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ABSTRACT INTRODUCTION A
-

Simplified design analvsis methods for elevated temparature
construction zre classified and reviewsed. The marivation for
the developmient of the simplified metheas is tha cast, botn in
terms of computational iime ang asscciated engingering fabor,
WNEN 3 rigorous sceounting of time-depandent material be-
havior is combined with cetailed two- and thres-gimansional
geometric mcoeis of ecupment operaiing at vlevatoed tompera
ture. Thase costs rernain hign in spite of sigmiicant agyances in
finite clement sattware guring wne past accads. An addiuonal
mativating faotor is the skill demanden of the analyst in order
to produce reliable resuits within a nonlinear iramework.

Because the major imoatus for ceveloping etevated ternpera:
1ure dasign methodology quring the past ten years has been the

. Liquid Metal Fast Breader Reactor (LMF2ER]) program, con-
siderahle emphasis will be pluced upon results irom this source,
The operating characteristios of the LMPBR are such that
cycles of severe transiznt thermal stresses can be interspersed
with normel elevatea tempearature operzuonal periods o7 sianice
ficant duration, leading to a combination of plastic and creep
deformation, .

Here the various simplified methods are organized into two
.general categories, desending upon whether it is the material,
ar constitutive, mods! that is reduced, or the geometric model-
ing that is simp!ified. Because the elastic representation of
material behavior is so prevalent, an entire section is devoted
10 elastic analysis mathods, Finaily, e vatidation of the
simplified procedures is discussed.

*Operated by Union Carbida Corparation under comr:ac! W74 05-eng-
26 viith the 1).5. Dzcartment of Energy.

.

The current design by analysis approach embraced by the
elcvated temperature code case (1] of the ASME Beiier arng
Pressure Vessel Code has gvolved over a period of fiftecn 1¢
nwenty ve rs {21 . Additionel astormation and failure moess
ware consiuered. For construction materials, gceomatries and
joading conditions® o intarest prior to this, the failure moce
of sredominant concern was ductile rupture caused by sxics
sive internai pre-sg&nﬁgwever, &S Cperating temperaturas of
the cauipment Bicseswcuiiiciently high 1o cause sigrifiaing
time-dependant inelsstic deformation and as ODSrating enviro.-
ments degraded material performance, da:ign procequras 1o
nrotect against other Yailure medes ware incluozd. Procadiy
the two mest important zdditional tailure modes, from tne
point of view of ineizstic material benavior, were: {1} crecp-
tatigue and ductile crzck extension, driven by plastic cefz-ma-
tion; and {2} creep instapility and rupture, driven by tira.
dependent inelastic deformation,

The essence of desicn is the traatment of uncertainy —~
either in material properties, geometry, or ioading — in such
a way that conservatism prevails and public safety is assures.
Design rules or eiastic snalysis methods can often be devaicued
that account far the varicus levels of uncertainty through
safety factors, 50 that conservatiom is unquesiioned. &Hg.aever,
when competing physical processes are present, as in the case
of low-cycle fatigue and creep, a rule or method that is con-

*The term loading or load.ng conditions is generalized hera to inciude
enviranmental effects, such as corrosion, high temperature, 204 .rradie-
tion that promote material damage sither in themselves or tnroccn
sccompanying stress and deformation stases.




servative for one process may be unconservative for another,
In addition, experimental or operational proof is difficult to
generate because test times must be comparable to the lifetime
of the component. These considerations have led to a require-
ment for detaited inelastic analysis.

Performance of deatailed inelastic analysis has become more
routine in recent years, but it is still usually reserved for the
relatively few components that cannot be shown to meet
design or safety requirements on other bases. Inelastic analysis
is considerably more expensive than elastic analysis, but cost
is not the only disadvantace. Because of the complexity of the
constitutive models, a significantly greater amount of material
data is required, such as temperature-dependent yield data,
hardening moduli, and creep properties. Because the time his-
tory of events affects the results of inelastic analysis to a much
greater degree than it afiects the results of elastic analysis,
simplification of the loading history included in the design

- specifications is more difficuit.

The advantages of simplified analysis methods are weil
known. In additicn to their low cost of application, which in-
cludes both computational and engineering costs, the analyst
can mcre rezdily interpret the results, in terms of design
criteria, without resorting to extensive post-processing. How-
ever, many simplified methods that are generally applicable are
extremely conservative, and conservatism o more realistic
simplified meth.:ds can be aifficuit or imoossibie to prove. It
is this one issue, more than any other, that has dampened the
enthusiasm for simaoiified analysis.

Even methods wn-cn occasionaily produce unconservative
results can be useiu: for predirminary desion o1 components,

“ily when th2 mzjor concerns are the estimation of dasion

o, screening and sensitivity studies, and auidance for more
detailed anaiysis. Howaver, when the aim is to provide informa-
tion for finz! strass reporis, ine conservatism of the method
must be adeguately aemonsirated.

DESIGN METHGCDS BASED ON ELASTIC ANALYS!S

*“Elastic analysis methods” refers here to simplified
methods which roguire only an elastic analysis of a component
even though inelestic banavior is knewn to occur. Let us first
look at the essstiz zo.2),sis mathads in Code Case .47 [1].

Miller [3] considzred the problem of thermal ratchetting
in the absence of crzen. He identified the demarcation line {in
a pressure-iniduced wrimary versus thermally-induceo secondary
stress spacz2) betwaen ratehatting and nonratchertting for a thin-
walled cylinder subjected to a cyclic uniform heat flux through
the wall and a sustzin.d internal pressure Tor an elastic-perfect-
plastic material, Bree {4,571 extended NMiiler’s work to include
the effect of creep. He also showed that in tha absence of
creep there were six distinct regions of behavior as shown in
Fig. 1. The beundaries of these regions were determinad by
analysis of the stress and strain distribution through tha wall
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The elastic analysis methods for ratchatting in Code Case
N-47 [1] have evolved over the last decade from the work by
Bree, Bree actually used a simplified, uniaxially-stressed re-
strained strip model of the thin tube in his analysis, Sub-
sequent work by Q'Donnell and Porowski [6], which is the |
basis for Test No. 3 of Code Case N-47, also makes use of
Bree's one-dimensional model of a thin-walled tube. For this
reason the use of the elastic ratchetting rules, except for those
that assure that tha structure never yields, ar2 restricted to
axisymmetric structures subject to axisymmetric loading away
from local structural discontinuities.

