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FOREWORD

A task group of ASME Boiler and Pressure Vessel Committee on Power Boilers initiated a project
through the ASME Pressure Technology Codes (PTCS) and Standards Committee to identify, prioritize
and address technology gaps in the PTC Codes. The key aspect of this project was to review an extensive
selection of current Codes and Standards which relate to power boilers and develop guidelines for
omponent design and flaw acceptance criteria. These rules were to be used for the design of new
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dvanced supercritical boilers operating at higher steam cycle conditions. This main focus of this projed
5 to evaluate the current state of understanding with regard to creep-fatigue interaction for intended-boild
haterials to support the development of effective design by analysis (DBA) rules.

'he authors acknowledge, with deep appreciation, the activities of the Peer Review Group (PRG) th3
onsist of Maan Jawad, Dave Anderson, Benjamin Hantz, George Komora, Peter Molvie, and Edwar
Drtman, and the ASME staff and volunteers who have provided valuable technigal input, advice an
ssistance with review of, commenting on, and editing of, this document.”\ The authors furthe
cknowledge Robert Jetter and Dave Dewees for their contributions in reviewingZand commenting on th
ocument.

stablished in 1880, the American Society of Mechanical Engineers (ASME) is a professional not-fof
rofit organization with more than 127,000 members promotingythe art, science and practice 9
hechanical and multidisciplinary engineering and allied science§! ASME develops codes and standard
hat enhance public safety, and provides lifelong learning andtgchnical exchange opportunities benefitin
he engineering and technology community. Visit www.asnie.org for more information.

'he ASME Standards Technology, LLC (ASME ST:LEC) is a not-for-profit Limited Liability Company
vith ASME as the sole member, formed in 2004, to' carry out work related to newly commercialize
echnology. The ASME ST-LLC mission includes meeting the needs of industry and government b
roviding new standards-related products and-services, which advance the application of emerging an
ewly commercialized science and technolegy and providing the research and technology developmer
eeded to establish and maintain ~the technical relevance of codes and standards.  Vis
yww.stllc.asme.org for more information.
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ABSTRACT

As part of the modernization of Section I — Rules for Construction of Power Boilers of the ASME Boiler
and Pressure Vessel Code (Section I), a project was established to develop design guidelines for the

effects of creep-fatigue interaction and flaw size acceptance criteria within the overall framework o

f

Design-By-Analysis (DBA). The existing methods within Section I, which are based around Design-By-
Rule/Formula and do not explicitly consider creep, fatigue or their interaction. The oversimplifications

ihvolved are such that the safety of boilers operating at higher steam cycle conditions, and under cyeli
service, has been questioned. Design-By-Analysis (as an alternative to Design-By-Rule/Formula) i
daining acceptance as a viable approach for design of components that will experience cyclic loading an
which will operate at elevated temperatures where creep may occur. Such Design-By2Analysi
approaches have been introduced into other international codes, including other sections ‘of the ASMI
Boiler and Pressure Vessel Code (ASME Code) and the EN Code.

'his report has been prepared to recommend design guidelines for components\in Section I - Powg
Boilers. As such, it does provide a comprehensive review of issues. However, t0 properly introduce th|
ontext of the recommendations, some background is provided to a number.6f philosophical topics the
urround Design-By-Analysis, Design-By-Formula, Design-For-Safety cand Design-For-Lifetime. Al
everal other recognized Codes and Standards have approaches that are/relevant to Design-By-Analysis
r which provide methods for including creep-fatigue interaction effects, a summary of these document
5 provided. In particular, the summary compares and contrasts key aspects to provide insight int
enefits and shortcomings (or inconsistencies) associated with particular approaches. From this review

5 evident that no single Code or Standard has a method thatiean be universally adopted, particularly whe
he methods have to be used in the context of other Sections of Codes, such as material properties, O
tandardized design features. That is, a particular'“Design-By-Analysis methodology needs to b
eveloped that could be used within the overall context of the ASME Code (particularly Section I).

[ W2 T o o o il i o WL ¢ 2 N ¥ 2 B @ W e e B SS|
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[0 that end, a Design-By-Analysis approach.‘is recommended that is both relevant and technicall
onsistent, and which considers the key>thodes of structural behavior and material response. Som
patures of the recommended approach are:

e It provides design checks for the structural failure modes relevant to modern Power Boiler
including cyclic service” with checks on local creep and fatigue damage as well as th
possibility of creep-fatigue interaction.

e It requires mipimal material data (most of which is already available within Section II
Materials, PartD of the ASME Boiler and Pressure Vessel Code (Section II, Part D), g
which is @logical extension of that based on Section III, Rules for Construction of Nucleg
Facility. Components Subsection NH of the ASME Boiler and Pressure Vessel Code (Sectio
II1,-Subsection NH)).

o AllNdesign checks are accomplished with an elastic or elastic-perfectly-plastic materis
representation (thereby avoiding the need for complex constitutive models or analytice
procedures).

e |t incorporates weld strength reduction factors where weldments operate in the tim|
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dependent (creep) regime.

The recommended approach is based on validated methods and the explanation of the methodology
highlights where particular features are adopted or adapted from other Codes (most particularly from

Section VIII, Rules for Construction of Pressure Vessels Division 2 of the ASME Boiler and Pressur
Vessel Code (Section VIII, Div. 2), Section III, Subsection NH and from EN13445-3, Annex B). Th

(&
€

approach includes all aspects of a Design-By-Analysis methodology because without considering the

Vi
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complete design procedure any proposals on specific aspects, such as creep-fatigue interaction, may not
be technically consistent with the overall framework.

Flaw size criteria and previous work in this area are reviewed to provide context to the development of
future methods. While flaw size criteria can be developed based on engineering mechanics
considerations, this can invoke arbitrary assumptions which limit the generality and practical value of the
results. Because of this it is highlighted that flaw size criteria should primarily be defined by
workmanship quaht_y stardards;—asTs—the—approachadopted—1m TITalry otherCodes—ItT1s—atso 1cuU5uiLc
that if flaw size criteria are to be established using engineering mechanics then this can be accomplished
ihdependently of the overall approach to Design-By-Analysis.

h addition to the complexities highlighted by the outline of a Design-By-Analysis methodology, th|
mplications for the overall structure and implementation of Design-By-Analysis methods within Sectio
are documented as a basis for future discussions to facilitate reaching consensus among the technicg
ommunity on the best approach for specific aspects, and for the overall approach,to’adoption within th
ASME Code.

Ny O hd be e
W — = O

vii
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1 INTRODUCTION

The objective of this document is to summarize the various practices used by various US and
International Codes with respect to “Design-By-Analysis” (DBA) methods, particularly in the context of
creep, fatigue and creep-fatigue interaction with the aim of identifying elements of these Codes that can
provide beneficial input during the modernization of Section I [1]. The document also includes a
discussion of flaw size acceptance criteria and provides recommendations on how this should be

incorporated in an overall framework.

Development and implementation of procedures for “Design-By-Analysis” should consider ‘televar
xperience from research and practice. However, as will become evident in this document, there i
urrently no universally accepted or consistent approach. Thus, compromises have to be made betwee
he practicality of the methods for use at design and the fidelity of the analysis for-particular failur
hodes. In many cases, certainly within the realm of creep-fatigue interaction, there“are a very broa
ange of scenarios that can occur and the development of analytical methods contifiues to be a very activ|
grea ongoing research. The intent here is not to delve in great depth into,those details but rather t
grovide a practical review of techniques and methods that could be implemented as part of the Section
rodernization.

S S o W« N —

-

'his document is structured into a number of sections that address)particular aspects associated wit
“Design-By-Analysis”. The document begins with a preamble swhich covers background to some of th
onceptual aspects associated with “Design-By-Analysis” andvthe associated aspects of material an
tructural behavior, such as creep-fatigue interaction. The niext section, Section 3, provides a review of
umber of International Codes and Standards that incetporate “Design-By-Analysis” approaches an
rovides some commentary to compare and contrast these. The focus of this comparison is on method
or creep and fatigue damage and their subsequent combination in circumstances of creep-fatigul
hteraction. Following that, Section 4 discusses'the development of a “Design-By-Analysis™ approac
and provides an outline of a methodology and-describes some of the challenges that need to be addresse

=N o Sl = S 7 W o

=

ection 6 provides a summary of sometkey recommendations and needs for future work. Section
rovides a summary of some key mplications and changes for the ASME Code if the “Design-By
Analysis” method were implemented:” Finally, in Section 8 a collection of key references is summarized.

N

[ this is to be incorporated into an updaté.of Section I. Section 5 discusses flaw acceptance criterig.

o O TS Lo =2
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2 PREAMBLE

Design Codes provide rules and guidance on the sizing of components at the design stage to ensure that
the intended service will not result in premature failure. The principal concern of such Codes is safety.
That is, ensuring that sufficient design margins are included to provide (in the words from the preamble of
the ASME Code) “a margin for deterioration in service so as to provide a reasonably long, safe, period of
usefulness.” The primary focus on safety provides a rational methodology to develop design limits in the

rpnge in which material properties are not time dependent (that is, at temperatures below where cree
hecomes an important factor). In this regime, the time-independent yield or tensile strength can be tise
tp establish appropriate design margins. At higher temperature, where creep becomes important, the

Historically, the ASME Codes have focused on safety and provide allowable stress valuesin the cree
regime that are derived from factoring creep rupture data, but the ASME Code has been quite specific i
various interpretations that no design lifetime can be implied or inferred.

'hus, in considering the development of design rules, particularly for high temp€rature service, or cycli
peration, then a key decision is the choice of design margins and if there basis is related to the servic
fetime of a component. Given the diversity of equipment that is covered by the rules of the ASM]
ode, the time has come to move toward a “Design-For-Lifetime\/philosophy as a supplement f
Design-For-Safety”. To be more particular, given the diversity ofequipment and operating regimej
overed by the ASME Code, a simple “Design-For-Safety” critérion based on a set of allowable stres
alues does not necessarily ensure the “safest” design. For)example, if the component is subject t
xtensive cyclic operation (such as some heat recovery steam generators, or potentially solar receivd
team generators) then using a “safe” set of allowable ‘stresses that are based on providing protectio
gainst long-term creep rupture will likely result in copdponents with greater wall thickness and hence les
plerance to cycling and the associated thermal transients thereby increasing the likelihood of fatigu
amage.

O, = QO v D L O S = O e

—

listorically, largely for simplicity and convenience, design Codes (such as Section I) have been based o
“Design-By-Rule” or “Design-By-Formula” philosophy. Note that in this report the terminolog
Design-By-Formula” is adopted because invariably no matter what approach is adopted “Rules” ar
inevitable. This has served well in the context of “Design-For-Safety” because the rules used have ver
sound mechanical principles (which are generally traceable to underlying structural concepts such as lim
gnalysis) that have been combined with practical experience of features and configurations that hav|
groven to be robust and reliable. However, in the context of “Design-For-Lifetime” an appropriate set g

2 Q0

lence the concept ©f)“Design-By-Analysis” in which a more direct analytical approach is used to ensur
hat the componént.is within appropriate design boundaries. This “Design-By-Analysis” approach will b
xplained in/miére detail within this document as approaches used in various Codes and Standards ap
eviewed, «However, a key consideration for practical implementation of “Design-By-Analysis” 1
onsisteniCy with “Design-By-Formula”. The use of a “Design-by-Analysis” approach provides for eithe
more-economical or a technically justifiable design. The more rigorous analysis required in a “Desig]
y'Afalysis” approach may allow for the use of lower design margins; or may cover geometries, loadings

(oo il <> N @ Wiln S 0 S o O e e

gnalysis supporting “Design-For-Lifetime” should be considered to complement “Design-For-Safety’|.

Formulas” can becomevery protracted and complex, without in some cases, resulting in a “safe” desigil.

S—=% O o O

b
il

n

=]

T A = = O 1 nn O UIro o

. D =+ X D =

or modes of Tailure that are not easily dealt with 1n the context of "Design-By-Formula™.

The two approaches can, and have, been shown to be able to be incorporated into common sets of rules.
If the two approaches are consistent then they can be used in a complementary fashion. It is possible to
use “Design-By-Formula” for basic sizing and for sizing of non-critical features on a component. For
critical features, where perhaps it is necessary to strike a compromise between creep and fatigue, or a
creep-fatigue interaction when both mechanisms might be active, then “Design-By-Analysis” can be used
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for that feature. Such interchangeability provides a very powerful, practical, safe and modern design

approach.

The “Design-By-Analysis” approach should not be confused with detailed mechanical integrity
calculations for life assessment of a component or structure. Much of the power and utility of design
Codes lies in their separation of the structural response from the material behavior. In its simplest form, it
is understood that for a particular geometry and loading, a stress can be calculated that does not depend

o

gqirthenmatertat-properties(strengthy—and-thisstresscamr themrbecompared-againstthe mmatertat-propertr
(ptrength) to determine acceptability of the design. By contrast, mechanical integrity calculations 'fo
lifetime evaluation utilize a constitutive equation (deformation response of the material) that-gims t
grovide a representation of material behavior so that the most accurate lifetime prediction Can b
dbtained. “Design-By-Analysis” however, seeks to retain the separation of structural s#esponse an
thaterial behavior by utilizing simplistic constitutive models that bound response for-the princips
deformation mechanism of interest, and which do not require an elaborate set of material property data.

Another key feature of design Codes is the use of standardized features and-configurations, such a
onstruction details, that are known to have endured typical service conditiens for many years, thereb
roving integrity, despite perhaps having what appear to be built-in flaws or features that cannot b

Jsing standard, proven, construction details, in combination with materials that are inherently tough an
uctile, avoids the need for complex calculations that invoke fractare mechanics and defect toleranc
oncepts.

O O~ »n s O N

This, in turn, leads to criteria for flaw size acceptance, which, historically, are largely based on whd
should be a typical quality of workmanship for the fabrication practice employed, rather than the size o
flaw that could be accepted based on the actual service conditions under which the component wi
dperate. Justifying serviceability of flaws that exceed quality of workmanship limits has traditionall
Been the realm of “Fitness-For-Service” Standards (such as ASME FFS-1).

A key driver to modernize design Codes.is to better address failure mechanisms such as fatigue, creep an
reep-fatigue that become more relevafp'as plant designs move to higher pressures and temperatures t
mprove efficiency, while at the same time requiring flexible operating characteristics to adapt to dispatc
eeds and fuel pricing. A key ehallenge is defining these operating conditions (time, cycles, etc.) at th
esign stage in a way that is~meaningful to the intent of the design Code. Specifically, conservativel
ounding creep by assuming)a very long overall operating time will inevitably result in a requirement fq
hicker wall componenfs,; which may compromise their fatigue capability. Likewise, a conservativ|
ound on cycling by assuming a worst-case temperature ramp rate or worst case combination of thermg
and mechanical _stress could result in severe limits to component operation that make the desig
yneconomic from*the perspective of the user. Therefore, how the operating history is specified at th
design phasé_(and what inherent conservatisms and margins are built-in) will drive the economi
feasibility,of the design and hence, potentially, the overall power plant project.

o T o s =a N

Traditionally design Codes such as Section I that are based on steady operation have not had to addreg

pecifically proven through a “Design-By-Formula” or even through a.‘Design-By-Analysis” approach.
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these issnes  Other Codes that do attempt to address cyclic operation include statements requiring th

user to specify the cycles, or blanket statements to the effect that all sources of fluctuating loading shall

be identified.

At a high level this may be possible, for example, by specifying a number of hot, warm and cold starts.
However, this does not define the local cyclic fluctuations at the point of interest on the component. That
requires knowledge of the process design and in many cases complex thermo-hydraulic phenomena that
are not discussed or defined within the ASME Code. In some Codes, relevant experience is permitted to
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define local thermal and mechanical transient boundary conditions, but more generally in design of “new’

9

components such as heat recovery steam generators behind next generation gas turbines, or solar receiver
steam generators, such “experience” does not exist and therefore detailed transient thermo-hydraulic

evaluations become essential to determine local conditions for use in design assessment.

Obviously the care and attention to detail in those simulations can have a significant effect on the local
conditions that are computed for the component (or feature of interest), but very little guidance, let alone

o
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definition of thermo-mechanical transients, and assessment against design limits) are performe
onsistently and appropriately there is potential for unconservative, or inappropriate, designs.) Fo
xample, linearizing startup transients might result in a significant averaging over the startup“perio

lence, in evaluation of cycles, consideration should be given to how the cycles ,.dre defined an
alculated, not just relying on the resulting design assessment. Currently, the authors afe'not aware of an
[odes or Standards that address the issue of defining thermal transients in an approptiate manner.

el o Nl . B o B o WS

\ key aspect of design rules that this document addresses is rules for creep-fatigue interaction. Much ha
een written about this subject (and much more will be), because of its technical complexity (which dog
ot lead to a universally accepted practice for assessments) and becausé of its increasing relevance aj
lants are demanded to operate at higher temperature and to cycle mote.

Lo T e T o el N

jood background discussions of creep-fatigue interaction and¢{the associated technical complexities ar
pbund in references such as those by Penny and Marriott [2]%and Parker [3], so such discussions are nd
epeated in this document. The calculation of the life of asxcomponent which experiences both creep an
ptigue damage is commonly considered to be a very, complex subject. The crux of the complexit
enters around how creep and fatigue deformation-and damage interact. The two types of damage ar
ypically calculated separately, and then combinedsinto an overall measure of damage. The independentl
alculated creep and fatigue damage values aré-gften plotted on what is known as an interaction diagrar
here if both mechanism are active it is inyariably determined that the permissible damage must be les
han a simple sum of the two contributions.

e E o N = S o N — N S — N

'he difficulty with this approach is that depending on how creep and fatigue affect one another (is fatigu|
nhancing creep or is creep enhancing fatigue — which depend on the type of cycle and where creep an
ptigue occur within that cycle)then a single interaction rule cannot possibly account for the subtleties o
hese combinations. In somecCases, a very conservative “worst-case” interaction can be assumed, but thg
hvariably unfairly penalizes the majority of cases resulting in overly conservative, uneconomic, designs.
\n alternate strategy.is to more carefully evaluate the respective creep and fatigue contributions based o
he deformation chavacteristics of the material. That is, phenomena such a yielding at one instant in
ycle can resulf)in enhancement of the stress for a creep dwell in another portion of the cycle. If this i
Known, then(the creep damage calculation can then more accurately evaluate this effect, and the effect g
his creep, ‘strain on the plastic strain range for the cycle can also be evaluated, thereby potentiall

O ot N e et b (D

amage consider the interaction effects and the resulting creep and fatigue damage values can then b

vhereas reality is a rapid ramp followed by a gentler ramp — the latter has potential for more damagg.
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t
dnhancing” the calculated fatigue damage. In this way, the separate calculation of creep and fatigu
q
1l

hote readily summed and assessed against a so-called linear interaction rule

This again illustrates the challenge of simple calculations resulting in potentially overly conservative
uneconomic designs verses more complex calculations that require a better understanding of the structural
mechanics and material response with the prize of lower conservatism. Design Codes need to strike an
appropriate balance between acceptable conservatism and simplicity of calculation; this is the crux of the

challenge for implementation of creep-fatigue rules within design ASME Codes.
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Also within this document, criteria for flaw size acceptance are discussed. This is an increasingly
relevant topic because historically criteria have been based on experience of acceptable fabrication
practice and quality of workmanship. However, with the development of increasingly sophisticated non-

destructive examination equipment it is possible to detect indications that were previously “invisible’

9

(below the detection limit) and also with increasing analytical capability it is possible to use fracture
mechanics to determine the influence of flaws on future serviceability. The challenge here, as with many
other aspects of Code development, is striking an appropriate balance between practical, but conservative

Also, practical limits on the allowable sizes of flaws need to be established, based not only on theorgticg
dalculations, but by application of practical experience and workmanship standards which may,‘put a
ypper bound on the size of flaws that is generally acceptable to the industry. Some of these trade-off an
potential opportunities are discussed in the section of this document entitled Flaw Acceptanege Criteria.

