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ABSTRACT

The sixth in a series of international Leak-Before-Break (LBB) Seminars was held at Hotel Sofitel in Lyon,
France on October 9 through 11, 1995. The seminar updated international policies and supporting

research on LBB. The more than 210 attendees that joined the meeting included representatives from
regulatory agencies, electric utility representatives, fabricators of nuclear power plants, research
organizations, and academic institutions.

The objective of the seminar was to present the current state of the art in LBB methodology development,
validation, and application in an international forum. With particular emphasis on industrial applications
and regulatory policies, the seminar provided an opportunity to compare approaches, experiences, and
codifications developed by different countries.

The seminar was organized into four topic areas:

» Status of LBB Applications

» Technical Issues in LBB Methodology

» Complementary Requirements (Leak Detection and Inspection)

* LBB Assessment and Margins.
In addition to the formal sessions where papers were presented by participants from France, Germany,
Japan, Korea, Belgium, the United Kingdom, the Czech Republic, Finland, Russia, Sweden, Canada, the
Netherlands, and the United States, informal LBB poster sessions were available outside the presentation
hall. A keynote address (see Appendix B) by Mr. J. Branchu, Head of the Primary Nuclear Components
Division of Framatome, was delivered at the LBB 95 Banquet and summarized the goals and objectives of
the seminar.

As a result of this seminar, an improved understanding of LBB gained through sharing of different
viewpoints from different countries, permits consideration of:

» Simplified pipe support design and possible elimination of loss-of-coolant-accident (LOCA)
mechanical consequences for specific cases

» Defense-in-Depth type of applications without support modifications
» Support of safety cases for plants designed without the LOCA hypothesis.

In support of these activities, better estimates of the limits to the LBB approach should follow, as well as
an improvement in codifying methodologies.
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SESSION 1: STATUS OF LBB APPLICATIONS



LBB APPLICATION IN THE U.S.
OPERATING AND ADVANCED REACTORS

K. Wichman, J. Tsao, M. Mayfield
U.S. Nuclear Regulatory Commission

The primary pressure boundary piping in U.S. nuclear power plants is designed and
constructed to stringent standards, and the materials and fabrication processes assure a
high degree of ductility. In addition, the U.S. Nuclear Regulatory Commission
(USNRC) regulations require postulation of instantaneous double-ended guillotine breaks
(DEGB) in the large pipes for the purposes of designing other safety systems, such as
the ECCS system, and for setting other design criteria, such as the environmental
qualification requirements for electrical and mechanical equipment.

Beyond these design considerations, evaluation of the potential effects associated with
the DEGB of the large piping led to concerns about asymmetric blowdown loads on the
reactor internals and the pressure vessel supports. If the DEGB was treated as a
realistic possibility, it was difficult to demonstrate that the integrity of the internals and
vessel support system would not be challenged.

However, the DEGB was not generally believed to be a realistic event for the large
diameter pipe because of the ductile materials and the relatively low loads even under
postulated accident loads. Rather, it was expected that any cracks that might develop
during service would produce detectable leaks that would permit the plant operators to
safely shut down the plant rather than resulting in the catastrophic rupture of the pipe;
that is, the piping would leak before it would break. The challenge was to
quantitatively demonstrate this leak-before-break behavior.

In addition to requiring postulation of the DEGB for the large diameter pipe, the
USNRC staff has required the postulation of breaks in other piping systems in
evaluating a variety of design considerations. Similar to the situation with the DEGB of
the large diameter pipe, consideration of these non-mechanistic breaks in other systems
led to the imposition of requirements for pipe whip restraints and jet impingement
barriers for many piping systems, even for systems where leak-before-break conditions
were anticipated. Again, the challenge was to quantitatively demonstrate leak-before-
break.

The USNRC staff and the nuclear industry performed extensive analyses and, as
necessary, developed technical approaches to demonstrate leak-before-break for the
primary system piping. On February 1, 1984, the USNRC issued Generic Letter 84-04
accepting that the double-ended guillotine break of the PWRs primary loop piping was
unlikely to occur, provided it could be demonstrated by deterministic fracture mechanics



analyses that postulated small through-wall flaws in plant-specific piping would be
detected by the plant’s leakage monitoring systems long before the flaws could grow to
unstable sizes.

The staff continued its evaluation of leak-before-break and in November 1984, the
limitations and acceptance criteria for the LBB analysis was published in the USNRC
document, NUREG-1061, Volume 3. Publication of these limitations and acceptance
criteria eventually led the Commission to modify General Design Criterion (GDC) 4 of
Appendix A to Part 50 of Title 10 of the Code of Federal Regulations (CFR) to
eliminate the requirement to postulate DEGB for piping that met rigorous acceptance
criteria. Additionally, the staff has published a draft of Standard Review Plan Section
3.6.3, “Leak Before Break Evaluation.”

Since the mid-1980’s, the NRC has reviewed and approved LBB analyses submitted by
individual licensee or owners groups. The LBB technology has provided the USNRC
not only a challenge to the regulatory process but also impetus to the development of
advanced fracture mechanics analysis of degraded piping, which was sponsored by the
NRC with the cooperation of the nuclear industry.

The balance of this paper describes the regulatory application of LBB in the U.S. and
the developments in the technology that have supported this application.

LBB APPLICATIONS FOR OPERATING REACTORS

The NRC has approved 76 PWRs for the application of 1LBB in the primary coolant loop
to eliminate pipe whip restraints and jet impingement barriers (see the attached table).
LBB was applied to the hot legs, cold legs, and crossover legs with an average nominal
diameter of 88.9 cm (35 inch). They were fabricated from austenitic stainless steel

SA 376 Type 316; wrought stainless steel SA 376 Type 304N; cast stainless steel
fittings SA351 C8M or CF8A; or ferritic steel SA 516 Grade 70 and SA 106 Grade C.

Some of the LBB applications for the above primary loop piping were based on NRC
approved topical reports submitted by owners groups. For those licensees who were
covered by the topical report and applied for LBB, the USNRC requires that their plant
specific leak detection system satisfies USNRC Regulatory Guide 1.45, "Reactor
Coolant Pressure Boundary Leakage Detection Systems."

Initially, LBB application was primarily for the primary loop piping; however, as
operating experience has accumulated, licensees have applied LBB to other high energy
lines to improve operational safety and performance. For example, licensees have
found that pressurizer surge lines have developed thermal stratification which caused the
pipe to move more than the design value in the original stress analysis. This thermal
stratification posed a challenge to the LBB analysis for the surge line. The loads caused
by the thermal stratification are in addition to the normal and faulted loads. Certain
pipe restraints had to be removed to allow free movement and the fatigue usage factor
had to meet the ASME Code limit. Some surge lines barely satisfied the USNRC
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required margin of 2 on crack size. The USNRC was able to approve, however, LBB
for 12 pressurizer surge lines.

Other piping that has been approved for LBB included 12 accumulator lines and one
injection line of the Safety Injection (SI) System. The accumulator line is typically 30.5
cm (12 inch) nominal diameter with 0.927 cm (0.365 inch) thickness and is fabricated
from austenitic stainless steel SA 312 TP 403. The accumulator line provides
emergency core cooling injection to each of the cold legs at a pressure of about 4.8
MPa (700 psia). The safety injection line is typically 15.2 cm (6 inch) nominal
diameter with a thickness of 1.82 cm (0.718 inch) and is fabricated from austenitic
stainless steel SA 376 TP 316. The SI line provides core cooling at a pressure of 10.3
MPa (1500 psia).

There were six residual heat removal (RHR) system lines approved for LBB. LBB was
applied to the high pressure portion of the RHR piping that connects to the hot legs,
which provides suction water to the RHR pumps during shutdown cooling. The piping
is typically 32.4 cm (12.75 inch) outside diameter with a thickness of 2.86 cm (1.125
inch) and is fabricated from austenitic stainjess steel SA 376 TP 316.

Five reactor coolant (RC) loop bypass piping systems were approved for LBB. The RC
bypass line connects the hot and cold legs of each primary loop and provides a
recirculation path to a loop isolated from the reactor. The bypass line is typically 21.9
cm (8.625 inch) outside diameter with a thickness of 2.30 cm (0.906 inch). The piping
is fabricated from austenitic stainless steel SA 312 or SA 376 TP 304.

In addition, the installation of permanent neutron shield/pool seals over the reactor
vessel annulus was based on LBB application. The existing shield/pool seal needed to
be removed during every refueling, which incurs personnel radiation exposure. A
removable seal was originally installed because a permanent seal would not sustain the
pressure loads from an LOCA event. With LBB approved, the postulated LOCA loads
would not be considered for the pool seal, and thus a permanent seal could be installed.

Not all applications for LBB has been approved by the USNRC staff. For example, the
USNRC has not approved any applications for BWR plants because the proposed LBB
analyses have not satisfactorily addressed the susceptibility of the piping to intergranular
stress corrosion cracking (IGSCC). The USNRC has also denied an application where a
licensee proposed LBB on a 3.2 cm (1.25 inch) outside diameter line of the reactor
coolant pump seal cooler.

LBB APPLICATIONS FOR ADVANCED REACTORS

In SECY-93-087, the USNRC staff recommended to the Commission that the LBB
approach be approved for both evolutionary and passive advanced light water reactors
(ALWRs) seeking design certification under 10 CFR Part 52, in lieu of postulating pipe
breaks as required by GDC 4. This approval was limited to instances in which
appropriate bounding limits are established using preliminary analysis results during the
design certification phase and verified during the combined operating license (COL)




phase by implementing appropriate inspections, tests, analyses, and acceptance criteria
(ITAAC). The Commission approved the staff’s recommendation in its memorandum
dated July 21, 1993. The staff also noted in SECY-93-087 the need to develop specific
details as the process is implemented.

In CESSAR-DC for the System 80+ design, ABB-CE stated that the Class 1 piping
with a diameter of 25.4 cm (10 inch) or greater and the main steam line (MSL) piping
meet all the criteria for the application of LBB. The USNRC, however, must review
the LBB analyses for specific piping design before ABB-CE can exclude the dynamic
effects from the design basis. Applicants seeking design certification for ALWRs under
10 CFR Part 52 should establish preliminary stress analysis results, provided bounding
limits (both upper and lower bound) are determined, in order to establish assurance that
adequate margins are available for leakage, loads, and flaw sizes.

For through-wall flaw sizes, a lower bound, normal-operational stress limit must be
established for dead weight, pressure, and thermal loadings. The mean or best-estimate
stress-strain curve should be used. For flaw stability, an upper-bound stress limit
should be established for normal loadings plus safe shutdown earthquake (SSE). A
lower-bound stress-strain curve for base metal should be used regardless of whether the
weld or base metal is limiting. In addition, a lower-bound toughness (weld metal or
base metal) should be used.

These bounding values and preliminary analyses should be verified when as-built and as-
procured information become available during the COL phase. Verification of the
preliminary LBB analysis should be completed at the COL stage based on actual
material properties and final, as-built piping analyses as part of ITAAC associated with
10 CFR Part 52 before fuel loading. The staff position on LBB application is stated in
SECY-93-087 and the Commission approved it on July 21, 1993.

ABB-CE stated that it will perform bounding LBB evaluations based on preliminary pipe
design analyses for piping evaluated for LBB using the guidelines of NUREG-1061,
Volume 3. For each piping system evaluated for LBB, potential degradation
mechanisms, steam hammer and water hammer, and thermal stratification were to be
considered, as applicable. In addition, dynamic strain aging of carbon steel,
environmental effects on fatigue, and thermal aging of cast stainless steel piping were to
be considered in each LBB evaluation as appropriate. Each LBB piping system was to
be evaluated from anchor point to anchor point. Leakage detection outside the
containment would be considered for the MSL if the anchor-to-anchor portion of the
piping evaluated includes piping that can leak outside the containment. A leak detection
capability of 3.79 L/min (1.0 gpm) was to be used with a factor of 10 for calculating

the length of a leakage crack. ABB-CE also submitted a reference for benchmarking its
LBB calculations.

ABB-CE proposed to use the LBB acceptance limits given in NUREG-1061, Volume 3,
to derive corresponding acceptable stress limits for the LBB piping. ABB-CE stated that
the acceptable stress limits would form a "window" in stresses and the COL applicant
would have to verify that the piping is within this window during the COL stage to
Justify the application of LBB. This window concept is a new approach in meeting the




staff’s established BB criteria. The staff noted that ABB-CE should perform the
bounding LBB analyses based on the actual pipe routing. '

Subsequently, the staff found that preliminary pipe routings were used in the bounding
LBB analyses, and that stresses in LBB candidate piping systems were within the
acceptance limits (or window) based on NUREG-1061, Volume 3. The preliminary
routings were of conventional design. The stresses met the ASME Code and the LBB
acceptance limits with ample margins. Consequently, the earlier USNRC concern was
alleviated because it is extremely unlikely that the actual routings of the LBB candidate
piping systems in the COL stage will not be able to meet the acceptance window limits.
The USNRC staff also found that the related subcompartments are designed to withstand
the pressures resulting from pipe breaks not eliminated by LBB, leakage cracks in
piping for which LBB is approved, and postulated high-energy leakages from other
sources. Thus the USNRC concluded that this ABB-CE approach was acceptable and
asked ABB-CE to submit its bounding LBB analyses for USNRC review and approval
for design certification.

