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REPFPORT SUMMARY

B e —————

An Environmental Factor Approach to Account for
Reactor Water Effects in Light Water Reactor
Pressure Vessel and Piping Fatigue Evaluations

This report provides a method that selectively applies an environmen-
tal correctior factor (K, ) to the current Code fatigue evaluation proce-
dures. It gives information on implementing screening criter.a that
allows stress ar.alysts to correct for reactor water effects only on
applicable load set pairs. The report reviews current laboratory data
and offers simplified procedures that account for environmental ef-
fects in ASME Code-type fatigue evaluations in operating nuclear
power plants. Also included are proposed changes to Section ||

fatigue evaluation procedures for possible consideration by ASME
Code Commitiees.

BACKGROUND Fatigue usage in nuclear pressure vessel and piping compo
nents due to stress cycles under reactor water conditions has been a major
regulatory issue in the plant life extension process. Recently, the NRC ex-
panded its concem 1o current operating plants and the generic license approach
for advanced light waier reactors (LWRs). The NRC's interest stems from recent
lest cata showing &t when smooth test specimens were subjected to strain-
controlled cyclic lo .ds under reactor water conditions fatigue failures occurred
eariier than the current ASME Section |1l S/N design curves would have pre
dicted. In NUREG 5099, the NRC nroposed a set of interim S/N fatigue curves
that address reactor water effects in operating plants. If implemented, the

proposed S/N curves would impose significant penalties on Code fatigue
calculations

OBJECTIVES To review current laboratory data and develop simplified proce-
dures for use in ASME Code-type fatigue evaluations in operating nuclear
power plants

APPROACH Based on a review of past and current studies evaluating envi
ronmental fanigue effects in light water reactor applications, the Argonne statisti-
cal mode! was used to develop an approach 10 calculate an environmental
fatigue correction tactor, F_, for ASME Code Section I, NB-3600- and NB-
3200-type fatigue analyses. When existing fatigue usage was multiplied by F,.
& new fat.gue usage reflecting environmental eff.. ts was obtained A threshold
cntena was used to eliminate load state pairs for which environmental correc-
tion was not necessary. The parameters ir the mathematical expression for -
were determined using information generally available to stress analysts

Mathematical expressions for F_ and the approach for applications to NB-3600
and NB-3200 fatigue evaluations were ceveloped Matenals considered were
carbon and low-alioy steels, stainless steels, and Alloy 600 materials. 1he
proposed approach was applied to several example cases boiling waler reactor
(BWR) feedwater piping. BWR recirculation piping. feedwater nozzie safe end
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and pressurized water reactor surge A modest Increase in calculated
fatigue usage over that obtained using current Code procedures was
noted.

RESULTS This report summarizes past and current studies of the
environmental fatigue etfects in LWR applications. Current Argonne
and Japanese research efforts are reviewed and an approach to
calculate an environmental correction factor is described. A descriptior
of how the proposed approach can be imple nented in Section IIl, NB-
3600- and NB-3200-type fatigue evaluations is presented along with
examples of the approach to piping (NB-3600) and safe enc
fatigue evaluations. These procedures were applied to several BWR
and PWR ¢ xample cases. The results of these case studies indicaied
that there is generally 8 modes! increase In calculated fatigue ‘
which is considerably less than the results obtained when the NUREG/
CR-5000 cures are applied directly. A proposed ASME Code Section
i1l non-mandatory appendix are proposed is included in the back of
this report. Finally, Section 7 provides a summary.

EPRI PERSPECTIVE The NRC has noted in SECY-85-245 that,
although no immediate licensee actions are pending for operating
nuclear plants, the concerns associated with Generic Satety Issue
(GSI1) 186 “Adequacy of Fatigue Life of Metal Compenients” will be
evaluated as part of the license renewal process. EPRI's work in
developing the environmental fatigue procedures in this report, as well
as applying flaw tolerance fatigue evaluation prcoedures (EPRI TR-
104601) are expected 10 provide practizal solutions to many of the
issues in 051166,
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1

INTRODUCTION

Pressure-retaining components in the light water reactor (LWR) primary systems are
designed to meet the requirements of Section I1l of the ASME Boiler and Pressure
Vessel Code or an equivalent Code. The Class I rules of Section Il require a fatigue
evaluation for the transient stresses that occur during normal/ upset condition opera-
tion. The fatigue design curves in Section III are based on the cyclic Life observed in
strain-controlled fatigue tests conducted in air environment and include either a factor
f two on stress or 20 on cycles over the mean curves. The effects of a high-temperature
reactor water environment was not explicitly considered, although a factor of 4 in the
factor of 20 on cyclic life was attributed to atmosphere

Although there have been relatively few corrosion fatigue failures in materials typicallv
used in LWR applications, the laboratory data generated in various test programs (e.g.,
EPRI-sponsored testing at GE, NRC-sponsored testing at Argonne, and testing con-
ducted in Japan) indicate that fatigue lives shorter than the Code design values are

possible, especially under low-frequency loading conditions in oxygenated water
environments at elevated temperatures

The laboratory testing identified strain rate, temperature, strain amplitude, and oxygen
content as significant variables affecting the fatigue-initiation life. The laboratory test-
ing has generally been with one or a combination of the significant variatles held at a
specified fixed value during the test. However, during the course of a typical plant
transient, the temperature and the strain rate generally vary continuously; but the
stress analyses are not detailed enough to evaluate the values of these variables. Fur-
thermore, it is unreasonable to burden the piping or vessel stress analysts by requiring
such detailed evaluation. Therefore, there is a need for simplified, but not overly con-
servative, procedures for ASME Section 111, NB-3600- and NB-3200-type analyses in
which reactor water environment effects need to be accounted for. The objective of this
report is to review the current laboratory data and develop simplified procedures for
use in ASME Code-type fatigue evaluations in operating nuclear power plants

Section 2 of the report provides the background summary of the past and current
studies conducted to evaluate the environmer:tal fatigue effects in LWR applications
The current Argonne and Japanese research efforts are reviewed in Section 3, and the
outline of an approach is described to calculate an environmental correction factor
How the proposed approach can be implemented in a Section II1, NB-3600- and NB-
3200-type fatigue evaluations is described in Section 4. Section 5 presents examples of
applying the approach to piping (NB-3600) and safe end (NB-3200) fatigue evaluations
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Section 6 proposes changes to Section II1 fatigue evaluations procedures that might be
considered by ASME Code Committees. A proposed ASME Sectior, IIl non-mandatory
appendix is included in the back of this report. Finally, Section 7 provides a summary.

1-2
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BACKGROUND

Pressure-retaining components in the reactor primary systems are designed to meet the
requirements of Section Il of the ASME Boiler and Pressure Vessel Code [2-1] or an
equivalent Code. In addition to prescribing stress limits for various applied loads (e.g.,
internal pressure, dead weight thermal, and seismic), the Code also requires a fatigue
evaluation for the transient stresses that occur during normal/ upset condition opera-
tion. Specifically, the Code provider procedures for fatigue usage calculation and re-
quires that cumulative fatigue usage, based on a conservative fatigue design curve,
should be less than 1.0. The Code fatigue design curves were obtained from the resu'ts
of strain-controlled fatigue tests on small specimens of austenitic and ferritic steels by
applying a factor of two on stress or 20 nn cyclic life to the mean curve. Re ‘erence 2-2
states that the factor of 20 on life is the product of the following subfactors

Scatter of data (minimum to mean) 2.0
Size effect 2

Surface finish, atmosphere, etc 4.0

W.L Cooper in Reference 2-3 states that the atmosphere in the last line was intended to
reflect the effects of an industrial atmosphere in comparison with an air-conditioned
lab, not the effects of a specific coolant

Since the introduction of Section III fatigue evaluation procedures, a number of studies
o1 carbon, low-alloy, and stainless steels have shown that the fatigue life of laboratory
specimens can be affected in the presence of a high-temperature water environment
typically present in the reactor pressure vessels and associated piping The amount of
laboratory data has recently increased considerably with the work done at Argonne
under NRC funding and in Japan under the auspices of the Thermal and Nuclear Power
Engineering Society's EFD) Comunittee. These studies indicate that the reduction in
fatigue life under environmental conditions is a function of such variables as strain rate,
strain range, dissolved oxygen level, temperature, and sulfur content of the steel (in the
case of carbon and low-alloy steels). Both the Japanese and Argonne research are dis-
cussed in detail in the next section. Wr-',, other than that of the Japanese and the
Argonne researchers, is of some interest in terms of its historic perspective and is, there-

fore, briefly reviewed next. Also reviewed are the activities ~f the USNRC, DOE. and
ASME
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2.1 A Brief Review of Earlier Stidies on Environmental Effects

One of the earliest studies on the effects of a high-temperature water environment on
low-cycle faligue performance of materials typically used for LWR primary piping and
intern 4l structures was reported in Reference 24, based on the work conducted by GE
for the Atomic Energy Commission under the auspices of the Reactor Primary Coolant
Pipe Rupture Study. Testing was conducted in a test loop installed in ComEd's Dresden
Unit 1 nuclear power plant. Four materials were included in the testing: Type 304 and
304L stainless steels, Inconel 600, and A 516 KC-70 carbon steel. The cyclic loading
frequency was four cycles per hour. This study noted a reduction in fatigue perfor-
mance of carbon steel material in the boiling water reactor (BWR) environment. How-
ever, all data fell above the ASME Section III design curve and, thus, thc material was
judged fully adequate for field performance.

References 2-5 and 2-6 reported on the results of a combined experimental /analytical
program .onducted under the auspices of EPRI. Two types of piping carbon steels (SA
106-Gr B and 5A 333-Gr 6) were studied in air and high-temperature water environ-
ments. The study suggested several improvements in the fatigue analysis procedures
(1) a notch factor for local strains, (2) a mean stress factor, (3) improved fatigue strength
reduction factor for butt welds, and (4) an environmental correction factor. A similar
approach was presented in Reference 2-7. References 2-8 and 2-9 incorporated the

results of References 2-5 and 2-6 into an approach suitable for ASME Code implementa-
tion

Fatigue life of SA 106-B carbon steel in pressurized water reactor (PWR) environments
has been reported by Terrel [2-10]. One of the conclusions of the study was that al-
though PWR environment fatigue life of smooth specimens tested in the low-cycle
regime do not appear to be affected by strain ratios of 0.05 and 0.50, notched specimens

tested under the same conditions suggest a degradation in fatigue life as a result of
positive strain ratios

Investigations by James and coworkers [2-11] addressed the effect of environmental
contaminants on the corrosion fatigue of SA 210-Gr A-1 carbon steel (0.U14%5) boiler
tubing. Although data applied to failure of fossil-fired water-tube boilers using all-
volatile-treatment (AVT) or phosphate water chemistries, the temperature studied
(274°C) and the nature of the results are of interest to LWR environment. A recent

review of environmentally assisted fatigue crack initiation in low-alloy steels is given
in Reference 2-12

Some investigators have generated environme:tal fatigue 5-N curves based on the
hypothesis that the cycles to initiation or failure for an initially uncracked specimen
might be predicted solely from the kinetics of crack propagation. The works of
O'Donnel [2-13, 2-14] and Coffin [2-15] are notable in that area
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22 USNRC, DOE, and ASME Actions

The USNRC issued a Branch T. hnical Position (BTP) [2-16) outlining criteria to account
for environmental effects on cyclic fatigue. The intent of this document was to provide
license extension guidelines on fatigue of nuclear power plant components. The BTP
prescribes a screening test where a penalty factor of 10 is applied to the calculated
fatigue usage for carbon steel components in a BWR environment. Essentially, this
raeant that any carbon steel component with fatigue usage greater than 0.1 is not accept-
able. For low-alloy ferritic steels, the penalty factor is 3.0.

Recently, Majumdar and Shack have proposed interim fatigue curves that are based on
the Japanese data and other data from Argonne [2-17). These proposed curves are
discussed in more detail in the next section. To assess the significance of interim fatigue
crrves, Ware, et al. [2-18], performed fatigue evaluations of a sample of the components
in the reactor coolant pressure boundary.

The Department of Energy (Sandia National Laboratories), in cooperation with EPRI,
published a study [2-19] on evaluating conservatisms and the environmental effects in
ASME Code, Section III, Class 1 fatigue analysis. The study concluded that the potential
increase in predicted fatigu. usage due to environmental effe.ts should be more than
offset by decreases i nredicted fatigue usage if reanalysis were conductec to reduce the
conservatisms present in existing component fatigue evaluations.

As part of its effort to reexamine ASME Code fatigue curves for environmental effects,
the ASME Board of Nuclear Codes and Standards (BNCS) requested the Pressure Vessel
Research Committee (PVRC) to evaluate the adequacy of the fatigue curves in Sections
Il and XI of the ASME Code in the light of current worldwide data on environmental
effects. The PVRC steering comumittee on cyclic life and environmental effects in nuclear
applications has completed ar. initial study and submitted a draft progress report [2-20)
to the ASME/BNCS. More recent updates on the activities of the committee are given in
References 2-21 and 2-22.

2.3  Objective of This Report

The laboratory testing has generally been concucted with any or a combination of these
variables helu at a specified fixed value during the test. However, during the course of a
typical plant transient, the temperature and the strain rate generall'’ - re continuously
varying, but the stress analyses are not detailed enough to evaluate the values of these
variables. Furthermore, it is unreasonable to burden the piping or vessel stress analysts
by requiring such detailed evaluation. Therefore, there is a need for simplified but not
overly conservative procedures for both NB-3600- and NB-3200-type analyses in which
reactor water environmen: effects need to be accounted for. The main objective of this
report is to develop such simplified procedures.
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3

REVIEW OF CURRENT RESEARCH STUDIES ON
ENVIRONMENTAL EFFECTS

The two major experimental efforts to characterize the effect of LWR environment on
the fatigue-initiation lives of materials commonly used in reactor primary pressure
boundary, are by the Japan EFD committee and the NRC-sponsored work at Argonne
National Laborato~y. The researchers associated with both of these efforts have also
proposed analytical approaches to incorporate the environmental effects into the ASME
Code-type fatigue analyses. The proposed approach in this report for Code fatigue
evaluations considering environmental effects drew upon the best features of these two
efforts. Each of these efforts are summari~ed in this section.

