R
o--o TransactionsSMIRT 16, Washington DC, August 2001 Paper # 172!

General Concept for the Integrity of Pressurized Components
Eberhard Rod¥ Karl-Heinz Herte?, Frank Otremb3and Klaus-Jirgen Metzn@r

1) Staatliche Materialpruefungsanstalt (MPA), University of Stuttgart, Pfaffenwaldring 32, 70569 Stuttgart, Germany
2) E.ON, Kernkraft GmbH, Tresckowstral3e 5, 30457 Hannover, Germany

ABSTRACT

World wide efforts were made in the last 30 years to develop concepts to proof the integrity of pressurized compo-
nents and piping systems of nuclear power plants. This includes the verification of methods to describe the load bearing c:
pacity as well as the fracture mechanics behaviour. The main topics were to demonstrate the failure behaviour of ferritic ani
austenitic pipes and piping components (e.g. straight pipe, pipe bend, T-joint) with and without cracks under different loading
and boundary conditions. This has been investigated in numerous experimental and analytical/numerical research project
The results of these projects were used to adjust and to verify different methodologies and leak-before-break procedures
calculate the failure loads, the respective critical crack sizes as well as the leak area and the leak rates.

In the present paper a general concept to proof the integrity of pressurized components and systems is presented &
plicable for operational as well as for postulated loading conditions. The concept is based on the actual material characteri
tics, the actual as-built configurations and the design of the components and systems including the knowledge of possible fai
ure mechanism during operation. An important part of the assessment is the leak before break behaviour and the break prec
sion concept. Based on essential research results the developed procedures and methodologies for the assessment of the
cal crack sizes as well as the critical loading conditions are reported and discussed. The general concept based on the Be
Safety Concept to ensure the integrity of components are stated and described. In detail the following aspects have to |
treated: (a) evaluation of the as-built status of quality (design, construction, material, fabrication; results of recurrent non de
structive examinations up to now, operational experience, match the requirements of the basis safety); (b) determination of tr
relevant loading conditions by means of in-service monitoring (monitoring of the mode of operation, the water chemistry, the
mechanical and thermal stresses, the dynamic loading); (c) evaluation of the as-built status of quality with respect to the rele
vant loading conditions (stress analysis - limitation of the stresses; fatigue analysis - determine the usage factor; fracture mi
chanics analysis - determination of crack growth and critical crack and loading conditions); (d) evaluation and extent of the
in-service monitoring to guarantee the succeeding operation (recurrent non destructive examination - minimum detectabls
flaw sizes, examination area, examination intervals; leak detection system - leak area and flow rate); (e) a closed general co
cept with graduated measures (independent redundancies) by a summarising evaluation of the integrity. With these procedur
and methodologies the proof of the integrity of piping components and systems, especially the leak before break and bree
preclusion concept used in Germany are demonstrated.

INTRODUCTION

The Basis Safety Concept (BSC) in Germany has been estabished into nuclear practice since 1979, Kussmaul [1, 2
Moreover the long term experience in the field of conventional and chemical pressure vessel and piping technology made a
essential contribution. With the BSC it is essential to assess and quantify the integrity of components in a mechanis
tic/deterministic way. Through stringent measures for all safety related components and systems, in the choice of optimise
materials and processing, design, stress analysis, manufacture, operation, testing and inspection, it is possible to create
necessary prerequisites for redundancies which make catastrophic failure incredible (exclusion of catastrophic failure or brea
preclusion concept).

In the last 25 years world wide, Wilkowski [3], as well as within the German reactor safety research programs tre-
mendous efforts were made to develop and to verify methods to describe the load bearing capacity as well as the fracture &
haviour of primary circuit piping of nuclear power plants, Kussmaul et al. [4], Bartholomé et al. [5] and Schulz [6]. Parallel to
the research activities in the late 1970's in Germany the BSC, also designated as break preclusion concept, was developed
adopted in principle by the German Reactor Safety Commission (RSK guidelines 1982) [7], Fig. 1. The background of the
technical understanding and basis was published in original papers by Kussmaul et al. [1, 2, 8]; by Bartholomé et al. [9]and b
Schulz [6]. In Germany thus the break preclusion concept became a legal requirement. For practical reasons an upper limit
the leakage area of 0.1A (A corresponds to the cross section area of the pipe) was chosen even if break preclusion was der
strated. In general the break preclusion concept is applied to the large diameter primary piping, Fig. 2, and to the branch col
nections down to a nominal diameter of 200 mm, Fig. 3 to 5. The concept was in principle also applied to pipes down to ¢