CESSAR-DC indicated that LBB analyses are to be performed for the following piping
systems:

* main coolant loop point, hot and cold legs

* surge line

* direct vessel injection line (main run inside the containment)
* shutdown cooling line (main run inside the containment)

* Main steam line (main run inside the containment)

Westinghouse proposes to use LBB extensively for its AP600 passive ALWR design.
There are many controversial aspects to Westinghouse’s planned LBB application which
the USNRC staff is currently reviewing. These include: 1) application to main
feedwater piping (inside containment); 2) application to piping as small as 10.2 cm (4
inch) nominal diameter; 3) use of 1.89 L/min (0.5 gpm) as the technical specification
value for unidentified leakage and use of this leakage limit in the LBB analysis of piping
inside containment.

LBB TECHNOLOGY DEVELOPMENT

Clearly, LBB has been applied widely in the U.S. since 1984. However, the technology
that was used to resolve the asymmetric blowdown load concerns was not adequate to
support the numerous applications of LBB described in the preceding section. Rather,
the technology has evolved and been refined to support the applications.

The USNRC has maintained an active research program addressing pipe cracking,
fracture analysis methods, material property evaluations, and other supporting analysis
methods, such as leak rate estimation methods.

At the time the asymmetric blowdown load issue was being evaluated for PWRs,
IGSCC was a major concern for BWRs. Thus, in the early 1980’s the USNRC initiated



the Degraded Piping Program (1981-1989), and subsequently the Short Cracks in Piping
and Piping Welds program (1990-1994). This research was to perform piping integrity
research emphasizing fracture of stainless steel pipe and welds containing defects
representative of IGSCC. However, the work was quickly expanded to address a wide
variety of materials and material conditions, including carbon steels and welds, Inconel,
and thermally aged cast stainless steels.

The research included the development of fracture analysis methods, material property
measurements to provide typical properties for use in the analyses, and pipe fracture
experiments to validate the analysis methods. Additionally, early work was underway to
develop and validate leak rate estimation methods as a key consideration in applying
leak-before-break.

The initial piping integrity research used slow loading rates, primarily because of the
testing difficulties associated with more rapid loading rates. Additionally, it was
generally believed that the loading rates associated with seismic events would not be
sufficiently high to affect the fracture toughness of the piping materials. Another major
factor was the high cost of performing realistic pipe fracture experiments under seismic
loading conditions.

However, by the mid-1980’s, interest in performing pipe fracture experiments under
realistic pressure and temperature conditions and at representative seismic loading rates
had grown. The International Piping Integrity Research Group (IPIRG), an international
consortium of government and industrial organizations, was formed to conduct such
experiments. Over the last 10 years, this group has supported a multi-million dollar
research program that has advanced the state-of-the-art in pipe fracture analysis to the
point that the fracture behavior of cracked pipe can be confidently predicted.

The research supported solely by the USNRC, combined with the IPIRG research, has
produced approximately 150 pipe fracture experiments with diameters ranging from 10.2
cm (4 inch) to 106.7 cm (42 inch) nominal pipe size, with wall thickness ranging from
approximately 0.635 cm (0.25 inch) to over 8.9 cm (3.5 inch). Additionally, material
properties have been measured for over 75 different base metals and welds. These data
provide an extremely strong validation of and technical basis for implementing LBB
analysis methods.

Summary

The leak-before-break concept has been accepted in the U.S. for a variety of piping
systems that can meet rigorous acceptance criteria. The early implementation resolved a
significant issue for PWRs. Subsequent applications have permitted removal of pipe
whip restraints and jet impingement barriers for a number of systems. Additionally, the
LBB concept has been applied in the design of an advanced reactor system. While the
application of the technology has been relatively rapid, it has been fully supported by an
aggressive research program that has provided the technical bases for advancing the
technology and the experimental validation of the key analysis methods.




Leak-before-break has evolved into a key regulatory position in the U.S. It has
provided the double benefit of improved safety at reduced cost for present reactors, and
its application is an important consideration in new designs. From a highly focussed
beginning, LBB has evolved into a vital consideration in the design and operation of
nuclear reactor piping systems, both in the U.S. and many other countries.

USNRC APPROVED PIPING SYSTEMS FOR LBB IN OPERATING REACTORS

AS OF AUGUST 1995

Piping systems for LBB Application Number of plants approved
Reactor Coolant System--Primary Loop Piping 76

Pressurizer Surge Lines 12

Safety Injection Accumulator Lines 10

Residual Heat Removal Lines 6

Safety Injection Lines 1

Reactor Coolant Loop Bypass Lines 5







ADDITIONAL REQUIREMENTS FOR LEAK-BEFORE-BREAK APPLICATION TO
PRIMARY COOLANT PIPING IN BELGIUM

G. Roussel
AIB Vingotte Nuclear, Brussels, Belgium

ABSTRACT

Leak-Before-Break (L.BB) technology has not been applied in the first design of the seven
Pressurized Water Reactors the Belgian utility is currently operating. The design basis of these
plants required to consider the dynamic effects associated with the ruptures to be postulated in the
high energy piping. The application of the LBB technology to the existing plants has been recently
approved by the Belgian Safety Authorities but with a limitation to the primary coolant loop.

LBB analysis has been initiated for the Doel 3 and Tihange 2 plants to allow the withdrawal of
some of the reactor coolant pump snubbers at both plants and not reinstall some of the restraints
after steamn generator replacement at Doel 3. LBB analysis was also found beneficial to
demonstrate the acceptability of the primary components and piping to the new conditions resulting
from power uprating and stretch-out operation. LBB analysis has been subsequently performed on

the primary coolant loop of the Tihange 1 plant and is currently being performed for the Doel 4
plant.

Application of the LBB to the primary coolant loop is based in Belgium on the U.S. Nuclear
Regulatory Commission requirements. However the Belgian Safety Authorities required some
additional analyses and put some restrictions on the benefits of the LBB analysis to maintain the
global safety of the plant at a sufficient level.

This paper develops the main steps of the safety evaluation performed by the Belgian Safety

Authorities for accepting the application of the LBB technology to existing plants and summarises
the requirements asked for in addition to the U.S. Nuclear Regulatory Commission rules.




INTRODUCTION

Under the amendment to GDC-4 (Ref.[1]), the U.S. Nuclear Regulatory Commission (NRC) allows
the use of an LBB analysis to exclude from the design basis the "dynamic effects” associated with
postulated pipe ruptures of primary coolant loop piping in Pressurized Water Reactors.

Before authorizing the Belgian utility to apply the LBB technology to existing plants, the Belgian
Safety Authorities reviewed the benefits of the LBB analysis as set forth by the U.S. NRC rules.
Their review was made with reference to the defence-in-depth principles and led to define the
conditions and limitations under which the LBB technology was allowed to be used for the reactor
coolant circuit of existing plants.

POSTULATION OF THE LOCA

LOCA as a Design Basis Accident

The third level in the defence-in-depth concept is achieved by providing the plant with additional
systems (Engineered Safety Features -ESF - systems) - as well as with the part of the Reactor
Protection System necessary to initiate these systems - in order to limit the consequences of
extremely unlikely accidents to an acceptable level for the public. In addition to the ESF systems,
the reactor core and internals in conjunction with the reactor coolant system will be designed to
ensure sufficient core reactivity control and core cooling during these events.

The postulation of the Loss-Of-Coolant-Accident (LOCA) originates so from the technical safety
objective which requires to consider in the design of the plant those accidents of low probability. A
design basis accident is then defined for each range of relating possible initiating events which could
challenge the safety of the plant. The design basis accidents include the Loss-Of-Coolant-Accident.
A deterministic analysis is performed to predict the course of the event and all its reallistically
conceivable consequences. The analysis shall define the design parameters of the ESF sytems
which are necessary to halt the progress of the LOCA and, when necessary, to mitigate its
COnsequences.

Safety Design Principle

Most aspects of safety design are connected with the three functions that protect against the release
and dispersal of radioactive material :(i) controlling core power /core shutdown, (ii) core cooling,
and (iii) confinement of released radioactive fission products.

For the purpose of designing a nuclear power plant to cope with the postulated design basis
accidents, design requirements are set forth to ensure that these functions are not impaired by the
LOCA.
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Core shutdown

In order that the boron delivered by the Emergency Core Cooling System (ECCS) together with the
control rods provide sufficient negative reactivity for safe shutdown after LOCA, the reactor core
and internals shall be designed so that their geometry is maintained after LOCA to allow the control
rods to fall in the reactor core and the borated water to be delivered to the core.

Core cooling
- The ECCS shall be designed to ensure adequate core cooling in the event of a LOCA.

- The reactor vessel internals shall be designed to ensure the capability of the core to be cooled after
the occurrence of a LOCA.

- The primary loop supports shall be designed to prevent large distorsion of the piping during a
LOCA in order to ensure that water from the ECCS enters the reactor vessel.

- The containment structures and containment systems shall be designed to absorbe the energy
released in the containment after a LOCA.

Confinement of released radioactive fission products
- Containment shall be designed to contain radioactive material leakage or releases from equipment

located within the containment after the occurrence of a LOCA.
- The steam generator tube bundle shall be designed to ensure its integrity after the LOCA and so to
avoid containment bypass and escape of radioactive fission products directly to the environment.

Two specific principles are also included for safety reasons, (i) equipment qualification and (ii)
non-increase of the severity of the accident.

Equipment qualification

Mechanical and electrical equipment that are essential to emergency reactor shutdown, containment
isolation, reactor core cooling, and containment and reactor heat removal shall be qualified to the
environmental conditions that would prevail if they were required to function after a LOCA.

Non-increase of the severity of the accident
Design provisions shall be made at the design stage to maintain the LOCA accident within the

design basis. Design provisions shall therefore be taken in order that :

- a Reactor Coolant System (RCS) pipe break is limited to the leg in which the break started
- an RCS pipe break does not cause a steam or feedwater line break

- propagation of a "small" break to a "large" break is prevented

- an RCS pipe break does not cause a steam generator tube rupture.

MECHANICAL ANALYSIS TO LOCA (PRIOR TO RULE CHANGE)
According to the Appendix A to 10 CFR Part 50, "Loss of coolant accidents mean those postulated

accidents that result from the loss of reactor coolant at a rate in excess of the capability of the
reactor coolant makeup system from breaks in the reactor coolant pressure boundary up to and
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including a break equivalent in size to the double-ended rupture of the largest of the pipe of the
reactor coolant system".

The containment design, ECCS performances and qualification of mechanical and electrical
equipment are based on a complete spectrum of breaks type and size.

From the 1970s, the analysis of the reactor coolant circuit (piping, components and supports) and
the reactor vessel internals is based on the postulation of specific pipe breaks in the primary circuit.
In a generic analysis performed by Westinghouse (Ref.[2]), the postulated locations and types of
pipe breaks are derived from the results of a stress and fatigue analysis. Eleven pipe breaks are
postulated in each loop, ten of which are double-ended guillotine breaks and one of which is a
longitudinal break. The loads resulting from a LOCA depend on the size of the break area and on
the opening time of the break. The full cross sectional flow area of a circumferential break is not
considered in the analysis if the presence of restraints limits the displacement of piping and
components and so allows to justify a lower value of the break area. In the conventional break
assumptions based on conservative estimates of equipment/piping displacements, the
circumferential breaks on the primary piping -with the exception of the break postulated at the
reactor coolant pump (RCP) outlet nozzle - have an opening area of less than 144 square inches.
At the RCP outlet nozzle, a guillotine break of a double-ended pipe cross sectional flow area (2 X
4.125 square feet) is assumed. The circumferential breaks postulated at the connections of the
auxiliary lines (Pressurizer Surge line, Safety Injection line, Residual Heat Removal line) with the
primary piping have double-ended pipe cross sectional flow area. The opening area of the
longitudinal break postulated on the intrados in the elbow of the steam generator inlet is equal to
one time the flow area (5.241 square feet). The conventional opening time of the pipe breaks is
assumed to be 1 msec.

RULE CHANGE TO GDC-4

The final "limited" scope rule published on 11April 1986 (Ref.[1]) amends GDC-4 by permitting the

use of LBB analyses to eliminate from the design basis the dynamic effects associated to postulated

pipe ruptures of primary coolant piping of PWRs. On 27 October 1987, a final "broad scope” rule

(Ref.[3]) amends GDC-4 to permit the use of LBB analyses in all high energy piping.