Another challenge in the development of “Design-By-Analysis” methods, and one which is inextricabl
nked with the foregoing discussion on flaw acceptance criteria, is that of weldments.” Weldments are a
hevitable part of boiler construction and often involve the use of filler metals with differing strength t
he base metal, and the welding process itself may result in creation of heat affected zones with differen
roperties to either the base or weld metals, and may leave residual stresses,* Any method for “Design
By-Analysis” must practically deal with the geometric and material’ complexities introduced b
veldments. ASME has already recognized some of these complexities, most notably the lower cree
trength of ferritic steel weldments at high temperatures, and has“introduced weld strength reductio
pctors.  Such weld strength reductions factors can be incorporated within the overall framework g
Design-By-Analysis™ as will be discussed later in this report{ In addition to providing such methods,
hay be prudent given the increasing complexity of materials‘introduced to the ASME Code (particularl
por high temperature service) for the ASME Code to-provide additional guidance on well-engineere
yeldments (e.g. location, geometry, process, etc.).

S h o s e e e N
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[0 summarize, there are many aspects that imust be considered in the introduction of “Design-By
Analysis” but the underlying theme is that-the overall approach must have due consideration for ke
hodes of structural response and material behavior, and must be self-consistent. That is, the analyticg
pproaches (and their inherent assumptions), must be consistent with margins applied to loads and t
haterial properties. Achieving this_consistency is more complex than it may initially appear, and it i
something that is often lacking when particular Codes are examined in detail (as will be illustrated wit
some examples in the next section).
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3 REVIEW OF CODES AND STANDARDS

In order to develop some recommendations for a path forward on Design-By-Analysis rules, a review was
performed of a number of International Codes and Standards that incorporate ‘“Design-By-Analysis”
methods. Particular attention was given to how these Codes and Standards deal with Creep and Fatigue
and their interaction.

The Codes and Standards reviewed were:

e ASME BPVC Section VIII, Div. 2: Rules for Construction of Pressure Vessels (Alternativ
Rules) [4][5].

e ASME FFS-1: Fitness for Service with methods for life evaluation in Creep Fatigue sérvice [6].

ASME BPVC Section III, Rules for Construction of Nuclear Facility Components Subsection

NH: Class 1 Components in Elevated Temperature Service [21].

EN12952-3: Water tube boilers, Design calculations for pressure parts [7].

EN19252-4: Water tube boilers, In-service boiler life expectancy calculations [8].

EN13445-3: Unfired pressure vessels, Design [9].

R5: Assessment procedure for the high temperature response of structures [10].

BS7910: Guide to methods for assessing the acceptability of flawsin metallic structures [11].

RCC-MR: Design construction rules for mechanical components of nuclear installations

applicable to high temperatures [12].

(@)
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The comparison of these Codes and Standards, and documentation of some of their key features, has bee
gccomplished by a combination of tabular comparison of k¢y attributes, design margins and approachey,
and by general review presented here as a discussion ofssome of the more notable features that represen
gimilarities and differences in approach between Codg¢s.

—

The specific comparison tables are shown in Appendix A:

e Table 1: Comparison of key features;ymethods and scope.
Table 2: Comparison of design margins for low temperature.
Table 3: Comparison of designmargins for high temperature.
Table 4: Protection against cellapse / global failure.

Table 5: Protection against shakedown / ratcheting.

Table 6: Protection against fatigue.

Table 7: Protection-against creep.

Table 8: Protection against creep-fatigue.

It is evident from>these comparisons that many Codes and Standards have quite similar fundamentdl
approaches for<“Design-By-Analysis” but there are significant differences in specific interpretationy,
rargins andsrestrictions. As a result it is not possible to directly compare the inherent conservatism o
ytility of\one Code or Standard against another without recourse to a particular example in which the full
(ode calculations are completed (which is beyond the scope of the present project). Even if such
dalculations were completed it is evident that in some cases one Code or Standard would apparently
provide a distinct advantage, but in most cases a contrary example could also be developed.

3.1 Notable Items in Code Reviews

There are a few notable items that are discussed in the following subsections, prior to the separate reviews
of each of the Codes.
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3.1.1 Yield Criterion

For overall limit analysis to determine the maximum load bearing capacity, some Codes (notably
EN13445-3, Annex B; Section III, Subsection NH) use a Tresca criterion, whereas many other Codes
(e.g. Section VIII, Div. 2) use a Mises criterion. Within EN13445-3, Annex B the limit analysis can
actually be performed with a Mises criterion (largely due to the fact that few finite element programs
provide a Tresca yield criterion) but then the result must be “corrected” to the Tresca criterion. Hence,

when comparing conservatism on loads and allowable stresses this “additional” conservatism (which i

S

theoretically dependent on the stress state) should also be considered. This also raises the question as.t
“what is the most appropriate criterion?”” The state-of-knowledge for yielding of steels indicates that.fo
the time-independent regime the von-Mises criterion is appropriate. However, for the time dépenden
regime then the multiaxial stress rupture criterion varies somewhat between materials with\numerouj
mhodels existing that combine von-Mises, principal and/or hydrostatic stress. Hence,\for the tim
dependent regime, for protection against creep rupture, it would appear more reasonable'to simplify to

Tresca criterion (per EN13445-3, Annex B).

.1.2 Reference Temperature for Calculations

L)

N

Another topic that can complicate interpretation of conservatism and cemparison of design marging
articularly for cyclic analysis, between Codes is that of temperature. In-Simple terms, the Section VII
Div. 2 specifies that the temperature for calculations (material properties such as stress-strain respons
nd S-N curve) shall be the average temperature of the cycle; implying an average between the maximur
nd minimum temperature of the cycle. The EN Codes (e.g2.<EN13445-3, Annex B) specifies that th|
emperature for calculations shall be 25% of the minimur témperature plus 75% of the maximur]
emperature, thereby producing a bias toward the higher temperature portion of the cycle and thus likel
esulting in lower property (strength) values than would be used for an equivalent calculation in th|
ection VIIL, Div. 2. The Section III, Subsection NH“generally requires that calculations are performe
sing properties for the maximum temperature ofithe cycle. To complicate comparisons further, withi
he EN Codes the distinction is made that the maximum and minimum temperatures shall be taken at th|
espective instants of the maximum and mijnimum stress in the cycle (and thereby might not have an
orrelation to the actual maximum and ‘minimum temperatures for the cycle). This definition o

| B ]

0o

b be inferred or implied by the rulesin the Section VIII, Div. 2, although it is incorporated into som|
spects of Section III, Subsection NH (e.g. selection of hot and cold yield strength).

[N~ S o e S S B 2 W S~ S~

3.1.3 Perfectly Plasticity-vs. Strain Hardening

For the basic load bearing/ capacity and shakedown / ratcheting design checks, the majority of Codes bas
the material behavior-on a simplified elastic-perfectly plastic constitutive model. This simplificatio
thakes both monetortic and cyclic analysis easier to interpret (particularly in the case of cyclic analysi
where it remoVes the need to define a hardening criterion). While ASME (e.g. Section VIII, Div. 2
grovides thisteption (at least for monotonic analysis), the option is also given to use the strain-hardenin
dharactefistic in monotonic (collapse) and cyclic (fatigue) calculations. The Section VIII, Div. 2 als
dllowstthe use of a strain hardening based on the average temperature for the cycle because of th
restrietion to the time-independent regime. For the time-dependent (creep) regime, the strain-hardenin

haximum and minimum temperatures, Coinciding with maximum and minimum stresses does not appeq
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using an average is likely inappropriate, plus the strain hardening response will affect the stress in creep
dwells (and hence the creep damage calculation). Properly accounting for these aspects in the time-
dependent regime is complex and of the Codes and Standards reviewed, only the extensive procedures
(and associated material data requirement) of the R5 Assessment Procedure appear to provide a

comprehensive and consistent technical treatment.
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3.1.4 Cyclic Hardening or Softening

Somewhat related to the foregoing, is the question as to which yield strength should be used in variou

S

calculations. The yield strength quoted in Codes is invariably derived from monotonic tensile testing,
which certainly provides valid strength values for collapse calculations, and for onset of cyclic plasticity
(such as shakedown calculations). However, under cyclic plasticity materials generally either cyclically
harden or soften to attain an apparent cyclic yield strength that is either higher (cyclic hardening, e.g.

Grade 22 steel) or lower (cyclic softening, e.g. Grade 91 steel) than the monotonic value. This i

S

Q

ccounted for in detailed assessment procedures, such as RS, and to a limited extent by the useng
tabilized cyclic stress-strain curves in Section VIII, Div. 2, but is not considered in any of the EN Codes

&L

ra\y

.1.5 Creep-Fatigue Interaction

'he approaches for creep-fatigue interaction differ between the various Codes and Standards. A ver
Healized treatment is given in ASME FFS-1 where the creep and fatigue damage_contributions ar
alculated independently (as if one did not have any influence on the other) and thenfhie resulting damag
alues are plotted on an interaction diagram. This approach, while straightforward, is overly simplisti
ecause it does not address the deformation interaction that drives creep-fatigue interaction i
omponents. To this end, some Codes (notably RS, Section III, Subsection'\NH and EN13445-3, Anne
B) have checks to determine if there is deformation interaction between créep and fatigue. If there is no
hen cyclic loading is judged insignificant and a simple creep and fatigue¢' damage summation can be mad
ased on each acting independently. If, however, there is deformatioh interaction then it is necessary t
alculate the effects, such as enhancement of creep by repeated relaxation, or enhancement of the strai
ange controlling fatigue. It is noted that only RS provides”a detailed treatment of these detaile
eformation interaction calculations (although a simplified;idealized, approach is included in Section II
ubsection NH).

LA = O oot O gL O =

The concept of insignificant cyclic loading is very dimportant to R5 and to EN13445-3, Annex B so is noy
gxplained in a little more detail. Figure 3-1 shows a situation in which yielding occurs on the first loadin
and creep relaxation occurs at the peak of the cycle. The unloading and reloading is within the elasti
ange, and for the first few cycles creep relaxation continues to occur at the peak of the cycle. Aftg
everal cycles, during which the peak stress is relaxed by creep, a steady state is reached in which creep 3
ssentially constant load occurs at the'peak of the cycle and the cyclic stress range does not cause an

ecause both are occurring but creep continues unaffected by fatigue, and fatigue (the stress range) i
naffected by creep.

1]
q
g
yielding. In this case, it is clear that creep and fatigue are not interacting (insignificant cyclic loading),
b
4
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Figure 3-1: lllustration of Insignificant Cyclic Loading (Excerpted from R5)
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[ontrast that with Figure 3-2 which shows a similar loading-unloading scenario but now the stress rang|
5 sufficiently large that after a few cycles (during which creep relaxation is occurring at the tensile pea
f the cycle) yielding occurs at the compressivend of the cycle. This causes the start of dwell stress g
he tensile peak of the cycle to be “reset” each.tycle resulting in repeated creep relaxation and yielding i
ompression on every cycle. In this case(cyclic loading is said to be significant, because the simpl
teady state stress would underestimate-the creep damage and the strain range is enhanced compared t
he simple elastic stress range. Therefore, detailed calculations must be performed to determine the cree
nd fatigue damage due to the effect of one on the other (this is only addressed in detail in RS, an
pproximately in Section III, Subsection NH).
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Figure 3-2: lllustration of Significant Cyclic Loading (Excerpted from R5)
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'he following sub-sections provide a summary of features of each of the Codes and Standards
particularly with regard to their approach of dealing with creep, fatigue and their interaction.

3.2 ASME BPVC Section VI, Division 2

'his ASME Code covers alternate rules for thesconstruction of pressure vessels. In 2007, this ASMI
[ode was revised and updated and the new version includes the option of “Design-By-Analysis” (Part 5
0 this is the focus of this review. It is noted that Section VIII, Div. 2 allows for parts of a vessel to b)
esigned using the “Design by Rule” approach where applicable, and use the “Design by Analysis
pproach where the rules do not coverall loadings, geometries, and details”, (see 4.1.1.2 in Section VII
iv. 2). “Design by Analysis” may also be used for any area where rules do exist (4.1.1.5 in Section VII
iv. 2).

rd

O LA

he “Design by Analysis™procedure seeks to protect the component from plastic collapse, from locg
ilure, from buckling-and from cyclic loading. The use of the procedure is restricted to the temperatur]
gime in which th€ design temperature is governed by time-independent material properties; hence th
les do not consider creep or creep-fatigue interaction.

he procedures provide assessments that can utilize elastic analysis (using stress categorization methods
r inelastic-analysis. The review here focuses on the inelastic approach since this overcomes many of th
ihherent* difficulties of the stress classification approach (indeed, 5.2.1.2 in Section VIII, Div.

b
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domimends use of the inelastic approach for complex stress fields and loadings) and this approach ca
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be compared and contrasted with other Lodes 1ollowing similar approaches.

For global plastic collapse the Code offers a limit load analysis method which follows the normal
approach using an elastic perfectly-plastic constitutive model where the yield strength is equal to the
appropriate material design strength. The von-Mises yield function is used for the calculation. The Code
also offers an elastic-plastic analysis method where the actual strain hardening characteristic of the
material may be considered, providing that the model provides perfectly plastic behavior beyond the true
ultimate stress. This also uses a von-Mises yield function. As with a conventional limit analysis, the

10
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loading is increased monotonically until plastic collapse occurs. The Code also requires a check on the
local strains as protection against local failure (the plastic equivalent strain should be less than a limiting
triaxial strain).

A procedure is provided for protection against collapse from buckling, but this is not reviewed here
because this mode of failure is generally not relevant for internally pressurized boiler components.

IIC CUdC dUCb llUt iuuludc d prbiﬁL b}lchk UIl1 glu‘ual blladeUWll, 1Ul,lt dUCb iubludc d ldtbllctill
assessment using a cyclic elastic perfectly-plastic analysis with the minimum specified yield strength. VI
this method a number of load cycles must be analyzed to demonstrate that either: (a) there is neplasti
gction, (b) there is an elastic core in the primary load bearing boundary, or (c) there is not acpermanern
d
V
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hange in the overall dimensions. Thus, this check basically encompasses proving there is an elastic corg
vhich is essentially the intent of the shakedown rules in other Codes. Here, however, théreis no define
size for the elastic core (unlike other Codes that require at least 80% of the section to/be elastic, withi
shakedown).

- ==

or fatigue assessment, the Code provides some screening criteria which are/quite similar to those fron
he original Section VIII, Div. 2 Code. For detailed fatigue assessment, twe-toutes are offered: one base
n elastic analysis and another based on elastic-plastic analysis. The Jattér (elastic-plastic) is reviewe
ere. Two approaches are offered for elastic-plastic analysis. Thekso-called Twice Yield Method, i
vhich elastic plastic analysis is performed in a single load step representing the complete load range 9
he cycle with a constitutive model representing the stabilized ¢yclic stress range — strain range curvg.
'his method is quite simple with the advantage that the cyclicproblem is reduced to a monotonic loadin
roblem, however, this requires that the cycle can be simplified to a single loading step (which is ofte
he case for a single load source, but can be quite complex to define for a thermo-mechanical loadin|
istory). The second method offered is cycle-by=Cycle analysis in which elastic-plastic analysis 1
erformed for several loading cycles, using a constitutive model representing the stabilized cyclic stres|
mplitude — strain amplitude curve. The approach requires that kinematic hardening is utilized. Th
gpproach provides more flexibility in that the.cycle does not have to be simplified to a single loading stey
hut consequently requires significantly .more computational effort to analyze several cycles to obtain

abilized cyclic response for the structure. Also, this cycle-by-cycle methods imposes the requiremer
that the computer program used for the analysis must allow a non-linear stress-strain response i
dombination with kinematic hardening (this material response model is not present in all finite elemen
dodes).
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he analysis by either (Twice Yield or cycle-by-cycle ultimately provides a cyclic stress range and a
dquivalent plastic strain range which in turn used to determine an effective alternating equivalent stres
pr use in the fatigue’ damage calculation (with an appropriate S-N curve). It is noted that the analysi
gpproach adopted'should adequately represent the cyclic stress / strain range, but with either approach th
ean stress (for the cycle (and hence the stress and strain at any point in the cycle) will likely b
inaccurate, because neither of the methods (Twice Yield or cycle-by-cycle with kinematic hardening) ar
likely.toproperly capture the cyclic mean stress reduction that generally occurs with most steels used i
hoiler pressure part construction. In any case, the fatigue (S-N) curves provided in the Code incorporat
l‘ llnAll 1nNs C QO Ncan - O 4 -‘.“lll-.l NOT NCECC Z 1A . .llll'. A. [
fact that all parameters (elastic modulus, stress-strain curves, etc.) are taken for the average temperature
of the cycle limits, means that this analysis approach would not be valid for computations at high
temperatures (in the time dependent regime); but it is noted that the present Section VIII, Div. 2 is
restricted to the time independent regime (although it is further noted that in Annex 3-D, which provides
the cyclic stress-strain curves, parameters are given at temperatures that extend into the time-dependent
regime for some materials).
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The Code provides a specific approach, based on the “Structural Stress Method”, for the fatigue
evaluation of welds. This method has been discussed extensively elsewhere so is not reviewed here,
except to note that the basic approach is valid in the time-independent regime but is of limited
applicability in the time-dependent (creep) regime.

Section VIII Rules for Construction of Pressure Vessels, Division 3 (Section VIII, Div.3) also provides
methodology for “Des1gn by Analys1s This includes both inelastic and elastic stress analysis and

- v S

acture mechanics as a primary means of calculatlon of the fatigue life ofa component Simpliﬁed SAN
ptigue assessment is permitted for certain situations where “leak-before-burst” modes of failure 'can be
demonstrated. It is noted that Section VIII, Div. 3 does contain a fatigue method which includes methods
pr the direct incorporation of the mean stress effect in the computation of the life of a component. Thg
dverall approaches for “Design by Analysis” are similar between Section VIII, Div.2 atnd Section VIII,
Div.3, so the Section VIII, Div.2 will be the focus of the discussion and only reference Section VIII,
[Div.3 where needed.

.3 API579-1/ ASME FFS-1 Fitness for Service (FFS-1)

he FFS-1 Code was first published as a joint document between ASME and"API in 2007 with input fron
lected individuals. The document contains “a compendium of \¢onsensus methods for reliabl
gssessment of the structural integrity of equipment containing identified flaws or damage.”

[CEE=]

he document is primarily focused on the evaluation of in-seryiec equipment and evaluation of potentigl
dperational issues or flaws in that equipment and the evaluation of the equipment for future operatior}.
Hlowever, many of the methodologies used in the docunment are similar to general “Design by Analysis|’
pproaches and it is worth noting the scope of the document here.