3.1  Peview of Japanese Environmental Fatigue Research Results

Cne of the earliest Japanese studies investigating environmenial effects on fatigue-
initiation life of carbon and low-alloy steels in oxygen-containing high-temperature
water was conducted by Higuchi and lida [3-1 through 3-5]. An additional study on
low-alloy steel was reported by Nagata, et al. [3-6). The materials covered in Refe. :nce
3-5 were: (a) carbon steel pipe of specification STS42 in JIS G 3455, equivalent to ASME
SA333 Gr.6, and (b) forged low-alloy stee of specification SFV3 in JIS G 3212-1977,
equivalent to ASME SA508 C1.3. The dissolved oxygen content ranged from 0.01 to 20
ppm. All of the tests were push-pull-type tests similar to those used in generating the
original ASME Code fatigue curves. The initiation life in terms of cycles, N .5 Was de-
fined as the number of cycles to a 25% drop in tensile peak stress (at the maximum
tensile strain in the hysteresis loop) from the maximum value in the characteristic cyclic

curve of tensile stress in a test. Based on the test results, Higuchi and lida suggested the
following relationship:

Ny = Ny, (€ ,)° (Eq. 3-1)

Fatigue life (cycles) in water at temperature
Fatigue life (cycles) in air at room temperatu-e
Strain rate during the rising phase of testing (%/ sec)

Strain rate exponent dependent upon temperature and
dissolved oxygen content
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Equation 3-1 can be rewritten in the following form
F, =N, /Ny.=(E,)" (Eq. 3-2)

The factor F_ can then be understood as an environmental correction in terms of cycles
Thus, a partial fatigue usage for a load state pair based on an air fatigue curve in an
ASME Code fatigue enalysis could be multiplied by F_ to obtain the fatigue usage witi
the environmental efrects factored in.

guchi and lida also defined a fatigue strength correction factor K_ as the following:

K, = 1+[(e,)"- II(IC/C“) (Eq. 3-3)
where B = -0.472 for carbon steels, -0.568 for low-alloy steels

P = 0.1 + MN

Mi = Factor to account for dissolved oxygen (DO) content
= 0.0 DO £ u.1 ppm

(DO-0.1)/0.1)

= 1.0 DO 2 0.2 ppm

0.1 < DO <02 ppm

Factor to account fo. emperature (T)

= 0.2T/100 T < 100°C (212°F)

A

= 02 100°C (212°F) € T < 200°C (392°F)

T > 200°C (392°F)

0.2 + 0.4(T-200)/100
C = 0.00108 for carbon steels, 0.00140 for low-alloy steels

£ = Applied strain amnplitude

The factor K_ is a multiplier to be applied to the caiculated value of alternating stress
amplitude. Thus, if one vere to use the Higuchi-lida approach to account for the envi-

ronmental effects in an ASME Code fatigue evaluation, the alterr.ating stress amplitude
S, would be multiplied by this factor prior to entering the fatigue curve for determining
the allowable number of cycles.

The following observations are made regarding the Higuchi-lida model:

¢ Fnvironmental effects are assumed to be significant down to 100°C (212°F). Recent
data from Argonne and others indicate that the environmental effects are insignifi-
cant below 150°C [302°F] and that this threshold temperature might be as high as

200°C (392°F).
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The fatigue damage is assumed to saturate at the dissolved ox,gen level of 0.2 ppm
This might have been due to the fact that a large number of tests were conducted at
8 ppm oxygen level and very few tests at 0.2 ppm level.

There is a threshold strain amplitude levei below which there is no environmental

fatigue damage. This threshold strain amplitude level is equal to th
Equation 3-3

Jonstant C in
Most of the laboratory data has been generated at constant temperature and strain rate
values. In contrast, plant components normally undergo varying temperatures and
strain rates during plant operation. Accordingly, a number of experimental studies
were performed by the Japanese researchers to determine the effective . alues or strain
rate and temperature when these parameters are changing during the test [3-7 throug;h
59]. The effective values are defined using the improved rate approach first developed

by Asada [3-10]. An application of the effective damage parameters to LWR plant com-
ponents 1s described in Reference 3-11

Temperature

Strain
0.6} /
A

$tram

|
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o

s
&
-2
£
R o2
2 £
gs
[\
8 =
Ew
‘)
.._

(low) Te. aperature (high)

(1) In phase (2) Out of phase
Figure 3-1
Patterns of Temperature and Strain Change Used in Reterence 3-8

The results from one of th» important set of tests are described in Reference 3-8. In these
tests, the temperature and strain rates were var.ed in-phase and out-of-phase as shown
in Figure 3-1. The test results showed that the rvclic fatigue life under the in-phase
temperature change was almost equivalent to that under the out-of-phase condition
The authors also concluded that fatigue life under cha - '~ temperature conditions
could be predicted by the improved-rate method wit. .. . ;ue lives at constant tempera-

ture. A fatigue life reduction factor F'en for changing temperature, oxygen content, and
strain rate condition, was defined as

=1+])[(F,-1)/(e, -¢€,)]de (Eq. 34)

mm
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where F_ is as defined in Equation 3-2, ¢, is minimum strain and £__ is maximum
strain in a strain cycle. Alternately, the cyclic life, N',,,, under varying temperature
conditions was defined as:

(1/N'y ] = J1/ N JIIAT - T, )T (eq. 3-5)

where T and T, are maximum and minimum temperatures, respectively. Using
these concepts, the authors could establish a good correlation between predictions and
actual !eak cycles. Figure 3-2 shows a plot of the 1/N ,,, as a function of test tempera-
ture. The data appears to support a threshold temperature of 180°C for the environmen-
tal effects. A concept similar to the preceding ones (such as F'_ and N',, ) is developed
later in this report and is used to calculate an effective value of factor F_.

1x10°[ °
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e ): 468 x 10°° T-7.422 x 103
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«
[*¥]
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1
( : )=1X10'3
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* ‘
[ }
= | 1 |

100 200
Temperature T (°C)

Figure 3-2
Relation between 1I/N,, ., and Temperature (Reference 3-8).

Other important information generated from the latest Japanese tests is the effect of
oxygen concentration on environmental fatigue life. Figure 3-3 from Reference 3-8
shows fatigue life N, as a function of dissolved oxygen content. The data indicates
that the reduction in fatigue life is gradual, from 0.1 ppm to 8 ppm oxygen level. This is
in contrast to the Higuchi-lida model in which the predicted fatigue life reduction

reaches a maximum at 0.2 ppm and then does not change. Further discussion appears
later in this section.
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Figure 3-3
Effects of Dissolved Oxygen on Fatigue Life

3.2 Review of Argonne Environmental Fatigue Research Results

Under NRC funding, extensive testing has been conducted at Argonne on the fatigue-

initiation life of carbon, low-alloy, austenitic stainless steels, and Alloy 600 in LWR
environments [3-12 through 3-15].

3.2.1 NUREG-5%39

In NUREG-5999, the Argonne team developed interim fatigue rurves based on a modi-
fication of the Higuchi-lida equation

N, = NoM(E) (Eq. 3-6)
- O M“5ﬂ7.2‘3

Temperature in Celsius




EPRI Licensed Material
Review of Current Research Studies on Environnmental Effects

The values for strain exponent P for the high-sulfur (s > 0.008% by weight) case were
slightly different from those given by Higuchi-lida. For the oxygenated water case, the

axygen level was assurned to be 0.2 ppm. Figures 3-4 through 3-6 show the interim
curves fr " various conditions and materials.

Equation 3-6 can be recast in terms of F_ as the folowing:

F, = NJN, =1/¢(T)(¢)"] (Eq. 3-7)

—Fig. 9.1 ASME Code’
- =01% 8"
—0.01% 8"

High Sulphur Steeis 0.,>0.1 ppm
T=280°C"

e Fig 1.8 1 ASME
- =01% 8"
v 0.01% s

High Sulphur Steeis 0,>0.1 ppm
T=288°C
rigure 3-4
Proposed EAC-adiusted Des:gn Fatigue Curves in NUREG/CR-5999 for High-sulfur
Carbon Steels in Oxygenated Water at 200, 250, and 288°C
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Fig. 1-6.1 (ASME Code
Section 111, Appendix 1)

Cycles
Dissoived Jp>0.1 ppm
Figure 3-5a

Proposed EAC-adjusted Design Fatigue Curve in NUREG /CR-5999 for Carbon and
Low-alloy Steels in Water with < 0.1 ppm Dissolved Oxygen.

Fig. 1-8.1 (ASME Code
Soctnon;lll, Appendix |)

104 109
Cycles

Low Sulphur, Low Strength
Dissolved O2>O 1 ppm

Figure 3-5b
Proposed EAC-adjusted Design Fatigue Curve in NUREG /CR-5999 for Low-sulfur
Carbon Steels in Water with > 0.1 ppm Dissolved Oxygen
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Figure 3-6
Proposed EAC-adjusted Design Failure Curves in NUREG /CR-5999 for Austenitic
Stainless Steels in Water at Temperatures between 200 and 320°C.

3.2.2 Statistical Ch.racterization

Following the NUREG-5999 work, the Argonne researchers presented a statistical
analysis of existing fatigue S-N data, both foreign and domestic, for carbon steel and
low-alloy steel, austenitic stainles: steels, and Alloy 600 [3-15]. The statistical model
considers the effects of various material, loading, and environmental conditions on
fatigue-initiation life of these materials. The expressions are the following:

Carbon and Low-alloy Steels
In(N,) = (6.667-0.7661 ) - (0.097-0.3821 )1 + 0.52F"[x]
«(1.687+0.1841 )in(€,-0.15+0.041 +0.026F '[1-x]) (Eq 3-8)

-0.00133T71-1) + 0.554S*T*O*¢*

3-8
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is the fatigue life defined as the number of cycles for the peak tensile
stress to drop 25% from its initial value (consistent with Higuchi-lida
definition)

is the applied strain amplitude in %

is the inverse of the standard normal cumulative distribution function
for the xth percentile of probability

is the test temperature in °C
1s = 1 for water and = 0 for air envirorunent

I is = 1 for carbon steel and = 0 for low-alloy steel

5%, T, 0" and ¢* are transformed sulfur content temperature, DO, and strain rate,
respectively, defined as follows

§*=§ (0<5<0.015 wt%)
S*=0.015 (5>0.015 wt%)

T"=0 (T< 150C)
T=T-150 (T> 150°C)

O*=0 (DO<0.05 ppm)
O*= DO (0.05 ppm < DO < 0.5 ppm)
O*=0.5 (DO > 0.5 ppm)

£*=0 (€ > 1%/sec)
£*=Inl(¢g) (0.001 £ € < 1%/sec)
£*=In(0.001) (€& <0.001%/sec)

Austenitic Stainless Steels

In(N,) = 6.69 + 0.52F[x] - 1.98In(. -0.1225+0.0 :6F'[1-x]) (Eq. 3-9)
+0.3821,,,, + 1 (C.134€" - 0.359)

316N

where [, . is = ] for Type 316NG stainless steels and = 0 otherwise. All other terms are
as defined in Equation 3-7

Alloy 600

in(N,,) = 6.94 + 0.42F'[x] - 1.776In(e-0.12+0.021F'[1-x]) (Eq. 3-10)
+ 0.4981_ - 0.4011_

where [ is = 0 for <150°C and is = 1 for 150-320°C. All other terms are as defined in
Equation 3-7
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3.3 Evaluation of the Various Approaches

The Higuchi-lida approach and the NUREG /CR-5999 approach presented earlier are i1,
the form of an environmental correction factor on the cycles, which is convenient for use
in the ASME Code fatigue evaluations. Therefore, the Argonne statistical equations

were recast in terms of an environmental damage factor on cycles F, (as defined in
Equation 3-2)

Carbon Steel

F_ = Ny /Ny, = exp (+0.384 - 0.00133T - 0.554S*T*0" ¢*) (Eq. 3-11)

Low-alloy Steel

F, = Ny /Ny, = exp (+0.766 - 0.00133T - 0.554S°*T*0*¢*) (Eq. 3-12)

Stainless Steels Except 316NG

F_= N, /Ny, = exp (+0.359-0.134¢") (Ea. 3-13)
Type 316NG Stainless Steel

F_= Ny, /N, =exp (-0.023 - 0.134¢") (Eq. 3-14)
Alloy 600

F_= N,/N,, = exp(0401)
= 1.49 (Eq. 3-15)

Note that the ratio in the preceding equations is between the at-temperature air cycles
to at-temperature water environment cycles. In the Higuchi-lida case and in the modi-
fied Higuchi-lida equations used in NUREG /CR-5999, the ratio was Jefined between
the room temperature air cycles and the at-temperature water environment cycles.

Some observations regarding the preceding expressions:

* Both the carbon and low-alloy steel factors have a temperature dependenc, . This
comes from the fact that the air fatigue curves in the Argonne database have tem-
perature dependency.

The Alloy 600 factor is a constant, implying that no matter what the environmental
parameters are, there is always a reduction in fatigue cyclic life in the LWR environ-
ment.

The probability terms cancel out when the same percentile probability levels are
used for both the zir and water environments
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* The presence of a constant term in the exponent of carbon and low-alloy steels
means that even if any of the O*,S*, T or £* terms are zero (i.e., any of these param-
eters satisfy a threshold criteria value), the calculated value of F_ is still greater than

1.0, implying some residual environmental effect. A similar conclusion also applies
for stainless steels.