Limiting the LBB analysis to the primary coolant piping leads to postulate breaks only at the branch

connection of the auxiliary lines (Pressurizer Surge line, Safety Injection and Residual Heat

Removal) with the reactor coolant loops.

Analysis of the U.S. NRC documents (GDC-4, Statement of Consideration, SRP 3.6.3 in Ref.[4])

and examination of the available documents (i.e., Safety Analysis Reports of U.S. plants and U.S.

NRC Safety Evaluation Reports) lead to the plausible interpretation that the application of LBB

allows to not consider :

(1) the loading of the primary component supports due to the pipe break reactions

(ii) the subcooled blowdown loading of the reactor vessel internals

(iii) the subcooled blowdown loading of the steam generator internals (divider plate and tube
bundle)
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(iv) the asymmetric pressurization of the reactor cavity
(v) the effects resulting from pipe whipping, jet impingement and missiles.

The U.S. NRC rules clearly exclude the containment design, the ECCS performances and the
qualification of the mechanical and electrical equipment from the benefits of the LBB analysis.
The consequences of the LBB analysis on the protection of the unbroken loops against the effects
from the broken leg (by the physical separation with concrete structures and by the decoupling of
the mechanical effects at the reactor vessel) are not clearly stated in the U.S. NRC documents.

CONSEQUENCES OF THE MODIFIED GDC-4

Inconsistency in the Mitigation Measures

Before the GDC-4 was amended, the design bases for the reactor coolant circuit (piping, heavy
components and their internals, supports), the containment systems, and the ECCS and the
requirements for qualification of the mechanical and electrical equipment were coherent.

The modified GDC-4 introduces an inconsistency in the mitigation measures to face a LOCA.
Firstly, it does not seem logical not to consider a double-ended guillotine break for designing the
reactor internals and core whereas this break is assumed in the design basis of the ECCS. Secondly,
the question can be raised why the ECCS should be designed for a double-ended guillotine break if
the mechanical effects impair the core assembly geometry to such an extent that control rods cannot
be dropped and the core cannot be adequately cooled or cause such large distorsion of the primary
piping that the ECCS water cannot enter the reactor vessel.

The U.S. NRC acknowledged this inconsistency and clarified its position by introducing the
distinction between the local and the global effects (Ref.[5]). However this clarification does not
address the consequences on core reactivity control and core cooling of the large distorsions of the
reactor core and internals or primary piping.

Non Increase of the Accident Severity

The safety requirement for non increasing the severity of the accident does not seem to have been
considered.

Protection Against Non-Identified Events

For each plant condition a limited number of events is defined. These were analyzed to ensure that
they enveloppe other (non identified) related possible initiating events belonging to the same plant
condition. By eliminating from the design basis the dynamic effects associated with the postulated
LOCA, the protection against some effects of the related possible initiating events could have been
lost.
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The consequences of the elimination of the protection against the dynamic effects of the LOCA on
the protection against the related possible initiating events do not seem therefore to have been taken
into account.

BELGIAN SAFETY AUTHORITIES POSITION

Applying Modified GDC-4 vs Retaining Safety Margins

The concept of defence-in-depth relies first on preventing the event and then mitigating the
consequences. There is so far no reason to change this concept.

The consequences of the amendment to the GDC-4 on the measures mitigating the design basis
LOCA should be analyzed. The modified GDC-4 does not change the design bases for the
containment systems and the ECCS nor the requirements for qualification of the mechanical and
electrical equipment. The elimination of the dynamic effects from the design basis of the reactor
coolant circuit have potential consequences which cannot be accepted as such. The elimination of
the mechanical effects associated to the postulated primary pipe breaks could result in unacceptable
consequences in terms of core shutdown, core cooling and non-increase of the accident severity.
Indeed, the modified GDC-4 results in decreasing the structural capacity of the

- primary component supports

- reactor cavity

- reactor core and internals

- steam generator tube bundle
and it furthermore does not consider the pipe whip nor jet impingement effects.

In a sitnation where an LBB analysis is only performed on the main primary piping but not on the
auxiliary lines, the design basis circuit includes pipe breaks up to about 100 square inches. If the
application of the LBB is extended to all auxiliary lines, as permitted by the modified "broad scope”
GDC-4, the consideration of the dynamic effects of any pipe break shall be excluded from the
design basis of the reactor coolant circuit. This would lead to an unacceptable safety loss in terms
of core shutdown, core cooling and non-increase of the accident severity.

(Limited) Reevaluation of the Present Situation

Nevertheless a reevaluation of the conventional situation, i.e. before the amendment to the GDC-4,
is deemed necessary and this leads to some suggestions for adjusting the mitigating measures. The
key points of this reevaluation are :

(i) The protection against the pipe whip and impingement effects is somewhat theoritical. Pipe
breaks occurring at locations different from the postulated locations cannot be excluded. Moreover
experiments have shown that severance schemes different from the schemes postulated
(circumferential or longitudinal break) can also be expected. The actual restraints are not
demonstrated to ensure protection against breaks different from the postulated breaks with respect
to location or severance scheme.
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(if) The assumed conventional opening time of 1 msec is very penalizing for the calculation of the
blowdown loads and is also believed to be unnecessarily conservative. The use of more realistic
opening times should lead to lower loads.

Acceptable Modifications to the Design Bases

The suggestions for adjusting the mitigating measures are based on :

() the acknowledgment that by removing the restraints and some of the snubbers, some of the
construction features installed to ensure the non-increase of the severity of the event and the core
cooling are eliminated,

(ii) the requirement that all the remaining features to mitigate the consequences of the LOCA shall
be maintained because LOCA sources other than the primary pipe breaks and the related possible
initiating events envelopped by the design basis LOCA are still to be considered.

The suggestions for adjusting the mitigating measures are :

(i) The LBB analysis can be considered as an acceptable method for removing the restraints.
However some precaution against pipe whip and jet impingement effects resulting from primary
pipe breaks remains required.

(ii) The LBB analysis can be considered as an acceptable method for not designing the heavy
component supports (steel and concrete structure) to the postulated LOCA reaction loads. This
may result in elimination or decrease in load rating of existing snubbers. However the ability of the
component supports to avoid excessive distorsion of the reactor coolant piping under the dynamic
loadings of the LOCA related possible events shall be maintained.

For plants initially designed for conventional LOCA breaks, the reactor cavity concrete structures
and the steel supports of the heavy components are believed to have sufficient margin to
accomodate any dynamic loadings during LOCA related possible initiating events.

(iif) The design basis of the reactor core and internals and of the steam generator tube bundle shall
include the rapid rupture (opening time of 1 msec) of the steam generator manway covers (hot leg
and cold leg) and a slow break (opening time of 3 sec) of one time the flow area anywhere in the
primary coolant piping.

These breaks are postulated because they are physically acceptable and coherent with the design
bases of the other ESF systems. They are also believed to induce hydrodynamic loads which cover
the loads resulting from the full spectrum of the conceivable and realistic sources of LOCA in the
reactor coolant pressure boundary other than the double-ended pipe rupture and to enveloppe the
dynamic loads resulting from the LOCA related possible initiating events. They shall therefore be
considered as design basis breaks for the reactor core and internals and the steam generator tube
bundle.

(iv) The existing physical separation shall be maintained.
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CONCLUSION : KEEPING THE GLOBAL SAFETY OF THE PLANT

The global safety of the plant should not be decreased. It is not believed that the removal of the
restraints and of some of the snubbers after the LBB analysis of the primary piping reduces
significantly the global safety of the plant. Some safety decrease at the third level of the defence-in-
depth could be expected in the protection against the non-increase of the severity of the event or in
the core cooling capability. However, as mentioned hereabove, the protection against the pipe
whip and jet impingement effects by means of the actual restraints is somewhat theoretical and the
structural capacity of the concrete and steel supports of the heavy components is not affected as
long as their original design basis is maintained. A potential safety increase of the defence-in-depth
can be expected from the removal of some of the snubbers and also to a certain extent ( and with
caution) by the LBB analysis itself.

Potential safety increase of the safety at the first level might be achieved by reinforcing the in-
service inspection of the primary piping and at the second level by installing an improved system to
detect or locate leaks from the primary circuit. Such requirements were however not imposed to
the Belgian utility.
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INTEGRITY OF THE REACTOR COOLANT BOUNDARY OF
THE EUROPEAN PRESSURIZED WATER REACTOR (EPR)

Requirements for the application of the break precluding concept
for the main coolant lines

D. Goetsch (IPSN') / K. Bieniussa (GRS?) / H. Schulz (GRS) / J. Jalouneix (IPSN)

1) INTRODUCTION

This paper is an abstract of the work performed in the frame of the development
of the IPSN/GRS approach in view of the EPR conceptual safety features. EPR is a
pressurized water reactor which will be based on the experience gained by utilities and
designers in France and in Germany.

The reactor coolant boundary of a PWR includes the reactor pressure vessel
(RPV), those parts of the steam generators (SGs) which contain primary coolant, the
pressurizer (PSR), the reactor coolant pumps (RCPs), the main coolant lines (MCLs) with

their branches as well as the other connecting pipes and all branching pipes including the
second isolation valves.

The present work covering the integrity of the reactor coolant boundary is mainly
restricted to the integrity of the main coolant lines (MCLs) and reflects the design
requirements for the main components of the reactor coolant boundary. In the following the
conceptual aspects, i.e. design, manufacture, construction and operation, will be

assessed. A main aspect is the definition of break postulates regarding overall safety
implications.

! Institut de Protection et de Siireté Nucléaire, FRANCE
2 Gesellschaft fiir Anlagen und Reaktorsicherheit, GERMANY
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2) EPR PROPOSAL

2.1) Introduction

The EPR project proposes a concept which precludes any break for the main

coolant lines (MCLs) of the primary circuit. This concept, sometimes referred to as “break
preclusion”, is expressed by EPR in the three following statements :

(@)

(b)

: @

a catastrophic failure of a main coolant line (MCL) is deterministically ruled
out as a design event for the structures and components. Strictly speaking
this is.the break precluding concept,

additional engineering measures are implemented to harden some safety
systems and some structures ; the fulfilment of the mitigation provisions
necessary to ensure the main safety objectives (reactor shut down
capability, decay heat r_efnoval and safe confinement of the radioactive
materials) leads to defined design loading conditions using specific break
postulates (see Table 1),

. breaks in branching lines for which the break precluding concept is not

apblied, are considered for the design of the systems, components and
structures.

2.2) Basis and consistency of break precluding

For the designer, there are essentially two arguments which can support the
option of precluding large breaks as stated above in (a) :

(1)

)

any serious damage to the main coolant lines (MCLs) can be prevented
with high confidence by design, high quality in manufacture, operation and
surveillance measures,

due to the design and construction measures of the main coolant lines
(MCLs) which are of the same quality as for the main primary components
including the reactor pressure vessel (RPV), a break can be ruled out.
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The EPR designer would not consider postulated breaks of the main coolant lines
(MCLs), only the mechanical consequences of pipe breaks in smaller lines, e.g. surge line
and auxiliary lines, would be investigated. This approach is largely in compliance with
current German practice but differs from current French practice.

2.3) Basis and consistency of break mitigation

In the EPR proposal, mitigation of the structural effects is based on the postulated
guillotine break of anyone of the branching pipes. The safety objectives are to
demonstrate :

e subcriticality by scram system (drop of a sufficient number of control rods),
« long term safe shutdown conditions,

e core coolability,

« non aggravation of the accident.

From the engineering point of view, the pressure drop forces resulting from the
break of anvone of the branching lines will be applied to the mechanical components in a
dynamic scheme to demonstrate that :

« the initiating break would not induce a failure of a main coolant line (MCL) or a
break of another large branching line,

e the geometry of the internals of the reactor pressure vessel (RPV) would
maintain the function with respect to the core coolability requirements,

o the geometry of the guide tubes would permit the .control rods to be inserted,

« the reactor coolant pumps (RCPs) and the steam generators (SGs) as well as
their intemals and supports would remain intact (no consecutive rupture of the
RCP shaft and no failure of the SG tubes).
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2.4) Consistency of the additional measures

The designer proposes additional measures, implemented to “harden” the safety
systems, the containment, the components and the civil engineering structures and
respectively to stay with simple requirements for the designer (see Table 1) :

e the containment would withstand the pressure resuilting from a 2 A-break (A as
internal cross-sectional area of the main coolant line - MCL -),

o the Safety Injection System (SIS) would be functionally designed for breaks up
to 2 A (e.g. flow capacity),

o the safety system components would be qualified for the ambient conditions
resulting from a 2 A-break,

e the heavy components, their supports and the civil engineering structures
surrounding the loops would be reinforced to limit the mechanical damage of a
large pipe break within the loop compartment.