)

'he document is divided into parts with the main-sections including assessment of:
e brittle fracture

general metal loss

local metal loss

pitting and corrosion,

hydrogen blisters and hydfogen damage associated with HIC and SOHIC

weld misalignment andshell distortion

crack like flaws

components opérating in the creep range

fire damage

dents, gouges, and dent-gouge combinations

laminatiors

N

A\ppendiX-A contains the “Design by Formula” methods typically found in Section I today.

Annex B1 contains methods for performing stress analysis for the determination of the fitness-for-servicg

£ onpanant Tha athadc mmilarta tha e faornnda aftha athar ctondaedo ch
CL a \JULILIJULI\;ILI, TNV ILIULLLU\JD ouw V\/l)‘ 0111111u1 Uuaiv ULLUD LUULJU 111 111“11] VUl UiV UtV ou,uxu(,uuo OU\JLI uo a

Limit Load Analysis and Elastic-Plastic Stress Analysis. As these are covered in other parts of this
document, they will not be covered in great detail here.

Part 10 entitled “Components Operating in the Creep Range” discusses methods of life assessment for
components operating in the creep range. This includes methods for calculation of the life based on the
“damage fraction” incorporating creep (based on time fraction) and fatigue (Miner’s rule), or using a
traditional fracture mechanics approach for crack-like features. The life calculation methods include both
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Larson-Miller and Omega for the calculation of the life of components. The methods, particularly for
Level 3 calculations involving more detailed analytical approaches, have some similarities with other
Codes reviewed here (indeed, the user is offered the option of using procedures such as R5). The use of
the Omega creep model is, however, unique but the generality of this approach and the use of the
multiaxial creep rupture law is quite different to that adopted in other documents (even those referenced
as alternatives) and has not received expert review and hence has very limited acceptance.

IIC ap})anbll fUl 1llfC dbbeblllCllt dUCb iuu}udc dall cvaluatiuu fUl uccp—faﬁguc iutmauﬁuu (11053 1
ASME FFS-1). However, this simply requires that creep and fatigue are evaluated independentl
without consideration for deformation interaction; that is, no enhancement of creep due to plasticity g
ice versa is considered) and that the resulting independent damage values are then plotted”on a
hteraction diagram that is material dependent. While a bi-linear interaction diagram is used\suggestin
tronger than linear interaction, the predictions could be non-conservative because any true creep-fatigul
amage interaction is not accounted for. Appendix F provides the majority of material/data required fq
eformation calculations. It should be noted that the Omega creep model does not include primary cree
hich should be considered for accurate prediction of stress relaxation in many"“creep-fatigue cycles.
Dverall, this approach appears far from the state-of-the-art for creep-fatigue inferaction calculations.

O S 0O 0. »n = A S Ny
I T C VIS EEE = R T Sy e

o]

lode I and Mode II Creep-Fatigue assessment of Dissimilar Metal " Weld (DMW) Joints are als
hcluded, although this is restricted to 2.25Cr1Mo ferritic to austenitic steels with either a stainless-steg
r nickel-based filler metal.

o =
—

3.4 ASME BPVC Section lll, Subsection NH

'his subsection of the ASME Code contains rules for ‘tiuclear facility components covering so-calle
lass 1 Components in Elevated Temperature Service!/©The rules in this portion of the Code date bac
hany years, with this originally being Code Case N47 (which is often the designation found in ope
terature referencing the ASME Nuclear Creep-Fatigue Rules). These rules are unique within the ASM]
odes because they state the need to address time dependent behavior including creep-fatigue interaction|

rd

o N el o S o N S |
LI = A &

Vithin this subsection, Article NH-3000:Pesign includes NH-3200 Design-By-Analysis which provides
ackground and definitions assoetated with the underlying approach which is based on stress
ategorization from an elastic analysis. However, inelastic analysis is also permitted (NH-3214.2) and {t
5 noted that Appendix T (which will be discussed later) was established with the expectation thgt
helastic analysis would sometimes be required.

it o Wil P

or limits on primary-stress, the Code provides time and temperature dependent strength values (rathe
han just a time indépendent, temperature dependent strength value as is the case for the current edition o
ection I). The specific treatment of primary membrane, local and bending stresses, and the associate
hargins applied to the material strength data vary with the level classification applied to the servic
padings. <Te-apply the rules, the operating times for various service loadings must be classified into
oad Histegram (NH-3114) and a linear time fraction damage summation is used to control thej
umulative effect.

O === o et
=R~ B B = e

he effects of secondary stresses are managed through Limits on Deformation Controlled Quanfities
(NH-3250) for which acceptability criteria and material properties are contained in Appendix T (although
it is noted that alternative criteria may be applied subject to approval by the owner). The non-mandatory
Appendix T is entitled “Rules for Strain, Deformation, and Fatigue Limits at Elevated Temperatures.”
This appendix includes limits for inelastic strains which can be demonstrated to be satisfied by either
elastic analysis, simplified inelastic analysis, or detailed inelastic analysis. The methods for detailed
inelastic analysis are not specified but the description of inelastic analysis provided in NH-3214.2 notes
“The constitutive equations, which describe the inelastic behavior, should reflect the following features
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when they have a significant influence on structural response: the effects of plastic strain hardening
including cyclic loading effects and the hardening or softening that can occur with high temperature
exposure; primary creep and the effects of creep strain hardening as well as softening (due to reverse
loadings); and the effects of prior creep on subsequent plasticity, and vice versa.” Practically, such
constitutive equations are not available and hence elastic or simplified inelastic analyses are the only

feasible options.

[fctastrcamatyststs—used-themrsome—simpte—tests—areprovided-to—demonstrate—thatthecombmation

primary and secondary stress remains within the elastic range and that creep damage and strains_ar
nlegligible. Such restrictions are invariably prohibitive thereby requiring simplified inelastic analysis. I
gddition to some basic tests on deformation (NH-T-1330), a general procedure for creep-fatigu
gvaluation is provided (NH-T-1400) which is the widely referenced “ASME Creep-Fatigue approach”.

A\ number of calculations utilize a core stress, which is defined as the stress controlling the ratchetin
reep strain for the cycle (which is approximately the stress within the core of thé/structure). In othg
hethodologies, such as RS which will be discussed later, this would be termed:.a“shakedown referenc
tress. Estimation of this core stress is based on the O’Donnell/Porowski,modification of the Bre|
iagram (Figure NH-T-1332-1) which was derived for the wall of a pressurized tube with constarn
hembrane stress (due to pressure) combined with a cyclic bending/stress (due to through-wa
bmperature gradient). For this specific case, the diagram provides the core stress for any combination g
rimary and secondary stress. An alternative diagram (Figure NH-T-1332-2) is provided fq
etermination of core stress in general structures but this is highly conservative in many cases. Strictl
he core stress is a function of both the geometry and loading¢so the simplifications introduced are quit]
ramatic.

O oy o 8 o wn = oo N

Much has been written about the overall approach t@{creep-fatigue calculation within these rules so onl

gn outline is provided here of some of the key featutes.

(a) The total strain range is estimated (NH<P-1432) using Neuber’s method in conjunction with th|
(modified) time independent isochronous stress-strain curve. This strain range includg
adjustments for multiaxial plasticity-and Poisson’s ratio. Also, an enhancement is applied for th
creep strain increment during.the cycle due to creep at the core stress. The fatigue damage i
calculated based on this total strain range.

The stress history is-estimated by assuming that stress relaxation occurs at constant strain (n
elastic follow-up) @sinig isochronous stress strain curves. However, the stress cannot relax to
value less than( 1,25 times the core stress. This provides a stress history from which cree
damage is evaluated using a life fraction rule.

(¢) The calculated creep and fatigue damage values are plotted on an interaction diagram t
demonstrate that the combined effect is acceptable. The interaction diagram is materia
dependent, but in all cases a bi-linear interaction is specified with the result that the sum of th
cteep and fatigue damage is less than unity (in some cases greatly so).

This-methodology has been in place for many years without significant modification but the princip4

(b) Creep damage is calculated (NH-T-1433) by considering the stress relaxation during the cyclg.

o = O

T T = — = O 0 = U9

7 0 w1 O

v I

O

T — I

—

doncerns with the approach stem from the lack of generality in some of the simplifying assumptiond.

Specifically, calculation of the core stress is overly simplified so, for complex geometry and/or complex
loading the core stress estimates — which are key to both creep and fatigue damage predictions in the time

dependent range — are invariably inaccurate.

The other principal contention with the approach is that stress relaxation is assumed to occur without
elastic follow-up from the peak stress in the cycle. Few real components would satisfy that requirement
which results in a more rapid stress relaxation than would likely occur. Furthermore, the creep damage
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during this period of stress change is calculated using a life fraction approach which is known to b
inaccurate for such stress histories.

S

Added to this are some of the inherent conservatisms associated with the stress categorization approach

for which it is often difficult to define an appropriate stress categorization line and stress redistribution i

N

only considered to occur on that line and not between other regions of the structure. Also, frequent
concerns are expressed about the interaction diagram and the high degree of conservatism that is regarded

4 M A i b | ‘- I S | 1.0 1l O JNA A WAk s Yy al 1 O-1
[P TTXTSTTOT SONIC TIIAatTTIars — 1III0StT HOWaUly HIOUITICW U T=11IVIO=V =INU (U1dUt 71).

It is these shortcomings that other approaches, such as that of R5 (which will be discussed later), hav
sought to overcome, increasing the generality, applicability and accuracy of a creep-fatigueceyvaluatio
procedure. Even with a number of somewhat contentious simplifying assumptions the’ Section II
Subsection NH methodology is relatively complex and arduous to apply.

3.5 EN12952-3

This Code is for design calculations of water tube boilers. It is basically theZEuropean equivalent t
Yection 1. The fundamental approach is based on a number of former well €stablished European Codes
articularly the German TRD. At a very high level, this Code has made-a step toward “Design-Foy
ifetime” by providing allowable stress values for specified operating™periods (e.g. 100,000 hours o
00,000 hours). Although it is reviewed here (principally because of‘the fatigue damage calculation) th|
ode follows a typical “Design-By-Formula” approach. Thémethodology also includes a fatigu
valuation procedure which has been widely cited as a helpful)approach for cycling boilers, such as heg
ecovery steam generators. Indeed, some customer design specifications even require the boiler design t
ection I, but with supplementary fatigue calculations toxEN12952-3. These fatigue calculations will b
iscussed at greater length below. Although the .Cede implicitly accounts for both creep (throug
llowable stress) and fatigue (through an evaluation ‘procedure) it does not specifically calculate a cree
amage fraction, or consider the addition of creep and fatigue damage. For creep — fatigue interaction EJ
2952 Part 4 can be used for design life assessment; even though this Part is directed to in-service lif]
xpectancy calculations.

D — 0O, 0 O, . N = 0 AN =TS

'he fatigue methodology of EN12952:3 is documented in Clause 13. This begins with some notes an
xclusions including, perhaps somewhat strangely, “isolated holes not larger than 20mm in diameter nee
ot be subjected to fatigue analysis.” A screening procedure is provided to identify the most criticg
omponents that require more detailed evaluation. This screening is based on limiting the pseudo stead
tate temperature ramp rate-(or more particularly the through-wall temperature gradient) in a pipe that i
ssumed to have a nozzle/penetration with a bounding stress concentration factor. This is probabl
dequate in many gases, but certainly not applicable to all cases (e.g. where temperature gradient across
essel (top-to-bottom) may exceeds that through the wall).

< QO QO N O S (D e

The basic fatigue methodology seeks to calculate a stress range for the cycle that can then be “corrected
and conipared against an appropriate fatigue endurance curve to determine the fatigue lifetime. Sectio
13.4provides a simplified methodology for stress calculation due to combinations of internal pressure an

w

=]

1

w W =

O 20 = O T e+

>

through-wall temperature gradients at nozzles / penetrations. The thermal stress concentration factors ar

h
il

somewhat questionable, oiten resulting in values less than unity. The restriction on simple geometrie

S

and transients is lifted by giving the user the option of following the methods for EN13445 for more
complex situations. Also, it is noted (13.1.1) that “Due to the simplicity of the analysis, the results may
be conservative with respect to life prediction. More complex methods, e.g. finite element analysis, may

be applied to obtain more exact life predictions.”

The methodology for fatigue life calculation is documented in Annex B. This provides a number of
modifications to the stress range including: surface finish stress enhancement based on roughness, weld
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stress enhancement based on weld geometry and required cyclic life, mean stress correction based on

Gerber’s rule, plasticity correction based on Neuber’s rule with a perfectly plastic material and
temperature correction (for which the technical basis is not known). In common with the other EN Code

a
S

(e.g. 13445), restriction is also placed on the stress range for water touched components to avoid cracking
of the magnetite layer. This is a go/no-go criterion requiring a redesign of the component or operating

transient if the stress range is too large.

Withimrthe—fatrgue—catcutatromrwhere s mo—expheitimit-on-the—temperature—apptcabrhityof the—fatigu
valuation. The reference temperature (defined as 25% of the temperature in the cycle at which_th
hinimum stress occurs plus 75% of the temperature in the cycle at which the maximum stress oecurs) i
mited to 600°C which, in reality, allows the procedure to be applied for all practical boiler design
hcluding for modern supercritical plant with steam temperatures approaching 650°C.

= == o

|

'he fatigue endurance curves themselves are quite conventional with dependence onftensile strength a
he endurance limit is approached.

—

3.6 EN12952-4

'his section of the EN Code is for In-service boiler life expectancy caleulations (and therefore is nd
trictly a design Code). Indeed, the Code begins by stating “This~ European Standard specifid

rd

(hese calculations are not required to be carried out by the manifacturer as part of his responsibilitie
ithin the European Standard.” However, it is reviewed here\because it does include calculations fq
oth creep and fatigue.

o i~ e e w S, M |

'he Code includes an upfront statement to address the.eombination of creep and fatigue “NOTE: In som|
ases, the influence of both creep and fatigue damage will be significant. It is normally conservative t
ombine the creep and fatigue damage mechanisms by adding the calculated usage factors. If necessar)
hore detailed methods of assessment may beused (see [1] PD7910 Published by British Standard
pstitute, London, UK). Thus, the components are not necessarily to be replaced if the calculated usag]
ictor exceeds the value of 1.”

o Y N o N

S

'he procedure then goes on to provide the method for creep damage calculation (Annex A) and fatigul
amage calculation (Annex B)«and provides no further discussion of creep-fatigue interaction.

o

'he creep damage calculation procedure basically inverts the design equations from the EN12952-
[ode, thereby providing“a primary, or reference, stress value that is used in combination with cree
upture data taken{from the European Collaborative Creep Committee (ECCC) data package (whic
nderlies the Code allowable stress values). Thus the creep calculation is very simplistic and takes n
ccount of loeal stress concentrating features, or of any influence of fatigue (yielding) on creep. Cree
amage forperiods of different operating conditions are summed using Robinson’s time fraction rule.

O, QO = e

The Aatigue damage calculation procedure is essentially the same as that documented in EN12952-
dlduse” 13 and Annex B. The key addition being the discussion of defining cycles from a stress history b

rocedures for calculating the creep and/or fatigue damage of boiler components during operation.

[72] [“2B 7 I I ¢
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extracting peaks and valleys, then using a cycle counting algorithm (range-pair or raintlow are suggested).

3.7 EN13445-3

This Code is intended for the design calculation of unfired pressure vessels. It is basically the European

equivalent of Section VIII. The Code predominantly offers a conventional approach based on “Design

By-Formula” combined with predetermined construction features. However, the Code also includes a

“Design-By-Analysis” approach which is documented in Annex B. It is also noted that the Code include
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a design by stress categorization approach (Annex C) but this has a number of limitations imposed (such
as not permitted in the creep range) that greatly limit its value, so it is not discussed further in this
document.

A key feature of this Code is that “Design-By-Formula” and “Design-By-Analysis” can be used
somewhat interchangeably and in a complementary fashion. That is “Design-By-Analysis” can be used
where “Design-By-Formula” is deficient or if so chosen. It is stated in the Code that the rules of Annex B
Jair bC apphcd tU WllU‘lC VCbbClb Ul VUDDC‘I pdltb. Tllib ib d VCly pldgllldti\/ a})})anbll aud aﬂuwa [EN]¥] f
“Design-By-Analysis” approaches only for situations and features where it really makes sense; otherwis$
yse the simpler “Design-By-Formula”.

W

'he “Design-By-Analysis” approach in Annex B is based on limit analysis, shakedown ‘theory an
ptcheting concepts, that are proven with inelastic analysis using an elastic perfectlyéplastic materig
hodel. Because of the need to perform inelastic calculations, B.1.3 Special Requireménts, states “Due ¢
dvanced methods applied, until sufficient in-house experience can be demonstratéd, the involvement d
n independent body qualified in the field of DBA, is required in the assessment of the desig
calculation) and the potential definition of particular NDT requirements.” I/is not stated what specifi
ualifications are needed, or how sufficient in-house experience is demonstrated.

T W S e S |
OQ\U_;—L‘

(@Y

)

'he basic philosophy of Annex B is to protect against the main failur¢anodes of:
e Plastic collapse at design loads (Gross Plastic Deformation —GPD)
Ratcheting / Shakedown due to cycles (Progressive Plastic Deformation — PD/SD)
Fatigue due to cyclic loads (Fatigue — F)
Creep rupture at design loads (Creep Rupture — CR)
Creep lifetime (Excessive Creep Strain — ECS)
Creep-fatigue (Creep Fatigue Interaction — CEI)

a g
2]

\s stated previously this basic methodology used is a combination of limit analysis and elastic analysil
Based on shakedown and ratcheting theoryOThis approach has many features in common with the firg
ew steps of the RS volume 2/3 assessment procedure (see review of RS section to follow).

—
—

'he GPD check uses short term yield strength and requires Tresca yield condition with design loads an
equired factors of safety on material properties. This is the conventional lower bound limit analysi
hethod. The complication i§ that for some load combinations the factors of safety are based on nationg
[odes (e.g. wind or snow )wnot on the EN code — therefore there is no consistent LRFD approach in th|
N Code and a desigacr-will need to refer to the relevant national standard (the base EN code is reall
yritten for internal pressure).

P T e B o Wl WL S |
< 0 — 7 =L

'he PD/SD check uses von-Mises yield condition with design loads and no additional safety factors o
bads or material properties. The basic requirement is that the stress concentration free model shakg
own tolelastic behavior or the model with stress concentrations shakes down to elastic behavior ove
0%.-of-every wall thickness. Therefore, ratcheting is avoided by the presence of an elastic core.

[7Z23=]

o0 O, =
=

‘e fatigue (F) check s ot specificatty givermr im Ammex B, but s inctuded i Clause 18 of the Tmaim bod
of the Code. It is also recognized that a simplified assessment of fatigue life is given in Clause 17, but
this is only applies to assessment of fatigue damage due to pressure fluctuations. The detailed assessment
of fatigue life given in Clause 18 follows a fairly conventional fatigue evaluation approach using S-N
curves and corrections for the usual parameters (mean stress, plasticity, surface finish, welds,
temperature). The applicability of the procedures at higher temperatures is limited by statements in 18.1.5
“This method is not intended for design involving elastic follow-up” and in 18.4.3, “These requirements
are only applicable to vessels which operate at temperatures below the creep range of the material.
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Thus, the fatigue design curves are applicable up to 380°C for ferritic steels and 500°C for austenitic

steels.”

