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ABSTRACT

The slastic stress range over a complete load
cycle 18 routinely used to formulate sisplified rules
regarding the inelastic behavior of structures
operating at elevated temperature. For example, a
300 series stainless steel atructure operating at
slevated tempersture, in all probability, would
satisfy the ASME Boiler and Pressure Vessel Code
criteria if the linearized elastic stress range is
less than three times the material yield strength.
However, at higher elastic stress ranges it is
difficult to judge, a priori, that a structural
component would comply with inelastic Code criteria
after a detailed inelastic snalysis. The purpose of
this paper is to illustrate that it is not the
elestic strees range but the stress intensities at
specific times during s thermal trsnsient which
provide a better insight into the inelsstic response
of the structure. The specific exssple of a flued
head design demonstrates that the tempersture
differential between various parts of the structure
can be changed by modifying the insulation pattern
and heat flow path in the structure, without
significantly altering the elastic stress range over
a complete load cycle. However, the modified design
did reduce the stress intensity during stesdy state
elevated tempersture operstion. This modified design
satisfied the inelsstic Code criteria whereas the
initial design failed to comply with the strain
accumulation criterion.

INTRODUCTION

An ASME Clsas ] structural ccmponent that does
not comply with the elastic and simplified inelastic
requiresents of the elevated temperature Code Case
N-47 requirss a detailed inelastic analysis to show
ASME Code compliance. It is difficult tc judge, s
priori, that a structural component which does not
satisfy the elastic and simplified inelastic rules
will satisfy inelsstic requirements. One-dimensional
simplified methods are of limited spblicability,
because the critical regions in the component are
often located at s gross structursl discontinuity
where the thermal loading varies in the axial
direction.

The purpose of this paper 1s to fllustrate that
although the elastic stress range is more than three
times the yleld atrength of the materis) (316
stainless steel), 1t is possible to satisfy the ASME
Code 1imits using s detailed inelastic analysis.
Furthermore, it is not the streas rsnge but the
elastic stress intensities st various critical times
during s thermal transient which provide better
insight into the inelastic response of the strucCture.

This paper examines the Clinch Niver Breeder
Reactor Plant (CRBRP) flued head containsent
penetration design. The purpose of the flued head,
shown in Fig. 1, is to provide an attachment for the
seal around the piping as it extends through the
containment wall. Although the ratchetting strains
are design limiting in the flued hesd design, the
basic concepts presented in this paper on limiting
the stress intensity during steady state operation
are equally applicable to reduce cresp-fatigue damage
in structural components operating st elevsted
teaperature [1)®. The purpose here is to discuss
concepts and not details of inelastic stress

*Nuserals in brackets designate references at the
end of this paper.
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Figure 1. Longitudinal Cross Section of the CRBRP Intermediate Hot Leg ¥Flucd Head

analysis. In-depth discussion on computational
methods 1in nonlinear analysis, validation of analysis
methods, and sodeling deformation behavior 1s
provided in Chapter D--Elevated Temperature Design of
the ASME sponsored book “Decade of Progress in Design
Analysis® [2].

The initial inelastic analysis of the flued head
model, that s circled in Fig. 1, resulted in
excessive atrain accumulation due to cyclic thermal
loading. This is caused by the restriction of the
free diametral movement of the thin-walled pipe by
the conical support anchored in the containsent
wall. Bassed upon initial analysis results, two
spproaches are considered to reduce the restraint
provided by the conical support. In the first
approach, the rigidity of the cone is reduced by
changing various geosetric paraseters of the flued
head structure. However, within the design
constraints, the overall stress range caannot be
reduced significantly. In the second approach, hest
flow path betueen the pipe and the cone support is
altered by removing some insulation in the
Y-section. Tnat {s, heat from the pipe i3 allowsd to
radiate fros the hotter pipe to the colder cone
regiona. Although this sodified insulation pattern
slightly increasea stresa ranges during downshock
thermal transienta, the modification substantially
reduces the slevated tempsrature steady state atreas
intensity. Since the structure experiences long time
exposure at slevated steady state full power
operation, thia also improves the structural
reliability of the component.