The first three conditions listed above are unchanged from the past practice. The
engineering measures derived from the fourth one are expressed as follows :

e no mechanical damage would be transmitted to the intact loops ; the reactor
pressure vessel (RPV) would be a fixed point and it would rest a strong support
which “filters” the loads ; each primary loop wquld be surrounded by thick
reinforced concrete walls which would prevent a missile to damage an intact
loop or the containment,

o the stability of the steam generators (SG) would be such us to keep the
displacements at the top small enough to prevent a failure of a main live steam
line or a main feedwater line,

e the supports of the components and the civil engineering structures to which
they are connected would be designed to absorb the loads resulting from an
active static load P equal to P=2p A (p as reactor coolant system operating
pressure and A as internal cross-sectional area of the main coolant line - MCL -).
This 2 p Aload would be applied at every nozzle of the heavy components,
colinearly with their centerline (one at a time and the pipe connected to the
loaded nozzle is assumed to be failing).
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3) ASSESSMENT OF THE EPR PROPOSAL

3.1) Architecture

The arrangement of the heavy main components and the architecture of the four

loops would be based on the French N4 design which is similar to the German design.

3.2) Material selection

The material selection for the main coolant lines (MCLs) shows two options :

- forged low carbon unstabilized stainless steel (Z2 CN 19.10) with controlled

nitrogen content, similar to the present French practice,

- forged ferritic steel (20MnMoNi55 = 16MND5) cladded with one layer of low

carbon stabilized stainless steel, similar to the present German practice.

The material choice for the main coolant pumps shows two options : either forged

ferritic steel (German practice) or cast stainless steel (French practice).

it must be noted that both options comprise dissimilar welds which require special

attention with respect to fabrication and Non Destructive Examinations (NDEs) :

- in the present French plants, dissimilar welds are located at the connections of

the main coolant lines (MCLs) (in stainless steel) with the main components (in
ferritic steel). When using cast stainless steel for the main coolant pumps,
there are - as part of the reactor coolant boundary - 16 locations of this type
with a nominal diameter DN 750. A stainless steel ring called "safe end", is
shop welded to each feritic nozzle. The homogeneous weld between the main
coolant line (MCL) and the safe end is made on site,

in the present German plants, dissimilar welds are located at the branching of
the main coolant lines (MCLs) (in ferritic steel) to the smaller auxiliary lines (in
stainless steel). Altogether there are also 16 locations of this weld type : 1 for
the surge line (less than DN 350 in the nozzle region), 8 for the safety injection
system (DN 250), 2 for the spray system (DN 80) and 5 for the volume control
system (four times DN 50 for the inlet and once DN 100 for the outlet).
Precluding break for these smaller pipes is not included in the EPR proposal,
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- the dissimilar welds would be made of Alloy 82 or Alloy 52. For both alloys, no
case of in service degradation due to Primary Water Stress Corrosion Cracking
(PWSCC) in nominal service and fluid chemistrv conditions has been
observed. However, experience with Alloy 52 is, so far, much more limited in
service time>.

3.3) Design and manufacturing

If the ferritic steel option is selected, the design and manufacturing aspects would
retain minimization of welds and use of induction bent elbows with straight end parts and
integrally forged large nozzles, according to the German practice. However, cladding
would require suitable manufacturing lengths.

if the stainless steel option is used, the latest técﬁnology according to the present
French practice would be retained. For example, hot and cold legs would be each
manufactured as one part with integrated nozzles and integral bends. The cross over leg
would consist of-three parts. The qualification of such a prototypical forged stainless steel
cold leg also with minimization of welds, use of induction bent elbows and integrally forged
large nozzles, has been completed and accépted to be implemented for the Civaux 1
plant.

For both options, the mentioned design and manufacturing aspects intended for
the main coolant lines (MCLs) are consistent with the latest state of the art in both
countries and would resuit in an optimized piping design. Experience with the intended
production technology is provided by the French and German practices.

3.4) Monitoring and surveillance systems

EPR intends to implement the following monitoring and surveillance systems to
control components degradation and leakage :

- a transient bookkeeping system would be implemented for demonstrating the
adequacy of design assumptions concerning the presupposed load histogram
with respect to material damage due to stresses and fatigue. The current
practice in France and Germany would be adopted :

. monitoring of all thermal and pressure transients,

3 It should however be noted that PWSCC has been observed in severe PWSCC laboratory testing on Alloy 82 as
opposed to Alloy 52.
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. identification and comparison of each actual transient to the reference design
transients list,
. checking that transients occurred less than specified,

a leak detection system would be installed in the compartments, in the sumps
and on the heating, ventilating and air conditioning (HVAC) system using a
combination of different sensors, detectors and measurements. A manual
shutdown of the plant would be required if the leak cannot be localized nor
isolated. The following requirements would be observed :

. reliable detection of a leak before its size becomes critical,

. use of two diverse and independent subsystems,

. installation of alarms in the control room,

the main parameters of the primary water chemistry (pH, boron content and
hydrogen content) would be periodically monitored during normal operation
and shutdown periods. The other parameters (e.g. lithium, chlorides and
fluorides) would be periodically checked by chemical analysis. The chemical
parameters to be analyzed, their operational limits and analysis frequencies,
have not been yet fully defined,

+it would be favored that further monitoring systems will all be applied in the
EPR design, e.g. loop displacement control, vibrations control of pump shafts
and temperature - pressure of the volume between the first and the second
isolation valves.

3.5) In Service Inspection (ISI])

Typical areas for inspection are

welds and piping parts with the highest fatigue usage factors.

The detailed program for In Service Inspection (IS), i.e. where, how and when are
the main coolant lines (MCLs) to be inspected, is not yet available. However the following
principles are adopted by the designer :

- design and manufacture allowing inspectability of all parts as a principle with

ALARA personnel exposure,

- implementation of inspection at locations with high stress level.
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For volumetric examination, the following methods are foreseen by the designer :

- ferritic lines would be examined using ultrasonic methods and if necessary,
radiography (welds at the reactor coolant pumps (RCPs) if using cast stainless
steel),

- stainless steel lines including the dissimilar welds would be examined using
ultrasonic methods and if necessary, also radiography for the dissimilar welds.

A focused In Service Inspection (ISI) program is an essential requirement for the
acceptance of the break precluding concept.

The proved inspectability of ferritic steels by Ultrasonic examination Techniques
(UT) allowing for defects detection and sizing constitutes one major feature for this class of
material. UT examination of stainless steels is more difficult. Therefore, concerning UT
examination of stainless steels, it would be mandatory to perform as early as the welding
qualification process, a Non Destructive Examination (NDE) qualification, which should
particularly take into account the metallurgical structure.

For cladded ferritic steel, the large cladded area with one layer of stainless steel
might be a preferential zone for underclad defects and at least an adequate inspection at
manufacturing (outer and/or inner inspection) is necessary. However, taking into account
the validated' material and manufacturing technology and results of the Non Destructive
Examinations (NDES), to date no problem appears in German nuclear plants.

For both materials, the stainless steel and the ferritic steel, as well as for the
dissimilar welds, it appears necessary to use optimize UT performances by taking into
account geometric factors, i.e. small dissimilar welds located at the branching of the main
coolant lines, small diameter component, mismatch, thermal sleeves, fillet, surface
condition and counterbore.

In Service Inspection (ISI) would cover visual, surface and volumetric examination.
As a rule for ALARA personnel exposure and reproductibility of test results, visual and
volumetric examinations should be performed using adequate handling techniques. The
In Service Inspection (ISl) program would integrate feedback (e.g. In Service Inspection
(ISI) results and feedback from similar plants), load/stress level (e.g. stresses and usage
factors, geometrical discontinuities) and manufacturing (e.g. dissimilar welds). However,
the influences due to the real loads and operating conditions would have to be covered for
example by additional instrumentation. Influences coming from uncertainties in
manufacturing, e.g. new materials and new welding techniques, would have to be
eliminated by approved manufacturing techniques.
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Due to the present limitations of some techniques to suitably and reliably detect
cracklike defects (specially in stainless steels), it would be required to implement an
additional detection method sensitive to surface defects.

3.6) Fracture mechanics methodology

3.6.1) EPR PROPOSAL

According to the EPR proposal, the demonstration of the controlled failure
behavior of a structure, here of a selected part of the main coolant line (MCL), can be done
either based on results of experiments with original pipe elements, or by using a verified
fracture mechanics rﬁethodology.

The methodology based on fracture mechanics considers the crack growth of
different crack configurations, and finally deduces the corresponding leak rates which have

to be detected, taking into account a considerable margin before reaching critical crack
sizes.

3.6.1.1) CONSIDERATION OF SURFACE DEFECTS

For selected surface reference defects, it has to be demonstrated that they do not
grow significantly during the plant life. After crack growth, the final crack must be stable
under the most severe transient load combination.

Reference defects are only considered in welds. Internal, elliptical surface
defects, oriented in circumferential direction, are postulated having the depth "a" and the
total length along the surface "2¢". Two reference defects are investigated :

o the "envelope defect' resulting from a lack of fusion of layers which
corresponds to the detection limit of the applied non destructive testing
method,

o the "conventional defect’ is twice as long as the envelope defect and mainly
used for sensitivity studies.

The reference data must be identified on the bases of manufacturing processes
and performances of inspection methods, e.g. reflecting local limitations of the
Non Destructive Examinations (NDEs), as well as taking into account the operating
feedback, e.g. corrosion of dissimilar welds and underclad defects of the main coolant
lines (MCLs).
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Fatigue crack growth computation of the surface defect is performed using the
Paris formula and considering the transients under normal, upset and faulted operations.

The acceptance criteria taken into account tor the end of fifé crack size are as
follows :
o the “envelope defect’ crack growth is small. Final size is less than twice the
initial defect or less than 1/4 of the wall thickness of the considered pipe,
¢ the “conventional defect’ crack growth is be such that it does not become
through-wall before the end of plant life.

3.6.1.2) COMPARISON WITH THROUGH-WALL CRITICAL CRACKS

For the component geometry with the reference defects, the through-wall critical
crack length is calculated using the worst loading case. Furthermore, the designer
proposes to demonstrate that, if a reference defect is submitted to specified loadings, as
much as necessary to grow through the wall, this defect leads to a smaller than the critical
through-wall crack. This crack is called the “leakage crack”.

The acceptance criterion taken into account by the designer requires a factor of 2
on the length of the “leakage crack” size when comparing with the length of the through-
wall critical, crack size. No safety'margin is judged necessary between the “leakage crack”
leak rate and the leak detection system proven capability.

3.6.2) ASSESSMENT BY IPSN/GRS

IPSN and GRS consider that the following topics are important and should be
implemented in the design :

- the sensitivity of the leak detection system must be such that it is possible to
detect with high confidence a guaranteed leak rate, here called “detection leak
rate”,

- the “leakage crack” as defined by the designer would not lead to a leak rate
because this “leakage crack” is only the reference crack which has just grown
through the wall ; the length of such a “leakage crack” can be zero on the
opposite wall ; a clear definition, possibly conventional, must be given for this
“leakage crack” precising the length which must be achieved after growing to
the opposite wall, a significant safety factor must be introduced between this
new defined “leakage crack” leak rate and the “detection leak rate”,
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the crack opening displacement and area as well as the leak rate must be

calculated with qualified models which are or will be verified or calibrated with
experiments,

a set of conservative assumptions must be selected to yield a lower bound of
the leak rate,

the crack growth analysis through the. wall has to be performed by applying
loadings whose stress fields contribute preferably to the lateral extension of the
defects,

transient loading conditions have to be included,

margins in terms of loadings must aiso be considered, first on the “leakage
crack”, then on the critical through-wall crack. These two margins work in an
opposite way and must be defined carefully especially conceming the “leakage
crack” and the corresponding leak rate.

The assessment will be complemented after the designer will have provided a

complete and detailed file describing the concrete application of this methodology to the
EPR primary coolant boundary, including these topics.
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4) POSITION TAKEN BY THE GERMAN AND FRENCH SAFETY AUTHORITIES

The justification elements in support of the break precluding concept for the main
coolant lines (MCLs) as presented by the EPR project have been assessed by GRS/IPSN
and reviewed commonly by the two advisory groups of experts - GPR (Groupe Permanent
charge des Réacteurs nucléaires) for France and RSK (Reaktor Sicherheitskommission)
for Germany. The common conclusions of the two groups are the following :

"Considering the state of technology, it appears feasible to design and to operate
future PWR plants so as to "exclude" the complete guillotine break of a main coolant line
(MCL) ; but it is stressed that the applicant has to precise the provisions he will implement for
these lines at an early stage of the design, notably concerning the monitoring of the primary
leaks and the In Service Inspection (ISI) of the lines (the accessibility and the inspectability of
each point of these lines are of course prerequisites). '

The loads to be considered for the design of the internal structures of the reactor
vessel and for the design of the structures in the containment building can be limited to those
resulting from a break equivalent to the complete guillotine rupture of the largest pipe
connected to the main coolant line (MCL) (surge line).