The fatigue methodology in EN13445 is similar to that of EN12952 but the correction factors and S-N

curves are different. That is, some difference in calculated fatigue damage would likely be obtained fo

T

the same input data. Also, EN13445 has the temperature restriction of 380°C for ferritic steels but

EN12952 permits fatigue damage calculation up to 600°C for ferritic steels.

The check on creep rupture (CR) is essentially a limit analysis, using the von-Mises yield criterion with
yield strength equal to the appropriate time-dependent strength value, at design loads and required factor
df safety. The other creep check (ECS) is related more particularly to the creep lifetime and réquire
dalculation of a representative rupture stress (using the formula from the RS procedure), which account
for the effect of stress concentrating features and thereby is more conservative than simply using th
grimary, or reference, stress. For periods of creep at different operating conditions then a creep damag
fraction summed using Robinson’s life fraction rule.

'he closest that EN13445-3 gets to creep-fatigue interaction, is in B.9.5.4 which tequires a check that th|
ycles that interrupt periods of creep do not result in any plastic deformatien®” This the basic “resetting
heck to verify that the residual stress state established after long-term créep deformation is not modifie
y plastic deformation due to the transient history experienced dufing operating cycles. This test i
ctually quite restrictive because it implies that 100% of the cross section must be within strict shakedow
and the long-term dwell stress must be taken at as determined by limit analysis.

QL T O O e

The formal check on creep-fatigue interaction is in B.9.6 which requires that the sum of the creep damag
and fatigue damage shall not exceed unity (linear interaction). With the restrictions imposed so tha
fatigue does not cause perturbation of the residual stfess field (no resetting of start of dwell stress) the
dreep and fatigue may both be occurring but their deformation is not interacting, so the linear summatio
appears reasonable.

3.8 RS

'he RS procedure is included in this review because it represents probably the most complete an
onsistent treatment of creep and. fatigue, and their effect on each other, both in terms of damage an
eformation. R5 is, however, distinguished from the other documents in that it is not a statutory Code d
tandard (at least not for the.design of boilers and pressure vessels). It is intended as an assessment, o
itness-for-service procedure; not as a design procedure. It is very comprehensive considering both th|
hitiation and the propagation of defects. As a result, it requires extensive material data and knowledg
br proper application. The roots of R5 can be traced back approximately 30 years, beginning a
ssessment procedures for high temperature components within the former UK Central Electricit
jenerating Bedrd (CEGB) for both fossil and nuclear plant. Over the years this has evolved into th
resent R5.procedure which is now at Issue 3 [13].

rd
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RS is based on very fundamental concepts related to structural response such as reference stress, lim
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qnalysis and shakedown theory which certainly have a place when considering evolution of design Codes.

The latest edition, RS Issue 3, is divided into two principal volumes:
e Volume 2/3: Creep-Fatigue Crack Initiation Procedure for Defect Free Structures.
e Volume 4/5: Procedure for Assessing Defects and Creep and Creep-Fatigue Loading.

This scope allows initiation of defects to be computed with methods of Volume 2/3 and subsequent

growth to be computed with methods of Volume 4/5, allowing the total useful lifetime to be assessed.
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This review will only consider Volume 2/3, as related to initiation because these methods are the most
relevant to design Codes and, as noted previously, some of these concepts have been incorporated into
Annex B of EN13445-3. Also, Volume 4/5 is the basis for creep and fatigue crack growth procedures that

are now incorporated in BS7910 (see following section on BS7910).

Features of the RS procedure are its systematic approach to assessment with a step-by-step methodology.
Nevertheless, the complexity is indicated by Volume 2/3 running to several hundred pages, including

arry appendices-toexplamthecomptexities—and hig‘ulight diffreutties—Adso; noneof-the nmaterrat—dat;
for assessments is included in R5; this must be obtained from other sources.

At the heart of Volume 2/3 are methods to assess the significance of creep-fatigue interaction an

dompute that effect if needed. The procedure begins with some basic checks on short term plasti

dollapse (Step 3), and then on long-term creep rupture at an appropriate rupture reference stress (Step 5

The procedure then moves on to consider cyclic behavior (Step 6) which tests for shakedown an

ihsignificant cyclic loading, for which the fundamental requirements are:

o The most severe cycle is within the elastic range of the material (stressctange for the cycle doe
not exceed the yield stress range).

o The total fatigue damage for all cycles is less than 0.05.

e Creep behavior is unperturbed by cyclic loading (this is the sosealled “resetting” check which i
quite straightforward for a creep dwell at the peak tensile stress, but can be more complex in othg
scenarios).

[ these criteria are all satisfied the cyclic loading is regardedias insignificant and creep will control th|
fetime. It should be noted that “Crifteria to demonstrate ipsignificant cyclic loads for weldments are ng
urrently available and it is therefore necessary to perform all steps in the procedure when assessin
eldments.”

= O

—

f the criteria for insignificant cyclic loading\(which are essentially the same as those included i
EN13445-3, Annex B) cannot be satisfied~then a complete assessment is required. In essence, thi
hvolves the following calculations:
e Determine residual stress distributions.
e (alculate the shakedown reference stress.
e (alculate the start of dwell stress.
e Estimate the elastic_follow-up factor and associated stress drop during the creep dwell.
= Calculate the total strain range, accounting for enhancement of plastic strain range due t
creepnthe cycle.
= Calculdte the fatigue damage per cycle.
» _Galculate the creep damage per cycle, using a ductility exhaustion model with propg
account for the change in strain rate during the dwell.
«— Calculate the total damage as the linear sum of the creep and fatigue damage.

— .

S

'hese detailed cyclic assessments require extensive material data, including the following which are ng
otmally found in Codes for boiler design:

—

<}
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¢ Cyclic stress-strain data (shape ol nysteresis 100ps).
e  Stress relaxation data.

e [sochronous stress-strain curves.

e  Creep ductility data (as a function of strain rate, and with multiaxiality criterion).

Such data are often quite limited, even in the open literature, and often show significant variability,
sometime reflective of different material processing history, sometimes reflective of different test

methodologies.
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While the overall approach shares some commonality with that of other approaches, such as Section III,
Subsection NH, there are a number of aspects that are unique to R5 to provide boarder applicability and
improved accuracy. Some specific features include the use of a shakedown reference stress as an upper
bound estimate of the core stress for creep ratcheting during a cycle; this approach is applicable to any
geometry and loading history. Also, stress relaxation during dwells accounts for follow-up and the
associated creep damage is calculated using a strain-rate dependent ductility exhaustion model (rather
than time fraction). It is these innovations that have set RS apart from other approaches. However, this

o

does—come—at—the—expense—of some—comptexity—As noted—carterthenmaterrat—data—requirement—1
gubstantial and also a number of calculation tools are needed to generate residual stress fields. anfd
dalculation of creep relaxation and follow-up during the dwell.

N

Another essential element of the R5 methodology is Step 17 (Assess significance of results). Thi
equires a number of sensitivity studies to explore the effect of assumptions, largely due to the complexit
nd variability of inputs. For example, use of lower bound yield stress in the analysis‘will maximize th
rain range (resulting in more fatigue damage), but may minimize the start of dwell stress (resulting i
ss creep damage). Looking at the many combinations can be time consuming and complex.

—
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his document includes methods and procedures that are essentially identical to those in RS volume 4/3.
he scope of the document clarifies “This guide outlines methods forassessing the acceptability of flaw]
all types of structures and components... ... The methods déscribed can be applied at the design,
brication and operational phases of a structure’s life.”

7]

he introduction to the procedure distinguishes acceptanee-Criteria for flaws based on quality control an
tness for purpose. This discussion highlights that, cfiteria based on fitness for purpose should not b
sed to justify poor workmanship, nor can be provided in every scenario, hence the need for flay
cceptance based on quality criteria.

< W =

he methods within the procedure are based entirely on fracture mechanics. Fatigue crack growth i
ased principally on elastic stress intensity (K) with appropriate corrections for plasticity and othg
ffects. Creep crack growth is based principally on the C* parameter. The basic methodology follow
onventional practice for fatigue and creep crack growth evaluations (yielding and creep in the ligamern
head of the crack are also considered). Fatigue uses a modified Paris growth law and the Nikbin-Smith
ebster model is used for,cteep crack growth. The procedure provides relevant crack growth equation|
nd some stress intensity-solutions, but not the relevant materials data.

1 = 71 =

2]

[reep-fatigue interdction follows the RS approach. First checks are made to determine if the insignifican
ycling criteria.¢an’ be met. Specifically, fatigue crack growth should be sufficiently small as to ng
hfluence the-eteep fracture mechanics calculations. Cyclic loading should not prevent steady state cree
onditionsfrom applying during the dwell periods at high temperature. And, fatigue crack growth shoul
ot exceed 1/10™ of the creep crack growth.

=0 0 = O ~
O —+ =+

If these criteria are not satisfied then the user is directed to Appendix T4 (Assessment to include creep
fatigue Toading), in which a procedure is given to separately calculate creep and fatigue crack growth and
linearly sum the respective contributions to obtain an overall crack growth.

3.10 RCC-MR

The RCC-MR Code entitled “Design Construction Rules for Mechanical Components of Nuclear
Installation Applicable to High Temperatures, Applicable to ITER Vacuum Vessel,” was published by the
French Society for Design and Construction Rules for Nuclear Island Components (AFCEN). The 2007
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version is the 3™ Edition. The RCC-MR Codes is a very comprehensive Code organized into five main
sections and very similar to Section III except it also provides rules for high temperature applications.
Because rules are provided for high temperature application, this Code has provisions that might be useful
in the modernization efforts of Section I even though the RCC-MR Code appears to be geared towards
nuclear power plants and hence the similarity to Section III. The fact that it is also organized along the
lines of Section III also offers some advantages in that it provides a flavor that already resides in an

existing ASME Code. The organization of this Code is as follows:

s Sectiom
= Subsection A — General Requirements
= Subsection B — Class 1 Components
= Subsection C — Class 2 Components
= Subsection D — Class 3 Components
= Subsection H — Supports
=  Subsection K — Examination and Handling Mechanisms
= Subsection Z — Technical Appendix
Section 2 — Materials
Section 3 — Examination Methods
Section 4 — Welding
Section 5 — Fabrication

\s can be seen from above, Section 1 of the RCC-MR Code distinguishes between various Classes as i
ection III. Defect acceptance criteria during construction are'provided for the various classes. A non

Lo N

5 provided for evaluation of defects identified during sexrvice. This Appendix is very similar to Sectio
KI, Rules for Inservice Inspection of Nuclear Powe?,Plants Components of the ASME Boiler an
ressure Vessel Code (Section XI) except rules *are provided for fatigue, creep and creep-fatigyl
hteraction.

= g N e

our types of damage are considered in thistCode. The first is P-Type damage which can result from th
pplication to a structure of a steady and\tegular loading or constant loading. Included in P-Type damag
re immediate excessive deformation, immediate plastic instability, time-dependent excessiv]
eformation, time-dependent plastic instability, time-dependent fracture and -elastic/elasto-plasti

QL Q0 o

hcluded in S-Type damage(ane progressive deformation and fatigue (progressive cracking). The thir
amage is buckling. Included in buckling damage are load controlled buckling, strain-controlled bucklin
and time-dependent buckling. The last form of damage considered in RCC-MR is fast fracture whic
dccurs without being\preceded by an appreciable global deformation. Two types of fracture are generall
donsidered, one by\ductile tearing, the other by fragile or semi-fragile tearing.

O, = =

Dperating_conditions during normal, emergency and test conditions are described. Conditions SF1 an
F2 are ¢he first and second categories of operating conditions and both refer to conditions to which th

handatory Appendix (Appendix Z/A16, “Guide for Leak Before Break Analysis and Defect Assessment]’

hstability. The second is S-Type ‘damage which can only result from repeated application of loading.
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tart-up and shutdown. Condition SF3 is associated with emergency conditions, corresponding to ver

y

(
N
dquipfent may be subjected in the course of normal operation, including normal operating incidents
S
1
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on components are studied among others for safety reasons. Test conditions are the conditions to which

the component is subjected to during hydrotest.

Loads to be considered in the analysis are also described in the RCC-MR Code and consist of but not

limited to:
e Internal and external pressure.
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o Dead weight of equipment including content, and the static and dynamic loads by liquids under
each condition analyzed.

e Forces resulting from weight, thermal expansion, pressure and dynamic loads which originate
outside the zone studied and which are applied to the boundary.

e Seismic loads and vibration loads, if any.

e  Support reaction loads.

e Temperature effects, either constant or transients.

Similar to Section III, various criteria or service levels are described in the RCC-MR Code.

ILevel A — The aim of Level A criteria is to protect the equipment against the following types of damage:
¢ Immediate or time-dependent excessive deformation,

Immediate or time dependent plasticity\time-dependent fracture.

Elastic or elasto-plastic instability, immediate or time-dependent.

Progressive deformation.

Fatigue.

ILevel B — Although described and required in Section III, this service level is not a feature of the RCQ
MR Code.

ILevel C- The aim of level C is to protect the equipment against the(following types of damage;
o Immediate or time dependent excessive deformation.

o Immediate or time dependent plastic instability.

e Time-dependent fracture.

o Elastic or elasto-plastic instability, immediate(ortime-dependent.

ILevel D — The aim of this service level is the saie as level C but with a lower safety margin
Hor each of the damage type described aboye; rules are provided in the RCC-MR Code for all servicg
lgvels when creep is negligible and when creep is significant.

Jimilar to ASME, the RCC-MR Codg uses a stress classification system for elastic analyses separatin
stresses into general membrane (Pr), primary bending (Py), local primary membrane (P1), secondary (Q
nd peak stress (F). Stress intensity (yield criterion) calculations based on either the maximum shed
ress theory or octahedral” shear theories are acceptable for use in this Code. Creep usage fraction],
tigue usage fraction and, ereep fracture usage fraction calculations are very well described in the RCQ
R Code. In additiény the use of limit load analysis and elastic-plastic /experimental analysis are als
included as options:/Constitutive equations for materials used in various analyses (elastic, elasto-plasti
nalysis subjected to monotonic loading, elasto-plastic analysis subjected to cyclic loading and elastg
isco-plastic(analysis subjected to cyclic loading) are provided. For elasto-plastic analysis, isotropi
aterial behavior is assumed and the Von Mises plasticity criterion is used. A hardening rule based on
ipotropic\behavior is also provided.

=~ U4

1 QO

(@)

esign rules are i iping, box structures and heat exchanger elements. Th
arrangement of these sections in RCC-MR Code is also very similar to that in ASME.

W

3.11 Other Codes, Standards and Technical Publications Reviewed

Other standards and documents were suggested for review as part of this project. These included:
e ASME Post Construction Standard “Inspection Planning Using Risk-Based Methods”, 2007 [14].
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e Asayama, T. DOE / ASME NGNP/Generation IV Materials Project Task 10 — “Update and
Improve Subsection NH — Alternative Simplified Creep-Fatigue Design Methods”, September
2009 [15].

e Brust, F. W., G. M. Wilkowski, P. Krishnaswamy, ASME STP-NU-039 “Creep and Creep-
Fatigue Crack Growth at Structural Discontinuities and Welds”, ASME New York, NY 2011
[16].

e Asayama, T., ASME STP-NU-041 “Update and Improve Subsection NH — Alternative Simplified
Creep-Fatigue Design Methods™, ASME New York, NY ZUIT [17/].

|

'hese are not summarized specifically in this document, but their contents and methods are considered ip
he final recommendations made in Sections 4 through 7.

—
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4 DEVELOPMENT OF DESIGN-BY-ANALYSIS RULES

The foregoing review of “Design-By-Analysis” approaches defined in various Codes and Standards
illustrates that there is no single Code or Standard that provides a method that could be universally
adopted. The most thorough of all the documents reviewed is the RS Assessment Procedure, which
considers many aspects of material and structural behavior in both time-independent and time-dependent
regimes. Indeed, this procedure appears to have the most thorough and technically consistent approach

for dealing with the specific topic of creep-fatigue interaction. However, this comes at the expense.0

significant complexity. To use the procedure:

e Requires significant expertise to understand the structural mechanics and material réspons
characteristics to properly use the procedure.

e Although the procedures look “cook-book” the calculations are complex, particularly when th|
creep dwell does not occur at a stress extreme for the cycle.

e Requires extensive material data (cyclic stress-strain, relaxation, creep ductility, etc.) that are na
widely available.

e Requires the calculations to account for variability in material properties because results whe
using minimum properties are not necessarily the most conservative,

—

lence the RS procedure is not viable for design calculations of boilers, aild pressure vessels (indeed it wal
not intended as such).

Df the ASME Codes, Section VIII, Div. 3 and the modernization of Section VIII, Div. 2 introduce

_—

Hlowever, the methods are confined to use in the time-independent regime, which means that they cannd
e used for Power Boiler design in general.

(o

'he European Code EN12952-3, while offeringsa fatigue assessment approach, represents a relativel
imple extension to a basic “Design-By-Formula” approach that has much in common with the currer]
nderlying philosophy of Section I. By ‘contrast with Section I, EN12952-3 does offer the option t
esign entire components or features oficcomponents by using rules of EN13445-3, including the “Design
By-Analysis” methods of EN13445-3;" Annex B. Indeed, from the perspective of providing practicg
pproaches for design that are, consistent and scalable, the EN Code is particularly convenient an
exible. This is achieved by.allewing use of “Design-By-Analysis” either as an alternative to design-byj
rmulas or as a complementto design-by-formulas. This is similar to the approach taken by Sectio
I, Div. 2. In any further development of the Section I, it is recommended that the practicality of thi
pproach is adopted.

o e o W L N |

Df' the Design-Cades reviewed, the “Design-By-Analysis” approach of EN13445-3, Annex B has th
roadest applicability. It can be used in the time-independent and time-dependent regimes, and it protect
gainst allsreasonable structural failure modes — including creep-fatigue interaction. The methods af
onsistént-with those of the R5 Assessment Procedure (up to, and including, the test for insignifican
ycling). Because EN13445-3, Annex B, only seeks to protect against major structural failure modes an

Design-By-Analysis” methods that provide protection against plastic collapse, ratcheting and fatigud.

f
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oty for example, provide detailed procedures for calculation of creep-fatigue interaction, it does ng

= == —~+ O @»n O

require extensive material databases, nor does it require particularly complex material constitutive model
or analysis techniques (basically the methodology only requires elastic and elastic-perfectly plasti
analysis capability). This means that this approach has utility and practicality.

S
C

In addition to the Codes and Standards reviewed, a number of other technical papers [22][23] and [24]
provide insight into use of simplified methods based around the fundamental concepts of limit analysis,
shakedown and ratcheting for design evaluation, including the use of extended or creep-modified
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shakedown limits. While some of these papers focus on the use of optimization algorithms to generate
solutions, the same design checks and insight into the structural response can equally be gained with
simple elastic-perfectly-plastic constitutive models with the base functionality of many finite element

programs.

However, it is recognized that while the methods of EN13445-3, Annex B are practical to use, the
simplicity of the creep-fatigue interaction evaluation may, in reality, prove to be too restrictive (in that it

bastcattyforbids—anydeformatromrmteractromrbetweenfatigue—and-—creep)—fordesigmof-high-temperatur
domponents subject to cycling and high temperature service. To assess if this is a genuine concetny

would be prudent to perform some example calculations for sample components operating-at)hig
temperature with cyclic service, which are known to have endured a reasonable period of operatiori. Thi
test of the restrictiveness of the creep-fatigue interaction approach of EN13445-3, Annex Bis importar
tp identify if a more elaborate calculation methodology is needed for design of components in the nex
deneration of heat recovery steam generators and solar receiver steam generators.

