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1. INTRODUCTION

1.1. Backgromnd. . C .
For decades, elastic analyses have been used to design stcam boilers and
pressure vessels, The design was considered acceptable provided that
- stresses averaged through the wall of the vessel did not exceed allowable
limits, Simple formulae were given in the Codes to obtain these stresses
by hand calculations. Corrective coefficients were also provided to
include the effects of bending, as, for example, in the case of dished ends
or plates. Since the major concern was focused on limiting average
membrane siresses, the relations used to calculate stresses for com-
parison with the allowables were the same for elevaled temperature
service as for temperature service below the creep regime.
The need for additional checking of the effects of bending and thermal
stresses was left to the individual judgement of the designer. In most

cases, the calculations were simply resiricted to mechanical load effects

mizinly related to pressure siresses. The allowable values of stress given in
the Codes were intended to provide sufficient safely margins to com-
pensate for the inaccuracies and omissions of such evaluations. These
design-by-formulae methods used the maximum siress criteria still in
common use, It is recognised that, even for vesscls where creep can be
ignoted, the use of such design methods should be testricted to thin-wall
structures where thermal stresses are of negligible importance and where

- the assumption of quasi-steady loading provides a good engineeting
approximation.
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The crilical importance of fatigue as the limiting failure mode of most
pressure vessels has only recently been fully recognised. The design-by-
formula approach does not contro! fatigue damage since such damage is
caused by local siress and strain conditions not considered in the
membrane stress formulae. The local maximum range of vonr Mises shear
strain is the most important determinant of low cycle fatigue damage,
with the local stress conditions contributing a mean stress eflect.

1.2. Elevated Temperature Design Concerns :

Recognising the importance of fatigue in vessels operaling below the
creep regime, one can fully appreciate difficulties inherent in the design of
vessels for elevated lemperature service, The higher temperature to which
these vessels will be exposed allows larger temperature ranges at each
point in the vessel, and larger temperature dilferences between different

struclural elements of the vessel, This results in larger total strain ranges..

At the same lime, elevated temperalure reduces the yield strength of
the material, increasing plastic strain concentration cffécts. Creep adds
to the inelastic strain concentrations and fatipue damage. The net result
is an iticrease in the thermal fatigue loading conditions and & reduction in
the fatigue resistance of the material. Fatigue is therefore a much more
limiting polentiat failure mode for vessels in elevated temperature service.

Most elevated temperature pressure vessel steels can also be suscep-

tible 1o fupture at low creep strain levels. Creep strains lend to con-.

cenirate in the grain boundaries, particularly at low creep strain rates
where the grains have more resistance to fiow. Thus, the strains al the
grain boundaries may be very high, even when the engineering or
continuum strains ave quite low. Voids tend to form and coalesce into
intergranular cracks, which can result in rupture at low engineering
strain values. This introduces the need for strain limits for elevated
temperature vessels, whereas the ductility of most pressure vessel steels is
such that no strain limils are needed at temperatures below Lhe creep
regime. This problem is exacerbated by the phenomenon of creep

ratcheting, which occurs at stress levels far below the stresses that -

produce plastic ratcheting. Thus, even when a vessel is designed lo low
pressure stress levels that produce negligible crecp, enhanced creep due
to thermal cycling is a significant practical design consideration.

The phenomenon of creep rupture introduces another serious potential
failure mode al elevated temperatures. The existence of high stresses for
long times at clevaled lemperatures damages most pressure vessel sleels.
The integrated ratio of the lime at stress to the time (o rupture at the
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same temperature and stress level is commonly vsed as a measure of
creep rupture damage. The mechanism of this damage from a metallurgi-
cal point of view is not well explained, The relation between this type of
damage and the exhaustion of ductility described previously is also not
clearly understood at this time. Whereas the stress intensily as defined by
the von Mises approach appears to cause more creep rupture damage for
certain materials in certain temperature and strain rate regimes, ma-
ximum tensile stresses cause more damage in other regimes. The difler-
ence is important at noiches where the maximum tensile siresses are
usually higher than the von Mises stress intensily.

The choice of wall thickness is very important for vessels designed for
clevated temperature operation. Fatigue and creep rupture damage due
to thermal cycling can usually be reduced by minimising -the wall
thickness. However, creep ratcheting becomes more limiling as the wall
thickness is reduced. In order to optimise wall. thicknesses in elevated
temperature design, it is necessary to take into account the time periods

that the vessel will be at elevated temperatures and pressures. Short -

periods of overpressure and/or of extremely high temperature can be
taken into account when selecting wall thicknesses using the time- and
temperature-dependent allowable stresses and damage summation crite-

ria. These criteria are quite flexible and permit the analyst to optimise the

design lor the particular materials, fabrication details and anlicipated
time—temperature—pressure loading history. These methods also allow
the vessel user to evaluate the elfects of any periods of operation above
the anticipated operating (emperaiures and/or pressures, so that the
total damage can be kcpt within allowable limits during the sal‘e useful
life of the vessel.