la studying the Bree stress and strain distribution through
the wall after the first cycle, O'Dannall and Porowski observed
that, in the S;, S,, and P regions, soine portion of the wall
always remains elastic, This is deiined to Le tha elastic core.
The maximum stress in that region at tha hot end of the cycle
was called the “‘core stress”’, O‘Dannell and PPorowski reasoned
that the average strain accumulation would be restricted by
the elastic core, In particular, the creep strain that would ac-
cumulate due to the “‘core stress’ is used to bound the average
creep ratchetting strgin in the S,, Sa, and P retimes,

{n a second paper {5, Bree considered the effects of creen
He generated bounds on the averace strain accumulation for all
regions of the Bree diagram using the assumpuen that ro'r'ﬂete
relaxation to the primary stress level would occur during eaz
:vele, Those bouncs are the basis of tie Bres compivte relaxe-

wn methed, which orovides bounds 1ot ham N avii e
linear bending strains in all six regimes of the L re disgram.

More recontly Q'Donnell and Porowsxi {71 have improved
their creep ratcherting hounds o inciud2 the effects of strain
hardening and temparcture-uepencant viela strangih. Further-
more, they have deveizore bounds tor the average ratchetting
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strain under creep conditions in ths plastic
R, and R by introducting the concept of 2
stress. Their method includes zn explicit consicaration of the
enhanced creep strain® tnat occurs because of tre nenlinear
dependence of creep strain on stress, Tne Bre2 compiete reiaxa-
tion method does not explicitly account for ennanced creap.
Instead, it relies on the over-conservatsin of the assumntion
of complete relaxation to be sutficiznt 10 accommocate any
enhanced creep. These recent improvaments by Q'Danneit and
Porowski are: now bi2ing considared for inclusion in Code 2ase
N-47, _
There have not been as many major madifications of thz
elastic creep-fatigue rules during the past decsde. The elastic
creep-fatigue rules in Code Case N-47 cortinue to use the |

linear damage rule . :
. i

*The term enhanced creep refers to the cifference between the creep
strain in a member with a nonunifarm stress distribution and the cieen
strain in a memcer with a uauform stress distribution, both diszribu‘r
tions having the same averaoe stress. !
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where
D = total creep-fatigue damage .
n = number of applied cycles of loading condition §
Ny = number of design allowzbie cycles of loading condi-

tion §

At = time duration of loading condition k

7, = allowable time at loading condition &

Some important improvements in the procedures for
predicting creep-fatigue damage from elastic analysis results
have been made. In the area of fatigus damage, Severud (&}
devzloped an improved method for estimating the strain-range
at a siress concentiation frem elastic enalysis, baced on
Neuber's work, Equation {7) of Code Case 15692-7 [3] which
was intended te account for increased strain due to inelastic
behavior, is:

r = Kooy * Kigy + Kpe @

where - -
€y = the derived maximum strzin for the ioading condi-
tion
€, = the &lastic strain in the reaicns under consideration -
exclusive of strain concantrations,

K_ = the theoretical eiastic st.2in concentration factor

& = the ineiastic strain in the recicn under consiceration -
exclusive of strain consentrations and peax tharmai
strains )

€ = peak thermai strain associated with the pezk therma!

stress intensity
#y = stran concentration fuctor epplied to peak therma;
strain component € . Tie arocedure for applying Eq. (2)
{described in detail by Caripbail ([10]) is quitc isborioy
since ¢y must be found for each of six strain componants ’.e\,,
1 before determining the component strain
rangas and the eq Jl\ di--n; strain range, In addition, £qg. {2,
which was dss..nopcu.to epproximate the Neuber equation
without requiring an iterative solution technigue {11}, did not
give any strain concentrating effect until the net section yicid-
ed. This was contrary to the Neuber {12] mzithod and to
known structural reszonse. Strain concentrations relativa to
the elastically

&y €y Yy Tygr ¥

-ccleulaied stress concentration initiate as scon
as local yielding in the notch occurs. However, after net sec-
tion vielding, Eq. {2) gives a rapid increase in strain concentra-
tion that can lead to large over predictions of maximum strain.

The new Eq. {(7) of Code Case N-47 [1) develcped bv
Severud [8] is:
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where
= the derived maximum total equivalent strain for the
toading cycle

er

- the local geometric discontinuity or the fatigue
strength reduction factor applicable far the local
geometric discontinuity considering both the tem-
perature and the lozding history

the nominal stress indicator exclusive of the stress
concentration factor ¢nd is determined by entering
the stress-strain curve at ¢,

S§* =

the stress indicator determined by entering the stress-
strain curve at strain K €,

]|
L]

the nominal total equivaient elastic plus plastic strain
for the loading condition exclusive of the gczometry-

induced local stress concentration, exciusive of peak

thermal strain, and exclusive of creep strain

the creep strain from Ioad controlled stresses and is
determined from the isochronous stress-strain curve
using the load controlled stress intensity. Creen strain
is the diffarence in strain obiained irom the time-
dependent isochronous stress-strzin curve for th2
time of th2 ioad uncer consideration minus the
strain chtaired from the zero-time isochronous
stress-strain curve

€7 = peak thermal strain associated with peak thermal
stress intansity

elastic stress concentration factor applied to peak
thermal strzin component, €¢, to account for inter-
action with tocal geometric discontinuities

Ky =

The stress-strain curve used for obtaining values of S* end §
is developad by 12~ n5 the apprepriate hot tensiie {zero time)
stress-strain curve from those uiven in the Code Case N-47 and
transforming the st:css-sirain ¢oorainate sysicm, '

Other improvemsnts in the elastic fatigue precedures sug-
gested by Severud i<! in aauitiun (0 @2 revised Eq. (7)), in-
clude: {a) a variable Foisson's ratio in calculating stresses and
strains using elastic e Juadons to aecount for iocal thermal
strain corcentratiors: {b) a modified approach for determin-
ing the eguivalent suain range; and {c} an adjusted design
fatigue curve, The us2 of a-variabie Poisson's ratio (between
0.3 for purely elastic nehavior and 0.5 for purely piastic be-
havior) helps overcome the underprediction of equivalent
strain ranc2 cbtained using elastic mechods. The modified ap-
proach for determin:r.2 the equivaient strain range gives more
conservative valuss, but is easier to apply because less compu-
tation 2nd stress-sirain data are required. The da2sign fatigue

the theoretical elastic stress concentration factor for -

curves were lowered by 15 percent in the high cycle region be-
cause the equation for computing the equivalent strain range
assumes a Poisson’s ratio of 0.5, which results in a 15 parcent
underprediction of the maximum principal strain range during
elastic cycling.