4.1 General Overview of Proposed Design by Analysis Approach

The general approach for the “Design-by-Analysis” Rules includes the following:

e Protection Against Collapse (Gross Plastic Deformation).

e Protection Against Shakedown and Ratcheting (Alternating Plasticity and Progressive Plasti
Deformation).

Protection Against Buckling.

Protection Against Fatigue.

Protection Against Creep Rupture.

Protection Against Creep-Fatigue Interaction.

)

'he subsections below outline a proposed approach for a basic “Design-By-Analysis” methodology wit

he intent of:

(a) Using basic structural mechanics approaches to provide design methods and criteria that provid
a conservative bound on the actual structural response and which, therefore, are inherently safe.

(b) Drawing upon existing methodélogies from international design Codes.

(¢) Ensuring, where possible, (consistency with existing rules and approaches with Section I, t
permit such design-by-analysis methods to be used as an extension or complement to the presen
design-by-formula approach.

(d) Minimizing the material data and complexity of constitutive models required for the desig
checks.

(e) Minimizing_the overall complexity of the calculations to permit them to be performed usin
conventional/structural analysis programs (e.g. finite element software) without need for specia
features)or complex, resource consuming, calculations.

—

)

'he proposed approach forms the basic outline for a consistent methodology drawing on methods an

ethodology are drawn from Section VIII, Div. 2, Section III, Subsection NH, EN13445-3, Annex B, an
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?L[‘)proaches from various Codes included within the reviews documented earlier. Indeed, elements of th

om R5. In describing the approach. notes are also included to discuss the origin of the method

2}

proposed, their likely shortcomings / conservatisms and their practicality. This highlights some aspects

where additional information or further refinement would be required, or beneficial, to improve th

€

generality or utility of the approaches. Some of the more significant recommendations for future work

(e.g. method development) and additions / modifications to the ASME Codes are summarized in Section
6 and 7, respectively.

25
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The approach recommended here is technically appropriate and practical for routine application during

boiler design. The methodology uses the simplest and most expedient approach possible to provid

€

verification that the design is safe from the particular deformation or damage mechanism. Hence we seek
to minimize both the material data requirement and the complexity of material description (constitutive
model). Also, the approach is selected from the perspective that a finite element model will exist for the
components evaluated by this route and that the designer will have access to a finite element program that
can perform basic elastic-plastic analysis (only perfect plasticity is required, avoiding the need for

gomstitutrve—modets—that—appropriatety —account—for —changes—mm—the—yretd—surface—due—to—ptasty
deformation). Such an approach builds on the inherent simplicity and utility of the current Section
methods and, in the limit of simple geometries and steady loading, will result in essentially the sam
driteria that presently exist within Section I, hence assuring compatibility with the successful-history o
Jection L.

'his simplicity and utility comes at a price: conservatism. In the context of a design code this is judged t
e prudent. Should the method proposed herein prove too prohibitive (which, per Jater recommendation
iven in this report, requires some practical test examples using the proposed-methods), then perhap
ection I could allow use of a more elaborate creep-fatigue evaluation procgdure — such as those bein|
hvestigated by other groups associated with ASME Codes and StandardssSuch a scalable approach t
omponent design and verification has practicality and economy.

O = A00 O
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Before presenting the outline design methodology the next sections ‘provide some further background 4
verall clarifications to the approach (what it is, and what it isn’¢):

Qo

.1.1 Design Margins

However, it should be noted that the factors used are-highly interdependent. For example, a high desig]
hargin on plastic collapse or creep rupture canead to excessively thick components which may nevd
heet the minimum requirements for cyclic lifelof a component.

= o= e g N

lany modern Codes use what is termedtas Load Resistance Factor Design (LRFD) methodology. Thi
hethod specifies the combinations efoadings that should be considered and applies design margins t
hose loads for evaluation of the various design criteria. However, such an approach is quite different t
he current methodology of Section I, where internal pressure is the primary design load and little dired
uidance is given for other(loads, other than they need to be appropriately (conservatively) include
yithin calculations to satisfy’stress limits.

S g o = =

As a result, the appfoach proposed here aims to be consistent with the current approach in Section I, t
gnsure continuity-\and consistency, and facilitate switching between the classic design-by-formul
approach and-design-by-analysis (e.g. basic sizing using design-by-formula and further validation o
particular featares by design-by-analysis). As development and use of a design-by-analysis metho
gvolves.it/may prove effective to place it more formally within the context of a LRFD methodology.

'he design margin is one of the most philosophically”fundamental issues that need to be determined.

I
i
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4.1;2° Design Life Assessment

The recommended methodology provides protection against creep and fatigue failure modes which have a
defined lifetime in terms of service duration or number of cycles, respectively. The philosophy is that key
modes of component failure such as creep and fatigue are evaluated according to specification
requirements (e.g. time and cycles), rather than against some arbitrary allowable stress or cyclic limit.
This “design life assessment” is differentiated from a “life assessment” because it is based on simplified,
conservative, analysis approaches combined with information available at the time of design both for

component details and for operating procedures.
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Actual components may not conform to this design information and, therefore, the “design life
assessment” cannot be regarded as a definitive calculation of the operating life of the component.
Specifically, the simplifications of material constitutive models for design are intended to result in
conservative bounds on behavior and not represent the actual material response. Furthermore, it is
recognized that certain information may not be available at time of design (e.g. actual operating
transients) and hence assumptions will be made. Also, the actual fabricated dimensions of the component
may differ from dimensions (such as minimum wall thickness) specified at design. Therefore, satisfaction
gf-thedestgmmethodotogy retatedto—creep—orfatigue—(thatmcludedefmed—time—and-—cyctes)ydoesmt
represent a detailed lifetime assessment for the component and hence the actual life for the compeneift
hay be significantly different than indicated by the methodology proposed here.

—

S

'his outcome is a direct consequence of the simplifications that must be made at the design stage t
rovide a practical methodology. As a result, it is recommended that for components designied using th
}pproach proposed here (or for that matter any design-by-analysis methodology) that @’life managemer

=

== )

rategy should be established for components designed to this approach. This could’include a variety o
pproaches including:

(a) On-line monitoring for creep and fatigue damage to provide actual.data that can be comparefl

with the assumptions and predictions at the design stage.

(b) Detailed life assessment accounting for actual component._geometry and operation, and

where appropriate — using more detailed life assessment‘approaches (such as those given ip

ASME FFS-1 or R5).

(c) Periodic in-service nondestructive inspection using@ppropriate techniques based on the likely

mechanism of damage and location on the component.

'he results of the “design life assessment” following the approach outlined in this report will provid
hformation on the relative criticality of key components (based on design margin and on the deviation 9
ctual operation from the design assumptions) whigh can be used to select appropriate inspection interval
r trigger more detailed life assessment or monitoring (although these should not be a prerequisite fo
sing such a “design life assessment” procedure).

o o o o= oo
= =h O
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1.2  Proposed Design-By-Analysis Method for ASME BPVC Section |

.21 Scope

'he design-by-analysis procedure can be used to establish the design for any part or portion of
omponent which the designer chooses. This could be an area which there may or may not presently b
ules for it in Section At ~However, the part or portion of the vessel which utilizes “Design-by-Analysis|
hall be meet all of the rules of “Design-by-Analysis”. This allows the flexibility to use a “Design-by
bule” approach fer; say, basic sizing of a header, but then the “Design-by-Analysis” approach can b
sed to optimize the local geometry of, say, tube penetrations and verify that these local features wi
heet the lifétime requirements defined in a specification.

MELCEER)
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4.2.2"Design Specification

It is’ recommended that the new Code, or portion/section thereof, require a Design Specification to defing
necessary parameters in the design of the boiler. It is recognized with the wide variety of boilers that are
presently designed, that some of the basic parameters which are inherent to the design process in the
current Section | may be variable in the “Design-by-Analysis” approach. Solar boilers, cycling gas
boilers, advanced ultra-supercritical boilers, and other potential new technology may have significantly
different operational lifetimes and conditions from the traditional base loaded boilers which have been in
service for many years.
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The parameters which may be affected include design temperatures, pressures, startup/shutdown types
and frequency, etc. In order for a designer to adequately design a boiler, there will likely need to be
collaboration / interaction between the Manufacturers and the Owners of this equipment. In addition,
since in many cases the actual cycles and associated transients experienced by the boiler can be very
dependent on other plant equipment outside the scope of the boiler (e.g. steam turbines, by-pass systems,
etc.) then to perform the design checks, particularly for cyclic service (in which the pressure, temperature
and fluid flow histories to which the boiler components will be subjected need to be defined), relevant
detaits—of—the—operatmg—sequence—and—fturd—parameters—witreed—to—be—commumicated—to—the—botlar
supplier.

t can be debated whether this type of information for a boiler is most appropriate to come from h
Manufacturer or from an Owner (User) of this type of equipment, or from the plant architeef engineer. It
yould be recommended that an Owner take ownership of the design specification, and associated modes
f operation, prior to the design or construction of the equipment and therefore, regardless of which party
enerates the specification, it could be termed a “Owner’s Specification” as they will/be the one operating
he final product.

Sge O o< = -
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'he following parameters shall be defined for each period of prolonged‘steady operation for each
omponent:
o Design load (Pges)
o Design temperature (Tqes)
e Operating load (Pop)
e Service duration (t;)

(@)

S

'he following parameters shall be defined for each cycle,of operation for each component:

e Cycle definition (name designating the type 6f cycle)

e Number of such cycles required

o Identification of the steady operating parameters that relate to dwell periods within the cycle

o Detailed description of the variation.of process conditions during the cycle to permit derivation gf
appropriate boundary conditions'fer subsequent design checks.

.2.3 Material Properties

4
In recommending a design-by-analysis methodology to be used in association with Section |,
donsideration has been given,to keeping the defined material data requirement to the minimum necessary.
The current version of (Section I only requires an allowable stress value (which may be modified by
weld strength reduction factor for certain alloys and certain loading in the creep range). To expan
Jection I to cover eyelic service and protect against creep-fatigue, additional data are required but, as wi
Be seen later im'the design approach, the aim is to keep the data requirement as small/simple as possibl
nd in any event commensurate with other international boiler design Codes (such as EN12952-3). Ther
jre threesmain categories of properties that are required for the design-by-analysis method defined later:

T — =

thermo-physical properties, strength properties and fatigue endurance. These are each discussed in th
following subsections.

w

Thermo-Physical Properties
These material properties are required for general design calculations, particularly for transient thermo-
mechanical analysis of operating cycles that require an understanding of the transient temperature
distribution and resulting stresses. The properties required, as a function of temperature, are:
o Elastic modulus, Poisson’s ratio, coefficient of thermal expansion, thermal conductivity, density,
specific heat capacity.
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These properties are available in the current edition of Section II, Part D. Hence no further modification
or additions are required (other than ensuring that data are available for all properties at all temperature
of interest)

Strength Properties

S
S

Presently Section I only utilizes an allowable stress, provided in Table 1A of Section II, Part D. The
design by analysis methodology proposed later in this document requires some additional strength

parameters;attof which-vary-withrof temperature:

o Time Independent Allowable Stress (factored by yield and tensile strength), S,
e Yield Stress, Sy

e Time Dependent Creep Stress, Sq

'he Time Independent Allowable Stress (designated Sn) is defined to be the same as the Currently use
ection I allowable stress in the time independent regime. This gives continuity and consistency with th
xisting Section I. For the methods proposed here, this allowable stress based“on yield and tensil
trength is extended to higher temperatures, at which the existing Section I time(dependent criteria resu
h the allowable stress being lower than that defined by yield or tensile critefia, Extension of these tim|
hdependent stress values to higher temperatures is already present in Section III, Subsection NH (NH
221, and Figures 1-14.3). Hence this adaptation is only a minor extensien of the present methodolog
tilized by Section I. The allowable stress at higher temperature, whig¢h is defined by the creep criteria i
he existing Section I, will be appropriately accounted for by the/Time Dependent Creep Stress which i
iscussed later in this section.

O, b o G = =N D )

'he Yield Stress (designated Sy) is defined to be the same as the currently tabulated yield stress in Tabl|
(1 of Section II, Part D. Although for some materials,motably those used for higher temperature servicg
hen it will be necessary to extend the tabulated valugs to higher temperatures. Again it is noted that thi
as already been accomplished for some materials in Section III, Subsection NH (Table I-14.5). Th|
resent definition of the yield stress in SectionIl; Part D is based on the monotonic tensile properties o
he material. Under reversed plastic straining, some materials can exhibit notable cyclic hardening o
oftening and therefore the monotonic tensile yield strength does not reflect their cyclic response. In th
esign approach proposed later in this-teport, the yield strength is only used in the context of cycli
valuations for shakedown, ratcheting and fatigue. Hence consideration should be given to possibl
daptation of the yield strengthtvalues (perhaps with a separate cyclic loading multiplier, as adopted i
25) to provide a better représentation of the cyclic yield strength for materials that significantly cycli
arden, or perhaps more significantly those that cyclically soften (such as Grade 91).

o vl e S < > N VT o WO 2 B e s W o vl s AP B |

The Time Dependent Creep Stress (designated S) is defined as the stress corresponding to the minimur
dreep rupture strength at a given time. This is similar to the stress to rupture values provided in Sectio
I, SubsectionNH or in EN10216 (and other similar EN Codes defining material properties). The tim
dependent ereep stress is used to ensure that acceptable creep rupture lifetime will be achieved. It i
recommended that the strength is defined as 80% of the average stress to cause creep rupture in a give
time, <This is consistent with other definitions of minimum creep rupture strength (notably the EN Codeg

w U 2 <X 1 O~ OO OO

T = - OO @R -

o =2 O O

T ~— = 71 0O =5 2

nd provides stress values that are not prohibitively conservative. As a point of reference, taking th

o : g H Hptd HES
is, for many materials, quite similar to the current allowable stress values used in Section I in the time

dependent regime. Thus, if a design life of 200,000 hours was specified then the component sizing would
be quite similar to that presently obtained with the Section I allowable stresses (this provides continuity

and consistency with established practice and experience).

For reference, Figure 4-1 below illustrates these strength values for Grade 91 steel, based on data from
Section II, Part D (where it exists), from Section III, Subsection NH (for yield strength at high
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temperature) and from EN10216-2 (for minimum creep strength, based on 80% of the stress values
provided in that document, with extrapolation to lower temperatures).

Figure 4-1: Strength Properties Required for Recommended Design Method (Values are Proposed

QO O < N0 oty o e

for Grade 91 Steel, Based on Values from Various Sources)
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or the time dependent creep stress values, it is recommended that values are provided at convenient
mes to facilitate analysis. Since ¢reep rupture is conveniently plotted on a logarithmic timescale theh
roviding values at times of 10,000.h, 30,000 h, 100,000 h, 200,000 h would allow interpolation (on a log
tress — log time basis) for moestirequired service intervals. For certain evaluations (notably creep damage
alculation), it is convenient to have time dependent creep stress values for longer time periods (beyonfd
00,000 h). However, it'is.tecognized that such data rarely exist and hence extrapolation is needed. Fdr
his purpose, it is recdnimended that a linear extrapolation is utilized on a log stress — log time plot basefl
n the two longest.durations for which stress values are provided (likely 100,000 h and 200,000 h). Such
xtrapolation ignapproximate, but simple to achieve without complex mathematics, while respecting the
lope of the(stress rupture data that is available for the longest times (EN12952-4 utilizes a simildr
xtrapolation*method).

l{atigue Properties
I

1§ proposed to adopt the fatigue curves from Section VIII, Div. 2, given in Annex 3-F. These curvef

2

which are provided for a variety of materials, have the advantage that they implicitly incorporate a
number of parameters such as mean stress and surface finish. These same fatigue curves are also adopted
by other ASME documents, such as FFS-1. While this may be conservative in some situations, this is

judged prudent for a simplified design methodology (particularly where residual stresses from fabrication

may have an influence which is not directly accounted for in some other design Code methods, such as
the EN Codes). In many cases, the ASME fatigue curves do not result in substantially different fatigue
lifetime predictions from other Codes (although the base fatigue curves may be substantially different, the
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various adjustments to stress ranges for use with the fatigue curves often compensates for these apparent

discrepancies).

In the aforementioned ASME documents, the fatigue endurance curves are restricted for use at
temperatures in the time-independent regime (specifically stated as 371°C (700°F)). It is proposed here to

utilize the same fatigue endurance curves at higher temperatures. The rationale for this is based on:
(a) There is relatively small variation in fatigue strength as a function of temperature for many alloy

S

(often this is adequately accounted for by a Young’s modulus correction which is currently used

withrthe ASME fatigueendurancecurves):

(b) At higher temperatures, the yield strength of the material is diminished and the proposed dgsig
methodology based on inelastic analysis will provide a strain range (and hence alternating'stresy
enhancement; at least in the case for cyclic plasticity at strain concentrations.

(c) The use of a creep-modified shakedown limit for the time-dependent regime to avoi
enhancement of creep by fatigue (or vice-versa).

Hor reference the fatigue curve for carbon and low alloys steels with tensile stfength not exceedin
52MPa (80ksi) is shown in Figure 4-2.

N

\Iso, with respect to fatigue curves for temperatures in the creep range of.the material, it is noted thg
N13445-3 (Annex B and the fatigue evaluation of Clause 18) notes that the fatigue curves are limited t
bmperatures up to 380°C for ferritic steels. Therefore, although the approach of EN13445-3 Annex B |
he only option for design-by-analysis in the creep range, the defined approach for fatigue assessment i
ot valid in that regime.

[ S S~ ~ L

Figure 4-2: ASME Fatigue Curve for Carbon and Low Alloy Steels
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4.2.4 Proposed Design Checks

Protection against Collapse and Net Section Creep Rupture (Gross Inelastic Deformation)

Background

This analysis is used to verify that the collapse load (Pr) with the design material properties (Sm, St) is
greater than the design loads (Pas). The purpose of this is to ensure that there is sufficient margin
against gross inelastic deformation (yielding at lower temperatures, net section creep at higher
temperatures) under anticipated design loading (design values of mechanical load resulting in prima;

N

stress: pressure, weight, supports, etc.).

If, per the design specification, multiple combinations of design loads (P4es) and design temperaturg
(Taes) exist, potentially with different service durations (t;) then each combinatiom,\and thefr
cumulative effect, shall be verified according to this procedure.

2]

Uethod
This evaluation shall be performed using limit analysis with the following parameters:

e Linear elastic perfectly plastic constitutive law.

e Tresca yield condition (maximum shear stress) [von-Mises_yi¢ld condition may be usefl
instead of Tresca but the material strength parameter shall bé&multiplied by V3/2].

e Material strength parameter equal to the lesser of Sy and S, (for the specified servicg
duration, ts) at design temperature.

e For components in the creep range (governed by timé dependent creep stress, S;) containinfg
weldments then such weldments shall be expli¢itly modeled and the weldment volumg,
including the adjacent heat affected zone) shall\be prescribed a material strength parameter
based on the base metal allowable stress factored by the weld strength reduction factqr
(WRSF).

e Component geometry representing design minimum wall thickness.

e All loads causing primary stress shall be included and shall increase proportionally during
the analysis (loads causing secondary stress may be omitted from the analysis). Where
different combinations of design loads and design temperatures are possible, then all
possible combinations shall)be verified by this design check.

e First order deformatioh _theory (except in cases were deformation has a weakening effect ip
which case geometrical non-linearity shall be taken into account).

