NI H,/V-g_g-‘ — v -

| IDAHO NATIONAL ENGINEERING LABORATORY

NUREG/CR-6260
INEL-95/0045

February 1995

Application of
NUREG/CR-5999
Interim Fatigue

OCKETED - Curvesto
USNRC
Selected Nuclear
August 12, 2008 (11:00am)
OFFICE OF SECRETARY Power Plant
~ RULEMAKINGS AND '
ADJUDICATIONS STAFF - Com p onents Ldaho Natio Labaramy
<=s.¢lockheed e ot
Idaho Technologfes Company - No. DE-AC07-941D13223

WM(0%7 __ o 5-03



o cmmaieees 7 T - NUREG/CR-6260
INEL-95/0045

Distribution Category: R5

Application of NUREG/CR-5999 Interim Fatigue
Curves to Selected Nuclear Power Plant
| Components

\

A. G. Ware
D. K. Morton
M. E. Nitzel

Manuscript Completed February 1995

Idaho National Engineering Laboratory
Lockheed ldaho Technologies Company
Idaho Falls, Idaho 83415

Prepared for the
" Division of Engineering ‘
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
Under DOE Idaho Operations Office
Contract DE-AC07-941D 13223
. FIN J2081



ABSTRACT

Recent test data indicate that the effects of the light water reactor (LWR) envi-
ronment could significantly reduce the fatigue resistance of materials used in the
reactor coolant pressure boundary components of operating nuclear power plants.
Argonne National Laboratory has developed interim fatigue curves based on test
data simulating LWR conditions, and published them in NUREG/CR-5999. In
order to assess the significance of these interim fatigue curves, fatigue evaluations

of a sample of the components in the reactor coolant pressure boundary of LWRs .

were performed. The sample consists of components from facilities designed by
each of the four U.S. nuclear steam supply system vendors. For each facility, six
locations were studied, including two locations on the reactor pressure vessel. In
addition, there are older vintage plants where components of the reactor coolant
pressure boundary were designed to codes that did not require an explicit fatigue
analysis of the components. In order to assess the fatigue resistance of the older
vintage plants, an evaluation was also conducted on selected components of three

_ of these plants. This report discusses the insights gained from the application of the

interim fatigue curves to components of seven operating nuclear power plants..
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EXECUTIVE SUMMARY

ES-1. Introductlon

Recent test data indicate that the effects of the
light water reactor (LWR) envrronment could sig-
nificantly reduce the fatigue resnstance of materi-

als used in the reactor coolant pressure boundary -

components of operating nuclear power plants.
The Amencan Society of Mechanical Engineers
(ASME) Boiler & Pressure Vessel Code fatigue

curves used for the design of these components

were based pnmanly on stram-controlled fatigue
tests of small, polished Specxmens at room tem-
perature in air. Although adjustment factors were
applied to the best-fit curves to account for effects
such as size, surface finish, environment, and data
scatter, some of the recent test data indicate that
these factors may not have been sufficiently con-
servative to account for envrronmemal effects.

In a separate pro_rect funded by the United
States Nuclear Regulatory Commission
(USNRC), the Argonne National Laboratory
(ANL) has developed interim fattgue curves
based on test data of small, polished specimens
cycled to failure in water simulating LWR condi-
tions, and published them in NUREG/CR-5999.
In order to assess the srgmﬁcance of the interim

fatigue curves in NUREG/CR-5999, fatrgue eval-

uations of a 'sample of the. components in the reac-
tor coolant pressure boundary were performed.
The sample consists of componems from facili-
ties designed by each of the four U.S. nuclear
steam supply system (NSSS) vendors. For each
facility, six locations were studied, mcludmg two
locations on the reactor pressure vessel.

In addition, there are older vintage plants
where components of the reactor coolant pressure
boundary were designed to codes, such as United
States of America Standard (USAS) B31.1, that

"did not require an explicit fatigue analysis of the
‘components, Since the Code of Federal Regula-
tions currently references the ASME ‘Boiler and
Pressure Vessel Code which includes a fatigue
evaluation of the components of the reactor cool-
ant pressure boundary (unless certain exemption
requirements are met), this has led to a-concem

xix

regardmg the adequacy of the fatigue resistance

- of these older vintage plants. In order to assess the

fatigue resistance of the older vintage plants, an
evaluation was also conducted on selected com-
ponents of these plants. The components selected
were the same as in the newer vintage plants. A
comparison of the magmtudes of the cumulative
usage factors (CUFs) between older and newer
vintage plants, and the results of the application
of the NUREG/CR-5999 interim fatigue curves to
six components in each of the three older vmtaoe
plants are presented in this report.

ES-2. ASME Code Section Il
Fatigue Methodology

- In the 1960s Codes and Standards specific to
nuclear power plants were developed Section I1,
Nuclear Vessels, was first issued in 1963 as a sep-
arate code. All of the vessel analyses reviewed in
this NUREG/CR were performed using the 1965
or later editions of Section HI. Prior to 1969, nu-
clear piping was designed using United States of
America Standard (USAS) B31.1; from 1969 to
1971, plants were -desighed with USAS
B31.7-1969 as the standard and the ASME Code .
has been used thereafter The rules of B31.7 were
incorporated in- NB-3600 of the 1971 edition of
Section 111

- The ASME Code, Section I1I, NB-3200 elastic
fatigue analysis is applicable to any component,

but is generally used-exclusively for vessels,

fairly frequently for nozzles, but rarely for piping.

‘If neither the elastic ‘or simplified elastic-plastic

methods can demonstrate that the ASME Code

‘limits are satisfied, NB-3200 allows a fully plas-

tic-analysis. (However, the time and expense

-needed to perform such an analysis makes this
-option a last resort.) For Class | piping, the
-ASME Code. (Article NB-3600 of Section III)

provides for protection against fatigue failures .
caused by elastic and plastic cycling similar to

'NB-3200; however, more detailed equations are
‘given leading to a simpler, but generally more
‘conservative, analysis approach.
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ES-3. NUREG/CR-5999 Interim
Fatigue Curves

‘The NUREG/CR-5999 figures are very smatl,
use a log-log scale, and contain no background
grid. This makes the values very difficult to read
from the graphs. Dr. W. J. Shack of ANL supplied
us with a spreadsheet with the data points used to
construct the interim fatigue curves for use in this
project. The spreadsheet values were used to per-
form the CUF calculations in Section 5 of this
report. ' B '

~ Inorder to assess the increasé in the CUF using
the interim fatigue curves, values for the numbers
of cycles on the ASME Code fatigue curve were
divided by the numbers of cycles at correspond-
ing stresses on the interim fatigue curves (using
the ANL spreadsheet values). The ASME Code
method of mterpolatmg between values was used.
The factor of increase depends on the alternating
“stress intensity. The factor of increase for
stainless steel is as hxgh as a factor of 17. For
carbon and low- alloy steels in low- -oxygen
environments, the maximum factor of increase is
only about 2.75. For ca:bon and low-alloy
steels in high-oxygen environments at saturated
(0. OOl%/s) strain rates, the maximum factors of
increase are about 13, 30, and 55 at temperatures
of 200, 250, and 288°C, respecuvely The lowest
maximum increase of about 3.5 occurs at high
strain rates (0.1%/s) at 200°C,

In order to be able to accurately interpolate
between the temperature and strain rate values on
the interim fatigue curves, studies were. carried
out to determine appropriate interpolation formu-
las. The ratios of the numbers-of cycles for the
three strain rates at the three temperatures on the
high-oxygen curves were plotted. In addition, the
ratio of the values for the three temperatures at the
three strain rates were plotted. From these curves
we deduced that interpolation relations can be
determined mespectwe of a]ternalmg stress
intensity. - SRR

Since the ratios were not dependent on the

altemnating stress intensity, a value of 55 ksi was
chosen to determine the relations between strain
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rate, temperature, and number of cycles. The log-
arithms of strain rate and numbers of cycles have
a linear relationship, and the temperature and the
logarithm of the numbers of cycles are linearly
related.

Subsequent to the issue of NUREG/CR-5999,
ANL transmitted revised best-estimate fatigue
curves for stainless steel (in equation form) to the
NRC. The revised curves are strain rate-, temper-

ature-, and material-dependent and differ for .

Type 316NG and other types of stainless steel.
However, none of the stainless steel components

investigated as part of this project are Type
316NG stainless steel.

The ANL best-estimate curves were converted
to design curves comparable to ASME Code
fatigue design curves by reductions of a factor of
1.5 on stress or 20 on cycles, whichever is less.
The revised curves increase the CUF by a factor
of about 5 (1%/s strain rate) to 11 (0.001 %/s
strain rate) over CUFs computed using the ASME
Code fatigue design curves. The NUREG/
CR-5999 interim fatigue curves increase the CUF
by as much as a factor 6f 17 over the ASME Code

desxon faugue curves. However, for low strain -

rates, the revised curves would result in a higher
CUF for aliernating stress intensities above
90 ksi. The 1%/s strain rate was achieved during
tests in which the specimens were loaded by
mechanical cycling. Itis highly unlikely that such
a high strain rate could be achieved during ther-

mal cycling. No strain rates approaching 1%/s .

were calculated in this study. A 1%/s strain rate
corresponds to an equivalent elastic stress rate of
283,000 psi/s.

ES-4. Approach

The components chosen for the evaluation of
the five PWR plants [B&W, Combustion Engi-
neering (one older and one newer vintage), and
Westinghouse (one older and one newer vintage)}
are as follows:

1.  Reactor vessel .shell and lower head

2.  Reactor vessel inlet and outlet nozzles .



3. ' Pressurizer surge line (mcludma hot leg and

pressurizer nozzles)
4. - Reactor coolant pxpmg chargmg system
"nozzle :

5. Reactor coolam plpmg safet,l injection
nozzle . L

6. . rReSIdual heat removal (RHR) system Class
B pxpmg

The componcms chosen for the evaluatlon of
the two BWR plants [General Electric (one older
and one newer vintage)} are as follows:

| Reactor vessel shell and ldwer head -
2. " Reactor vessel feedwater nozzle .

3. | Reactor recxrculanon plpmg (mcludmg inlet
and outlet nozzles) ..

4. : Cox;e Spray line fcactor vessel nozzle and
assocnated Class 1 plpmg -

5.. .RHR Class 1 pxpmg
6. CFeedwaterI]me Class 1 piping.

For both PWR and BWR plants, these compo-
nents are not necessarily the locations with the
highest design CUFs in the plant, but were chosen
1o give a representative overview of components
that had higher CUFs and/or were important from
arisk perspective. For example, the reactor vessel
shell (and lower head) was chosen for its risk

" importance. T

- NUREG/CR-5999 includes one fatigue curve
for stainless steel, but several curves for carbon/
low-alloy steels Wthh are based on the sulfur
content of the steel and the oxygen level in the
coolant. For the five PWR plants, the curves for

. high-sulfur steel .and a low-oxygen environment

. (typical for PWRs) were used. For the two BWR

plants, the curves for high-sulfur steel and a high-

oxygen environment were used. The high-oxygen
- (greater than 100 ppm) environment considered
in the selected curves is consistent with the water
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chemistry in BWRs without hydrogen water
chemistry. Neither of the two BWR planis eva-
luated have used hydrogen water chemistry.

If the CUF for a component exceeded 1.0 using
the NUREG/CR-5999 interim fatigue curves,
potemxal changes that could be used to reduce the
CUF were sought. In reviewing the licensees’ cal-
culations, we found 17 potential changes that.
could be used to reduce the CUF. Several changes
were found from review of the licensees® calcula- .
tions that mlght increase the CUF. These mainly
consisted of changes to the ASME Code since the
edition of record for the plants’ licensing bases,
and the anucxpated numbers of cycles for some
transients exceedmg the number of desi gn basns
cycles : : :

ES—5 Component Evaluatrons

The stress results from existing analyses were
used to determine revised CUFs based on the
NUREG/CR-5999 curves. Since the licensees’
design basis analyses were based on the ASME
Code of record, it was uneconomical for the
licensee to attempt to reduce the CUF to lower
and lower values by removing conservative
assumptions once the Code requirements were
met. Given more funding and time, further cal-
culations could have been performed to reduce
the existing stress values by using more realistic
loadings or more detailed analysis models. These
reduced stresses would result in lower CUFs.

Therefore, high CUF values obtained using the

NUREG/CR-5999 interim fatigue curves do not
reflect the lowest CUF, since in every case where

_ the CUF was greater than 1.0, we have listed one,

and in most cases several, steps that could be

‘taken to reduce the CUF by addmonal analyses

and momtonng

The dctalls of the evaluauons for six compo-
nents for each of the seven plants surveyed are

described in Sections 5.1 through 5.7 in the body

of the report. It appears that the two most difficult

-areas to reduce the CUF to lower values are PWR
-surge lines, which are subject to thermal stratifi-
-cation, and BWR tees joining RHR, recirculation,

RCIC, RWCU, feedwater, etc. lines where hot

.and cold coolant mixing occurs. The results and
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conclusions of these evaluations are summarized
in ES-6. below

ES-6. Conclus:ons

The conclusions from applying the NUREG/

CR-5999 interim fatigue curves to the fatigue
analyses of seven LWRs (ﬁve PWRs and two
BWRs) are divided into three parts. Conclusions
relating to PWR and BWR plants, and conclu-
sions from comparing plants desxgned to B31.1
versus plants designed to the ASME Code.

1.

ES-6.1 Appiicaﬁohs to PWR'pIants .

The anticipated number of cycles are less

than the design basis number of cycles for
all key transients, notably heatup and cool-
down transients and power changes. (For
example, the design analyses accounted for
load following whereas the plants are being
operated as base-loaded.)

_ After removing conservative assumptions

and using anticipated numbers of cycles, the
CUFs for all the reactor vessel components
(shell and lower head, inlet and outlet

. nozzles) were less than 1.0 for a 40-year
- life. In two cases, an Alloy 600 instrumenta-
- tion nozzle and a lower head core support

block, the CUFs (1.113 and 1.337, respec-
tively) were slightly above 1.0 for 60 years.

The CUFs for the stainless steel surge lines
of all five plants exceeded 1.0 for 40 years.
The most significant transient for surge
lines is thermal stratification which was not
accounted for in the original design basis.
The surge lines were reanalyzed for fatigue
in response to NRC Bulletin 88-11. Fatigue
monitoring was used to determine tempera-
wre differences and numbers of cycles dur-
ing times of thérmal stratification. More

~’refined analyses to later (circa 1986) edi-
 tions of the ASME Code, including removal
- of conservative assumpuons, were used by

the licensees to reduce the CUF below 1.0

- using ASME Code fatigue curves. How-

ever, there remain conservative assumptions
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that could be used to further reduce the
CUF. Four of the .five analyses used
NB-3600 piping methods. A detailed finite
analysis of the regions with high CUFs, and,
if needed, plastic analyses, could be used to
reduce the CUF. The B&W plant’s analysis
already has incorporated an NB-3200 plas-
tic analysis. Probably the best way to reduce
the CUF is more precise monitoring of the

“individual surge lines. The stratification

transients used in the analyses are mainly
based on owners group submittals that con-

* servatively define a set of enveloping strati-

fication transients that will apply to several
plants.

" After removing conservative assumptions
. and using anticipated numbers of cycles, the

40-year CUFs for the stainless steel charg-
ing and safety injection nozzles were below
1.0 for 7 of the 10 cases. The other three
(two charging and one safety injection
nozzle) had CUFs ranging from 1.3 10 4.9
for a 40 year life. The numbers of key tran-
sients for these two components (for exam-
ple, loss of letdown and loss of charging) are
not counted on a regular basis as are tran-
sient cycles important to overall plant
operation-(for-example, heatups and reactor
trips); consequently, it was difficult to esti-
mate anticipated numbers of cycles. It
appears that the number-and severity of
these key cycles are conservative and fur-
ther studies based on plant operation could
be used to reduce the CUF. Based on our

* results of the CUFs for charging and safety

injection nozzles of an older vintage plant
using the 1992 ASME Code edition
NB-3600 and NB-3200 methods, it appears
that by using NB-3200 methods contained
in the 1992 ASME Code, the CUFs for all
nozzles could be reduced than 1.0.

The 40-year CUFs for RHR lines were less
than' 1.0 for four of the five plants. The fifth
plant. ‘included ,cycles for thermal
stratification in the RHR line, which were

not considered for the other four plants.

Excluding thermal stratification, the CUF
for the fifth plant would have been compa-



- rable to the other four plants. The analysxs of
the fifth plant used NB-3600 piping meth-
- ods. A-detailed finite analysis:using

NB-3200 methods, and, if needed, a plastic

~_analysis, could be used to reduce the CUF.

Probably the best way to reducé the CUF is

" fatigue monitoring of the RHR line. The

‘stratification transients may conservatively
define a set of envelopmo slrauﬁcanon tran-
-sients or valve Ieakage ' -

For carbon and low-alloy steel components,
the NUREG/CR-5999 interim fatigue
curves increased the CUF by an average fac-
tor of 2.2 times the design basis CUF. This

was before any adjustments based on con-
_ servative assumptions removal and antici- -

pated cycles were made For stainless steel
and Alloy 600 the average multrphcatlon

factor 1s 9.2.

Es.'s.z, Applicatiqris to BWR plants

L.

The antncnpaled number of cycles exceed the

design basis numbers of cycles for some

transients, notably startup and shutdowns. .
However, the anticipated number .of cycles.
is less than the design basis number of
-cycles for other transients.such as power.
. changes (the design analyses accounted for.

load following whereas the plants are bemg
operated as base-loaded.) :

After removing conservative assumptions
and using anticipated numbers of cycles, the
CUFs for the reactor vessel shell and lower
head were less than 1.0 for 40- and 60-year
lives. The core spray nozzle CUF was less
than 1.0 for the 40- and 60-year lives of the

. newer vintage BWR plant, but was greater

than 1.0 (2.305) for the older vintage BWR
plant for 40 years. Although CUFs for the

-recirculation nozzles - were not calculated

using NUREG/CR-5999, the design-basis

CUFs were 0.002 for the newer vintage

. plant and 0.300 for the older vintage plant

(using very conservative lumped tran-

- .sients). No problem would be expected in

reducing the CUFs below 1.0.

xxiii

3.

The 40-year-CUF for the feedwater nozzle
exceeded 1.0 for both plants The CUF
range was from about 1.9 1632, EThe CUF
for the thermal sleeve on the BWR/6 plant
was about 5). Although we incorporated
transient definitions, anticipated cycles,
strain rates, and temperatures according to

‘the information available, there remains a

great deal of uncertamty concerning these

~‘values. There also remain conservative
- assumptions that could be used to reduce the
‘CUFs. Two studies based on fatigue moni-

toring of BWR feedwater nozzles in other

" plants showed that the monitored CUF was

a factor of 30 to 50 ]ess than the deswn basis
CUF

" The 40-year CUF for the reeircuiétion sys-

tem is less than 1.0 for the newer vintage

.- -BWR, and slightly exceeds 1.0 for 60 years
. (1.245). The CUF for the older vintage
-.BWR is 3.898. Both CUFs were calculated
. using NB- 3600 methods. and were for tees.

Based on our .experience with _comparing

- NB-3200 and NB-3600 methods for
‘nozzles, we beheve that an NB- 3200 analy-

sis and fatigue’ momtormg would reduce the

_ "CUF below 1.0.

-The .CUvaor the feedweter lines are 3.688

and 6.980 (at tee 1o'caﬁ'ons)‘ The CUF for

_ the tee was calculated using NB-3600 meth-
“ ods. Based on our experience with compar-
~ ’ing NB-3200 and NB-3600 methods for

nozzles, we believe that an NB-3200 analy- :
sis and faucue mon_ntormo would reduce the

- CUFS below l Q0.

The CUF for the BWR/6 RHR line is 11.26

. in a straight run of piping. All transients that

B _contributed to the CUF involved thermal

~stratification. The analysis used NB-3600
- . - piping methods. A detailed finite analysis
" 1-using NB-3200 methods, and, if needed, a

plastic analysis, could be used to reduce the
CUF. Probably the best way to reduce the

- CUF is more precise monitoring of the RHR
- line. The stratification transients may con-
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- - servatively define a set of envelopmg strati-

ﬁcatxon transients. - - =

Es-s 3 CUF Evaluations for Plpmg
Components Designed to the
B31.1 Piping Code

1. The design of PWR components and the
transients to which they are subjected to are
similar for older and newer vintage plants.
An exception is the Westinghouse 3- and
4-loop plants that we studied, which had dif-
- ferent safety injection piping configura-
tions. Consequently, we reviewed transients
from both the newer vintage Westinghouse
and the Combustion Engineering plants to
ensure that the transients we used were rep-
resentative for the older vintage
‘Westinghouse plant. '

The design of some of the BWR systems

. were not similar for the older vintage

" (BWR/4) and newer vintage (BWR/6) plants

that we reviewed. Several key locations of

hot and cold coolant mixing, which on the

" BWR/4 plant are on piping that would be

considered Class I today, are included in the

Class 2 portions of the BWR/6 piping. We

reviewed transients from both a BWR/6 and

another BWR/4 plant to ensure that the tran-

- sients we used were representative for the
older vintage BWR plant. .

2. While we did not perfdnﬁ addmbnal fangue .

evaluauons of PWR surge lines because the
hcensees had already analyzed these lines
for fatigue in response. to NRC Bulletin
88-11, the results of the fatigue evaluations
and CUFs for older and newer vmtaoe
plants appear comparable

3. The charging and safety mjecnon nozzles
for one older vintage PWR were analyzed
using detailed finite element models (both

- contained thermal sleeves). The CUF using

both the ASME Code and NUREG/
CR-5999 curves were less than_ 1.0.

4.  The design basis CUFs for two older vintage
PWR RHR lines that we analyzed, including

NUREG/CR-6260
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representative: transients from other PWRSs,
- -were low and comparable to the other PWRs
(not including thermal stratification effects).

-5 . The desxon basns CUFs for the older vintage

BWR plant recirculation, RHR, and feed-
water lines that we analyzed, including rep-
resentative transients from other BWRs,
were less than 1.0. The 40-year CUFs using
the NUREG/CR-5999 curves were above
1.0 for the recirculation and feedwater lines.
The comparable CUFs were above 1.0 for -
the newer vintage BWR, also, but only

~ about half those computed for the older
vintage BWR.

6. The older vintage plants piping typically
have thicker walls and larger diameters than
do newer vintage plans. This causes higher
thermal stresses in the older vintage plants'
piping. Thermal stresses were found to be
the major type of stress contributor to the
CUF. Some stress indices are a function of
the pipe diameter and thickness, but this is
expected to have only a minor effect on the
CUF '

ES-6.4 Overall Conclusion

We were able to show that by removing conser-
vative assumptions and using anticipated num-
bers of cycles, the CUF could be reduced to
below 1.0 for most components, both for older

and newer vintage plants. For components which

we were not able to reduce the CUF below 1.0,
several additional steps that could be taken to fur-
ther reduce the CUF were listed. The two major
remaining steps mentioned were (1) more
detailed finite element analyses or (2) fatigue
monitoring of the transients. Whereas using
ASME Code NB-3200 versus NB-3600 analysis
methods will assist with regions of axial thermal
gradients, we did not find that the CUF could be
reduced when the majority of the stress was
caused by radial thermal gradients. A major prob-
lem with NB-3200 analyses is that minimal guid-
ance is provided by the ASME Code regarding
fatigue strength reduction factors for welds. Ana-
lysts typically do not apply fatigue strength
reduction factors for welds on nozzles made in



the shop. For field welds, the NB-3600 stress - i,

indices can be used, but they may be too conser-
vative. A plastic analysis-in whici-the-strains are
computed, rather than using the K. factor-to
adjust the elastic stresses, will lower the CUE.-

The best method to lower the CUF for the few
worst Jocations appears to be fatigue monitoring.
For most of the cases where the CUF exceeded
‘1.0, neither actual numbers of cycles that the
plant is experiencing nor the magnitude of tem-

‘XXv

~perature differences or thermal.shocks were
* known. Therefore, worst-case design assump-

tions were used. By using realistic aumbers of
cycles and severity of transients, we ‘believe-that
the CUF could be reduced sufficiently without -
resorting to more detailed analysis methods.
However, in some cases, for example where ther-
mal stratification exists, a combination of fatigue
monitoring and more refined analyses may be
needed.
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Appllcatuon of NUREG/CR-5999 Interim Fatigue Curves._v_,j
to Selected Nuciear Power Plant Cempenents o

1.

"Recent test data indicate that the effects of the
light water reactor (LWR) environment could sig-

nificantly reduce the fatlgue resistance of materi-

als used in the reactor coolant pressure boundary
components of operating nuclear'power plants.
The American Society of Mechanical Engineers
(ASME) Boiler & Pressure Vessel Code fatigue
curves used for the design of these components
were based primarily on strain-controlled fatigue

tests of small, polished specimens at room tem- -

perature in air. Although adjustment factors were
applied to the best-fit curves to account for effects
such as size, surface finish, environment, and data
scatter, some of the recent test data indicate that
these adjustment factors may not have been suffi-
ciently conservative to account for environmental
effects.

In a separate project funded by the United
States Nuclear Regulatory Commission

(USNRC), the Argonne National Laboratory. - -
(ANL) has developed interim fatigue-curves - ...

based on test data of small, polished specimens
cycled to failure in water simulating-LWR

conditions, and published them in NUREG/

CR-5999 (Majumdar, Chopra, and Shack, 1993). .

The data that the ANL considered in developing
the interim curves consists of the results from tests
reported in the open literature, and from tests con-
ducted at ANL. The ANL staff determined that
both temperature and oxygen affect fatigue life.
For low-oxygen levels characteristic of
pressurized water reactors (PWRs) and boiling

water reactors (BWRs) with hydrogen water

chemistry, environmental effects on fatigue life
were reported to be “modest™ at all temperatures
and strain rates. For high-oxygen levels typical of
BWRs without hydrogen water chemistry,
NUREG/CR-5999 reports that fatigue life
decreases significantly. In high-oxygen environ-
ments, fatigue life depends strongly on strain rate

and temperature. In order to assess the signifi-

- 11

INTRODUCTION

cancc of the mtenm faugue curves in NUREG/
CR-5999, fanvue evaluations of a sample of the
components in the reactor coolant pressure
boundary were perfonned The sample consists of

'componems from facilities from each of the four

U.S. nuclear steam supply system (NSSS) types:
Babcock & Wilcox (B&W), Combustion
Engineering, General Electric (GE), and
Westinghouse Electric Corporation. For each fa-
cility, six locations were studied, including two
locations on the reactor pressure vessel. This
report discusses the insights gained from the
application of the interim fangue curves to lhese
components.