A key output from the environmental fatigue testing i» generally a predicted or implied
value of F_ (or, equivalently, K ) as a function of a set of environmental variables such
as the sulfur content, DO, strain rate, and temperature. The preceding review of the
Japanese and the Argonne research results indicates that there are basically three dis-
tinct approac. .2s to calculating the environmental fatigue correction factor, F_. The first
one is that proposed by Higuchi-lida, as shown in Equation 3-2. The Ar jonne-modifica-
tion of the Higuchi-lida proposal (Equation 3-7) represents the second approach, which
formed the basis of the NUREG /CR-5999 interim fatigue curves. Equations 3-11
through 3-14 are derived from the stutistical characterizations in NURZG/CR-6335 and

represent the third approach. It is instructive to compare the F_ values predicted by the
three approaches

Figures 3-7(a) through (c) show a comparison of *he predicted F,_ values for carbon
steels using the three approaches. The pre?’ ! values at three constant temperatures
(289°C, 250°C, and 200°C) are plotted - ~ton of dissolved oxygen content. The
assumed strain rate was 0.001% r» -1 and the sulfur content was assumed as
0.015% by weight. As expected, u« . approaches vield significant differences in the
predicted values between the DO levels of 0.1 and 0.5 ppm. In the first two approaches,
DO effects are accounted for between 0.1 to 0.2 ppm; after which the DO effect is as-
sumed to saturate at 0.2 ppm. In contrast, the Argonne statistical fit (the third approach)
incorporates the DO effect gradually from 0.05 ppm to 0.5 ppm. The differences in the
predicted 7 values are especially significant at 0.2 ppm DO, the nominal DO level for
BWRs operating with normal water chemistry ({VWC). For example, at 289°C (Figure 3-
7a) the Higuchi-lida approach predicts a value of 92.9 and the Argonne modificatdon of
the Higuchi-lida approach (the second approach) predicts a lower value of 41.9. On the
other hand, the Argonne statistical fit predict: - value of 4.93 only. To assess whether
the predicted trend of the Argonne statistical model with respect to the DO level is
realistic, its predictions of cyclic life were compared with the experimentally obtained
cyclic life where the DO level was systematically varied from 0.05 ppm to 8.0 ppm.

Blunt notch cyclic fatigue-initiation test data reported in Reference 2-5 was also exam-
ined
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Figure 3-8a
Comparison of Nakao, et al., N,, Carbon Steel Cyclic Life Test Data and Argonne

Statistical Mean Fit at 290°C.

Figure 3-8b
Comparison of Nakao et al., N,, Carbon Steel Cycle Life Test Data and Argonne

Statistical Mean Fit at 250°C.
3-14
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Figure 3-9 shows the cyclic fatigue-initiation life results for blunt notch test specimens at
various DO levels. The data on the extreme left, although plotted as with 0.01 ppm DO,
is, in fact, in the air environment. The material was SA 333 Gr. 6 carbon steel and the
test temperature was 550°F. The initiation was defined as a crack growth of 0.016 inch.

A review of Figure 3-9 clearly indicales that there is a significant difference between the
cyclic life a1 0.2 ppm DO and that at 8 ppm DO.

0

- '»J

b

1

Notch Radius=0.002 in
Temp=550 F

defta K=20 ksi*in*(1/2)
Materiai: SA 333 Gr.6
Testing Frequency: 1.25 cpm

100

an
(@ir) Oxygen Content (ppm)

Figure 3-9
Blunit Notch CT Crack Initiation Test Results.

From the preceding review of cyclic fatigue life data, it can be concluded that the pre-
dicted trend in cyclic life reduction as a function of DO by the Argonne statistical model
is far more realistic compared to the other two modeis. Therefore, Equations 711

through 3-14 were used in this report for application to ASME Code fatigue evaluations,
as described in Section 4

3.4 Environmental Effects Thresholds

The information in this subsection is based on the work reported by Van Der Sluys and
Yukawa [2-21 and 2-22] as a part of the PVRC effort
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Although the detrimental effect on SN life can be large for the worst combinations of
environmental parameters, these worst-case combirations generally are not typical of
LWR operating conditions. The contdsination of very low strain rates and relatively large
strain ranges that result in large envircranenital effects do not seein to be typical of
events in operating piants. In addition, the high oxygen levels at which much of the
data have been obtained are above the levels typical of BWR plants. Therefore, one of
the tasks in the PVRC activity consisted of defining a tentative set of criterion values for
test and material parameters where the environmental effects would be e. pected to be
moderate or acceptable. This required quantifying moderate or acceptable environmental
effects with respect to the air environment data used in developing the ASME Code
fatigue design curves Recalling that the analysis of the collected air environment test
data indicated a factor of about four for temperature and data scatter effects, a factor of

four on the ASME mean life was chosen as a working definition of moderate or accept-
rble water environment effect

Dased on the examination of the dambase, Van Der Sluys and Yukawa determined that
values of independent parameters listed below should result in only a moderate detri-
mentai effect on cy« .. life of carbon and low-alloy steels.

Parameter Range

Strain amplitude £0.1%

Strain rate 2 0.1%/sec

Oxygen content < 0.1 ppm
Temperature 2 150°C or 300°F
Sulfur content < 0.003%

Fluid velocity > 10 ft/sec or 3 m/sec

Note that independent means that only one criterion needs to be satisfied, regardless of
the values of the uther parameters. It has been observed that, to have - large effect of the
environment on the S-N fatigue life, a critical combination of conditions is necessary. If
any one of the conuitions is missing, the ¢ ect of the environment on fatigue lite will be
moderate. For example, if the strain rate is greater than 0.1% per second, only a moder-
ate environmental effect is expected, even if the dissolved oxygen is high, the tempera-
ture is 288°C, and the material has a high sulfur content.

Reference 2-22 presented a plot, shown here as Figure 3-10, which demonstrated the
validity of the values derived for each of the inuependent criterion for moderate envi-
ronmental effects for carbon and low-alloy steels. From Figure 3-10, it is seen that a
factor of four on the ASMFE. mean curve encompasses a large portion of the data for tests
that meet any one of the independent criterion value. Another consistency check of the
criterion values can be mads by using the Argonne statistical mndel. From Figure 3-7a,
it is seen that the predicted value of F_ for parameter values of 0.1 ppm DO, 289°C,
0.015% sulfur, and 0.001% per second strain rate is 2.2. The corresponding value for the
low-alloy steel is 3.2. These values are well within the factor of four.
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A maijor task of the PVRC Working Group on §-N data analysis is the vaiidation of each
of the criterion listed above, specifically the sulfur content and the flow-velocity crite-
rion. Nevertheless, for this report, it was judg~ * ihat each threshold criterion value is

reasonable and can be used in evaluating the environmental fatigue life of carbon and
low-alloy steels.

For the stainless steels, "he PVRC Working Group has not yet recommended the thresh-
old values for strain amplitude and strain rate. Nevertneless, a review of the LWR-type
water envirorment test data for annealed austenitic steels and nickel-base Alloy 600
presented in Reference 2-22 indicates that a threshold strain amplitude level of 0.1%
might be justified for these materials also. The strain rate threshold for the purpose of

this report was assumed as (.1% per second, as in the case of carbon and low-alloy
steels.

A strain amplitud.: of 0.1% is equivalent to a pseudo stress amplitude of (0.1x30000/
100) or 30 ksi. Because the Code fatigue curve for carbon and low-alloy steels uses a
value of 30,000 ksi for E, the same value was used in this calculation also. In the case of
stainless steei and /lloy 600 for which the Code fatigue curve uses a value of 28,300 ksi,
the corresponding threshold alternate stress amplitude wonld be 28.3 ksi

If the alternating stress amplitude associated with any load set pair in an ASME Code
fatigue evaluation is less than the preceding value, then that load state pair can be
dropped from the environmental effects considerations. Similarly, if the strain rate

exceeds 0.1% per second, then the environmental effects need not be considered. A
seismic event meets this crit: ria as shown next.

If the seismic stress amplitude is less then the threshold alternating stress value dis-
cussed earlier, then it is automatically excluded from the environmental effects consid-
erations. Now, consider the case when the seismic strain amplitude is at slightly higher
than the 0.1% level. To calculate the strain rate, we need to divide it by the rise time in
seconds. The seismic event encompasses a range of frequencies from as low as few
Hertz to 20 Hertz and higher. For the sake of this calculation, a frequency of 5 Hertz is
assumed. Assuming a sine wave form, the rise time is expected to be 1/4 of the time
duration for one cycle. Accordingly, the estimated rise time for this case would be
1/(5x4) or 0.05 seconds, giving a strain rate of 0.1/0.05 or 2.0% per second. This strain
rate clearly meets the strain rate threshold criterion of 0.1% per second. Based on this, it

is concluded that the load state pair consisting of a seismic event can be excluded from
consideration of environmental effects.
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Figure 3-10
Compilation of LWR-type Water Environment Test Data Satisfying Any of the Indepen-

dent Criteria for Moderate Environmental Effects and Comparison to ASME Mean
Curve Reduced by a Factor of 4 on Life.

3.5 Summary of Review

The review indicated that the Argonne statistical model provides a reasonable basis for
developing methods to include environmental effects in ASME Code fatigue evalus-
tions. Therefore, I' | equations based on the Argonne statistical model were developed
for use in ASME fatigue evaluations. The tentative threshold values suggested by the
PVRC group appear to be reasonable and were used in developing the fatigue design
rules as discussed in the next section. Load state pairs associated with the seismic
events should be excluded from the consideration cf environmental fatigue effects.
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PROPOSED FATIGUE EVALUATION PROCEDURE

This section describes the details of the proposed methodology to account for the envi-
ronmental effects in the ASME Code fatigue evaluations. Before describing the details of

this methodology, it is helpful to first summarize the current ASME Section III Code
fatigue-evaluation approach

4.1 ASME Section Iii, Nb-3600 and NB-3200 Fatigue Analysis Methodology

References 2-18 and 2-19 summarize the current ASME Code fatigue procedures for
piping and vessels. The current Code fatigue methodology described in this section is
extracted from these references. The stresses for the fatigue analysis are elastically
computed. ASME Code NB-3600 methodology is used almost exclusively for piping
and sometimes for branch nozzles. The ASME Code, Section III, NB-3200 (design by
analysis) methodology is applicable to any component. It is generally used exclusively
for vessels (sometimes augmented by NB-3300), fairly frequently for nozzles, and occa-
sionally for piping

4.1.1 ASME Code NB-3600 Fatigue Analysis Method

The equations for service levels A and B are provided to ensure satisfactory cyclic
(fatigue) behavior. To satisfy the range of primary-plus-secondary stresses, Equation 10
(Reference 4-1) must be satisfied. The stress range is calculated based on the effect of
changes that occur in mechanical or thermal loadings that take place as the system goes
from one load set (e.g., pressure, temperature, moment, and force loading) to any other
load set that could also exist. The following must be satisfied for all pairs of load sets:

C‘QEM, + C,E,le,T, -0,T,|<3S, (Eq. 4-1)

e

secondary stress indices for the specific component under
investigation (defined in Table NB-3681(a)-1 of Reference 4-1)

as defined in Equation 9 of Reference 4-1

range of service pressure, psi
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Ml

resultant range of moment which occurs when the system goes
from one s.rvice load set to another, in-lb

average modulus of elasticity of two sides of a material or
structural discontinuity at room temperature, psi

coefficient of thermal expansion on side @ and side b of a
structural or material discontinuity, in/in-°F

range of average temperature on side a and side b of a struc-
tural discontinuity, when the system goes from one service
load to another, °F

The fatigue resistance of each piping component is assessed by evaluating the range of
peak stress. For every puir of load sets, S| values are calculated using the following
equation (Reference 4-1, Equation 11) :

AT,

v

D,F,

D

(C =L+ KCoiM, + KCE,l0T,-4T,

1

Eal AT, |
l-v

local stress indices for the specific component under investiga-
tion (defined in Table NB-3681(a)-] of Reference 4-1)

modulus of elasticity (E) times the mean coefficient of thermal
expansion (a), both at room temperature, psi/“F

range of the temperature difference for each load set pair
between the temperature of the outside surface T  and the
temperature of the inside surface T, of the piping product,

assuming a moment generating equivalent linear temperature
distribution, °F

range for that portion of the nonline r thermal gradient
through the wall thickness not included in AT, °F

Poisson’s ratio

A load set pair is defined as two loading sets or cases used to compute a stress range.

If Equation 4-1 cannot be sctisfied for all load set pairs, the alternative analysis de-
scribed below may still permit qualifying the component. Only those | ad set pairs that
do not satisfy Equation 4-1 need to be considered
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where

M, = moment as defined for Eguation 9 of Reference 4-1, in-lb, and all other
terms as previously described

s =  stress index (values defined in Table NB-3681 (a)-1 of Reference 4-1)

If these conditions are met, the value of S, shall be calculated by the following equation:

(Eq. 4-6)
where K is as defined later and
Ba - M alternating stress intensity, psi
S, = peak stress intensity value calculated by Equation 4-2, psi

The alternating stress for all lozd set pairs is computed as one-half of the p=ak stress
ranges calculated from Equation 4-2, or by the alternate approach of Equation 4-6 if
£quation 4-1 is not met. The fatigue analysis is then performed using the applicable

Code fatigue curve and the number of design cycles for each load case from the design
specification

For ASME Section III Code editions prior to the Summer 1979 Addenda, Equation 4-1
contained an additional term. In these earlier Code editions, the AT, term of the peak
stress in Equation 4-2 was also included in the primary plus vecondary stress Equation

(Eq. 4-7)

Adding this term frequently increased the stress S, above 3S_. When this occurred,
Equations 4-3 and 4-5 had to be met, and the fatigue analysis was conducted using a
relatively high K, factor, increasing the alternating stresses used in the fatigue analysis.
The ASME Section Il Committee on Piping Design decided that this was overly conser-
vative and modified the equation accordingly, starting with the Summer 1979 Addenda.