[cceptance

If the limit analysis(onverges at these conditions the specific design load (P4es) and temperature (Tqe
combination is acceptable. In addition, to protect against local ductility exhaustion, the maximurp
absolute valuetgfthe principal structural strain shall not exceed 5%.

N’

The cumulative effect of multiple design load (Ps) and design temperature (T4es) combinations shall
be assessed using the following procedure to protect against net section creep rupture:
¢" For each combination of Pyes" and Tyes” identify the associated service duration t,.
e Record the collapse load, P, from the associated limit analysis (i.e. continue the lim{t

qnq]ycic ]‘\pyr\nd Hpcign ]nqﬂc)

e Calculate a reference stress for the design load (Paes”) and design temperature (T ges?):

Sref) = Pgesd / PL® * SO

e (Calculate the net section creep rupture lifetime based on the reference stress and design
temperature, tR9(Srel?, Tees”) from interpolation or extrapolation of time dependent creep
stress (S;) at the design temperature.

e (Calculate the cumulative net section creep damage by summing the life fraction at each
combination of reference stress and design temperature:
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de =30 /1 (1. T.)
1
e The creep damage sum, dc, shall be less than unity.

Notes
In the low temperature regime where the material strength parameter is defined by S, then this
procedure is consistent with the existing method in Section I. Specifically, the material strength (Sm)
is identical to that presently specified for the lower temperature time independent stress. The use of
Imt analysis with a Iresca yield criterion will, Tor the case of a pressurized cylinder, provide, apn
identical result to that of the existing Section I, A-317 formula. That is, the defined method is entirely
consistent with using basic sizing of a design-by-formula approach, where such formulas exist:~ This
ensures continuity and consistency with the existing Section I and builds on its heritage of safety.
Where formulas do not exist (e.g. more complex geometric forms) then the proposed method provide
an advantage, but maintain the underlying philosophical design margins of Section L.

[72)

In the higher temperature regime, where the material strength parameter ds<defined by St, thi
procedure represents a deviation from the current methodology of Sectiond-by allowing the use g
time dependent allowable stress values. However, the underlying philgsophy of verifying that th
primary load bearing capacity of the component at design loads and-femperature is greater than th
allowable stress is consistent with the existing Code. The use of the-[resca yield criterion in the tim|
dependent range is somewhat more conservative than the existing‘yersion of Section I which permif
the use of a modified hoop stress calculation using a so-called “y’ factor of 0.7 (which results in
lower stress than the Tresca limit load for the same geometry, and loading).

= 7 B I R = 7]

It is noted that the Tresca yield criterion is adopted«for'this method to (a) provide consistency wit
existing Section I formulas, (b) provide a lower estimate of the limit load than for von-Mises whe
the loading is not uniaxial or equibiaxial, (c) thexTresca criterion is likely more appropriate for som|
materials in the creep range where it is kngwn that maximum principal stress can significantl
influence creep damage formation and consequently creep lifetime.

= W B2 =

The design check ensures that the.design conditions (Paes, Taes) can be sustained for the require
operating period (ts;) and that theseumulative effect of these operating periods does not result in th
possibility of net section creep-/rupture. The use of a creep damage sum recognizes that th|
cumulative effect of multiple operating scenarios must be verified. This is particularly importar
where some may be of(rélatively short duration while others may be longer. The use of desig
pressure and temperature ensures conservatism for these design checks.

= = 0 0

The calculation-ef-creep damage is based on the primary (Tresca) reference stress. This provides
lower bound.onvthe stress to cause creep rupture (and hence theoretically an upper bound on th
lifetime). _<Phis is, however, judged to be appropriate for this design check because of other inherert
conservatisms (use of Tresca yield criterion, use of design pressure and temperature, use of minimurp
creeprupture data). It should, however, be recognized that this effectively provides a lifetime for ndt

3

b

O

seetion creep rupture for a material with good creep damage tolerance (ability to redistribute stres|
through tertiary creep). Local regions associated with strain concentrations may exhibit cree

darmnoca bhafara thic ot contiogs Avoam goatiaiy Tifotins hoasoavar tha ofenntien 1o o] o0 a0 1
Gaage—oTore TS HEt—Seetoh—reep—Tuptare ettt nowever e —Structare I15s—Stht—uhetoh

(providing the material has appropriate damage tolerance). It is for this reason that a later design
check ensures that local creep damage (at strain concentrations) is within acceptable limits.

The use of the time fraction rule for creep damage summation is judged to be appropriate since this is

applied to periods of steady operation at essentially steady and temperature, for which the time
fraction approach has proven to be applicable.
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The design check incorporates weld strength reduction factors in the creep regime (material strength
controlled by S;). The proposed methodology assigns this strength (S; x WRSF) to the entire weld
volume thereby minimizing the effect of any deformation constraint that might exist to ensure a
conservative approach. There are no restrictions on the weld geometry or orientation with respect to
the loading. For example, seam welds would effectively be limited by the reduced strength imposed
by a weld strength reduction factor since they are directly exposed to the primary (hoop) stress. Girth
welds, on the other hand, under predominantly pressure loading are inherently constrained (providing

o

41 b 1 b ke 1 N\ 1 41 1. . 1 b h| 1.1 LC i 1 L Vh N
LTI VOIUIIIC 15 11OU UV Idl BC} allll UICT T aual_y NIN) lllCUlUUUlUBy Cdll CIICCLU VCL)’ dCCOUILIU 101 U]
deformation constraint.

—

The acceptance criteria include a limit on the maximum principal strain of 5%. This proteets ‘againg
local ductility exhaustion. The limit of 5% provides a conservative bound based en\ the actudl
ductility of the material (assuming that appropriate materials that do not exhibit low ductility, or i
service embrittlement, are defined elsewhere in Code rules), and is consistent with limits in othdr
Codes such as EN13445-3, Annex B.

The methodology inherently assumes that the materials permitted by<the Code are tough (hig
fracture toughness) and that restrictions elsewhere in the Code placed.on imperfections / defects
construction features ensure that brittle / fast fracture is avoided. Senie/of these aspects are addressefl
in a later section of this report on flaw acceptance criteria.

~ =

ﬁrotection against Shakedown and Ratcheting
ackground

Method

A shakedown analysis is required for a component thatundergoes cyclic loading; this is to ensure thg
any cyclic plastic strain is appropriately contained by an elastic core, and that there is no possibility o
accumulated structural displacement (e.g. increméntal collapse or ratcheting). This requires analyse
to simulate repeated application of the operating cyclic loads. Where different loading scenarios thd
form a unique cyclic action are possible théh all such scenarios shall be separately subject to thi
check.

T =+ N = =

This evaluation shall be performed using cyclic inelastic analysis with the following parameters:

e Linear elastic perfectly plastic constitutive law.

e Von-Mises yield condition (maximum distortion energy).

e Material strength parameter shall be taken as the yield strength (Sy) with the yield strengt
varying in‘accordance with the temporal and spatial variation of temperature.

e Compenent geometry representing design minimum wall thickness.

e  Weld\régions shall be assigned the material strength parameter associated with the adjacer
base metal.

o "Ml operational loads (including temperature differentials) causing primary stress anfl
secondary stress shall be included and shall vary in accordance with the expected cycli
variation associated with the operating cycle being subject to the design check.

First order deformation theory.

=

—

©

e The number of load cycles analyzed shall be sufficient to demonstrate a stabilized cyclic
state has been attained. In no case shall less than three load cycles be analyzed.

e All loading cycles shall be closed. That is, the load sequence shall return to its starting
condition to form a complete cycle.

e The load (e.g. pressure and temperature) variations shall be representative of the true
operating characteristics and shall be selected to bound reasonably foreseeable
combinations, and rates of change.
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Acceptance
The following checks must be satisfied to demonstrate that each of the defined cyclic loading
scenarios (per specification) is acceptable:

(1) There shall be no progressive plastic deformation. This shall be demonstrated by showing
that there is no cumulative growth in structural displacements on successive load cycles, or
growth of local plastic strain magnitude on a cycle-by-cycle basis.

(2) For a model without stress concentrations, the analysis shall demonstrate shakedown to
C}abtib 1UC‘U\':I.ViUI (tllClC blla}l 1UC Jule) Lyblib plabtiu dcfuuuaﬁuu UIl bubbebiVC 1lUdCl u_yu‘wb).

(3) For a model with stress concentrations the analysis shall demonstrate shakedown to elasti
behavior over at least 80% of any structural section (e.g. the wall thickness). This-shall b
demonstrated by a plot of cyclic plastic strain.

(4) Permanent change in overall dimensions of the component.

[CES]

Notes
The proposed approach uses classic shakedown theory and takes advantage of ¢¥yelic inelastic analysi
to simplify the task. Using this approach provides valuable insight into~the structural behaviof.
Specifically, the history of plastic strain from the analysis will indicate if plasticity occurs, if it is onl
on the first cycle or two to establish a residual stress field to causesshakedown, or if alternatin
plasticity occurs and over what extent of the component. While_this can be accomplished wit
simplified calculations for some limited configurations, the préposed approach is not limited b
complexity of geometry or the cycle. Post-processing tools for ‘many finite element programs alloy
rapid analysis of results to demonstrate that the acceptance criteria are met.

72}

< < P U9 <X

The use of elastic-perfectly plastic material response~simplifies the material property requiremer
(avoids the need for cyclic stress-strain curves) and provides a conservative bound on the structura
response. It is noted that for components and cy¢les that include a dwell at high temperature then thi
check using the short-term yield strength (Sg). is necessary but not sufficient to ensure their saf]
operation. A creep-shakedown check is ingladed in the methodology and may effectively replace th
present check for components and cycles-with a high temperature dwell.

W W T — =+

The proposed approach to verify.global shakedown and absence of ratcheting is very similar to thdt
adopted in other design codes (Se¢tion VIII, Div. 2 and EN13445-3).

Protection against Fatigue
kackgmund

Fatigue damage shdll be calculated for all cycles defined in the specification to protect against locd
fatigue crack inifiation. The basic approach is to determine a stress range for each cycle that i
subsequently 6ised with a fatigue endurance curve to estimate the likely number of cycles to fatigu
crack initiafion, and hence develop a fatigue life fraction. The design-by-analysis approach propose
here takés direct advantage of the results of the preceding shakedown/ratcheting check. If that chec
is passed, then the results can be directly used for a fatigue damage calculation. The cyclic respons
may.be elastic or exhibit local cyclic plasticity (at least in the time-independent regime). The elasti
sttess range can be calculated using usual methods (described below) and the effect of cycli
plasticity is directly captured nsing the plastic strain range from the foregoing shakedown analysid.
The fatigue endurance curve utilized was discussed in an earlier section of this report.

Method

For each cycle (i) considered in the shakedown / ratcheting assessment, determine the associated
effective stress range and, where present, effective plastic strain range as follows:

Effective stress range:

W 77—

-G OO A
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i 1 i N2 i 2 i 2 i i i
ASD = E[(Ao-fl’ ~Acl) + (a0 —Act) | +(ac) - Ac) | +6((Ac) + (A +(Aa;;)2)]‘

where:

0 — ;0 _ 50
Aoy =0y L, O

n

In which m and n are different instants during cycle (i) such that the stress range is maximized. This

N

[cceptance

Notes

complexity that would be associated with use of cyclic stress-strain curves at different temperature)

is the usual approach to determination of the cyclic stress range for the case when principal stuess
direction may change during the cycle.
Effective plastic strain range:

(M _ Q[( ()

i)V i i)\ i i)\ i i i /2
peeq 3 11 _APEZ)) +(Apl(l) _Ap'JES)) +(Ap§2) - ;3)) +15((Ap1(2))2 +(A]71(3))2 +(Ap§3))2)]l
(@)

where Ap ;' is the difference in the component of plastic strain between the start and.end of the cycle

Ag

The average temperature for the cycle, T, shall be determined as the atithmetic mean of th
temperatures at the location of the largest stress range corresponding to'th¢ instants during the cycl
at which the stresses are at their extremes. A reference elastic modulus E.? shall be evaluated at th
average temperature for the cycle.

[CEECERY

An equivalent effective strain range shall be calculated from:
o AS®D .
Agl) = ——+ A

/. ED peeq
An equivalent alternating stress shall be calculated-from:
) — p(OA O
San =B, A&y /2

w

Determine the permissible number of cycles, N(i), for the equivalent alternating stress using th
fatigue curve defined in the material property section. Determine the cumulative fatigue damage fo
all cycles using Miner’s rule:

—

D, =3 n /N®
(@)

The cumulative fatigue damage sum for all cycles defined in the specification shall be less than unity

The proposéd approach for fatigue damage calculation follows conventional practice and is very
closely ‘aligned with Section VIII, Div. 2. The key difference here that the inelastic response is basefl
on glastic perfectly-plastic behavior, rather than utilizing cyclic stress-strain curves that incorporatg
sttain hardening. This simplification was introduced to (a) decrease the material data requirement, (b))

S

withir the tycle(amddeatimg-withtheassocrated Tmptenmentationr of kimenmatic trardemmgatgorithm

within analysis programs) and (c¢) to ensure consistency with other aspects of the proposed approach
which are also based on an elastic perfectly-plastic material response (e.g. where a portion of the

cycle is within the creep regime).

The use of an elastic perfectly-plastic constitutive model is consistent with that adopted by EN13445-

3 for fatigue assessment. It is recognized that other than the decreased yield strength associated with

higher temperatures, this procedure does not address cycles in which there could be significant creep

36
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during creep dwells in the cycle (e.g. temperatures above the time independent regime). It is for that
reason that the creep-modified shakedown design check is introduced, as discussed later in this report.
In some cases, that check may effectively replace the foregoing shakedown and fatigue design
checks. These checks have not, however, been combined because the foregoing shakedown and
fatigue design checks allow local cyclic plasticity (and hence a local strain range enhancement) which
is not permitted by the subsequent creep-shakedown check which is intended to avoid creep-fatigue
interaction.

It is also noted that in the calculation of equivalent effective strain range and equivalent alternatinf
stress that the uniaxial elastic modulus is used without correction for multiaxial deformation,\ Alsq,
no term is added to the equivalent effective strain range to account for the strain enhancement’due tp
constant volume deformation. These simplification approximations simply follow thos¢ ‘adopted by
Section VIII, Div. 2 (they are no worse approximations in the temperature regime aboye that currently
permitted by Section VIII, Div. 2).

No specific guidance or method is proposed for fatigue evaluation of weldments. This, among other
items, is discussed further in a subsequent section of this report.

Protection against Local Creep Damage

kackground

The foregoing check on net section creep rupture at design pressure and temperature does not provid|
protection against local creep damage at strain concentration features, or an appropriate creep damag
estimate for use in creep-fatigue evaluation. For this purpgse an estimate of the local stress, with du
account for stress redistribution due to creep, at such, strain concentrating features must be obtaine
and used to verify that creep damage is not significant in the defined operational period per th
specification. An estimate of the local rupture reference stress can be based on an approximate mods
that interpolates between the elastic and limit state stress distributions (such as is employed in th
EN13445-3 Annex B and R5 procedure)..~@he purpose of this is to ensure that there is sufficier]
margin against local creep damage under anticipated operational loading (fixed mechanical actiong:
pressure, weight, supports, etc.).

O = O O O

W —

—

Method
The rupture reference stress and associated creep damage fraction shall be calculated using the
following procedure for gachi'service period (i):
(1) Calculation of(maximum elastic stress at strain concentrating feature:
e Linear ¢€lastic constitutive law.
e Component geometry representing design minimum wall thickness.
o Alloperational loads causing primary stress shall be included at the corresponding desig
temperatures.
First order deformation theory.
e An elastic stress analysis shall be performed. The maximum value of the Tresca stress gt
the strain concentrating feature shall be designated Sei.max”.

—

(2) Calculation of primary load reference stress
e Linear elastic perfectly plastic constitutive law.
e Tresca yield condition (maximum shear stress) [von-Mises yield condition may be used
instead of Tresca but the material strength parameter shall be multiplied by V3/2].
e Material strength parameter equal to S, at design temperature.
Component geometry representing design minimum wall thickness.
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e All concurrent operational loads causing primary stress shall be included and shall
increase proportionally during the analysis [loads causing secondary stresses may be
omitted from the analysis]. Where different combinations of design loads and design
temperatures are possible, then all possible combinations shall be verified by this design
check.

e First order deformation theory [except in cases were deformation has a weakening effect
in which case geometrical non-linearity shall be taken into account].

® [he maximum absolute value of the principal structural strain shall not exceed 5%

e A limit analysis shall be performed to determine the maximum load P sustained by the
component at the designated strength Sy,

(3) Calculation of rupture reference stress and local creep damage fraction.

The cumulative effect of multiple operating load (Po,) and design temperature (Faes) combination
shall be assessed using the following procedure to protect against net section creep rupture:
e For each combination of P,? and Tes"” identify the associated séryice duration t,.
e Record the collapse load, P.?, from the associated limitidnalysis (this is the valul
determined during the first design check for collapse).
e Calculate a reference stress for the operating load (P,,");afid design temperature (Tges”):

2]

()

Sref—op(i) = Pop(i) / P O xS0
e (alculate the rupture reference stress
M _ gl [ ( G 0) )]
S =Srep-opll 0138 [ Srer0p —

—

e (alculate the net section creep rupture lifetime based on the rupture reference stress an
design temperature, tRO(Snp®, Taes™), from interpolation or extrapolation of tim
dependent creep stress (S;) at the design temperature.

e (alculate the cumulative local -Creep damage by summing the life fraction at each
combination of rupture referencestress and design temperature:

D=2 (" 19(S4. )

(]

Acceptance
The local creep damage sum (D¢Y for all service durations shall be less than unity.

Notes

This check provides an.estimate of the local creep damage sum at strain concentrations based on th
widely accepted and.ised (EN13445-3, Annex B; RS5) interpolation between the elastic and referenc
stress distributions? The use of the coefficient of 0.13 in the rupture reference stress equation i

consistent with 'other Codes that adopt this approach, and with the original reference from which it i
derived [25].

7 I I O Q)

The<methodology here adopts the Tresca criterion for both the elastic stress and limit load; as
diScussed elsewhere, this is to ensure consistency with existing Section I methods and conservatism.

Thischeck s Tetativety strarghtforwardtoappty because it Tequires ore ctasticarmatysts—amd-ome it
analysis for each defined service duration. The limit analysis result (to provide the limit load) can be
taken directly from the results of the first design check for collapse.

Operational loads are used in this design check because conservatism is assured by use of Tresca
criterion and by use of design temperature.
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Protection against Creep-Fatigue Interaction

Background
Creep-fatigue interaction can occur when cyclic operation causes perturbation of the stress
distribution established during steady state operation. If it can be shown that cyclic loading does not
affect steady state (dwell period) stress distribution then the respective, independent, creep and
fatigue contributions can be summed, and elaborate procedures for evaluating the enhancement to
creep and fatigue damage as a result of interaction are not needed.