Previous analysis done by the Fast Flux Test
Facility (FFTF) on flued heads is reported in [3].
The PFTF results show that all but ane of the flued
teads satisfy the ASME Code limits using 2lastic
analysis. The resajining flued nhead requires
inelastic analysis due to the combined effects of
creep and fatigue; the operating temperature for this
FFTF flued head 1s 1200°F (649°C). 1In contrast, the
operating tesperature of the CRBRP hot leg flued head
18 only 965°F (518¢C) but the prisary loads are
algaificantly higher than in FPIF. Thias requires a
considerbly thicker Y-section than is present in the
FFTF flued heads. As a result, the CRBRP contcal
support is sore rigid, whioh leads to a strain
ratchetting problea.

DESIGN REQUIREMENTS AND ASSUMPTIQNS
Thermal Loading

The CRBRP hot leg rlued head experiencis noresl
heat-up and cool-down events and upset and emsrgency
events followed by a normal heat-up to the Tull powse
inlet fluid temperature of 965°F (518°C). Tnese
specified thermal tranaients vary in intensity and
frequency of occurrence. An examination of the
temperature changes occurring during these translent
events shows that the apecified 863 transient eventa
can be conservatively placed inlo threse groups to
reduce cost of inelastic analysis. All severe
downshock transienta (a total of 59) ars lumpsd (nto
a 20, uncontrolled rod withdrawal transient; other
less severe but more frequently occurring ujset
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transients (a total of 513) are lumped into 1lU, trip
from full power transiant; and the final group
oontaina 291 normal transients. The actual load
histogras utilized in the inelastic analysis of the
Flued Head 1s sketched in Fig. 2. To evaluate creep
response, ths transients are assumed to occur at
constant intervals with 258 hours of full power creep
hold time between transients. In addition, the
equipment specification requires that the Oporating

Basis Earthquake loading be included during these
thermal transient events. These loads, as shown in
Pig. 2, are conservatively included in the most
severe transient.
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Ehchunicnl Loading

The mechanical loads are the presaure and the
pipe loads. The preasure loading during full power
1s 225 psi (1.55 MPa), which reduces by about 50
percent during a downshock transient, as shown in
Fig. 2. There are four types of pipe lcads: axial
and shear forces, and bending and tuisting woments.
The pipe loads act at the two interfaces of the
containment penetration, as shown in Fig. 3. Each
pipe load includes deadweight and thermal expsnsion
loading. To redvce computational costs only an
axisymmetric geocmetric model is considersd for
elastic as vell as detailed inelastic analysls.
Therefore, it is necessary to handle the
nonaxisymmsstric pipe loads in a conservative sanner.
This is accomplished by converting the bending and
twisting soments into an equivalent moment and by
utilizing the maximum bending streass (Mc/I) as a
unifora axial streas gpplied to the pipe interface.
This is combined with interface stresses due to
uniform axial and shear loads. Since these idealized
axisymmetric interface axial loads can act in either
direction during a seismic event, four combinations
of load directions are evaluated. The highest stress
results from both interface axial loads acting in the
direction of the containment (see Fig. 3). To ensure
conservatisa of this axisymmetric idealization, one
elastic analysis has been perfrrmed on the
axisymmetric geometry shown in Fig. 3 with actual
nonaxisymsetric loading idealized as a Fourier
series. The results show that the method of
utilizing the maximum bending stress ss a unifora
axial stress produces the same saximum stress in thu
flued head as the actual bending moment
distribution., Furthermore, the loads con the
structure are thermal as well as mechanical. In
fact, the predominant loads are due to thermal
transients which actually produce axisymmetric
stresses. Therefore, the axisyametric loading
assumption for the flued head is adequate.

NOTE: RADIATION REPLACED BY
INSULATION IN MODEL |

- MPE INTERFACE
LOADS

Figure 3.

EXPOSED TO SODIUM

jotisymmetric Finite Element Model and Boundary Conditions (Model I1I)



Inelastic Analysis

The time-independent elastic-plastic and
time-dependent creep analyses are performed according
to the proceduce outlined in [4). These inelastic
anslysis recommendations are incorporated in the
ANSYS [5) general purpose finite element computer
program. This program has been extensively used to
analyzc structural components operating at elevated
temperature and in the process has been verified and
qualified satisfactorily for this application. The
flued head is fabricated from 316 stainleas steel
(SS) material. Since the Flued Head is loaded from
room teaperature to 965°F (518°C) operating
temperature, depandence of 316 SS material property
variation is included in the analysis. Table 1
presents the avarage material properties at the
operating tempurature. The standard double
exponential 316 5SS creep equation is used for creep
analysis.