Perhaps the most novel approach recently put forth as a
creep-fatigue damage assessment is that of Houtman [13-14]),
The approach stems from the observation of the similarities
between one-dimensional inelastic analysis of infinite plates
and thin-walled cylinders subjected 1o cyclic thermal loading.
The crucial display of this similarity is a plot of an inelzst:c
strain correction factar versus an elastic stress ratio for a
number of companion elastic and inelastic analyses of plates
and cylinders with varying wall thicknesses and temoerature
histeries. From each eizstic analysis, the peak effective stress,
the mctal temperature {(at the time and the lccation of cezx
effective stress), the elastically-calculated effective strain, end
time are recorded. From the corresponding inelastic anz vars,
the effective inefastic strain at that time and location is rzcord-
ed, The inelastic strain correction factor, X, is the rzuc citha
effcetive inelastic strain to the elastically-calculzted erisctive
strain. The elastic stress ratic is the peak elasticzily-caic'.
effective stress, S,,, normezlized by the 0.2 cercont cfiset
stress, Sy, at the temperature of the pezk stress point. A
typical*plot used by Houtman {14) is showh in Fig. 2. ¥
states that K, is virtually repaatable for adaitional ¢
since no mean stress cue to mechanical foacing is avaiies 2 10
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FIG. 2 INELASTIC STRAIN CORRECTION FACTOR,
Ke. VS ELASTIC STRESS RATIO, 5, /S, TAKEN FROM
REF. [14].S, IS THE ELASTICALLY-CALCULATED
EFFECTIVE STRESS AND S, IS THE 0.2% OFFSET
YIELD STRESS
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drive the inelastic strain. He also points out that substantial
variations in plastic properties {£20 percent in the yield stress
and order-of-magnitude changes in the ratio of tanqent
modulus to Young's modulus) do not alter the K signifi-
 cantly.
""In order to use this information in a creep-fatigue evalua-
tion, one begins with the elastic stresses and strain for a cyclic
temperature history. At the time of peak stress (strain), the
elastic stress ratio is computed and the total inelastic strain
estimated from K. The maximum siress at the beginning of
the creep hold period is found by using this ineclastic strain and
its corresponding strass at temnargsore, kinematic hardening
unloading to reverse yizlding at the steady-state oparating
temperature, and complete reversa! of strain through pla.tic
tlow at the operating 1=mperature, Tie relaxation of this stress
is then calculated during tne held variod, Strain rang? and
stress versus time during the hold period are then available for
calcuiating fatigue and creep damage increments.

GEOMETRIC SIMPLIFICATION

Geometric simplificstions takey many forms, The most
common is a reduct:en . tha pumb-r of soatial dimensions
being considred, suliv us enae- or two-dimensional anatysis,
rather then fus inree-gim nsicnal ca.culniions. A siight varia-
tion wouid invelve thz v of cenerziizec deformaion paras-
meters in 0N Or IMSTS Cim2nsinn;,

A restriction on the magnituds of deformation, such as in-

tialstra'ns or moderate rotziicns, is @l2o considered 10

Sy2ometric simnlitication. In view of tne ceneral desicn
requirement to Himit straing i orcar o avoid faticus and
ductility exhaustion. vesieners ave soleam 1coed with finite
strain conditions. However, {inite retations are occasicnally
needed to carry cut buckling gaiciutations fer imgeriection-
sensitive structures, Tnzrefore, a mathod for teking impariec-
tions into account, without 2¢ldcLy conduct'ng a geometricai-
Iy nonlinear analysis, wouid represent a geometric simplifica-
tion.

ONE-DINMENSIONAL ANALYSIS

A constderable amount of preliminary design work is based
izlly in regions of vescels

upon one-dimensiar ol anclysis, esp>
and components that are devoid of abrupt cross-c<ctional
changes. A commor, zznroach is 10 use two- or th: ce-dimen-
sional elastic anzlysis 1 OFUaM 10 Curive (A8 BGUINCUM vaiu2s
of the resultants to L2 used in one-dimensional inciastic anai-
ysis. Usually the resutant of interest is the ax:al membrane
force whicl is required to sauw. , pressure equiibrium. Gen-
eralized plzne strain conditions are applied to the one-dimen-
sional analysis modet, £0 that the axial resultant is eiizctively
applied 1o alf axial d:grees of froedom at the same t'me,

offorts

One of the first effects to develop a one-dimensional (axi-
symmetric Generalized plane strain) computer program of
some generality is described by Barsoum {15} who buiit upon
the work of Miller {3}, Bree [4,5], and Burgreen [16]. This
simplified analysis tool, called CREPLACYL, has been employ-
ed in design evaluation [17]. Two-dimensional and three-
dimensional modals are elastically analyzed in order to ceter-
mine the appropriate far-field loading conditions for the cne-
dimensiona! cylindrical ccometry. The inelastic strain range
and the nomipai stress intensity are determined so that creep-
fatigue and ratchetting can be evaluated.

