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MASTER
[ABSTRACT

This paper presents an analysis of a nozzle-to-splierical-shel] attachment
and explores the applicability of simplified ratchetting and creep-fatigue rules
to this attachment. A five-cycle inelastic analysis and creep-fatigue damage
evaluation was carried out on this component. An elastic analysis also was done
to provide input parameters required to apply the various rules and procedures of
simplified analysis methods. Ten lines, or critical sections, were chosen for
postprocessing to determine the ratchetting strain and creep-fatigue damage at
both the inside and outside surfaces.

At many of the 20 surface points analyzed, the inelastic analysis results
did not develop a constant or decreasing pattern for the incremental strain or
damage even after S cycles were analyzed. Failure to develop a constant or de-
creasing pattern was especially prevalent for creep damage. The results of the
detailed inelastic analyses at the ten critical sections are compared with the
results of elastic evaluations of ratchetting and creep-fatigue damage calculated
according to American Society of Mechanical Engineers Boiler and Pressure Vessel
Code Case N-47-13. The elastic ratchetting procedures were found to be conserva-
tive for all ten sections, provided certain restrictions are met. The elastically
calculated creep damage was nonconservative for two sections.

A new technique for simulating a two-dimensional inelastic structure by a
series of one-dimensional inelastic membrane shell analyses was developed. This
simulation technique was conservative for both ratchetting strain and fatigue
damage and nonconservative for creep damage. If an approach is taken of apply-
ing factors to the effective stress calculating creep damage, rather large fac-
tors must be used. Thus, no satisfactory conservative technique for conducting
a one-dimensional inelastic simulation of creep damage is presented in this paper.

Two proposed simplified elastic methods were compared with the Bree and
O'Donnell-Porowski methods for the calculation of ratchetting strains. These
two methods are presented in the open literature and the proposed British High-
Temperature Design Code. j
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INTRODUCTION

This paper gives the reference problem and detailed inelastic analysis for
the nozzle-to-sphere problem used by the PVRC as their international benchmark
problem No. 3 (see the immediately preceding paper in this publication). A fur-
ther objective of this paper is to aid in the development and verification of
conservative simplified analysis methods for evaluating ratchetting and creep-
fatigue damage. In the analysis of ratchetting strain, for example, the con-
servatism of a simplified method is assumed to be assured if both of the follow-
ing inequalities are satisfied (this is a sufficient, although not necessary,
condition):

IRatchetting strain! Ratchetting strain,
(according to sira- I > according to rig- >
I plified method J I OTOUS analysis I

Actual measured!
ratchetting

strain

The present study is purely analytical and can aid only in verifying the
left-hand inequality. This limitation certainly should not be interpreted as
suggesting that the right-hand inequality is unimportant. Comparison with ex-
periment is essential but beyond the scope of the present study. The investiga-
tion is outlined here before the scope and findings of the present study are
described.

Simplified analysis methods in American Society of Mechanical Engineers
(ASME) .Code Case N-47-13 [1]*'| permit the assessment of ratchetting and creep-
fatigue damage on the basis of elastic analysis results, provided a number of i
very restrictive conditions are met. Otherwise, detailed inelastic analyses, j
which are usually quite costly and time consuming, are necessary to show that
Code requirements are satisfied. The current ORNL study was aimed toward extend- I
ing the range of applicability of elastic analysis to achieve Code acceptance for :
assessment of ratchetting and creep-fatigue damage. Procedures for applying the >
simplified ratchetting and creep fatigue rules to this geometry and these load- '
ings were to be identified. Then the conservative applicability of these ratchet-
ting rules and procedures and elastic creep-fatigue rules were to be demonstrated
and placed on a defensible engineering basis. i

The basic approach for achieving these goals was first to perform a rigorous
elastic-plastic-creep ratchetting analysis of the nozzle-to-spherical-shell ,
attachment and then to compare simplified methods predictions with the inelastic ]
analysis results. The rigorous analysis was performed with the computer program !
CREEP-PLAST II (ORNL in-house two-dimensional inelastic code), including a com- j
plete code evaluation for accumulated strains and creep-fatigue damage. An !
elastic analysis was performed by CREEP-PLAST 11 also to provide the input param-
eters required in applying the various simplified ratchetting procedures and
elastic creep-fatigue rules. . . •

The axisymmetric inelastic analysis of the nozzle-to-spherical-shell attach-j
ment duplicates the nonaxisymmetric analysis of a nozzle-to-spherical-shell j
attachment done at Rockwell International/Energy Systems Group (M/ESG) [2], as j
part of the ORNL phase 1 simplified methods investigation [3], except that a
moment was not applied to the nozzle in the present study. An axial force was '
used to simulate the moment applied in the RI/ESG three-dimensional analysis. !
Comparisons between the two analyses for the first cycle indicated that the •
axial force satisfactorily simulated the moment applied in the RI/ESG case. The
three-dimensional analysis was done for only one cycle; thus, ratchetting could ',
not be compared, but creep-fatigue damage was compared for the first cycle.

PROBLEM DESCRIPTION

The axisymmetric nozzle-to-sphere geometry adopted for the analysis has a
spherical shell with an ID of 1.93 m (76 in.), and a wall thickness of 3.02 cm
(1.1875 in.)- The nozzle 0D is 0.406 m (16 in.), and the wall thickness is
0.953 cm (0.375 in.). The transition region between the nozzle and sphere is

*Numbers in brackets refer to reference numbers at the end of this paper.
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reinfoi-ced as shown in l:ig. 1. The nozzle and shell lengths as modeled by the
finite element method are long to approximate the effect of a membrane region in
each of them (Fig. 2). The structure is made of type 304 stainless steel.