TABLE 1, MECHANICAL PROPERTIES AT 965°F (518°0)

18.69 Ksi (128 MPa)
= 23600 Ksi (162 GPa)
v = .304
= 1.13 x 10”2 1n/1n/F (2.03 x 10~ cm/om/*F)

Ep = 1430 Ksi (9.86 GPa)

ELASTIC STRESS RANGE

Figure 3 shows the axisymmetric geometric
idealizations of the flued head structure with nine
oritical sections for stress evaluation. The pipe
diameter is 24 in. (510 mm), while the outer vall of
the flued head has a 48 in. (1219 mm) diameter. A
cone angled at 30* connects the two. Wall thickneas
of the pipe is 1/2 in. (12.7 mm) while the cone wall
at Y-Section is 3/4 in. (19.1 mm) thick. All loads
have been resolved inty axial pressures so that the
axisysmetric nature of the problem is maintained.
Thermal boundary conditions consider convection
between the inaide pipe surface and the liguid aodium
and convection between the outside surface of the
cone and the ambient temperature of 90°F (32°C). The
vther surfaces are fully insulated.

In subsequent discussions, the terms stress
intenaity and stress range are used in context with
the definitions provided in the ASME Code [6]). The
stress intensity is the difference between the
algebraiocally largest and the smallest principal
stressea at a given point in the structure (simply
twice the naximum shear stress). The definition of
stress range ia more ocosplicated. Briefly, the
principal stress differences, Sig-(si-sj), are
firat calculated at a given point in the atructure,
with respect to specific points in time for a
complete losd cycle. The extremes through which each
siJ fluctuates during a lozd cycle defines the range

r r
of strees, 513' The maximum stress range, S-ax' is

the largest of the three S:J’s-

Section 6 on the outside surface (see Fig. 3)
experiences the highest primary stress intensity of
about 13 ksi (90 MPa) due to primary theramal
expansion and other mechanical loads. This region,

near the geometric discontinuity, satisfies the
primary load-ccntrolled limits of the ASME Code [6].
In contrast, Section 5 experiences the largest
secondary stress range due to downshock thermal
transients. For example, the secondary stress ranges
on the inside surface of 3ection 5 are 71 and 86 ksi
(490 and 590 MPa) during 1U and 2U thermal
transients, respectively. The stress ranges are
higher during thermal transients because of different
relative thermal expansions of the pipe and the

cone. The mean temperature differential between the
pipe and the cone is substantial during transieats.
Thua, the cone does not allow free thermal expansion
of the pipe during thermal transient, which results
in axial bending of the pipe. A small distance away
from the junction of Section 5, this axial thermal
bending produces hoop and axial stresses that are of
opposite sign. At this relatively thin section, hoop
and axial stresses due to the through-the-wall radial
temperature differential, although of the same sign,
are small. Hence, the radial temperature
differential does not alter the predominant stress
distribution caused by the axial thermal bending near
the crotch region.

To satisfy the deformation limits of the ASME
(6], the structure is evaluated according to Code
Case N-47 (7] rules. Since the secondary stress
range is greater than Say. where oy is the
yield stress of the material, it is not possible to
satisfy the simplified inelastic rules of Code Case
N-47. Even the simplified Bree method (8] predicts a
totul strain accumulation of 98% at the inside
surface of Section 5.

In summary, the flued head design satisfied the
primary load-controlled stress limits of the ASME
Code; however, tho elevated temperature strain and
deformation limits are not satisfied using sisplified
inelastic analysis. In particular, the linearized
bending strain accumulation predicted by the Bree
method is about 50 times the allowable strain
accumulation. As is shown below, the Bree method is
unrealistic in this case where axial temperature
differential causes axial bending in axisymmetric
structures. 1t is ne.Cesary to perforam a detailed
inelastic analysis to compulte realistic strain
accumulation in the structure.