Such extended onc-dimensional anaiysis tools are now
wideiy available, In addition, any general purpose inelastic
program czn be executed, relatively inexpensively, in the axi-
symmetric generalized plane strain moda, as indicated by a
recent Japanese study [18]. Unfortunately, while the simplifi-
ed methods invciving these tools are sometimes conrervative,
no general rationaie Tor numerically establishing trne stress
resultants {inciuding shear resultants, as well as internal pres-
sure and axiaj force) is availabie. An inability 10 canpture the
character 1@ Ctesp strain concantrations caused by elastic
follow-up would seem to be inevitable,

An exhaustive study of the ability of one-dimensional in-
elzstic methods 19 simulate the benavior of 2 two- or tiree-
dimensiunal stoecitre was conducted by Sartery ard Yenr
{192}, Several ziternative tynes of generaiized force cefcrme-
ticn simulations were attempied, but thoy were gither s3ry-
ficantly nonconsarvative (in many instznces) for £ath ratcher-
ting strain ana creep-raticue damace or were so overiy con-
servative as tc be imprectical. In every case, the elasticzily-

elan

calcutated local primary siress intensity was reprecucad in th
one-dimensiongi inzlastiz analvses by aaiusting tne oigssurs
loading, keeping the uxial logding uncnanged. An elasticaily-
calculated edae moment or rotation was corlied to simul
the seconcary stress dug to through-the-waii thermat cracients.
The applied rotation tendzad to be unconservative, dug 1C sirass
relaxation, whiie metheds for prescribing vaites of moment
were vastly overcenszrvative, du? to th2 srevention 07 stress
relaxation. Thus, although one-c.mensional analyses are widely |
used, rules that assure their conservation have yet 10 b2
developed.

COARSE GRID ANALYSIS

The cost of a finite element analysis can be reduced by
decreasing the number of elements that are used to modea| the
structure. Thus two-dimensional geometries can be inelastical-
ly analyzed at a ressonable cost and in a reasonable time if 2n
exiremely coarse unid is used. Although peak valucs may not
be predicted well, this 2oproach has tne definite advantage of
accounting for the low-order interaction of the various por-
tions of the structure. By low-order, we mean that average
vaiues of the two-dimensional stress fieid are probably reason-



able, but that bending stresses require scrutiny. Accurate values
of bending stresses depend upon the grid's ability to capture -
curvature, normally a weak point in a coarse grid analysis.

Steep thermal gradients through the wall of a component oD

are even more troublesoms for a coarse-grid analysis. The Lr{n"n
strain distribution that can be modeited by the few elements
across the thickness does not approximate the thermal expan-
sion strains produced by the steep thermal gradients. The
error in matching these thermal expansion strains is projected,
in some cases {depending upon the finite element formulation
used), onto the higher dilatational deformation modes of the
elements, resulting in fictitiously large hydrostatic stresses.
For low-order elements, the hichest d2iormation modes are
coupled dilatstional-shear {keystone} modes. Stuaies by
Barsoum and Loomis {20} indicate that deviatoric stresses
and strains are unatiected by the high hydrostatic strassas,
but this finding can only be true under a restricted set of
conditions, such as the absence of shear, and should not be
generalized.

It should also be pointed out that a convarged finite cle-
ment solution contains virtually no strain energy in the high-
est deformation modes, Thus, the presence of tne fictitiously
large hydrostatic stresses is a sigral that the results obtained
are questionable, The deviatoric stresses may be fortuitcusly
correct for two reasons: {a) the axial ard circumferential bend-
ing are capiured ensirely by element exter sicnal defcrmation
{true only for icwe-craer elemantsd; or {ni (e shear stress

1igh the cross-seciicn is negiginie bacguse the structure
. ocdn Hf this is the case, since the efiective strass and the in-
elastizc strains are functions only oi the daviatoric stresses, the
strain limit and creep-faticue damage evciuations rmiay be
reasonabie,

SPECIAL PIPE AND SEND ELEMENTS

The application of simplified analysis 10 pining components
remains in a very preliminary state. An elastic analysis of a full
piping run is often used 0 ioczte hichly-stressad regions ana
local inelastic anziysis of these regions {e.g., an 2ibovy) are then
performed to provide cetailed informaticn on stress leveis and
strain concentrations. Tuis clean seo-ration is lessitanin
actual practice because of uncertainty 1n the ‘zedGback mach-
anisms betwesn local and giobel regions.

A more direct appreach has been proposed by Workman
and Rodabaugh {23). The piping computer program PIRAX2
represents an atlempt to extend simniiiied elastic-piastic pip-
ing analysis, where ovalization of eibows due 1o elastic-piastic
deformation is accountad for by flexitility factors {22} and
where curved beam theory descrites the tongitudinal response
to creep/relaxation behavior. The iracariant additiona! as-
sumptions required are that: {2) the structural sesponse of a
curved pipe can be approximated by curved beam theory with
flexibility factors to account for ovalizaticr due to elastic,

S

plastic, and creep deformation; (b} only steady-state creep is
modeled; and {c) inelastic strains due to axial, bending, and
torsional loading can be uncoupled. Boyle and Spence [23]
have questioned some of these assumptions and have argued
that the problem cannot be tegitimately simptified in this way.
Nevertheless, they have produced a code wihich employs
similar assumpticns [24] . Other alternatives have become
available, fargely due to various extensions of the {inite ele-
ment method. They are discussea below.

The extension cf axisymmetric finite etement formulations
10 pipe bends was first documented by Marcal {25] . Conven-
tional axisymmetric shell elements model the defermation »f
the pipe in a cross-sectional plane, tn this respect, the formuta-
tion resembles that for a complete toroidal shelt. However,
additional deformation modes, in the form of bending cnu
stretching longitudinaliy aiong the pipe, are coupled to the axi-
symmetric sheil modes througn the acuition of 2 nodal point
with three dogrees of freedom [26]. These three degrees of
freedom represent relative normal motion, relative in-plane
rotation, and relative cut-ot-plane rotation of one end plane
of the pipe bend with respect to the other. The udditiona!
nodal point is assumad to be connected to each pair 0f nccal
points cefining an axisymmetric element in the cross-sectionai
plane. Bacause of this connectivity, phenomana such &s eibow
ovalization due 10 in-plene bending are capiured, with tne ac-
curacy of the modsai capendent upon boih the axisymmeir:c
shell modeling of tha zvalization and the longitudingl moce-
iry along the bend,

For the particular simplified elbow finitz element in tne
MARC general purpo:e program, the caoice of ane additonat
node per etbow segtion veith degrees of freecom impitss tnat
stretch and curvature are consiant aiong each section. Tius, in
tura, implizs that cempatbility of deformation is not mz.ntoin-
ed trom section 10 section, which implies that monotanic
convergence of tne approximate soiution cannot be guaran-
teed as a funciion of cocreasing elemans cize.