The cycle histogram is shown in Fig. 3. The thermal downshock is applied
directly to the inner surface of the shell; the outer surface of the shell is
insulated. The mechanical loads are an internal pressure and an axial load in
addition to the axial load that results from the internal pressure action on a
fictitious end cap. Creep is considered only during the 200-h hold period at
593"C (1100°F). Five i/iclastic cycles were analyzed.

Fig. 1. Detailed geometry of reinforced section. (Dimensions given in
inches, 1 in. = 25.4 mm.)
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Fig. 2. Finite-clement layout for nozzle-to-sphere model; planes indicate
locations of temperature comparison. j

The finite-element structural model was made up of 1007 nodes and 165."• ele-
ments. The boundary conditions for the nozzle end were a fictitious end cap
internal pressure load with an added axial load as given by the histogram. The
finite-element model was assumed to be fixed or built in on the sphere end.

HEAT TRANSFER ANALYSIS

The first step in the analysis was to perform a transient thermal analysis
to supply the temperature distribution throughout the model for use in the elas-
tic and inelastic analyses. The finite-element heat transfer code CREEP-PLAST
HEAT [4] was used and the finite-element grid used is shown in Fig. 2. The same
finite-element grid was used in the inelastic and elastic analyses. In order to
allow comparisons between the results from this analysis and the RI/ESG three-
dimensional analysis results [2], the temperature distributions had to be the
same. In Fig. 4, the calculated temperature distribution in the two-dimensional
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model is compared with the temperature distribution used in the three-dimensional
model [5,6]; the temperature distributions are very similar. The planes or sec-
tions where comparisons were made are shown in Fig. 2.

DISCUSSION OF CREEP-PLAST II FINITE-ELEMENT PROGRAM AND ELEMENTS USED IN ANALYSIS1

CREEP-PLAST II, an in-house ORNL computer code, is a two-dimensional, plane |
stress, and axisymmetric elastic-plastic-creep finite-element structural analy-
sis program. It uses an iterative tangent stiffness method for elastic and
plastic calculations and an initial strain method for creep and thermal calcula-
tions. In the present study, a three-node linear-displacement axisymmetric re-
volved triangular element was used.

MATERIAL BEHAVIOR DESCRIPTIONS

The physical and elastic properties of type 304 stainless steel used in the
present analysis were given in polynomial form in temperature for interpolation.

Correlations of the plastic properties are based on uniaxial cyclic stress-
strain tests at a total strain range of 0.4% and a strain rate of 0.005/min.
The experimental stress-strain loops were bilinearized and the results put into
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Fig. 4. Comparison of temperature profiles in nozzle-to-spherical-shell
attachment from CREEP-PLAST HEAT to those in Refs. 5 and 6. Refer to Fig. 2
for section locations.



the form of a correlation of yield stress and temperature. Tlie virgin yield
stress a; and the tenth cycle yield stress o ; 1 0 are given by

a = 25,150.0 -10.2571? + (1.42857 x lO"3]!*- , (I)1

at = 19,900.0 . (2) |
•' I

The bilinearized plastic tangent modulus was correlated vs temperature and was
given by

j £ = (0.145205 " 10'5) + (0.84699S x

- (0.125 x 10-!3)r3 . (3)

The elastic modulus (slope of the elastic portion of the bilinearized curve)1

was correlated vs temperature and given by j

B = (29.5679 x 10G) - (6.16071 x 103)T - (0.S92858)!'2 . (4)

In this analysis, Poisson's ratio was assumed constant at 0.3. The bilinear
plasticity properties are given in Ref. 7.

The creep equation used in this analysis is a special form of Blackburn's
equation [8] at 593°C (1100°F) and is given by

B = -0.257143 + (4.28571 x 10-5)o ,

s = (3.0979 x 10"3)[sinh(6.9345 x 10"5)a]3-5 ,

r = 0.ls , ™

Em = (1.69781 x 10"1|)[sinh(4.76S5 x 10"5)o]6 ,

where

e = creep strain (%),

t = time,
a = stress.

The coefficient of thermal expansion is given by

a = (8.S73691 x 10"G) + (4.17727 x 10-9)T - (6.25S445 x 10"12)T

+ (9.097863 x 10-15)T3 - (5.940684 x lO" 1 8)!*

+ (1.426633 x 10"21)Ts . (6)

!In Eqs. (1) through (8) the stresses are in pounds per square inch, except for
Eq. (5), where stresses are in 1000 psi (ksi); the temperature is in degrees
Fahrenheit; and time is in hours. 1 psi = 6.S95 x 103 MPa; T(C°j = [T(F°) —
32]/l,8; thermal expansion m/m — °C = 1.8 (in./in. — °F); thermal conductivity
(W/m - K) = 20.77 (Btu/h-in.-°F); volumetric heat capacity (J/m3/K) = 1.1SS x 108

(Btu/°F/in.3).
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The heat transfer properties needed for the analysis were based on linear cor-
relation of data from Rof. 7. The volumetric heat capacity is given by

pC = 0.033501S + (5.02143 x 10"G)r , (7)

where o is the material density, C is the specific heat, and the thermal con- ,
ductivity correlation is given by ' i

K = 0.664126 + (3.70657 x lO'^T . (8)