However, most current Section Il plants were designed according to the earlier version
of the Section III Code.
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The following equation must be met (Reference 4-1, Equation 12):

s‘zc,%M,-gs,

nominal value of expansion stress, psi

same as M, in Equation 4-1, except that it includes only mo-

ments due to thermal expansion and therma. anchor move-
ments, in-lb

When the limits of Equation 4-1 are exceeded, and before the rules of Equation 4-5

can be used, the value of the range of AT, cannot exceed that calculated per NB-3653.7,
as follows:

v'S
AT, S ——21-C, 4o
1 TENgE 2 0 7Ea Sed-0)

where

3.33,2.00, 1.20, and 0.80 for x = 0.3, 0.5, 0.7, and 0.8, respec-
tively

(PD,2t) (1/5,)

maximum pressure for the set of conditions under consider-
ation, psi

1.1 for ferritic material
1.3 for austenitic material
as defined in Reference 4-1, Equation 11, psi/°F

materis. , ield strength value, psi, taken at average fluid tem-
perature

Note that the limitations on the AT, range are to ensure that thermal ratcheting due to
the transient under consideration does not occur

The primary-plus-secondary membrane plus bending stress intensity, excluding ther-
mal bending and thermal expansion stresses, will be <3 S_. This requirement is satisfied
by meeting the following equation:

i . DM - 3 ’
e fJ-*( DM, | CE,leT-aTls3S, (Eq. 4-5)

2t g
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Step 6. For each pair of load sets, the six components of stress are subtracted and the
three principal stress ranges are computed. The peak stress-intensity range for each pair

is computed by subtracting the principal stresses, as described in Step 4, and choosing
the largest

Step 7. The S, for each load set pair is one-half the peak stress intensity range To adjust
for temperature and material, S, is multiplied by’ the ratio of the modulus of elasticity
on the appropriate fatigue curve to the modulus of elasticity used in the analysis. The

allowable number of cycles N for each load set pair is read from the appropriate design
fatigue curve

Step 8. The individual fatigue usage factor u at each location is determined by the ratio
of the number of design cycles (n ) to the allowable cycles (A" . .or each pair of load sets
Once the individual usage factor for the load set pair with the largest S, is computed,
the cycles associated with that load set pair are eliminated, and the process is repeated
until the cycles associated with all the load sets have been exhausted.

Step 9. The cumulative usage factor (CUF) is the sum of the individual usage factors
The ASME Code Section III Limit is that the CUF at each location must not exceed 1.0
This assumes a linear damage relationship, known as Miner’s rule.

As stated in Step 4, if the primary plus secondary stress intensity range S_for a load

state pair does not meet the 35_ limit, a mulnpher the K_factor, is apphed to the peak
stress intensity to adjust for the effects of plasticity

(Eq. 4-8)

peak stress-intensity range
10for S <3S_

S
1.0 + M=n) S,

n(m- 1)\ 3\

1 for3S,<S,<3mS,_

- JOr S5, € IMD,,
n

where
primary plus secondary stress intensity range
S - design stress intensity

and m and n are defined as follows
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4.1.2 ASME Code NB-3200 Fatigue Analysis Method

The first step in the NB-3200 fatigy e evaluation methodology is to calculate the stress
differences and the alternating stress intensity S_ in accordance with NB-3216. The
stress state changes occur as a result of changes in the mechanical and thermal loadings
as the system goes from one load sei (e.g., pressure, temperature, moment, and force

loading) to any other load set that could also exist. The following procedure is generally
followed:

Step 1. The analyst must obtain a set of loadings for {he component. This is generally in
the form of a set of design- and service- level transients in the design specification.
These loadings define the temperature and pressure changes that the component is

expected to undergo during its lifetime and the number of cycles n for each of the i
loadings.

Step 2. The analyst needs to determine the stress distribution at the most highly
stressed locations in the component. Th includes the thermal and pressure stresses,
and sometimes the preload stresses and thermal expansion stresses imposed on the
component by the connecting piping. The determination of stress distributions gener-
ally requires a finite element temperature and stress analysis.

Step 3. The three principal primary-plus-secondary stresses (S, S, and S,) for each load
set need to be determined. This sometimes involves separating the peak stress from the
total stress, such as by linearizing the thermal stress distribution. Also, one needs to

take into account the possibility of rotating the principal stresses at the point being
considered during the stress cycle.

Step 4. From the results of Step 3, three stress intensities are calculated by subtracting
the principal stresses.

1.~
2 * "9

- 3

The maximum primary-plus-secondary stress-intensity range is the largest difference
between the S, S,,, or S, values, determined by comparing the stress i=itensities of all
the load sets. T.vo values (one with the highest tensile stress intensity and the other
with the highest compressive stress intensity of all the load sets) are used to form a load
pair that determines the maximum primary-plus-secondary stress-intensity range. This
stress-intensity range must meet the 35_ limit; otherwise, the simplified elastic-plastic
method or a plastic analysis may be used.

Step 5. Using the stress values determined in Step 2, the peak stresses are calculated.
This might involve using stress indices, stress concentration factors, experimental stress
analysis, etc. The six components of stress for each time and location of interest are
determined for each load set




EPRI Licensed Material
Proposed Fatigue Evaluation Procedure

Material m n

Low-alloy steel 2. 0.2

Carbon steel 3.0 0.2

Austenitic stainless steel s 0.3
Alloy 600 1.7 0.3

For the K_factor to be applicable, the primary-plus-secondary stress-intensity range
excluding thermal bending, must meet the 35_ limit.

4.1.3 Summary ' Code Fatigue Evaluation Approach

From the preceding descriptions of the Code fatigue procedures, some of the common
teatures of both the NB-3600 and the NB-3200 fatigue evaluations relevant, from an
environmental effects point of view, can be summarized as

* A number of distinct load states are defined at a given location where fatigue usage
calculation is desired. In the case of NB-3200 analysis, the load states are defined in
terms of the three principal stresses. In the NB-3600 analysis, the load states are
defined in terms of the internal pressure, the three moment components, the average

temperatures on the a and b sides (T, and T,), and the two temperature gradients,
AT, and AT,

The load state pairs are formed and a peak stress-intensity range is calculated for
each load state pair. An alternating stress-intensity amplitude S, is then calculated.
This value of §_ is used to enter the appropriate Code fatigue curve to calculate the

allowable number of cycles and then the fatigue usage associated with this load state
pair

The partial fatigue usages from the various load state pairs are summed to obtain a
cumulative, or total, fatigue usage factor.

4.2 Environmental Factor Approach

4.2.1 Overview

The proposed approach includes as much information as typically available to the
piping or vesscl stress analyst, thus miniraizing the need for additional information.
The essential steps of this approach are shown in the flow diagram in Figure 4-1 and are
briefly summarized below

* Determine the load state pairs that satisfy the threshold values listec in Subsection
3.3. A d’scussion on how to use the available information in a tvpical Class 1 stress
report for comparison with the threshold values is provided later in this section. The
fatigue usage of the load state pairs satisfying the threshold criteria remains un-
changed by the environmental effects.
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For the selected load state pairs that do not meet the threshold criteria, determine
the appropriate values of the parameters such as T, T, §*, O*, and ¢*. Calculate the
F, (Equations 3-11 through 3-14) and multiply it by the partial fatigue usage associ-
ated with this pair to obtain a new partial fatigue usage

Sum the partial fatigue usage factors calculated in Step 2 and add it to the partial
fatigue usage of the load state pairs not selected in Step 1. This overall sum is the
total fatigi' 2 usage including the environmental effects.

information Available from Piping Strece Repont S; o7y, dTs, Te, To l
fluid temperature for both Load States in Every Load State Pair _J

Load State Pair " |

|
1

[ Seismic Load States
| V— —
; No

Yes

Yes

Sa < Sa.vvesnci
No

Are the fluid ‘emperatures for
both load states below 300°F

No

Determine Effective Tompomtur:,‘
Ten, for the load set "

{' Determine strain rate from information |
| on tensile stress load state '

J

Determine oxygen level (ppm) 3
Max of the two load states |

1
" %
L Determine Nair/ Nwaw:, Fen

L

| Multiply the partial usage, U, for
| this load pair by Fen
| Ui = UW x Fen

L

i=nN vL$
BiLS L
R 6. .4
| Urotaign,

N

Usotas = Unotai(i-1) + Usgn |

Figure 4-1
Flow Diagram for Environmental Fatigue |

4-8
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4.2.2 Load State Pair Screening

To identify which load state pairs are sensitive to reactor water effects, the threshold
criteria in Table 4-1 (discussed in Subsection 3.3) can be applied.

Table 41
Load State Pair Screening Threshold Criteria

4 < 30,000 psi (carbon steel)
< 28,300 psi (stainless steel, Al'oy 600)
O €0.1 ppm
4 < 300° F
Sulfur < 0.003%
Flow > 10 ft/sec

The first criterion that can be easily checked is alternating stress amplitude. The S, value
for each load state pair is listed in both the NB-3600 and NB-3200 fatigue evaluations.
As stated in Subsection 3.3, the threshoid value, 5 o for carbon and low-alloy steels is
30,000 psi, and for stainless steels and Alloy 600, 28,300 psi.

The next threshold criterion that can be checked is temperatare. If the highest tempera-
ture of both load states in a load state pair is less than 300°F, then the temperature
threshold criterion is satisfied and that load state pair can be excluded from environ-
mental considerations. The same also appiies ‘or Oxygen content.

1 the flow rate information is available for both load states in a load state pair, then the
threshold criterion on flow rate can also be w.od to eliminate appropriate load state
pairs from consideration of environmental etfects.

43 4B-3600 Analysis

The load state pair screening conducted in the preceding subsection narrows down the
load state pairs for which the environmental correction need to be applied. Beyond this
point, the application of the environmental correction factors will be somewhat differ-

ent for NB-3600 and NB-3200 fatigue evaluations. This section describes the procedures
applicable to NB-3600 fatigue evaluations.

The next step in the NB-3600 fatigue evaluation process (Figure 4-1) is determining the
appropriate values of temperature, strain rate, and oxygen concentration (for carbon
and low-alloy steels) for each of the-e load state pairs. Once the appropriate values of
these parameters has been determined for a load s*ate pair, the environmental correc-
tion factor F_ can be determined by using one of the applicable equations (3-11 throug;h
3-15) in Section 3. Partial fatigue usage, including environmental effects for that load
state pair, is equal to the existing partial fatigue usage times the correction factor i
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Total fatigue usage, including the environmental effects, is obtained by summing these

partial fatigue usages and adding to this sum the partial fatijae usages of load state
pairs that were screened out (see Figure 4-1).

A key parameter in caiculating F_ is strain rate. The sc phistication in calculating this
parameter depends on the details of the available information on temperature tran-
sients. Therefore, two approaches are outlined. The first one assumes that only the T,
T, AT, and AT, information is available. The second apy.:oach is based on the availabil-
ity of detailed elapsed time versus temperature information for a transient. Subsection
4.3.2 describes the details of these approaches.

4.3.1 Determining Temperature

As discussed later in Subsection 4.3.2, it is the strain rate during the tensile phase, rather
than the compressive phase, that is important from the viewpoint of environmental
fatigue damage. For example, a step-u.own temperature transient produces \ensile
stresses at the inside surface of a component that is typically in contact with the fluid.
Therefore, in deterinining an appropriate value of temperature for a load state pair, the
load state associated with the step-dovw™ transient is the one to consider.

Mecause the metal temperature is typically changing during a transient, the choices for
temperature T are:

* Maximum temperature dﬁrir.g the transient
¢ Average temperature during the transient
¢ Temperature at tae time when the maximur . stress occurs

The last option might not be appropriate because the maximum or minimum stress
vsually occurs at low temperatures, while a significant part of the tensile stress might
have developed at higher temperatures. Reference 2-19 used the maximum temperature
calculeted for the times of maximum and minimum stresses, if kncwry; otherwise, the
maximum temperature for the load state pair was used.

The use of average temperature during the transien{ . also somewhat questionable,
because any averaging must also take into account the strain rate variation.

For the analyses in this subsection, the maximum temperaiure for the load pair was
used conservatively. When an incremental approach to calculating F, was used, as
descnbed 11 1, the instantaneous metal temperatures and strain rates were used to
obtain an instantaneous damage parameter F_.

4.3.2 Determination of Strain Rate

Two approaches were studied to account for str. - rate effects. In the first approach,
information generally supplied in the Class 1 NB-3600 fatigue evaluation (i.e., load
sta‘e, pressure, component moments, design cycles, T, T, AT,, AT, etc.) can be used to

4-10
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calculate an average strain rate. In th: second a~»roach, the results of the one-dimen-
sional heat transfer analysis can be used to calculate an effective damage factor F_
based on temperature and strain rate variations throughout the transient

Both the Japanese and the Argonne test results show that it is the strain rate during the
tensile phase, rather than the compressive phase that is important from the viewpoint
of environmental fatigue damage. Figure 4-2 shows a slide from Referer e 4-2 illustrat-
ing this point. Generally, tensile stresses are produced or: ‘he inside surface of the pipe
during a step-down temperature transient (i.e., the fluid temperature drops as the
rransient progresses in time). Conversely, a step-up temperature transient produces
compressive stresses. Therefore, we are interested in the fraction of S, of a load state
pair that pertains to the load set with the positive strain rate

Average Strain Rate

The thermally induced strosses in the piping are expected to be proportional to the
temperature gradient quantities such as |T - T,!, AT, and AT, Generally, the I T, - T,
AT, and AT, values in defining a load set are selected at a pon.t in a temperature tran-
mem where the composite sum (1T -T,| + AT, + AT,) reaches a maximum. Also, it is
very likely that a load state pair with sngmfuant altematmg stress amplitude would
consist of a load set with a step-down temperature transient paired with a step-up
temperature transient load set, or vice versa. Therefore, it is reasonable to use this

composite sum to determine the f. «ction of S, of a load sets pair associated with increas-
ing strain

Based on the preceding discussion, the following approach was used to estimate strain
rate. Let IT -T, 1, AT, , and AT, be associated with a step-down temperature tran-

sientand IT,_-T, |, AT, and AT, for the other load set. presumably the step-up tem-
peratu. e transient

Now, define T,=1T,-T,, |+ AT, | + |AT,,| (Eq. 4-10)
T = ‘T._-Thi - :ATZ" . lAT:ﬂi (Lq 4-11)
Then, the peak stress magnitude associated with the increasing strain is:

S, =28, [T AT+T )] (Eq. 4-12)

Now, assume that the elapsed time is t, where T, was determined (presumably, the
maximum). Thei, the average strain rate for this load state pair is:

e=¢ =5  /(Et) (Eq. 4-13)

The value of E could be assumed the same as that in the Code fatigue curve.
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Effects of Loading Waveform
A J6-Gr B, 288°C, at »0.75% strain rate
Fast¥ as' SiowF as!