1.3. Design Tools
Computer capacity and finite element numerical methods have
developed to the point where it is common practice to perform elastic
design analysis of stresses and strains in pressure vessels. For the range of
operaling temperatures where creep effects are negligible, the time history
used in design analyses need include only the number and rates of
change of the transients. The hold times have no eflect on the results
below the creep range, provided, of course, that they are long enough to
separate the prior transient effects from the subsequent iransient effects.
The total operating time also has no eflect, provided that there are no
metallurgical time-dependent mechanisms of importance.

‘In elevated temperature service, the material creeps and suffers damage
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when subjected to stress during long operation. The duration and
sequence of events become important; the functional ability of the
siructure may be affecled and additional failire modes have to be
considered. Moreover, creep elfects are non-linear in time, thus increas-
ing the complexity of design apalyses by an order of magnitude.

Closed form solutions for creep problems are scarce, and the use of
inelastic finité element analyses would seem to be. the natural con-
tinuation in development of analysis methods for pressure vessels for
clevaled lemperature service. However, this has not proved to be the case
in ptactice. Bounding solutions that mnke use of elastic analyses have
appeared 1o be more practical and reliable in design applications.

The incremental nature of finite element creep analyses makes them
very time-consuming. Such design analyses can only be reliably perform-
ed by skilled, experienced people. The use of valid constitulive equa-
tions for cyclic loading with plastic-creep interactive effecis is essential.
Simple errors in the very complex and multiphase computer calculations
may not be easily noticed in the resulls. Even with accurate results for a
lew cycles, the prob!em arises that extrapolation to perhaps hundreds of
cycles is needed, since il is not leasible to perform limc—h:story in-
cremental creep anatyses for the entire lile of the vessel,

The option {o perform full inelastic analyses is therelore given to the
analyst as a possible tool, with the undesslanding that this approach has
generaily proved to be cumbersome. Recommendations for performing
such analyses, including a realistic approach (0 material models, have

been developed. Criteria lor evaluation of the acceptability of the result-

ing stresses and strains are also available.

Acceplance crileria based on bounding $olutions obtained using the
results of elastic or simplified inelastic analysis of Lthe vessel are penerally
quite efleciive, Exiensive elforts to devélop bounding solutions and
design critetia have been undertaken, particularly in the United Siates,
the United Kingdom and France. These bounding solutions and sim-
plified design melhods are subject to continuous developmenl, in order
to extend the applicability of the bounds and 1o improve their efficiency.
Simplified design analysis methods based on energy dissipaiion and
reference stress methods have been developed in the United Kingdom,
and bounds involving elastic core solulions have been extensively
developed and applied in the United States. The latier have been used to
desipn o wide range of pressure vessels and piping components for
clevated temperature service.

This chapter ‘focuses on the methods now being used in the United
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States lor the design of pressure vessels for elevated temperature service.
After a lew remarks about the historical evolution of the design approach

in the ASME Code, the failure medes of greatest concern al elevated’

temperature are summarised. The basic principles supporting the ASME
Code criteria for pressure vessel design are then described, and the

fundamental criteria used to evaluate the structural integrity of com-

ponents are discussed.
An essential portion of the chapter is devoled to bounding solutions
based on the concept of an elastic core in structures subjected to complex

_loading histories in the creep regime. Extended use of the bounds for

histories including non-uniform loading cycles, some of which are severe
enough te produce plastic ratcheting, is explained.
Elastic follow-up is usually considered as a phenomenon related to pip-

ing design. The example of ligamenls in steam generator tubesheets is used )

to describe local elastic lollow-up in vessels. Methods of bounding inelastic
strain-concentration lor monotonic and alternating loading are given.
The creep latigue and creep rupture data base for evalualing damage
for elevated temperature service are described. A general consensus has
not yet been reached on a mumber of questions involving plastic and
creep interaction eflects in fatigue, and on summation of fatipue and
creep rupture damage. The detailed methods used in the Code for both

- elastic and inelastic analyses are described. Introductory remarks regard-

ing the evolving technology of flaw evaluation are also given,
Finite element creep analysis methods and software capability, as well

© as material models used in inelaslic analyses, are bricfly discussed.

" Appendix 1 includes a briel explanation of the use of reference stress as
an alternative design methed. Application of bounds on accumulated
strains is illustrated in Appendix 2.

2. DESIGN OF PRESSURE VESSELS FOR ELEVATED
TEMPERATURE PER ASME CODE

Historically, the ASME Code criteria® were first formulated for vessels in
elevated temperature service. The first ASME Code, issued in 1913, was
written to prevent catastrophic explosions of steam boilers. Such failures
were frequent occurrences near the (urn of ihe cenlury, in the early
industrial developments of the United States and world-wide. The Cods
currently includes many sections related to design, consiruction and
inspection of boilers and vessels.
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