In addition, there are older vintage plants where
components of the reactor coolant pressure
boundary were designed to codes, such as United
States of America Standard (USAS) B31.1
(ASME, 1967), that did not require an explicit
fatigue analysis of the components. Since the
Code of Federal Regulations currently references
the ASME Code which includes a fatigue evalu-

ation of the components of the reactor coolant

pressure boundary (unless certain exemption
requirements are met), there is a concemn regard-
ing the adequacy of-the fatigue resistance of these
older vintage plants. In order to assess the fatigue
resistance of the older vintage plants, an evalua-
tion was also conducted on selected components
from a sample of these plants. The components
selected were the same as in the newer vintage
plants. These older plants have fatigue analyses of
the reactor pressure vessel and a few other compo-
nents such as PWR surge lines. Therefore, the

results of the reactor pressure vessel and available .

piping assessments were used to determine
whether there is any significant difference in the
impact of a change in the fatigue curves between
the older and newer designs. Since some of the
piping system components for these older vintage
plants do not have existing fatigue analyses,
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Introduction

representative fatigue analyses were conducted’

for the portions of these systems that would be
classified as Class 1 systems by today’s stan-
dards. The piping systems of B&W plants were

considered 10 be very similar to each other (all are

177 fuel assembly designs), and designed to the
_ ANSI B31.7 Code (ASME, 1967). Therefore,
evaluations were per.fo'rmed,qn' older vintage
plants from each of the remaining three NSSS
vendors. The results of the applica;ion of the
NUREG/CR-5999 interim fatigue curves to com-

NUREG/CR-6260

-ponents in each of the three older vmtage plants
-are reported in thls NUREG/CR

Secuon 2 bneﬂy descrlbes thc ASME Code

-Section I approach to fatigue analysis. Section 3

discusses the NUREG/CR-5999 interim fatigue
curves, Section 4 describes the approach taken in
se]ectmg the components for study and in apply-
ing the interim fatigue curves, and Section S pres-
ents the results for the seven plants studied. Th{a '
major conclusions from the study are listed in

Section 6, followed by a reference section.



2 ASME CODE SECTION EII FATIGUE METHODOLOGY

oo Lyl

Tlus section provrdes backgroundmforrnatron

to assist the reader in-understandingthe:method:: = u:

ology used to calculate cumulative usage factors :

(CUFs) for nuclear vessels and piping in the

ASME Code, and the changes to Codes and-

Standards that have taken place over the years.

Section 2.1 briefly describes the history and

major changes to the applicable Codes and Stan-
dards between the period of time the analyses
reviewed in this project were conducted, and the

present ASME Code edition. Section 2.2 briefly -

describes the methods used to compute lhe CUF
for vessels and pxpmg

21 Background of ASME Code
Fatlgue Requwements |

In the 1960s Codes and Standards specrﬁc to
nuclear power plants were developed. Section I11,
Nuclear Vessels (ASME, 1963), was first issued
in 1963 as a separate code. All of the vessel
analyses reviewed for this project were per-

formed using the 1965 or later editions of Sec- -
tion III. Prior to 1969, nuclear piping was

designed using United States of America Stan-
dard (USAS) B31.1; from 1969 to 1971, plants
were designed . with USAS B31.7-1969 as the
standard; and the ASME Code has been used
-thereafter. Piping systems purchased for nuclear
power plants prior to July 1, 1971, are required to

meet the rules set forth in B31. Those purchased -

-after July 1, 1971, are required to meet the rules
of ASME Code, Section L. The rules of B31.7
were incorporated in NB-3600 of the 1971 edition
“of Section III. A brief history of the development
of the requirements ; related to fatigue follows B

2.1 1 USAS B31 1 and B31 7. The Plpmg :

Code of the Umted States of Amerlca Nauonal
Standards Institute [formerly the Amerlcan
Standards Association (ASA)] was orxgmally
published in 1935 as the Amencan Tentative
Standard’ Code for Pressure Pzpzng
(ASA ‘B3l. . It was focused on satxsfymg
primary stress limits and did not specifically
_ address fatigue, which was assumed to be cov-
~ered by design safety factors on primary stresses

The 1955 issue of ASA B3l l intr oduced several
new concepts into the piping ‘code. Standard -

equations for piping design were mcluded

fatigue failures caused by expansion stresses

were considered; and the concepts of stress range
and maximum shear stress, as pertinent to the
fatigue of piping systems, were used. The quanti-
tative evaluation of local expansion stresses was

introduced through stress intensification factors. :

Fatigue usage was addressed by stating _that the
expansion stress Sg could not exceed the allow-
able stress range Sa, which included a stress
reductnon factor f, as follows C

@,

f(l 2ssc + 0. 255,,)
where
- lV_S;; = ':‘th‘e"basic material allowal)le
T stress at the minimum cold
o lemperature
ESh: o= .,the basnc materxal allowable
o stress at the maximum hot
- . temperature
f = 1.0for=7000 cycles; gradual]y--

'~ reducing to 0.5 at 100,000 - -

cycles v

This equation is still used by the chemical. petro‘-
leum, and power industries, with minor
modifications. -

;' When the ﬁrst oeneranon nuclear power plants
‘were deslgned in the Mid-1950s, the only basis
for design and fabrication of piping was the ASA
B31. 1-1955 Code for Pressure Piping. The plant
Adesngners reahzed that because of the crmcal

nature of nuclear power plant prpmg. a standard

-that went beyond the minimum requrremen(s of
,' ASA B3l 1-1955 was needed. Designers speci-

fied many requxremems themselves, such as

.f_ordermg materials to existing American Society
_for Testing and Matenals (ASTM) specifications.

Starting in about 1962, many of these supplemen-

;tal but necessary, requirements were eventually
_ mcorporated into the NucIear Code Cases Much

. NUREG/CR-6260
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ASME Code Section III Fatigue Methodology

of this experience was later consolidated in the
~ “"USAS B31.1-1967 Power Piping Code which
“was commonly referenced for early nuciear
plants. In 1969 United States of America Stan-
dard (USAS) B31.7, Nuclear Power Piping, was
issued specifically for nuclear piping. USAS
B31.7-1969 provided design rules for three
classes of piping. This included a set of rigorous

design rules for Class 1 piping, while the designs -

of Classes 2 and 3 piping were performed in
accordance with USAS B31.1, with slight modifi-
cations. USAS B31.7-1969 introduced three
fatigue curves: curves for carbon and low-alloy
steels with metal temperatures not exceeding
700°F [one for ultimate tensile strength (UTS)
- < 80ksi and one for UTS 115 to 130 ksi}; one for
austenitic stainless steels, nickel-iron-chromium,
nickel-chromiume-iron, and nickel-copper alloys
with metal temperatures not exceeding 800°F;
and curves for steel bolting. The USAS
B31.7-1969 fatigue analysis methodology (that
is, using the alternating stress intensity and the
fatigue design curves along with Miner’s rule to
calculate a CUF) were similar to the existing
ASME Section I1I requirements for nuclear ves-
sels. (However, the methods for calculating the
alternating stress intensity were substantially dif-
ferent for nuclear vessels and B31.7 piping). The
piping systems for some nuclear plants were de-
signed using USAS B31.7-1969, before piping
" rules were specifically incorporated into Sec-
tion III of the ASME Code in 1971.

2.1.2 ASME Code. The ASME set up a com-
mittee in 1911 for the purpose of formulating
standard rules for the construction of steam boil-
ers and other pressure vessels. In the early 1960s
the rules and_philosophy of ASME Code
Section I, Power Boilers, closely paralleled that
of the power piping sections of B31. Code Com-
mittee members realized that more rigorous
requxrements were needed for nuclear vessels;
consequently, Section III, Nuclear Vessels, was
issued in 1963 as a separate code. Guidelines for
a formal fatigue analysis for nuclear components
were provided in this edmon, Two fatigue curves
were included in this version: one for carbon and
low- alloy steels for metal temperatures not
exceedin g 700°F, and one for 18-8 stainless steels

NUREG/CR-6260

" and nickel-chromium-iron (Ni-Cr-Fe) alloy for

metal temperatures not exceeding 800°F. The
range was from 10 to 10% cycles.

- In the 1968 edition there were three sets of
curves: one for carbon, low-alloy, and series 4XX
alloy steel for metal temperatures not exceeding
700°F (acurve for UTS =80 ksi and another for
UTS 115 to 130ksi); one for series 3XX high-alloy
steels, nickel-chromium-iron alloy, nickel-iron-
chromium alloy, and nickel-copper alloy for metal
temperatures not exceeding 800°F; and a third -
graph with curves for high strength steel bolting..
In early Code editions, there was no requirement
to adjust the alternating stress intensity (S,) val-
ues for the modulus of elasticity when performing
NB-3200 analyses. With the Summer 1968
Addenda to the Code, the S, values were requxred '
to be multiplied by the room temperature modulus
of elasticity shown on the fatigue curves divided
by the modulus of elasticity that was used in the
analysis.

The scope was significantly altered in the 1971
Code to approximately its present form. The title
was changed from Nuclear Vessels to Nuclear
Power Plant Components. Class 1 piping rules
were included in Paragraph NB-3600, taken from
USAS B31.7-1969. The Class I fatigue curves
were placed in Appendix I of Section IIL. The title
for the ferritic steel curve (ASME Code.
Figure 1-9.1) was changed to substitute “highten-
sile” for “series 4XX alloy™, and the next curve
{ASME Code Figure I-9.2.1) had “austenitic™ sub-
stituted for “series 3XX high alloy.” Both curves
ranged from 10to 106 cycles (Figures 2-1 and 2-2).

A change was made in the Summer 1979
Addenda to remove the AT, term (see Section
2.2.2) from the  primary plus secondary stress
mtensny Tange calculation for piping, makmg it
easier to meet the 3S, limit. The Winter 1979
Addenda gave formulas to compute the allowable

. number of cycles (N) for a given alternating stress

(S). In earlier Code editions the allowable number
of cycles was visually determined from the fatigue -
design (S-N) curves. The stainless steel/Alloy 600
curve was altered in the Winter 1982 edition to
reflect a change in the modulus of elasticity shown -
on the curve from26 X 109t028.3 X 108 psi.
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The 1983 revision to Section:1II extended the
fatigue design curve for austenitic steels, nickel-
chromium-iron alloy, nickel-iron-chromium
alloy, and nickel-copper alloy. from 106 10:10!!
cycles (Figure 2-3). “This’ extensmn was the first
instance in the devc]opmem of ASME Code
4faugue curves to differentiate between base metal
and weld zones. The weld zone is defined as the

~ 12 'weld and adjacent base metal within three weld

thicknesses from the weld center line. This ver-
sion of the Code gives three design fatigue curves
(A, B, and C) for the base metal outside the weld
zone, and two curves (B and C) for the weld zone,

that account for the values of the primary plus sec-.

ondary stress mtcnsny range and the mean stress
(ASME Code Fxgure 19 2. 2)

28
.. 26 . N‘ I M
R B - ~-.'I\ . . .
23 B — " Curve A
I 2
‘n-'n \\
-~ N \
o 20
g \N N
s 18 LTS
N, = Curve 8
16 : ~\\ 1= -
T~~~ Curve €
14 .
12
108 o7 © . 108 T £ R T
NOTE: . o o Number of cvcl;s;N ’ B E
E =28.3 X 106 psi
Criteria for the Use of the Curves in This anure S e
[Notes (1)—(5)] : , T
Elastic Analysis of Material , Elastic Analysis of
~ Other Than Welds and Welds and Adjacent
Curve ) Adjacent Base Metal Base Metal
A (P; + Pyt Q. S 27.2 ksi
. B . (P4 Pt Qs > 272 ks and (Pt Py Qg S 27.2 ki '

$ is corrected for applied mean stress

L€ (P4 Pyt Qi > 272 ks

P+ P+ Qg > 27.2 ki

NOTES:

(1) Range "applies to the individua! quantities #,, P,, and Q and apphes to the set of cy:les under

consideration.

(2) Thermat bending Stresses resulting from axial and radnal gradnents are excluded from 0 :
(3) Curve A Is also to be used with inelastic analysis with S = Y5 A ¢, E, where A ¢, is the total effectnve‘ :

strainrange.

{4) The maximum effect of retained mean stress is included in Curve C.

V-”

. (S) The ad)acem base metal is defined as three wall thicknesses from the center line of the weld.

Flgure 2-3. ASME Code stamless steel and Alloy 600 hlgh-cycle fanvue curves (ASME 1992)
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ASME Code Section Il Fatigue: Methodology

2.2 Present ASME Code — ~. - —tiveateachpoint; were applied to'the mean best-

Requnrements T "—*ﬁtmn‘veofﬁre datatoaccount for the differences

— in labnratoryjcsLspecxmenSAnd_condmons and

. ——-—-actual-nuclear components.in- service. According

 For Class 1 vessels and P'ng’ the A ASME C°d°M ____to Harvey (1980).the factor of 20 covered uncer-
provides for protection against two types of tainties as follows: (2.0 X 2.5 X 4.0 = 20):

" fatigue failure, those caused by (1) elastic cycling S _ v
and (2) plastic CYCh“_g To dete{!ﬂlne if the materi- Scatter of data (minimum to maximum) 2.0
al cycles elastically, the shakedown requirement '
states that the maximum primary plus secondary  Sjze effect . 25

-stress intensity range, which excludeslocal stress o '
concemrauon effects, must be less than or equal to Surface finish, énvironmém, etc. 4.0
3Sm. (Sm is the design stress intensity value given ' T :
in ASME Code Section II, Part D, Subpart 1, Manjoine and Tome (1983) assign equal
Tables 2A and 2B, and are material and tempera- weighting (about 15% each) to the following:
ture dependent.) The purpose of this criterion is to T
ensure that after a few stress cycles, the material Surface finish
will cycle within the range of the tensile yield )
strength and the compressive yield strength. The Size

yield strength in the ASME Code is the minimum
specified yield strength, which, with regard to the
shakedown criterion, the Code assumes to repre-

Material variability

Environment

sent the cyclic yield strength for the material.

Using the 3S, criterion, no incremental distor- *  pesidual stress.

tion, other plastic cycling, or ratcheting will occur.

The peak stress intensity range Sp, which includes Porowski et al. (1988) credit the 2 and 20 factors
the effects of stress concentrations, is then calcu- ___equally to the following:

lated and the alternating stress intensity foreach . = _. -
pair of load sets (Saie = 1/2'Sp) is computed-Ifthe ~ " scaygerindata -
shakedown criterion cannot be met,the Code

allows for a penalty factor (Ke) to be applied to the Surface ﬁmsh

stress for fatigue calculations. The alternating T

stress intensity for each pair of load sets is Size effects

computed by Sy = 1/2 KeSp. The procedure for

calculating K. is briefly -summarized in Environmental effects.

Section 2.2.3.
Large-scale vessel fatigue tests performed at

The basic stress (S) versus cycles (N) curves r oom.temperat'ure for the express purpose of
(sometimes referred to as S-N curves) follow the checking the_ ASME Code fatigue design curves
relation proposed by Langer: (Kooistra et al., 1961) showed that fatigue cracks

may initiate below the ASME Code design
curves, but that wall penetration is not expected

) .
S=B N3+3S. 2-2) " until the fatigue cycles exceed the ASME design
' IR , curves by about a factor of 3 (Cooper, 1992).
where B and S are constants determined using These tests did not include environmental effects.
linear, least-squares regression analyses to the : '
data (Jaske and O’Donnell, 1977). A correction for the maximum effects of mean
. R stress was made when the fatigue curve drops
Reduction factors of 2 and 20 on stress and below the cyclic (assumed in the Code to be the
cycles, respectively, whichever is more conserva- = minimum specified) yield stress as follows:

NUREG/CR-6260 2.6,



-§ _=.( S.-S )&S — 2 -=Lme
el T
’ P - . L -sS. =
S ( S,,—S)S for S<S (2 4)
=38 for S=8, (2-5)
where’

S rs the corrected altematmg stress

Sis the completely reversed amphtude at the

same faugue life as S’

Sy is the ultimate tensile strength.

Sy is the stress amplitude under plastxc cyclic
conditions (usually approxrmated by the cychc

yxeld strength)

The mean stress corrections were used to

modify the best-fit curves before the 2 and 20.

reduction factors were applied. The mean stress
correction occurs at about 10% cycles for ferritic
" steels and about 106 cycles for austenitic steels.
No correction is necessary if the fatigue curve is

‘above the yield stress, because the component is

‘undergoing plastic cycling, has shaken down-to

elastic action, and thus the mean stress is zero; -

2.2.1 ASME Code NB-3200 Fatigue Analy-
sis Method. The ASME Code, Section I11,

NB-3200 (design by analysis) elastically com-

puted fatigue analysis methodology is applicable
10 any component, but is generally used exclu-
sively for vessels (sometimes augmented by

NB-3300), fairly frequently for nozzles, but .. " -
rarely for piping. The ASME Code NB-3600 , .~
methodology used almost exclusrvely for piping = .

and sometimes for branch nozzles is described in -

Section 2.2.2. The NB-3200 simplified elastic-
plastic analysis method is discussed in Section
2.2.3, and the thermal stress ratchet check is sum-

marized in Section 2.2.4. If neither the elastic nor

the simplified elastic-plastic methods can demon-
strate that the ASME Code limits are satisfied,

NB-3200 allows a fully plastic analysis. How-
.ever, the time and expense needed to perform .

727

ASME Code Section III Fatigue:Methodology -

e - odo]ogy is that-ofthe- -sefies: esof stEps ﬁ'ias an ana- -
_ lyst would go thirough. 1o determine the CUF.

Step 1. 'I'he analyst must  obtain a set of loadmgs ‘
for the component Thns is generally m the form

of a set of desrgn 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 life-

time, and the number of cycles n; for each of the

i loadings. "

Step 2. The analyst needs to determine the stress ‘
dxstnbuuon at the most highly stressed locations
in the component. This includes the thermal and
pressure stresses, and sometimes the preload
stresses and thermal expansron stresses 1mposed
on the component by the connecting plpmo

Closed form solutions are available for some
geometries, but often interaction or finite element
models are used. The interaction method was
commonly used 25 years ago before modern
finite element programs became widely available.
Vessels and nozzles were modeled by a series of
ring elements, connected at the junctures between
the elements, so that the forces, moments,

-drsplacements -and rotations of the ‘connecting

~rings matched at the junctures.'The most widely

“used program wis SAVE (stress analysis by virtu-

- al energy) SEAL-SHELL-2,: developed for the
U S. Naval Nuclear Program

Temperature dlstnbutxons are necessary to
determme stress distributions. Two sources of
difficultyin. determmmo the highest stresses are
(1) during a heatup or cooldown, the temperatures
-and therefore the thermal stresses are changing
with time, and (2) the analyst must use judgment
“to detérmine the locatnons of maximum stress.
{Both of these difficulties have one thing in com-
mon: it is impractical to investigate each point in
time and each location of the component. While
the thermal analysis can generate a time- -tempera-
“ture relationship for selected points, no compara-
ble method is available to generate Stress-hlstory
plots without considerable effort. The process
 generally involves selecting representatwe points

_ in time during the heatup and cooldown to

. NUREG/CR-6260
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compute the stresses, and using the analyst’s otherwise, the simplified elastic-plastic method
Judgment estlmarmg ‘the time-of 1 maximum ~—(Section22:3yora plasnc analysxs may be used.
stress. Slmnlarly, it is-unreasonable in‘many cal -

culations to determine the stressesaLeachnmque_____stép 5. Usmg the stress values determined in
point, and again the analyst’s judgment is used to--——step-2, the peak stresses are calculated. This may
determme the locations of highest stress. Color_ ____involve the-use of stress indices, stress concentra-

plots are avanlable on modem finite element ther-

mal and stress programs to assist the analyst in -

detcrmmmg the maximum stress locations. A
stress determmahon is reqmred for each load set.

, Step 3. The three principal primary p]us second-‘

ary stresses (Sy, S, and S3 ) for each load set are’

determined. This sometimes involves separating
the peak stress from the total stress, such as by
linearizing | the thennal stress distribution.

Step 4. From the results of step 3, three stress
intensities are calculated by sublractmg the prin-
cipal stresses.

S12=51-52
S23=8,3-

813 =S;-53 :

“The maximum primary. plus secondary stress
intensity range is the largest difference between
the Sy2, S23, or Sj3 values, determined by
comparing the stress intensities of all the load
sets: Two 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 stress intensity range. The maximum
stress intensity range must meet the 35Sy, limit;

Table 2-1.

tion factors, experimental stress analysis, etc. The
six components of stress for each time and loca-
tion of interest are determined for each load set.

Step 6. For each pair of load sets, the six compo-
nents of stress are subtracted and the three princi-
pal stress ranges are computed. The peak stress
intensity range for each pair is computed by sub-

- -tracting the principal stresses as described in

step 4, and choosing the largest.

Step 7. The Sy, for each load set pair is one-half
the peak stress intensity range. To adjust for tem-
perature and material, S,), is multiplied by the
ratio of the modulus of elasticity on the appropri-
ate 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 [the ASME Code S-N equa-

tion/tables are now normally used (Table 2-1)].

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 (Nj) for each pair of load’sets. Once the
individual usage factor for the load set pair with
the largest Sy 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.

- Values for S (ksi) and N (cycles) [ASME, 1992, Table 1-9.0].

Material  1E1 2E1 SE1 1E2 2E2 SE2 IE3 2E3 SE3 1E4 2E4 5E4 IE5 2ES
- Carbon and -.420 320 ‘230 175 135

low-alloy steel
(UTS < 115 10130
ksi)

.. Carbon and
- low-alloy steel
(UTS < 80 ksi) o

580 410 275 205 155

Austenitic stainless . 708 'S12 345 261 201

steel and Alloy 600 .

100 78 62 49 44 36 29 26 24

83 64 48 38 31 23 20 165

119 97 .76 64 555 463 408 359

NUREG/CR-6260



Step 9. The cumulative usage factor (CUF) is the
sum of the individual usage factors. Tables in
Section 5 of this report show how the individual

usage factors and CUFs-are-calculated-from-Say, - -

n;, and N;. The ASME Code Section 111 limit is
that the CUF at each location must notexceed 1.0.
This assumes a linear damage re]auonshxp known
as Miner’s rule.

222 _ASME Code NB-3600 Fatigue Analy-
sis Method. For Class 1 piping, the ASME
Code (Article NB-3600 of Section III) provides
for protection against fatigue failures caused by
elastic and plastic cycling similar to NB-3200;
however, more detailed equations are given lead-
- ing to a simpler, but more conservative, ana]ysxs
.approach. Another dnfference is that NB-3600

does not require an adjustment for the modulus of

clasncuy before entenng the faugue curves.

The shakedown-to-clasnc-acuon criterion is
determined by Equation 10 of NB-3600. If the
Equation 10 stress is less than or equal to 35S,
then NB-3600 Equation 11 is used to calculate the
peak stress, and the CUF is calculated using
steps 7, 8, and 9 described in Section 2.2.1.

If the shakedown criterion is not met, the Code
allows a penalty factor to be applied to the stress

for fatigue calculations. The procedure-i is briefly  --- - -

summanzed as follows :

1. anure the stress mtcnsny range causcd by

_ moments mduced from thermal . expansxon

and thermal anchor movements is =3 8p
(Equation 12 of NB-365_3 6) _ '

2. Ensure the thermal stress ratchet criterion is
’ met (see Secnon 2.2.4)
3. lEnsure the primary plus secondary mem-
brane plus bending stress intensity, exclud-
- ing thermal bending and thermal expansion
stress, is less than or equal to 3 Sy, (Equa-
tion 13 of NB-3653.6)

4. . Increase the peak stress intensity value
{Equation 11 of NB-3653.2) by a factor K,
based on material parameters m and n (see
Section 2.2.3),and calculate the allowable

.29

ASN[B‘Code Section II Fatigue Methodology

cycles based on the appropriate fatigue
. curve, -

NB -3600 Equations‘ 10 through 13 are repeated
in order below, since thcy are referred to in later

. dxscussnons in this report. .

P,,D,, -+ C2 ZIM + C3Eab
X Ia Ta"abTbl = 35, (2-6)

Sp =

5, KC,P°D°+K2C2 o p,

x uara-a,,rb + -l—]—Ea ur) -7

S,_v 2D° S 35, , (2-8)
PD, , o DMi, o
% la‘, ,,-abT,,l 3s | (2-9)
D, o | "= outside diameter of
L v“,-_pipe._, -
t - — -—e—nominal-wall-thick-
: o ness of product
) , =  moment of inertia.

C,,C,Cy,C’ys = secondary  stress
indices.

M; ’ - = resultant range of

moment which occurs .

‘when the system goes
from one service load
set to another.

Sm = allowable design
R stress intensity.

.. To(Tp) . ... = range of average tem-
' perature on side a(b)
of gross structural
discontinuity or mate-
rial discontinuity.

'NUREG/CR:6260
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MT|| . =
uT, =

3
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coefficient of thermal

expansion on side a(b)
of a gross structural

rial discontinuity, at

" room température.

~ discontinuity or mate= " -

average modulus of

elasticity of the two

sides of a gross struc-

tural discontinuity or
material discontinuity
at room temperature.

range of service
pressure.

local stress indices

for the specific
component under
investigation.

modulus of elasticity
(E) times the mean
coefficient of thermal
expansion (a) both at

__ room temperature.

range of the tem-

perature difference.

between the tempera-

ture of the outside-

surface T, and the
temperature of the
inside surface T; of the
piping product assum-
ing moment generat-
ing equivalent linear
temperature distribu-
tion. :

absolute value of the
range for that portion

" of the nonlinear ther-

_absolute value.of the  _ .

2-10

the wall thickness not

included in 4T,
Se = nominal value of
expansion stress. . .
M; = . same as M;, except

that it includes only
moments due to ther-
mal expansion and
thermal anchor move-
ments. '

2.2.3 Simplified Elastic-Plastic Multiplier
(Ke). The K, factor is a multiplier to the peak
stress to adjust for the effects of plasticity in cal-
culating Say. The alternating stress intensity is
calculated using Equation (2-10) (ASME, 1992,
NB- 3228.5; Equation 14 of NB-3653.6).

Sar = 3K.S, . (2-10)

where
S peék stress inteﬁsity range.