An aiternative method has been sucgested by Qhtsubo and
Watanabe (27, 285 that is referred o as the finite ring element
method. Rather than assuming constant stretch znd curvature,
the ring element deformiations are approximated by sevcnag-
order Hermiitian polyromials along the tongitude of the pioce
bend between wwo transverse cross-saciional planes, Tne ce-
formation in the circumfcrential direction around the cross
scction is epproximated by trigencmezric functians. The strain-
displacement relations of thin shell theory are adopted; how-
ever, while shearing strzins through the thickness are assumed
negligible, shearing strain in the shell surface is retained. in-
plane and out-of-plane deformations are assumed to be un-
coupled, with complementary sets of trigonometric functions
chosen accordingly. Each ting element has 12 m degress of
freedom, where m is the number of trigonometric Fourisr
coefficients. Integration of the stiffness matrix requires, “or
reasgnanie 3CCuracy, 50z 1..5Ty-ua 0 Gauss points in the cir-



umferential direction and four Gauss points in the longi-
udinal direction. Interelement compatibility is presumably
satisfied.

This element may or may not fall into the simplifiad me-
thods category, depending upon comparative computational
effort with full shell models. For instance, the number of
Gaussian integration points and the numbar of degrees of
freedom are roughly commensurate with a relatively crude,
doubly-curved shell grid. Another point that requires investiga-
tion is the effect that the lack of adequate rigid-body motion
will have on convergence.

Other variaticns of the Ohtsuho-Watanabe formulation are
under development. One, by Bathe and Almeida [23], employs
isoparametric coordinates along the |cngitude of the etbow in
order to describe both the u2ometry, the curved-be=m deforma-
tions, and the longitudinal variation in ovalization, The circum-
ferential variation in ovalization is treated by trigcnemstic
functions, similar to Chtsuho and Watanabe. At present, four
nodes and four ovalization displacement patterns are used in
the longitudinal dircction for each eibow element, This cor-
responds to a cubic interpnlation pattern, Again, the number
of integration points in both the circumrerential (triconome-
tric) and longitudinal (isapzrametric) drections in order 1o
achieve accuracy mav be.sucn 2s 1o prescribe ihe use of this
element as a simplified anaivsis method. Bathe ang Almeida
currently recommens Newton-Cotes intogration formiuias,
instead of Gaussi -0 LLICHIL GO, et TR 2O 15 W0Ush e
wall thickness, five points ionzitudinzity, ang il ter tweiva or
twenty-four points circumrerentiaily, decending upon the

in-plane or cut-oi-nizr2), Other sitarnative: minnt
«owear-ordar approximation to tne icngiiudinal varia-
tion in ovalization.

CONSTITUTIVE SIMPLIFICATION

There are many possible constitutive simplifications. In this
section we discuss only those simplified models that relate 0
the two fundamentai stress enaiysts situations of eisvated tem-
perature design: (1) tise recistribution of stress due to time-
dependent materiai benavior, and (2} the recistribution of
stress due 1o combined time-dependent and tima-indepenaant
materia! behavior,

When the loading on the structure is monotonic, solutions
for either situation are fairly straichtiorvrard, provided that
any residual stretses existing prior 1o fozaing are known, or
are insicnificant. If the equilibrating stresses are beiow yield,
their disiribution is due solely 10 time-desendent relaxation
of the highest values, with a corresconding transfar of Joad 1o
the adjacent lower stressed regions. Cziculations for this situa-
tion ara rziaiively simple with modern computational 1oois,
since the initia! strain method [30] does not require modifica-
tion of the stiffri.ss matrix, Whnen an implicit treatment ot
creep benavior is attempted {31}, the stiffness matrix is medi-

fied and larger time steps can be taken in the analysis; how-
ever, implicit formulations are the exception rather than the
rule,

When time-independent inelasticity accompanies the time-
dependent inelasticity, the problem is a little more complex.
At stresses near yield, the creep rates are sufficiently bigh to
sharply affect convergence of the explicit initiai strain method.
Also, under some conditions, additional yielding can ccour
during time-dependent stress redistribution, Both these effects
cause computationai problems. One approach that is used is to
lump the primary creep, where the creep strain rates and siress
relaxaticn rates are highast, witi the plasticity.

An exampie of a simplified method of inelastic anaiysis for
monaotonic ioading is the isochronous stress-strain methcd,
used uy Sobel for creep analysis of piping eibows a2no aiscuss-
ed in Ref. [32]. In attempting to evaluate the time-depanaent
deformation characteristics of eibows tested at elevated 1=m-
perature, it was observed that creep analysis was consigaraaly
more expensive than elastic-plastic {time-independent) cefor-
mation anaiysis. To reduce the analysis costs, the monotonic
creep response was predictad using a related etastic-plastic anal-
ysis. This isochronous stress-strain curve for the desirz¢ <23t
time was used as the strass-strain curve in an elastic-piastic
analysis, The calcuiated deformation was intgmretec asine
deformaticn that would cecur at the test tma2 that corr=oona-
€d o the isochroncus curve. Fig, 3 shows the compszrissn o2-
GRS resulis TN S atiiar oF Lotz @nalysis and this sims Tzl
moinod in terms of roiztion versus normatized 'oad.

\When the fosding is cvclic, “he issue of simuiified inerastic
angzlysis is much more comnlex. After lo2dina into the = 1l
rang2, with perhans sarme time-gepanuant siress rec:s:r.outon
and further inei:siic defermation as the result of a hoic ~eriad
at elevated temperature, removal or reversal of tha 1oaa 7:Cs
to residual stress states that strongly influence the subscguent

response of e structure, These residual strasses can 52 oo
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FIG.3 ROTATION AT 2000 h VS LOAD LEVEL IN AN
EL30VW SUBJECTED TO AN IN-PLANE ELEOW-CLOSING
MOMENT [32]



ful in shaking the structure down to elastic behavior. Time-
dependent material response has the effect of relieving these
residual stresses however,

A number of simplificd approaches to this interaction be-
tween residual stresses and time-dependent deformation are
now covered by the rules of Code Case N-47. An extremely
conservative approach is not to take any credit for favorable
residual stresses after unloading. This method, termed the
Bree complete relaxation approach was mentioned previously
and is discussed in some detailed in Ref. [32].

