable value of 132 °C.
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For the circumferential weld material of the Tihange 2 RPV,
there was no additional shift of RTypt due to macro-
segregations to be considered. Hence, the RTypr at the end
of the RPV’s service lifetime evaluated in the framework of
the Tihange 2 RPV Surveillance Program (52.3 °C), remains
valid. This temperature is well below the allowable value of
149 °C.

4.8.4 Complementary
Probabilistic SIA

During plant operation, the walls of reactor pressure vessels
(RPVs) are exposed to neutron radiation, resulting in
localized embrittlement of the vessel steel and weld
materials in the core area. If an embrittled RPV had a flaw of
critical size and certain severe system transients were to
occur, the magnitude of the tensile stresses (pressure and
thermal stresses) could be sufficient to initiate a through-
wall crack, thus challenging the integrity of the RPV. The
severe transients of concern, known as pressurized thermal
shock (PTS), are characterized by a rapid cooling of the
internal RPV surface in combination with repressurization of
the RPV. In such a case, the potential existing flaws near the
inner surface of the RPV wall could:

e In a first stage, initiate in cleavage fracture, i.e. the so-
called crack initiation phase

¢ In a second stage, propagate through the RPV wall, thus
introducing the possibility of RPV failure, i.e. the so-called
through-wall crack stage

NUREG-1806

3BThe Safety Case Roadmap

Mass Input transients are
related to operational events
that result in an attempt
being made to increase the
water inventory in the reactor
coolant system. The
compressibility of water is
such that pressure increases
suddenly. Examples of such
transients are inadvertent
actuation of High Pressure
Safety Injection pumps or
inadvertent opening of Safety
Injection Accumulator valves.

Energy Input transients
are related to operational
events during which energy
(heat) is suddenly transferred
to the reactor coolant system,
causing a pressure increase.
Such a phenomenon may
occur for instance when the
average reactor coolant
temperature is lower than the
temperature of the secondary
side of the steam generators
before starting the first
primary water circulation
pump. When the first pump is
started, there is not only an
immediate pressure peak in
the reactor coolant system
due to the start-up of the
pump, but also a sudden heat
transfer from the secondary
side of the steam generator
to the primary water, which
generates a pressure increase
in the reactor coolant system.

The technical basis for the revised set of PTS rules given in 10CFR50.61a (see chapter 4.2) is
described in the NUREG-1806: Technical Basis for Revision of the Pressurized Thermal Shock

(PTS) Screening Limit in the PTS Rule (10 CFR 50.61).

In order to quantitatively assess the risk of the loss of RPV integrity when subjected to PTS,
NUREG-1806 proposes a methodology to calculate two values, each of them characterizing
the probability that existing flaws in @ RPV can either initiate or become through-wall cracks
when a RPV is subjected to a PTS event. These two values are defined respectively as:

e The frequency of crack initiation (FCI)
e The through-wall cracking frequency (TWCF)

The approach for calculating TWCF proposed in the NUREG-1806 is illustrated below (figure
extracted from the NUREG 1806). The same methodology is applied to calculate the FCI.
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Acceptance Criterion

for TWC Frequency

Established consistent with Probabilistic Thermal

o Fracture P(t), T(t), & Hydraulic

* 1986 Commission safety goal - AL -
policy statement Analysis HTC(t) Analysis

* June 1990 SRM (FAVOR) (RELAP)

* RG1.174

Probabilistic Estimation of Through-Wall Cracking Frequency

PRA Event
Sequence
Analysis
(SAPPHIRE)

Sequence
Definitions
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Thru-Wall
Cracking, CPry¢
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A Yearly
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-~ Cracking
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~

v -

Vessel damage, age,
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Figure 4.44 Diagram of combination of probabilistic estimate of through-wall cracking
frequency (TWCF) and a TWCF acceptance criterion to develop a proposed revision of the
PTS screening limit

The probabilistic approach is based on realistic inputs and an explicit treatment of
uncertainties. The principle is the following:

o Identify all the sequences of events leading to a PTS-type transient, namely, a transient
leading to a rapid cooldown, or a low final temperature, or a high pressure after cooldown.
Typical examples are primary breaks of various sizes, spurious opening of a safety valve
that recloses after an extended cooldown, or steam line breaks. These transients are
defined by their expected occurrence frequency.

e Thermal-hydraulic analyses are then performed to determine the time evolutions of
pressure, temperature, and the heat transfer coefficient for each of the scenarios identified
in the previous step.

e For each transient defined by pressure, temperature, and heat transfer coefficient history,
fracture mechanics analyses are performed with the FAVOR code developed by Oak Ridge
National Laboratory (ORNL), considering a statistical defect distribution present in the
vessel wall and the material properties distribution. The FAVOR code calculates the
conditional probabilities for the initiation (CPI) and for the Through-Wall Cracking (CPF) of
postulated existing flaws based on the statistical flaws distribution, for each of these
transients. These probabilities are called conditional because they are calculated assuming
that the transients effectively occur.

e The total FCI and the TWCF are then obtained by first multiplying the frequency of
occurrence of each given transient by its conditional probability of crack initiation and of
through-wall cracking and then by summing these results for all considered transients.