/
A //\ A
A &)
Air. 3253 3,753 Alr: 3.721: 3424 6.2/

PWR: 1,525, 2,230 PWR: 2141
HiDO: 2,077, 1,756, [1,768) Hi DO. 303, 469, [342)

Frachon of strain &l slow rate 0 666 Fracton of stran &t slow rete 0 .354

C
Air: 5,130 Air:
PWR PWR
Hi DO: 545, [418) DO: 1,835; 1,830, [682)
Fraction of strmn &t siow rate 0547 Fracton of stren &t siow rae 0 16,

T

Air: 5138 Air. 4,087
"WR PWR

Hi DO: 615, 5563 Hi DO: 1,649, 2,080

Figure 4-2
iffect of Strain Rate Variation during Tensile and Compressive Phases of Fatigue
Cycling (Reference 4-2)

Effective Damage Factor

Tl highest temperature in the load set was used in the preceding approach to calculate
an environmental factor F_ associated with a load state pair. Also, strain rate was ob-
tained by averaging over the time period from the start of the transient to the time when
the temperature stresses reach a peak. This approach i»> exp.cted to yield a conservative
value of F_. However, when the detailed |T -7, |, DT, , and DT,, information is
available as a fun %ion of elapsed time from the start of the transient, it is possible to
calculate an effective value of F_ that considers the variations in metal temperature and
strain rate as the temperature transient progresses. This approach is expected to yield a
less conservative value of F_. The following assumptions are made in calculating the
instantaneous strain rate
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* The peak stress value S, as calculated in Equation 4-12, is associated with composite
temperature T, Stress at any other intermediate time point t during the transient is
obtained as:

S,,=T/T, (Eq. 4-14)
Tl - 'Tu 4 101' v 'AT“| . lAT!.v' (E‘q "15)

* Temperature T to be used in the F_ is the instantaneous metal temperature, which at
time T can be obtained as:

Tu.v - W Of(T" 'TM) ¢ ATi’vﬂ ¢ ATlv (E'q "16)
The instantaneous  ain rate £, between time points 1-At and 1 can then be calculated
as:

e, =[S -5, JNAE) (Eq. 4-17)

The F_ cun then be incrementally calculated from the start of the transient until the
metal temperature reaches 300°F (defined as t_ ):

Frogo = (1) ['™exp(+0.384-0.00133T,  + 0.5545°T, *O*¢, *)dt (Eq. 4-18)

The above formulation is for carbon steel piping. A similar expression for stainless steel
piping can be also developed. The application of this approach is described in the next
section.

4.3.3 Determination of Oxygen Concenti ation

The oxygen concentration DO is .« parameter in calculating F_ for the carbon and low-
alloy steels. The DO value can be concervatively taken as the maximum of applicable
values for the load states constituting a load state pair. In view of the discussion in the
preceding subsection, the use of DO level associatad with the step-down transient is
justified when the DO levels differ considerably between the two load states.

4.3.4 Determining Corrected Fatigue Usage

Once the appropriate values of temperature, strain rate, and dissolved oxygen (fo:
carbon and low-alloy steels) are determined for a loa 1 state pair, the environmental
correction factor F_ for that load state pair can be calculated using one of the equations
(3-11 through 3-15). If the effective damage approach is used, then the equation (4-18)
can be used to calculate the effective value of F_ for a load state pair. Partial fatigue
usage associated with a load state pair from the previous Code calculations should be
multiplied by F_ to obtain the new value of partial fatigue usage. Total fatigue usage,
including environmental effects, is obtained by summing these partial fatigue usages
and then adding to this sum the partial fatigue usages of load state pairs that were
screened out /see Figure 4-1).

4-13
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44  NB-300 Analysis

The approach for an NB-3200 detailed analysis would be similar to tha. outlined in the
preceding si'bsection, the only major difference being the area of strain rate determina-
tion for the NB-3600 approach.

4.4.1 Determining Temperature
The approach is essentially the same as that for NB-3600 analysis.

4.4.2 Determining Strain Rate

The information generally available in an NB-3200 fatigue evaluation is a set of three
peak principal stresses or six peak stress components (three direct stresses and three
shears) for each of the load st tas it - ‘oad state pair. These stress components reflect
the sum total of stresses from u ternal pressure, plant transient, and applied mechanical
loadings, i.e., the forces and the bending moments from the connected components. The
analyst can identify the load set associated with the positive strain rate (i.e., increasing
tensile stress or rising load) by looking at the dominant peak stress components. From
this peak stress information, one can then calculate peak stress intensity S associated
with this load set. The effective strain rate is obtained by dividing this intensity with E
and the elapsed time in seconds from the start of the transient when peck stress inten-
sity occurs. This value should be multiplied by 100 ‘c obtain the strain ra'e in % per
second.

4.4.3 Determining Oxygen Concentration
The approach is essentially the same as that for the NB-3600 analysis.

4.4.4 Determining Corrected Fatigue Usage
The approach is essentially the same as that for the NB-3600 analysis.

4.4  References
[4-1] ASME Code Section IIl. Nuclear Components. 1992.

[4-2] Fatigue of Carbon and Low-alloy Stecls in LWR Environments. Presentation by
O.K. Chopra to PVRC W/C on §/N Data Analysis. e 5, 1995.
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APPLICATION CASE STUDIES

5.1 NB-3600 Application

5.1.1 BWR Feedawater Piping

Figure 5-1 shows a mathematical model of the BWR feedwater piping systern under
consideration. Table 5-1 shows the details of a conventional NB-3600-type piping fa-
tigue evaluation at node P71. The piping material is carbon steel. Pipe geometry and
stress index information is providad in Table 5-1A. Table 5-1B contains a summary of all
load state data included in the Class 1 Design Report. Generally, this data is available to

the stress analyst. In this example, there are 53 load states identified with the following
details

Load state number

Number of cycles

Internal pressure

Three component moments

Average temperature on the a side (TAS)
Average temperature on the b side (TBS)
Linear temperature gradient AT, (DT1)
Non-linear temperature gradient AT, (DT2)

Tle fatigue usage calculation iriformation for various load state pairs is contained in

Table 5-1C. In all, there are 31 load state pairs. For this location, the total fatigue usage
for all 31 load stave pairs is 0.1409.

In Table 4-1, the *hreshold alternating stress level for environmental effects in carbon
steels is < 30 ksi. When compared to the alternating stress for each load state pair in
Table 5-1C, load state pairs 3 through 11 exceed the 30 ksi threshold screening criteria.
Therefore, the fatigue usage for the remaining load state pairs need not be corrected

Because the dissolved oxygen level in BWR feedvrater system piping is typically 0.2
ppm, none of the load state pairs will satisfy the dissolved oxygen threshold criterion of
0.1 ppm. Figure 5-2 shows temperature profiles of thermal transients associated *vith the
load states constituting the nine luad state pairs. A review of Figure 5-2 indicates that
nne load state pair (30-40) has the highest temperature in both load set= at less than the
threshold value of 300°F. Accordingly, this load state pair was eliminated from consid-
eration of envirorunental fatigue effects. Thus, in this case, the environmencal effects
need to be accounted for in 8 out of the 31 load state pairs in the design report. These
load state pairs are shown in Table 5-2.




Table 5-1b
BWR Feedwater Piping Load State Data (Sheet 1 of 2)

LOAD NO. OF
SETS | DESCRIPTION CYCLES | PRESSURE | MAMRA | MBMRE | MCMRC | TAS TBs oTY o2
| o | DESIGN (9) 1250. 49058 81582 200956
1 FATIGUE (14) 120. 0. 6590 42500 89900 70000 | 70000] o 0
2 | FATIGUE 40 1100. 331590 283500 147400 416388 | 418381] 8215|1187
3 | FATIGUE 90 10. -39010 1200 95780 120679 | 120678] w771| 0074
4 | FATIGUE 90 1181, -39910 -17800 _26290C 70365 | 70365] 0863| 0004
5 | FATIGUE 40. 1050, -24910 -82500 751900 551678 | ss1678] o4s2] o
8 FA o
7 | FaniGUE 270. 1050 147142 218940 451152 551603 | s516s3] o04s3]| o
8 FA
9 | FATIGUE 270. 1053, -50510 -09500 782900 52205 | 52208 -3843]| 055
10 FATIGUE 270. 1100. 331500 283500 147400 420368 | 420367] 1615| o0n
11 | FATIGUE 12400. 1083 264590
12 | FATIGUE 12400, 1100. 331590
13 | FATIGUE
FATIGUE

15

16 FATIGUE 1100. 149590 104900 427500 261291

17 FATIGUE 70. 1078. 331590 283500 147400 409.709 | 409702 13.843 2286
1 FATIGUE 110. 1278. 373058 300582 291256 421000 | 421000 0. 0.

19 FATIGUE 110 1276. 2225%0 173500 348900 355.000 368000] 46000 -10.000
20 FATIGUE 110. 1050. 224590 178500 293900 320.000 320.000 0. 0.

21 FATIGUE 119. 945. 56930 4732 85C740 272000 | 283000| -35000] -7000
22 FATIGUE 110. 118. -28510 -40500 420900 70.000 70.000 0. 0.

23 FATIGUE 110. 110, 253058 219882 74958 117000 ; 108000 35000 800
24 FATIGUE 310, 41 $

25 FATIGUE 191. 119. 15150 43310 89113 120.354 120.384 -0.508 0.

26 FATIGUE 110. 1100. 393623 390080 388830 421000 | 421000 0. 0.

27 FATIGUE 11 1051. 195090 146600 624900 270.997 270987 2548 0270
28 FATIGUE {  4107. 1050. -28510 350500 802800 473.000 | 457.000 20.000 6.000

sa1pnys asv) uoywondidy
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Table 5-1b

BWR Feedwater Piping Load State Date {(Sheet 2 of 2)

LOAD
SETS

DESCRIPTION

NO. OF
CYCLES

FATIGUE

29
3¢
31

FATIGUE

FATIGUE

770000
146600

32

FATIGUE

33

FATIGUE

291256

0

34

FATW3UE

35

FATIGUE

80
80
45
80
80
80

782000
483300

-72.000
27 000

FATIGUE

11 000

FATIGUE

80

483900

72200

15.000

FATIGUE

FATIGUE

9.
' 11

-52800

427900
396900

208 000
65 000

247.000
66 000 |

-139.000
7.000

FATIGUE

111.

FATIGUE

M1

4200

880900

113.09¢
270.000

102.000
270.000

110.000

(<)

41000
-2 000

D

FATIGUE

60

390080

389830

421000

421.000

FATIGUE

60

176920

95030

421000

421.000

FATIGUE

302582

258456

421.000

421.000

FATIGUE

264417

36343

421.000

421.000

FATIGUE

293041

202928

421.000

421.000

FATIGUE

273958

421.000

421.000

FATIGUE

296857

225138

421.000

421.000

FATIGUE

270142

69660

421.000

421 000

FATIGUE

290178

186269

421.000

421 000

FATIGUE

276821

108530

421000

421000

FATIGUE

429690

480810

421.000

421 000

RN A - ARl -A-RI-RE-RI-R ]

=R Ri-RI-Bi-Ri-BI-BE-BI-BI-BI-BI-]