INELASTIC ANALYSIS I (INITIAL DESIGN--CASE 1)

The flued head ia subjected to five load cycles
consisting of thermal transients similar to thosa
sketched in Fig. 2. OBE events are applied only in
the firat two cycles. (Results for the five
remaining OBE events are conservat.vely estimated
fron these first two cycles.) The analysis is
performed according to the guidance provided in (4],
with the ANSYS computer program (5]. During the
first heat-up, even before any downahock thermsal
traneients are applied, plastic etrains are incurred
at the critical Section 5 near crotch region. The
plastic zones before and after the first downshock
(10 thersal transient) are shown in Fig. &a and Wb,
respectively. After the first down tranaient (Fig.
4b), the cone section alaoc yields; and after three
load cycles, as shown in Fig. dc, the plastic zone
spreads along the inside surface of the pipe below
the crotch and along the outside surface of the
pipe. No further increase in the size of the yield
zone occurs beyond three cycles of loading.
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Pigure 4a. Model I - Plastic Zone Size After
First Heat Up B
€
Figure 4b. Model I - Plastic Zone Size After
First Thermal Dowmshock _
&

Figure 4c. Model I - Plastic Zone Size After
Three Load Cycles

The deformed geometry plots in Figs. Sa and 5b
show movement of the structure before and after the
first downshock thermal transient. Free radial
thermal expansion in both cases 1s about 0.5 in.
(12.7 am). At the critical Section 5 a convex inward
bulge at the inside surface can be seen in Fig. 5a at
the maximum temperature of 1050°F (566°C); whereas in
Fig. 5b at a temperature of 600°F (316°C) the cone
restrains the pipe froam free contraction which
induces a concave profile at this section. Thus, the
cone acts as a partially rigid support which prevents
free thermal expansion of the pipe during thermal
tranaients. Thia flexea the pipe in the axial
direction, and cyclic axial bending is the primary
aource of plastic ratchetting in the pipe. Figure 6
shows plastic ratchetting strains accumulated per
cycle at the inside and outside surfaces of the pipe
and the sembrane values at Section 5. Interestingly,
the inside surface yields first and experiences the
higheat equivalent stress, but the ratchetting
strains are higher on the cutside surface. The
strain on the outside surface accumulated for the
design life of the structure exceeds the strain limit
specified in Code Case N-47.

The spread of plastic zones in Fig. Y4c shows a
skewed distribution of plastic zone in the straight
pipe. Although the initial plastic strains on the
inside surface are high at Section 5, the plastic
ratchetting strains are higher on the outside surface
because the axial bending 13 not symmetric about the
middle surface. However, this observed plastic
ratchetting behavior is difficult to anticipate from
the elastic linearized stress intensities presented
in Table 2. As discussed earliecr, it is the rigidity
of the conical support which restrains free thermal
expansion of the pipe, thus flexing pipe Section 5
during heat-up and cool-down. The rigidity of the
pipe can be reduced either geometrically, by
dusigning it as thin as possible, or by equalizing
the temperature distribution betwean pipe Section 5
and cone Section 7.

Deformeg Geoﬁégry at Fluid Temperature
of 1050 F (566 C)

Figure 5a.

Figure 5b. Defurngd Geongtry at Fluid Temperature
of 600 F (316 C), Approximetely 800

Seconds After 2U Dowmshock
GEOMETRIC OPTIMIZATION OF SUPPORT CONE

Since the high stresses in the Y-section are
induced by the rigidity of the cone with respect to
the pipe, one is led to consider a corresponding
decrease in the stiffness of this region. Two
geometric modifications are evaluated to reduce the
stiffness of the cone support: a) thinning the cone
at the Y intersection, b) changing the angle of the
cone pipe intersection. The first supplemental model
(SM-1} changes the thicknesa of the cone from
three-quarters to one=half inch, thus saking it aore
flexible. The second supplemental model (SM-II) alao
snploys the decreased cone thickness dut uses a
reduced intersection angle (20° instead of 30°)
between the cone and the pipe. The reasoning behind
the change of angle is that the atiffness is a
maxisum for thermal radial gradients when the
intersection angle is 90°® and a minisum at 0°.
SM-I sand SM-1I showed a decrease in the

Both



primary~plus-secondary stress ranges (22% and 14%,
respectively) at Section 5. However, the most highly
stressed region now ocours on the cone at Seoticn 7.
The maximum primary-plus-secondary stress range sahows
no decrease (SM-II) or slight increase (6% for

SM-I). 1In addition, both have much larger inelastic
strain predictions by the Bree method [8] than the
original model.