The total TWCF is then compared to the 10CFR50.61a criterion, i.e. it must remain below
1x10°® per reactor year.

The NUREG-1806 methodology has been developed based on a complete analysis of three
specific plants (Beaver Valley Unit 1, Oconnee Unit 1, Palisades). The responses of five
additional plants have also been investigated in NUREG-1806 to demonstrate the
generalization of the NUREG-1806 conclusion to all PWRs.
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Probabilistic assessment for Tihange 2

The probabilistic analyses of the Tihange 2 RPV have been performed based on the NUREG-
1806 report and on the 10CFR50.61a. For the probabilistic fracture mechanics methodology,
described in NUREG-1806 and applied in the framework of the PTS evaluation of the Tihange
2 RPV, the following data were used:

e The actual materials characteristics and RPV geometry of the Tihange 2 RPV. Instead of
using the generic flaws distribution database of NUREG-1806, the actual flaw
characteristics and distribution in Tihange 2 was used. Those flaws are represented by
using the same methodology of grouping as used in the deterministic analysis.

e The probabilistic assessment of the Tihange 2 RPV structural integrity is based on the PTS
events of Beaver Valley Unit 1. These transients were thoroughly developed and detailed in
the NUREG-1806. These PTS transients of Beaver Valley Unit 1 are representative of the
Tihange 2 case for the following reasons:

- Beaver Valley Unit 1 is a 3-loop Westinghouse 900-type unit, as was the original
reference for Tihange 2.

- The reactor coolant loops of Beaver Valley Unit 1 and Tihange 2 have the same layouts
(one hot leg, one U-tubes SG, one cross-over leg, one primary pump and one cold leg).

- Concerning the safety injection system which plays a major role in the PTS events, the
main characteristics of the Safety Injection (SI) relevant for the PTS scenarios are more
penalizing for Beaver Valley Unit 1 than Tihange 2 regarding the PTS issue (namely
High Pressure Safety Injection pumps with higher shut-off head in Beaver Valley Unit 1
than in Tihange 2, which produce higher pressure in the primary circuit during some
specific PTS scenarios which in turn lead to more challenging PTS conditions in Beaver
Valley Unit 1 than in Tihange 2).

e The frequency of PTS events in the Beaver Valley Unit 1 were replaced by the specific
frequency of such events in Tihange 2.

Moreover, a positive shift of 50 °C in RTypr is applied to the irradiated RTypr for Tihange 2.
This shift of 50 °C is the upper bound of the actual situation of the Tihange 2 RPV as
evidenced by the experimental investigations (see above). In the framework of this Safety
Case, the acceptance criterion of the present assessment is conservatively applied on the FCI
instead of the TWCF and becomes: FCI < 10°® per reactor year.

In other words, each crack that initiates is assumed to become through-wall. The result in
terms of Frequency of Crack Initiation at End Of Life of Tihange 2 amounts to 1.4x10®, which
is far below the acceptance criterion of 10 defined in 10CFR50.61a.

The probabilistic assessment shows that the Tihange 2 RPV with its actual flaw distribution
and characteristics exhibits a satisfactory level of structural integrity regarding the PTS
solicitation.
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4.9 Operational Measures

The safety case assessment confirms that all of the criteria have been
met for a safe restart of the Tihange 2 reactor pressure vessel (RPV).
Nevertheless, Electrabel has commited itself to taking a number of
additional operational measures.

Some modifications must be made to the plant’s Technical
Specifications (see sidebar) and the corresponding bases to
account for:

The Technical

e The RPV fluence and embrittlement that may have SPecitficaItiO]:s arg a set of
f ; : operating limits an
occurred over its 4(_) years of operation, using the last TS, Tho Qe T
results of the surveillance programme. must comply with these
e An additional RTypr (reference temperature for the rﬁles,I in order to gperate
transition of brittle to ductile behaviour) shift of 50 °C. the plant in accordance

with the boundary

. . : conditions that have been
10CFR50, Appendix G describes the requirements for the used to validate all

prevention of brittle failure for the primary components’ transients and accidents as
pressure boundary (see Chapter 4.8.2). The re-assessment of described in the Safety
the sensitivity to brittle failure is made based on the Analysis Report.
requirements of the ASME XI, Appendix G (1992) and the
Code Case N-640.