nominal diameter of 50 mm, Fig. 6 and 7.,(n acand M, 3sm kta - DENding moment calculated on a elastic basis for a stress
level according to the actual 3Sm value of the material respectively to the material data given in the KTA, spde; M-
bending moment developed by the pipe system analysis for operating plus upset conditions).
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Figure 1: German Basis Safety Concept (BSC) schematically
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Figure 2: Load bearing behaviour of ferritic pipes with
nominal diameter DN800 (outer diameter 800 mm,
wall thickness 47 mm) and internal pressure
15 MPa at room temperature
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Figure 3: Load bearing behaviour of austenitic pipes with
nominal diameter DN300 (outer diameter 331 mm,
wall thickness 32 mm) and internal pressure
16 MPa at room temperature
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Figure 4: Load bearing behaviour of austenitic pipes with Figure 5: Load bearing behaviour of austenitic pipes with
nominal diameter DN200 (outer diameter 219 mm, nominal diameter DN200 (outer diameter 219 mm
wall thickness 14.2 mm) and internal pressure wall thickness 14.2 mm) and internal pressure
7 MPa at room temperature 7 MPa at room temperature
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Figure 6: Load bearing behaviour of austenitic pipes with Figure 7: Load bearing behaviour of austenitic pipes with
nominal diameter DN8O (outer diameter 88.9 mm, nominal diameter DN50 (outer diameter 60.3 mm
wall thickness 8.8 mm) and internal pressure wall thickness 8.8 mm) and internal pressure
16 MPa at room temperature 16 MPa at room temperature

In the GRS report [10] a compilation of the individual national procedures, requirements and practices related to the
integrity of light water reactor (LWR) piping with respect to the different so-called leak-before-break (LBB) concepts and
philosophies is included, Table 1. Such comprehensive approaches have been developed in the United States of America (U
as the LBB concept, and in Germany, where it is known as the BSC. These concepts have been adopted also in many ott
countries. Although, large breaks are precluded by a successful application of the LBB concept or BSC the consequences
leakage to other components or equipment in the vicinity of the investigated components and piping system have to be a
sessed sufficiently by the design.

The aim of the following discourse is to state and describe in detail a general concept based on the Basis Safety Cot
cept to ensure the integrity of components. Although the procedure may differ in a plant and component specific way, the
concept can be used generally.



Table 1: LBB application (comparison of main aspects) in different countries according to [10]

Aspects of Regulatory Position Applying in the Countries: |
AC |Be |CS | Ger| Fin| Fr | Jap| SAF SAr Sdf Sp S UK US RF
Acceptance of LBB concept:
- generally accepted y y y y
- case-by-case basis y y y y y y y y
- under discussion y y y
Applied LBB procedure:
- NRC procedure y o [ v) () y y y ()
- German procedure y ) y )
- own national procedure y y y y y y y y
Reason for LBB application:
- avoidance of installation of pipe whip restraints Y| Y| Y| Yl Y| Y| Y| Y| Y| Y| Y| Y|
- compensation of low design deficiencies (type L) y y y y y
- compensation of high design deficiencies (type H) y y
Plants with LBB application:
- total number of PWR units 16 |7 14 | 14 | 2 58 | 23| 2 5 3 7 3 1 76| 29
- PWR units with LBB application 4 7 4 14 | O 0 10| O 2 0 6 1 1 71 4
- total number of BWR units 6 6 2 28 2 9 2 2 37| 17
- BWR units with LBB application 0 6 0 1 2 0 0 1 0 2
Key: AC Asian Countries (China, India, PakistanSAf South Africa
S-Korea, Taiwan), Japan separate SAr South America (Argentina, Brazil, Mexico)

y = yes Be Belgium Sd Sweden
p = partly CSs Czechoslovakia Sp Spain
m = missing information Ger Germany Sw Switzerland
(y) = based on Fin Finland UK United Kingdom