In summary, attempts to reduce the plpe support
cone restraint by modifying the cone geomstry were
not successful. Therefore, the option of equalizing
the teamperature distribution in the Y intersection
region, especially during steady state operation, is
investigated.
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Figure 6. Model I - Plastic Ratchet Strain Per

Cycle at Section 5

TABLE 2. STRESS INTENSITY - INITIAL DESIGN Case 1.

Thermal Linearized Stress Intenaity
Loading Inside (psi) Outside (psi)
Steady State +27162 -18437
Ul - 70 Secs +30871 -19179
Ul - 700 Secs -36964 -22460
U2 - 400 Secs +42867 =27750
U2 -~ 1200 Secs -39744 +23301

Notes: 1 Ksi = 6.894757 MPa.

Maximum stress range for Ul transient = 67835 psi
Maximum stress range for U2 transient = 82611 psi

TEMPERATURE DISTRIBUTION IN Y-SECTION

The space between the pipe and the cone in the
yY-section (Fig. 3) is fully insulated; hence, the
heat flow between the pipe Sectlon 5 and the cone
Section 7 1s through the thick metal ring Section 4.
The temperature differential between these two
sections is large, especially during steady state
operation. One way to equalize the temperature
distribution is to provide a direct path for heat
flow betweaen the cone and the pipe. This can be done
by removing a block of insulation, shown in Fig. 3,
to permit heat transfer by radiation between the pipe
and the cone.

Figure 7 shows the mean teamperature in the pipe
{Section 5) and the cone (Section 7) during U2
transient for two cases:

1) Case ] with insulation
2) Case 2 without insulation.

Table 3 presents the linearized elastic stress
intensity for Case 2. The ratio of the stress
intensities of Case 2 to Case 1 {presented in Table
2) during steady state operaticn is about one half.
Interestingly, the difference in mean teaperature
between the pipe and the cone also maintains the
one-half ratio when comparing Case 2 to Case 1, as
can be seen in Fig. 7. Conversely, Fig. 7 also shows
that during downshock thermal transient the
temperature difference between the pipe and cone is
higher for Case 2 than for Case 1. Conseguently, the
stress intensities for Ul and U2 downshock transients
are slightly higher for Case 2 than for Case 1.

Thus, by investigating only the elastic stress ranges
during Ul and U2 events one could come to the
conclusion that the Case 1 insulation design is
better because the stress ranges are lower than those
for Case 2. But this conclusion could be pisleading,
because it is not just the stress range during a
transient event that is important, but also the
stress intensity during steady state elevated
temperature operation. The stress intensity for Case
1 during steady state is nearly double that for Case
2. It is desirable to lower the stress intensity
during steady state elevated temperature operation
even 1f the stress range is slightly increased during
downshock transients, because in actusl operation a
structural component experiences long periods of
creep hold time at steady state stresses.
Furthermore, during steady state operation, the
stress intensity (Tresca stress) for Case 2 is less
than the yield stress of the material at operating
temperature, whereas the stress intensity for Case 1
is 1.5 times the yield stress. These considerations
are important in pursuing inelastic analysis of the
structure without insulation (Case 2).
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TABLE 3. STRESS INTENSITY - REFINED DESIGN Case 2,
Thermal Linearized Stress Intensity
Loading Inside (psi) Qutside (psi)
Steady State 411740 ~7870
Ul « 70 Seca +15880 -~8220
Ul - 900 Secs -56420 +32680
U2 - 390 Secs +28760 -16520
U2 - 1000 Secs -60130 +32210

Notes: 1 ksi = 6.894757 MPa.

Maximum stress range for Ul transient = 72300 psi
Maximum stress range for U2 transient = 88890 psi

INELASTIC ANALYSIS IX (REFINED DESIGN--CASE 2)

The finite element wodel for thersal and
inelastic stress analysis is identical to the earlier
wodel shown in Fig. 3. For completeness, a
discussion of the radiation shape factors for the
thermal analysis of the conical section are presented
in Appendix 1. The thermal, as well as stress,
analyses are performed using the ANSYS computer
program [5]. A total of 12 load cycles were analyzed

TRARSIENT TIME {SEC)

Mean Section Temperature During the 2U Transient

to comply with Code Case N-47 strain accumulation
requirements. The loading sequence is similar .o
that sketched in Fig. 2. Of the 12 cycles, the 20
event is included in only five, the first two and the
last two. In the other seven cycles, another 1U
replaces the 2U. This keeps the severity of thermal
events in close proportion to the nusber of severe
transients postulated in design specifications. The
2U occurs less frequently but 1s more severa than the
1U transient. This is relflected in the selection of
the thermal load histogram, where the nusber of 2U
(and 1U) events that are necessary to asatisfy the
ASME Code Criteris are included in the analysis.