The analysis methods mainly concern the pressure-temperature (p-T) operating limits and the
Low Temperature Overpressure Protection (LTOP). The p-T curves define the allowable
reactor coolant system p-T domain in which the RPV is protected from non-ductile fracture.

Based on the experimental programme of the safety case, an additional 50 °C RTypr shift is
taken into account due to the specific composition of the macro-segregations zone. This
decision shows the conservative nature of the calculations, since the maximum additional shift
(at the peak fluence location) has been evaluated to be only 17 °C (see Chapter 4.8).

The p-T curves result in a (small) adaptation of the maximum cooling and heating gradients
as a function of the average reactor coolant temperature and on the minimum temperature
under which the Residual Heat Removal System (RHRS) must be connected:

e Maximum cooling gradient as a function of the average reactor coolant temperature:

- Tm > 100 °C: -56 °C/h
- 50°C < Tm < 100°C: -28 °C/h
- Tm < 50 °C: -14°C/h (previously -28 °C/h)
e Maximum heating gradient in function of the average reactor coolant temperature:

- Tm < 50 °C: +14 °C/h
- Tm > 50 °C: +28°C/h (previously 56 °C/h)

e The limiting reactor coolant system cold leg temperature for the connection of the RHRS is
157 °C. The temperature currently defined in the Technical Specifications is 155 °C.
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5 Conclusions

Electrabel is convinced that the structural integrity of the reactor vessel
has been demonstrated, allowing for an immediate restart and a safe
operation of Tihange 2.

This chapter regroups the main conclusions from this safety case report.

5.1 Detailed Conclusions from the
Roadmap

The roadmap: studies and material tests with positive results

To demonstrate the integrity of the reactor pressure vessel under all conditions, the safety
case roadmap specified an extensive phase of documentation research, studies, and material
tests. This resulted in the following conclusions:

e Construction in accordance with international codes and standards. A close
review of all of the original manufacturing data and documentation revealed that the
Tihange 2 reactor pressure vessel was manufactured in accordance with the prevailing
international codes and standards, in particular the ASME Boiler & Pressure Vessel Code.
All manufacturing inspections required by the construction code were performed and
witnessed by the customer and regulatory body and concluded in the acceptance of all
parts of the reactor pressure vessel.

The manufacturing data and documentation proved to be complete, traceable, and in
accordance with international codes and standards.

¢ Hydrogen flaking confirmed and stable. The first diagnosis of hydrogen flaking was
evaluated based on:

- An extensive literature study

- A oot cause analysis of all potential causes

- An evaluation of the possible flaw formation mechanisms

- A detailed evaluation report developed by the AREVA metallurgy experts based on the
construction files and the shape and size of the indications

This report was challenged and completed by external experts. As a result, the first
diagnosis was confirmed. It was also concluded that the identified indications were stable.

o UT inspection technique is valid. The ultrasonic inspection was performed with the
automated MIS-B (Machine d’Inspection en Service Belge) equipment, which has been
used for over thirty years to inspect the reactor vessels of all Belgian units. The ultrasonic
inspection technique that was used to characterize the indications at Tihange 2 is state-of-
the-art and is used in many nuclear power plants worldwide. It has been qualified for all
mandatory inspections and underclad crack detection and sizing against international
standards, prior to its use and under the control of the AIA.

For this specific safety case, the chosen inspection technique was evaluated through cross-
checking and extensive destructive tests on a reference block. This block was known to
have hydrogen flakes and was taken from an available archive forged shell of equivalent
material and size to the reactor vessel shell.
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In addition, Electrabel will launch a confirmatory testing program on materials from the block
of the AREVA shell that contains hydrogen flakes. This program, still to be finalized with the
safety authorities, will encompass two phases:

e In the short term (about 4 months), Electrabel, together with SCK.CEN, will perform a
test program on a series of small-scale tensile and fracture toughness specimens located in
two zones: one in material out of the segregated zone, and the other in material located
between flakes (ligaments) in the segregated zone. The objective is to assess the
conservativeness of the ligament’s mechanical properties that were used in the structural
assessment.

e In the medium term (about one year), Electrabel will conduct a test of large tensile
specimens containing hydrogen flakes in an orientation comparable to the orientation of
the indications in the Tihange 2 reactor pressure vessel. The objectives are:

- To confirm that the flakes in a nearly laminar orientation do not significantly affect the
load-bearing capacity of the specimen

- To assess the conservativeness of the structural integrity assessment method

- In order to be representative, the specimens need to be of large dimensions, which
requires more time for preparation and execution
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