" “The adjustment is made when the primary plus

secondary stress intensity range exceeds 3Sm.
This will occur in instances when the primary
plus secondary stress intensity range excluding
thermal bending meets the 3Sp, limit, but the
range including thermal bending does not meet
the 35S, limit. K. is computed as follows:

K.= 1.0 for S, s 3S, (2-11)
- - (1-n) ' Sn °
»K, = 1.0+ w3V
for 38 < S, < 3mS, (2-12)
K, = -]n— for S, = 3mS, (2-13)

mal gradient through '



where
S, = primary plus secondary stress
intensity range
Sm =  design stress intensity

and m and n are defined in Table 2-2.

2.2.4 Thermal Stress Ratchet Check. Both

ASME Code NB-3200 and NB-3600 have thermal
stress ratchet checks to prevent progressive distor-
tion for vessels, nozzles, and pipes under internal
pressure that are sub_]ccted to cyclic thermal loads.

. NB-3222.5 states that for an ax:symmetnc
shell loaded by a sready-state intemal pressure,
the following criteria must be met:

Case 1: For a linear through-wall tempera-
ture variation

y' =1/x 0<x <05

y=4(-x) 05<x <10

Case 2: For a parabolic through-wall temper-
ature variation

y’ = 4.65,3.55.2.70 for x =0.3,0.4,0.5
y'=52(-x) 0615<x <1.0
where:

The maximum allowable range
of thermal stress computed on an
elastic basis divided by the yield
stress

ASME Code Section III Fatigue Methodology

X = .. The maximum general mem-
brane stress due to pressure
divided by the yield stress

'NB-3653.7 requirés a'stress ratchet check for
piping only if ASME Equation 10 is exceeded.
The criterion (which is-based on the maximum
pressure for the set of conditions under consider-
ation) is: : '

y'S,
AT, range < +5+ 07E C, (2-14)
where
y’ = 3.33,2.0,1.2,0.8 forx =0.3,
- 05,07,08
X = (PDy2t) (1/Sy)
P =  the maximum pressure
Cs = 1.1 for ferritic material
1.3 for austenitic material
Sy = yield stress at the average fluid
temperature
Ea = ihc m&luius of »e]astiéiiy inulli-
‘plied by the coefficient of ther-
mal expansion at. room
temperature
D, = the pipe outside diameter

the nominal pipe wall thickness.

N

Table 2-2. Values formandn [ASME 1992, Table NB-3228.5(b) -1].

Material m n
Low-alloy steel ) 20 0.2
Carbon steel 30 0.2
Austenitic stainless steel 1.7 03
Alloy 600 1.7 0.3
2-11
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3 NUREG/CR-SQQQ INTERIM FATIGUE CURVES

A summary of the figures for desngn in the __-;f
NUREG/CR-5999 interim fatigue curves is pres- '

ented in Table 3-1.

Alxhough the caption in Figure 8 of NUREG/

CR-5999 does not state that the curves are also for

low-alioy steels, it was assumed that thesé curves'

were applicable for Jow-alloy steels. There are no

fore, Figure 13 was assumed to be apphcable for

Alloy 600 since the ASME Code uses the same
design fatigue curves for austemuc stainless and

Alloy 600 steels.

We did not know the exact sulfur contents of
the steels used in the components studied in this

project. However, the maximum sulfur contents :

(wt%) for some typical carbon and low- alloy
steels are:

SA-302 Grades A through D

SA-533 Types A through D 0.040
SA-106 Grades A throughC -

SA-508 Classes uirougiz 3 00
SA-333 Grade 6 0. 058 h

Since the NUREG/CR-5999 definition of low

"_NUREG/»_CR;5999 Plgure 11 was not used in this
: study. .

) NUREG/CR 5999 also gives design fatigue

| values for the high-cycle, low-stress region (>100
~ cycles). High-cycle fatigue resulted in only min-
" iscule contributions to CUFs for the transients we

... studied in the design fangue calculations, SO we
curves for Alloy 600 in NUREG/CR-5999; there- -

. generally used 106 allowable cycles as the endur-

" ance limit.

0.040

0058

3.1 Ctjrve;DeSc'r_iptions .

The NUREG/CR-5999 figures are very small,

" use a log-log scale, and contain no background
- grid. This makes it very difficult to read the

values on the graphs accurately. Dr. W, J. Shack

of ANL supplied a spreadsheet with the data

points used to construct the interim fatigue curves
for use in this project. Using these data, the
fi igures for the five material/oxygen/temperature
casés that were used in this project are shown in
Figures 3-1 through 3-5. The spreadsheet values

-also were used to perform the CUF calculations in-
.-~ Section 5 of this report. Figures 3-3 through 3-5
. each contain thrce curves for strain rates of 0.1,

© - -0.01 and 0.001 (saturated) %/s’ (percent per

sulfur is below 0.008 wt%, it is doubtful that. o

current LWR components were made from low-

sulfur ‘carbon or low-alloy steels; therefore,:

“second). Dr. Shack stated that the values of the

moduli of elasticity used to convert strain to stress

" in developing these curves was the same as’in the
‘current version of the ASME Code; that is,

30 X 106 psi for carbon and low-alloy steels, and
28.3 X 108 psi for austenitic stainless steel.

Table 3-1. Applicable figures fr_om NUREG/CR-5999 o
NUREGICR45999 _ Oxygen coment "l'emperaturé Strain rate Sulfur
Figure number - Type of steel (ppb) : ©o . (%ls) content
8 ~ Carbon . .>100 . :.: 200,250,288  0.1,0.01,0001 high
10 Carbonand : . . <100’ T an o all all
’ ' low-alloy .- . R o ) ‘
1 Carbonand *-'.. ~ ' >100: - al . all low
~ - low-alloy.,
13 Austenitic ol all : all all
stainless T .
-3-1 NUREG/CR-6260
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Figure 3-1. Interim fatigue c_lirvé for stainless and Alloy 600 steels.
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Figure 3-2. Interim fatigue curve for carbon and low-alloy steels in low-oxygen water.
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Figure 3-3.. Interim fatigue curve for carbon and low-alloy steels in high-oxygen water at 200°C.
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Figure 3-4. Interim fatigue curve for carbon and low-alloy steels in high-oxygen water at 250°C.
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Figure 3-5. Interim fatigue curve for carbon and low-alloy steels in high-oxygen water at 288°C.

3.2 Increase in CUF using
Interim Curves

In order to assess the increase in the CUF using
the interim fatigue curves, values for the numbers
‘of cycles on the ASME Code design fatigue curve
(from Table 2-1) were divided by the numbers of
cycles at corresponding stresses on the interim
fatigue curves (using the ANL spreadsheet
values). The results are shown in Figures 3-6
through 3-10. The ASME Code method of
interpolating between values was used. The
interpolation formula for stress values S between
the values of §; and S; is:

) o -
N =~(ﬁ)(7) @D

N = allowable cycles for stress

* NUREG/CR-6260

I

S = S, stress value

Nj, Nj= - low and high numbers of cycles
(atS;, 8

S;, §5 = higli and low stress values (at

N;j, Nj).

Figures 3-6 through 3-10 show that the factor
of increase depends on the alternating stress
intensity. From Figure 3-6 for stainless steel and
Alloy 600, the factor of increase is about 11 for

~ low altemnating stress intensities, increasing to a

factor of 17 at about 63 ksi, and then decreasing to
a factor of 6 at 160 ksi. For carbon and low-alloy
steels in low-oxygen environments, the
maximum factor of increase is only about 2.75 at

55 ksi (Figure 3-7): For carbon and low-alloy

steels in high-oxygen environments at saturated
(0.001%/s) strain rates, the maximum factors of
increase are about 13, 30, and 55 at temperatures
of 200, 250, and 288°C, respectively
(Figures 3-8 through 3-10). The lowest
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Figure 3-8. Increase in CUF using NUREG/CR-5999 interim fatige curve for carbon and low-alloy
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steel in high-oxygen environment at 288°C.

_ maximum increase of about 3.5 occurs at hlgh
strain rates (0.1%/s) at 200°C.

3.3 Interpolation of :
NUREG/CR-5999 Curves )

In order to be able to accurately mterpolate
between the temperature and strain rate values on

deduce that interpolation relations can be deter-
mined irrespective of stress.

' Since the ranos were not dependent on stress,

~ an alternating stress of 55 ksi was chosen to deter-

the mtenm fatigue curves, studies were carried - -

out to determine appropriate interpolation

formulas. Since it appeared from Figures 3-6

through 3-10 that the relations may be stress
dependent, the ratios of the numbers of cycles for
the three strain rates at the three temperatures for
the high-oxygen curves were plotted. In addition,
the ratio of the values for the three temperatures at

the three strain rates were plotted. The results are -

shown in Figures 3-11 through 3-15. These plots
show that the ratios are all fairly constant with
stress. For example, in Figure 3-11, the ratio of
Ngat to the numbers of cycles No,g; and Np ) are 2

and 4, respectively. From these curves we can -

mirie the relations between strain rate, tempera-
ture, and number of. cycles. This stress level was
- chosen since from Figures 3-11 through 3-15, the
ratios for numbers of cycles for both strain rates
" and temperatures are at an approximate constant
level for all five graphs. Plots of strain rate versus
cycles for the three temperatures and for temper-
. ature versus cycles for the three strain rates (at 55
ksi) are shown in Figures 3-16 and 3-17. From
Figure 3-16, it can be seen that the logarithms of

- strain rate and numbers of cycles have a linear

. relationship. Therefore the interpolation formula
st o :

(32
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values (at N;, Nj).

: S:mllarly, from Fxgure 3. 17 it can be seen that the
, temperature and the loganthm of the numbers of
cycles are lmearly related. Therefore lhe mter-

polation formula iss

T- T- N.

N =N 10777, 5%, " (3-3)

311

B __”3607 - )
290 . —-
280 :
270 -

£ 260 kE :

-.g) S \ \ N(0.19%/s}
£~ 250 -~ - crrrerr NIO.0Y%IS)
E . \ : \ [ Baddaided ~ Nisat)

S ‘ . e
= 240 \-
\
| |
230 ;
220 '\.' \
\
210 <
. .“
200 A
10 o ' 100 L © 1000
N(cycles)
Figure'3;1 7. Reldtidhshipbf temperature and numbers of cycles.
_Wherel } - where
N = 'aliowabie,cycles for strain N = -allowable cycles for temp-
. raeSR - erature

‘SR = - the strain rate value T = the temperature

N;,Nj ~ ‘= high and low numbers of Ni.Nj = numbers of cycles (at T;, Tj)
o« cycles (at SR;, 'SRJ') T T; = lowand high temperatures.
SR;, st' =  high and low strain’ rate " Equations "(3-'2)“aud (3-3) were used for interpo-

lating in this report. More recent ANL publica-
tions (Chopra, 1994) show that the natural

. logarithm of the best-estimate number of cyclesis
- proportional to the temperature and strain rate.

However,’ mterpolauon was used in only a ‘few

,'cases for BWR carbonllow-alloy steel compo-

nents, and the slight differences in mtexpolatxon

~ equations would not result in major changes to
. these few CUFs.
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3.4 Revised Interim Fatlgise“ N
Curves

Subsequent to the issue of NUREG/CR—5999
ANL (Chopra, 1994) transmitted revised best-
estimate fatigue curves for stainless steel (in
equation form) to the NRC. The revised curves
are strain rate-, temperature-, and material-depen-
dent and differ for Type 316NG and other types of
stainless steel. However, since none of the stain-
less steel components investigated as part of this
project are Type 316NG, the ANL equauon can
be reduced to:

= 6663 — 1.957 Ln(e, - 0.1225)

Ln(Nys)
+ 1012 * - 047) (3-4)
where.
Nas = fatigue life defined as the
number of cycles for the peak
tensile stress to drop 25%
from its initial value (the
best-estimate fatigue life).
éa = apphed strain in percent
Iw = 1 1f in watcr, -0 otherwise -
e =  strainrate
0 foré_‘>l%/s

Ln(é *) for0.001 <¢ * < 1%/s
Ln(0.001)for £ * < 0.001%/s

_These best-estimate curves were converted to
dcsxgn curves comparable to ASME Code fatigue

, des:gn curves by reductions ofa factor of 1 Son
stress or 20 on cycles, whxchever is less (consis-
tent with NUREG/CR-5999). The two bounding

curves (1 and 0.001%/s strain rates) are shown in_

Figure 3-18. The 20-on-cycles reduction affects
the high-stress, low-cycle portions of the curves
‘(above about 40 ksi), while the factor of 1.5 on
stress affects the low-stress, hxgh-cycle portions

" NUREG/CR-6260

of the curves (note the cusp on the curves at t

intersection of the 1.5-on-stress and ?Ouonvcycles
zones). No adJustment was made for the maxi-
mum effect of mean stress. (This adjustmeént only

- affects high-cycle fatigue >10° cycles).

~ As shown in Figure 3-19, the revised curves in-

. crease the CUF by a factor of about S (1%/s strain

rate) to 11 (0.001 %/s strain rate) over CUFs com-
puted using the ASME Code fatigue design

curve. The NUREG/CR-5999 interim fatigue

curve increase the CUF by as much as a factor of
17 over the ASME Code design fatigue curve.
However, for low strain rates, the revised curves
would result in a higher CUF for alternating stress

" intensities above 90 ksi.

For many cases, the high alternating stress

intensities result from thermal shocks, which -

have high strain rates, so the revised curves are
expected in general to reduce the CUFs from
those calculated using NUREG/CR-5999. Unfor-
tunately, insufficient details are included in most
of the licensees’ stress analyses to determine the
strain rates, although in a few cases the times to
maximum strains were included in the stress
reports. To get representative strain rates for the
cases where times were not reported, we used the
times for the maxirmum through-wall temperature
differences to occur in the thermal analyses-we
performed on piping and nozzles. For cases
where large thermal shocks are applied to piping
and nozzles, the maximum through-wall tempera-
ture differences occur at about 30 to 45 seconds

- into the transient, but most of the temperature dif-

3-12

ference has occurred by about 10 to 15 seconds.
Therefore, 30 seconds was chosen as a represen-
tative time for the buildup of the tensile portion of
the stress cycle during thermal shocks.

The 1%/ strain rate was achieved during tests
in which the specimens were loaded by

mechanical cycling. It is unlikely that such a high -

strain rate could be achieved during thermal cycl-
ing. No strain rates approaching 1%/s were calcu-
lated in this study. A 1%/s strain rate corresponds
to an equivalent elastlc stress rate of
283,000 psi/s.

;-
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™

4, 1 Selectton of Components
for Analysns R

The components chosen for the evaluatton of
the five PWR plants [B&W, Combustion
Engineéring (one older vintage and one newer

vtntage) and Westmghouse (one older _vmtage

and one newer vmtage)] are as follows:
1. . Reactor vessel shell and lo’wer head.
2. Reactor vessel inlet and outlet nozzles.

3. - Pressurizer surge lme (mcludmg hot leg and
g pressunzer nozzles) :

T4 Reactor coolant ptpmg chargmg system
' nozzle. o o
5. Reactor coolant ptpmg safety anectton
-nozzle. .

6. Residual heat removal (RHR) system
Class 1 ptpmg :

“The termmology used above 15 for Westmg- )

house plants. The first three components are the

e

same for Combustion Engineering and B&W

plants, but the latter three components for the

threé PWR nuclear steam supply system (NSSS) =~

vendors are different either simply in name or in
the routing of the piping. For cases where there is
'no direct one-for-one correspondence, the loca-
~ tion that most nearly corresponded to the
Westinghouse component was chosen. These
‘locations are described in Section 5.

" The components chosen for the evaluation of
‘the two BWR plants [General Electric (one older
vmtage and one newer vmtage)] are as follows

1. Reaetor vessel shell and lower head
2. Rcactor vessel feedwater nozzle. -

- Reactor recirculation ptpmg (mcludmg mlet
and outlet nozzles). : i

41

©o4 Core spray line reactor vessel nozzle and—

associated Class | ptpmg

5. RHR Class 1 piping. .- o

6. Feedwater lme Class 1 pxpmg

For both PWR and BWR plarits; these compo-,f’ N

nents ‘are not necessartly the locations with the’
hxghest design CUFsinthe plant but were chosen

to give a representatwe overview of components
: that had | higher CUFs and/or were important from
- arisk perSpecllve. For example. the reactor vessel

shell and lower head was chosen for 1ts nsk
tmportance

- 4. 2 Appllcatton of

'NUREG/CR-5999 Fatigue
.Curves

NUREG/CR-5999 meludes one fatxgue curve
for stainless steel, but several curves for carbon/
low-alloy steels which are based on the sulfur
content of the steel and the oxygen level in the

coolant For the’ ﬁve PWR plants, the cuives for - -

lugh-sulfur steel and a low—oxygen environment -
(typxcal for PWRs) were used. For the two BWR
plants, the curves for htgh-sulfur steel and a hxgh-
oxygen environment were used. The hxgh-oxygen

(greater than 100 ppm) environment considered - -

in the selected curves is consistent with the water

chemistry in BWRs without hydrogen water -

chemistry. Nexther of the'two BWR plants eva-
luated have used hydrogen water chcmtstry o

4, 2 1 Interlor and Extenor Surfaces The

highest CUFs for components in the seven plants .

~ evaluated in this fatigue assessment study gener-

ally occur on the interior surfaces which experi-

‘ence the full effects of thermal shocks from fluid
‘temperature changes. In’a few cases the highest
-.CUF was found to occur on the exterior surface
:(because of stress concentration effects), and in
‘other cases no differentiation between interior

and exterior surfaces was made in the licensee’s

‘calculations. Since it is expected that the interior

‘NUREG/CR-6260
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surfaces will be more affected by environmental

conditions:than the exterior surfaces: because of

their direct contaét-with the. reactorcoolant and

higher thermal shock stresses, the CUFs. for the
interior surfaces were chosen for evaluauons

'4.2.2 Cladding. The interiors of LWR reactor
vessels and nozzles made of carbon/low-alloy
steel are clad with stainless steel.

Table NB- 3217-1 of the ASME Code classifies
the cladding stress intensities due to differential
expansions as peak stress. Some BWRs have had
the cladding removed from feedwater nozzle
areas so that the low-alloy steel is in direct contact

with the reactor coolant. BWR carbon steel pip-.

ing is in direct contact with the Teactor coolant.
Although the carbon/low-alloy steel components
that are clad do not directly contact the reactor
coolant, they are subjected to high temperatures.

None of the analyses for clad components sup-
plied by the licensees included a fatigue analysis
of the cladding, consnstent with standard mdustry
practice. None of the componems on older vin-
tage plants (for which no licensee analyses were
required and for whxch the INEL staff conducted
fatigue analyses) were clad. Consequently, the
effect of the NUREG/CR-5999 interim fatigue
curves was calculated for the carbon/low-alloy

steel base metal material on the interior surfaces -

of components with cladding, but not for the clad-
ding, for which we had no information.

_ Although NUREG/CR-5999 makes no differ-
cnuanon between the envnronmemal effects
caused by temperature and by contact with reac-
tor coolant for either carbon/low-alloy steel in
low oxygen environments or for stainless steel, it
is expected that the temperature effect is signifi-
cant. As shown in Figures 3-14 and 3-15, the CUF
increases (because the number of allowable
cycles decreases) as the temperature increases.
For example, Figure 3-14 shows that the ratio of

the number of allowable cycles on the 200°C

curve to the.number of allowable cycles on the
250°C curve is greater than 1. Therefore, for a
given stress there would be a higher number of
allowable cycles at 200°C than at higher tempera-
tures. Thus we can conclude that the base metal

NUREG/CR-6260
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under the: claddmg is not immune to environmen-
tal effects

For the ASME Code faugue curves, the faugue’
usage for the base metal under the cladding is less
than for the cladding for comparable stress inten-
sity levels because the fatigue life for stainless
steel is several times greater than for carbon/low-
alloy steel (for example, 2000 allowable cycles
for carbon/low-alloy steel versus 10,000 cycles
for stainless steel at 64 ksi). Thus, for ASME
Code analyses, it is reasonable to neglect fatigue
“of the cladding and compute the CUF of the base
metal.

However, the allowable cycles for PWR com-
ponents using the NUREG/CR-5999 interim
fatigue curves are 587 cycles for stainless steel
and 744 cycles for carbon/low-alloy steel at
64 ksi. Therefore, it appears that analyses of clad
PWR components performed to NUREG/
CR-5999 interim fatigue curves should investi-
gate the effects of fatigue for the cladding. A
fatigue crack in the cladding could propagate into
the base metal

For BWR components in plants without hydro-
gen water chemistry, the allowable cycles at
64 ksi from the NUREG/CR-5999 interim fatigue
curves are 153, 307, and 612 at 200°C; 67, 175,
and 457 at 250°C; and 36, 61, and 365 at 288°C
for strain rates of 0.001, 0.01 and 0.1 %/s, respec-
tively. All allowable cycles are less for carbon/
low-alloy steel than for stainless steel, with the
exception of values at 200°C. From our review of
the licensees’. analyses, the only portion of BWRs
that has high strain rates at 200°C is the feedwater
system, which is not clad. The feedwater nozzle
area originally had cladding on all plants, but it
has been removed on some plants because of

- fatigue cracking caused partially by the differen-

tial thermal expansion between the cladding and
base metal. Therefore, when using NUREG/
CR-5999 interim fatigue curves, it appears that
fatigue 'of cladding can be neglected for BWRs
without hydrogen water chemistry with the
exception of the feedwater nozzle area.

© 4.2.3 Life Extension. The effect of extending

the plant license life to 60 years was calculated by



multiplying the 40-year CUF by 1.5. For cases ~

where the CUF for a 60-year design life using
the NUREG/CR-5999 interim fatigue curves
-exceeded the-ASME Boiler and Pressure Vessel

Code, Section III, allowable value of 1.0, an eval-

uation was made to remove conservative assump-
tions in the licensee’s analyses, where justifiable,
and a revised CUF was calculated using the meth-
ods in the latest (1992) edition of the ASME
Code. (The 1989 edition of the Code was the last
edition officially endorsed by the USNRC, but
the 1992 and 1989 editions are essentially identi-
cal with respect to fatigue calculations.) Various

editions of the ASME Code were used in the .

licensees’ fatxgue analyses for component or sys-
tem qualxﬁcatlon depending upon when the cal-
culauons were performed

4.2.4 Extent of Licensee Calculatlon
‘Review. No attempt was made to check or to

recalculate the alternating stress intensities
reported in the licensee’s design fatigue calcula-
tions. In most, if not all, cases there was more
‘than one locatxon on an individual component
‘where the CUF would exceed 1.0 using the
NUREG/CR- 5999 mtertm fattgue curves. In
these cases only the location with the highest
CUF was evaluated. Once sufficient conservative
assumptions had been removed to reduce the
' CUF below 1.0 for 60 years, no attempt was made
to repeat the exercise for the remaining locations
with relatively high design CUFs

.4 2.5 Reportmg of Stress Results For
-most components, tables that include the Sau val-

ues and design basis cycles are included i in this
-report so that if. future fatigue curves are pro-
"posed use of the San values will lead to falrly easy
_computation of new allowable cycles. individual
- usage factors, and CUFs. The number of load
_pairs for surge line thermal stratification tran-

sients proved to be too excesswe to report for a
_ few plants S

4.2.6 Significant Digits. The following
approach was taken to present stress and CUF
- values on a consistent basis regarding the number
_of significant digits. In reporting stresses from
Jlicensee’s reports, two places after the decimal

Approach

were retained. For stresses calculated by the
INEL, including modulus of elasticity adjust-
ments, two places after ihe:decimal.were
reported. For individual usage factor. ang¢ GUF
values, three places after the decimal were used.
‘When computing the aliowable cycles, fractions
of cycles were trurcated. - Lo :

4,27 High-Cycle Fatlgue. If the number of
allowable cycles exceeded 10%; the number was
generally Teported as >108. For the calculations
reviewed in this project, the mdn_ndual usage fac-

“tors were consistently less than 1% of the CUF for

allowable cycles of 10. In general for the cal:
culations we reviewed, high-cycle, low-stress
fatigue was considered only for transients that
involved thermal str‘atiﬁcation.' Do :

428 Applicable Temperature and Stram
Rate Values. NUREG/CR- 5999 1nc1udes
interim fatlgue curves for high-oxygen environ-
ments that mclude temperature and ‘strain rate
effects. These curves would be easxly appllcable

if the transnents in nuclear power plants occurred

at constant temperatures and strain rates How—
ever, the fatigue cycles occur over temperature
ranges from as Jow as about 30 to as high as about
600°F, and NUREG/CR~5999 does not give guid-
ance on how to apply the curves to transtents with
varying temperatures and strain rates. The analyst
is faced with the questions-of whether o use the
maximum temperature during the transient, the
average temperature during the transient, or try to
determine the temperature at the time that the

" - maximum stress occurs. This is further compli-

43

cated by the fact that the maximum and minimum

-stress intensities may occur at a low temperature,

for example, less than 200°C; but at some time

‘during the transient between the minimum-and
‘maximum stress intensities, the temperature

reaches S50°F. The most conservative approach
would be to use the highest operating temperature
of the component. On the other hand, one could

-use the temperature of the component at the times

of highest stress, Our approach was 10 use the
maximum temperature calculated for the times of

-:maximum and minimum stresses, if known;
.otherwise, the maximum temperature for the load

pair was used.

‘NUREG/CR-6260
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- Use of the three strain rate curves.presents. the
same challenges as the temperature curves. Tn
plant operation the strain‘raie is not constant. For
each stress cycle there are strain rates for the
increasing tensile ponion. for the decreasing ten-
sile portion, for the increasing compressive por-
tion, and for the deceasing compressive portion.
Since it is believed that the major fatigue damage
occurs during the increasing tensile portion of the
stress cycle, the average strain rate from the initi-
* ation of the stress cycle to the maximum tensile
stress was used to determine the strain rate. None
of the calculations that the vendors supplied
included strain rates. The strain rate can be esti-
mated using ASME Code NB-3200 methods,
although this is time-consuming. Another com-
plication is that the stress calculations do not
include strains, only elastically computed
stresses. The adjustment for plastic strain is by the
snmplxfied-elasnc-plasuc method using the K.
factor. In some cases, sufficient information was
provided to determine the difference in Lhe peak
stress intensity between the initiation of the stress
cycle and the time of maximum stress. The strain
rate was estimated by dividing this value by the
modulus of elasticity and the time, and multiply-
ing by thc K_ factor. Multiplication by the K, fac-
tor was included to convert the elastically
computed peak stress intensity to a strain in
which both elastic and plastic components are
represented. ' ) '

-The strain rate is even more difficult to deter-
mine using ASME Code NB-3650 (piping) analy-
sis methods. Sometimes the stress terms in
ASME Code NB-3600 Equations 10 through 13
are calculated at different times and the maximum
-values are added together. For the piping cases
where there was insufficient information to deter-
mine the strain rate (without performing the ther-
mal analyses again), we used the saturated curves
for the CUF calculations. This is conservative as
the higher strain rate curves would lower the
CUFs. In a few cases we were provided sufficient
information.to estimate a strain rate by using the
alternating stress intensity divided by the time to
maximum stress intensity and the modulus of
elasucxty

NUREG/CR-6260
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... To get representative strain rates for the cases
where times were not reported, we used the times
for the 1 maximum throughowall temperature
differences to.occur in the thermal analyses we
performed on piping and nozzles. For cases
where large thermal shocks are applied to piping
and nozzles, the maximum through-wall tempera-
ture differences occur at-about 30 to 45 seconds
into the transient, but most of the temperature dif-
ference has occurred by about 10 to 15 seconds.
Therefore, 30 seconds was chosen as a represen-
tative time for the buildup of the tensile portion of
the stress cycle during thermal shocks.