FATIGUE

137310

421.000

421.000

sapnys asv) uoyen ddy
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Table 5-1¢
BWR Feedwater Piping Load State Pair Fatigue Usage
LOAD EQ11 | EQ | EQiz | EQ 1 EQ 4 RS DIV | DESIGN | ALLOW
STATE ' J ) (3N (SE) =) xE @sar)y | nmsw | auwore | cvores | crvoues
PAIR
R 42 a3 23058, | 23058, 0 . \ . 89, | 1000000.] 0.0001
2 52 =3 30378. | 3078 0. | 8281 1.00 15189. | 0574 | 0 50 291861 | 0.0002
3 13 40 £9440. 195 | 87048 | 1473 10. T 88, 18
4 : 40 80404, | 83814, | 17804, | 18084, 1.4 56358 1.208 6.303 B 298| 00003
% ” .
5 30 40 73164. | 54300 | 30689. | 10421 105 | 43448 | 1027 | 0195 12 §720.1 00018
7 14 30 70773, : ’ 7 ) 085 | 0.
8 24 30 66818, | 54531, | 33048, w 1.08 3797 1.034 .01 8. 10022. | o008
b] - 23 83140, | 80230, | 32448 i 40331, 1.1% [ X2} 40 .g 0 0042
10 L 23 $3052. | S6787. | 186818 | 21548 118 38137, 1073 [ K14 70. .1 0.00%9
12 1 8 48695 | 44344 | 15832 | 21848 100 | 24347 | 0838 | 0109 120 41983 | 0.0029
. T 2 46617 | 44924 | 28133 | 18756. 100 | 23308 | 0849 | 004z a5 27998 | 00009
14 21 25 46200 | 44508 | 29300 | 17565, 100 | 23100 | 0841 | 004 55 49339 | 00013
15 9 24 43225 | 43001 | 38471 | 10348 100 | 21613 | 0815 | 0005 52 $8072. | 00008
16 25 37 22017, | 39201 | 15604 | 20265 100 | 21458 | 0743 | 0089 80 70535 | 00011
17 25 23 42763, | 41313, | 29845 | 17021, 100 | 21381. | 0781 | 0025 45 71802. | 0.0008
8 9 28 30081 | 35213 | 20003 | 12433 100 | 19541 | 0666 | 0091 110, 108733 | 00010
19 9 17 38516, | 37829 | 32003. | 10251. 100 | 19258 | 0715 | 0021 70. 114582 | 00008
20 26 39 38255 | 37771_| 21744 | 19502 100 | 19127 | 0714 | 0009 110. 117439 | 00009
21 2 9 37839 | 37422 | 32003 | 10484 100 | 18919 | 0707 | 0015 20 122159.| 00003
22 33 39 37343, | 36850 | 21147. | 21107, 1.00 18871 0697 0010 . 128107.| 0.0000
23 9 10 38833 | 39657 | 32003 | 10504, 100 | 18417. § 0683 | 000" 108. 134608. | 00008
24 0 ) 35068 | 34477. | 30367. | 9559, 100 | 17984 | 0652 | 0021 162. 1466371 00011
25 12 29 350954 | 34452 | 30367 | 9561 100 | 17977. | 0651 | 0020 | 3945 146856 | 00208
26 12 28 35300. | 33901. | 28760. | 9950. 100 | 17650 | 0641 | 0023 | 3951 156805 | 0.0252
27 2 X 34703 | 34790, | 20681, | 20545 100 | 17397. | 0658 | O 70. 165280.] 0.0005
28 8 22 34793 | 34793 | 20861 | 20545, 100 | 17397. | 0658 | O 31 165280. | 00002
29 12 41 33975 | 33924 | 31845 | 9460 100 | 16988 | 0641 , 0002 11 180073 | 00006
30 5 12 32267_| 32216_| 30367 | 9378 100 | 6134 | 0609 | noot a0 221601 | 0.0002
31 12 35 31441 | 30042 | 17574, | 13350. 100 | 15721. | 0568 | 0032 80 249459 | 0.0003

sapns o) uonoonddy

|PMSIC N pIsur] Nd



EPRI] Licensed Material

Application Case Studies

1.5 minutes
- -
Transent 13 210°C oy

Transient 40

‘Jr \o——- 45 5°C/hr
10°C

Transent 34 216°C

Transient 38

1 minute

Transient 30 -
66°C @
55°C/hr
— -

15 seconds

Transent 14 216°C
/r_—-—

21°C ——t
. o

-
4 minutes

Figure 5-2

Temperature Profiles of Significant Transients




10°C =

Figure 5-2 {continued)
Temperature Profiles of Significant Transients.

5-8



EPRI Licensed Material

Application Case Studies

Now, consider the first load state pair, 1340, and determine the F_ factor. Load state 13
ir this pair is associated with a step-down transient and, thus, was used to determine
the strain rate for this load state pair. Figure 5-3 graphically shows the output results of
a one-dimensional heat transfer computer run to determine the appropriate | T, - T, |,
AT, and AT, values for transient or load state 13. This figure also shows the plot of the
calculated value of composite temperature T, which, as de«c "ed earlier, is equal to
(IT,-T,| + 1AT,| + |AT,| ). Typical practice is to pick the T,, T,, AT,, .ad AT, values
where ‘*he composite temperature value reaches maximum. lnd"‘\hcue, the compo=ite
tempe ature val e reached maximum at time egual to 1.501 minutes, and, therefore, the
T, T, AT, and AT, values at this poini were used to define load state 13,

One-Dimensional Hat Transter Analsysis Resufts

Fluid Temperature Profile: Time (min.) Temp (F)

0.0 420.0

13 70.0

4.0 70.0
Thickness (a) = 1.03 in. “hickness (b) = 1.34 in

Material: Carbon Steel

Figure 5-3
Output of One-dimensional Heat Transfer Analysis for Transient 13.
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Table 52
Strain Rate Calculation for Significant Load State Pairs
1 Al Aly ' b ' o (DS N .7: tr,
|m! iﬁ
J1 11 -
Ny - OE LA 0 L0
NN I I G K T
LT 0 0 L T L
ELN ) | . : 08T 7RRZ VW [ U8 1T
N B B 80662 | 20281 (00085
KRR 14 T4 <BEBT |02 | 00T
En A 36274 | 025 | 0O0BT
S S T T A\

Table 5-2 shows the stre.a rate calculation for each of the eight load states pairs. To
further illustrate this, a detailed discussion of the strain rate calculation for load state
pair 13-40 follows. The composite temperature of load set 13 is 179.6°F, and that of load
set 40 is 149°F. Again, these values were obtained from the T,, T,, AT,, and AT, informa-
tion given in the load set definition of Tablc 5-1B. The alternating stress amplitude for
this load state pair is given as 87048 psi, see Table 5-1C. There‘ore, the peak stress range
for this load state pair is:

S5, = 2§
= 2087048 psi
S' = 174096 P.i

The tensile portion of peak stress range associated with load state 13 is calculated using
Equation 4-12:

S,, = 205 [TAT+T)) (Eq. 5-1)
= [174096)8[179.6/(179.6+149)) psi
S, = 95154 psi

Because the composi‘e temperature reaches a maximum at 1.5 minutes from the start of
transient 13, the strain rate is then calculated using Equation 4-13:

5-10
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E=E = 5 /Eet) (Eq. 5-2)

[95754/(30x10%1.5x60)}e100

"

e = 0.0035% per second

The strain rates for the other load state pairs were similarly calculated and are shown in
Table 5-2

The strain rate values si\ovmn in Table 5-2 were then used to calculate the environmental

fatigue correction factor F_ vsing Equation 3-11. This calculation for load state pair 13-
40 is:

F, = exp(+0.384 - 0.00133T - 0.5545*T*0"¢") (Eq. 5-3)

The values of various parameters for load state pair 13-40 are the following

T a2 QI°F
O = 02 ppm
€E = 0.0035%/sec

Based on e preceding values and Equation 3-8, the following values are r“tained for
S T, 0% and ¢*

95 35 4 98

™ = [T-300]/18 = 672°C

' = O = 03

£* = In(e) = In(0.0035) = -5.648]

When these values of the parameters are substituted in the preceding equation for F_, a
value of 1.677 is obtained. The partial fatigue usage factor for this load state pair is
multiplied by the calculated value of F_ to obtain the new partial fatigue usage reflect-
ing the environmental effects

un 134 - IJ” 1340 e ‘(" (Lq 54)
=0.0115»1.677

= 0.0193

Note that the existing partial fatigue usage for load state pair 13-40 based on Code (air)
fatigue curve is listed in the last column of Table 5-1C. Similar calculations were per-
formed for the remaining seven load s*ate 2 pairs, as .hown in Table 5-3. Cumulative
fatigue usage (CUF) for these load state pairs is now corrected by totaling all partial
usage factors. CUF increased from 0.0727 to 0.1204, or by a factor of 1.06
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Table 5-3

F_ Calculation for Significant Load Pairs

Sulfur (%) = 0.01, §*=001, E(ksi)= 30000
Load Set

The corrected fatigue usage for all 31 load state pairs (CUF, ) can now be calculated:
CUWFr._ o CUF,, +(0.1204-0.0727) (Eq. 5-6)

CUF = 0.1409 + 0.0477

CUF - 0.1886

The F_ value for the load state pair 13-40 was also calculated using the effective damage
approach outlined in Subsection 4.2.5. Table 54 shows the details of this calculation.
The calculations are carried to the point where the calculated metal temperature (col-
umn 10) reaches the threshold value of 300°F. The last column shows the calculated
value of the cumulative average value of F_. It is seen that the value of F_ using this
approach is 1.38, compared to the earlier calculat>d value of 1.677. This is indicative of
the conservatism that the effective damage approach can remove from the simplified
calculations, such as those shown in Table 5-3.

5-12
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Table 54
F,, Calculation for Load State Pair (13-40) Using Effective Damage Approach

[Time | 011 ] TA | 10 JOEL LT2|COM [strs| Strain | Metal] 7° | epsar | Fn'at] Fn
(min) AB BIN. |(ksi)] Rate |Temp
['lo/“C
00 4200] 4200 00| 00] 00 0 q
i 410.0] 4200, 00| 1.3 17 2 T21] 41 44120 0.0159 1
1 A3 418.7] 41y Q1] 24] 39 4 01500 41 1348 1
78 4 i 02 a4 63 T84 414 50
0041 47 419.0] 4104] 04| 4 96 ¢ 0144 41 4 0178 1.
L1 01| 06 £3] 122778 00720 40767 B < 507
a8 < 5001 N 0.014 1331
4185 09 €65 17.3)1 1 58 4] 4.3871] 0.0749 1
4181] A.9] 7111091 i 1 431 4001341
a77 13 76 225108 0011 4 4447 748 1.4
0102 167" 416.5[ 417.1] 16| B.2] 260{2. 8 00118 & 0] 44473 00100 1.4
e 4 41486 18] 87 280.224 1 4 1761
. 130 217) 413.3] 4156 2.9 04| 3942 ik 53044 T4
149 25 4] 417 7] 44 -2.8] -10.1] 38.2[31 1 1.7151.0] <4 51 1
‘ 7 4 4131 34| 08 1 70X 417 1 4 14
1 312 408 B[ 412 -3.7] -11.0] 46.0[36 1 4 0013514
01000 -5 W 407 8] .~ 8] 4.0 -11.9] 48.2]% 1/46.7| <4 6008 0 0145 1
s (D100 945 4009 411.2] 43| -1186] 504150 1 3 128 1
1 - 404 5] 409 5.0] -12.2] 55.5[43.1] 0.008 4 6871 1514
A0 413 40274 408 1] 5.6 -12.7| 50.6/4F 471415 47301 0.0271] 1.4
0 443 400.2] 406 5] 63| -13.1] 63. 1.239.6] 4 1.4
0.2 6] 404 6] -7 1] -13.6| 68.3/51.8 0.0081 3 4 ' E
50.3 3952| 403.0] -7.7] -4 1] 721 0 ) T4
0.321] 533 302.4] 400 8] 86| -14.5 70.4/56.7 0 <4 14
0 : 9 3907 9.3 148 790 1.9 <4 031 a8 1.4
361 - 386.9] 387 0] -10.1] -15. :3_;]61 0 29.2] 5.01 302 1
03790 608 38421 395 1] -10.8] -15 . 8.1/27.3] -5.0144] 0.0245 1
0 401 19| 9028 -11.7] -15.0] ©7.0(68 1151 i
’ 0410 653 376.3] 300.8] -12.5] -16.2] 04.1]67. 8 0.0061] 3471.01 23,3 -5.0004] 00241 1.4
| 0440 7.6 375.0] 386.4] -13.4] -16 h| 97.6/60 00SH 3380121 1] 5 1431] 0.0279 1.4
1 3721 306.3] -14.2] -16 0100 5|71 1 i 7 ER
{0480 716 3687 383.8] -151] -17.1]103.8/728 0 08171 100275 1.4
0.501] -73.6 365.2] 381.2] -16.0] 17.4]106.9]74.6 00040 327.015.0| -5 3168 00273 141
(0548 -77.7| 367 1] 375.9] -16.0| -16.0[113 7] 0.0046 316.810.2] -5 3881, 00615 1.4
0 81.7] 348 2| 368 5] -20.2] -16.5/120.4|81 & 0.0041] 300 1] 5.0" -5 4948 0 14
0651 85.1] 330 1] 361.5| -22.4] -10.0]126.5/64 7] 0.0034 3 0.0/ 56732 0 1.9
0.701] 88 1] 320 0| 354 4] 24 5] -10.4]132.0[67 3 0 0.0l - T3
0751 D08 3204 347.0| -26.6] -10.8]137.2{80.7] 0.0028 2613 0.0 56639 008101 1 3
0.798 B31] 311.3] 3300 -28.6] -20.01471.7]91 %00024 <734 00| 60408 00500 1.3

5-13
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Table 54 (continued)
F,, Calculation for Load State Pair (13-40) Using Effective Damage Approach
me strs | Stn eta eps n n
(min) B IN. | (ksl)| Rate |Temp
. 1
| 1.200[- i 1
1501
[T 607
1.801 3 1 v
BEL )
7000 of.
BRI
2.000] -
{7000, T

Note: The material is carbon steel. The values of stress indices, E, Alpha and Poisson’s ratio are
the same as those in Figure 5-3.

5.1.2 Recirculation System Piping

A BWR/4 recirculation piping system was analyzed in Reference 2-18. Figure 5-4 shows
the mathematical model of the piping system. The piping - aterial is Type 304 stainless
steel. The location chosen for fatigue evaluation was t+ residual heat removal (RHR)
system return tee where the calculated fatigue usage sactor was found to be high. The
fatigue usage calculation, using the anticipated cycles (Table 5-137 of Reference 2-18),

w as chosen for the application of methodology d2veloped in Section 4. Table 5-5 lists
the alternating stress amplitudes and the strain rates used in that evaluation. A revised
version of stainless steel interim fatigue curve was used to determine CUF. Reference
2-18 reported a CUF of 3.256.

5-14



EPRI Licensed Material

Application Case Studies

Figure 54
Mathematical Model o VR/4 Recirculation Piping System.