Method

Two options are offered to demonstrate insignificant creep-fatigue interaction. The first is relativel
straightforward to apply essentially using an extended (or creep modified) shakedown method. Thi
approach can be overly conservative in some circumstances (e.g. differing cycles with<significantl
different operating times) and for such cases a second approach is provided (although<this’is often les
simple to apply).

Option /. Inelastic cyclic analysis with simplified creep-modified shakedown limit

7 X A X

This evaluation shall be performed using cyclic inelastic analysis with thedollowing parameters:

e Linear elastic perfectly plastic constitutive law.

e Von-Mises yield condition (maximum distortion energy).

e Material strength parameter shall be taken as the minimuf of the yield strength (Sy) and th|
time dependent creep stress for the longest operatingdime (S (ts?|max). The resulting materigl
strength parameter shall vary in accordance with jthe temporal and spatial variation df
temperature.

e Component geometry representing design minimum wall thickness.

o Weld regions shall be assigned a time dependent creep stress material strength parameter (Sf)
multiplied by the appropriate weld strength reduction factor (WSRF). For the temperaturg

h
t

()

regime where the material strength parameter is controlled by the yield strength (S,) the
weld regions shall be assigned the material strength parameter associated with the adjacer]
base metal.

e All operational loads (in¢lading temperature differentials) causing primary stress an
secondary stress shall béuincluded and shall vary in accordance with the expected cycli
variation associated with-the operating cycle being subject to the design check.

o First order deformation theory.

o The number ofload cycles analyzed shall be sufficient to demonstrate a stabilized cyclic stat
has been attained. In no case shall less than three load cycles be analyzed.

o All loading cycles shall be closed. That is the load sequence shall return to its startin
conditionyto form a complete cycle.

o Thelead (e.g. pressure and temperature) variations shall be representative of the trul
operating characteristics and shall be selected to bound reasonably foreseeable combinationy,
and rates of change.

oy

©

(€]

J\US]

(€]

Note that this evaluation shall be performed for all operating cycles, but that the evaluation for each
cycle shall use the same material strength parameter based on the time dependent creep stress for th
longest operating time.

€]

Acceptance criteria are defined in the subsection below:
Option 2. Elastic analysis based on dwell stress equal to reference stress
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A cyclic elastic analysis for the operational load history with a starting stress equal to the reference
stress (Sref”) shall not result in stresses greater than the short term yield stress (Sy) at any time during
the cycle.
This shall be verified for all cycles (i) with the following calculation:

e Linear elastic material

e Initial stress distribution shall equal Syef?.

e Material strength parameter shall be taken as the yield strength (S,) with variation in

N

accordance with the temporal and spatial variation of temperature.

e Component geometry representing design minimum wall thickness.

e Weld regions shall be assigned the material strength parameter (Sy) associated &yith the
adjacent base metal.

e All loads causing primary stress and secondary stress shall be included and shall vary i
accordance with the expected cyclic variation associated with the operdting cycle bein
subject to the design check.

o First order deformation theory.

—

U}

Acceptance criteria are defined in the subsection below.

[cceptance
Option 1: The analysis shall demonstrate shakedown to elastie\behavior (there shall be no cyclip
plastic deformation on successive load cycles) for all cycle types defined in the specification and the
sum of the creep (Dc¢) and fatigue (Dr) damage indicators,/at the same spatial location, shall nqt
exceed unity.
Option 2: The elastic von-Mises equivalent stress.during the operational load cycle shall not exceefl
the material strength parameter (Sy) and the sumof the creep (Dc) and fatigue (Dr) damage indicators,
at the same spatial location, shall not exceed unity.

Notes

(]

Option 1 is based on the classic extension of the time independent shakedown limit to the tim
dependent range. This is the more convenient method to use because of its simplicity from a
analysis perspective. However,-it may be overly conservative in some cases. Specifically, for a
operating scenario with cyeles having quite different service times (ts) at differing temperatures then
is possible that the methad)could be quite conservative because the stresses are limited to ensure the
are acceptable for the longest service duration at all temperatures. This is necessary because if th
method is separately-used for each cycle with the time dependent strength based on the service tim
for each cycle 4t 1s"possible that different residual stress fields could result which could result in a
additional creep strain increment.

> O 0 X =+ = =

Option 21 essentially the same criterion as that adopted in EN13445-3 Annex B for verification o
“actietr'cycles without plastification”. This is essentially the same as the check for insignificar
gycling utilized in R5. This is based on the concept that if the stresses in the redistributed state after
ereep dwell (represented here by the reference stress) are not changed by plastic deformation durin

O & —~ =

the remainder of the Cycie (e.g. the remainder of the cycle does not exceed yietd) then there will be i
change to the start of dwell stress, and hence no additional creep strain increment (creep life is
therefore controlled by the steady state stress and fatigue life is controlled by the elastic stress range).
This option, unlike option 1, does not permit the possibility of shakedown by plastic deformation on
the first few cycles.

In either option, the effect of reduced creep strength associated with weldments is approximately
represented in option 1 through reduction of the time dependent material strength parameter (S;) by
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the appropriate weld strength reduction factor, or for option 2 by use of the reference stress (Sreit”)

which inherently accounted for the weld strength reduction factor. No specific account of weldment
is considered for the fatigue portion of the cycle.

S

If either option 1 or 2 criteria for no repeated plastic deformation within a cycle are satisfied then
fatigue does not enhance creep and hence direct summation of the independently calculated creep and
fatigue damage is permitted. This is consistent with methodologies adopted in EN13445-3, Annex B

and in RS.

D

.2.5 Miscellaneous Items

—

h the context of providing practical “Design-By-Analysis” methods several topics requif¢, som|
dditional commentary.

o)

Weldments

In the proposed methodology, the weld strength reduction in the time dependest regime can b
ihcorporated (if available). If a weld strength reduction factor is not available thenfor weldments that ar
not normalized and tempered in ferritic steels it is recommended that a value 0f0.8 is adopted. This i
donsistent with available data for low alloy steels (such as grades 11 and 22)¢nd is also consistent wit
recommended practice in EN13445-3, Annex B. It should be recognized that'the creep strength enhance
ferritics (e.g. Grades 91 and 92) exhibit a much more significant weld-strength reduction factor anc
therefore, in most cases a value less than 0.8 should be used{the existing Section I has somg
donservative, guidance).

'his approach for weldments in the creep range is a practical approximation, but further work should b|
ompleted to ensure that it provides appropriate conservatism because in some cases a weaker weldmern
one can be effectively reinforced by stronger surrounding material but the increased ratio of principa
tress to von-Mises stress (triaxial constraint) may result in accelerated creep damage formation.

LN O e

'he proposed methodology does not include an*approach for assessment of weldment subject to fatigul
pbading. Approaches documented in the Gédes and Standards reviewed do not incorporate easily withi
he framework of inelastic analysis proposed for the other design rules, and methods that are available ar
por the time independent regime (nen<creep). This is largely because weldment geometry (particularl
illets) is often indeterminate and. cannot be modeled simply as a geometric fillet. Indeed, some wel
onfigurations inherently include-stress singularities that must be dealt with through use of a structura
tress (either through an extrapolation technique such as in EN13445 or through the structural stres
hethod as in Section VIII,'Div. 2), or potentially fracture mechanics. Hence this is an area recommende
or future work; in the-interim, the structural stress method from Section VIIL, Div. 2 appears to be thi
host appropriate to/be-adopted for the time independent regime.

e S N e S Y o W — N — NI o S S

(ertain weldments that operate in the time-dependent regime may also suffer cracking early in life due t
mechanisms$\such as reheat or stress relaxation cracking. It is proposed that Code rules should provid
appropriate fabrication methodologies (e.g. use of post weld heat treatment (PWHT)) rather than provid
desigimimethods to cover such circumstances since treatment of residual stress and phenomenon such a

= @ O O (€]

— e+ CD

O L n — =X O =5 0

7T W J

gdlastic’ follow-up are too complex to deal with in the context of design-by-analysis.

For dissimilar metal weldments the recommended methodology can incorporate some aspects of the life
limiting features of such weldments through the use of specific property data for the weld deposit and
weld strength reduction factors. However, it is not intended that the design-by-analysis methodology can
incorporate all contributors that limit the life and serviceability of dissimilar metal weldments and hence
other sections of the Code must provide advice on permissible material combinations and associated weld

filler metals, as well as possible restrictions on geometry and loading.
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Environment

In general, protection against wall loss due to general environmental attack (oxidation, corrosion, etc.)
should be assured by making appropriate material selections and, where appropriate, by using additional
thickness margins to provide a so-called “corrosion allowance”.

Such an approach is not necessarily appropriate for corrosion fatigue (or related mechanisms of magnetite
cracking). While the EN Codes include specific stress limits with the intent of avoiding magnetite

Q

H
1]
1

a0 O ot O D ed DN

O

= N L O ed DN

D

lence stress limits are not recommended and corrosion fatigue (and magnetite cracking) should\b)
hanaged by good operating (and lay-up) practices, combined with periodic inspection of vulngrabl
bcations.

1.3 Example Problem

'o illustrate the recommended design-by-analysis methodology an example problem 45 presented. Thi
xample has been selected to represent most aspects of the methodology through use of a typicg
omponent geometry (a portion of a header with tube penetrations), subject to_steady loading at hig
emperature (time dependent regime) and a cycle (to illustrate shakedownand fatigue methods). I
reating this example, selections have been made to give geometry and loading that might be typical of a
ctual header to help illustrate the recommended approach (note that,this-is purely illustrative and henc
hay not represent a viable actual design).

[0 simplify the explanation of the methodology, the exampleexeludes consideration of weldments. Eac
f the steps of the design-by-analysis is explained in the subsections that follow.

.3.1 Specification

'he component is a header with an array of tubewpenetrations (two in-line rows) along its length. Th|
omponent shall be designed to operate for 200,000 hours of continuous service. The design pressur
hall be 165 barg. The corresponding operating pressure is 140 barg. The design temperature shall b,
00°C (based on a steady operating temperature of 585°C and a margin of 15°C to allow for temperatur
mbalances).

'he component shall be designed-to endure a minimum of 5,000 startup-shutdown cycles. For thi
xample which illustrates the-approach only one cycle type is defined. The idealized cyclic variation d
ressure, temperature and filarheat transfer coefficient is defined in Figure 4-3.

1 +1 £ + VRN +1 4 1. LS FORESWRL | | 1ol 1 1
LAUKIILE UICIT dIT TASTS U1 COLLIPOHCIILS  SAUSIYILE  UICST SUCSS  HIIILS  UUL SULD CALTUIUILE  SUCID CIAdUKIITE.
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Figure 4-3: Parameters for Example Cycle

Time | Pressure [Temperature |Film Coeff.
(min) | (MPa) () (W/m?/C)
0 0 20 0
10 7.5 400 500
30 75 500 500
40 14 600 1000
90 14 600 1000
95 7.5 500 500
417 0 20 500
500 0 20 0
1200 16
- —l—-Temperature.
fg 14
3 1000 - e Film Coeff
= —— Pressifie 12
£ 8OO - -
3 10 &
U =
% B0 - E @
r ]
=) 6 ©
o 400 o
=
g 200 ;
j=9
= 2
&
0w ; - 0
0 106 200 200 A00 500
Time (min)

D

.3.2 Material Properties

The component is fabricated from grade 91 steel (header body SA335-P91; tube SA213-T91). Propertig
have been compiléd from relevant sections of the Code as tabulated below (Figure 4-4).
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Figure 4-4: Material Properties for Design-By-Analysis Example

Density 7750|kg/m’
CTE Thermal Thermal | Elastic
Temperature| mean | Conductivity | Diffusivity [ Modulus
(€) (/9 (W/m/C) (m2/s) (MPa)
20 22.3] 6.61E-06] 213000
100| 1.09E-05 24.4| 6.74E-06] 208000
200] 1.13E-05 26.3| 6.71E-06) 205000
300| 1.17E-05 27.4] 6.39E-06| 195000
400] 1.20E-05 27.9] 5.87E-06] 187000
500| 1.23E-05 27.9] 5.22E-06| 179000
550| 1.25E-05 27.8| 4.85E-06| 174000
600| 1.27E-05 27.6| 4.42E-06] 168000
E. (MPa)s | 206850
Temperature S, Si S, (100,000h) | S (200,000h) N Sait
(C) (MPa) (MPa) (MPa) (MPa) (cycles) (MPa)
20 414 168 1.00E+02 1413.5
100 384 168 2.00E+02 1068.7
200 377 167 5.00E+02 724.0
300 377 164 1.00E+03 572.3
400 358 153 382.9 374.0 2.00E+03 441.3
425 348 147 333.7 324.8 5.00E+03 331.0
450 337 141 288.0 2791 1.00E+04 262.0
475 322 134 245.3 236.4 2.00E+04 213.7
500 306 126 206.4 196.8 5.00E+04 158.6
525 288 117 168.4 158.8 1.00E+05 137.9
550 269 107 132.8 123.2 2.00E+05 113.8
575 243 96 101.6 93.6 5.00E+05 93.1
600 218 84 75.2 68.8 1.00E+06 86.2
4.3.3 Basic Component Dimensions
(ther (process and mechanieal) requirements define that the header shall be DN300 (outside diamete
273.05mm), and the tube-shall be 38.1mm outside diameter.
The primary loading is internal pressure (no other external mechanical loads are included).
Basic sizing(of* the components can proceed with the design-by-formula approach from the existin
Jection L, wusing Appendix A-317 for consistency with the overall design-by-analysis approach (namel
yse of Trésca limit load for primary stress design).
Hron the material data, S = 68.8MPa (S; at 600°C, 200,000h)

Tube thickness:

Calculated required minimum wall thickness:

t,=D(1—exp(—P/S,E))/2, from which t. = 4.062mm

Selected tube minimum wall thickness: tmin = 4.5mm

Hence tube internal diameter: d = 29.1mm (taken as diameter of hole in header)
Ligament efficiency for header:

Tube pitch, p = 100mm
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E=(p—d)/d, from which E =0.709

Header thickness:

Calculated required minimum wall thickness:
t, = D(l - eXp(—P/StE))/Z , from which t. = 39.18mm

Selected header minimum wall thickness: tmin = 40mm
Hence header internal diameter: d = 193.05mm

PNl o w7 B N @ W ok o i s ol

Ko e vl S |

\ sketch of the analysis geometry with key dimensions is shown in Figure 4-5. A slice of the header an
ibe penetration is modeled with a symmetry plane along the header axis and the repeating portion, of
ibe with an axial length equal to half the axial tube spacing. The planar cut through the header and tub|
5 constrained with a symmetry boundary condition. The planar cut between tube pefictrations i

\dditionally, the free end of the tube is constrained normal to the cut face. Thi§ discretization i
ufficient to capture the thermal (through-wall temperature gradient from internal hegting/cooling, top-tq
ottom temperature gradient from more rapid heating/cooling in the tube ligaments) and mechanicd
pressure with balancing end load) loads.

'he thermal boundary condition (film heat transfer coefficient) is appliéd)on the internal surface of th
eader and tube; note that for simplicity, identical heat transfer conditions are used for the header an
1be (no account is taken of different flow rates or other factors such @s turbulence).

ressure is applied on the internal surface of the header and €ub€. The end load applied on the axial cy
pce of the header to balance the internal pressure is:

d2
Sena = Pm =p

onstrained to remain planar (using a multipoint constraint equation), respecting the repeating symmetry.

@ O & =

72}
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Figure 4-5: Geometry of Analysis Model, and View of Finite Element Mesh and Boundary
Conditions

.3.4 Protection against CoIIap§8(-Net Section Rupture)

A limit analysis is used to verify th@e limit pressure is greater than the design pressure. The materig
trength parameter is S; (200,00Qh; 600°C) = 68.8 MPa. The finite element program only has a von-Misg
ield criterion so the stre parameter (yield stress) entered into the program is corrected t

58.84/3/2=59.6 MPa.

\ limit analysis is@@ormed, giving the load at collapse PL = 17.1MPa. The distribution of principg
train close to ¢ e is shown in Figure 4-6. It is evident that the limiting section is the axial ligamen
etween the enetrations.

'he co load (17.1MPa) is greater than the design pressure (16.5MPa) so the design check is passed.
'he ction creep damage sum is not necessary since there is only one operating period specified an
een verified that the design loads are less than the collapse loads. Hence, by inspection, the ng
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Figure 4-6: Color Contour Plot of Principal Strain Close to Collapse

.3.5 Protection against Shakedown and Ratcheting

A cyclic inelastic analysis is performed for 3 cycles using the'yield strength defined by Sy (from Figure
-4) and the load history specified in Figure 4-3. This was-performed as a separated transient thermal-
hechanical analysis to provide the history of temperature, stress and plastic strain throughout the 3
ycles.

'he analysis demonstrates that shakedown is achieved after one cycle. That is, on cycles 2 and 3 there i
o plastic deformation (all stresses remain‘\within the elastic limit). Hence the structure is within strig
hakedown and does not ratchet. The design check is passed.

'he small plastic strain increment on the first cycle (to establish a residual stress) occurs at the edge of th|
ibe penetration on the circuinferential ligament (Figure 4-7). This indicates that the specified cycl
esults in higher stresses omthe circumferential ligament, whereas the limit analysis previously performe
hdicates that steady loading results in higher stresses on the axial ligament.

—

= O
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Figure 4-7: Color Contour Plot of Equivalent Plastic Strain on First Cycle from Shakedown
Analysis. No Increase in Plastic Strain Occurs on Subsequent Cycles

D

.3.6 Protection against Fatigue

ince strict shakedown is achieved (entire section shakes.down to elastic behavior) then the elastic stres
ange can be obtained from cycle 2 or cycle 3 of the preceding shakedown analysis. A post-processin
lgorithm was used to calculate the von-Mises stress range taking account of possible rotation of th
tress tensor. The resulting stress range is showndn Figure 4-8. This shows that the largest stress rang]
ccurs at the edge of the tube penetrations on the'circumferential ligament.

o W QO = N
o O uUu ©»

Figure 4-8: Color Contour Plot Showing the Range of Von-Mises Stress for the Loading Cycle

Fatigue damage can now be calculated. Two fatigue damage values are calculated and shown below: one
for the circumferential ligament where the stress range is largest (but where creep damage is negligible)
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and one for the axial ligament where the stress range is lower (but where creep damage is more

significant).

Figure 4-9: Fatigue Damage in Circumferential Ligament

)

passed.

von-Mises Stress range 566.8|(MPa)
Effective plastic strain range 0|(abs)
Temperature at min stress 265((C)
Temperature at max stress 535((C)
Mean temperature for cycle 400((C)
Elastic modulus at mean temp. 187000|(MPa)
Equivalent effective strain range 0.00303((abs)
Equivalent alternating stress 283.4|(MPa)
Modulus correction for fatigue 1.106
Alternating stress to enter fatigue curve 313.5|(MPa)
Number of cycles permitted 5873|(cycles)

The required number of cycles is 5,000. The fatigue damage fraction is Dr =\0:851

'he fatigue damage fraction for the circumferential ligament is less than unity so the design check i

Figure 4-10: Fatigue Damage:in Axial Ligament

von-Mises Stress range 307((MPa)
Effective plastic strain range 0|(abs)
Temperature at min stress 265((C)
Temperature at max stress 560((C)
Mean temperature for eycle 412.5|(C)
Elastic modulus at mean temp. 186040|(MPa)
Equivalent effective’strain range 0.00165|(abs)
Equivalent alternating stress 153.5|(MPa)
Modulus carrection for fatigue 1.112
Alternating stress to enter fatigue curve 170.7|(MPa)
Number of cycles permitted 39908|(cycles)

4.3.7 Protection against Local Creep Damage

The required numberof cycles is 5,000. The fatigue damage fraction is Dg = 0.125

The fatigue datmage fraction for the axial ligament is less than unity so the design check is passed.