4.2.9 Fatigue Monitoring. No fatigue moni-
toring had been performed on most of these sys-
tems. Results of monitoring for thermal
stratification was included in all five PWR plants’
surge line analyses. Surge line monitoring was

performed on two of the. plants we evaluated,

whereas the other plants used information from
owners group monitoring by the NSSS vendor on
similar plants. The newer vintage Combustion
Engineering plant had performed fatigue moni-
toring of the safety injection and charging system
nozzles. The newer vintage Westinghouse plant
used monitoring information for thermal stratifi-
cation in.the residual heat removal line, and the
results were.included in the licensee’s analysis of
that system. Neither of the BWR plants had per-
formcd faugue momtormg

The thermal stratification fatigue nionit'orin'u
results were complicated and no attempt was made
to reduce conservative assumptions associated
with the monitoring results. The only change that
we made was toreduce the number of stratification
cycles based on the ratio of the anticipated number
of heatups/cooldowns to the design basis number.
The anticipated numbers of cycles for some of the
charging and safety injection nozzle transients for
the newer vintage Combustion Engineering plant
were based on the fatigue monitoring resuhs
Although the CUF for the charging nozzle was
slightly above 1.0 for 60 years using the
NUREG/CR-5999 curves, we did not use actual
monitoring transients to remove conservative
assumptions because the licensee informed us that
the algorithm used in the fatigue monitoring
system was not comparable with how the system



was actually- bemg operated and needed 10 be
changed : : = -

4.3 Potentlal Adjustments to
Licensees’ Calculations”
- that Might Reduce the CUF .

If the CUF for a component exceeded 1.0 using
the NUREG/CR-5999 interim fatigue curves,
potential changes that could reduce the CUF were
sought. The changes fall into two broad catego-
ries, conservative assumptions made by the ana-
lyst or Code changes that have been -made since
the edition of the Code of record for the plant. The
* following list describes these potenual conserva-
tive assumpuons

1. Correct CUF calcnlation. Did the analyst
correctly determine the number of allow-
able cycles from the alternating stresses?
Although in most cases we did not have suf-

ficient information to verify the licensee’s

_ stress calculations, we did examine the

.licensee’s CUF calculation based on the

. .reported S,y In some cases errors were
. found (using the incorrect fatigue curve).

2. Detailed load pairs. Were a number of load
pairs conservatively enveloped by the worst
case load pair? By separating the enveloped
load pair with the overall combined number
of cycles into more detailed load pairs, each
with its own setof cycles, the CUF can

- sometimes be significantly reduced.
3. ' SCF/FSRF. Were conservative fatigue
. -strength reduction factors (FSRFs) and
_stress concentration factors (SCFs) and
stress indices for piping used? In some cases
the highest SCF for the entire component
- was applied to all locations on the compo-
- nent rather than just at the affected location.

4. . Sp, value. Was the K, value computed using
: .a conservative Sy, value? In many cases the
- - analyst used the Sy, value at the design tem-

. perature in calculating K. Note 3 of ASME
Code Figure NB-3222 1 states that the Sy,

Tervvs e awe

wont ~Approa"ch

“value at the maximum tempéerature €xperi-

enced during the transient'¢dr be used, or if

" no mechanical loads contribinte 1o-the se6-
. ondary stress, then the average Sp, value at
- the high and low temperatures during the

“transient can be used to determine 3S,.
.- Since most of the high peak strésses result

from thermal shocks, we assume that the
contributions to secondary stresses from

- mechanical loads are minor (less than 5%)
“in these cases, and therefore the average Sp,

" value at the high and low temperatures can’
‘2 be used. The numbers were available to

verify this assumption in several cases. For
load pairs that contain hydrotests or seismic
events [operating basis earthquake (OBE)],

-~ this assumpuon needs to: be venﬁed more
-' Acarefully :

.~ Material property changes. Did the values
*of the modulus of elasticity, coefficient of
-~ "thermal expansion, or Sy, change from the
- ASME Code edition identified with the
., design basis calculations to the current Code
" edition? For example, in some later Code
" editions the coefficient of thermal expan-
T sion has been reduced which wnll in turn
Lo »reduce thermal sltesses

Fatigue curve modidlasé Of elasticity value.

.. Did the modulus of elasticity (E) on the
fatigue curve change from the ASME Code

edition identified with the de51gn basis cal-

- culations to the current Code edition? For
. example the 1965 edmon of the Code did

not require an adJustmem forthe modulus of
elasticity. In the Winter 1982 addenda the

. value on the stainless stecV/Alloy 600 curve
. was changed from .26.0 X 10% to
283 x 106 p51

Code analysis chéng_es. Did' fatigue -
requirements change from the ASME Code

.edition of record for the design basis cal-
.- culations to the current Code edition? For
- example the AT, term was eliminated from

the NB-3600 primary plus secondary stress

.. equation (Equation 10) for piping in the
- .~ 1977 edition, Summer 1979 addenda of the

NUREG/CR-6260
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- Code. A comespondmg change was made to
Table NB-3217-2 SRR

detailed finite element analysis of the nozzle
“(that is, a NB-3200 analysxs) A modern

8. -Actual cycles-Bascd—on the—actual—cyeles e e

that the plant has experienced to date, are
the numbers of cycles extrapolated to
40 years less than the numbers of desngn
basis cycles? .

In all cases, changes associated with items 1
through 7 above were first considered in reducing
the CUFE If the CUF was still greater than 1.0, a
revised CUF was computed based on the extrapo-
lated number of current cycles. - :

In some cases there are additional potential
conservative assumptions in the licensee’s design
basis calculations, but these assumptions could
not be removed using the thermal/stress analyses
provided. Removal of these potentla] conserva-
tive assumptions would require either more
detailed analyses than the licensee’s design basis
calculations, or more pléht-specnﬁc information,
or both. There are cases where the use of some of
these potential conservauve assumptions [for
example changes to the number of OBEs or use of
Code Case N-411 dampm gl might involve licens--
ing issues which would have to be evaluated and
resolved on a plant-by-plant basis. Licensing
issues are beyond the scope of this study.

" The following list describes these potential
conservative assumptions.

9. High temperatnre rates. The design tran-
: sients specify a 100°F/h heatup/cooldown
rate. However, actual transients seldom
" approach this rate. The use of equivalent
partial cycles based on rates or temperature
differences, or redefinition of the number of
extrapolated cycles based on rates/differ-
ences can reduce the CUE.

Detailed stress modeling. Early analyses of
vessels and nozzles used the interaction
method to analyze for stress. Older and even
some recent (as a cost saving measure)
nozzle analyses have treated the nozzle as a
piping branch connection (that is, a
NB-3600 analysis) rather than performing a

10.
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13.

finite element elastic analysis can give more
—accurate stressresults and can reduce the
CUE

Conservative thermal parameters. Sev-
eral conservative assumptions have been
used in thermal analyses, suchas high
(bounding) heat transfer coefficients and
step changes in fluid temperature. In the
licensee analyses that we reviewed, we
found cases where infinite heat transfer
coefficients between the fluid and the metal
were used. Use of more realistic thermal
parameters could lower the CUF. In other
cases, a bounding analysis may have been
used to conservatively estimate the CUF
resulting from thermal striping.

Time phasing of stresses. In piping analy-
ses, the maximums of the ATy, AT, and
Ta - Ty terms are often used to compute the
primary plus secondary and peak stress
intensity ranges. However, the time phasing
of these terms may be such that the maxi-
mums occur at different times. By using the
values for all three terms at the same times,
the stress intensity ranges may be less, Fur-
thermore, the primary plus secondary and
the peak stress intensity ranges may not
occur at the same time and time phasing
might be used to reduce conservatism in the
CUF calculations. However, carrying out
this process would involve considerable
effort on the analyst’s part and is not ex-
pected to have much of an effect for vessels

_and nozzles (other than those nozzles ana-
lyzed as piping branch connections using
NB-3600 methods).

Number of OBEs. The number of OBE
‘cycles is inconsistent from plant to plant.
Numbers in the analyses range from 10 to
200 to 650. The Standard Review Plan
(NUREG-0800) requires a minimum of
5 OBE events with ten cycles each. Some

plants might reduce the number of design
basis OBE cycles.



14. CC N-411 damping. Older analysis used
‘the’ damping values in Regulatory
Guide 1.61 (the same as in Appendix N of

..Approach

4. 4 Examples of Code Changes-

“and Adjustments to

" the ASME Code) to perform dynamic anal-

. ysis. ASME Code Case (CC) N-411 allows .

-higher damping values, which when used
could significantly reduce the OBE loads. .

15. Number of hydrotests. The first 10 hydro-
tests need not be considered in the fatigue
analysis (NB-3226). Furthermore, the
10-year hydrotest may now be replaced by a
Jeak test (Code Case N-498). Therefore, the
number of design basis hydrotests assumed

in the fatigue analysis may be conserva-.

uvely hlgh

16. bFatlgue momtormg. Cycle counting and

fatigue monitoring could be used to more -

. accurately estimate the CUF. Some tran-
“sients that are major contributors to the
CUFs are ot being counted, such as loss-
of-charging and loss-of-letdown events.
‘Better knowledge of the numbers of occur-

" rences of these events may show that the ac-
tual numbers of cycles are less than the
design basis numbcrs For transients such as

‘thermal stratification of surge lines, analysts.

“-have sometimes used the results of one
“heatup cycle to estimate the numbers of
insurges/outsurges and temperature differ-
ences. From these measurements they have
conservatively developed an enveloping set
of transients for use to the end of plant life.
However, monitoring the piping top-to-
bottom temperature differences during each
~heatup may result in less cumulative fauguc
B usage than usmg the envelopmg set

17. - Plastic analysis._ An clastic-pla_stic'ﬁnite

- element analysis could be conducted to

determine the a]tematmg strain range for

use with the NUREG/CR-5999 interim

- fatigue curves. This would eliminate the

. conservative assumptions associated with

.the K, factor in the simplified elastic-plastic

analysis _technique in ASME Code
.NB-3228.5 and NB-3653.6.

-

- Cyclesfransientsthat -
Might Increase the CUF in_

~ Licensees’ Calculations’

In addition to the changes listed in the previous
section that might be used to decrease the CUF in

. the licensee’s calculations, several changes were |

found from review of the licensees’ analyses for
the seven plants that might increase the CUF
when using the 1992 ASME Code and the latest
estimates of cycles and transients. Examples are
listed below:

12 Correct CUF calculatnon. The analyst used
- .. the ASME Code fatigue curve for high
. .strength carbon/low-alloy steel instead of
. the appropriate curve for lower strength

- material. Both curves are on the same figure

in the ASME Code.

2. Use of Code fatigue formulas. In early

. Code editions (for example 1965) there
were no formulas to compute the aliowable
numbers of cycles from the fatigue curves.

“The numbers’ of allowable cycles, visually
determined usmg the minor gnd lines on
these early curves, are .greater than the
allowable cycle values computed from the

' foxmulas in later editions of the Code.

3'.': : AdJustment for modulus of elasticity. In
- early Code ‘editions (for example 1965),
there was no requirement to adjust the Sy
values for the modulus of elasticity when

" performing NB-3200 analyses. In later

" Code editions, the S,y values are required to -

" be multiplied by the room temperature

" modulus of elasticity shown on the fatigue
“curve divided by the modulus of elasticity
used in the analysxs Since the modulus of

. “elasticity used in analyses is at operating
temperature and the modulus of elasticity
decreases with temperature, the muluplxca-
tion factor is grcater than 1 0

. 4 - ‘Changes in modulus of elastlcxty values.

Values of the modulus of elasticity for
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carbon steel have been increased in later

- editions of the Code. Thiswillresulrin —— =

hlghcr thermal stressea_for piping. For

- would be lower; and for cases where a K,

“—facroris used, leldmg by a lower 3S; will

result in a higher Sy). As an example, for

~example, for SA-333 Gréxde 6 matenal

Modulusof ~ Modulus of
elasticity elasticity
Temperature  (x 108 psn) (x 106 psi)

P 1979 . . 1992
70 219 -29.5
200 27.7 . -28.8
- 300 274 . 283
400 270 27.7
500 26.4 213
600 25.7 26.7

5. Changes to coefficient of thermal expan-

sion values. Similar to example 4, the val-
ues of the coefficients of thermal expansion
(a) have changed in later Code editions, For
example, the a for SA-333 Grade B carbon
steel at 70°F has been increased from

6.07 x 106 in/in/°F in the 1971 edition of

the Code t0.6.41 X 10 in/in/°F in the cur-
rent edition. Consequently, Ea for SA-333
Grade B carbon steel at 70°F is currently
189.1 versus 169.4 in the 1971 Code edition
(and 198.1 versus 185.8 at 600°F). This will
result in higher thermal stresses for piping.

Actual cycles. The number of current
cycles extrapolated to 40 years exceeds the
design basis numbers for some BWR plant
transients. ‘ :

Transient definition. Analyses for older
vintage plants do not have the design cycles
defined in detail as specifically as newer

_vintage plants. In addition, some transient

assumptions (for example, BWR feedwater
system thermal cycling during startup) may
not be adequately defined for older vintage
plants, : :

Changes in Sy, values. For some materials,
the value of S, is lower in later editions of
the Code. The 3S; allowable limit for pri-
mary plus secondary stress intensity range

NUREG/CR-6260
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SA-182 F316 stainless steel:

Temperature

Sm (ksi)
1968

Sm (ksi)

P 1992

- 70

20 20

20 20

20 20
19.4 19.3
18.2 18

17.1 17

200
300
400
500 -
600

10.

Changes in the K, equation for piping
calculations. In most analyses that used
older versions of NB-3600 and B31.7 for
piping, it appears that elimination of the .
AT term from the primary plus secondary
stress intensity range term for calculating K,
will significantly reduce S,,. This is
because typically the maximum AT;, ATs,
and T - Tp terms were used regardless of
their time phasing. However, in some analy-
ses, particularly recently, we have observed
instances where the AT}, ATz, and T, - Tp
terms are taken at the same time; conse- .
quently, this conservatism has been elimi-
nated. In some cases the stress associated

withthe T, - Ty term is far greater than the

stress associated with the AT) term, so elim-
inating the AT, term changes the primary
plus secondary stress intensity range mini-
mally. The value of K, calculated using the
current edition of the Code is greater than
would be the penalty factor calculated using
older versions (see item 10 below). There-
fore, in these cases, analyses performed to
the earlier Code editions would result in a
lower CUF than calculations performed to
the current Code edition.

Changes in the K, equation for nozzle
calculations, Similar to item 9 above, the
thermal stresses for a nozzle, analyzed to
B31.7-1969, were computed using a finite
element analysis. Since the primary plus



1.

secondary stress intensity range exceeded
- 3Sp, a simplified elastic-plastic analysis

- Approach

- same formulas were used based on technical

papers published in the late 1960s. How-

“"was used. The B31.7 penalty factor (K¢ -
__timeés K.) for four load pairs ranged from

€ver, a valug of n = 0;57for stainless steel’
was used instead of the value in the ASME

2.51 10 3.36, whereas the K, factor using the
current Code edition would be 3.33 for all
four load pairs.

Changes in the material constant values
in the K. equation. In an analysis in the
1965-1970 time frame, before the current
simplified elastic-plastic analysis procedure
was incorporated in the ASME Code, the

49

12.

Code of n=0.3. Consequently, a K, factor of
1.25 was calculated, whereas a value of 1.57
results from using n = 0.3.

-Changes to stress indices. In NB-3683.5(b)

of the present Code edition, the C3 index for
transitions with a 1:3 slope contains a
+0.25 term that was not present in earlier
(for example 1980) editions.

NUREG/CR-6260



-8, COMPONENT EVALUATIONS

The evalua‘tib—s fo's‘IX‘EUMporfemS't‘Or each of-“ ““‘Yranstems to date (m some cases’ esumm:z"by‘rhe——

the seven plants surveyed are described in Sec—
tions 5.1 through 5.7. .

51 Newer Vintage-Combustion |

| Enginee;in_g Plant

A companson of the design CUFs from the

hcensee s design basis calculations and CUFs
usmg the NUREG/CR-5999 interim fatigue
ciirves was carried out for the locations of highest’
design CUF for the six componenls 11sted below

1. Reactor vessel\ shell and low_er head”

2. Reactor vessel inlet and outlet nozzles

3.  -Surgeline
4. Charging system nozzle .
5. - Safety mJecnon system nozzle

6. Shuldown coolmg hne

" As of early 1994, the plant has been operated‘
approximately "10 of-the-40-years-currently-.- -

approved in its operating license. Table 5-1
shows the design basis cycles for transients that
are important from a fatigue standpoint for the six
components that were evaluated. The numbers of

Table 5-1.
over 40-year license life. .

licensee and the INEL staff) have been extrapo-

_lated to 40 years by muluplymg by 40/10.

A fatlgue momtonno system has been installed
on the cha:gmg and safety injection systems. The:
results were used to estimate the numbers of loss
of letdown, loss of chargmg, and safety injection
test cycles in Table 5-1. The results of a generic .
Combustion Engineering plant study of thermal
stratification-in surge lines was included in the
licensee’s fatigue analysis of the surge line. The
licensee supplied no plant specific data to remove
conservauve assumpuons for this particular plant.

5 1 1 Reactor Vessel Shell and Lower

Head. The highest usage factor on the shell and
lower head is at the lower head support lugs on
the outside diameter (OD) of the reactor vessel.
However, since this location is on the outer wall,
it.is not in contact with the primary coolant and

" thus is not subject to full environmental fatigue

effects. There are no lower head penétrations that
might result in high stress concentrations causing
high CUFs. The location with the highest CUF on

the interior wall is at the junciure of the shell and
- -a tapered-section-joining it to the lower head [the . -

shell (cylindrical shape) must have approximately
twice the thickness as that of the lower head

(hemispherical shape) for the same pressure-

induced stress‘ level] The CUF at this location

Number of selected desngn basns transncms compared to anucnpated number of transxents ‘

o e ' Amicipated cycles;

: Transient Design basis cycles for 40 years
Heatup T 500 - 1
Cooldown 500 .90
Reactor trip = 480 o150 0 !
Loss of letdown 100 4. .
Loss of charging 100 12 -
Safety mjecuon test - 260 100. -~
Leaktest = - 200 115

5-1
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is calculated for the SA-533 Grade B, Class 1- = -

~5.1.2 Reactor Vessel lnleﬁ and Outlet

" “shell, but in reality it is protected from the coolant

.._by a layer of stainless steel cladding, No fatigue

Nozzies

analysis is performed for the cladding.

5.1.1.1 NUREG/CR-5999 CUF Based
on Licensee's Design Calculation
Stresses. The highest CUF on the interior.of the

reactor vessel shell in the region of interest was -
determined to be approximately 0.007 from the

licensee’s design basis calculations. The effect of
the NUREG/CR-5999 interim fatigue curves is
shown in Table 5-2. As previously discussed, the
results shown in Table 5-2 assume that the cool-
ant was in contact with the low-alloy steel base

metal undemeath the cladding. The licensee’s

CUF calculations used the ASME Code, Sec-
tion III, 1971 edition. The Say values shown in
Table 5-2 have already been adjusted in the
-licensee’s analysis for the effect of the modulus of
elasticity by multiplying by 30/27 (the ratio of the
modulus of elasticity on the fatigue curve to that

used in the analysis) as requu'ed by the ASME .

Code.

Application of the NUREG/CR-5999 interim

fatigue curve increased the CUF by a factor of

2.00 over the design basis number. If the plant is

operated for 60 years, the CUF remains very low -

(0.021), and would not exceed the ASME Code
hm:t of 1.0.

' 5.1.1.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. Since
the CUF would not exceed 1.0 if the plant is
operated for 60 years, no addmonal calculations
were performed.

5.1.2.1 Inlet Nozzle CUF Using

NUREG/CR-5999 and Licensee’s Design

Calculation Stresses. The licensee’s design
calculations show that the highest CUF for the
reactor vessel inlet nozzle is located at a thickness

discontinuity where the nozzle is welded to the

reactor vessel. The design calculations show the
CUF for the inner wall (which will be subjected to

the reactor coolant fluid envn'onmental effects) is
0.182. The CUF at the inner wall was calculated’

for the low_-alloy steel (SA-508 Class 2) base

metal, but in reality it is protected from the cool-
_ ant by a layer of stainless steel claddmg As_

previously discussed, no fatigue analysis was

performed for the cladding. The effect of the

NUREG/CR-5999 interim fatigue curve was
calculated assuming the coolant was in contact
with the low-alloy steel base metal undemneath the
cladding.

The licensee’s design CUF calculations used
the ASME Code, Section III, 1971 edition. In this
case the reported Sy values were not adjusted for
the effect of the modulus of elasticity,? so they
were multiplied by 30/27 (the ratio of the modu-
lus of elasticity on the fatigue curve to that used in

a.. The licensee’s analysis presents the S, values
before the correction for the modulus of elasticity.
The design basis calculations made the correct adjust-
ment for the modulus of elasticity in obtaining the
allowable cycles from the ASME Code fatigue
curves, but the adjusted S;y values were not reported.

Table 5-2." CUF results for reactor vessel shelllower head region using NUREG/CR-5999 interim

fatigue curve. ,

'Load pair ' San N n u
Cooldown/step load increase _ 27.11 . 17017 = 200 0.012
Heatup/cooldown 16.22 171407 1300 - 0.002
Leak test/heatup 10.12 2.5% 108 200 0.000

CUF 0.014
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the analysis) as required by the ASME Code. The .

effect of the NUREG/CR-5999 interim fatigue

curve (with theﬂdjumwﬁrmmﬁhmmn“fm'the inner wall-CUF--The-CHF-cslculations— -~

Table 5- 3

The results indicate that the CUF increased by

the plant is operated for 60 years, the CUF is
0.712, and does not exceed the ASME Code llmlt
of 1.0.

5122 omiet Nozzie CUF Using
NUREG/CR-5999 and Licensee’s Design

Calculation Stresses. The licensee’s design
calculations indicated that the highest CUF for
the reactor vessel outlet nozzle is at a thickness
discontinuity where the smaller nozzle end
welded to the reactor coolant piping joins the
larger nozzle end that is welded to the reactor
vessel. The design CUFs for the inner and outer
_wall at this joint were found to be 0.334 and
0.377, respectively. The desxgn CUFis hlghest at

. the outer wall (a point which is not in contact with

-the reactor coolant).

" The detalled calculauons for the CUF showmg
mdnvndual usages for the vanous load pairs, are
for the point of maximum usage, which is on the

“outer wall. A detailed usage calculallon for the
inner wall was not in the report Just the. overall
CUF (0.334) summed from the . mdmdual load

- pairs. However, the design CUFs for the inner and

outer wall were about the same (the inner wall
CUF is ‘about 10% less than the outer wall), so
: ca]culatmg the effect of the NUREG/CR 5999

Component Evaluations

. interim fatigue curve for the outer wall should be

" representative, and perhaps slightly conservative

used the ASME Code, Section ITl, 1971 edition.

" Tnthis case the reporied S, values were not ad-
- justed for the effect of modulus of elasticity,b so
a factor of 2.61 over the design basis number. If - - -

they were multiplied by 30/27 (the ratio of the

. modulus of elasticity on the fatigue curve to that

used in the analysis) as required by the ASME

~ Code. The effect of the NUREG/CR-5999 interim
.. fatigue curve (with the adjusted S,y values) is
. shown in Table 5-4. (Some of the load pairs were

difficult to read on the copy of the original analy-

_ _sns)

. The results indicate that the CUF increased by
a-factor of 2.21 over the licensee’s design basis
number. The CUF is below the ASME Code limit

‘of 1.0 for the 40-year design life, but would

exceed the ASME Code limit if the design cycles

‘are extrapolated to 60 years (CUF = 1.253 for

60 years). The CUF at the outside surface was
used to assess the effect of the NUREG/CR-5999

linterim fatigue curves. If the design-basis CUF
for the inside surface were used, the CUF using
‘the NUREG/CR-5999 interim fatigue curves is

“b. The licensee’s analysis presents the Sy; values

- before the correction for the modulus of elasticity.

' The design basis calculations made the correct adjust-
ment for the modulus of elasticity in obtaining the
a]lowab]e cycles from the ASME Code fatigue curve, -

but !he adjusted San values were not reported

~Table’ 5-3. CUF results fo‘r‘reactor ve'ssel inlet nozz]e" using NUREG/CR-5999 iriterim’ fatigue curve.

Load pair .- - 'Sa|‘[ Sah(adjusted) "N. -~ - a- e u
- Heatup/leak test- -~~~ 5443 . - " 60.47 869"_ ©72000 10230
- Heatp/reactortip 4321 4801 . . 1928° ' 300, . 0.156
Cooldownfreactortrip 3327 .. 369 5382 180 0033
Cooldown/OBE 3282 36.46 5676 320 0.056
""OBE/OBE - - L9 21 - o>105 0 200 . 0.000
R R I PR =y
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.Table 5-4. CUF results for reactor vessel outlet nozzle usin g NUREG/CR-5999 interim fatigue curve..

. Load pair _Salt _Sa(adjusted) N _ nh__u

Cooldown/plantload 46.36 51.51 1458 500 0343
" Leaktestplantunioad 4577 5085 153 7 200 0.130

Heatup/plant load 3532 39.24 4263 500 0117
Plant load/unload 1876 20.84 58406 - 13800 0.236
Plan‘t unload/upset - 17.84 19.82 73899 1-480. 0.007
Plant unload/OBE 12.89 14.32 265677 200 0.001
Plant unload/step load 11.44 12.71 729360 520 0.001

| ' CUF - 0.835 .

estimated to be 0,738 (0.334 x 2.21),¢ for which
the same general conclusions would be reached.