The constitutive parameters C and KQ are related to the modulus of elastic- [
ity E, the plastic slope Ev, and the yield stress Oy of the bilinear representa- i
tion of the initial monotonic uniaxial stress-strain curve. <i is related to the<
yield stress ô  of the bilinear representation of the tenth cycle stress-strain:
curve. In particular :

and

The constant C is actually the slope of the elastic-plastic line in terms of the
deviatoric stress (o* = z. o) vs the plastic strain e for uniaxial loading

da' 2 da
T = 3 3 r

This relation can then be written in the form

3c E E *

P I
In this analysis the plastic modulus E was considered to be constant and equal to;
4.62 * 103 MPa (0.67 x 106 psi) [7]. P I

INELASTIC ANALYSIS

Elastic-plastic analyses were carried out incrementally in CREEP-PLAST II
using a tangent stiffness method. The size of the load increment was adjusted I
to give, in any element, a maximum effective stress increment of 10% of the yield j
stress and a maximum effective plastic strain increment of 30% of the yield !
strain, where the yield strain is defined as the yield stress divided by the elas-<
tic modulus. j

During the isothermal creep-hold period, the automatic stepping algorithm |
adjusted the step size to give an effective stress increment of 5% (maximum) of •
the current effective stress and an effective creep strain increment of 15% (maxi-
mum) of the current effective elastic strain (based on the effective stress j
divided by the elastic modulus) in any element. j

For each load increment two iterations were carried out. This allowed the !
proper evaluation of the stiffnesses for newly plastified elements (elastic-
plastic transition elements), and it permitted a more consistent evaluation of
the stress and strain rates for each step. The second iteration transformed •
the solution from a simple direction-field method (Euler forward difference) to a
modified Euler method (midpoint method). During the creep-hold period, only one
iteration was used for each step because under automatic control the solution
was stable.

The results of the inelastic analysis were obtained in two forms: (1) ;
stress-strain plots for selected locations in the structure and (2) tabulations
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of ratchottiiig strain and creep ami fatigue damage. The selected critical sec-
tions or lines of interest are shown in Fig. 5 on a finite-element layout of the
reinforced section of the nozzle-to-sphericnl-shell attachment.

Figures 6 ant! 7 present the hoop stress vs hoop strain diagrams for the
inner and outer elements of section 2 shown in Fig. 5 for the five cycles. Seven
points during the first, cycle arc labeled on these plots to relate them to the
histogram in Fig. 3. Point 1 is the initial point of the thermal downshock, and
point 2 is at the end of the 10-s thermal downshock and represents a point of
extreme thermal strain for this section. Point 3 is the end of the thermal tran-
sient, with the wall temperature at a uniform value of <I27°C (SO0°F); point •!, the1

end of the depressurization; point 5, the end of the reprcssurization; point 6,
the end of the reheat step; and point 7, the end of the creep-hold period and the
end of the first cycle.

Incremental values of the damage were calculated along with both incremental
and cumulative ratchetting strains. For design purposes, the cumulative ratchet-
ting strains would be compared with the strain limits of 1% averaged through the -

Fig. 5. Sections of nozsle-to-spherical-shell attachment. Chosen for
making comparative evaluation of results from various analysis methods.
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Fig. 6. Cyclic stress-strain plot for innermost element of line ?..

wall, 2% at the surface due to an equivalent linear distribution of strain
through the thickness, or 5% peak strain, as specified in the ASME Code Case
N-47-13. Therefore, three typos of strain (average, linear, and peak surface}
were calculated. Peak surface strains were obtained by parabolic extrapolation
of each component of strain, using the three elements nearest the surface, and do
not take into account possible strain maxima occurring in the interior of the
wall. In all cases, the maximum principal component of the cumulative inelastic
(plastic plus creep) strain at the end of each hold period was calculated. The
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incremental strains are obtained by differencing the cumulative strains rather
than by using incremental components.

The study does not include results for damage or ratchetting strain in the
interior of the wall, and such calculations have not been included in the present
study because the walls are very thin and the maximum strain and stress usually
occur on the surfaces of such structures.

COMPARISON BETWEEN THE TWO- AND THREE-DIMENSIONAL ANALYSES

A two-dimensional axisynimetric analysis of the nozzle-to-spherical-shell
attachment was done to simulate the nonaxisymmctric three-dimensional analysis of
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a no2zlc-to-splierical-sliell attachment clone at RI/RSfi as part of the Phase 1
simplified methods investigation [3]. The major difference between the two
analyses was that an axial force was applied to the nozzle of the two-dimensional
analysis, whereas a moment was applied to the nozzle in the IlI/nSG analysis. The
axial force in the two-dimensional analysis was used to simulate the moment.

Comparisons between the two analyses for the first cycle could be made for
lines or critical sections 5, 6, and 9 through the wall shown in Pig. 5. A com-
parison of Figs. 8 ami 9 shows that line 5 from the two-dimensional analysis
compares very well qualitatively and quantitativoly with line 5 from the three-
dimensional analysis and the analyses show that the same can be said about line 6.
The comparison for line 9 is quantitatively the same but not qualitatively; this
is felt to be due to the fact that only one 20-nodo brick element was used
through the thickness in the RI/RSG analysis. Here both creep and fatigue damage

250
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Fig. 8. Cyclic stress-strain plot for innermost element of line S.
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Fig. a. Cyclic stress-strain plot for inside surface of line 5
three-dimensional analysis performed by RI/ESG.