An €lastic analysis is performed first, using operating loads, to determine the maximum elastic Tresc
stress. The elastic stress distribution is shown in Figure 4-11, where it can be seen that the highest stres

1=~

A

is at the edge of the penetration for the axial ligament. The stress at that location is Semax = 137MPa.
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Figure 4-11: Color Contour Plot of Elastic Tresca Stress Distribution at Operating Load

S

'he primary load reference stress can be obtained from the first design'check on plastic collapse:
Stefop = (14.0/17.1)68.8 = 56.3MPa

The rupture reference stress can be calculated from the preceding stress values:
S =S [1 +0.13(Se,,max /857, —1)] = 66.8MPa

rup — “ref-op

S

'he creep lifetime at this rupture reference stress_e¢an be calculated from logarithmic extrapolation of th
100,000h and 200,000h stress values given in‘Pigure 4-4. Specifically, constructing an extrapolatio:
sing these values gives:

—

tr(Srip, Tdes) = 251,469 hours
Hence th¢_creep damage indicator, D, = 0.795

Jince the creep damage indicator is-less than unity the design check is passed.

.3.8 Protection against-Creep-Fatigue

or protection against-creep-fatigue it is necessary to demonstrate that the sum of the creep and fatigu
amage indicators is\less than unity, and that there is no enhancement of creep by fatigue (resetting g
tart of dwell stress) = which is checked here by use of option 1 from the recommended methodology (us|
f creep-modified shakedown limit).

o wn o N

S

'he creep and fatigue damage indicators and their sums for the axial and circumferential ligaments ar|
summarized below:

oW

=)

()

o5

w

- t 42 o Eaticrtreb i 'S

Axial Circumferential
Ligament Ligament
Fatigue Damage, D¢ 0.125 0.851
Creep Damage, D¢ 0.795 0
Total Damage (Dg+D¢) 0.92 0.851
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Using option 1 for the creep-modified shakedown check, the material strength parameter (yield stress) in
the cyclic inelastic analysis is defined as the minimum of the yield stress (Sy) and the creep stress (S;) for
the operating period of 200,000 hours. With these parameters, the cyclic analysis is performed to
determine if the structure shakes down to an elastic response.

Review of the plastic strains from the analysis indicates that during the first cycle plastic deformation
occurs at the edge of the tube penetration on both the axial and circumferential ligaments. However, by
thre-third b_yblc the-axtat ligaulcui stakesdowmrtoarretasticresponse (iudibaﬁug that-aresrduat-stress—fretyd
dxists that will ensure that creep and fatigue do not interact). The circumferential ligament, however,
does not shake down and has an equivalent plastic strain range of approximately 0.06%. The equivalen
plastic strain range for the third cycle is shown in Figure 4-13. This indicates that cyclic operation will
dnhance creep damage at this location by, potentially resulting in a creep-fatigue interaction,

-+

Figure 4-13: Color Contour Plot of Equivalent Plastic Strain Range for Third Cycle of Creep-
Modified Shakedown Analysis

FENREEERT

)

'he lack of strict shakedown in this analysis indicates that the creep-fatigue design check is not passed.
[0 pass this check'it'would be necessary to reduce the cyclic stresses.

S

'he region of potential creep-fatigue interaction is contained within an elastic core, suggesting that locg
rack initiation and growth would occur in a stable manner (which is consistent with general experienc
f cireumferential ligament cracking). Also, it is noted that the design check employed here ca

otentially be overly conservative because it considers that the stress at any instant during the cycl
hn IA be 1v171f]f\1ﬂ +Lm l1m1+ Am(‘:vmfl 1“, fl«a 200 nnn Lm HE IR WR-stress—rapture awannﬂ« IQ \ van—r)vd‘ano
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how long of a duration that stress Would actually occur. To explore if this is a p0551ble reason for the
indicated creep-fatigue interaction, the material strength parameter for the creep-modified shakedown
check was adjusted so that the 200,000 hour creep stress is only governing at temperatures above 575°C
(utilizing the short term yield strength, Sy, at all other temperatures). This analysis also resulted in a local
cyclic plasticity, indicating that creep-fatigue is a distinct possibility with this particular configuration and
transient. Evaluation of the actual creep-fatigue damage would have to be performed with a life
assessment procedure, such as that documented in RS5.
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With regard to modifications to avoid the possible creep-fatigue interaction, since the circumferential
ligament is a concern, then it may be possible to decrease the top-to-bottom temperature differential that
drives the stress by spreading the tube penetrations in the circumferential direction or by decreasing the
rate of heating/cooling in the cycle. If either of these, or other options, are explored then it would be
necessary to repeat the complete set of design checks associated with the proposed design-by-analysis
methodology.
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rsoted-that mrthrsexampte-thesunrof thecreepand-fatrguedanmmage s targest i theaxrat-tigament by
he creep-modified shakedown calculation demonstrates that a higher risk of creep-fatigue interactio

1.4  Resources Required for Desigh Checks

'his section provides some insight into resources required for the recommended design-by-analysi
hethodology.

Based on some limited trials with the proposed methodology (and experience with’ other similar methods
uch as EN13445-3, Annex B) the majority of the time to complete the design.checks is spend gatherin
he necessary data for the analysis (geometry, materials data, definition oftransients/cycles, specificatio

ymmetry planes and other boundary conditions) for finite element analysis and defining thermo
hechanical boundary conditions for cyclic analysis will likely fat‘\dutweigh the time required to complet
he necessary design checks. In the case of a relatively simple)geometry and load history then the modd
efinition, analysis and post-processing to verify the design-gan be completed in a few hours.

'he computational requirements to complete the defined analyses are generally very modest. Fo
xample, the setup, analysis and design checks for the‘example problem in Section 4.3 were performed i

few hours using a standard laptop computer, [Hence, for the vast majority of cases the computationg
equirements (CPU speed, memory, disk space) etc.) are very modest and well within the capacity of an
hptop or desktop computer. Scenarios which may create a larger demand for computational resourc
hclude:

e When it is not possible to isolate an individual feature of a component for evaluation (e.g. whe
features are in sufficient proximity that their interaction might be a concern). Hence the finit
element model might become quite large.

e  When a finite element'model for design-by-analysis must include (at least approximately) othe
components to which the region under evaluation is attached (e.g. loads transferred from othe
regions or components). Hence the finite element model might become quite large.

e  When the ¢ycle under evaluation is complex (e.g. significant rapid thermal transients) requiring
combination of detailed heat transfer and stress analysis.

However, inteach of these cases, it is usually the case that the computational requirements may be largg
b complété an analysis in a given time (or the analysis will take longer) but the time associated with dat|
athéring and model setup will generally be substantially larger than the time required for th

xists in the circumferential ligament (this is consistent with practical field experience in similar headers).

f load history). Indeed, the time spent selecting how to simplify the‘\actual component geometry (e.g.
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omiputational analyses.

In general, no special finite element programs or proprietary algorithms are needed to complete the
analyses necessary for the design checks. Most finite element programs have capability for elastic and
elastic-perfectly-plastic constitutive models, and can be made to follow a load history to simulate a cycle
(in most cases including any associated transient thermal calculations to determine temperature
distributions). Therefore, the recommended methodology is practical and accessible.
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5 FLAW ACCEPTANCE CRITERIA

This section of the report discusses some aspects of flaw acceptance criteria and provides some

recommendations for methodologies and guidelines for initial construction of equipment.

The flaws to be evaluated are, in general, the flaws which are already defined within the scope of Section
I for evaluation during construction. These flaws to be considered include the current acceptance criteria

s referenced in Section I paragraph PW-51 for radiographic testing or PW-52 for ultrasonic testing.

he two most common methods of inspection of these flaws is the use of either ultrasonic ‘(UT) 9
diographic (RT) methods for this inspection.

.1 Radiographic Inspection Criteria (RT)

he current inspection criteria used in radiographic examination is based on traditional “workmanshi

andards”. This criterion has a long time tested track record of experience. Some of the issues with thil
technique are well known. However, it should be recognized that some geometrical features (notabl
rack-like (planar) indications at particular orientations with respect to the orientation of the imagg
annot be evaluated with this technique. Nevertheless, radiographic-inspection remains the mog
ppropriate technique for detection of volumetric indications related to workmanship (slag, porosity, lac
df penetration). Hence it is recommended that current Section I criteria based on workmanship standard
dontinue to be used. However, this approach may not detect some workmanship indications that can b,
hore planar in nature, such as reheat cracking or hydrogen cracking — although such cracking phenomen
are best addressed by appropriate selection of materials and\welding practices (which should be mandate
iy Codes).

.2 Ultrasonic Inspection Criteria (UTF)

rd.1

A\ more recent approach for flaw detection~is® the methods involved in UT. UT, using appropriat|
rocedures and qualified staff, should have«an improved detection capability for linear (planar) flaws tha
2T. This was originally used in generation of Code Case 2235 and has since been expanded in Sectio
/111 to include thickness down to Ya1nch (13mm) and to thickness as large as 12 inches (300 mm). Thi
[ode Case was adopted for use several years ago and the methodology has since been adopted directl
hto in Sections I, VIII Div 1,1 Div 2, VIII Div 3, and XII. This is a technically based approach fq
cceptance standards for flaws where the typical RT acceptance criteria is a workmanship base
approach.

Q = A A g N

The adoption of this eriginal Code Case was based on the principle that the stresses were low enough t
dliminate any time‘dependent effects on the materials being used. The flaws sizes were based on flaws o
dufficient size~to allow for a significant margin between an assumed conservative fracture toughness o
the materjal-and the stress intensity factor of a semi-elliptical flaw. Stresses were assumed to be equal t
that of the allowable stresses for Section VIII, Div.2 and residual stresses were assumed to be equal to th
yieldstrength in a non-PWHT vessel.
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However, the derivation of the currently accepted criteria do not account for any type of cycle or time
basis in its development and, therefore, are only applicable to primary loading of magnitude similar to the
Code allowable stress in the time independent regime. Furthermore, the criteria do not consider the actual
loading that might be possible for a particular component in a particular application (e.g. secondary
stresses that may exceed yield). Therefore, this is purely a hypothetical fracture mechanics based
approach with “engineering judgment” coming into play to establish the design margins that are used.

Such an empirical approach should not be considered to be part of a general design-by-analysi
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philosophy as it has little relevance to the actual loading experienced by a component. However, it is
appropriate for the generation of basic flaw acceptance criteria.

There are several factors in the design of a Section I boiler which are outside the original assumptions
used in the derivation of the current UT in lieu of RT criteria.

o The current criteria was developed using room temperature toughness properties and did not
consider elevated temperature failure of flaws. Extension of these criteria to the time dependent

o o~

Qg =S D e

(creep) Tegime 15 particutarty complexbecause; nvariabty, flaw acceptarnce criteria are Tequirefl
for weldments where the differing material regions of the base metal, weld metal andphedt
affected zone will generally have different strength properties resulting in stress redistribution,
and in some cases, enhanced triaxiality which complicate crack assessments.

e The materials considered in the original Code Case criteria adopted were limited \to SA-51
Grade 70, SA-517 Grade F, SA-553 (9 Ni), SA-240 (304ss). Whereas a much more varie
selection of materials (and corresponding weld filler metals) are permitted within Section L.

e The stresses used in the fracture mechanics assessment were derived fromeSéction VIII, Divisio
2 allowable stresses in effect in 2001. Again, this assumes that onlyyprimary loading is g
significance to flaw acceptance criteria.

[®)}
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'he flaw acceptance criteria developed for Code Case 2235 should begze-¢valuated based on condition
vhich are relevant to the construction of power boilers and high temperature equipment. BS-7910 ha
hformation and examples regarding the assessment of flaws in the high temperature regime. A proces
vhich utilizes the philosophy followed in the derivation and justification of the original flaw acceptanc|
riteria, combined with the flaw evaluation techniques found in the BS-7910 annexes, will result in a sq
f criteria appropriate for use in Section I construction.. Similar evaluation methods can be found i
ection XI. The following is a description of the methodology.

= = 0 V1 »nn «n

'he original work performed by Rana, et. al. was-done performed using linear elastic fracture mechanic
[LEFM) to calculate the fracture margin definedby the materials fracture toughness (Kic or K¢) divided b
he applied stress intensity factor (Kia). Theyanalysis was performed using semi-elliptical shaped crack
sing a flat plate solution.

172}

v <

'he methodology for the evaluation-would be to follow a similar approach to that used to support th
xisting criteria, except to use_some different techniques for demonstration of the design margin. In th
revious work, a range of crack sizes were evaluated for plates from a thickness of % inch through 1
hches for flaws with aspe¢t ratios (a/l) from 0.05 to 0.5. Allowable crack sizes were calculated for thes|
eometries were generated which had a margin (Ki. / Kia) of 1.8 (minimum) based on the evaluation g
Il of the materials involved. The partial safety factors (PSFs) used were based on PD: 6493, 1991:

= 0 &Y W

Parameter PSF
Stress 1.4
Flaw Size 1.2
ch 1 2

ON0S
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Application of the PSFs to this equation results in:

Ku=M (140) (r (1.22)/Q)* = 1.53 Mo (ta/Q)* = 1.53 Kir
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Also, the limit with a PSF is then K’ = Ky / 1.2. Therefore,
(KIC/ 1.2) = (1.53 KIA)

Hence the fracture margin, FM =K’/ K’1a=1.53 *1.2=1.8

Failure Assessment Diagram
A number of fracture assessment procedures, including BS-7910, recommend the use of the Failur

(S

ssessmentDragram(FAD)approach—thrs methodotogy combmes-both-thepotentrat-britttefracture;

vell as potential ductile collapse of the remaining ligament. The maximum allowable flaw sizes generaté
hay be additionally evaluated using the FAD approach combined with the appropriate PSFs. Figure 5-
hows an example of a failure assessment diagram, including the various failure modes which may'occur

N = < N

'his methodology is dependent on the strength of the material (based on the Section Ilg Part D Table
llowable stress of the material), the yield strength of the material (Section II, Part D Table Y-1) and th
racture toughness of the material (FFS Annex F).A limited parametric study of théuise of the FAD wal
one to determine the applicability of the method. Grade 22 (2 ¥4 Cr — 1 Mo) was evaluated for the cas
f a two inch thick plate to demonstrate the use of the FAD on the determindtion of the allowable crac
ize to show the effect that the FAD would have on the acceptance criteria,

B0 O = Q0

)

'he material properties for Grade 22 used in the study are as shown below. The properties are fror
Section II, Part D.

L

Figure 5-1: Grade 22 Properties

~&o o
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Assumed
Temperature h%‘;:;i:ist;f Yield Tensile Allowable Csl;l:gzl
(o) . . .
(°F) (ksi) Strength (ksi)\| Strength (ksi) Stress (ksi) Intensity Kic
(ksi-in"5)
72 30,600 30 60 17.1 67
500 28,300 26.9 58.2 16.6 100
850 25,950 26.2 58.2 16.6 100
1000 24,700 23.7 53.9 8.0 200

'he study included iteratively’ determining a semi-elliptical surface connected crack with a 3:1 asped
atio in a plate. For eaeh temperature, the crack sizes were varied from a 0.01 deep x 0.03 inch dee
rack and increased inctementally until a critical crack size was found using the FAD approach. All g
he conditions evaldated were for the same series of crack sizes as the initial 72°F temperature.

o O

)

'he study comsisted of temperatures of 72, 500, 850 and 1000°F. The 850°F temperature was selected as
he highest-temperature listed in the temperature independent regime. Figure 5-3 shows the results of this
study.

—

—

— 9

Therthree curves in the time independent temperature regime show that the most conservative of the

initial critical crack size studies are the 72°F results. The same crack sizes, as shown 1n

Figure 5-3, were evaluated at 500°F, 850°F, and 1000°F. Due to the elevated toughness at elevated

temperature it is predicted that the cracks do not reach critical crack size at the elevated temperature.
Additionally, for the 1000°F case, the time dependent allowable stress used for determination of the

applied stress is much lower than the time independent applied stress when compared to the yield strength

at each temperature. This is also shown in Figure 5-3
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An additional issue is the use of yield strength in the FAD evaluation. Two additional evaluations were
performed to evaluate the series of crack sizes with the yield strength lowered with a PSF of 1.4. The
figure shows that the results from these two plots (72* and 1000*) are more conservative than the initial
evaluations, as expected. This could be an additional level of conservatism which was not included in the
original criteria, originally included in Code Case 2235.

The takeaways from the evaluation are:

— il

Uethodology

'he overall methodology recommended is the following:

(a) Some of the assumptions which need to be made for the generation of the acceptance criteria are
the loading basis for the analysis. It is recommended that the evaluation be performed assuming:

The FAD shows that thecriticat crack sizes are actuatty determined atapproxinmatety 8096 of the
critical stress intensity factor.
The 72°F evaluation will result in the most conservative critical crack sizes over the elevated
temperatures in either the time dependent or time independent temperature regimes
A PSF added to the yield strength in the FAD method will result in even more conservative
results than was included in the original analysis for Code Case 2235. This i$.fiot considerel
necessary because:

= This methodology already includes additional conservatism due tothe use of the FAD
» The yield strength listed and used are minimums as listed in Sé€etion II, Part D. Actug
properties are typically higher than these.

—

(1) Materials to be evaluated include as a minipaum:

i. SA-516 Gr 70

ii. SA-517GrF

iii. SA-553 (9 Ni)

iv. SA-240 (304SS)
v. Grade 11(1 % Cr — 2 NMo'— Si)

vi. Grade 22 (2 % Cr —lyMo)

vii. Grade 91 (9 Cr<1 Mo -V)

(2) The applied stress is.equal to the allowable stress for the materials in question (II I
Table 1A).

(3) Secondary stresses, except for some cases of weld residual stresses, are not included i
the evaluation'to keep the analysis simple, as was done for the CC 2235 evaluation. Not
that the weld residual stresses are only included in the K, axis and not the L, axis of a
FAD agsessment. Relative to weld residual stresses:

i>~For non-PWHT thicknesses, a residual stress field equal to the yield strength g
the material will be assumed.
ii. For PWHT thicknesses, a residual stress field equal to 0.15 * yield strength of the
material will be assumed.

(4) The crack aspect ratios to be evaluated include crack aspect ratios including, 0.05, 0.1,
0.15, 0.20, 0.25, 0.33 and 0.50.

(5) The range of thicknesses of material to be evaluated include, 0.25 in, 0.375 in, 0.5 in,

4
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reflect the current range of the UT in lieu of RT criteria in Section VIII, and Section XII,
Rules for Construction and Continued Service of Transport Tanks.

(6) PSFs of 1.4 on stress (in final definition of PSFs, consideration could be given to the use
of a factor of 1.5 on stress to be consistent with loading applied during hydrostatic
testing), 1.2 on Ky, and 1.2 on flaw size should be used for the evaluation.

(7) A key parameter needed to perform the fracture mechanics evaluation of these materials
is toughness. Charpy impact test (CVN) / fracture toughness correlations from FFS
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