Bounding techniques, which have been adequately reviewed
elsewhere [32], make use of i¢2alizations of the material be-
havior in arder to develop bounding solutions, For example,
elastic-perfect-plastic behavior and a Norton creep law {strain
rate, an exponential function of siress} are often assumed.

VALIDATION OF SIMPLIFIED METHODS

The Oak Ridge National Laboratory (ORNL) and selected
subcontractors have, for the past several yesrs, been assessing
the conservatism of existing simplified elastic analvsis methods.
Their approach has been to compare rasuits from he simpli-
fied methods with results frcm detailed inelastic analyses. The
simplified methods are ssid to be conservauve ana vzaicg if w2
accumulated strains precicted by the simolified methocs are
greater than those predicted by detaiied inalastic anaiysis, and
if the simplificd {z:33i2} creen-fatir.2 ruios vierd 2 52
number of allowzb 2 cve ies than do tne :ngiastic creen-iztinus
rules. This approach assumes tnat the inslastic analvsis resuits
are valid. Validation of the inzlastic analysis resuits has been
addressed elsawhere {331 . Somz of the eariy work {34} pro-
diced baseline ineizstic resuits for a series of infinize pioos and

: anintersectivn of & pipe axd spherica sncil. Ascessment of
wieimal ratchetting rulss were smphasizzd in the early wori,
but the program has been expandsd 10 examine tha abil:ty of
simplified methods to predict creen-faticue damazee as weli as
ratchetting. Thatwerk has been czrriad out in two phases.

Yahr and Seriery [19] nave summerizea e first phase of
the ORNL program. Nine axisymmetric geometries wers ex-
amined, including notched and stepped-w1il cyiindricat shens,
subject to a reference duty cycie invoiving a thermal down-
shock, depressurization, regrassurization, renest to tempara-
ture, and a creep hold pariod. Fig. 4 illustrates the thermal
and mechanical load nistograms for this cycle. Tie transiznt
temperature and thea inelastic ressonse wer: determinsd i<
ten duty cycles. Then, each geemetry and loading was elas-
tically analyzed for cne duty cycle. The elastic results were
used in the evaluation of ratcherting strains, accoraing 1o the
O’Donneil-Porowski method {1] and the Bree camplete relaxa-
tion method [5], and in elastic creep-fatigue evatuations ac-
cording to the ASKME CC N-47 rules [1]. Also, une-dimensional
axisymmetric {generslized plane strain) inelastic solutions were
obtained. -
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FIG. 4 THERMAL AND MECHANICAL LOAD
HISTOGRA!'S FOR SEVERAL OF THE ORNL
AXISYMMETRIC GEOMETRIES. TAKEN FROM
REF. {19}

The mazjor findings of this study were:

1. Tha rencration of repetitive cycies afier the vvrd or
fourth cycle was aozarent; this was true in spii2 of the Chsarva-
tion that increasing patterns of strain were oresant in many
cares,

2. The O’Donneil-Porowski and Bree mathods were can-
erzilv conservative, sometimas exiremaiy consarvative, n com-
perison to detailed ineisstic resuits; two inetancas of nomnon-
servatizm (a nciched section and several thick-walieg reztienst
were easiiy resoived througn slight megitications & crocaoure,

3. Cne-dimensional inzlastic solutions c.a not proZucs
uni‘ormly conservative predictions, e

A set of three-dimensionat inelsstic analy;'/s Was aig0 instud-
ed in the ORNL prosram to test the validity of simniifisc
methods for such structures. Combusticn Engineering, with a2
sroup under R, S, Barsoum [20,35), comauted the resnanse
of @ nozzte-to-cylingar ceometry for a little more thaen torz2
cycles. At Atomi~: International Divisicn of Rockweil inter-
national, Y. S. Pan {35] computed one cycle of the response
of a nozzle-to-spherical shell geometry. The latter preilem we
nonaxisymmetric bicause a bending moment was appliad to
the nozzle in addition to internal pressure and thermai down-
shocks cn the intr«:i surface. The geometrizs anziyzed in the
two studies are shown in Figs. 5 and 6. The elastic ratchatting
and creep-fatigue rules were always conservative in the intar-
section regions of both the nozzle-to-shell problems.

Vinkel [37] has described experience at Hanford Ennineer-
ing Development Latoratory (HEDL) with simplified inelastic



NOZZLE-TO-CYLINDRICAL SHELL
(IHX INLLET NOZZLE)
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FIG. 5 NOZZLE-TO-CYLINDRICAL SHELL GEOMETRY
ANALYZED BY COMBUSTION ENCINEERING (UNDER
ORNL SU3CONTRACT), SEE REFS. [20,35].

THE GEOMETRY IS THE SAME AS THE FFTF IHX

INLET NOZZLE, AliD THE LCADING INVOLVED AN
OUT-OF-PLANE O ENT LUADLIG CN THE NCEZLE,
AN INTERNAL PRESSUREZ. AND A REPEATED
INTERNAL THTAL AL DUNIEHDCK
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FIG.6 NOZZLE-TO-SPHERICAL SHELL GEQ\ETRY
ANALYZED BY ATCMUCSINTERATI L nUiLzn
ORNL SUBCONTRACT), SEE REF. {35, . THE LCADING
INCLUDED A NOZZLE BENDING MOVENT. AN
INTERNAL PRESSURE, AND A REPEATED
INTERMAL THEE AL QCWNSHCCK. THE PROZLEM
WAS THUS NONAXISYMMETRIC,
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analysis methods that have been developed during the design
of the Fast Flux Test Facility (FFTF}. One of the validation
exercises compared the ratchetting predicted using the Eree
[5], O'Donneli-Porowski {1], and cne-dimansions! cylincer
analysis methods with the ratcheiting predicted by rigorous
inelastic analyses for various pfant components. Gniy the Bree
method was conservative for il of the 20 cases examinad, Both
the O’Donnell-Porowski and one-dimensional cylinder analyses
were generally conservitive; both were unconservative in five
of the cases, however,