Fr France us USA

Jap Japan RF Russian Fed. plus Ukraine, Lithuania & Armenia

BASISOF VALUATION

In Germny the principles for the safety-related requirements taken as a basis for the design of nuclear power plant
(NPP), especially with respect to the state-of-the-art in science and technology, are detailed in the "Safety Criteria for Nuclea
Power Plants" of the BMI [11]. The criterion 1.1 "Principles of Safety Precautions" of the BMI safety criteria requires, be-
sides others, a comprehensive quality assurance for fabrication, erection and operation. The criterion 2.1 "Quality Assurance
requires, besides others, the application, preparation, and observation of design rules, material specifications, constructic
rules, testing and inspection as well as operating instructions and the documentation of quality assurance. The criterion 4.
"Reactor Coolant Pressure Boundary" principally requires, besides others, the exclusion of dangerous leakage, rapidly e
tending cracks and brittle fractures with respect to the state-of-the-art. Moreover the German Reactor Safety Commissio
(RSK) prepared guidelines [7] as a compilation of the safety-related requirements that, in the Commissions opinion, have tc
be compiled with the design, construction and operation of a NPP with pressurised water reactor (PWR). In relation with
these safety-related requirements postulated leaks and breaks for the main coolant pipes are led down as well as for the m
steam and feed water piping, Fig. 8 and 9.

PREMISE TO ENSURE THE INTEGRITY OF COMPONENTS

During the development of the BSC safety-related requirements were established which make catastrophic failure in:
credible by assessing and quantifying the integrity of components in a mechanistic/deterministic way. The requirements will
provide the components with a "Basis Safety" (BS) that will preclude any disastrous failure of the component as a result o
manufacturing defects (the "quality through production" principle), Kussmaul [2]. A comparable statement for components
already in operation implies that the assumptions taken during design, especially for the loading conditions (mechanical
thermal, corrosive), are monitored and compared to the loading conditions included in the design specifications. For the prac
tical application of the BSC (break preclusion concept) under operational conditions, the existence of the independent redur
dancies is demanded, but their application has to be balanced in a way case by case. The third redundancy ("continuous
service monitoring and documentation" principle) in the BSC consists of continuous in-service verification that design condi-
tions are not exceeded during plant operation (continuous plant monitoring, repeated testing) which is of important signifi-



cance (Fig. 1). This makes evident that "Basis Safety" (the "quality through production” principle) exclusively can not ensure
the integrity of components for all the life time and therefore the independent redundancies are demanded in a balanced way
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Circumf. Nozzle Weld O p-A-S,S=2 O Stability fo the components
(e.g. RPV, SG, RCP, PRZ)
RPV Leak 0 20 cm? Leak O RPV supporting
0 RPV internals
O LOCA analysis
ﬁ:;;evc;tt;]céﬁlr;g%??nnmm DOLA O Jet forces (piping, components, building)
(surgeline, ECCS up to O Reaction forces (piping, components, building)
the 1st isolation)
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Figure 8: Postulated leaks and breaks for the primary pressure boundary system (PWR) [7]

Main Steam Line (MSL) and Main Feedwater Line (MFL)
(RSK Guideline, Chapter 21.2, version 12/1982)
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Figure 9: Postulated leaks and breaks for the primary pressure boundary system (PWR) [7]

Within the general analysis of the mechanical behaviour of the components it has to be demonstrated, that stresse
(mechanical and thermal loading) as well as the usage factor (fatigue) will not exceed the limits given by the KTA safety stan-
dards [12]. Furthermore already during design the supporting of piping system has to be optimised using fracture mechanic
analysis taking into consideration the minimum detectable flaw sizes, the examination intervals, the specified loading condi-
tions, the material characteristics and the in-service monitoring. Taking care of these aspects it is possible to demonstra



leak-before-break (LBB) behaviour for the succeeding operation. By this it can be avoided that critical crack sizes become to
small due to high loads resulting from non optimised supporting of components or of the piping system and that leak flow
rates are too small for detection (a critical crack size will be reached before the leak flow rates can be detected).