The structural response is plastic during
initial heat-up; but as the structure reaches its
steady state temperature distribution, the stresses
reduce into the elastic regime. During downshock,
thermal transient plastic strains are incurred neer
the Y-section; the spread of plastic zones at the end
of 3 load cycles is shown in Fig. 8. Plaatic zones
remained unchanged for the rest of the load cycles.
The distribution of plastic zcones predicted by this
second analysis, where the heat 1s allowed Lo radiate
from the pips to the cone support, is different from
the first analysis discuased earlier. For exasple,
in Fig. 8 the distribution of plastic zone in the
pipe is uniform acroaa the thiokness around Seotion 5
when coaparsed with the distribution observed ssrlier
in Fig. 5c. This difference provides a more unifora
responss, in terms of plastic ratchetting strains, to
the axial bending of the pipe due to the thertsl
restraint offered by the support cone.
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Figure 8. Model II - Plastic Zone Size After
Three Load Cycles

Figure 9 shows the deformation of the inside
surface during 9565°F (518°C) elevated temperature
steady state operation and during the most severs
mean temperature differential between the pipe and
the cons, for the 1U transient at about 600°F (316°C)
pipe temperature. These deformations are shown for
both analyses: Case 1 with insulation and Case 2
with radiation heat flow from the pipe to the cone
support. As noted earlier, the steady state stress
intensity for Case 1 is about half of that for Case
2; the maximum radial displacements during steady

state also reflect this difference: &34 i3 about
0.5874« On the other hand, the stress ranges

during downshock transients for Case 2 are about 10%
higher than for Case 1; the maximum radial.
displacements reflsct this difference: 45y is

about 1.483p. The maximum stress intensity

during the 1U transient for Case 2 is about 1.5 times
that for Case 1. Of course, there is no one-to-one
correspondence between elastic stress ranges and
inelastic displacements. Stress ranges are simple
functions of temperature only to the point that the
elastic material properties are functions of
temperature. There is no way to factor in the
inelastic response at temperature. The important
point is that the inelastic deformations are reduced
1f the maximum stresses occur at lower than operating
temperature; because at a lower temperature the yield
strength of the material is higher than at operating
temperature. Hence, it is desirable to have the
maximum stress intensity occur at lower temperatures
as in Case 2. Also, the deformation of the inside
surface, shown in Fig. 9, clearly indicates that the
Case 2 deformation pattern during elevated
teaperature operation is preferable, because th»
total deformations along the length of the pipe are
less than those predicted for Case 1. 0n the other
hand, at the end of downshock transient (316°C) the
maximum deformation predicted for Case 2 is
substantially higher than that for Case 1. This too
is prererable from the structural integrity point of
view, because the postulated severity and frequency
of thermal transients may or may not occur during
actual plant operation; whereas the postulated steady
state elovated temperature periods will most probably
be experienced during 100% power plant operation.
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Ratchet Strains

Case 1 analysis predicted the highest ratchet
strains occurred near Section 5 in the pipe, as shown
in Fig. 6. Figure 10 shows the strain increment per
cycle predicted by Case 2 analysis at Seoction 5. It
is at the outside surface that the strain

lation ded Code Case N-47 allowable limits
in the initial Case 1 analysis. Therefore, in the
refined Case 2 analysis poicts on the outside surface
around Section 5 are searched to find the maximum
strain accumulation. Figure 11 shows strain
increments per cycle on the outside surface at
Section 5a to 5d; of these Section Sc sxperiences the
largest strain accumulation. From these results
strain accumulation at the outside surface for the
design life is projected to satisfy the 2% linearized
surface strain limit specified in the Code.
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Figure 10, Model II - Plastic Ratchet Strain
Per Cycle at Section S

A direct comparison between the initial and
refined models can be made by examining the membrane
values in Figure 6 (Model 1) and the values for
Section 5a in Figure 11 (Model II). Between the
first and second cycles, Model II has a greater
meabrane strain increase than Model I (.0354% to
.0282%). However, between the fourth and fifth
cycles, the ratchet strain increase is greater for
Model I (.0126% to .01243). Since the rate of
decrease is greater in Model II, strain accumulation
extrapolated to end of plant 1i7e satisfies the Code
oritﬁrin.