0.30

from

are quantitatively and on most lines qualitatively the same on the inside sur-
face but not the outside surface. Since the thermal and pressure load changes
occur on the inside surface, this indicates that for both analyses the inside
surfaces act very similarly. Because of the coarse mesh used in the three-
dimensional analysis and the refined analysis used in the two-dimensional analy-
sis, the distributions of stresses and strains calculated by both analyses are
different, as shorn by the damages listed in Table 1 for the outside surface.

Since the inside surface stresses and strains would control the design of
this nozzle attachment under the histogram used, the axial force was able to
simulate the moment applied to the nozzle in the RI/ESG analysis.

ELASTIC ANALYSIS

The elastic structural analysis was carried out incrementally in CRERP-PLAST
II in the same way as the inelastic analysis, using the finite-element grids
shown in Figs. 2 and 5. The material elastic properties presented earlier were
used, and no creep was assumed to occur in the analysis. Only one elastic cycle
was analyzed because all elastic cycles were the same, and it actually included
a series of 121 elastic analyses. :

In the present study, elastic evaluations of the ratchetting strains were
carried out according to the O'Donnell-Porowski method and the Bree complete '
relaxation method. The ratchetting strains were evaluated separately for each '
surface of the wall. The maximum secondary or Q stress usually was made up of !
one contribution proportional to the distance from the nidsurface and another i

r



Table 1. Comparison of creep and fatigue damage

2

4

5

6

8

9

Creep

Three-dimensional
analysis

Inside

0.1653

0.2412E-2

0.4064E-2

0.2077E-2

0.2393

0.9S46E-1

Outside

0.3003E-4

0.2651E-3

0.6014E-2

0.2295E-2

0.5525E-2

0.1195E-1

damage

Two-dimensional
analysis

Inside

0.3061E-2

0.3S55E-2

0.22S6E-2

0.1505E-2

0.4546E-2

0.4341E-1

Outside

0.2962E-7

0.1067E-5

0.8890E-5

0.9002E-5

0.2429E-5

0.1615E-2

Fatigue

Three-dimensional
analysis

Inside

0.7004E-^

0.454SE-2

0.3179E-2

0.2690E-2

0.3375E-3

0.3694E-3

Outside

0.2938E--J

0.1370E^l

0.3740E-5

0.1263E-5

0.4460E-3

0.1154E-2

damage

Two-dimensional
analysis

Inside

0.2583E-2

0.1672E-2

0.12S3E-2

0.2879E-2

0.2093E-2

0.1006E-2

Outside

0.

0.

0.

0.

0.

0.

143SE^t

9376E-7

3197E-*

1020E-6

077SE-5

3609E-3



contribution constant across the wall. In ratchetting evaluation, the intensity
of the algebraic sum of the local values of the contributions was used as the Q
stress. This led to different values of the ratchetting strain at the two sur-
faces of the wall. However, a study of those calculations showed that the
amount of nonconservatism could be reduced by taking the greatest of the two
elastic surface values .md considering it to apply to both surfaces when com-
paring them to inelastic results. Therefore, this method of comparison was used
in all the comparisons of conservatism presented in the next section (for damage
as well as ratchetting).

Blastic evaluations of the creep and fatigue damage were carried out accord- I
ing to ASME Code Case N-47-13 [1]. !

For the elastic analysis, the following values were calculated: the local |
primary stress P^; the Q stress; the elastic core stress o used in the O'Donnell-
'Porowski ratchetting analysis; the maximum range of the prxmary-plus-secondary
stress intensity during the cycle Sr\ the largest stress intensity during the •
sustained or steady-state portions of the loading cycle Sss; and the stress 5j.
used in the elastic creep damage analysis in accordance with ASME Code Case
N-47-13. Also calculated wore the elastic creep and fatigue damages and the I
ratchctting strains according to both the O'Donnell-Porowski method and the Bree '
complete relaxation.method. All the above quantities are the same for each cycle
except the O'Donnell-Porowski ratchetting strain, which decreases from cycle to :

cycle because of creep strain hardening. ,

DISCUSSION AND COMPARISON OF ELASTIC AND INELASTIC ANALYSIS RESULTS j

As discussed in the Introduction, a major question of interest in the present
study is whether a simplified method (such as the elastic analysis procedures of ;
ASMn Code Case N-47-13 presented in the preceding section) leads to conservative |
results. A summary of the results and calculations are presented in Table 2,

Table 2. Comparisons of
shakedown, and

Elastic
comparisons

2
4
5
6
7A
S
8A
8B
9
9A

OK
OK
OK
NGb

OK
OK
OK
NG
NGC

NG

elastic and inelastic
predicted ]

Shakedown3

Inside

R
RC
RF
OK
F
C
C

c
c
c

Outside

OK
RCF
RCF
CF
CF
R
R
OK
C
C

Lifetimes

Predicted

Inelastic

153
165
293
279
304
83
125
1
15
6

results,

life cycles

Elastic

4
4
4
4
4
4.
5
5
6
6

An R in the shakedown column indicates that at least
one of the ratchetting measures failed to reach shakedown;
C indicates that the creep damage failed to reach shakedown;
F indicates that the fatigue damage failed to reach shako-
down; OK means that all three quantities reached shakedown.

The average, linear, and peak surface strains actually
were decreasing at a rate greater than the O'Donnell-Porowski
increment. The Bree increment was larger than the inelastic
increment.