For components and piping systems already in operation or not fulfilling the requirements of the basis safety (BS) in
a complete extent the integrity of components can be demonstrated using the independent redundancies of the BSC ("multip
party testing" principle, "worst case" principle, "continuous in-service monitoring and documentation” principle, "validation"
principle) in a balanced way associated with the operational experience of the NPP’s and using the results of ongoing resear
programs world wide. In this way a "Quasi Basis Safety" can be demonstrated.

As a premise for a systematically approach to ensure the integrity of components it is indispensable to show that the
as-built status of quality (design, construction, loading) is according to the requirements given in the guidelines and standard:
to show that sufficient knowledge of possible failure mechanism (e.g. no inadmissible dynamic loading, no Yoisosion
available and to show that the as-built status of quality can be guaranteed for the succeeding operation.

In detail the following aspects have to be treated: (a) evaluation of the as-built status of quality (design, construction,
material, fabrication; results of recurrent non destructive examinations up to now, operational experience, match the require
ments of the basis safety); (b) determination of the relevant loading conditions by means of in-service monitoring (monitoring
of the mode of operation, the water chemistry, the mechanical and thermal stresses, the dynamic loading); (c) evaluation of tt
as-built status of quality with respect to the relevant loading conditions (stress analysis - limitation of the stresses; fatigue
analysis - determine the usage factor; fracture mechanics analysis - determination of crack growth and critical crack an
loading conditions); (d) evaluation and extent of the in-service monitoring to guarantee the succeeding operation (recurrer
non destructive examination - minimum detectable flaw sizes, examination area, examination intervals; leak detection system
leak area and flow rate); (e) proof of the closed general concept with graduated measures (independent redundancies) by
summarising evaluation of the integrity.
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Figure 10: Procedure (schematically) to proof the integrity of components during design

LIt has to be demonstrated, that there is no safety relevant corrosion cracking / crack growth.



METHOD OF PROOF TO ENSURE THE INTEGRITY OF COMPONENTS

The method of proof to ensure the integrity of components differentiates between (1) the proof for components undet
construction (new design and new fabrication), Fig. 10, and (2) the proof for components already under operation (differenti-
ates between cases where the real loading conditions are well known by in-service monitoring and cases where no in-servit
monitoring is available) [13], Fig. 11.
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Figure 11: Procedure (schematically) to proof the integrity of components for components or systems in operation

(1) Method of proof for components under construction (new design and new fabrication)

Evaluation of the as-built status of quality

Concerning the as-built status of quality documents must be checked with respect to design, material and fabricatiot
(it is a prerequisite that the requirements of the RSK-guidelines, of the Basis Safety and of the KTA-standards are fulfilled)
and possible failure mechanism must be well known. Based on the operational experience and the state-of-the-art the failu
mechanism must be identified and and their causes monitored.

Relevant loading conditions

The knowledge of the relevant loading for components under construction is of decisive importance. This forms the
relevant input for stress analysis, fatigue analysis and fracture mechanics analysis. The relevant loadings (normal and ups
conditions, reaction forces resulting from a 0.1A leak) are included in the load specifications of the design.

Determination of stresses and limitation

Fracture mechanics analysis must be performed for a crack size and shape safely detectable by non-destructive e
amination (NDE) methods, Wellein [14]. Stimulated by discussion with experts and the licensing authorities as well as the
results from research programs in the following the different steps for the fracture mechanics procedures to be used for th
proof of integrity (break preclusion) are explained and shown in Fig. 12.
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Figure 12: Fracture mechanics procedure (schematically) to proof the leak-before-break behaviour of components

Stepl: Calculation of the critical crack length,2c

The critical crack length of a through wall crack,2bas to be calculated for the maximum loads specified for plant lifetime
(plant and system specific maximum load combination for normal operating and emergency/faulted conditions). This can be
achieved by limit load calculations or fracture mechanics approaches verified by component testing, Fig. 13 to 16.