5.1.2.3 Outlet Nozzle CUF Using
NUREG/CR-5999 and Removing Conser-

- vative Assumptions. The results described
above indicate that the estimated CUF for the out-
let nozzle would exceed 1.0 for 60 years. To
remove conservatism from these calculations, the
‘number of transient cycles assumed in the licens-
ee’s design calculations were examined and
compared to the actual number experienced dur-
ing operation (approximately 10 years) extrapo-

~lated tothe-end of the currently-approved 40-year- . .. ...

license period. These numbers are compared in
Table 5-1 for the transnents supplled by the
licensee.

If the heatup and cooldown cycles are reduccd
from 500 to 90, then 410 cycles-are eliminated
~ from both load pairs 1 and 3 (cooldown/plant load

return. The adjusted CUF is shown in Table 5-5.
When projected to 60 years, the CUF shown in
Table 5-5 isO 708 .

5.1.3 Surge Line. The latest fatigue analyses -
for the SA-376, Type 316 stainless steel surge line

‘were performed by a consultmg firm to assess

thermal stratification conditions' as required by
NRC Bulletin 88-11. The highest design CUFs

- were 0.993 on the inside diameter of the liquid

and heatup/plant load) and the 820 cycles are add- .

ed into load pair 4 (plant load/unload). The heatup
and cooldown cases represent the thermal tran-
‘sient from room temperature to operating temper-
ature and return. The load and unload cases
represent power loadmg from 0 to 100% and

_c.  The design basis CUF for the inside surface is
0.334 and applying the same increase in CUF as was
calculated for the outside surface (2.21), the estimated
CUF for the inside surface is 0.738.

NUREG/CR-6260

sample line, 0.767 on the inside diameter of the
hot leg nozzle, and 0.981 on the inside diameter
of the piping elbow directly above the hot leg
-nozzle. Thus the highest design CUFon the surge
line itself is O. 981

5.1.3.1 Surge Lme CUF Using NUREG/
CR-5999 and Licensee’s Design Calcula-
tion Stresses. The CUF calculations used the
ASME Code, 1986 edition. The Sap values were
not adjusted for the effect of the modulus of elas-
ticity, since NB-3653.4 of the ASME Code does
not call for an adjustment of the modulus of elas-
ticity. The CUF using the NUREG/CR-5999 in-
terim fatigue curve is shown in Table 5-6.
Transients 8a through 8f, 9a through 9f, 11

through 18, and 28 in Table 5-6 are associated

with heatups and cooldowns.

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of

- 8.85 over the licensee’s design basis number. The

CUF exceeds the ASME Code limit of 1.0.
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Table §-5. CUF results for reactor vessel outlet nozzle using NUREG/CR-5999 interim faugue curve

and antncnpaied cycles. R
' ‘Loadpair . - S E;;(_adjusted)ﬂ N n u
Cooldown/plantload”  _ 46.36 5151 1458 90 ,A,_.°°62; .
Leak test/plant unload -~ - 45.77 50.85 1534 200 0130
Heatup/plant load 3532 39.24 4263 .. 90 0.021. . .
. Plant load/unload 1876 20.84 58406 - 14620 0250
Plant unload/upset . 17.84 1982 . 73899 480  0.007
Plant unload/OBE 12.89 1432 265677 200 0.001
Plant unload/step load 1144 12.71 729360 : 520 ,0;00] .
B  CUF 0.472

5.1.3.2 Surge Line CUF Using NUREG/ -
CR-5999 and Removing Conservative

Assumptions. The design fatigue calculations

were completed only recently, using alater version -
of the ASME Code. The transients are compli- -

cated because of the treatment of thermal stratifi-
cation. There were no apparent conservative
assumptions used in the licensee's analysis meth-

ods. However, fatigue monitoring of the surge line -~ -

on a constant basis would give a more accurate

representation of the numbers and severity of ther-

mal stratification cycles. While the licensee’s .

analysis used the number of transients originally .
assumed for the plant design, use of actual tran-
sient data, both numbers of occurrences and tem-

peratures, would no doubt reduce the CUF.

Using the anticipated cyclés for 40 years shows -

that the CUF could be reduced. From Table 5-1,

down to transient 8d-OBE, but since this was the
lowest stress load ‘pair containing the OBE tran-
sient, all 1248 remaining OBE cycles were placed
into load pair 8d-OBE, although transient 8d does
not have this many design cycles.

The results of our CUF calculations using the
adjusted numbers of transients are shown in
Table 5-7. When projected to 60 years, the CUF is

5.214. The 3.476 CUF could probably be reduced -

down to about 3.0 if additional conservative

. assumptions were removed from the load pairs.

Further reductions in the numbers of anticipated
cycles could probably be made, for example, in

- ..the.-numbers.of OBE cycles.-However,.to reduce -
. the CUF below 1.0, an NB-3200 analysis and/or

more extensive fatigue monitoring and precise
cycle counting would probably be required. A

" summary of further actions that could be taken to

cycles is 90, and the number of anticipated leak .

test cycles is 115. Trans:ents 8a through 8f, 9a

through 9f, 11 through 18, and 28 in Table 5-6are
associated with heatups and cooldowns. The o
design cycles for each of these transients were -
multiplied by 0.18 (90/500), to estimate the antic- =~
ipated usage in 40 years. The number of leak tests -
was lowered to 115. Since the complete stress ‘-
. analysis was not available, only a portion of the -

load pairs could be adjusted, so conservative

" assumptions remain. For example, the heatup/ "~

cooldown cycles paired with OBE were reduced

the extrapolated number of heatup and cooldown ,, .' ~ potentially reduce the CUF is shown in Table 5-8.

5.1.3.3 Surge Line CUF Using Rewsed
Interim Fatigue Curves. From a review of the
licensee’s stress analysis, it appears that the strain
rates from all transients were low with the excep-
tion of the upset and slug flow transients. Since
the contribution of the individual fatigue usages
from these events was less than 1% of the CUF,
the 0.001%/s curve was used for all load pairs.
The results of applying the revised curves are

shown in Table 5-9. The extrapolated CUF for _

60 years is 3.896.

.NUREG/CR-6260
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Table 5-6. . CUF results for the surge line using NUREG/CR-5999 interim fatigue curve.

-Load pair - ... - - Saw - . coii;ee Moo n u
Hydro-extreme T 190.17 43 6 0.140
.8a-OBE 16318 . . 62 T5 1.210
9b-OBE 162.06 63 75 1.187
9a-hydro 138.05 92 4 0.043
8b-OBE 127.94 11 75 10673
9a-OBE 127.04 . 113 7 0.626
8¢c-OBE 64.76 571 375 0.657
9f-OBE 64.17 584 375 0.642
8£-18 © 63.39 611 375 0.614
9c-11 6338 611- - 375 . 0.614
8d-OBE 54.02 1600 394 0.246
8g-18 15238 1927 125 0.065
8g-17 52.35 1933 150 0.078
8g-11 52.35 1933 125 0.065
8d-leak test - 5226 1953 6 0.003
9g-leak test . 15226 1953 194 0.099
9d-17 51.76 2070 350 0.169-
9g-upset 4 51.24 2200 40 0.018
8h-9g 51.18 2215 166 0.075
9d-12 50.96 2273 50 0.022
2a-8e 40.10 9620 - 500 0.052
8h-Sh - . 40.09 - 9635 334 0.035
9h-10a 40.09 9635 166 0.017
9e-12 3991 9899 450 0.045
9e-13 '39.82 10035 50 0.005
3b-13 39.03 11321 450 0.040
'16-slug 2 3894 11480 500 0.044
Upset 3-slug 1 38.82 11695 30 0.003
3b-10a 33.10 30525 3670 0.120
3a-10a 33.10 - 30525 4120 0.135
6-10a 33.10 30525 200 0.007 -
7-10a 3310 30525 4580 0.150
2a-slug 1 3287 31836 - 70 0.002
5-10a .. 2990 56289 9400 0.167
4b-10a L 29.90 56289 17040 0.303
4a-10a 29.90 56289 17040 0303
2a-10a 1 20.60 >108 14430 0.000 _
2b-10a ©20.60 >108 . 15000 0.000
10a-upset 2 20360 . >108 95 0.000
1b-10a 20.60 >108 1969 0.000
1b-10b 20.00 >108 . 87710 0.001 .. ..

CUF - 8.684

NUREG/CR-6260 5-6
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cycles. D

Load pair- .- . —...—Sai A S —

‘Hydro-extreme . 19017 .4 - 6 _ 70140
8a-OBE 163.18 eeo-62 - .14 0226
9b-OBE 116206 .. 63 .14 . 0222
9a-hydro 13805 . 92 4 0.043
8b-OBE 127.94 - RS 83 ' 14 0.126
9a-OBE _ 127.04 B § & R <10 i 0.088
8¢-OBE . 6476 BT 7 ) I .68 0119
9f-OBE . 64.17 . 584 68 0.116
8f-18 : 6339 . . .. . 6l . 68 S0
9c-11 . 6338 . 611 - 68 0.111
8d-OBE 5402 16000 1248 - 0.780
8g-18 S 5238 0 1921 - 23 _ 0011
8g-11 ' 5235 119330 23 0011
8g-17 5235 . .. 1933 27 -0.014
8d-leak test 5226 - .1953 6 o 0.003
9g-leak test 5226 1953 109 0.056 . -
9d-17. 5176 .. 2070 63 . 0.030
9g-upset 4 . 51.24 - -2200. 40 0.018
8h-9g ; 51.18: . . .2215 . 30 0.014
9d-12 . s096 .. . 22713 . 9 0.004
2a-8e ~ 4010 . 9620 90 0.009
8h-9h _ 40.09 - 9635 , 0 0.000°
9h-10a R 4009 9635 90 0009~
9-12 . - . 39901 " 9899 . - 8. . 0008
96'13 e e e e e i e 39:82- ».-~.10035 e - e e 9 ..-..-_u..__._.omj__._'_._w. —ae
3b-13 . ST 139,03 7 Co11321 - .81 - 0.007 -
16-slug2 - - - 38.94. © 11480 -+ - ;9. . - . 0008
“Upset3-slugl "~ .. -~ ..3882 .. C11695- - .. .30 : -7 0.003
3b-10a L. 03310 .0 305250 o 3670 .1 0.120
©3a-§0a . o 73310 - 30525 . .- 4120 - 0135
6-102 73300 SCat 30525 v - 2000 e 0.007
7-10a .- 3310 . 305257 i T 74580 e - 0.150
2a-slugl . 3287 ... . 3184 - 7 70 - R 0002
- 5-10a . .. 2990 .. .- 56289 - 9400 - - 0.167
4b-102 " S0 .2990 . ... 56289 7 17040 70.303
. 4a-10a - - - .. 2990... .. 56280° " 17040 " ° 0303
2a-10a 2060 © . -0 >I08°0 T 14430 0 T 0.000
2b-10a . 2060 >108 - 15000 .~ 0.000
. 10a-upset2 - T 2060 0 T >108 .95 0000
" 1b-10a 2060 T 108 7 1969 T T T 0000
1b-10b 72000 7 T o>108 87710 C . 0.001
- - ¥ : "CUF . = 3.4
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Table 5-8. Potential for elimination of conservauve assumptions to reduce CUF for surge line elbow
~...using NUREG/CR-5999.interim fatigue curve.

Assumption Potential . : ‘
- -~ (Section 4:3)- -—————for use- --Used—----- =~ -~~~ - - - -Comments- -~ -~ --
Comrect CUF calculation "'No No  Analysis appear to be correct
Detailed load pairs ‘No ‘No  Detailed load pairs were used
SCF/FSRF No No  Values appear reasonable .
Sy, value No No Average S, valuesused
Material property No No No changes, 1986 Code edition used
changes : ‘
Fatigue curve E value ~ No No  Proper adjustment was made
Code anélysis changes " No No  No changes, 1986 Code edmon used
Actual cycles Yes Yes Adjustment was made for projected cycles .
High temperature rates Yes No  Actual rates may be less than design
Detailed stress modeling Yes No NB-3600 analysis used
Conservative thermal Yes No Insufficient information
parameters :
Time phasing of stresses Yes No Highest moment and thermal stresses may not occur -
simultaneously
Number of OBEs Yes No OBEs contribute to CUF
CC N-411 damping Yes No Insufficient information
Number of hydrotests ~ ~ ~ Yes ™~ "No “Hydrotests contribute to CUF
Fatigue monitoring. .. . _.. Yes_..._No.__Actual transients probably less severe. than design
Plastic analysis Yes No Elastic plastic finite element analysis could be used

5.1.4 Charging System Nozzle. The nozzle
consists of a low-alloy steel (SA-182, Grade F1)
forging and a stainless steel (SA-182, F316) safe
end. The highest design CUF for the nozzle
" forging is 0.050 near the knuckle on the inside sur-
face, and 0.778 for the safe end on the inside sur-

face near the weld to the charging line. The -

low-alloy steel nozzle is clad with a layer of stain-
less steel and therefore is not in direct contact with
the reactor coolant; however, no fatigue analysis
was performed for the cladding. The stainless steel
safe end is in direct contact with the reactor
coolant. o

51.4.1 ‘Charging System Nozzle Forg-- .:

ing CUF Using NUREG/CR-5999 and

Licensee’s Design Calculation Stresses.

The licensee's design CUF calculations used the
. ASME Code, Section III, 1971 edition, through

NUREG/CR-6260

Summer 1972 addenda. The S,) values were

adjusted for the effect of the modulus of elasticity.

The CUF results using the NUREG/CR-5999
interim fatigue curve are included in Table 5-10.
The null case represents the condition with no
load, that is, cold shutdown.

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
2.08 over the licensee’s design basis number. If
the plant is operated for 60 years, the CUF is
0.156, which does not exceed the ASME Code -
limit of 1.0. -

5.1.4.2 Charging System Safe End CUF
Using NUREG/CR-5999 and Licensee's
Design Calculation Stresses. The licensee's
design CUF calculations used the ASME Code,
Section III, 1971 edition through Summer 1972
addenda. The Sy values were adjusted for the
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Table 5-9. CUF results for the surge line using revised interim fatigue curves and aiticipated cycles. -
- Load pair - S Sa T N.... . kn L ‘

Hydro-extreme - 190017 - - .34 S JEE
8a-OBE  163.18 - 50 . 14
9b-OBE 16206 50 . 14
9a-hydro 138.05 7 . 4
“8b-OBE 12794 93 14
9a-OBE 127.04 95 10
'8-OBE 6476 e 85T 68 -
9{-OBE - 64.17 891 68
8f-18 R 6339 - - 939 . 68
9c-11. A 163.38 . 940 - 68
8d-OBE 5402 - 2034 1248- - 0614
8g-18 5238 24200 23 ST 00100
8g-11 . 5235 2428 23 0009
8e-17 - 5235 0 2428 210 o0n
.8d-leak test o s226. . 2452 6. 0002
 9g-leak test 5226 .. 2482 109 - 0.044
9d-17 | © 5176 .. - 2594 . . 63 .0 0024
ogupsetd 51.24 ' 2756 . 40 . 0015 .
~ 8h-9g . -1 % U 271716 30 - oo01.
9d-12 4 5096 2849 . 9 0.003
2a-8e ‘ _ap10 0 23752 90 - .0.004.
8h-9h 40.09 . 237180 - T 0 0.000
%h-102 . 40.09 . 23780 . .90 . - 0,004
9e-12 o 3991 . 24281 81°- - . 0003
9e-13 . 3982 . ., 24538 9 ~0.000
3b-13 . , - 39.03 . .o26977 0 8. .7 0003
16-slug2 . : 3894 . 271218 %0 - 0003 .
: Upset 3-slug 1 -~ 3882 - - .. 27688 30 0001
3b-10a , 33.10 - .. 67160° 3670 ¢ - 0055
3a-102 - 33.10 67160 4120 0061
6-10a - . 3310 . 61160 . 200 0003
7-10a -~ .. 3310 ° 67160 4580 0068
2aslugl .- 3287 . .. 70293 0 0.001
- 5-10a - .. - 299 .. . 143008 . . . 9400 . .. .0.066 .
- 4b-102 .- .- .. .-2990 - 143008 .  .:17040 . . . 0119
. 4a-10a ... 2980 . .- .- 143008 17040 . . 0119
22-10a - . .- -2060 . >108 - . '14430-- .. 0.000
2b-10a .. - . 1. 2060 o >108-. 15000.. - - 0.000 - .
- 10a-upset2 - . 2060 .= >108 S 95 0,000
1b-10a S 2060 >108 e 1969 L ¢ 50000 -
106 2000 - 0 >108c 0 877100 L 10001 .
R ' ‘ o T CUF 2597

59 NUREG/CR-6260
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Table 5-10. CUF results for. the charging system mnozzle forging using NUREG/CR-5999 interim

fatigue curve. -
- Load pair San N n u
Loss of letdown/mall -~ "~ ~37.28" —5209— "~ 7100 - 0.019
Cooldown/null 33.91 7337 500 0.068
Step decrease/null 31.28 9703 110 0.011
Step decrease/leak test 23.66 32214 200 0.006
Step decrease/loss of charging 10.27 2.4x106 100 0.000
- CUF 0.104

effect of the modulus of elasticity. Since pre-1982
ASME Code versions used a modulus of
-~ elasticity of 26 X 106 psi and the NUREG/
CR-5999 interim fatigue curve was based on the
28.3 x 10° psi modulus of elasticity first used in

the Winter 1982 Addenda to the 1980 edition of
the ASME Code, the S, values were multiplied
by 28.3/26. The effect of the NUREG/CR-5999

interim fatigue curve used with the adjusted Sy
values is shown in Table 5-11.

The NUREG/CR-5999 interim fatigue curve
increased the CUF by a factor of 5.39 over the

licensee’s design basis number. The CUF exceeds - -

~ the ASME Code limit of 1.0,

5. 1.4.3 Charging Syétem. Nozzle Safe
End CUF Using NUREG/CR-5999 and
Removing Conservative Assumptions. In

our review of the licensee's calculations to identi~- - --

fy conservative assumptions, it was found that
- load pairs 1 and 2 (loss of letdown/recovery from
loss of letdown, loss of charging/reactor trip) are
the major contributors to the CUF of the safe end.

The primary plus secondary stress mtensny
ranges for both of these transient pairings
exceeded the 3Sp, limit, so a simplified elastic-
plastic analysis adjustment factor, K. was applied
to the S,y value. However, it appears that the

. licensee’s calculation conservatively assumed a

high temperature value to determine the 3S,,
value used in the calculation for K,. The defini-
 tion for Sy, to be used for 3Sy, from ASME Code
(1992) Figure NB-3222-1, Note 3, is the average

~NUREG/CR-6260
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at the high and low temperatures during the tran-
sient. Using the average Sy, values for the two
-pairs of transients reduces the K, factors for the
two transient pairings from 3.072 and 2.528 to
-2.504 and 2.017, respectively. (See Section 2.2.3
for the applicable formulas). The adjusted CUF
resulting from the application of this reduction is
included in Table 5-12.

The licensee’s calculations used a finite element .
model to compute the stresses in the nozzle and

* safe end. It appears that the next most productive

area for removing conservatism is to estimate the

“number and severity of each actual transient. If the
actual number of transients extrapolated over the
currently approved 40 year license life is lower
than the number assumed for the licensee’s analy-
sis, then the CUF could be reduced. Using the
_ anticipated numbers of transients from Table 5-1,
~the CUFis shown in Table 5-13.

If the plant is operaied for 60 years, the CUF is
1.161. Table 5-14 lists further potential conser-
vative assumptions that could be removed to
reduce the CUF. Probably the most promising
reduction could be made by considering this
nozzle to be a piping component and relying on

the change to Table 3217-2 in the classification of
the linear radial thermal gradient. The stress
caused by a linear radial thermal gradient was
. classified as a secondary stress in the 1971 edition
of the Code, while it is classified as a peak stress
in the current (1992) edition. We did not have suf-
ficient information from the licensee’s analysis to
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Table 5-11. . CUF results for the chargmg syst@m nozzle safe end 1 usmg NUREG/CR 5999 interim
fatigue curve. - . o

Load;fair’"“”" T Say '_"“sa,,(adjuszed) N n . u

Loss of letdown/recovery . .. 18620 ... 2027 37 100 2,703
Loss of charging/reactor trip 14482 1576 68 100" 1471
Reactor tip/cooldown 3111 ° 339 26881 400 0015
Cooldown/purification 2034 319 38255 100 © 0003
Purification/reactor trip 23530 7 256 892249 500 0001

CUF ~ 4193

Table 5-12. CUF results for the chargmg system nozzle safe end usmg NUREG/CR- 5999 interim
- fatigue curve with conservative assumpuons removed.”

Loadpair  ~  Sax  Saadjusedd N n  u
‘Loss of letdown/recovery - 15173 .. 1652 = 60 100 1667
Loss of charging/reactor trip 115.54 1258 115 ° 100 0870
Reactor trip/cooldown - . 311 - - 339 26881 - 400 0015
" Cooldown/purification 2934 7 - 319 38255 . 1000 0.003
Purification/reactor trip 2353 ot 256 892249 500 0001

CUF . 2556 °

.7

Table 5-13 CUF results for thc chargmg system nozzle safe end using NUREG/CR-5999 mterxm
fatigue curve with’ conservative ‘assumptions removed and anticipated cycles. =

‘Loadpair - " Sg:  Sufadjusted). N n . u

Loss of letdown/rccovery 15173 1652 60 - 40 0.667
Loss of charging/reactor trlb N 11554 _ ,'12.5{8'_ , 15 ) 12 0104
.Reactortrip/cooldown. .. 3LII . . 339 - 26881 - .90 0003
Cooldown/purification *** -~ * 2934 © 319 - ‘38255 0 0000
| Purification/reactorip 2353 256 892249 48 . 0000

CUF . .0.774.

5.11 o NUREG/CR-6260
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Table 5-14. Potential for elimination of conservative assumpﬁons to reduce CUF for charging nozzle
safe end using NUREG/CR-5999 interim fatigue curve.

Assumption Potential :
(Section 4.3) foruse Used Comments
Correct CUF calculation No No Analysis appear to be correct
Detailed load pairs - No No Detailed load pairs were used
SCF/FSRF .. No No Values appear reasonable
Sm value - Yes Yes Average Sp values used
Material property No No No changes '
changes S
Fatigue curve E value No No  Proper adjustment was made
Code analysis changes Yes No  Table 3217-2 stress classification for linear radial
thermal gradient changed to peak stress
Actual cycles Yes  Yes Adjustment was made for projected cycles
High temperature rates’ Yes No Actual rates probably less than design
Detailed stress rﬁo_deling : No . No Finite element model used
Conservative thermal Yes  No Insufficient information
parameters
Time phasing of stresses No No Time phasing not expected to be particularly effective
_ . for nozzle _ .
Number of OBEs - No No OBE:s do not contribute to CUF
CC N-411 damping ~ No No .. Dynamic loads do not contribute to CUF
Number of hydrotésts ’ No No Hydrotests do not contribute to CUF
Fatigue mdnitoring Yes No  Actual transients probably less severe than design
Yes . No Elastic plasfic finite element analysis could be used

Plastic analysis

separate the stresses caused by a radial thermal -

gradient from those caused by an axial thermal
gradient. However, based on our analysis of the
charging system nozzle for the older vintage
Westinghouse plant (Section 5.5.4) for the con-
trolling transient (loss of letdown/recovery), most
of the stress is caused by the radial thermal gradi-
ent. Reclassifying the stress caused by a radial
. thermal gradient as a peak stress could reduce the
primary-plus-secondary stress intensity range
below the 3Sp, limit, reducing the K. factor to 1.
This would lower S, and no doubt reduce the
CUF below 1.0.

NUREG/CR-6260
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5.1.4.4 Charging System Nozzle Safe
End CUF Using Revised Interim Fatigue
Curves. The first two load pairs, which make the
most significant contributions to the CUF, contain
the loss-of-letdown and the loss-of-charging tran-
sients, respectively. During these two transients,
the increasing tensile portion of the stress cycles
occurs. From the licensee's stress éalchlations,
the strain rates were estimated to be 0.222 and
0.232 %l/s, respectively. Using these strain rates,
the CUF results are shown in Table 5-15. The
extrapolated CUF for 60 years is 0.753. =
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Table 5-15. CUF results for the chargmo system nozzle safe end usmg revnsed intérim fangue curves

with conservative assumptions removed and anuc.pated cycles.. .

R L T
PN :

Loadpair Sat - San(adjusted) N‘ u
Loss of letdowrx/recovexy 1_51;73 1652 92 4 -0.435 -
- Loss of chargmg/reactor mp 115.54 125.8 188 12 0.064 -
Reactor trip/cooldown 3111 339 - 26881 90 0.003
Cooldown/purification 29.34 319 38255 90 0.000
Purification/reactor trip 2353 256 892249 0 0000
- B - CUF

5.1.5 Safety Injection System Nozzle. This
nozzle consists of a low-alloy steel (SA-182,

Grade F1) forging and a Type 316 stainless steel -

- safe end. The latest fatigue analysis was per-
formed in 1993 to reflect new conditions caused
by detached thermal sleeves on two of the four
safety injection lines. The licensee’s calculations

0.502

-

check valves using charging system flow
(tests 14, 15 and 16).

Apphcauon of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
2.34 over the design basis number. The CUF

" exceeds the ASME Code limit of 1.0. -

indicate the highest CUF for the nozzle is 0.898

near the knuckle on the inside surface, and is
- 0.360 for the safe end. A finite element model
was used to determine the temperature distribu-
tions in the nozzle, but the stress and fatigue
analyses were conducted using the NB-3600

piping methods. No differentiation is made
‘between the inside and outside surfaces in piping
analyses; therefore, it was assumed that the maxi- -

mum CUF determined for the nozzle forging
applied 1o the inside surface and that the stainless
stecl cladding of the forgmg would be ncglecled
-However the stainless steel safe end i is in. dxrect
contact with the reactor coolant

5.1.5.1 Safety Injection chéle Forging

"CUF Using NUREG/CR-5999 and Licens-

ee's Design Calculation Stresses. The
- licensee’s design CUF calculations used the
- ASME Code, 1989 edition. The CUF using the 1i-
censee's stress values and the NUREG/CR-5999

interim fatigue curve is included in Table 5-16.