The O'Donnell-Porowski increment was too small. All
other limits were met.

r



where comparison results for each lino are listed for the elastic analysis, shake-
down, and predicted life. Shakedown in this study was assumed to be: that after
three cycles the inelastic strain accumulation would be constant or decreasing.
For comparison with the elastic analysis, the results for each line are character-
ized as being "OK" if for the last cycle analyzed (fifth cycle) and at both sur-
faces of the wall (1) the elastic incremental creep and fatigue damage are con-
servative and (2) both the incremental O'Donnell-Porowski and Bree complete
relaxation strains are greater than all three (average, linear, and peak surface)
of the incremental inelastic ratchetting strain measures. If any of the three
types of clastic analysis are nonconservative, the line is characterized as "NG."

As discussed in the preceding section, the larger of the two surface values ',
of the elastic quantity is considered to apply to both surfaces in all cases to
reduce the nonconsorvatism. Table 2 compares only the last (fifth) cycle on the
basis that (1) the cycles analysed represent only a small fraction of the number
of cycles of interest and (2) in extrapolation to a large number of cycles, the :
last cycle analyzed will be dominant.

Table 2 shows four nonconservative lines — lines 6, SB, 9, and 9A. Line
6 is nonconservative because the linear and peak incremental ratchetting strains
were decreasing (the strains were negative) at a faster rate than the O'Donncll-
Porowski increment. The Bree complete relaxation strain is conservative for
line 6. The elastically calculated creep damage is very nonconservative for
line SB. The O'Donnell-Porowski strain increment is too small for lines 9 and 9A,
while the Bree complete relaxation strain increment is conservative. For line >
9A the elastically calculated creep damage is also nonconservative. With regard
to the nonconservatism that occurs in the O'Donnell-Porowski ratchetting strain
analysis, the Pree complete relaxation strain is always conservative by the fifth '
cycle. Thus, it is possible to maintain conservatism for ratchetting simply by
requiring that only the Bree complete relaxation ratchetting analysis be used in j
regions of discontinuity stresses. !

The limits on ratchetting strains and damage set by ASME Code Case N-47-13 ;
are different for inelastic and elastic analyses, and the limits indicate nothing
about the relative values of damage or ratchetting strain obtained by elastic as
opposed to inelastic results. The present paper, however, is concerned to a con-
siderable extent with comparisons between elastic and inelastic results. To put
such comparisons to practical use, it is necessary to introduce some additional J
requirements concerning the relative magnitude of the elastic results compared with;
inelastic, results. The simplest and most general additional requirement is to I
insist that the simplified elastic results always be more conservative than the i
rigorous inelastic results, so that if a structure is acceptable according to j
elastic analysis, it is always automatically acceptable according to inelastic !
analysis. However, the limits set by the Code Case sometimes may be less restric-
tive for the elastic than for the inelastic results. In such cases, a conflict ;
can arise between the requirements of the Code Case and the underlying premise of
this paper.

Thus, there is some question regarding which of the three inelastic ratchet-
ting strain measures (average, linear, or peak surface) should be compared with !
the O'Donnell-Porowski and Bree results. When the O'Donnell-Porowski ratchetting ;
analysis is used to design a structure, the calculated ratchetting strain is to '
be compared with the 1% limit according to ASME Code Case N-47-13. When a Bree
ratchetting analysis iu used, the strain is to be compared with the l"o and 2%
limits because the Bree method not only bounds the uniform creep strain but also
takes into account the plastic ratchet strain which occurs every cycle. For both
the O'Donnell-Porowski and Bree analyses, the peak stresses and strains are to
be ignored and the 5% limit is not applied.

The comparisons between the elastic and inelastic analyses (Table 2) are
based on the incremental results obtained for the fifth cycle of the inelastic
analysis on the grounds that extrapolation to many cycles would be needed for a
design. However, extrapolation to the end of life should be performed only when
the results of the last three cycles show a consistent pattern of constant or
decreasing strain accumulation per cycle. Thus, knowing when such a nonincreas-
ing pattern occurs or fails to occur in the present analysis is of interest. The
shakedown column in Table 2 summarizes this information.
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Table 2 shows that for creep damage, a nonincrcasing pattern failed to occur
for two-thirds of the surface positions considered (12 out of 20). For ratchet-
ting, a nonincreasing pattern failed to occur for seven surface positions; and
for fatigue damage, a nonincreasinjj pattern failed to occur for six surface
positions.

A gradual drift in creep damage from cycle to cycle was seen, and the drift
was about as likely to be upward as downward. An upward drift in creep damage
could be due to (1) a gradual increase in the stress as a result of plastic
hardening or (2) a gradual decrease in the rate of stress redistribution because
of creep strain hardening. A gradual increase of the rntchetting strain in some
positions could be caused by a gradual increase of the primary stress because
of the action of elastic follow-up and a decrease in the stress redistribution
because of strain hardening. In any case, a failure to achieve a nonincrcasing
pattern after five cycles were analysed could be a complicating factor in the !
design of this type of structure.