It is however recalled that the mass flow equivalent to a double area opening of the
main coolant line (MCL) has to be assumed for the design of the emergency core cooling
function and of the containment pressure boundary, so as to implement safety margins
concerning the cooling of the core to prevent core melt and concerning the containment
function ; the double area opening is also to be assumed for the sﬁpports of the components
and for the qualification of equipment.

These recommendations have been agreed on November2, 1994, by the
common structure set up by the German and French safety authorities, called DFD
(Deutsch Franzésischen Direktionsausschuss).
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TABLE 1 : Postulated Pipe Breaks and Associated Effects for Main Coolant Lines

Effects Postulated
on of pipe break size
GLOBAL DESIGN :
L performance of safeguard
systems, e.g. :
- safety injection system, Loss of coolant. <2 A (MCL)
- residual heat removal
system.
® design of containment. Pressure build-up,
temperature, 2A(MCL)
L] environmental qualification of
equipment, e.g. : Pressure,
- instrumentation, temperature, 2A(MCL)
- electrical components. flooding / humidity,
radiation.
LOCAL DESIGN :
L design of containment,
internal structures, e.g. : Flooding,
- reactor cavity, differential pressure, 2A 4(MCL)
- missile shield, temperature,
- compartments. supports loads.

L stability of supports of
main eomponents, e.g. :

- reactor pressure vessel,
- main coolant pump,

- steam generator,

- pressurizer.

Fluid discharge forces :

P=2pA

A (considered line),

p (operating pressure).

design of internals of primary
components and MCLs, e.g. :
- reactor pressure vessel,

- pump flywheel,

- steam generator,

- piping and valves.

Dynamic effect of
pressure drop.

The larger value of
0.1 A(MCL)and
A (connected line).

withstanding thrust and reaction,
forces for :

- surrounding walls,

- target components,

- piping supports.

Jet impingement,

fluid discharge forces.

The larger value of
0.1 A(MCL) and
A (connected line).

DEFENSE IN DEPTH :

postulates for studies within the frame work of severe accidents, e.g. the consideration of
a failure of the reactor coolant boundary, will be discussed in other working groups.

consideration of guard pipes or restraints for pressure build-up in reactor cavity
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Summary

In the updating of the Guidelines for PWR's of the "Réaktor-Sicherheitskommission"
(RSK) in 1981 the requirements on the design have been changed with respect to the
postulated leaks and breaks in the primary pressure boundary. The major change was
a revision in the requirements for pipe whip protection. As a logical consequence of
the "concept of basic safety” a guillotine type break ar any other break type resulting
in a large opening is not postulated any longer for the calculation of reaction and jet
forces.

As an upper limit for a leak an area of 0,1 A (A = open cross section of the pipe) is
postulated. This decision was based on a general assessment of the present PWR
system design in Germany.

Since then a number of piping systems have been requalified in the older nuclear
power plants to comply with the break preclusion concept. Also a number of exten-
sions of the concept have been developed to cover also leak-assumptions for branch
pipes. Furthermore due considerations have been given to other aspects which could
contribute to a leak development in the primary circuit, like vessel penetrations, man-
hole covers, flanges, etc.

Now the break preclusion concept originally applied to the main piping has been de-
veloped into an integrated concept for the whole pressure boundary within the con-
tainment and will be applied also in the periodic safety review of present nuclear

power plants.
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1 Reflections on the Historical Background

The concept of the so-called "design basis accidents” was developed in the 60ies
when the design of commercial nuclear power plants 'staried. So we are looking back
only 30 years in time, but this has been a span of tremendous technological develop-
ments being triggered by the first decisions to develop large light water reactor nuclear
power plants. At the moment the nuclear community has to find its way to enter the
next decade with nuclear power plants which fulfil both main requirements: enhanced
safety and increased competitiveness. So it is the right time to review decisions and
developments to be prepared for the future.

When the designers in the 60ies were confronted with the question, what should be
the largest leak to be covered by the design of the safety system in a nuclear power
plant, we all know they decided to select a large break of a pipe as a postulated
event. But they also decided at the same time that the available technology to build
large vessels is sound enough to rule out an uncontrolled fracture of such vessels. At
that time this was a rather courageous decision regarding the vessels. As we have
seen the uncertainties connected to this decision have led to a number of long-going
research programs on pressure vessel integrity to support this. The results of these
research activities gave a lot of valuable input into the questions of piping integrity.

In the 60ies and 70ies the design of nuclear power plants was largely effected by the
postulated piping failure of the main primary pipe. Historically the postulated piping
failure was first the design basis to set the maximum pressure and temperature loads
for the containment. In a second step the emergency core cooling systems were de-
signed according to this postulate. This development was followed by a steadily in-
creasing effort to analyse the system behaviour in case of a pipe rupture with respect
to the reaction forces and mechanical damage due to pipe whip as well as the differ-
ential pressures between the compartments of the containment internal structures.
This resulted in an enforcement of internal structures of the containment as well as in-
ternal structures of the primary pressure boundary for example the internals of the re-
actor pressure vessel and steam generators. To avoid mechanical damage caused by
a whipping pipe restraints were designed and applied at several locations of the pri-
mary piping. These engineered safeguards were extended to all high energy piping
wherever safety related items had to be protected.

33




At the same time we have also experienced that the different disciplines performirig
the design and review work in the organisations have developed requirements and cri-
teria in the area of their responsibilities which may be judged today as not being co-
herent in all aspects. So specialists working in the mechanical branch found
themselves in a situation that an increasing amount of engineered safeguards against
the postulated double ended pipe rupture were required by the specialists of the acci-
dent analysis branch at a time where they themselves gained a better understanding
and an increasing knowledge of the influencing factors to produce a high quality pro-
duct and to analyse the overall system behaviour to an extent that a gross failure of a
pipe could be ruled out.

Beside all the important knowledge we have gained in design work, fabrication and
laboratory tests we have to admit that the operating experience is the most valuable
source in the review of technical progress. The careful analysis of operating experi-
ence shows us that a number of damage mechanisms occured which we have not
thought of, but it also demonstrates how the technical problems can be controlled or
avoided by different solutions.

2 Basic Elements of Integrity Assessment

The basic elements in the assessment of the integrity of components are sufficient

knowledge

- of the materials and component structures regarding material composition, me-
chanical properties as well as geometries,

- of the load conditions including environmental influences,
- of defects at the surfaces or contained in the volume of the structure.

At present we are performing integrity assessment mostly in the course of periodic
safety reviews. So the following paragraphes include these aspects.

In the characterization of the material condition influences resulting from the manu-
facturing process as well as the operational aspects have to be considered. It has be-
come popular to use the term "aging” for time-, temperature- or environment-related
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degradation of material- or component conditions. With respect to the material proper-
ties it has to be discussed for each individual material if in the range of the service
condition precipitation or diffusion related phenomena can cause changes in proper-
ties. Such changes have to be expected in areas of high neutron flux as it is known
generally. Degradation in material toughness due to temperature effects only have
been experienced for castings being manufactured out of non-stabilized austenitic
steel. Investigations being performed on materials used for the pressure boundary
components in German LWRs in general have not shown any significant change in
material properties for more than 100.000 hours. The measured values have been al-
most within the scatterband of the technical acceptance test during manufacturing.
Beside the already mentioned influence of the neutron exposure it is important to note
that a plant specific review sometimes identifies one or two components or parts of
components where a specific alloy has been applied where temperature effects over a
long exposure time may need o be considered. Specific difficulties may also arise due
to a lack of detailed information in the documentation regarding heat treatment condi-
tions, trace elements in the chemical composition or on microstructure.

For the characterization of the component structure the most important aspects are
the as built conditions regarding weld geometries, misalignment, thickness of clad-
ding, etc. Specifically in some older units it may be difficult to find all necessary details
in the documentation, so additional measurements are sometimes necessary.

In the design of systems and components for nuclear power plants a great effort is di-
rected to the analysis of loads for all operational and emergency conditions. Even
extreme load conditions are included in these analyses. The detailed evaluation of the
operating experience demonstrate very clearly that significant phenomena like thermal
stratification have been greatly underestimated in the design stage with respect to the
local loads. Also dynamic effects due to variation in valve closure times or system con-
ditions which led to condensation phenomena leading to acceleration of fluids and dy-
namic pulse loads have been identified as important aspects. In the estimation of real
safety margins it is necessary to characterize limiting loading conditions.

Regarding the environmental conditions (temperature, water chemistry, neutron ex-
posure, etc.) most emphasis has to be placed to characterize the water chemistry con-
ditions with sufficient accuracy. It is usually not the bulk chemistry at normal operation
which is the cause for corrosive attack, in most cases specific conditions (accumula-
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tion of impurities, intermediate temperatures) related to certain operational modes or
system malfunctions may create locally unfavourable conditions which together with
specific local stress condition initiate corrosion assisted cracking. Experience shows
that enhanced monitoring methods are a valuable tool to adjust operational proce-
dures to decrease at least the frequency of occurance or better avoid unfavourable

conditions.

Regarding the detection and sizing of defects in the structure it is difficult to charac-
terize the reliability of NDE in general terms. First of all we have to realize that the ac-
cessibility for inspection may be locally restricted in the plants. In the German codes,
standards and guidelines considerable attention has been given to these aspects to
force the designer of the component as well as of the plant layout in the direction to
allow full accessibility for the application of non-destructive methods. Further important
items are the acoustic properties of the material itself as well as the arrangement of
the welds. Limitations still exist in the application of ultrasonic methods to welds in
austenitic materials. The experience with inservice inspections demonstrate that in
these cases acceptable results are achieved by the complementary application of ul-
trasonic and radiographic methods.

It is present practice in the integrity assessment of components to supplement the
regular stress analyses in specific cases with a fracture mechanics analysis. In prin-
ciple any analysis is always connected to defined damage mechanisms like plastic
collapse, fatigue, cleavage fracture, stress corrosion cracking, erosion, etc. So the
identification of the failure mechanisms for which the analyses have to prove that pro-
tection is given and of the related boundary conditions is the difficult task in the as-

sessment procedure.

3 Evaluation of Operating Experience with Respect to Damage
and Leaks

An important part in integrity assessment is the review that all the damage mecha-
nisms which may act in the different systems are clearly identified.

A general evaluation of the operating experience with pressure boundary components
in German LWR systems demonstrates that the number of crack-like defects or leak-
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ages is generally very small /1/. A basis for this review are the incident reports which
identify all abnormal occurrences as well as unexpected indications in the inservice in-
spections or in the course of maintenance and repair work. The following paragraphs
are more or less limited to defects and leaks being detected in the non-isolable area
of the pressure boundary of PWR plants. The figures themselves are showing the dis-
tribution of the different issues investigated for the nuclear steam supply system.

Fig. 1 shows the distribution of failures/defects according to the different failure cate-
gories. The failure categories are defined as:

- through-wall cracks with leakage,
- break with leakage,
- leakage at gaskets,

- defects which gave reportable signals above registration limits during ISI, but are
not penetrating the wall.

It is clearly seen that the fraction of "breaks” is very small and, which is more impor-
tant, all these incidents are connected to pipes of less than 30 mm diameter. The
small fraction of the category "defects" needs further comments. Present practice for
inservice inspection requires mainly non-destructive testing of pipe welds with diame-
ters above 200 mm. There might be an unknown population of defects contained in
smaller piping which could lead to a different distribution. But additional information
available from destructive test of replaced small bore piping does support the present
view that the number of defects is very small.

For BWR piping the picture is quite different. Due to the very high percentage of de-
fects caused by intergranular stress corrosion cracking the fraction of this category is
very large. But none of these cracks has penetrated the pipe wall. All of the BWR pip-
ing being affected are replaced, using low carbon stabilized austenitic steel and spe-
cial welding techniques. So a distribution being established for the past experience
can not be used to establish relationships for the present situation.

Fig. 2 shows the distribution according to the causes of failures. The fraction attributed
to the individual cause contains a certain degree of expért judgement. The reason for
this is that in many cases different causes are participating to a failure. It also has to
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be mentioned that certainly in the small bore piping area very detailed investigations
are often not performed because of the limited safety implications.

Fig. 3 shows the distribution of the location of damage. It is clearly seen that the ma-
jority of the damages is related to welds. The fraction of damage related to base metal
is mainly connected to stress corrosion cracking in small bore piping where accumula-
tion of condensate at areas without insulation takes place. The fraction related to gas-
kets is probably a too low proportion, because not all the gasket leaks are within the
limits of reportable events.