Another HEDL study describad by Winkel [37] involved a
straight pipe subjected to a constant benging mament and
rapid cooldown trznsients on the insice surface. The only de-
parture {rom 2 one-dimznsional cylinder praniem was the non-
axisymmetric bending moment, The cbiective of this study
was 10 investigate the conservarism of repiacing the beam bend-
ing stress with zn axisymmetric stress equal to tne peax t2na-
ing value, One-dimansional cyiincer appreximations were osr-
formed for both the tensile and ccmpressive sidas of the beam,
with th.z peak bening siress “'smeared” axisymmetrically. in
all damage categories the rigrous solution \was pourced by at
least one of tha cre-cimansional cylinder analyses. Based upon
this cas2 stuody and relzieu experiences at HECL. it was con-
cludad that oxisvmireInc smaarng of a meam £ending strass 1s

o
-
c

a reascnable simpiificat.on, However, consizarzi ~n et 42
gyen to bot e tens,. 2 and cempressive sices o wae baom
10 chizin consarvative rEsuts.

in their structurs! eva'usuon of the orimary sca:unt in:s
2le of the Fast Flux Tost Feciity's intermeaiate heat exc~zngar
{(FFTEIHX! cesign. A0 axizymmerric mzeel of tha znd
outer shell was iirst 2niziyzed elosticaiiy. {7 nair justticson

for replacing tne eviindrical cutar shell by an axisymmer.c
spherical sheil wit wwice tha radius is bzezg upon the araw-
ment that tne sysism machanics §02C3 Zre MINOr Contr.ootors
to the stresses and deformations; instead, tharmai gradiense

Lwrrosulting atrassss, wiion they buetiv. g

nczis

aoress the wosit -
are infiuencad oniy siichily be czomesry, are of major concarny.
Critical locztions idantitied from the eizstic anzivsis ware then
xamined by the bree methed {5] using the average circum-
ferential stress across Uie s2ction as ihe Srimary stress coms-
ponent end the imaxinwamn principal stress ditizrence {{ar thar-
mal stress only} as ihe secondary companent. Trese stresses
were normalized by s sirength at the highest temperature in
the Ivsiogram. i ostonated raichietting strains, which lztar
proved to ke drasticaiiv conservative, exceedad the design limit
of 1 percent, so zdditional analysis was required. One-dimen-
sizna! inebisve analyee weore than carried out in a second ei-
fort to demanstrate that the | XH design was adzquate. The
thick-walled cylinder was given an infiov radius corresponding
to the distance along a normal drawn from the nozzie throat
inner surface {at the critical location) to the nozzle axis. An
internal pressure sufficient 1o eguiiibrate an average circum-



.tial stress-equivalent to that calculated elastically from
J,(isymmetric analysis was applied. An axial stress resultant
,ivalent 10 the average, elastically-calculated meridional
.55 a1 the cection was also applied. These mechanical load-
,'g, were varied during a cycle as follows: (a) for a reactor
(cram transient the mechanical loads vanish during the thermal

downshock, but are held at full value during heat-up and elevat-

ed temperature hold conditions; {b) for a control-rod drop,
tie mechanical loads are mainzained at full value, The linear
thermal gradient is calculated from the maximum linearized
circumferential thermal stress cduring the cycle. All material
properties are the values at maximum cycle temperature. One
would expect such corservative assumptions to yield conserva-
tive results; in this case, the “‘conservative’’ results indicated
that no ratchetting wou'!d sccur 2nd that cumulative creen-
fatiyue damage was negiigible.

Finally, a detailed axizvinmetric medel of the 1HX was in-
elastically analyzed. As was true for the one-dimensionat in-
elastic analyses, these resuits showed that the camage due to
creep-fatigue and the ratchetting strains were within the aliow-
ables. Unfortunately, no detailed numerica! comparisons
between the detailed inelsstic anslysis and the one-dimensional
analysis were provided, so the studv cannot be used to justify
the use of ane-dimensionar anuiys’s.

Karmal, Chern, and Pai [38], under the spancorship of

ORNL, have uszd cetailed ‘neiasuc analysis results {40 obtain-

"

e Chinen River gree_ar §
2o r CRORPAHN, 2z tha

od in support of the ¢os!
tor Project intarmediate |
basis for evaluating tha use cf simplifie d structural meusls,
simplitied moedsis cons cerec.include tne gener h_.c plan
strain, axisymmetric thick-waiied cylindar [41], which 15 an-
plicable when the thermai iaadag @ T aCIUE SULTWT2 18
dominated by tha througin-the-wall temperature gragiont, ang
the finite cylindrical shell 1427, which is copropriate wrern the
meridional temperature arazient becomss cominzni, Frem the
thermal elastic analvsis resuits ot the cotaiied finite eiermont
model, eritical areas wera icentifizd, d'mansions o¢f the unoli-
tied model were sziected, and associetad loazing histoarams
were carived. inelzstic a~~lvys using eri ~ans computer codes
were then periormed 1o simuizte tne stress-sirain conc:tions of
these critical areas. The method was 2ppiied 10 th2 primzry in-
let nozzle ond "Y' juncticn of tne CREGP-1X for witich da-
tailed inelastic analysis resuits for six umt load cycies wer2
available for comparnison.