A comparison of the pi'edicted allowable lifetimes based on the inelastic
and elastic analyses of this study might he of interest. This comparison is
shown in the last two columns of Table 2. The elastically predicted lifetimes
in Table 2 are all conservative when compared to the inelastic results except
for line SB. The elastic and inelastic results are the same for line 9A. The
conservatism for the rest of the linos results from the fact that creep damage
is the major factor in establishing the lifetime, and the clastic creep damage
is conservative. In some cases the overconservatism of the elastic analysis can
be quite severe. In this study the trend of conservatism of the elastic results
goes in the wrong direction because as the predicted lifetimes based on the •
inelastic results tend to go down, the predicted lifetimes based on the elastic
results tend to go up. When the elastic method is used for design, this trend \
could lead to design changes in the wrong part of the component. Finally, for
the inelastic analysis of approximately half the lines, a noninci'easing pattern
failed to occur because the incremental creep damage varied irregularly from
cycle to cycle in some cases and increased from cycle to cycle in others through-
out the five cycles. Thus the prediction of a lifetime by linear extrapolation
of the creep damage based on the assumption that the incremental damage for later
cycles equals the incremental creep damage for the fifty cycles is questionable. .

COMPARISON OF PROPOSED SIMPLIFIED METHODS WITH BREE AND O'DONNELL-PORONSKI ,
METHODS FOR CALCULATION OF RATCilETTING STRAINS ',

Two other proposed simplified ratchetting methods were used to analyze the
elastic solution used in this study. These methods are still in the proposal |
stage and are presented for completeness. The first is the proposed British \
High-Temperature Code [9] and the second is the proposed high-temperature reactor
core simplified method [10].

The proposed British code is based on Ainsirorth's bounding methods deveZoped !
into a method to calculate ratchetting strain. For arbitrary cyclic loading, a
reference stress is calculated from a shakedown limit analysis. The reference i
stress a0 is that fictitious yield stress for which shakedown just occurs. If :
there were any decrease in the yield stress, shakedown would not occur. The ',
reference stress is based on a bounding method developed by Ainsworth and Goodall ',
[11]. After the reference stress for a cycle has been found, the isochronous
stress-strain curve is entered using a strain hardening technique to calculate \
the creep ratchetting strain for the cycle. ;

The simplified method for elevated temperature design of fast breeder reactor
core involves the evaluation of elastic, plastic, and creep strains and their i
interactions, as well as irradiation-induced creep and swelling strains. Since
we are interested only in the evaluation of inelastic strain in our study, we
will not discuss the effects of irradiation. The procedure is based on the Bree
complete relaxation method [12] and a modified strain hardening O'Donnell-Porowski
method. The ratchetting strains per cycle calculated from the Bree complete re-
laxation method are divided into enhanced creep and plastic ratchetting strains.
The condition where secondary stresses cycle in the presence of significant
thermal creep strain causes plastic ratchetting strains to occur in the Sj, S2,
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and P regions in addition to that in the /fj and R2 regions of the Bree diagram
(nig. 10). The region E is the only nonratchetting regime.

The maximum creep strain that could be accumulated at this point is that
which would occur if the maximum stress wore maintained throughout the cycle.
The maximum stress, a (called the core stress) used in this analysis method to
bound the creep strain is the stress at any point in the shell wall which remains
below the yield stress. Once the maximum stress value, a , has been obtained,
the isochronous stress strain curve is entered using a strain hardening technique
to calculate the creep ratchetting strain for each cycle.

A comparison between these methods and the O'Donnell-Porowski and Bree
methods is summarized in Table 3. The comparisons are listed for each line in
Table 3 for both the inside and outside surfaces. The lines are characterized
as being "C" (conservative) if (1) for the last cycle analyzed (fifth cycle),
the incremental ratchetting strain (both creep and plastic) calculated by the
simplified method was greater than all three (average, linear, and peak surfaces)
of trie incremental inelastic ratchetting strains of the detailed inelastic analy-
sis and (2) the accumulated ratchetting strain at the end of the last cycle was
greater than the inolastically calculated accumulated strain. If any of the four
methods of simplified analysis is nonconservative, the line is characterized as
"NC." Some "NC" characterizations are marked with a superscript "6," which indi-
cates that the last cycle incremental ratchetting strain was conservative but
the total accumulated strain at the end of the last cycle was not conservative.
The characterization "VC" means very conservative.

As Table 3 shows, the proposed British code is very conservative; this method
calculated that no surface line shook down. This method is the most conservative

y 4

Fig. 10. Stress regimes based on Brec's analysis.
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Table 3. Comparison of the ratchetting strains
for four simplified methods'2

Line

4
5
6
7A
8
8A
SB
0

9A

0'nonne11-Porowsk i

Inside

C ,

NC?
NC"
NC
}(Cp

c
NC
NC
NC

Outside

C
C
C
NC
NC
C
c
c
NC
NC

Insid

C ,
NC*'
NC"
NCb

NĈ
NC^
UCb

NC"
C
C

Brce

e Outside

C
C
C
C
C
C
C
C
C
C

Core simplified
method

Inside

C
C
c
NC
NC^
NC^
C
NC
C
c

Outside

C
c
c
c
c
c
c
c
c
c

Proposed
British code

Inside

VC
C
VC
C
VC
VC
VC
VC
VC
vc

Outside

VC
vc
vc
vc
vc
vc
vc
vc
vc
vc

C means conservative, NC means nonconservative, and VC moans very
conservative.

The total accumulated strain was not equal to or greater than the in-
elastic accumulated strain; the incremental strains are conservative.

of the simplified methods examined. The 0'Donne11-Porowski method is the most
nonconservative with 7 of the 20 surface areas nonconservative. Both the Bree
and the reactor core simplified methods were conservative for the last cycle '.
incremental ratchetting strains while four surface areas according to the reactor !
core simplified method and seven surface areas according to the Breo method failed
to be conservative for the accumulated strain for the lasc cycle.