Looking again at the distribution of damages related to the size of the pipes as it is
shown in the figures it clearly demonstrates that within the German operating experi-
ence for PWR's leaks have occurred only in small bore piping. If we look at cracks as
being precursors of leaks we also see that the number of cracks is very limited. Includ-
ing the information from the destructive testing of replaced piping one can state that
leaks and cracks in the non-isolable portion of PWR's are very rare events. The re-
sults of such evaluations can be used to optimize requirements regarding

- quality assurance,

- inservice inspections,

- monitoring and surveillance methods including leak detection,
- operational procedures.

Furthermore such results are used in the integral assessment of piping reliability and
estimation of frequency of leaks.

q Results of Relevant R&D-Programs.

Within the German reactor safety research program continued effort was given over
the last 20 years to develop and verify methods to describe the limit load behaviour of
components as well as the resistance of the component to various types of fractures
/2, 3/. Within the program a large number of small and large scale tests hase been
performed including system tests for extreme load conditions as caused by external

and internal events. Similar, R&D-efforts have been performed within the USNRC "De-
38



graded Piping Program”, the NUPEC program in Japan, the ENEA program in ltaly
and last but not least the IPIRG program. Together this gives a huge amount of avail-
able experimental data. A large portion of this is summarized in figs. 4 to 8. These fig-
ures clearly indicate that a variation of crack dimensions and locations as well as
through-wall-cracks have been investigated. Regarding the crack direction longitudinal
as well as circumferential cracks are contained. Also complex geometries like bends
and branches are included in the investigations. It is not the objective of this paper to
review all the available research data, but it is important to note that for the verification
of the LBB procedure a large experimental basis is given. Experiments being available
from other technical areas like gas-pipeline industries are additional sources.

The results of the R&D program can be generalized in my view as follows:

- A large load carrying capacity has been demonstrated for pipes showing severe
partly through or through-wall cracks.

- The fracture toughness of the material being used for piping where the LBB ap-
proach is applied is sufficiently high to exclude cleavage fracture at low stress
condition and shows in most cases a fracture mode started by stable crack growth
or plastic instability.

- The analysis methods being applied to calculate limit load conditions are verified
on a large number of experiments, although the results are not consistent in every
case.

5 Break Preclusion Concept and its Application

The break preclusion concept was developed in the late 70ies and finalized in the up-
dating of the guidelines of PWR's of the Reaktor-Sicherheitskommission (RSK) in
1981 /4/. The underlined technical thinking and basis was published many times /5, 6,
7, 8/. Regarding the postulated leaks and breaks in the primary pressure boundary to
be used in the accident analysis the major change was the revision in the requirement
for pipe whip protection. For practical reasons an upper limit for a leak area of 0.1 A (A
= open cross section of the pipe) was chosen. This decision was based on a general
assessment of the present PWR system design in Germany. The major principles ap-
plied in this concept are summarized in Fig. 9 It reflects the present position of GRS
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as it is applied in safety reviews and does include the experience gained in the course
of requalification of piping systems in older units. Without going into technical details
which are taken up by other papers in this conference 1 would like to summarize the
15 years of experience in the application of the break preclusion concept for PWR
plants as follows:

- The break preclusion concept is applied generally to the large diameter primary
piping and the branch connections down to a size of 200 mm diameter. In specific
cases the concept was extended to pipes down to a size of about 100 mm diame-
ter requiring additional analyses, load monitoring, and leak detection.

- The concept has been successfully applied in the requalification of primary piping
in older units. The requalification is performed on a plant specific basis. Difficulties
experienced in the requalification are: unfavourable weld misalignments caused
by larger tolerances on diameter, ovality and wall thickness together with short
bends being used; missing information in the documentation regarding certain
material properties; reevaluation of load tables used in the design with special em-
phasis on past experience regarding thermal stratification and water hammer
loads.

- Shortcomings identified in the plant specific reviews regarding base-line informa-
tion or local stress conditions could be balanced in most cases by additional sur-
veillance and inspection requirements. In specific cases replacement of pipe
sections have been performed.

- For boiling water reactors a large portion of piping had to be replaced due to the
specific problem of intergranular stress corrosion cracking which took unexpect-
edly place even in stabilized austenitic piping. The sensitization was restricted to
the heat-affected zone and there only in local areas.

6 Further Steps towards an Integrative Approach to Assess the
Reliability of the Primary Pressure Boundary

The basic idea behind the postulated leaks and breaks in the primary piping was the
definition of design basis accidents for the whole pressure boundary. If the break pre-
clusion or the leak-before-break concept is applied to limit the leak size in the primary

piping we have to analyse the whole pressure boundary again in view of the
| 40




"Defence-in-Depth” principle and the safety goals. In this respect we have to demon-
strate that the results of the deterministic approach and probabilistic analysis are con-
sistent. This means if we claim that a sound basis is given to limit the leak size by the
application of the LBB-approach we have to proof also by the best methods available
that a very small probability for example less than 107 is justified on a probabilistic ba-
sis /9, 10/..

it is a common understanding that ample safety margins are available regarding the
integrity of the large vessels, housings and castings in the pressure boundary. Limited
leaks within these components have been covered implicitly by the postulated guillo-
tine type rupture of the primary piping. It has to be realised that in the definition of leak
sizes nozzles and penetrations at vessels have to be included in the evaluation.

For the sake of consistency we also have to demonstrate that the integrity of the pri-
mary pressure boundary is not jeopardized by other events which may initiate failures
at higher frequencies. This means for example that a pipe failure due to load drop
events or due to earthquake is a negligible quantity in the same sense as identified
before. It also has to be demonstrated that damage mechanisms which could lead to
a large failure of bolted connections (man-hole covers, flanges etc.) can be ruled out
or being identified early enough. Furthermore pipe failures between the first and sec-
ond isolation valve have to be negligible quantities too in connection with the reliability
of the valve itself. It is important to note that low power and shutdown modes of opera-
tion have to be included in all investigations of the integrity of the pressure boundary.
If accident management procedures are developed any negative impact on the pres-
sure boundary integrity has to be limited.

Most of the aspects mentioned before are covered by certain requirements either in
the codes and standards for the components, system requirements or being ad-
dressed in the surveillance or inservice inspection and plant monitoring in general. To
achieve a consistent and balanced approach it is proposed to classify leaks according
to their origin or causes. Fig. 10 shows an example of leak categories as it is applied
presently by GRS. This integrative approach does combine component related analy-
sis with system related effects. The leak sizes being derived by this approach do re-
flect the plant specific conditions, operating experience as well as experience from
safety reevaluations.
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Fig. 1: Evaluation of Piping Incidents of Nuclear Heat Generation- Systems iri PWRs Plants,
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Fig. 3: Evaluation of Piping Incidents of Nuclear Heat Generation- Systems in PWRs Plants,
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Fig. 4: Selection of Available Fracture Mechanics Experiments: 1

Material Used i




(MPA, Siemens, BAM, TUV Essen)

Fig. §5: Selection of Available Fracture Mechanics Experiments:
Longitudinal Cracks in Straight Pipes
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(MPA, Siemens, BAM, PHDR, ENEA, Battelle, Japanese Exp.)

Fig. 6 : Selection of Available Fracture Mechanics Experiments:
Circumferential Cracks in Straight Pipes (Part 1)
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Fig. #: Selection of Available Fracture Mechanics Experiments:
Circumferential Cracks in Straight Pipes (Part 2)
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(MPA, Siemens, PHDR, Japahese Experiments) -

Fig. & : Selection of Available Fracture Mechanics Experiments:
Complex Components
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Fig. 9: General Concept of Break Preclusion for Pressure Retaining Structures
of Nuclear Power Plants with Nominal Diameters of DN >= 150 mm
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Fig. 10: Integrative Approach to Derive Leak Sizes for Safety Analysis
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LBB EVALUATION FOR A TYPICAL JAPANESE PWR PRIMARY LOOP
BY USING THE U.S. NRC APPROVED METHODS

S. A. Swamy, D. C, Bhowmick, D. E. Prager Westinghouse Nuclear Technology Division, Pittsburgh, PA U.S.A
T. Tanaka, Kansai Electric Power Company, Osaka, Japan
Y. Ogata, H. Yokota, Mitsubishi Heavy Industries, Ltd., Japan

Abstract

The regulatory requirements for postulated pipe ruptures have changed significantly since the first nuclear plants were
designed, The Leak-Before-Break (LBB) methodology is now accepted as a technically justifiable approach for eliminating
postulation of double-ended guillotine breaks (DEGB) in high energy piping systems. The previous pipe rupture design
requirements for nuclear power plant applications are responsible for all the numerous and massive pipe whip restraints
and jet shields installed for each plant. This results in significant plant congestion, increased labor costs and radiation
dosage for normal maintenance and inspection. Also the restraints increase the probability of interference between the
piping and supporting structures during plant heatup, thereby potentially impacting overall plant reliability. The LBB
approach to eliminate postulating ruptures in high energy piping systems is a significant improvement to former regulatory
methodologies, and therefore, the LBB approach to design is gaining worldwide acceptance. However, the methods and
criteria for LBB evaluation depend upon the policy of individual country and significant effort continues towards
accomplishing uniformity on a global basis.

In this paper the historical development of the U.S. LBB criteria will be traced and the results of an LBB evaluation for
a typical Japanese PWR primary loop applying U.S. NRC approved methods will be presented.

In addition, another approach using the Japanese LBB criteria will be shown and compared with the U.S. criteria. The
comparison will be highlighted in this paper with detailed discussion.
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1.0 INTRODUCTION

The U.S. Regulatory requirements for postulated pipe ruptures have changed significantly since the first nuclear power
plants were designed. Early plants were not designed for dynamic loads associated with postulated pipe ruptures.
Designing for LOCA effects was generally limited to the containment sizing. Later, pipe breaks were postulated at
locations with the worst dynamic effects, known as "break everywhere" approach. From the mid 197(’s pipe breaks were
postulated at high stress, high usage factor and a minimum of two arbitrary intermediate locations in addition to the
terminal ends [1]. Thus, the original purpose and intent of the postulated double-ended guillotine (DEGB) break, which
were to provide a clearly limiting basis for sizing the reactor containment system, were extended to postulation of breaks
in all the high energy piping system design resulting in the construction of massive pipe whip restraints and jet
impingement shields, simply because an alternate acceptable design basis was not available. The DEGB postulation was
further extended to the design of Environmental Qualification (EQ) and even in the sizing of the Emergency Core Cooling
Systems (ECCS). For many years the commercial nuclear industry has recognized that a DEGB is highly unlikely, even
under severe accident loads, and that a design basis LOCA based on DEGB is an unnecessary and undesirable design
restriction.

In the past several years the commercial nuclear industry has worked with the U.S. Nuclear Regulatory Commission (NRC)
to eliminate the DEGB as the design basis LOCA based on the concept of Leak-Before-Break (LBB). The LBB concept
is summarized in Appendix I. Simply stated, if a flaw in the piping should grow during service, it will tend to grow
through the wall of the pipe so that it will leak and be detected well before the crack length approaches instability. The
quantitative basis or criteria have been provided in a report by the NRC piping review committee namely NUREG-1061
Volume 3 [2]. The resuits of the research work by the commercial nuclear industry and the NRC culminated in a revision
to 10CFR Part 50, Appendix A, General Design Criteria 4 [3] permitting elimination of postulated breaks from the
structural design basis. The NRC guidelines for LBB demonstration are provided in Reference [4].

Use of LBB technology saved hundreds of millions of dollars in backfit costs to many operating Westinghouse plants.
Application of this technology to plants under construction resulted in tens of millions of dollars cost savings due to
elimination of whip restraints and jet shields. Added cost savings result due to reduced man rem exposure during inservice
inspection and maintenance. The US NRC lead on this subject was followed by the regulatory authorities in various
countries around the world. Today the LBB technology finds ever increasing applications worldwide. While the underlying
LBB concept is identical in all the countries the specific criteria and the quantitative methods of evaluating defining and
demonstrating safety margins somewhat vary in different countries. In this paper, historical development of the LBB
criteria in the U.S. are traced followed by an example application to a typical Japanese PWR primary loop. The analytical
evaluations are performed using the U.S. NRC approved methods. An alternate approach using the Japanese LBB criteria
is compared with the U.S. approach.
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2.0 HISTORICAL DEVELOPMENT OF THE LBB CRITERIA

In the late seventies, circumferential through wall flaws of length equal to three times the pipe wall thickness (3T flaws)
were postulated. These flaws were subjected to normal plus Safe Shutdown Earthquake (SSE) loads to assess flaw stability.
The leakages from these flaws were calculated using internal pressure in the piping system. The magnitude of the leakage
was shown to be significantly greater than the plant leak detection capability, thereby assuring leak detection. In the early
eighties, the Systematic Evaluation of Plants (SEP) procedural guidelines were provided by the U.S. NRC to enable piping
integrity assessment. Accordingly, through wall flaws of lengths equal to two times the wall thickness were postulated
and the calculated leakage resulting from normal operating loadings (including deadweight, thermal expansion and internal
pressure) was compared with the plant leak detection capability (typically 1 gpm). In addition, through-wall circumferential
flaws of length equal to four times the pipe wall thickness were shown stable when subjected to the normal operating plus
the Safe Shutdown Earthquake (SSE) loads. In the latter part of the eighties the criteria currently in use became available
[2,3,4]. These criteria and the resulting steps of the evaluation procedure can be briefly summarized as follow:

1) Calculate the applied loads. Identify the location at which the highest stress occurs.
2) Identify the materials and the associated material properties.