It was concluded [3S] that the simplified approach us-
ing cylindrical structusat models has the capability to simulate
the trend of the stross variations tor critical areas of complex
structural shapes subjocted 1o time varving loads, but techni-
ques assuring conservatism of the methed were not found. Less
satisfactory results, but still useful for screening analysis, were
obtained for the “Y'" junction. The one-dimensional model
used to assess creen de.nage shows promise but needs further
development. The results obtained using the one-dimensicnal

WITExXen

{cylindrical) computer codes demonstrated the usefulness of
this type of simplified analysis approach for screening analyses.
An international piping benchmark effort {43} was recently
completed which included both simplitied and detailed soiu-
tions to three piping problems for which exper!memal data
were available. in general, detailed inefastic analysis metheds
provided greater predictability of deformation than the simp-
lified methods. The simplified methods, as a rule, predicizd
greater amounts of deformation than measured, althougn the
results varied widely. Some detaiied methods encountered ¢if-
ficulty where nonconstant loading, large detormations, ¢ non-
linear structural behavior were grasent. The simplified methods
were less capable of predicting structural response to :0ad
changes {subsequent to initial loading} invoiving piasticity or
creep. This lack of capability sometimes led to farga disz "ree-
ment betwien analysis and exparimentai results, It was con-
cluded, however, since relative expense of performing 2
iified analysis may be as much as an ordar of masnitude tass
than that for a detailed analysis, that there is an importzn
role for such simplified 1echnigues where applicable, A
thorough understanding of the simplifications ana the rzmifica-
is essential in utilization of sucn tach-

Sondpe

tions on results obtaincd
niques.

The Pressure Vessel Research Commitiea’s (PVRC
commitiee on Eicvated Temperature Desizn_js present
ducting an international bencnmark projact in which i, risd
methods are cpbiied by vanous investigators =3 three bans

€r)

[Ppel

fv ton-

mark prootems: {1) ‘"-"rr‘ml razchettirg ci a eylinder tmzi s
being tested by the Frenc (‘2) cyclic creep ratcnettina i a
cyninder tnat has been tasted by QORNL {45]: a%a (3) cveic

thermal loading of a nozzie-to-sprere conticuration tnzt nus
Caath ado oy zed extensive,y o 3R NIL, Toe ooiective o) L
FVRC project is 1o provic a comparisen of a
fified mznoas of inelosiic analysis with exycrimental res:ts
ang detailed inedstic anclysis, EXtensive ComMBULational Foodits
nave bren obtmr‘"u from werxers in e U.S,, United Kirzzzm,
France, Jopan. Aninserpretive report has baen oresares
on th2 tirst two bancimark proilems {431 to maxe the recuis
avaiizbie and provide assessment ¢ T simpiified methods ot
analysis based on the gainvi<d comparisuns.,

Exemination of ezch of these problems reveals that the
simplificd metheds, since they are “local’ in nature, ccnrot
readily cagture the tcad ransfer irom adjocent regions of cii-
fering flexibility. It seems clear that gond resuits {boin con-
servative znd accurcte) can be obtained when flexibilitiss are
reiatively uniform. An improved method is nescsed for thcse
arcas where this requirement is not met.

variety o s.iro-

CONCLUSIONS

This review of simplified methods of dasign aralysis at
elevated tamperature has focused on historical developments
of the past decade, with occasional references to pricr pioncer-



A"‘ing developments. This section of the review will attempt to
! summarize the current state of the art, followed by a projec-

tion of the role that advanced developments may play in the
future.

We begin by observing that the three maijor issues are as-
sured conservatism, cost eifectiveness, and interpretation of
results. The situation with respect to conservatism of simplified
methods is impreving, primarily as the resuit of ccmprenensive
studies such as those conducted at ORNL and HEDL. Currently
recommended methods have been evaluated and, in some cascs,
extended. Such c:udies have provided the impetus for a critical
evaluation of bounding techniques, which can be rigorously
defended on conservative grounus. Lieny of these bounding
techniques have been discussed by Nickell {32] with the
general conclusion that the 8ree and O'Donnelt-Porowski
results can be b2712r undeorstcod within a bounding method
framework.

Cost effectiviness is an item that is also of high priority in
design, These costs can be attributed to computation itself and
to pre- and postcomputztion engineering costs. Simplified
methods have hzd a simificent eifect in recducirg £ath cust
components by enatiting tne ¢acign anaiyst to proguce ap-
proximate ranity oo et} ana some-
times precludirg trae need for, datailee nontinear analvsis. First,
the simplified m2tods gensraily recuire ioss preanalysis pre-
paration « f duti, so-o nd, the simnlil r tachniguas Bns 1o T2
less subj2e i 12 2707 2 IReXDINSIs . “C execuie. As s CONsEu
ence, when oo is required, the casigner
is guided by picsicus simniedicd caicusations which, in turn,
provide a chock on tne resuits Trom riore compicx modais.
Another usafu! =auon of simpaiied anaysis metneos is
the extent to venich 12 criscts of varieticns in loading, ¢2o-
metry, or met ot Dl can 2 En'-.'cs:ir_'.m.cd iy parametvic
form. Thus, tremds con somatme blished, with parhzos
only a finzl veriticaiion provided by detailed rionlinear analvsis,

Such parcmesric studies lead nawrstiv 12 wha third concern —
the interpretzt'on of resulcs. The princinal consxderauon of
the analyst ts t‘;ﬂ et sicetion ot desian adowat.es, such as

7"1"»' '."l(' nn'l ’ —\rvcr ",

fag renbinear anaiyse.

PRl

e est

those for inelass zsirad n rptehetsinT nnd creep-fatigue damane,
For detziled nonfinear analvsu s, the volume of ouiput generated
is massive and postirocessing s essential 107 screaring .‘nd

transforming e G2ia into a visual:y-tractadle format. At the
same time, the pastprozessor can evaivate the results accord-
ing to the des.zn ru .5 ane ¢r-ciie. Simphified methods piey @
role in this case oy p-aviding the designer with incependent
results that heln to | ientify any discrepancios in the results
Simplified anatys s methods are apt 10 becom?2 mMore com-
plex, blurring the distirctions etwean simpadica Lnd detailed
analysis. For exempic, as the ratio of computing ¢22t 10
engineering cost decreases, Tv.o-cimensional irelastic analysis
will become mo-2 reu-nn, graduaily repiacing some of the
one-dimensionea! {con- ':!,'ud plane strain} celculatior s that
are now performed. Eoanding methods will likely be routinely

applied in two dimensions with an occasional application to
three-dimensional problems. Three-dimensional elastic calcula-
tions will probably remain the norm,
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