ONE-DIMENSIONAL INELASTIC SIMULATIONS

Another possibility for simplified analysis of a two- or three-dimensional
structure is to analyze inelastically, at each critical location, a one-dimen- j
sionnl membrane shell segment with the same diameter, shape, and wall thickness,
and with loads selected to represent the local conditions as obtained from a
tiso- or three-dimensional elastic analysis of the full structure.

The following approach was used in this study to develop the one-dimensional
inelastic simulation of a two-dimensional axisymmetric analysis.

1. The critical location was assumed to be a membrane segment of a shell region
with the same shape as the critical location (spherical, cylindrical, or
conical). The end cap loads, pressure loads, and axial loads along with
the shell shape were used to calculate the membrane stress applied to the
shell segments.

2. The maximum primary stress value from the elastic analysis was used to cal-
culate the maximum pressure value. The pressure was assumed to vary with •
time. |

3. The actual temperature history for the critical section was used. i

4. The bending moment was assumed to vary with time and was calculated from
the secondary stress, which varied with the time in the clastic analysis. !

The inelastic simulation was applied to all ten lines considered in this '
study to provide a thorough assessment. To illustrate the degree of conservatism
or nonconservatisin, the ratio of the incremental ratchetting strain or creep or '
fatigue damage calculated by the two-dimensional inelastic analysis to that cal- i
culated in the one-dimensional inelastic simulation for the fifth cycle only is '
listed in Table 4. The ratchotting strains and creep-fatigue damage for 5 cycles
at a total of 20 surface locations (inside and outside at each of the critical !

sections) for the one-dimensional inelastic simulation ivere calculated.

The ratios for the creep damage showed more nonconservatism than fatigue
damage or ratchetting with five lines having ratios greater than 1.0. These lines
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Table A. Hatio of the incremental ratchetting strain,
creep damage, and fatigue damage calculated by the two-
dimensional inelastic analysis to that calcilated in

the one-dimensional inelastic simulation for the
fifth cycle12 — inside and outside surfaces

treated separately

Lino

2
4
5
6
7A
8
SA
8B
9
9A

0
0
0
0
0
0
0
0
0
0

Uatchetting
strain

1*

.227

.033

.013

.016

.009

.065

.052

.076

.316

.239

oa

0.547
0.02!
0.019
0.016
0.014
0.03'.
0.084
0.414
0.969
1.210

Creep

l"

0.232
17.6
0.530
0.010
0.211
0.542
3.024

4S.0
6.1S7

134.5

damage

0

n
0
0
0
0
0
1
19
3

0°

.001

.0S8

.030

.076

.003

.023

.026

.494

.S6

.927

F

0
0
0
0
0
0
0
0
0
0

atigue

I*

.423

.2S0

.178

.555

.392

.266

.199

.OOS

.691

.444

damage

0

0.014S
0.003
0.011
0.02S
0.001
0.001
0.020
0.0
0.006
0.126

uln some cases, one or more measures of the incre-
mental ratchetting strain on the fifth cycle are nega-
tive. For the purpose of this table, the minus signs
are ignored.

I = inside surface of wall.
CO = outside surface of wall.

are 4, SA, SB, 9, and 9A. The most nonconservative factor is 154.5 on the inside .
surface of line 9A for creep damage. The only other nonconservativc factor '
(other than for creep damage) is a ratchetting factor of 1.21 on the outside sur-
face of line 9A. ,'

In interpreting the elastic ratchetting and damage calculations, one of
the techniques for improving the conservatism was to compare each result of the
two-dimensional analysis with the largest of the two surface elastically calcu-
lated results. To investigate the same procedure here, Table 5 presents the
ratio of the two-dimensional inelastic ratchetting strain and creep and fatigue I
damage with the largest of the two surface results calculated from the one-dimen- j
sional inelastic simulation. Comparison of Table 4 with Table 5 indicates that j
although the degree of some of the nonconservatism is reduced by the modified :
method of comparison, the one-dimensional inelastic simulation remains signifi-
cantly nonconservative with respect to creep damage. '

CREEP DAMAGE FOR ONE-DIMENSIONAL INELASTIC SIMULATION USING A PACTOR ,
TO DOUBLE THE SECONDARY STRESSES •

The creep damage calculations by the one-dimensional inelastic method are
significantly nonconservutive because the stress state in the one-dimensional ,
analysis will relax at a different rate than will the effective stress in a multi-
axial stress situation. Also, the stress state in the one-dimensional analysis
will relax to a different stress state than will the multiaxial stress state.
Most analysts attribute this phenomenon to "elastic follow-up" in the two-dimen- ,•
sional analysis, which does not occur in the one-dimensional analysis.

In tlie present study, the one-dimensional simulation was able to predict
conservatively the ratchetting strain and fatigue damage. A study [13] in the
literature indicated that by doubling the secondary stress the creep damage cal-
culations could be made conservative. In this study it was thought that doubl-
ing the effective stress used to enter the stress-to-Tupture curve and using the
method given in paragraph T-1411 of ASME Code Case N-47-13 would lead to an
acceptable conservative creep damage value.