To make an equal comparison, the alternating stress magnitudes and calculated values
Of strain rates for various load state pairs were assumed to be same as those used in the
Reference 2-18 analysis
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Table 5-5
CUF Results for Example Recirculation Piping System

urrent Code roposed approach Fatigue
Fati Usa

Load Pair Sai n . train o -
(ksi) Rate
/sec

m 3 1
omposhe Loss

Loss
/ omp
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uro. ‘ v
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ur, ¢ 001
C n
urbine crams ; 14611
/ Sh n
urbine Tnp-Scrams : 3 0021
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amup/Composite A 001 1
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Table 5-5 (continued)
CUF Results for Example Recirculation Piping System

-ammm- [ 5042 1 104 | 32464 1"0005 ] 0001 | 35618 | 0011 |
676 1 25 | 47562 ] 00005 | 0001 ] 3613 ] 0.002 |
4283 1 10 | 76633 | 00001 | 0001 ] 3613 1 0.0004 |
aerd 1 S8 1 77520 ] 00007 | 0001 ] 3613 ] 0.002 |
e r————0__J 10 ] 87342 ] 0.0001 | 0.001 | 3613 ] 0.004 |
e i N SSRGS R 6

Now consider the first load state pair in Table 5-5 with a S, of 182.76 ksi and strain rate
of 0.022%/second. The F_ for this load state peir was calculated using Equation 3-13.
The only variable in thn equation is €". The value of " was obtained using the strain
rate of 0.022%/second:

y = In (€)
B In (0.022)

g = -2.8167
The F_ was then calculated as follows:

F, =  exp(+0.359-0.134¢% (Eq. 5-7)
= exp(+0.359 - 0.134¢[-3,8167))
S s |

Given the S, value of 182.76 and the number of cycles at 10, the partial fatigue usage for
this load state pair based on the '~ ™" Code fatigue curve was calculated as 0.0376. The
corrected partial fatique usage fc  us load state pair was then obtained by multiplying
this value with F_:

i e (Eq. 5-8)

™

0.03762.388

0.0898
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Similar calculations were repeated for other load state pairs in Table 5-5. The CUF based
on the 1992 Code fatigue curve was determined to be 0.526. Table 5 shows the calcu-
lated value CUF using the proposed :;*proach as 1.351. This represents an increase by a
factor of (1.351/0.526) or 2.57 compared to ar~ “ease by a factor of (3.256/0.526) or
6.19 based on Reference 2-18.

Note that the {atigue usage factor at the RHR 1 is high due to conservatisms vu... nto
the NB-3600 procedures. A fatigue usage calculadon in Reference 5-1 for a similar
recirculation line to RHR branch connection using both the NB-3600 . nd NB-3200 meth-
ods clearly illustrate this. It was reported that for one of the load states pair (28-9), the
calculated fatigue usage based on the NB-3600 procedures was 0.43 versus 0.0002 when
the NB-3200 procedures were used. Although such dramatic reductions in calculated
fatigue usages are not always possible, it does illustrate that selective use of NB-3200
methods might help reduce the calculated values of fatigue usage factors.

5.1.3 PWR Surge Line

In Section 5.2.3 of Reference 2-18, Ware, et al,, considered a PWR surge line elbow for
evaluating fatigue usage. Table 5-32 of that reference presented the results of their
evaluation using the anticipated number of cycles. The same case is considered here and
the fatigue usage was calculated using the proposed methodology. The surge line
material is SA-376 Type 316 stainless steel. For consistency, the strain rate was assu.ned
as 0.001%/second for all of the load state pairs, as in Reference 2-18. The calculated
fatigue usage factor in Reference 2-18 was 1.345. A revised version of stainless steel
interim fatigue curve was used in that evaluation.

Table 5-6 shows the results of the evaluation using the proposed methodology. The
calculation procedure for F_ was essentially the same as that described in the preceding
subsection. The last three load state pairs listed in Reference 2-18 were not included in
Table 5-6 because their contribution to the tot il fatigue usage was insignificant. A re-
view of Table 5-6 indicates that the calculated value of the cumulative fatigue usage
based on the proposed methodology is 0.425, versus the reported value of 1.345 in
Reference 2-18.
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Table 5-6
CUF Results for Surge Line Elbow
: urrent Code Proposed Appriac’. Fatig. '
8.
Load Pair 3 " _%nm%_’_ﬁu_m—hﬁ g
(k:") . Rate .
/sec
Stratfl./Loss of Flow 54 56 g 0.000 0.00 813 0. 0004
with Reactor Trip
otratil./Loss of Flow 58. 25 5755 . .00

52 NB-3200 Application

For the NB-3200 application, a feedwater nozzle safe end fatigue evaluation presented
in Reference 2-18 was considered. The same case is used here to calculate a new fatigue
usage factor based on the proposed methodology.To make a direct comparison with the
CUF determined ir Reference 2-18, the altern. *ing stresses, strain rates, and tempera-
tures for the various load state pairs were assumed to be the same as those in that refer-
ence. The safe end material is SA-508 carbon steel. Tne CUF determined in Reference 2-
18 was 1.73.
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Table 5-7
CUF Results for a Feedwater Nozzle Safe End

Null '
[ OBENul ] 17.44 |
: : 13 B85

* The alternating stress S, meets the threshold criteria.

The results of CUF calculations using the proposed approach are shown in Table 5-7.
The CUF using the 1992 Code fatigue curve is 0.312 as shown in Table 5-7. The follow-
ing illustrates the partial fatigue usage calculation using the proposed approach. Con-
sider the first load state pa‘s in Table 5-7. The temperature associated with this load
state is 200°C and the strain rate is 0.02f ,/second. The F_ for this load state pair was
calculated vsing Equation 3-11. The par. .neters were as follows:

S = (0.015

T = 200°C

3 = 0.028%/ sec
(@ = 0.2 ppm
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Using the preceding values, the parameters that go into the expression for F, were
obtained using Equation 3-8:
” 0.015
g 50
® = In (&)
= In (0.028)
= -3.5755
o . 02

The F_ was calculatea using Equation 3-11 for carbon steels as follows:

F, =  exp(+0.384-0.00133T - 0.5545°T*0"¢*) (Eq. 5-9)
= exp (0.384 - 0.00133050 - 0.554¢0.015¢5000.2¢(-3.5755))
= 1515

The partial fatigue usage for this load state pair based on the 1992 Code fatigue curve
was earlier calculated as 0.117. The corrected partial fatigue usage for this load state
pair was then obtained by multiplying this value by F_:

U, = U,_eF, (Eq. 5-10)
= 0.117¢1.515
= 0177

Similar calculations were repeated for other load state pairs in Table 5-7. The CUF
incorporating the environmental effects is shown as 0.497 in Table 5-7. It is seen that the
increase in calculated CUF using the proposed approach is considerably less than when
using the interim curves.

In connection with the feedwater nozzle and safe end fatigue usage factors, it is note-
worthy that the fatigue usage based on monitoring the actual plant transients is gener-
ally considerably lower than that based on the design transients. For example, based cn
fatigue monitoring by General Electric of a Japanese BWR for two fuel cycles, the 40-
year CUF for the feedwater nozzle was estimated at only 0.0074, compared to the design
besis value of 0.387 [Reference 5-2). Similarly, it was noted in Reference 2-19 that for 12
staitups and 11 shutdowns at a BWR, the computed feedwater nozzle CUF based on
fatigue monitoring was about 1/30th of the design basis CUF.
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RECOMMENDED ASME SECTION Il CHANGES

This section presents suggested changes in the appropriate articles of ASME Section IT1
to provide stress analysts with enabling words to include the environmenta) effects in
the Code fatigue evaluaiions conducted according to NB-3600 and NB-3200. The ¢valu-
ation procedures could be incorporated in the form of a non-mandatory appendix to the
Code. A suggested format of such an appendix is provided in the Appendix to the

report.

6.1 NB-3600

Paragraph NB-3610 specifies the general requirements of piping design. A subpara-
graph NB-3614 worded as ‘ollows might be added to provide enabling words.

NB-3614 Environmental Effects

When the environmental effects on the fatigue analysis required by NB-3650 are considered
significant, such effects may be accounted for by using the methods described in Appendix XX.

The other location that needs to be modified is another subparagraph, NB-3653.8, which
might be added as follows:

NB-3653.8 Consideration of Environmental Effects

When the environmental effects are considered significant, the cumulative fatig..c damage may
be calculated using the procedures of Appendix XX.

62 NB-3200

The procedure for fatigue analysis in NB-3200 1s contained in NB-3224.4(e), “Procedure
for Analysis for Cyclic Loading.” Paragraph (5) of NB-3224 4 (e) stipulates six steps for
calculating cumulative fatigue damage when there are two or more types of stress
cycles that produce significant stresses. Add the following step to NB-3224 4(e):

Step 7: When the environmental effects on the fatigue life are considered significant, such effects
may be accounted for by using the methods described in Appendix XX.

6-1
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6.3 Non-mandatory Appendix Overview

At the end of this report is a non-mandatory Appendix that might be added to ASMI
Section [I1. The procedures in the Appendix are consistent with the environmental
correction factor approach outlined in Section 4 of the report. The piping or vessel stress
analysts will then have a choice of either using the procedures cutlirv " this non-
mandatory Appendix or using equivalent procedures to correct the Coue CUF for
environmental effects, where such effects are judged significant
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SUMMARY

Pressure-retaining components in the light water reactor (LWR) primary syster.s are
designed to meet the requirements of Section IIl of the ASME Boiler and Pressure Vessel
Codcorlnoqu!vdu\tCodc.'neChulrulaofSecﬁonmuunafadguecvaluaﬁon
for the transient stresses that occur during normal / upset condition operation. The
fatigue design curves in Section [II are based on the cyclic life observed in strain-con-
trolled fatigue tests cc.aducted in the air environment and include either » factor of two
on stress or 20 on cycles over the mean curves. The effects of high-temperacure reactor
water environment were not explicitly considered, although a factor of 4 in the factor of
20 on cyclic life was attributed to atmosphere.

Although there have been relatively few corrosion fatigue failures in materials typically
used in the LWR applications, the laboratory data generated in various test programs

(=.g., EPRI-sponsored testing at GE, NRC-sponsored testing at Argonne, and testing
conducted in Japan) indicate that fatigue lives shorter than the Code design values are

possible, especially under low-frequency loading conditions in oxygenated water envi-
ronments at elevated temperatures.

The laboratory testing by Argonne ana in Japan identified strain rate, temperature,
strain amplitude, and oxygen content as significant variables affecting fatigue-initiation
Lfe. The laboratory testing has generally been with ore or a combination of significant
variables held at a specified fixed value during the test. However, during the course of a
typical plant transient, generally, the temperature and the strain rate are continuously
varying but the stress a.\alyses are not detailed enough to evaluate the values of these
variables. Furthermore, it is unreasonable to burden the piping or vessel stress analysts
to require such a detailed evaluation. Therefore, there is a need for simplified, but not
ovirly conservative, procedures for ASME Section III, NB-3600- and NB-3200-type
anal*<es in which reactor water environment effects need to be accounted for. The basic
apy  “hused in thus report was to take the existing fatigue usage and multiply it by an
envi  .nental correction factor F_ to obtain a new fatigue usage reflecting the envirun-
ment.. ~ffects.

A review of the available laboratory test data and previous studies indicated that,
currently, two aporoaches are available: the Higuchi-lida approach and the NUREG/
CR-5999 approach proposed by Argonne. The Argonne also proposed a statistical
characterization in th form of a mathematical expression for the cyclic fatigue-initiation
life with significant variables, such as strain rate and temperature as the parameters.
The matarials covered were carbon and low-alloy steels, stainless steels, and Alloy 600.
These expressions were recast in this report to produce mathematical expressions for

7-1



EPRI mewed Material

Summary

F . This represented the third approach. A comparison of the F_ values predicted by the
three approaches as a function of dissolved oxygen in reactor water showed that the
major differences are in the dissolved oxygen range of 0.2 to 0.5 ppm. A review of
recent data from Japan and earlier EPRI-sponsored testing of blunt notch CT specimens
indicated that precictions based on the A. jonne statistical characterization are more
consistent with this data. Therefore, F, factors developed in this report from the
Argonne statistical chaiacterization were used for subseqnent implementation in the
NB-3600 and NB-3200 fatigue analyses. The threshold values of significan. parameters
d: csoped by the PVRC committee were also discussed and adopted.

The most important para.eter was identified as the strain rate for a load sta‘e pair. ror
the NB-3600 fatigue evaluations, ar. approach was described to determine the strain

rate. Also, an effective damage approach was described which removes conservatism in
the calculated value of F_. The proposed approach was applied to several example cases
such as feed water piping, recirculation piping, feedwater safe end and sarge line. The
results indicated that there is generally a modest increase in the calculated fatigue

usage, which is considerably less than that resulting from using the NURG /CR-5999
interimr  irves.

The report also describes the proposed changes in Section III fatigue-evaluation proce-
dures that might provide an\lysts with enabling words to refer to a non- mandator\

appendix to account for envir~—nental fatigue effects. An example of the non-manda-
tory appendix is included as &« appendix to this report.
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FATIGUE EVALUATIONS INCLUDING
ENVIRONMENTAL EFFECTS

X-1000 S~ ope

This appendix provides methods for performing fatigue usage factor cvaluations of
reactor coolant system and primary pressure boi 'dary components when the effects of
reactor water on fatigue-initiation life are judged to be significant.

X-1100 Environmental Fatigue Correction

The evaluation method uses as its input the partial fatigue usage factors U, u,u,
..U, determined in Class | fatigue evaluations. In the Class I design-by-analysis proce-
dure, the partial fatigue usage fartors are calculated for each type of stress cycle in
paragraph NB-3222 4(e)(5). For Ciass I piping products designed using the N'B-3600
procedure, Paragraph NB-3653 provides the procedure for calculating partial fatigue
usage factors for each of the load state pairs

The cumulative fatigue usage factor, U_, considering the environmental effects, is
calculated as:

le - ul.FnI v u.‘.Fm.’ L u‘.rm) i u<.Fm‘ g un.rn

”

where, F_  is the environmental fatigue correction factor for the ith stress cycle (NB-
3200) or load state pair (NB-3600)

X-1200 Environmental Factor L efinition

it F_ factors are to be calculated using the expressions below.
Carpon Steel
F_ = exp (+0.384 - 0.00133T - 0.5545*T*0"¢")

Low-alioy Steel

F_ = exp (+0.766 - 0.00133T - T 0t
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Stainless Steels Except 316NG

F, =exp(+0.359 - 0.15.¢%) (Eq. 3)
Type 316NG Stainless Steel

F,_ =exp(-0.023 - 0.134€") (Eq. 4) p
Alioy 600

F = 149 (Eq. 5)

X-1300 Evaluation Procedures

For some types of stress cycles or load state pairs, any one or more than one environ-
mental parameters are below the threshold value for significant environmenta! fatigue
<ifects. The value of the environmental fatigue correction factor F_ for such types of
stress cycles or load state pairs will be equal to 1.0. Article X-2000 provides procedures
for threshold criteria evaluation.