3) Postulate an inside surface flaw at the governing location. Determine fatigue crack growth. Show that a through-wall
crack will not result.

4) Postulate a through-wall flaw at the governing location. The size of the flaw should be large enough so that the leakage
is assured of detection with margin using the installed leak detection equipment when the pipe is subjected to normal
operating loads. Demonstrate a margin of 10 between the calculated leak rate and the leak detection capability.

5) Using faulted loads (such as normal plus SSE), demonstrate that there is a margin of at least 2 between the leakage
size flaw and the critical size flaw.

6) Review the operating history to ascertain that operating experience has indicated no particular susceptibility to failure
from the effects of corrosion, water hammer or low and high cycle fatigue.

7) Provide the material properties including toughness and tensile test data. Justify that the properties used in the
evaluation are representative of the plant specific material. Evaluate long term effects such as thermal aging where
applicable.

The last statement is of crucial importance. The U.S. NRC piping review committee stated [2] "If the flawed structure
is fabricated from a material that has a high fracture toughness and therefore is not sensitive to the presence of a crack,
the load carrying capacity of the cracked structure may still be governed by material strength. If the structure of interest
is fabricated from a material that has a low fracture toughness and is therefore sensitive to the presence of a flaw, other
analytical techniques must be used." Thermal aging causes reduction of toughness in cast austenitic stainless steels - a
material extensively used in PWR primary loop pipings and fittings. In order to demonstrate integrity of cast stainless steel
piping systems subjected to thermal aging degradation, an analytical model was developed. This model was verified by
experimental data correlation. This model was applied to demonstrate primary loop piping integrity of a typical Japanese
PWR nuclear power plant.
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3.0 LBB EVALUATION AND APPLICATION OF LBB CRITERIA

3.1 Operation and Stability of Reactor Coolant Sysictn

A typical PWR primary loop piping layout in a Japancse plant is shown in Figure 1. As a first step, extremely low
susceptibility to cracking from the effects of corrosion ¢.g. intergranular stress corrosion cracking, IGSCC is demonstrated
for the Westinghouse design primary loops. It is also noted that overall, there is almost no potential for water hammer
in the Westinghouse type PWR RCS since it is designed and operated to preclude the voiding condition in normally filled
lines and the operating transients of the RCS primary piping are such that no significant water hammer can occur. Low
cycle fatigue considerations are accounted for in the design of the piping system through the fatigue usage factor evaluation
to show compliance with the rules of Section III of thc ASME Code. High cycle fatigue loads in the system would result
primarily from pump vibrations. These are minimized by restrictions placed on shaft vibrations during hot functional
testing and operation.

Based on the above the candidacy of the PWR primary loop piping, for an LBB application, is confirmed.
" 3.2 Loads

The next step of the evaluation is to establish geometric properties and applicable loads. A segment of the primary loop
hot leg pipe is shown in Figure 2. In order to calculate the leak rates, lower bound normal operating loads are obtained
by algebraically combining deadweight, thermal expansion and internal pressure loading components. The upper bound
faulted loads for crack stability analysis are obtained by combining the loading components (Deadweight, Thermal
expansion, pressure and SSE loads including SSE anchor motion) by the absolute summation method. The junction of
primary loop hot leg and the reactor vessel outlet nozzle is typically the highest stress location. Therefore, the leak-before-
break calculations are performed at this location which is designated as location 1 in Figure 3. The total normal operating
stress and the upperbound faulted stress at this location are 20.86 ksi (143.86 MPa) and 23.85 ksi (164.48 MPa),
respectively.

©33 Material Characterization including the Effects of Thermal Aging

In order to accomplish a realistic yet conservative analysis, the leak-before-break evaluations were performed using plant
specific material properties G, = 21.05 ksi (145.17 MPa) and o, = 61.17 ksi (421.86 MPa).

The primary loop piping material is SA351 Grade CF8M - a cast stainless steel product form. The material is known to
be particularly susceptible to thermal aging degradation. The cast stainless steel exhibits very high toughness in the as-built
condition; however, the fracture toughness may be significantly reduced with time at plant operating temperature, The
toughness degradation in cast austenitic stainless steel has been attributed mainly to the successive precipitation of
chromium in the ferrite phase due to the large miscibility gap in the Fe-Cr binary system. During aging at temperature,
the ferrite phase gradually develops a cleavage transition behavior somewhat similar to that of ferrite stainless steel.

The thermal aging toughness degradation has only within the last fifteen years been recognized as occurring in cast stainless
steels at operating temperatures of nuclear reactors. Useful material test data and acceptance criteria became available only
recently. The thermal aging issue has been technically addressed by Westinghouse and the procedure currently used to
address thermal aging has been approved by the United States Nuclear Regulatory Commission (US NRC).
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The material certifications for the primary loop hot leg piping were examined. The chemistry of the material was used
to determine the ferrite content and hence fracture toughness. The ferrite content was found to be about 10%. The lower
bound allowable fracture toughness properties were conservatively established to be J,c = 750 in-Ib/in? (131.35 KJ/m?),
Tmat = 60 and J,, = 2200 in-1b/in® (385.29 KJ/m?. This lower bound material test data was obtained from a similar cast
stainless steel material with higher ferrite content. The toughness data was generated using small specimens with a
maximum crack extension of 4.3 mm.

4.0 RESULTS

Leak-before-break evaluations were performed on the hot leg and reactor vessel nozzle junction. Specifically, two phase
flow calculations were performed to determine the flaw size giving a 10 gpm leak rate - "leakage size flaw.," The leakage
size flaw was found to be 3.25 inches (82.55 mm) long. J-T analysis was performed by postulating a through-wall flaw
6.5 inches (165.10 mm) in length (i.e. two times the leakage size flaw). This flaw was subjected to the-faulted condition
loads. Calculated J,,;.4 value was 1429 in-Ib/in® (250.26 KJ/m?) and T,ppica value was 8.6. These values were lower than
the lower bound material toughness, thus, flaw stability was demonstrated. If the limit load approach was used as the basis
for "critical flaw" size calculation, the limiting size of the postulated through-wall flaw would exceed 32 inches
(812.80 mm),

4.1 Comparison of the Evaluation Results

In the LBB evaluations for the primary loop piping, there are some differences between the U.S. and the Japanese
approach, These differences are summarized in Table 1.
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U.S. Approach

Table 1

Japanese Approach

a)

b)

Postulated through-wall crack

Leakage Crack Size
Factor of 10 margin with respect to leak
detection capability.

Leakage crack size is determined using plant
normal operating loads.

Leakage Crack Angle: 11.70 deg.

Crack Stability Evaluation

Demonstrate a margin of a factor of 2 between
the leakage crack size and the critical crack size
using J-T approach and the limit load approach.

J-T Approach

Incorporating the effects of thermal aging,
calculate J-T applied value for 23.40 deg.
through-wall crack as shown in section 4.0 and
show them to be lower than the material
toughness allowables.

Limit Load Approach
"Critical Crack Size" is 115.97 deg.

A factor of 2 between the leakage crack size
and the critical crack size is demonstrated by
both the approaches.

Conclusion: LBB is demonstrated using the US
approach and criteria )

a)

b)
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Postulated through-wall crack

Leakage Crack Size
Factor of 5 margin with respect to leak
detection capability.

Leakage crack size is determined using
0.5 Sm stress conservatively.

Leakage C:rack Angle: 25.6 deg.

Also postulated through-wall crack size of 5T.
Crack Angle: 56.6 deg.

Leakage crack size is the larger of the two.
For the primary loop the latter criterion
govems.

Crack Stability Evaluation

The postulated crack 56.6 deg. in angle is
shown stable by comparing the allowable
bending stress of 29.61 ksi (204.2 MPa) with
the applied bending stress of 17.57 ksi (121.2
MPa). The limit load approach is used to
demonstrate the crack stability.

Conclusion: LBB is demonstrated using the Japanese
approach and criteria



5.0 CONCLUSION

LBB evaluations have been performed for typical Japanese PWR primary loop piping, using NRC approved methods and
criteria.

There are minor differences in the limit load results obtained in the U.S. and Japan. These differences stem from the input
data for applied axial loads and the material strength property, namely the flow stress. Noteworthy is the difference in the
magnitude of leakage size cracks and the stability crack size used in the U.S. and in Japan. The difference in the
magnitude of leakage size cracks is attributed to the two-tier criteria used in Japan, and the difference in applied loads -
normal plant operating loads vs. postulated 0.5 Sm load. From the flaw stability stand point, in the U.S. the stability of
a flaw is established using a two-tier criteria based on the J-T approach and the limit load approach, whereas in Japan the
stability is demonstrated by using the limit load approach.

Despite the observed differences in the methodology, the calculated leakage size cracks and the stability calculations, both
the U.S. and Japanese approaches predicted LBB for the specific Japanese PWR primary loop considered in this study.
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APPENDIX I
LEAK-BEFORE-BREAK-CONCEPT

The process of demonstrating that a pipe break will not occur in a piping system has been termed the "leak-before-break”
concept. This concept is based on the following points:

1. The piping system is not susceptible to stress corrosion, thermal fatigue, or water hammer. Thus, the only failure
mechanism is potential ductile failure resulting from a large load.

2. The fracture resistant material properties of piping systems make a rupture of the piping highly unlikely.

3. The service, pre-service, and in-service inspections will detect any piping flaws. If the flaw goes undetected its
growth over plant life is insignificant (i.e., no mechanism exists to develop a through-wall crack).

4, If a through-wall crack is postulated in the piping system, the crack will not grow or become unstable under the worst
case loading conditions.

5. A stable through-wall crack in a pipe will leak at a rate such that the leak can be identified by leak detection
equipment, the plant shutdown, and the appropriate repairs completed.
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_Figure 1 - Typical Primary Loop Piping Layout

Figure 2 - Hot Leg Piping Segment
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FRACTURE MECHANICS EVALUATION FOR A TYPICAL PWR PRIMARY COOLANT PIPE

T Tanaka(“), S. Shimizu(**) and Y. Ogata(**)
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Abstract

For the primary coolant piping of PWRs in Japan, cast duplex stainless steel which is excellent in terms of strength,
corrosion resistance, and weldability has conventionally been used. The cast duplex stainless steel contains the
ferrite phase in the austenite matrix and thermal aging after long term service is known to change its material
characteristics.

It is considered appropriate to apply the methodology of elastic plastic fracture mechanics for an evaluation of the
integrity of the primary coolant piping after thermal aging. Therefore,we evaluated the integrity of the primary
coolant piping for an initial PWR plant in Japan by means of elastic plastic fracture mechanics.

The evaluation results show that the crack will not grow into an unstable fracture and the integrity of the piping will
be secured, even when such through wall crack length is assumed to equal the fatigue crack growth length for a
service period of up to 60 years.

1. INTRODUCTION

For the primary coolant piping of PWRs in Japan, cast duplex stainless steel (ASME SA351 Gz CF8M or
equivalent) has been applied. This cast duplex stainless steel contains a ferrite phase of about 5 to 25% in the
austenite matrix in order to improve its characteristics of corrosion resistance, strength, weldability, etc.

In the cast duplex stainless steel, the ferrite phase is gradually separated within the operating period at the PWR
operation temperature (at about 300°C), and that causes changes in its material characteristics.

An aging of the material tends to increase its tensile strength but reduces its fracture toughness. The degree of the
toughness reduction becomes more significant with increasing ferrite content and the rate of toughness reduction

increases with rising temperature. Both of these tendencies are mitigated with the aging progress.

The present paper summarizes evaluation results on integrity of the primary coolant piping after thermal aging for
initial PWR plant in Japan.
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2. CRACK STABILITY ANALYSIS

2.1 Evaluation Method

Fracture toughness of the primary coolant piping decreases due to thermal aging under long-term plant operation,
but this fracture type is considered to be a ductile fracture because ductile crack growth is recognized in the
material test data after thermal aging. Therefore, it is appropriate to apply elastic plastic fracture mechanics for an
evaluation of the stability of the assumed crack.