Step 2: Definition of the initial crack size (crack deptlarmd crack length 2c

Component specific definition of the initial crack size well detectable by non-destructive examination (NDE) methods (the
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Step 3:Crack growth calculation&g and 2Ac)
Crack growth calculationMa, 2Ac) for the initial crack shape (depthamd length 29 with loads specified for normal oper-
ating conditions or for loads determined by in-service monitoring considering the appropriate load cycles. The final crack
shape for the period to be considered will be

crack deptha= g, + Aa

crack length 2¢= 2¢, + 2Ac
Crack growth shall be calculated for a period safely covering the intervals of the recurrent inspections. The concept for recur
rent inspections and in-service monitoring has to be adjusted to the results of the crack growth calculation.

Step 4: Leak before break (LBB) behaviour
a) Part through crack fa< 1)
The final crack length 2anust be less than the critical through wall crack lenggh, 2bat means 2& 2¢.;.. For the case gc
> 2¢ it has to be demonstrated thag cless than the critical crack length,2tof a part through crack with crack depth a
that means 2< 2¢i*(a/s) or it has to be demonstrated that the critical moment for the initial crack shapel (2g) is
higher than the moment corresponding to the critical through wall crack lengittt2at means Mi(a, 2¢)/Mcqi (a/s=1)> 1.
b) Through wall crack ¢#s = 1)
The final crack length 2anust be less than the critical through wall crack length, 2bat means 2& 2¢it.

Step 5: Calculation of leak areg A
The leak area Ahas to be calculated for the critical through wall crack length &tep 1) and the crack opening (COD) for
loads under normal operating conditions.

Step 6: Calculation of leak rata _
It has to be demonstrated that for loads under normal operating conditions the leak rate hecd®wesm . (detectable

leak rate by leak rate monitoring system) with a safety factor S. The safety factor S has to be determined in a component ar
plant specific way. The concept for recurrent inspections has to be adjusted to the results of the leak rate calculations. Tt
leak rate shall be calculated based on a model verified by experimental data.

15000
| 1
] 500 1 —O— Initiation R6
] ® Experimental crack initiation . : EXPe’?me”ta: crack i”i“altior:j
125004 n i i ] xperimental maximum loa
] Expe.rlm.en.tal maximum load 1250 —&— Plastic limit load (PLL) ¢ = (% +R)/24
—B— Plastic limit load —_ i —— Plastic limit load (PLL N
—©- Initiation R6 £ - astic Imitjoad (PLL) ~ 0 = Ry 5

'E‘ 1 zZ ] —<— Plastic limit load (PLL) G = ( 0 ot R /2,0

£ 10000 £z Instability R6 21000 s m

X T E

= E ] Outside diameter 331 mm

E 7500_’ Outsidt_a diameter 800 mm L'EJ 1 Wall thickness 32 mm

3 ] \é\’;'r'ittiz'fr‘f;‘teesrfal“7 mm o 750 ] Material: X 6 CrNiNb 18 10

= = ] Internal pressure 16 MPa

(29 ] Internal pressure 13.4 Mpa (ZD 1 Through wall crack (a/t=1.0)

7 50007 Through wall crack (a/t=1.0) o 500 7

Z pzd |

4 w
| m ]

2500 250
(O o e B LI L S L 0 T T 1 1t rrrrrrrrrrrorrr
0 30 60 9 120 150 180 210 240 270 0 30 60 90 120 150 180 210 240 270
CRACK ANGLE 2a [Degree] CRACK ANGLE 2a [Degree]
Figure 13: Critical crack sizes R6-method and limit load Figure 14: Critical crack sizes R6-method and limit load

calculations (oq=[Rpo 2+Rn]/2) for pipes with calculations for pipes with nominal diameter
nominal diameter DN80O DN300



300 15.0

® Experimental crack initiation 1 @ Experimental crack initiation
j B Experimental maximum load 1 ™ Experimental maximum load
250 - —8— Plastic limit load 12.5 4 —EB— Plastic limit load
] —©— Initiation R6 1 —©— Initiation R6
~¥g- Instability R6 ~£¢ |nstability R6
200

10.0 T
i Outside diameter 60.3 mm
Wall thickness 8.8 mm

Outside diameter 218 mm
Wall thickness 14.6 mm

BENDING MOMENT [kNm]
BENDING MOMENT [KNm]

150 Material: X 6 CrNiTi 18 10 7.5 . Material: X 6 CrNiNb 18 10
] Internal pressure 7 MPa ] Internal pressure 16 MPa
| Through wall crack (a/t=1.0) Through wall crack (a/t=1.0)

100 - 5.0 T

50 25
- N - _ 3 .