. The several tests referred 1o consist of tests of the
safety mjectmn tank check valve (test 12) and

_ ’vanauons of pamal tests of the isolation and

© 5413

5.1.5.2 Safety injection Nozzle Safe End
CUF Using NUREG/CR-5999 and Licens-
ee’s Design Calculation Stresses. The
licensee's design CUF calculations used the
ASME Code, 1989 edition. The S, values were
adjusted for the effect of the modulus of elasticity.

- The CUF using the licensee's stress values and the

NUREG/CR-5999 mterl_m fatxgue curve is

_ mcluded in Table 5-17

Apphcatlon of the NUREG/CR~5999 interim

fatigue curve increased the CUF by a factor of

8.93 over the desxgn basis number. The CUF

_exceeds the ASME Code limit of 1.0.

's, 1 5.3 Safety Injectlan System Nozzle

'Forging CUF Using NUREG/ CR-5999 and

Removing Conservative Assumpt:ons.
The CUF can be substantially reduced by using the

..numbers of anticipated transients from Table 5-1.

. There are 260 safety injection tests which are rep-
,'resented by transients 14, 15, and 16. The licens-
~ ee’s analysis shows 40 cycles for uans:ems 15 and
16 and 220 cycles for transnent 14, but uses

NUREG/CR-6260
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"CUF results:for the safety mjccuon nozzle forgmg usmg NUREG/CR-5999 interim

Table 5-16.
fattgue curve. o
Load pair Sane N n u
Shutdown cooling A/test 15 ___ 10157 253 _ 260 1028 _
Shutdown cooling B/test 14 79.81 432 260 0.602
Shutdown cooling A/OBE 5421 1222 240 0.196
Shutdown cooling B/test 12 49.22 1746 240 0.137
Heatup/OBE 35.14 6543 500 0.076
OBE/mull .. 3246 8469 500 0.059
OBE/flow test . 3092 10124 20 0.002
OBE/OBE 14.00 - 287660 180 - 0.001
‘ CUF 2.101

Table 5-17. CUF results for the safety mjecnon nozzle safe end using NUREG/CR-5999 interim

fatigue curve.

Load pair . Sant N . n u
Test 14/test 15 121.67 125 . 260 2.080
Shutdown cooling A/B 7208 441 500 1.134
Reactor trib/ﬂbw test 23.81 >106 20 0.000
Heatup/OBE 15.82 >108 500 .0.000
CUF 3.215

260 cycles for each of transxents 14, 15, and 16.
The anticipated number of tests is 100. The antici-
pated heatup and cooldown transients are 90,
compared to a design assumption of 500. The
licensee’s estimated cycles for transient 12 (test-
_ ing the safety injection tank check valve) is 160,
whereas the analysis used 240 cycles If the load
. pairings are adjusted to reduce the numbers of

cycles, the CUF would be as shown in Table 5-18.

If the plant is operated for 60 years, the CUF is
0.686. /

- 5.1. 5 4 Safety lnjectlon System Nozzle

Safe End CUF Using NUREG/CR-5999 dnd

Removing Conservative Assumptions.
_The, ltcensee s analysis assumed that the check
valve tests would be conducted at power (553°F),
whereas the licensee stated that they are actually
“conducted at around 340°F. Based on a review of

NUREG/CR-6260
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the licensee’ s analysis, it is estimated that the
stresses for the first load pair could be reduced as
shown in Table 5-19. For tests 14 and 15, a peak
stress of 262 psi per degree of thermal shock was
calculated. Reducing the thermal shock by 213°F
(from 553 to 340°F) for each test reduces S,y by
55.81 kst to 65.86 ksi.

If the load pairs are adjusted to reduce the num-
bers of cycles as described for the nozzle in Sec-
tion 5.1.5.3, the CUF would be as shown in
Table 5-20. If the plant is operated for 60 years,
the CUF is 0.581. ,

5.1.5.5 Safety Injection System Nozzle

Safe End CUF Using Revised Interim

Fatigue Curves. Since the CUF extrapolated to
60 years was below 1.0 and the calculations did
not contain sufficient information to determine
the strain rates, the 0.001%/s curve was used.
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. Table 5—18 CUF results for the_ safety mjectton nozzle forgtng usmg NUREG/CR-5999 mtenm
fatlgue curve and anticipated cycles.

- Loadpair ~ . - Sa ____ N .. m . u
"',,__Shutdown cooling A/test 15 . - 101.57 253 4 0158 -
* Shutdown cooling Bltest 14 - 79.81 432 - 60 . 0139
- Shutdown cooling A/OBE "+~ 5421 1222 - 50 S 0041 -
 Shudowncooling B/test12 49227 1746 leor 0092
. Heawp/OBE . 3514 6543 .. 90 . 0014
OBE/null S L 3246 8469 - - - .90 : 0011
OBE/flowtest ~ ~ 3092 10124 - 20 0.002
. OBE/OBE 1400 287660 - - 1230 .. . 0004

CCUF "+ - 0457

a. Thts pamng is conservanve in that all of the shutdown coolmg B cycles have been exhausted but there was
insufficient information in the analysis to determine a different load pairing for test 12..

Table 5-19. CUF results for the safety mjectton nozzle safe end usmg NUREGICR 5999 mterlm
fatigue curve with conservative assumptions removed.

~ Load pair o ’,:fsz’mv‘ . N  on » v
TTest 1a/test 15 . 6586 548 . 260 . . . 0475
- Shutdowncoo]mgA/B S 72,08 1441 o 5000 . o 1134
B Reactor tnp/ﬂow test - o 238} >106 - 20 77 0.000
‘Heawp/OBE -~ - _ 1582 5108 500 -. - 0000
| L e CUF " 1,609

Table 5-20. CUEF results for the safety injection nozzle safe end using NUREG/CR-5999 mtenm
fatigue curves with conservauve assumptions ) removed and anttc:pated cycles.

3

“Loadpair - 08y N T om0 Ty
Test 14htest 15 658 - - s548- - 100 0.83
Shutdown cooling A/B . - 72.08 441 9 0204
Rea_etet_' trip/flow test 2381 >106 20 . 0.000
Heatup/OBE ) 1582 U>108 9 0,000

CUF 0.387

- 515 NUREG/CR-6260
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The results are shown in Table -5-21. The extrap- -

olated CUF for 60 years is 0. 429,

--_-a short radius piping elbow to the cold leg nozzle

(upper end of elbow). The other (lower) cnd of

5 1 6 Shutdown Coollng Lme “The latest

““fatigue analyses were performed to reflect new

conditions caused by a snubber reduction
program. The highest design CUF determined by
the licensee’s analysis was 0.464 for the nozzle
and 0.894 for the piping at a 16-in. short radius
elbow on the return line, so the piping contains the
location of the highest design CUF in the system.
No differentiation is made between the inside and
outside surfaces in piping fatigue analyses.

5.1.6.1 Shutdown Cooling Line CUF
Using NUREG/CR-5999 and Licensee's
Design Calculation Stresses. The licensee’s
design CUF calculations for the piping used the
ASME Code, Section I1I, 1980 edition with Win-

ter 1980 addenda. Information from the accompa- -

nying computer run was also used. The CUF
using the NUREG/CR-5999 interim fatigue curve
is shown in Table 5-22. The shutdown cooling
transients were broken down into three classifica-
tions in the licensee's calculations which are
termed 1, 2, and 3 in Table 5-22.

The NUREG/CR-5999 interim fatigue curve

increased the CUF by a factor of 6.82 over the
design basis number. The CUF exceeds the
ASME Code limit of 1.0.

5.1.6.2 Shutdown Cooling Line CUF
Using NUREG/CR-5999 and Removing
Conservative Assumptions. The location
with the highest design CUF is at the junction of

the elbow is welded (G a Short piece of straight

_piping, which is in turn welded to another elbow.
Table NB- 3681(a) 1 of the ASME Code gives

stress indices for use with the piping equations in

-NB-3650. For curved pipe or butt welded elbows,

note 11 applies, which in turn references
NB-3683.2(a) (Abuiting Products). This para-
graphs states that unless otherwise specified, it is
not required that stress indices for abutting prod-
ucts be multiplied, except for two elbows welded
together or connected by a short piece of straight
pipe that is less than or equal to one pipe diameter
(nominal size) in length. Thus it appears that
while the lower end of the elbow should have the
stress’indices multiplied together, it is not '
required to multiply the stress indices together for
the upper end where the elbow joins the nozzle.

The alternating stresses and CUF were recom-
puted for the location of highest CUF (the upper
end of the elbow). The results are shown in

_ Table 5-23.°

The transient with the highest CUF is load
pair 2 (heatup/shutdown cooling 3). These con-
sist of 500 cycles of which 450 (90%) are shut-
down cooling 3 and 50 (10%) are shutdown
cooling 1. However, based on actual cycles to
date, the anticipated cycles for 40 years is 90.
Using 2 cycles for load pair 1, 81 for load pair 2,

7 for load pair 3, and O for Joad pair 4 results in the

CUF shown in Table 5-24. The pro;ected CUF for
60 years is 0.753.

Table 5-21. CUF results for the safety injection nozzle safe end using revised NUREG/CR-5999

interim fatigue curves with conservative assumptions removed and anticipated cycles.

_ Load pair San N . n u

Test 14/test 15 65.86 799 . 100 0.125

Shutdown cooling A/B 72.08 60 90 0.161

Reactor trip/flow test 23.81 >106 20 0.000

Heatup/OBE 15.82 >107 500 0.000
CUF

"NUREG/CR-6260
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Table 5-22. CUF results for the shmdown coolmg lme usmg NUREG/CR-5999 mtenm fatxgue curve
and licensee’s desxgn basis stresses.

‘ Load pair o e - L:.Sali:~ Tt N S G |
Heatup/shutdown cooling & OBE T17003 .56 2 0036
Shutdown cooling 1/null 14188 . - . 8 .. .2 0023
Heatup/shutdown cooling 3 13888 .91 . . 450 . 4945
Heatup/shutdown cooling 1 _ 13859 ... 92 - ... 48 0.522
ShutdowncoolingZnull ~~ 13159 - © 104 - 50 - 0.48]
Reactor trip & OBE/null 4770 3385 2 0001
Reactor trip/null = . . 4407 5450 446 0082
Leak test/reactor trip : 3968 10250 34 0003
Leak test/step in power - - -~ 3500 21815 166 0.008

CUF .. 6.100

Table 5-23. ' CUF results for the shutdown cooling lme usmg NUREG/CR-5999 interim fanoue curve . .

with conservauve assumptions removed.

" Load pair ~ Say N n Sow
Heatup/shutdown cooling & OBE AR (-7 B 164 2 0.012
Heatup/shutdown cooling3 88.63 269 450 1673
Heatwp/shudowncoolingl . . 87.69 276 48 0.174
Shutdowncooling I/mll 8756 . 277 7 2 0007
Shutdown cooling 2/null . 8331 . 312 50 0.160
‘Reactortrip- & OBE/nult -~ -~ -~ - - - -30.03--~ - - 54838 - - --.2-. -...0.000--- - -
Reactor trip/null : '28.01 100687 446 . - 0.004 .

Leak test/reactor trip ' 25.08 '>106 34 0.000
Leak test/step in power 2207 . >106 166 0.000 .

CUF. .. . _203()‘

Table 5-24 CUF results for the shutdown cooling lme using NUREG/CR-5999 interim fauoue curve
with conservative assumptions removed and anticipated cycles. .

_ Load pair ‘ Sal! N o n Cu
Heatup/shutdown cooling & OBE 108.71 164 2. 0012
Heatup/shutdown cooling3 . . 88.63 269 . 81.7 0301
Heawp/shutdown cooling 1~ 87.69 276 S7 0 0025
Shutdown cooling 1/null o 87.56 277 0 0.000
Shutdown cooling 2/null o 83.31 312 50  0.160
Reactor trip & OBE/null . 30.03 54838 2 0.000"
Reactor trip/null ~*~ e 2801 100687 4467 0.004
Leak testreactor trip -~ . 25.08 ©>108 . 34 0000
Leak tesUstep in power - 2207 >106 166 0.000

: CUF 0.502

'5-17 NUREG/CR-6260
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5.1.6.3 Shutdown Cooling Line CUF

.Using Revised Interim Fatigue Curves.
The licensee's. calculafion did-not contain suffi-

" ¢ient detail o determine the sirain rates, so the

~ worst-case (0.001%/s) curve was used. This is

probably représentative since the Tirst three Toad

pairs are various heatups and shutdown cooling
events, and the increasing tensile stress occurs
during the cooldown at 75°F/hr. The results are
shown in Table 5-25, The extrapolated CUF for
60 years is 0.731. :

5.1.7 Results and Conclusions. We
obtained the latest design basis fatigue calcula-
tions for six components on 2 newer vintage
Combustion Engineering plant. The design CUF
obtained from the licensee’s calculations for the
location with the highest calculated fatigue usage
on each component was recomputed using the
NUREG/CR-5999 interim fatigue curves. The

results are summarized in Table 5-26. The

increases in the magnitudes of the design CUFs
are as follows:

Stainless Stéel

Safety injection nozzle

safecnd. S - -893 .
‘Shutdown coolinig lin€ 6.82
smmeso - 7.50 average

Carbon/Low-alloy Steel

Reactor vessel shell/bottom

head - 2.00
Reactor vessel inlet nozzle 2.61
Reactor vessel outlet nozzle 2.21
Charging nozzle 208
Safety injection nozzle 234

| 2.25 average

Conservative assumptions were identified, and
where justifiable, the design CUFs were recom-
puted with certain conservative assumptions
removed. Additionally, the design CUFs were
further reduced based on the anticipated number

Surge me 8. 85 of cycles that the plant will be subjected to during
_ : T e s == te 40-year life-These CUFs-are-also shown in
' Chargmg nozzle safe end 5.39 ~ Table 5-26. \ R
Tablé 5-25. CUF tesults for the shutdown cooling line using revised interim fatigue curves wnh
conservative assumptions removed and anticipated cycles (0.001%/s strain rate).
Load pair - . San N n u
Heatup/shuldown cooling & OBE 108.71 147 2 0.014
Heatuplshutdown cooling 3 88.63 273 81 0.297
Heatup/shutdown cooling 1 - 87.69 283 ' 7 0.025
Shutdown cooling 1/null 87.56 28 0 0.000
Shutdown cooling 2/null 83.31 335 50 0.149
Reactor trip & OBE/null 30.03 137796 S 2 0.000
Reactor trip/null © 28.01 280829 446 - 0.002
Leak test/reactor trip 25.08 >106 34 0.000
Leak test/step in power 2207 >106 166 0.000
CUF 0.487
NUREG/CR-6260 5-18
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Table 5-26. Summary of newer vintage Combustion Engineering plant CUFs.

“Revised curves

NUREG/CR-5999 CUF (stainless steel). -
.. Basedon Conservative Basedon
SR . ~ Design . design  assumptions  expected Exlrapolaled T
Component, . Location. - -~ . Material . CUF - stresses .~ removed - cycles to 60 years 40 years . 60 years
Reactor - 'Lower head/ 'SA-533,Grade B, : 0.007- 0014 —_ — 0.021 —_ - ?~
vessel ~ ~ sheil” Class 12 T L IR
‘Inlet nozzle 'fSA 508, Class 2a 0.18'2’:" 20475 — —_ 0712 —_ —
~ Outlet nozzle "SA- -508, Class 2? | 0.377- ~0.835 — ~0472° 0708 —_ =1
Surge. lme - Elbow .- SA: :376, 'rype316b 0981 ffl'8684 3 -~ . 3476 5214 2597 3.896;
Charging ~ Nozzle - - .j:fSA-ISZ Grade Fla. 0050 0104 ~ — 0156 - —
nozzle - . i oo oo A S o
Safe end SA-182 Type 316 . 0778  4.193 2.556 0.774 1161 0502 © 0.753;
Safety Nozzle SA-182, Grade FI* . 0.898  2.101 — 0.457 0.686 — -~
injection o : o : ‘ ,
nozzle : o _ S LT o o
' Safe end SA-531,Grade . 0360 3215 1.609 | 0387 0.581 0286  0.429
- (CF8M.Type3le® . - - = = S o e
Shutdown  Elbow’ SA-376, Type 316> 0.894  6.100 2.030 0502~ 0753 0487 0731

cooling line

a. Carbon or low-alloy steel..

b. Stainless steel,

- suonenjeaq jusuodwo))
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It appears that the CUFs resulting from apply-
* ing the NUREG/CR-5999 interim fatigue curves,

can.be reduced below: 1.0 for-most components -

comparatively. easily by removing conservative
assumptions and utilizing the number of antici-
pated cycles. The charging system nozzle CUFis
slightly over 1.0 using NUREG/CR-5999, but
less than 1.0 using the revised mtcnm curve.

Reclassifying the stress caused by the radial ther-
mal gradient as a peak stress (a change from the
ASME Code edition used in the analysis to the
* present edition) could reduce the primary-plus-
secondary stress intensity range below the
3S,, limit, and no doubt reduce the NUREG/
CR-5999 CUF below 1.0. However, for the surge
line piping, our judgment is that a more detailed
(that is, ASME Code NB-3200) stress analysis or
fatigue monitoring and cycle counting would
have to be used to reduce the CUF below 1.0. As
listed in Table 5-8, there remain a number of
options available to further reduce the CUF.

5.2 Older Vintage Combustion
Engineering Plant

A comparison of the design CUFs from the
licensee’s design basis calculations and CUFs
using the NUREG/CR-5999 interim fatigue
curves was carried out for the locations of highest
design CUF for the six components listed below:
1.  Reactor vessel shell and lower head
2. Reactor vessel inlet and outlet noz'zles’
3.  Surge line
4. Charging system nozzle
5.  Safety injection system nozzle
Shutdown codling system Class 1 piping
(representative design basis fatigue calcula-

tion performed by INEL).

As of early 1994, the plant has been operated

approximately 21 of the 40 years currently

NUREG/CR-6260

approved in-its o'ﬁcrating license. Table 5-27

-~ shiows the design-basis cycles for transients that
- ‘are-important from a fatigue standpoint for the six
‘components-that were evaluated. The numbers of

transients to date(in some cases estimated by the
licensee and the INEL staff) have been extrapo-
lated to 40 years by multiplying by 40/21.

Fatigue monitoring of the surge line had been
performed on this plant and the results were in-
cluded in the licensee’s calculations. The results
were not used except to adjust the number of
anticipated stratification cycles based on the
expected number of heatups and cooldowns in
Table 5-27.

5.2.1 Reactor Vessel Shell and Lower
Head. The highest CUF on the shell and lower

- head is 0.008 for inside surface of the Jower head

at the shell-to-head transition. The SA-533
Grade B Class 1 head is protected from the
coolant by a layer of stainless steel cladding. No
fatigue analysis is performed for the cladding.

5.2.1.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.

- The licensee’s CUF calculations used the ASME

Code, Section 111, 1965 edition, with Code Cases
through June 21, 1966. No interpolation equa-
tions were available in this edition of the Code, so
the analyst used the minor grid marks on the

fatigue curve to dctermme the allowable numbers

of cycles.

The effect of the NUREG/CR-5999 interim
fatigue curve is shown in Table 5-28. As

_ previously discussed, the results shown in

5.20

Table 5-28 assume that the coolant is in contact
with the low-alloy stee] base metal undemeath the
cladding. The S,y values were adjusted for the ef-
fect of the modulus of elasticity by multiplying by
30/27, the ratio of the modulus of elasticity in the
current edition of the Code to the value common-
ly used in analyses in the 1965-1970 time period
(the actual value used in the analysis was not
reported). The 1965 Code edition did not require

- an adjustment for the effect of the modulus of

elasticity.
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’40-year license life:—

Number of selected desrgn ‘basis cycles: compared to antxcxpated number of cyc]es over .

e e e e —— — '.~~v—-'Anticipated-cycles-—.-vv~~*»:———~---
Transient Design basis cycles for 40 years '
Heatup/cooldown ’ 500 101 o
Reactor trip 400 92 ’
Hydrotest - 10 2
Power load/unload 15000 202 o
Heat exchanger isolations ‘1400 - 115 .

Table 5-28. . CUF resultsv.tb-r reactor vessel lower head usmg NUREGZCR-5999 in_terirﬁ faiigue curve.

Load pair San - Sm(adjusted) N S u
Loss of secondary pressure A/B-~ - 63.5 7056 . '580 5 70009
Hydrotest/null 201 2233 42251 - 10 0.000
Leak test/null 200 2222 424 40 0.001
Lossof flow/null 168 1867 © 97802 40 0.000
Reactor trip/null 165, 1833 106603 400  0.003
Plant unload/null. - 162 1800 . 116081 . . 20  0000.

0.013

Application of the NUREG/CR-5999 interim

- fatigue curve increased the CUF:by a factor of
1.63 over the licensee’s design basis number. If

the plant-is eperated-for-60-years, the-CUF- T a—

- 0.020 and would no( exceed the ASME Code
-hmn ofl 0~ 777

5.2.1.2 NUREG/CR-5999 CUF with Con-

"' servative Assumptions Removed. Since

~ the CUF did not exceed the ASME Code limit of
-+ '1.0 for 60 years, no further calculauons were
performed. ST T

5.2:2 ‘Reactor Vesse‘I‘ Inlet én}dho_utlet

" Nozzles. The CUFs for the inlet and outlet
- nozzles are 0.073 and 0.284, respectively. Each of

~ the SA-336 low-alloy steel nozzles is protected
- from the coolant by a layer of stainless steel clad-

ding. No fatigue analysis. is performed for the
- cladding. Each nozzle also has a SA-182 F316
-stainless steel safe end, but the CUFs for the safe

- ends are less than 0.001 and therefore {v_ér'e not

- evaluated.

. - 5.2.2,1. NUREG/CR-5999 CUF Based-on.

. Licensee’s Des:gn Calculation Stresses

~for Inlet Nozzle. The licensee's design CUF

) calculatrons used the ASME Code, Section III,

1965 edition, with Code Cases through June 21,
1966. The licensee’s analysis report showed the

.- fatigue analysis calculations only for the exterior

surface of the nozzle, since this location has a

»hrgher CUF than the interior surface Therefore.
. this exterior locatron was used to asses the effect

of the NUREG/CR-5999. faugue curves, and the
results will upper bound the CUF on the interior

. -.surface. The S, values were adjusted for the
. . .effect of the modulus of elasncxty by muluplymv

by 30727, the ratio of the modulus of elasticity in

_-ithe current edition of the Code to the value com-

monly used in analyses in the 1965-1970 time
period (the actual value used in the analysis was

- notreported). The effect of the NUREG/CR-5999
. interim fatigue curve is shown i in Table 5-29

F5<21

- NUREG/CR-6260



Component Evaluations

Table 5-29. CUF results for reactor vessel inlet nozzle using NUREG/CR—5999 interim fatigue curve,

~ Load pair Sait Sa{adjusted) =~ N n ' u
Loss of secondary 66.12 73.47 525 5 0.010
pressure/cooldown
Heatup/cooldown 35.78 39.76 4048 495 0.122
Leak test A/leak test B 33.62 37.36 5165 200 0.039
Heatup/hydrotest 2497 27.74 15279 - 10 0.001
CUF

0.172

The Table 5-29 results mdxcate that the CUF
increased by a factor of 2.36 over the licensee’s
.design basis number. The CUF does not exceed
the ASME Code limit of 1.0, If the plant is oper-
ated for 60 years, the CUF is 0.258.

5.2.2.2 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Outlet Nozzle. The licensee’s design CUF
calculations used the ASME Code, Section III,
1965 edition, with Code Cases through June 21,
1966. The location with the highest CUF was on

the inside surface of the nozzle near the nozzle-

to-shell juncture. The S,y values were adjusted
for the effect of the modulus of elasticity by mul-
tiplying by 30/27, the ratio of the modulus of elas-
ticity in the current edition of the Code to the
value commonly used in analyses in the
1965-1970 time period (the actual value used in
the analysis was not reported). The effect of the
‘"NUREG/CR-5999 interim faugue curve is shown
in 'l‘able 5-30.

The Table 5-30 results indicate that the CUF
increased by a factor of 1.95 over the licensee's
~ design basis number. The CUF does not exceed

the ASME Code limit of 1.0. If the plant is oper-

ated for 60 years, the CUF is 0. 831

5223 NUREG/CR-SQQQ CUF with Con-

- servative Assumptions Removed. Since
the CUFs for both nozzles did not exceed the

- ASME Code limit of 1.0 for 60 years, no further
calculations were performed.

5.2.3 Surge Line. The highest CUF for the
surge line piping and nozzles was 0.705 at an

NUREG/CR-6260

SA-376 Type 316 stainless steel 10-inch Schedule
160 long radius elbow. The latest fatigue analyses
were performed by the licensee to assess thermal
stratification conditions as required by NRC
Bulletin 88-11 ’

5.2.3.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.
The licensee’s design CUF calculations used the
ASME Code, Section ITI, 1983 edition, through

Winter 1985 addenda. The S,), values in the

licensee’s calculations were based on a modulus of

" elasticity of 26 X 105 psi, so the values were

adjusted by multiplying by a factor of 28.3/26, the
ratio of the moduli of elasticity for the
NUREG/CR-5999 interim fatigue curves and the
licensee’s calculations. The CUF using the

NUREG/CR-5999 interim fatigue curve is shown °
in Table 5-31. Various states of thermal stratifica--

tion were defined in the licensee’s calculations,

. but all are simply termed stratification in

5-22

Table 5-31.

The Table 5-31 results indicate that the CUF
increased by a factor of 11.45 over the licensee’s
design basis number. The CUF exceeds the\

" ASME Code limit of 1.0.

5.2.3.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. Since

“the analysis was performed relatively recently,

few of the areas in the first group of potential con-
servative assumptions that possibly could be

-removed are applicable to the surge line; The

CUF results almost entirely from the heatup/cool-
down (including thermal stratification), and load/
unload cycles. From Table 5-27, the number of

ezt
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“Table 5-30. CUF resuits for fre’éétor vessel outlet nbzz]e'psing NUREG/CR-5999 interim fatigue '
Ceurve. - T T UILITNL ST P S

e L0ad paiF——————— S Say(adjusted) -~ - N- i
‘Lossofsecondary . . . 6701 . . 7446 - 508 _ - 5 .._.0010 .
pressure/hydrotest o S ! : o ‘
Hydrotest A/hydrotest B 3461 - 3846 4610 5 0001
Heatupllossof load . . = 29.62 . 3241 8518 . 40 . 0005
Heatup/loss of flow - . 2856 3173 . 9207 40 0004
Heatuplcooldown™ "~ 2838 3153 9423 © 420 0045
_Cooldown/plantloading = 2673 2970 11737 80 0007 °
“Reactor trip/plant loading .~ - . 2325 .. 2583 - .. 21348 - 400 . 0019 -
Reactor trip/plant unloading 2141 - - 2379 31396 14520 0462
~ CUF 0.554

Tablé 5.-31.. CUF results .for surge liné elbow using NUREG]CR-5999 inferiri'.n' faugue curve. .