Incidentally, a simplified CHERN thick cylinder
inelastic analysis [9] of the structure has been
perforwed to compute ratchetting strains. The
sisplified analysia substantially underpredicts the
ratchetting strains. This cornfirms earlier
observation (1] that simplified axisymmetric
inelastic prediction methods are unconservative for
structures with axial temperature differential or an
axial constraint which induces axial bending in
axisymsetric structures.
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Figure 11. Membrane Ratchet Strain at Various

Cross Sectiona Near Section 5
CONCLUDING REMARKS

The inelastic analysis results presented in this
paper illustrate that the elastic stress range is not
a satisfactory indicator of the inelastic bebavior of
this structure. For example, a slight increase in
stress range improved the overall response of the
flued head structure, which could not be determined a
priori from elastic results. More importantly, it is
the streas intenaity, at various critical times
during a thermal transient event, thal provides more
insight 1nto the inelastic structural response. The
temperature differential between various parts of the
structure can be c¢hanged without significantly
altering the overall elastic stress range experienced
by the structure. Consequently, with some
modification in the insulation pattern, it is
possible to arrive at a balancsed heat flow,
especlally during elevated temperature steady state
full power operation. In an ezrlier design of the
FFTF/IHX shear key forging ring {1), change in
insulation patterns and modification of heat flow
paths were necessary not only to minimize ratchetting
strain but also to ruvduce the creep-rupture damage
accumulation in the structure.

A specific example of the flued bead deaign,
discussed in this paper, illustrates that a reduced
axial temperature differential improved the overall
structural design by reducing cyclic axial bending in
the critical region. This reduced cyclic axial
bending, as well as lower stress intensity during
steady state normal operating condition rasduced
strain accumulation due to ratchetting at the most
highly stressed loocation in the flued head.
Fortunately, the reduced stress during steady state
creep hold time also reduces creep-rupture dasage
without significantly altering th fatigue damage at
the same location.
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APPENDIX I

SHAPE FACTORS

The zwotion of the Flued Head involved in the
radiation heat transfer has a complicated geometry.
A few simplifying assumptions are necessary to solve
the problem. Elements comprising the surface are
assumed small enough such that no axial variation is
considered. The shape factor for two given elements
is a function of the angular variation only. The
second assumption idealizes the geometry such that
the pipe is considered to be of constant thickness
(even near the cone intersection) and that the
curvature in the Y-section is replaced by a small
plate parallel to the flashing and perpendicular to
the pipe. Any shape factor represents the amount of
radiation from a point to a finite area. Only a
point need be considered; because no axial variation
is considered, and the radiating element is

axisymmetric., The general formula for the shape
factor is
_1_/"_"’11__""_”3 da
L] SZ 2
wherei
Ap = area of element receiving radiation
dA =z elemental area receiving radiationm,
rtde
r =z distance of dA, from centerline
t = axial length of elemental area
[ = angular variation about the centerline
s = distsnce from radiating point to dA;
(function of 8 only)
8 = angle between s and normal of

radiating surface at radiating point

82 = angle between s and normal of dAj

Five basic types of integration problems are
investigated: 1) radiation from pipe to the cone, 2)
radiation from the pipe to the flashing (or plate in
the Y-section - it is the same type of problem), 3)
from one section of the cone to another section at a
different axial loocation, 4) from the cone to the
flashing (or parallel plate in the Y-section), and §)
from the flashing to the parallel plate to the
Y-section. Although the algebra and integration are
tedious, they are straightforward. The difficult
task is to calculate the limits of the angular
integration. In all five cases the radiating surface
point does not see the entire surface receiving
radiation, because the pipe obstructs the radiating
at path. Therefore, the integration limit, Ap, is
only that part of the surface seen by the radiating
point.