0 LA DL B B BN B B i B 0.0 M LA B B B B UL B
0O 30 60 90 120 150 180 210 240 270 0 30 60 90 120 150 180 210 240 270
CRACK ANGLE 2a [Degree] CRACK ANGLE 2a [Degree]
Figure 9: Critical crack sizes R6-method and limit load Figure 10: Critical crack sizes R6-method and limit load

calculations (6q=[Rpo,2+Rm]/2.4) for pipes calculations (63=[Rp0,2+Rml/2.4) for pipes
with nominal diameter DN200 with nominal diameter DN50

Recurrent inspections and in-service monitoring

By recurrent inspections and in-service monitoring it has to guaranteed that assumptions of design, especially the
loading conditions (mechanical, thermal, corrosive) do not change during operation. The requirements of KTA safety standart
3201.4 must be kept. In particular the in-service monitoring must detect the relevant local and global loading. The status o
quality after fabrication ("Basis Safety") must be guaranteed for the succeeding operation. Therefore in-service monitoring is
of decisive importance

Evaluation of the integrity

The evaluation of the integrity is based on the results of the procedure shown and thereby the following aspects ar
of importance: (a) monitoring of the variables responsible by sufficient detection of the causes of possible operational failure
mechanisms (protective provisions, avoidance or control of the causes); (b) well-timed detection of operational failure
mechanisms by appropriate examination methods, examination areas and examination intervals; (c) use of the state-of-the-
and the operational experience.

(2) Method of proof for components under operation

Evaluation of the as-built status of quality

If the requirements of the “Basis Safety” are fulfilled, the procedure is following the method of proof for components
under construction. If the requirements are not fulfilled documents must be checked with respect to design, material and fabr
cation (geometry, weldment, supporting, snubbers, function of active components) and the possible failure mechanisms (mat
rial, design, processing boundary conditions, mode of operation, results of recurrent non destructive examinations, operation
experience).

As a result of the evaluation of the as-built status of quality areas for additional measures concerning the loading
conditions, the in-service monitoring and the recurrent non-destructive examinations can be determined.

Relevant loading conditions

It differentiates between two cases: (a) In the previous operation the relevant loading is known by in-service moni-
toring, the upset conditions are lay down in the specifications of the design; (b) Relevant loading conditions are only available
in the specifications of the design.
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Determination of stresses and limitation
The procedure is following the one described in chapter "method of proof for components under construction” (step
1 up to step 6).

Recurrent inspections and in-service monitoring

Going beyond the procedure described in chapter "method of proof for components under construction”, additional
measures for recurrent inspections and in-service monitoring are necessary, especially for the case where in the previous c
eration no in-service monitoring was installed.

Evaluation of the integrity

Going beyond the procedure described in chapter "method of proof for components under construction” for the suc-
ceeding operation additional measures are indispensable. It must be guaranteed by recurrent non-destructive examinations ¢
in-service monitoring that during operation no failure mechanism will occur.

CONCLUSIONS

Based on the German Basis Safety Concept a general concept to ensure the integrity of pressurised components a
systems is developed. The concept can be applied to components and systems under construction (new design) as well ac
components and systems already in operation for their remaining lifetime. The calculation methods and fracture mechanic
approaches are verified by numerous experimental data. The main points are on the one hand to demonstrate the actual
built status of quality and on the other hand in-service monitoring and recurrent non-destructive examinations to guarantee th
ongoing operation of the plants.

NOMENCLATURE

a = crack depth

2c = circumferential crack length
m, = leak rate

P, P = pipe internal pressure

S = wall thickness

A = pipe cross section area

DN = nominal pipe diameter (outside)
My, = pipe bending moment

R = tensile strength

Rpo.2 = yield strength

S = safety factor

T = temperature

o = circumferential crack angle
Aa, Ac = crack growth

Gil = flow stress

0 = pipe bending angle
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