Load pair Sane San(adjusted) N n u
Stratification/loss of flow with- - '54.72° 7~ 5956 - -~ ° 889 2 - 0.002
reactor trip o _ ' ,

Stratification/loss of flow with 5355 - 5820 1012 1 0001
loss of load : e - :
‘Stratification/loss of flow " 5238 .0 75701 . 11570 37 <0032
without loss of load T o ' A
Stratification/loss of load - 5094 - 5545 1367 © 4 0029
Stratification/reactor trip 49.84 54.25 1560 70 - 0045
Stratification/stratification ' 4634 - 50.44 <. 2418 350  0.145
Suatification/reactortrip - . 45.19 . . 4909 . 2812 . 330 0117
Stratification/low pressure 4.77 . - 4547 - 4515 5 . 0001
Stratification/plant unloading 4124 . 4480 .. 4878 15000 . 3.075
Stratification/stratification 3398 3699 15639 - 72025 - 4.605"
Stratification/leak test A 3060 3331 29385 150 0.005"
. Swatification/hydrotest . 3001 3266 . 33086 10 0000
Stratification/leak testB - -2672 - 2008. 66544 200  0.003
Stratification/null 2634 .. ¢ 2867 72482 . . 750 - 0010
Stratification/null 7 2257 - 2457 »106. 800 . 0.000
: 8 " CUF 8070

523 . - NUREG/CR-6260
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anticipated: heatup cycles for 40 years is 101,

__whereas 500 design cycles wereused in the ~

NB-3200 methods might reduce the CUF calcu-
ated using NB-3660 piping rules. The stratifica-

licensee’s design CUF calculation (applicable to

tion temperature differences assumed in the

.. load pairs 6, 7,.and 10). . The number of. anumz__.-__anal.ysxs_may_be.consetvauve. If removing the

pated power load/unload cycles for 40 years-

is 202, whereas 15000 design cycles were used in
the licensee’s design CUF calculation (applicable
to load pair 9). The load pairs for which signifi-
cant contributions to the CUF wcre made by these
2
cycles were adjusted based on the anticipated
numbers of cycles in Table 5-27. The CUF after
40 years was estimated by using the anticipated
numbers of cycles, and is shown in Table 5-32. If
the plant is operated for 60 years the CUF is
2.018.

There are a number of other potential conserva-
tive assumptions that could be removed, as shown
in Table 5-33. For example, performing a detailed
finite element analysis using ASME Code

conservative assumptions did not reduce the CUF
below 1.0, then fatigue monitoring or plastic
analyses could be used.

5.2.3.3 CUF Based on Revised Interim
Fatigue Curves. From a review of the
licensee’s stress analysis, it appears that the strain
rates from all transients were low, so the
0.001%/s curve was used for all load pairs. The
results of applying the revised curves are shown
in Table 5-34. The extrapolated CUF for 60 years
is 0.992.

5.2.4 Charging Nozzle. The highest CUF for
the SA-351 Type 316 stainless steel nozzle is
0.266 on the inside surface at a nozzle taper
region.

Table 5-32. CUF results for surge line elbow using NUREG/CR-5999 interim fatigue curve and

anticipated cycles.
San :

Load pair San (adjusted) N on u
Stratification/loss of flow with 54.72 59. 56 889 2 0.002
reactor trip ' B
Stratification/loss of flow with 53.55 58.29 1012 1§ 0.001,
loss of load ,
Stratification/loss of flow without 52.38 57.01 1157 37 0.032
loss of load _

Stratification/loss of load 50.94 55.45 1367 40 0.029
Stratification/reactor trip 49.84 54.25 1560 70 0.045
Stratification/stratification 46.34 50.44 2418 2! 0.029
Stratification/reactor trip 45.19 49.19 2812 67 0.024 .
Stratification/low pressure - 4177 45.47 4515 5 0.001
Stratification/plant unloading 4124 44.89 4878 202 0041
Stratification/stratification 33.98 36.99 15639 17570 1123
Stratification/leak test A - 30.60 33.31 29385 150 0.005
Stratification/hydrotest 30.01 32.66 33086 2 0.000
Stratification/leak test B 26.72 29.08 66544 200 0.003

" Stratification/null 26.34 28.67 72482 750 -0.010
Stratification/null 22.57 24.57 >106 800 0.000

’ . CUF 1.345

NUREG/CR-6260 5-24
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. Table 5-33 * Potential for chmmatnon of conservative assumpuons to reduce CUF for surge line elbow
using NUREG/CR-5999 interim fatigue curve. RS - o

:‘Assumption © - Potential - ST
_.{(Section4,3) . . . foruse .. Used L Comments .

" Correct CUF calculation - -~ No * . 'No - Analysis appear to be comect

. Detailed load pairs . No. .:.No - Detailed load pairs were used
SCF/FSRF . ..~ Yes - "No _Insufficient mfomxanon '

" Sy vaiue - No . No. K¢=lforallloadpa1rs TR

. Material property changes No .. .No . Nochanges, Winter 1985 addenda wed
Fatigue curve E value ~No. . No Properadjustment was made A

' Codeanalysischanges =~ No  No. Nochanges, Winter 1985 addendaused -

~Actual cycles A Yes Yes Adjuslmem was made for projected cycles
Hightemperamrerates = Yes -~ No ~Actual cooldown rates probably less than des:gn
Detailed stress modeling . Yes ~ * No ~ NB-3600 analysisused = = " -
Conservative thermal Yes - - No Insufficient information
parameters
Time phasing of stresses -~~~ Yes . -No ' ' Highest moment and thermal stresses may not occur-

: C : : - - - simulaneously :

Number of OBEs No No “:OBE cycles not significant contributor to CUF.
CCN-4ildamping '~~~ '~ No "~ No Dynamic loads not significant contributor toCUF o
Number of hydrotests ~ No No  Hydrotests did not contribute to CUF '
Fatigue monitoring . Yes No . . Actual transients probably less severe than design
Plastic analysis Yes No  Elastic plastic finite element analysis could be used

Table 5-34 CUF results for surge line elbow using revnsed mterxm fatlgue curves thh conservanvc
assumpnons removed and anticipated cycles. - : :

Sar - _San -+ N I '

. Load pair o : ,-‘_,(adjusted) : v ) el
Stratification/loss of flow with™ *"".- 54.72 T 59.56 - 1243 : 2 . . 0002 -
reactor trip : .
Stratification/loss of flow with loss -5355 .. . 5829 1377 .. . 1.... 000l
of load
-Stratification/loss of flow without - - - 5238 .- 5701. = = 1536 . .. . 37 - 0.024
loss of load v : v -
Stratification/loss of load . . ... ...5094. -.5545. . . 1769. ... . .40 .. 0023
Stratification/reactor trip 7 4984 5425 .- 1988 70 © 0035
Stratification/stratification = - - -+ 4634 - 5044 - .- 3036 <71 0.023
Stratification/reactor trip - 45.19°7 "© 49.19 3569 67 - 0019
Stratification/low pressure 4177 4541 6369 S5 T 0001
Stratification/plant unloading 4124 © 4489 - 7095 202 - 0028
Stratification/stratification 3398 3699 35238 © 17570 - - 0.498
Stratification/leak test A~ - 3060 3331 64480 .- 150 7 0002
Stratification/hydrotest _ 3001 3266 73350 10 - 0.000
Stratification/leak test B ‘ 2672 - 2908 0183982 200 7. 0,001
Stratification/null SR 2634 . 2867 - 211477 U750 0. 0004
Stratification/null - © 2257 ¢ 24571 .29x106 . 800 - 0.000 .

CUF - 0.661
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5.2.4.1 NUREG/CR-5999 CUF Based on

'Llcensee s Deslgn Calculation Stresses,

- 5.2.4.2 NUREG/CR-5999 CUF with Con-

- “servative Assumptions Removed. The

ASME Code, Section 111, 1965 edmon. through
Winter 1967 addenda. The S,y values in the

licensee’s calculations.were based.on. a-modulus - . _..

of elasticity of 26 X 106 psi, so the values were
adjusted by multiplying by a factor of 28.3/26, the
ratio of the moduli of elasticity for the
NUREG/CR-5999 interim fatigue curves and the
licensee’s calculations. The CUF using the
NUREG/CR-5999 interim fatigue curves is
shown in Table 5-35. Application of the
NUREG/CR-5999
increased the CUF.by a factor of 14.73 over the
licensee’s design basis number.

interim fatigue curve

actual numbers of anucnpated heat exchanger
- isolation (applicable to load pair 3), plant load/.
unload (applicable to load pair 6), and reactor trip
(applicable to load pair'S) transients in Table 5-27
are less than the corresponding numbers in the
* licensee’s design basis calculations. When the
anticipated numbers of cycles are used, the CUF
is below 1.0, as shown in Table 5-36. If the plant
is operated for 60 years, the CUF is 0.999. The
'CUF still contains a conservative number of plant
unload B cycles, but since the CUF was below 1.0
for 60 years, no further efforts to reduce the CUF
were undertaken.

Table 5-35. CUF results for charging nozzle using NUREG/CR-5999 interim fatigue curve.

Load pair San San(adjusted) N n u
Loss of secondary pressure/loss "115.70 125.93 115 5 0.043
of letdown B
Loss of letdown A/ 78.96 85.94 . 289 95 0.329
loss of letdown B : ‘
Heat exchanger lsolauon/plam 58.48 63.65 596 1400 2.349
unload B o oL . '
Loss of load/plant unload B 5427 59.07 1934 40 -0.043
Reactor trip/plant unload B 4105 5121 207 440 0.199
Plant unload A/plant unload B 34.72 . 31.79 © 13749 131200 0.954
Purification A/purification B 20.23 22,02 42x107 43500 0.001 -

CUF 3918

Table 5-36. CUF results for charging nozzle using NUREG/CR-5999 interim fatigue curve and

anticipated cycles.

Load pair San

San(adjusted)

N

n u

Loss of secondary 115.70 125.93 115 5 0.043
pressure/loss of letdown B - : _
Loss of letdown A/ 78.96 85.94 289 95 0.329 .
loss of letdown B

_ Heat exchanger isolation/plant 58.48 63.65 596 115 0.193
unload B :
Loss of load/plant unload B 54.27 59.07 934 40 0.043-
Reactor trip/plant unload B 47.05 51.21 2207 92 0.042
Plant unload A/plant unload B 34.72 37.79 13749 202 0.015 -
Purification A/purification B 20.23 22.02 42x107 43500 0.001

h ' CUF 10.666

NUREG/CR-6260
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5.2.4.3 CUF Based on Revised Intenm
Fatigue ( Curves Since- the CUF extrapolated fo-

Component Evaluations

5.2.5.2 NUREG/CR-5999 CUF with Con-
' servative Assumptions Removed: Mast of

Using these strain rates, the CUF results are’
shown-in Table 5-37. The- extrapolated CUF-for~
60 years is 0.843. .

5.2.5 'Safety Injection Nozzle. The highest
CUF for the SA-351 Type 316 stainless steel
-safety injection nozzle is 0.088 on the inside
surface at a nozzle taper location.

5.2.5.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.”

_The licensee’s design CUF calculatlons used the
ASME Code, Section III, 1965. edmon through
Winter 1967 addenda. The Sah values in the
licensee’s calculations were based ona modulus

of elasticity of 26 x 10° psi, s0 the values were B

adjusted by multiplying by a factor of 28.3/26, the
ratio of the moduli of elasticity for the -

NUREG/CR-5999 interim fatigue curves and the

licensee’s calculations. The CUF usmg the

NUREG/CR-5999 interim fatngue curve is shown h

in Table 5-38.

fatigue curve increased the CUF by a factor of
- 15.00 over the design basis number. The CUF
excceds the ASME Code limit of 1.0. :

the CUF is contribuied by the cooldown transient

not contain lggfﬁexent_lnfon_na_tton to.qete_qn_xn_e_! ,(applxcab]e to load pair 1). If 101 cycles are used

the strain rates, the 0.001%/s curve was used.

for this transient instead of 500 (see Table 5-27),

the CUF is lowered bé'l'b‘W_l—U'ii'i'—ﬁT)Wﬁ'in""

- ‘Table 5-39. If the plant is operated*forﬁﬁyears*
the CUF is 0.621.

5. 2 5. 3 CUF Based an Rewsed Interlm
Fatigue Curves. Since the CUF extrapolated to

.. 60 years was below 1.0 and the calculations did

not contain sufficient mformatton to determine
the strain rates, the 0.001%/s curve was used. The

"results are shown in Table 5-40. The extrapolated

CUF for 60 years is 0.476.

..5.2.6 Shutdown Cooling System Class 1
Piping. No CUF analyses have been performed
by the licensee for the shutdown cooling system.
Consequently, system drawings were supplied by

the licensee and a representative fatigue analysis
was performed by the INEL staff. .

5.2.6.1 Shutdown Cooling System
..Class 1 Piping CUF Based on NUREG/
CR-5999 Interim Fatigue Curve. Before a

. fatigue analysis could be conducted, a set of

: oo ' _. fepresentative transients’ for the plant had to be
. Application of the NUREG/CR-5999 interim

defined. The postu]ated set of trans:ents used in
the analysis was based on the plant operation and
~numbers of cycles defined by the licensee for
other components, and the deﬁnttlon of transrents

Table 5-37. CUF results for the charging system nozzle safe end using revised mtenm faugue curves
. with conservative assumptions’ ‘removed and anticipated cycles.

- San(adjusted) - N ... n .. u.

- Load pair-- - - . - Sap -
Loss of secondary pressure/]oss 115.70 125.93 97 5 0.052
~ ofletdownB - ... PR T S
- Heat exchanger rsolatxon/plant :‘-7_8'.96 - 8594, . . 302 .95 - 0315
unload B o . P
" Heat exchanger lsolatlon/plant . 58.48 63.65 923 115 0.125
unload B~ o ST S
 Loss of load/plant unioad B~ 5427 5907 - 1292 40 - 0031
Reactor trip/plant unload B~ 47.05 - 5121 2766 - 927 0.033
Plant unload A/plant un]oadB © 3472 3779 31618 - 2027 - 0.006

_CUF = 0562
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Table 5-38, CUF results for: ‘safely mjecnon nozzle using NUREG/CR-5999 interim fatxgue curve,

e
“alt

--+-Load- paxr--‘— —-

R -Sanfadjusted)——N —n- u
Cooldown A/mull ... . @ ... 66.30___~. 7217 40 ___.500 1.136
Cooldown B/leak test 50.01 54.53 1512 200 0.132
Cooldown B/hydrotest 48.08 5233 1938 10 0.005
Cooldown B/heatup 39.72. 43.23 6120 290 0.047
Cooldown C/heatup 19.88 21.64 >106 210 0.000
Cooldown C/steady state 1877 20.43 >106 290 0.000

' CUF 1.320

j Table 5-39. CUF results for safety anCCllOll nozzle using NUREG/CR-5999 mtenm fatigue curve and
anticipated cycles.

Load pair  Say San(adjusted) ‘N n u

. Cooldown A/null 66.30 72.17 - 440 101 0.230
Cooldown B/leak test - 50.01 54'53 1512 200 0.132
Cooldown B/hydrotest - 48.08 5233 1938 10 0.005
Cooldown B/heatup 39.72 43.23 6120 290 0.047
Cooldown C/heatup .19.88 21.64 >106 210 0.000
"Cooldown C/steady state - 18.77 20.43 ' >106 - 290 0.000
o ‘ - S CUF 0.414

Table 5-40. CUF results for the safety injection nozzle safe end using revised interim fatigue curves
wuh conservative assumptxons removed and anticipated cycles.

N n u

" Load pair Sait Sak(adjusted) G
Cooldown A/null  66.30 72.17 557 101 0.181
Cooldown Bfleak test 50.01 54.53 1933 200 0.103
Cooldown B/hydrotest 48.08 52.33 2433 10 -0.004
Cooldown B/heatup 39.72 43.23 10036 290 0.029 .
‘ CUF 0317

piping and the return line to the reactor coolant
system. The highest CUF (0.014) was found to be
“on the return line, as shown in Figure 5-1. The
CUF using the NUREG/CR-5999 interim fatigue

and numbers of cycles for the shutdown cooling
system of the newer vintage Combustion
Enomeenng plant in Section 5.1.

The portions of the shutdown cooling system

that would be classified as Class 1 systems in
newer vintage plants were analyzed for fatigue.

CUF calculations were performed using the:

“current (1992) edition of the ASME Code for
both the letdown line of the shutdown cooling

NUREG/CR-6260
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curves is shown in Table 5-41. Application of the
NUREG/CR-5999 interim fatigue curve
increased the CUF by a factor of 9.93 over the
design basis number. If the plant is operated for
60 years, the CUF is 0.209.



"Containment-

Penetration ~————

Flgure 5-1

5.2, 6 2 NUREG/CR-5999 CUF WIth Con-
servative Assumptions Removed. Since
the CUF did not exceed 1.0 for 60 years no
further calculauons were performed

5.2.6.3 High Stresses in COnnectmg ,

“Piping. In performing fatigue calculations for the
" shutdown ‘cooling 'system, we calculated CUFs
“only for locations on the shutdown cooling line

itself; however, we modeled connecting piping in

order to assure that branch line effects were prop-
erly ‘considered. The computer code included
stress calculations for these connecting lines, as
well as the shutdown cooling line. At a 3-in.
weldolet joining a 3-in. line to a 12-in. line, the
" Class 1 stress limit (ASME Code NB-3600

5-29
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Isolation
~Valve

Highest CUF

atthistee ..

RCS Cold Leg

Shutdown coolmg system model isometric view. 7

Equatlon 12) was shghtly exceeded (by about
___7%). although the ASME Code C]ass 2 allowable
value (ASME Code NC—3600 Equauon 11) was
not exceeded (the calculated stress was about 6%
below its limit). The difference in the two
calculations was that although the Class 1 allow-
able value is 1.5 times the Class 2 allowable value,
the stress indices for the Class 1 analysis are great-
er than 1.5. Since these connecting lines were not
included in the scope of work for this task, addi-
tional efforts to reduce analysis conservatisms (for
example, an NB-3200 analysis) were not pursued.
Changing one pipe support would probably reduce
the high thermal expansion stresses below their
Class 1 limit.

- NUREG/CR-6260
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~ .Table 5-41.

_CUF results for.the shutdown cooling.system-piping using NUREG/CR-5999 interim
fatigue curve. WL LT T L CInIUioine oTaivaat i :
7 7" Load pair - San "N 'n u
Shutdown cooling A/reactor trip 47.60 3428 50 0.015
& OBE
Step increase/emergency 43.48 5911 70 0.012
injection : :
Shutdown cooling A/leak test 43.10 6232 200 0.032
Step increase/shutdown cooling A 42.78 6517 250 0.038
Shutdown cooling B/reactor trip 35.26. 20865 400 0.003
Step increase/shutdown cooling B 35.26 20865 100 0.005
Step increase/leak test 34.82 22503 200 0.009
Step increase/null _ - 34.82 22503 500 0.022
Step increase/cooldown 25.38 150950 500 0.003
CUF 0.139

5.2.6.4 CUF Based on Revised Interim
Fatigue Curves. Since the CUF extrapolated to
60 years was below 1.0, the 0.001%/s curve was
used. The results are shown in Table 5-42. The
extrapolated CUF for 60 years is 0.126.

5.2.7 Resuits and Conclusions. We
obtained the latest design basis fatigue calcula-
tions for five components on an older. vintage

Combustion Engineering plant, and calculated a

representative design basis CUF for the sixth com-
ponent. The CUF obtained from the design basis
calculations for the location with the highest cal-
culated fatigue usage on each component was re-
computed using the NUREG/CR-5999 interim
‘fatig'u_c_ curves. The results are summarized in
Table 5-43. The increases in the magnitudes of the
design CUFs are as follows:

Stainless Steel
Surge line 11.45
Charging nozzle 14.73
Safety injection nozzle . - 15.00
Shutdown cooling piping 9.93
-12.78 average

' NUREG/CR-6260

Carbon/Low-alloy Steel .

Reactor vessel shell/

lower head 1.63
Reactor vessel inlet nozzle 2.36
Reactor vessel outlet nozzle 1.95

1.98 average

.Conservative assumptions were identified, and

"7 T'where justifiable, the design CUFs were recom-

. ... puted with conservative assumptions removed.

The 40-year CUFs were multiplied by 1.5 to de-
termine a 60-year CUF, as shown in Table 5-43.

Using the NUREG/CR-5999 interim fatigue
curves, the CUF remained below 1.0 for all com-
ponents except the surge line, for which an
NB-3600 piping analysis was used. Our judgment
is that with more detailed analyses (that is, ASME
Code NB-3200) or fatigue monitoring and cycle
counting, the CUF could be reduced below 1.0 for
the surge line. As listed in Table 5-33, a number
of possibilities remain available to further reduce

* the CUF of the surge line. Using the revised inter-
im fatigue curves, the CUF for 60 years was less
than 1.0. :
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e . e e - Tiee g

" Load paxr "'Sah N ':n: N u A
Shutdown cooling A/reactor tnp 47.60 4478 50 o.01-
& OBE } S
Step increase/emergency 43.48 9487 70 -0.007- .
injection : ;
Shutdown cooling Afleak test 43.10 10342 200 0.019
Step increase/shutdown cooling A 42.78 11155 = 250 0.022
Shutdown cooling B/reactor trip 35.26 45784 400 0.009
Step increase/shutdown cooling B 35.26 45784 100 :0.002 ‘
Step increase/leak test 34.82 49212 200 - 0.004 .
Step increase/null 34.82 49212 500 . 0,010 -
Step increase/cooldown 25.38 - >106 500 10.000 -

s CUF. 0.084 |

5.3 B&W Plant

A comparison of the design CUFs from the
licensee’s design basis calculations and CUFs

‘using the NUREG/CR-5999 interim fatigue -
curves was carried out for the locations of highest -

design CUF for the six components listed below:
1. Reactor vessel shell a_nd lower head
2. Reactor vessel inlet and outlet nozzles

3.  Surgeline

4. Makeup/high pressurc injection (HPI) - -

nozzle

5. Reactor vessel core flood nozzle (decay heat

removal system retum)

6. Decay heat removal system Class 1 piping .
(a Class 1 fatigue analysis for the plant eva-
lnated was never performed, so an analysis -
from another B&W 177 fuel assembly plant

was used).

As of early 1994, the -‘pla‘nlt has be'_en operated -
approximately 23 of the 40 years currently
approved in its operating license. Table 5-44 -

shows the design basis cycles for transients that

are important from a fatigue standpoint for the six -
components that were evaluated. The numbers of

P
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transients to date have been extrapolated to
40 years by multiplying by 40/23

Fatigue monitoring of the surge line had been
performed on this plant and the results were
included in the licensee’s calculations. The results
were not used except to adjust the number of
anticipated stratification cycles based on the
expected number of healups and cooldowns in
Table 5-44. - - '

-, The licensee and B&W have redeﬁned the

plant transients as part of their Allowable Operat-
ing Transient Cycles (AOTC) program. In this
program, the heatup cycles have been divided
into 35°F/h (30 cycles), 0°F/h (310 cycles) and

'100°F/h (20 cycles) transients. The cooldown

cycles have been divided into 60°F/h (170 cycles)
and 100°F/h (190 cycles) transients. The reactor

‘trip has been divided into four types of trips and

increased from 400 to 412 The number of rapid
depressurlzauon cycles has been reduced from 80

to 40. One purpose of this redefinition was to
Zincrease the number of allowable heatup/cool-

down cycles. The heatup and cooldown cycles

.have been increased from 240 to 360 total cycles,
"but the numbers at 100°F/h have been reduced
“from 240 to 20. However, the numbers of cycles
- for several of the components [the reactor vessel
-(lower head, inlet and outlet nozzles, and core

flood nozzle) and the makeup/HPI nozzle] were

. NUREG/CR-6260
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Table 5-43; Summary_of older vintage Combustion l%;ngineering plant CUFs.

!

- ' ' . Revised curves
NUREG/CR-5999 CUF | (staipless steel)
; Basedon Conservative  Based on i o
. , _ . |"  Design  design  assumptions expected Extrapolated s
Component - Location Material ! -CUF ~ stresses removed ~ . cycles o 60 years . 40 yeals - 60 years
Reactor vessel Atlowerhead SA-533,Grade B  0.008  0.013 - — - 0.020 e
-~ toshell juncture Class 12 ; _ ' S
Inletnozzle  SA-3362 L0073 02 — — 0258 1 — it —
Outlet nozzle  SA-3363 . ' 0284 0554 — —_ - 0.831 ' — =
Surge line Elbow SA-376, Type 316" 0705  8.070 - 1.345 2018 L0661 0.992
Charging nozzle Nozzle  SA-351, Type 316"b 0266 3918 —  0.666 0.999 L 0562  © 0.843
Safety injection  Nozzle SA-351, Type 316° 0083  1.320 — 0.414 0.621 | 0317 0476
nozzle . : . » ‘ ! h
Shutdown cooling Inlet transition ~ SA-376, Type 316®  0.014c 0.139 — — 0.209 ; 0.084 - 0.126
line ' - - |

' ' : |
a. Carbon or low-alloy steel. _ ' ' L ' o i
b. Stainless steel. . ! '
c. Estimated by INEL. CUF calculation not required by licensing basis.

suonenjeag jusuoduwo)
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Table 5-44 Number of sclected desxgn basns cycles comparcd to antucxpated number of cyclcs over

40-year license life.