The evaluation flow is shown in Fig. 1.

2.2 Selection of Evaluating Location

Material toughness, which represents fracture resistance, will be reduced with increasing ferrite content and also
with increasing operating temperature. In addition, a high femperature causes a large fracture force due to thermal
bending moment. Therefore, the hot leg piping at the reactor vessel outlet nozzle was selected as the location to
be evaluated since both temperature and imposed load are severer and ferrite content is relatively high in the
evaluating plant.

2.3 Evaluation of Crack Growth

The size of the fatigue crack is calculated under the condition that the assumed initial defed on the piping inside
surface grows due to the stress cycles applled by the plant operation. ‘

(1) Evaluation Conditions

(@) Size of Initial Defect
The size of the initial defect was conservatively assumed, with a sufficient margin, to be about twice the size of
the detectable single defect. Namely, the initial defect was assumed to be a semi-elliptical, circumferential defect
on the piping inside surface and its size to be 0.2t (depth) X 1.0t (surface length), where "t" is the wall
thickness.

(b) Stress Cycle Used in Crack Growth Analysis
The stress cycle was produced on the basis of the transient conditions with consideration of the actual operating

status of the plant.

(c) Fatigue Crack Growth Law
The fatigue crack growth law is represented by the following equations provided on the basis of the test data

under the PWR primary coolant environment) :
da /dN = CKeff™ eer (1)
Keff=Kmax (1 - R0 <o (2)

R = Kmin/Kmax vee (3)
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da /AN : Fatigue crack growth rate [mm/cycle]

C : Constant = 7.0x 10"10

m : Constant = 4.0

Keff : Effective stress intensity factor range [MPay m]

Kmax, Kmin : Maximum, minimum stress intensity factors [MPay m]
R : Stress ratio

(2) Evaluation Results
The results of the fatigue crack growth analysis are shown below. It reveals that the fatigue crack growth rate is
low and the crack does not penetrate the pipe wall (67.4 mm thick) even after long-term plant operation.

1) Assumed initial crack size

Depth : 13.5 mm
Length : 67.4 mm
2) Crack size after plant operation of 60 years
Depth : 26.5 mm
Length : 108.8 mm

2.4 Crack Stability Evaluation

(1) Evaluation Method
Fracture toughness of the primary coolant pipe decreases after thermal aging, but this fracture type can be
considered to be a ductile fracture because a ductile crack growth is recognized in its material tests. Therefore,
elastic plastic fracture mechanics are to be applied for an evaluation of the stability of the assumed crack.
Concretely, the crack stability is evaluated with the J integral value (Japp), which shows a fracture force in
comparison to the fracture toughness value (Jmat), which shows the fracture resistance of the material after
thermal aging.

(2) I Integral Value (Japp)
J integral value is calculated with the stress analysis by using the finite element method on the basis of the
design load and the crack length for evaluation.

(@ Design Load
Loads imposed on the piping are those initiated under the normal operating condition and also those caused by
S1 earthquake (maximum design earthquake).

(b) Analysis Model
For the analysis, the finite element model is applied to the elbow on the outlet side (high temperature side) of
the reactor vessel with a circumferential crack on the inside surface.
Fig. 2 shows the finite element model used for the analysis.
The crack growth analysis was conducted with the assumption of an initial crack on the basis of the number of
transients during the operating period of 60 years. Then, the calculated surface crack length was conservatively
converted into the through wall crack which length is conservatively assumed 2t as shown in Fig. 1 for the
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crack stability evaluation.

(c) Analysis Results
Fig. 3 shows the analysis results for the Japp value at the evaluating location.

(3) The Fracture Toughness Value (Jmat)
The ferrite content of the evaluating location was calculated by the method described in ASTM A800 with the
chemical compositions on the material certificate. The Jmat value was determined by the lower bound curve of
toughness (-2 ¢ lower bound curve) obtained with the tonghness prediction model (H3T Model: Hyperbolic-Time

Temperature Toughness)z) on the basis of the ferrite content at the evaluating location.
Fig. 4 shows the Jmat value (20 lower bound value) obtained by the chemical compositions at the evaluating
location .

(4) Crack Stability Evalvation Results
The circumferential surface crack obtained on the basis of the fatigue crack growth analysis after the service
period of 60 years was conservatively converted to the circumferential through wall crack of the same length.
In order to estimate the stability of this assumed crack, the Japp and Jmat values obtained in Items (2) and (3)
above were compared in Fig. 5.
Fig. 5 shows that J ; > Japp even after the service period of 60 years.

Therefore, even when fatigue crack growth is assumed after the service period of 60 years, the evaluation shows
that any ductile crack will not be initiated under the design load conditions, and the integrity of the primary
coolant piping is confirmed to be secured with sufficient margin.

3. CONCLUSION

Integrity evaluation was conducted by means of the elastic plastic fracture mechanics for the primary coolant piping
after thermal aging in an initial PWR plant.

The results show that, even when fatigue crack growth is assumed after a service period of 60 years, the crack is
estimated to be stable and the integrity of the piping is confirmed to be maintained in consideration of the thermal
aging of cast duplex stainless steel after long-term plant operation.

ACKNOWLEDGEMENTS

This work was supported by Japanese PWR Utilities. The authors are grateful to Japanese PWR Utilities.

REFERENCES
1) Kanasaki, H, et.al, "Fracture toughness and fatigue crack growth of PWR materials in Japan ICONE-1.

2) Tanaka, T, et.al, "The effect of thermal aging on the mechanical properties of cast duplex stainless steels and
weld metal" IW DOC, IX-1973-94, June, 1995. -

68



Initial defect

1.0

G

aﬂq 161

approx 0410

5

1
Stress cycle Crack growth analysis
A
Assumed crack for
evaluation
Elasticplasic . |
fracture mechanics '
Design load 1 Stability evaluation

Unstable fracture
Jte<Japp

Countermcasures

Y
Integrity

Fig.1 Evaluation Flow for Thermal Aging

Fig.2 Elemental Division Diagram

69

( Crack length: 2c=2t)




Y integral value (fpp) (kI/m?)
ny
8
1

1
100 200
Crack length (mm)

Fig. 3  J Integral Value at Evaluation Position

800

g

8

Jintegral vatue (Jmas) (kI/m?)

500

400

300

A
. 4 8 12 16 20

Crack growth Aa (mm)

Fig. 4 J-Aa Curve (Hot Leg Pipe Material)

70



Crack length (mm)

Crack length for -

evaluation after service
period of 60 years

o
- O
)
o
1S
N
g
g
L
— e
o
10
=
i 1 o
b= o
< o
<t P

(/) W tddep

Fig. 5 Crack Stability Evaluation'Diagram

71
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Abstract

At present, cast duplex stainless steel has been used for the primary coolant piping of PWRs in Japan and joints of
dissimilar material have been applied for welding to reactor vessels and steam generators.

For the primary coolant piping of the next APWR plants, application of low alloy steel ,that results in designing
main Joops with the same material is being studied. It means that there is no need to weld low alloy steel with
stainless steel and that makes it possible to reduce the welding length. Attenuation of Ultra Sonic Wave Intensity is
lower for low alloy steel than for stainless steel and they have advantageous inspection characteristics. In addition to
that, the thermal expansion rate is smaller for low alloy steel than for stainless steel. In consideration of the above
features of low alloy steel, the overall reliability of primary coolant piping is expected to be improved.

Therefore, for the evaluation of crack stability of low alloy steel piping to be applied for primary loops, elastic-plastic
fracture mechanics analysis was performed by means of a three-dimensioned FEM.

The evaluation results for the low alloy steel pipings show that cracks will not grow into unstable fractures under

maximum design load conditions, even when such a circumferential crack is assumed to be 6 times the size of the
wall thickness.

1. INTRODUCTION

For austenite stainless and carbon steel pipings, the LBB concept is being employed as a rational technique for piping

failure protection design and realization of the LBB is being studied!)2)-3) by conducting various pipe tests in Japan
and abroad. In Japan, LBB standardization for austenite stainless steel has already been established, while that for
carbon steel is now being studied.

This paper summarizes evaluation results of crack stability on the basis of the elastic-plastic fracture mechanics

73




analysis as a link of LBB realization evaluation for low alloy steel (SFVQ1A, equivalent to ASME SA508, Cl. 3)
which is being studied for use as the primary coolant piping of PWRs in Japan, in consideration of its future LBB
standardization.

2. CRACK STABILITY ANALYSIS

2.1 Evaluvation Method

_ Since ductile erack growth is recognized in material testing of low alloy steel, similar to that of austenite stainless
stee] and carbon steel, its fracture type can be considered to be a ductile fracture. Therefore, it is appropriate to apply
the elastic-plastic fracture mechanics for an evaluation of the stability of an assumed crack.

. The evaluation flow for the crack stability is shown in Fig. 1.

2.2 _Selection of Evaluating Location

The reactor vessel outlet nozzle was selected as the location to be evaluated since the design load becomes the
maximum at this point.

2.3 Evaluation of Assumed Throughwall Crack

(1) Evaluation Conditions
- 'The assumed throughwall.crack size is to be selected as the larger one of the following two
circumferential throughwall cracks in the austenite stainless stee]l I.BB standard that has -already been
established in Japan.Therefore, in the present paper, evaluation is to be camried out for the circumferential
thronghwall crack selected similarly.

1) A throughwall crack that generates a leakage of 5 gpm.

2) A throughwall crack of the same length as that of a piping inner surface crack when the crack
penetrates the piping wall thickness in crack growth analysis performed without limiting the stress
cycle frequency.

Since in such large pipings as the primary coolant pipes the throughwall crack of case 2) is larger than
that of case 1) , we will analyze the throughwall crack size of case 2) as the evaluation conditions.

(@ Size of Initial Defect for Evaluation
The size of the initial defect was conservatively assumed 1o be about twice the size of the detectable
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single defect with a sufficient margin to the defect detection limit in PSI.

Namely, the initial defect was assumed to be a semi-elliptical,circumferential defect on the piping
inside surface and its size to be 0.1t (depth) X 0.5t (surface length), where "t" is the wall
thickness.

(b) Stress Cycle Used in Assumed Crack Growth Analysis
The stress cycle was produced on the basis of design transient conditions.

I
|
(© Fatigue Crack Growth Law j
The fatigue crack growth law is represented by the following equations provided on the basis of the ?
test data under the PWR primary coolant environment (Fig. 2).

da/dN = C-AK™

where, da/dN  : Fatigue crack growth rate [mm/cycle]
AK : Stress intensity factor range [K .. — K . ] [kgf/mm3/ 2]

C : Constant
m : Constant
Here, in the case of AK < 42.7 kgf/mm3/ 2, C=1.64 X 10-13 f
m =595 |
in the case of AK > 42.7 kgf/mm>/2, C =544 X 1077 jt
m =195

(2) Evaluation Results
As the results of the assumed throughwall crack analysis,the length of the circumferential inner surface
crack becomes 5.5t at the time of crack penetration, and this value is rounded up to 6t.

2.4 Elastic-Plastic Fracture Mechanics Evaluation - |
i

f
S |
(1) Evaluation Method i

The crack stability evaluation is carried out with the J integral value (J _ ) which is the parameter that !
|

app
shows a fracture force calculated from the load given to the structural system and with the fracture i

toughness value (J ;...,) of the material. |
|

(2) 1 Integral Value (J app)
J integral value is calculated with stress analysis by using the finite element method on the basis of the
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Ioad at the evaluating location and the assumed throughwall crack Iength.

(@ Design Load for Evaluation
Loads imposed on the piping are those initiated under the normal operating condition and also those
caused by S1 earthquake. (maximum design earthquake)
Numerical values are as follows:

Internal pressure : 157.0 kgf/cmZG

Beilding moment : 369.7 ton fm
Axial force : 2457 ton f

() Analysis Model
For the analysis, the finite element model is applied to the reactor vessel outlet nozzle with a
circumferential throughwall crack. Fig.3 shows the FEM model used for the analysis. It also
shows the load and boundary conditions for the analysis.
For the crack stability evaluation, the throughwall crack length was assumed to be 6 times the wall
thickness "t" as described in item 2.3(2)above.
A FEM code ‘MARC’ was used for the analysis code and only 1/4 portion was analyzed due to the
symmetry of the piping.

(© Material Constant
Base metal has a lower yield stress and a lower work hardening rate than weld metal. Therefore, a
stress-strain curve of the base metal was conservatively used for the J integral analysis.

1)  Stress-Strain Curve
A stress-strain curve (Fig. 4) at a temperature of 325°C is used for the J integral analysis.

2)  Young 