The procedures for the evaluation of F_ factors for design by analysis and for Class |
piping procducts fatigue evaluations are provided in X-3000.

X-1400
[he symbols adopted in this append.x are defined as follows:

Nomencilature

E = Young's Modulus, psi

. = Environmental correction factor applied to fatigue usage calculated using
Code fatigue curves

O =  Oxygen content of fluid (ppm)
Transformed oxygen content
Sulfur content of carbon and low-alloy steels, weight %
Transformed sulfur content
Alternating stress amplitude, psi
Temperature (°C)
Transforined temperature

Average temperature on side a during a temperature transient
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Average temperature on side b during a temperature transient

Sumof IT-T,|, |AT,|, and |AT,| for temperature transient producing
compressive stresses at the component surface in contact with fluid

Metal temperature during a temperature transient at surface in contact with
fluid

Sumof IT-T,|, |1AT,|, and | AT, | for temperature transient producing
tensile stresses at the component surface in contact with fluj 4

Linear temperature gradient through a component wall during a tempera-
ture transient

Nonlinear temperature gradient through a component wall during a tem-
perature transient

Elapsed time between the start of temperature transient and the time when
T, is reached, seconds

Elapsed time between the start of temperature transient and the time when
the metal surface in cortact with fluid reaches 300°F, seconds

Cumulative fatigue usage factor including the environmental effects

Cumulative fatigue usage factor for load pair i obtained by using Code
fatigue curves

Strain rate, % /second

Transformed strain rate

ARTICLE X-2000
ENVIRONMENTAL FATIGUE THRESHOLD CONSIDERATIONS

X-2000 Scope

This article provides procedures for screening out types of stress cycles or load state
pairs for which any one or more than one environmental parameters are below the
threshold value for significant environmental fatigue effects. The value of the environ-

mental fatigue correction factor F_ for such types of stress ~ycles or load state pairs will
be equal to 1.0
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X-2100 Strain Range Threshold

(a)

(b)

alculate the strain range, €, associated with a type of stress cycle or load state
pair i by multiplying the alternating stress intensity S, by 2 and dividing by the
modulus of elasticity E. The value of E shall be obtained from the applicable
design fatigue curves of Figures 1-9.0.

If the value of g, calculated in Step (a) for a type of stress cycle or load state pair is
less than or equal to 0.1, that type of stress cycle or load state pair satisfies the
threshold (riterion for strain range and the value of F_ is 1.0. No further evalua-
tion with respect to other threshold values need be made for this type of stress
cycle or load state pair.

X-2200 Strain Rate Threshold

A type of stress cycle or the load state pair that involves seismic load state satisfies the
strain rate threshold criterion for strain rate and the value of F_ is 1.0. No further evalu-
ation with respect to other threshold values need ' e raade for this type of stress cycle or
load statc pair.

X-2300 Temperature Threshoid

(a)

(b)

Define the effective temperature T associated with a type of stress cycle or load
state pair 1 as equal to the higher of the highest temperatures in the two tran-
sients or load s*ates constituting the type of stress cycle or load state pair.

If the temperature calculated in Step X-2300(a) 1s less than or equal to 300°F (or
150°C), the stress cycle or load state pair satisfies the threshold criterion for
temperature and the value of F_  is 1.0.

X-2400 Dissolved Oxygen Threshoid

(a)

(b)

Define the effective dissolved oxygen content DO associated with a type of stress
cycle or load state pair | as equal to the higher of the highest oxygen content in
the two transients or load states constituting the type of stress cycle or load state
pair.

If the value of DO determined in Step X-2400(a) f_. .. .ype of stress cycle or load
state pair is less than or equal to 0.05 ppm, that type of stress cycle or load state
pair satisfies the threshold criterion and the value of F_ is 1.0.
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ARTICLE X-3000
ENVIRONMENTAL FACTOR EVALUATION

X-3100 Scope

This article provides procedures for calculating the F_ factors for types of stress cycles

(NB-3200) or load » “ate pairs (NB-3600). Only the types of stress cycles or load state
pairs that do not meet the threshold criteria of X-2000 need to be considered for F .
calculation.

X-3200 Evaluation Procedure for Design By Analysis

X-3210 Determination of Transformed Strain Rate

The strain rate (%/sec) for a stress cycle is determined as:

€= S-w- OIOO/Eot_m

where, S is the stress difference range for cycle i as determined in N3-3224.4(e)(5)
and the f__ is the time in seconds when the stress difference reaches a maximum from
the start of the temperature transient. This calculation is performed only for the step-
down temperature tranc.ent in the stress cycles constituting a pair. The transformed

strain rawe €" is obtained as:
£*=0 (€ > 1%/sec)
£*=In(g) (0.001 < € < 1%/sec)

£* = In(0.001) (€ < 0.001%/sec)

X-3220 Determination of Transformed Temperature

The temperature " associated with a type of stress cycle i as equal to the higher of the
highest temperatures in the two transients constituting the type of stress cycle. The
transformed temperature T is obtained as:

T™=0 (T< 150°C)

T"=T-150 (T> 150°C)

X-3230 Determination of Transformed DO for Carbon and Low-alloy Steels

The effective dissolved oxygen content DO associated with a type of stress crcle 1 is
equal to the higher of the highest oxygen content in the two transients constituting the
type of stress cycle. The transformed DO, O* is obtained as follows:
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0*=0 (DO<0.05 ppm)
0*=DO  (0.05ppm < DO < 0.5 ppm)
0*=05 (DO >05ppm)

X-3240 Determination of Transformed Sulfur for Carbon and Low-alloy Steels

The sulfur content S in terms of weight percent migh be obtained from the certified
material test report or an equivalent source. If the sulfur content is unknown, then its
value will be ass umed as 0.015%. The transformed sulfur S* is obtained as:

$*=8 (0<5<0.015 wt%)
§*=0.C15 (5>0.015 wt%)

X-3250 Determination of F_

The environmental correction facior F_  for a type of stress cycle and the cumulative
fatigue usage factor will be calculated using equations given in X-1200.

X-3260 Determination of F_ Based on Damage Approach

Procedure similar to that described in X-3660 may be used to remove some of the con-
servatism built into the F_  determined in X-3250.

X-3600 Evaluation Procedure for Piping

X-3610 General Requirements

The procedures in this article use the input information and the partial fatigue w .ge
results from the NB-3650 fatigue evaluation. The examyple of specific load state info-ma-
tion needed is ‘aternal pressure and the three moment components, | T -T, |, AT, and
AT,. When the detailed results of one-dimensional transient heat transfer analyses are
available in the form of time history of | T -T, |, AT,, and AT,, such results might be used
to reduce conservatisms in the calculated values of environmental correction factor.

X-3610 Determinetion of Transformed Strain Rate
The strain rate (%/sec) for a stress cycle is determined as:
€=205, o[T /AT, +T,)IAEst,)

where S, is the alterrating stress intensity for load state pair I calculated i:: NB-3653.3.
This calculation is performed only for *..e step-down temperature transient in a load
state pair. The transformed strain rate €" is obtained as:

X-6
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£*=0 (€ > 1%/sec)
£* = Infe) (0.00; < € < 1%/sec)

£* = m(0.001) (€ < 0.001%/sec)

X-3620 Deteirmination of Transfored Temperature

The temperature T associated with a load state pair . as equal to the higher of the high-
est tempe.atures in the two transients constituting the load state pair. The transformed
temperature 7™ 1s obtained as the following:

7‘:.:() (T(ISOOC)
T"="-150 (T>150°C)

X->630 Determination of Transformed DO for Carbon and Low-alioy Steels

The effective dissolved oxygen - ntent DO associated with a load state pair i is equal to

the higher of the highest oxygen content in the two ransients constituting the load state
pair. The transformed DO, O* is obtained as:

0*=0 (NO<0.05 ppm)
O*=DO 1J.05 ppm < DO < 0.5 ppm)
O*=05 (DO > 0.5 ppm)

X-3640 Determination of Transformed Sulfur for Carbon and Low-alioy Steels

The sulfur conten* S in termns of weight percent may be obtained from the certified
material test report or an equivalent source. If the sulfur content is unknown, then its
value will be assumed as 0.015%. The transformed sulfur, S* is obtained as follows:

S*=S$ (0<5<0.015 wt%)

5= 0.015 (5>0.015 wt%)

X-3650 Determination of Ve

The environmental correction factor F_ will be calculated using equation given in
X-1200
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X-3660 Determination of F_ Based on Damage Approach

When the detailed results of one-dimensional transient heat transfer analyses are avail-
able in the form of time history of | T -T, |, AT, and AT,, such results may be used to

reduce conservatisms in the calculated values of F_. The following expression or
equivalent shall be used:

F oo = (1) | [t /exp(+0.384-0.00133T, _ + 0.5545*T, *0O*¢ %))t

The preceding value of F_ may be used in lieu of the F_ value calculated in X-3650.
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CONSEQUENTIAL DAMAGES, SVEN IF EPRI OR ANY EPRI REPRESENTATIVE MAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES) RESULTING FROM YOUR SELECTION OR USE OF THIS REPORT OR ANY
INFORMATION, APFARATUS, METHOD, PROCESS OR SiMILAR ITEM DISCLOSED IN THIS REPORT
€. EXPORT

The laws and reguiations of the United States restrict the export and re-export of any portion of this report
ant you agree not to expor: or re-export this report or any related technica data in any form without the
appropnats United States and forewyn government approvais

7. CHOICE OF LAW

This agreement will be governed by the laws of the State of California as applied to transactions taking place
entirely in Caitornia between Calfornia resigents

8 INTEGRATION

You have reac anc understand this agreement, ang acknowlegge that it is the final, compiete and exclusive
agreement between you and EPRI concemning its subject matter, superseding any pnor related unger-
standing or agreement. No waiver, variation or different terms Jf this agreement wili be enforceabie against
EPRI uniess EPRI gives fts prior written consent. signed by an officer of EPR
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ABOUT EPRI

The mission of the Electric Power Resoarch instiiute is to discover, develop, @nd deliver hiph
vaive technological acvances througr: Networking &nd partnership with the slectniofty incustry
Funded through annual membesship dues from some 700 member utilities, EPRI's work

covers a wide range of technologies related 1o the generation, delivery, and use of electnctty,
with special attention paid to cost-effectiveness and environmenial concems.

At EPRI's headquarters in Paio Alto, California, more than 350 scientists and engineers
manage some 1800 ongoing projects throughout the worid. Benefits accrue in the form of
products, services, and information for direct application by the e.ectnc utility industry and
its customers

(continued from front cover)

4. TERM AND TERMINATION

This license and this agreemant are effective until terminated. You may terminate them at any time by
fastroying this report. EPRI has the right to terminate the cense and this agreement immediately if you
fail to compty with any term or condition of this ag sement. Upon any termination you may destroy this report,
but all obkgations of nondisclosure will remair 1 effsct

5. DISCLAIMER OF WARRANTIES AND LIMITA TON OF LIABILITIES
NEITHER EPRI, ANY MEMSER OF EPRI, ANY COS/ ONSOR, NOR ANY PERSON OR ORGANIZATION ACTING ON
REHALF OF ANY OF THEM

(A) MAKES ANY WARRANTY OR REPRESENTATION WHATSOEVER, EXPRESS OR IMPLIEY), (1) WITH RESPECT
TO THE USE OF ANY INFORMATION. APPARATUS, METHOD, PROCESS OR SIMILAR ITEM DISCLOSED IN THIS
REPORT, INCLUDING MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSL, OR (i) THAT SUCH USE
DOES NOT INFRINGE ON OR INTERFERE WITH PRIVATELY OWNED RIGHTS, INCLUDING ANY PARTY'S
INTELLECTUAL PROPERTY, OR (Iil) THAT THIS REPORT IS GUITABLE TO ANY PARTICULAR USER'S
CIRCUMSTANCE, OR

{B) ASSUM( 5 RESPONSIBILITY FOR ANY DAMAGES OR OTHER LIABILITY WHATSOEVER (.NCLUDING ANY
COMSEQUENTIAL DAMAGES, EVeN IF EPRI OR ANY EPRI REPRESENTATIVE MAS BEEN ADVISED OF THE
POSSIBILITY OF SUCK DAMAGES) REELLTING FROM YOUR SE_ECTION OR USE OF THIS REPORT OR ANY
INFORMATION, APPARATUS, METHOD, PROCESS OR SIMILAR ITEM DISCLOSED IN THIS REPORT

§. EXPORT

The laws and regulations of the United States restrict the 2xport and re-export of any portion of this report
and you agi2e not to QO or re-export this report or any reiated technical data in any form without the
appmpnate United Statrs and foreign government approvals

7. CHOICE OF LAW
This agreement will be governed by the laws of the State of Calitomia as applied to transactions taking place
entirely in Caitornia between Calitornia residents

& INTEGRATION

You have read anc understand this agreement, ang acknowledge that it is the final, complete and exciusive
agreement between you and EPRI concerning its subject matter, superseding any prior related unger-
standing or agreesnent No waiver, variation or different terms of this 2 Jreement will de enforceabie against
EPR! uniess EPR! ¢'ves Its prior written consent, signed by an officer of EPRI
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