To help interpret the inelastic ratchetting and damage calculations, Table
6 presents the ratio of the surface results of the two-dimensional inelastic
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Table 5. Ratio of the incremental ratchetting strain,
creep damage, and fatigue damage calculated by the two-

dimensional inelastic analysis to that calculated I
in the one-dimensional inelastic simulation j

for the fifth cycle i

Line

2
4
5
6
7A
8
8A
SB
9
9A

Ratchet ting
strain

1»

0.227
0.003
0.013
0.016
0.009
0.065
0.052
0.155
0.316
0.239

0°

0.312
0.013

o.oos
0.008
O.OOS
0.022
0.051
0.117
0.340
0.219

Creep

lb

0.232
5.00
0.530
0.010
0.041
0.542
3.024

4S.0
6.1S7

134.5

damage

0°

0.0
0.088
0.027
0.004
0.003
0.001
0.001
0.047
0.013
1.163

Fatigue

lb

0.423
0.280
0.178
0.555
0.392
0.266
0.199
0.001
0.034
0.444

damage

0°

0.003
0.0
0.0
0.0
0.0
0.0
0.002
0.0
0.006
0.01S

aFor the simulation, the larger of the inside or
outside surface results of the one-dimensional analy-
sis is assumed to apply to both surfaces.

I = inside surface of wall.

Table 6. Ratio of the incremental ratchetting
strain, creep damage, and fatigue damage cal-
culated by the two-dimensional inelastic
analysis to that calculated in the one-
dimensional simulation0 for tl.e fiftli

cycle with the effective stress
double for creep damage

calculations

Line

2
4
5
6
7A
8
8A
8B
9
9A

Ratchetting
strain

lh

0.227
0.033
0.013
0.016
0.009
0.065
0.052
0.155
0.316
0.239

0

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

f

312
013
008
008
OOS
022
051
117
340
219

Creep

0
0
0
0
0
0
0
0
0
2

I*

.004

.677

.015

.007

.007

.008

.065

.626

.098

.886

damage

0°

0.0
0.012
0.001
0.004
0.001
0.0
0.0
0.001
0.002
0.025

Fatigue

lb

0.423
0.280
0.178
0.555
0.392
0.266
0.199
0.005
0.034
0.444

damage

0°

0.003
0.0
0.0
0.0
0.0
0.0
0.002
0.0
0.006
0.0.8

For the simulation, the larger of the inside or
outside surface results of the one-dimensional analy-
sis is assumed to apply to both surfaces.

I = inside surface of wall.

0 = outside surface of wall.
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ratchctting strain and croop and fatigue damage to the largest of the two sur-
face results calculated by the one-dimensional inelastic simulation. Comparison
of Table 6 with Table 5 indicates that the degree of conservatism is increased
by this technique. However, all nonconservatism is not gone, and the degree of
conservatism given by this method is not consistent. Evan with this technique,
the one-dimensional inelastic simulation remains nonconservative at one location
with respect to creep damage.

CONCLUSION'S

In the present study, the two-dimensional inelastic analysis failed to
develop a decreasing pattern of incremental strain or damage for 12 out of 20
positions considered for creep damage, for 7 positions out of 20 for incremental
ratchotting, and for 6 positions out of 20 for fatigue damage. Under these con-
ditions, extrapolation to the later cycles should not be done.

The elastic ratchotting and creep-fatigue damage limits of ASMU Code Case
N-47-13 have been compared with the results of the inelastic analysis of the
ten critical sections in this study, and the conclusion is that the elastic
rules are conservative for the incremental ratchetting strains for all the criti-
cal sections provided that (1) only the Bree complete relaxation ratchetting
analysis is permitted in regions of stress discontinuity, (2) in the elastic
analysis the larger of the two surface ratchotting strains is considered to apply
to both surfaces, and (3) comparison is based on the last (fifth) cycle analyzed.
The elastically calculated creep damage was nonconservative for one critical
section. The nonconservatisin of the elastic analysis for this section as well
as the overconservatism of the clastic analysis for most of the other sections
is shown in the comparison between the predicted lifetimes of the elastic and
inelastic analyses (Table 2). Also, the trend of the elastically predicted life-
times is reversed; the elastically calculated lifetimes tended to increase as the
inelastic lifetimes decreased. This phenomenon could lead to faulty design when
the elastic method is used for design calculations.

A new technique for simulating a two-dimensional inelastic structure by a
series of one-dimensional inelastic infinite shell analyses was studied. In
contrast with the elastic rules mentioned above, the tne-dimensional analysis
was consei'vative for both the ratchetting strain and fatigue damage and noncon-
servative for creep damage.

No satisfactory conservative technique for one-dimensional inelastic simula-
tion for creep damage was found in the present study. A procedure for doubling
the effective stress used to enter the creep rupture curve was studied. This
procedure increased the conservatism for most critical sections but did not re-
move all nonconservatism. The conservatism can be increased by increasing the
factor on the effective stress used for the time rupture calculations. However,
increasing the effective stress by a factor of 3 does not seem to be satisfactory.
At present no effective method is known to increase the creep damage conservatism.

Two proposed simplified elastic methods are compared with the Bree and
O'Donnell-Porowski methods for the calculation of the ratchetting strains. These
two methods are the proposed simplified method for high-temperature reactor core
design [10] and the proposed British High-Temperature Code [11]. The four
methods were compared on the basis of the incremental ratchetting strain for the
fifth cycle and the total accumulated ratchetting for the first five cycles being
greater than or equal to the inelastic values. The proposed British code was
found to be too conservative, while the posed reactor core simplified method '
was satisfactory.

The area of greatest nonconservatism .. in the calculation of the creep
damage by the simplified methods. No conservative method was found for either
the elastic or the ono-dimonsional inelastic simplified methods. More research
or development should bo performed in this area.
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