" Design basis cycles: B

: o ; . Anticipated cycles .
Transient - original (AQTC) - for 40 years
Heatup ~ 240 (360) 182
--Cooldown. . 240(360) _ - 155
~‘Reactor trip . 400(412) o 214
" Rapid depressurization .. 80(40) . - R -0
* Step load reduction . 160 (310) -. o - 47
High pressure injection (HPI) 000 - N X
manual actuation SN S .
| |40 (40) R |

“"HPI test

analyzed for the original 240 cycles, and no

‘'updated analyses based on.the AOTC revision

were provnded by the licensee. The surge line was
" analyzed using the AOTC transients, but since no
" details were provided of the surge line analysis,

the only use we could make of the AOTC num-
_bers was 10 ratio the numbers of the anticipated

transxems to the desngn basis transients. Since the
~ decay heat removal systcm was from another
" B&W plant that does not incorporate AOTC tran-
" sients, and sincé the CUF calculated usmg the

NUREG/CR-5999 initerim Tatigue curve was1éss ™~ -

than 1.0 when extrapolated 10 60 years, the
' 'AOTC numbers of cycles were not consxdered

" 5.3.4 Reactor Vessel Shell and Lower

" Head. The highest CUFs on the shell and head -

* are 0.360 for the support skirt, 0.120 for the lower
* lower head near the support skirt juncture, 0.158
for the instrumentation nozzles, and 0.564¢ for
the weld where the instrumentation penetrations
are joined to the lower head. Since the support
skirt location is on the outer wall, it is not in con-
tact with the primary coolant and thus is not sub-
_ ject to full environmental fatigue effects. The
effect of the NUREG/CR-5999 interim fatigue
curves is calculated for the low-alloy steel head

d. ’I‘hns value was calculated inthe hcensee S desxgn

analysis using the design fatigue corve for Jow-alloy

-+ steel instead of Alloy 600. Using the Alloy 600 curve
. results in'a CUF of 0.097. -

‘and for the partial penetration ' weld joining the
-Alloy ' 600 instrumentation nozzles to the head.
“The SA-302 Grade B head is protected from the
‘coolant by a layer of stainless steel cladding. No

fatigue analysis was performed for the cladding.
" The Alloy -600 weld is in du'ect contact with the
coolam p :

5 3.1.1 NUHEG/CR-5999 CUF Based on
'Licensee’s Design Calculation Stresses
__for Reactor Vessel Lower Head. The effect

of the NUREG/CR-5999 interim fatigue curve is

--shown-in-Table-5-45--Aspreviously-discussed,
,.the results shown in Table 5-45 assume that the
_ coolant is in contact with the low-alloy steel base
metal undemeath the cladding. The licensee’s
CUF calculatlons used the ASME Code, Sec-
tion 111, 1965 edmon, through Summer 1967
. Addenda. The Sah value shown'in Table 5-45 was

~ ad djusted for the effect of the modulus of elasticity

~ in the licensee's ‘design calculations. The value of

.the modulus of elasucuy in the current (1992)
ASME Code fauoue curve for carbon/low-alloy
*steel has not changed The calculauons lumped

"“all load sets that were consxdered to affect the :

lower head into a smole Joad pair.

Application of the NUREG/CR-5999 interim

. fatigue curve increased the CUF by a factor of

1533

-1.86 over the design basis number. If the plant is

operated for 60 years, the CUF is 0.335 and
would not exceed the ASME Code limit of 1.0.

NUREG/CR-6260
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Table 5-45. 'CUFresults for reactor vessel lower head using NUREG/CR-5999 interim fatigue curve.

"‘N D - n"“;:'j’ T

uoad‘pau , 'Salt _._\..‘_ g“ SR
All 35.30 6449 1440 0.223
e ——— - - - —— — ——— _-GUF_. e e e e

5.3.1.2 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Instrumentation Penetration Weld. The

0:223 -

5.3.1.3 NUREG/CR-5999 CUF with Con-

' 'servative Assumptions Removed for®

effect of the NUREG/CR-5999 interim fatigue

curve is shown in Table 5-46, NUREG/CR-5999

. PP
does not include an interim fatigue curve for .

Alloy 600, so the stainless steel curve was used.
The licensee’s CUF calculations used the ASME
Code, Section IT1, 1965 edition, through Summer
1967 Addenda. B&W informed us that the weld
material is Alloy 600. Therefore the licensee’s
analysis used the incorrect fatigue curve from the
ASME Code (the carbon /low-alloy steel curve
was used instead of the stainless steelV/Alloy 600
curve). We used the curve for Alloy 600 and cal-
culated the CUF as 0.097 (instead of 0.564).
Insufficient detail was provided in the stress anal-
ysis to determine whether the licensee’s analysis
also incorrectly used low-alloy steel instead of
Alloy 600 material propertres for the weld to
compute the stresses.

The Sal values shown in the first column of

Table 5- 46 were not ad_)usted for the effect of the

" modulus of elasticity in the licensee’s design cal-
culations. This adjustmem was not requrred in the
1965 edition of the ASME Codc. The average
value of the modulus of elastrcrty that was used in

v the design calculation was 29.26 x 106 psi.

' Smce NUREG/CR—5999 uses a modulus of elas-

 ticity 0f 28.3 X 105 psi, the S,y, values were mul-

} trphed by 28.3/29.26, and these adjusted Sant

“values (shown. in the second column of

' Table 5-46) were used to calculate the CUF.

N

App]rcanon of the NUREG/CR-5999 interim
' fatigue curve increased the CUF by a factor of
~ 15.11 over the (corrected, that is, 0.097) design
basis number. The CUF. exceeds the ASME Code
limit of 1.0.

- NUREG/CR-6260

Reactor Vessel Lower Head. Since the CUF
did not exceed the ASME Code limit of 1.0 for 60
years, no further calculations were performed.

5.3.1.4 NUREG/CR-5999 CUF with Con-

‘servative Assumptions Removed for
. Instrumentation Penetration Weld. The

CUF was calculated conservatively in that the hea-
tup and cooldown (240 cycles), reactor trip from
full power (400 cycles), and rapid depressunza-
tion (80 cycles) transients have been lumpcd
together into the first load pairing. A review of the
calculations showed that a maximum cooldown
rate of 300°F/h for the rapid depressurization tran-

sient was used to envelope all three transients. The
only, other transient for which there were analysrs
results was for the end of the cooldown, where the
cooldown rate was 35°F/h. Howevcr, the allow-
able number of cycles for this low cooldown rate
was 594, which are not very much greater than the
491 cycles calculated for the 300°F/h cooldown
rate. Therefore, there does not appear to be a great

__ deal of benefit to be gained by separating the first

5-34

load pair. We do know that the AOTC program has
broken the heatup/cooldown transient into sepa-
rate rates, and the reactor trips have been broken
into four types. However, we were not provrded
with stress/fatigue analyses that could be used to
reduce the conservative assumpuons in the design
basis analyses

A fa.tigue strength reduction factor (FSRF) of 4
was applied to the partial penetration weld in

-accordance with ASME Code NB-3352.4(d)(5).

The Code does not differentiate between the
crown and the root of the weld. The obvious loca-
tion of the stress concentration is at the root of the
weld, but there was no reason for the Code to
consider the crown or root since environmental
effects were not recognized. However, if
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Table 5-46. CUF resuli.S_-fér_;iﬁé_frﬁfhgmgtidhjzene_tfaﬁjonj ;W_éld gsixg;ﬁQREGICR-5999 interim fatigue .

curve. -0 - cmmioenrooimo b Dm0 3
o rLoaciwpair :San Sai(adjusted) N .n
Heatup/cooldown/reactor tnp/rapld . 71_.30 - ~~—gﬁ.9—6—“ _ 491 - 720 - 1.466
depressurization : : ‘ SR o
Step load reduction/turbine trip 23.48 2299 >106 390 0.000
- 1466

environmental effects are considered, the weld
crown (which would have less stress concentra-
tion) is in contact with the primary coolant,

whereas the weld root is the location of the full - - -
stress concentration, but is not in contact with the *

primary coolant. Thus, this is a potential conser-

CUF

' rcactor vessels in Westmghouse and Combusuon‘

vatism; however, according to current Code rules,
the FSRF is appropriate for the weld. On the other .-~ -

hand, the weld root does experience the environ-
mental effect of temperature. - o

The licensee provided us with the numbers of -
cycles for selected transients. These are shown in .

Table 5-44. Using 155 cycles for heatup/cooll

down, 214 cycles for reactor trip, and 0 cycles. of ‘: -
rapid depressunzanon. arevised CUF is shown in

Engmeenng plants B&W stated that they are cur-
rently performing fatigue analyses of the inlet

-nozzles for their 177 fuel assembly plants. The
'SA-508 Class 2 nozzle is protected from the cool-

ant by a layer of stainless steel cladding. No fa-
tigue analysis was performed for the cladding:

- 5.3.2.1 NUREG/CR-5999 CUF Based on

- .Licensee's Design Calculation Stresses.

The licensee's design calculations showed that

' the highest CUF for the reactor vessel outlet
_nozzle is 0.143 The stress calculations were per-
. formed using an interaction analysis that did not
- dlstmgulsh between the inside and outside sur—

" faces of the nozzle. The lxcensee s design CUF

Table 5-47. The revised CUF is less than the

ASME Code limit of 1.0. If the plant is operated

for 60 years, the extrapolated CUF is 1.113. A~

summary of the potential to eliminate conserva-

calculations used the ASME Code, Section II1,

1965 edition, th;_o_ugh Summer 1967 addenda. _

tive assumptions to reduce the CUF is shown in =~

" Table 5-48.

5.3.1.5 NUREG/CR-5999 CUF Based on

- Revised Interim Curves for Instru-

mentation Penetration Weld. Since the CUF
extrapolated to 60 years was below 1.0 (using the .

revised interim fatigue curves), the 0.001%/s
curve was used. The results are shown in

Table 5-49. The extrapolated CUF for 60 years o

is 0.819.

Nozzles. No analysis was performed for the inlet
nozzle since in the judgment of the licensee’s ana-
lyst, the CUF would be less than the outlet nozzle.
‘This has been true for the other inlet and outlet
nozzle calculations that we have reviewed for

Upon examination of the licensee’s fatigue
analysis, it was apparent that an inappropriate fa-
tigue curve had been used. The calculations were
performed vsing the carbon/low-alloy steel curve

" .- for materials with an ultimate tensile strength of
.- 115-130 ksi (which first appears in the 1971 edi-
--tion of the Code), rather than the curve in the

:- 1965 edition (which is appropriate for SA-508

Class 2 material). If the current ASME Code is
used, and the modulus of elasticity is adjusted by

“multiplying by 30/27.5 (the adjustment made for
', *! the reactor vessel lower head in Section 5.3.1.1),

_ D .. 7" the CUF is 1.418. The 1965 edition of the ASME
.5.3.2 Reactor Vessel inlet and Outlet '

Code dxd not require an adjustment for the modu-
lus of elasticity. With no such adjustment the CUF
would be 1.021 .using -the current ASME Code

- ‘equations. No equations for allowable cycles as a
- function of Say were included in the 1965 edition

. 535

of the ASME Code. Rather, minor grid marks

- NUREG/CR-6260
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Table $-47. . CUF results for instrumentation penetrauon weld usmg NUREG/CR-5999 mtenm fangue
~curve and anticipated cycles.

. Load pair- S Sant -.Sah(adjusted) . N n u
Heatup/coﬁldﬁwnlreactor . 7TI30 T 6863 497 3690742
trip/rapid depressurization. _ - ‘

Step load reduction/turbine trip 2348 2260 >106 ¢ 390 .. .0.000

e e i ~CUF -~ ---0.742

Table 5-48. Potential for elimination of conservative assunipfidns to reduce CUF for instrumentation
penetration weld using NUREG/CR-5999 interim fatigue curve.

\ Assumpuon ' ~Potential - o - : o
(Section 4.3)  foruse - Used - Comments

Cormrect CUF . _ Yes . Yes  Analyst used wrong fatigue curve

calculation , , o _

Detailed load pairs . .Yes - - No Insufficient detail

SCF/FSRF Yes  No ASME Code requires FSRF =4

Sm value .- "No No K.=1 :

Material property Yes No Shght changes in E, a; insufficient detail

changes : .

"Fatigue curve E value “Yes  ~ Yes AdJustmem was made for modulus of elasticity |

Code analysis changes  No No No changes . :
Actualcycles ~  Yes = Yes Adjustment was made for projected cycles

High temperaturerates  Yes =~ No  Actual heatup/cooldown rates are less than design
~Detailed stress .., ... .. . lY:s _...No ..-Mf.Demiled‘ﬁnite element model of weld-notused .. . .

modeling o _ ‘ ‘ _

Conservative thermal Yes No  Steep cooldown rate assumed . -

parameters ) P , S

Time phasingof . Nq - No  Time phasing not ex_pecied to reduce vessel CUF

stresses o .

Number of OBEs _ No’ No . OBE did not contribute to CUF.

CC N-411 damping -~ - No  No Dynamic loads did not contribute to CUF

Number of hydrotests - - . - No No  Hydrotests did not contribute to CUF ‘

Fatigue monitoring Yes No  Actual transients may be less severe than design
- Plastic analysis ‘ Yes  No Elastic-plastic finite element analysis could be used

Table 5-49. CUF results for instrumentation penetration weld using revised interim fatigue curves
with conservative assumptions removed and anticipated cycles.

o Load pair . San San(adjusted) N n v
" Heatup/cooldown/reactor - - 71.30 -68.63 676 369 0.546 -
' trip/rapid depressurization- : . o
' B CUF = 0546

NUREG/CR-6260 - 5-36 ' : \



were placed on the log-log graph, and the analyst

had to visually determine the allowable cycles. --
The CUF is about 0.9 using the mingr-grid marks”

- Component Evaluations

stresses caused by thermal loads in the nozzle as

-well as the piping loads, but there was insufficient
- detail in the analyses to determine if this was the

on the ASTVIE Code 1965 edmon faugue curve.

~The Sak values were not ad_)usted for the effect
of the modulus of elasticity in the design calcula-
. tions, so the same adjustment that was made for
the reactor vessel lower head in Section 5.3.1.1
was used, that is, the S,y values were multiplied

by 30/27.5. The effect of the NUREG/CR-5999 .

interim fatigue curves is shown in Table 5-50.

" The Table 5-50 results indicate that the CUF
increased by a factor of 2.39 over the (corrected)
design basis number of 0.900. The CUF exceeds
the ASME Code limit of 1.0. T

- 6,322 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. The
CUF is conservative in that a stress concentration
-factor (SCF) of 1.89 was imposed on the stresses
caused by the piping loads at each location. This
SCF is applicable to the radius on the exterior of
the nozzle, but at the interior surface, where the
metal is in contact with the coolant, .there is no
reentrant corner that would cause a stress con-
centration, The SCF may have been apphed to the

case. However, removing the SCF from the

... Stresses caused by the piping loads reduces the

CUF below 1.0, so no further removal of conser-
vative assumptions was undertaken. Furthermore,
most of the CUF results from the 48,000 cycles of
plant loading/unloading. Although the licensee
did not provide the number of these cycles to
date, based on the comparable numbers from the
other plants we reviewed in this study, the cycles
for this transient are probably no more than sever-
al hundred, since it is a base-loaded plant.

. The revised CUF is shown in Table 5-51 and is
less than the ASME Code limit of 1.0. If the plant
is operated for 60 years, | the extrapolated CUF is
0. 704 o

5.3.3 Surge Line. The hxghest CUFs for the
surge line pxpmg and nozzles are 0.592 for the

'SA-508 Class 1 carbon steel hot leg nozzle and

0.490 for one of the SA-403 Type 304 stainless
steel piping elbows “The latest faugue analyses
were performed by B&W to assess thermal
straufxcatxon condmons as requxred by NRC

'Bulletm 88-11 » .
_ Table 5-50. CUF results for reactor vessel outlet nozzle usmg NUREG/CR-5999 interim faugue

curve.
 Loadpair ¢ Sy samadjﬁs_ted)' N nt u
Heatup/cooldown : . 413 ... 45.05 . 2483 240 . . 0.097
Step load/reactor trip 26.8 2924 - 12429 480 - ©0.039
- Plant loadmglunloadmg 223 2433 - 28260 - 48000 1.699
All other ‘ - - 21.8 23.78 - 31458 9850 - ‘0313
R T CUF 2.148
_ Table 5-51. CUF results for reactor vessel outlet nozzle using N UREG/CR-5999 interim fatl gue curve
_with conservative assumptions removed. . . B P . o
. - Load pair ' S;m Salt(adjustec_li ‘ N S n u
- Heatup/cooldown . .- =~ . - 348 3796 : - .- 4853 - 240 - - 0.049
- Step load/reactor trip 01203 . 22,157 .. .. 43885 480 - - . - 0.011.
- Plant loadmg/unloadmg o 15.8') 1724 - . - 138590 " .- 48000 . - 0346
All other 153 16.69 155130~ 9850 - 0.063
| ‘ ' CUF 0.469
537 : NUREG/CR-6260
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' 5.3.3.1 NUREG/CR-5999 CUF for Surge

- Line Hot Leg Nozzle Based on Licensee’s
B Design Calculation Stresses: The licensee’s ™~

53.34. NUREG/CH-SQQQ CUF for Surge

~ Line Piping with Conservanve Assump-
‘tions Removed. The analysis conducted by

design CUF calculations used the ASME Code,

---Section HI;-1986 edition.-The-S,y; values were - - -

adjusted for the effect of the modulus of elasticity.
There were approximately 300 load pairs in the
analysis, so the calculations using the
NUREG/CR-5999 interim fatigue curve are not
reported in detail. The CUF .using the
NUREG/CR-5999 interim fatigue curve is 1.092,
which increased the CUF by a factor of 1.84 over
the licensee’s design basis number. The CUF
exceeds the ASME Code limit of 1.0.

5.3.3.2 NUREG/CR-5999 CUF for Surge
Line Piping Based on Licensee’s Design
Calculation Stresses. The licensee’s design
CUF calculations used the ASME Code,
Section III, 1986 edition. B&W stated that the
load pairs and details of the analysis were not
printed from the computer program that was used
for the calculations. Since no details were avail-
able for using the NUREG/CR-5999 interim
fatigue curves, our estimate is based on the aver-
age of the increase in the CUF for the other four
stainless steel PWR plant surge lines (8.85, 11.45;
10.18, 7.57). The average is 9.5. (The location for
the highest CUF on some of the other plants was
at an elbow, the same as for the B&W location to
which we are applying the factor, while for other
plants it was at the hot leg nozzle safe end).
Applying this factor to the B&W plant surge line,
the CUF using the NUREG/CR-5999 interim

fatigue curve is 4.656. The CUF exceeds the .

ASME Code limit of 1.0.

5.3.3.3 NUREG/CR-5999 CUF for Surge
Line Hot Leg Nozzle with Conservative
Assumptions Removed. The analysis
‘conducted by B&W was very detailed, and no
apparent conservauve assumptions could readily
be removed. If we assume that the analysis was
based on 360 heatup/cooldown transients and

B&W was very detailed, including a full plastic
analysis-to ensure-that-shakedown-to-elastic

action occurs. No apparent conservative assump-.

tions could readily be eliminated. If we assume
that the analysis was based on 360 heatup/
cooldown transients and adjust for the 155 cycles
in Table 5-44, the CUF would be reduced to
2.005. If the plant is operated for 60 years, the
extrapolated CUF is 3.008. A summary of the
potential for elimination of conservative assump-
tions to reduce the CUF is shown in Table 5-52.

5 3. 3 5 CUF Based on Revised Interim
Fatigue Curves. The estimated surge line CUF
is based on the decrease in the surge line CUFs for
the other four PWRs. The average of the CUFs
using the revised interim fatigue curves was
66.7% of the CUFs using the NUREG/CR-5999
curve; therefore, the 40- and 60-year CUFs are
1.338 and 2. 007 respecuvely

5.3.4. Makeup/ngh Pressure In]ectlon
Nozzle. The nozzle consists of a carbon steel
forging and a SA-376 Type 316 stainless steel
safe end. The highest CUF is 0.740 for the inside
surface of the safe end. Since the effect of the
NUREG/CR-5999 interim fatigue curves is great-
er for stainless steel than for carbon/low-alloy
steel, and since the safe end metal is in direct con-
tact with the primary system coolant, the CUF for
the safe end was mvesugated

5.3.4.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.
The licensee’s CUF calculations used the USAS
B31.7 1968 Code, through June 1968 errata. In the
licensee’s calculations, the S,) values were

" adjusted for the effect of the modulus of elasticity

using a value of 26 X 109 psi (the value in

. pre-1980 ASME Code editions). The NUREG/

adjust for the 155 cycles in Table 5-44, the CUF .

would be reduced to 0.470. If the plant is operated
for 60 years, the extrapolated CUF is 0.705.

NUREG/CR-6260
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CR-5999 curves are based on a modulus of elas-
ticity of 28.3 X 10 psi, so the Sy values were
multiplied by 28.3/26. The CUF using the
NUREG/CR-5999 interim fatigue curves is shown
in Table 5-53. ' .
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Table 5-52. Potentxal for ehmmanon of conservanve assumpuons to reduce CUF for surge lme usmg
. NUREG/CR-5999 interim fatigue curve. . . ,

- Assumption Pot_entia]
. (Section 4.3). foruse - Used . Comments.
Correct CUF " “No " No .Analysns appears to be correct
. ¢alculation : : .
Det_ailed load pairs No No  Detailed load pairs were used :
'SCF/FSRF - "Yes ' No' ' Insufficient detail -
Spvalue No No - Average S, at max and min temperatures used
~ Material property No ‘No ~ 1986 Code edi_tion was used
changes _ N o
Fatigue curve E value No No = 1986 Code edltlon was used
Code analysischanges - . No: - No - 1986 Code edmon was used
“Actual cycles " Yes . Yes - Adjustment was made for projected cycles i
“High temperature fates "No "' No- Transients based on measurements
Detailed stress - "No °  No'/ _'Detai]ed ﬁnite'elemem m'odel used o
modcling - o S
"Conservative thermal Yes No ° "Conservauve heat transfcr coefﬁc1ents may have been -
~ parameters 7 used : :
. Time phasing of No No A __Tlme phasing not expected to reduce nozzle CUF
stresses ‘ _ , - o :
Number of OBEs No ‘No  OBE did not contribute to CUF
CC N-411 damping " ‘No No 'Dynamic loads did not contribute to CUF
Number of hydrotests " No_ No _ Hydrotests did not contribute to CUF
Fatigue monitoring Yes No - Actual transients may be less severe than desnon
" Plastic analysis "No - -~ No ._E_lasnc plastic finite element analysis was used

Table 5-53. CUF results r”or makeup/HPi-rro'zz;le using NUREG/CR-599§'interim' fatigue curve. -

Load pair San - San(adjusted) N on. . -u
HPI actuation A/B & OBE 2092 221.71 27 30 1.111
HPI actuation A/B 200.8 - 218.56 300 7 40 1333
Rapid depressunzatxon A/B .. . 19”2_ S 209. 20__ . 34 . 40 . _1,176 .
- Testnull 1173 . 12768, 012 . 40 0357
- Heatup/cooldown 1101+ - 1198 ->105- 200 - 0.000
) oL ‘ _ CUF = 3977
5-39 NUREG/CR-6260
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The Table 5-53 results mdncate that the CUF

-inicreased by a factor of 5.37 over the design basis

~ numbeér. The CUF exceeds the ASME Code limit

" Tof 1.0.

' 5.3.4.2 NUREG/CR-5999 CUF with Con-_ .

. servative Assumptions Removed. The high -

CUF resulted from the manual HP_I actuation with
and without OBE (load pairs 1 and 2), rapid

depressurization (load pair 3), and HPI test tran- .

sients (load pair 4), all of which have in operation -

been rare events (see Table 5-44), but which have
high postulated cooldown rates associated with
them. An interaction model of the nozzle was
used in the licensee’s analysis, and the thermal
analysis assumptions were probably overly
severe. However, we have insufficient informa-
tion to assess the degree of conservatism. When
the anticipated numbers. of cycles' from
Table 5-44 are used, the resulting CUF is shown

. in Table 5-54. If the plant is operated for 60 years,

the extrapolated CUF is 1.761.

‘The licensee’s analysis used an interaction

applied the elastic-plastic penalty factors in

" B31.7. The method in B31.7 is different-than in

the present ASME Code edition, Two multipliers,

" Krand K, are used in B31.7. The product of these

values ranged from 2.514 to 3.364 in the licens-
ee’s calculations. Using the current.Cade.equa-

* tions, Ke is 3.333 and the CUF increases to 1.263

(Table 5-55). If the plant is operated for 60 years,
the CUF is 1.895. For the transient that is the
major contributor to the CUF,, it was assumed that
while the nozzle is at 579°F, 60°F fluid is injected
for a short time and then stopped so that the
temperature of the nozzle returns to 579°F. 'I'lns
assumption is very severe.

A summary of the potential to eliminate con-
servative assumptions to reduce the CUF is

" - shown in Table 5-56. Probably the most promis-\
. ing reduction could be made by considering this

nozzle to be a piping component and relying on
.the change to ASME Table 3217-2 in. the
classification of the linear radial thermal gradlent.

~ The stress caused by a linear radial therrnal gradi-

model to determine the thermal stresses, and

Table 5-54. CUF results for makeulePI nozzle usmg NUREG/CR-5999 interim fatigue curve and

anticipated cycles.

‘ent was classified as a secondary stress In

- B31.7-1968, while it is ClaSSlﬁed as a peak stress

N n u-

 Load pair - Sate San(adjusted)
HPI actvation A/B & OBE - 209.2 227.71 27. . .0  0.000
HPI actuation A/B 200.8 218.56 30 33 1.111
Rapid depressurization A/B 192.2 209.20 34 0 0.000.
Test/null 117.3 127.68 112 7 0.063
Heatup/cooldown 11.01. 11.98 >106 200 0.000
CUF 1174

'I'able 5-55 CUF results for makeup/HPI nozzle using NUREG/CR-5999 interim fatigue curve based
on anticipated numbers of cycles and 1992 Code edition Ke.

Load pair Sait San(adjusted) N n ' u

* HPI actuation A/B & OBE ~ 207.28 225.62 27 0 0.000
HPI actuation A/B 203.26 221.24 29 33 1.138
Rapid depressurization A/B 195.65 212.96 32 0 0.000
Tesvnull 155.55 169.31 56 7 0.125
Heatup/cooldown 11.01 11.98 >10% 200 - 0.000
CUF 1.263

NUREG/CR-6260 5-40
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Table 5-56. Potential for ehmmauon of-conservative assumptions 10 reduce CUF for makeup/hrgh
pressure-injection nozz!easmg«NU&EG/GR—&Q%amenm—faﬂguecuwe—v—w— — e ememme e

Assumpnon e Potential- - o e e e L e e
{Section 4.3) foruse - Used - L Comments
Correct CUF . , “No No Analysis appear to be correct
calculation . - '
Detailed load pairs ‘No No. - .Detalled load parrs were used
SCF/FSRF . Yes No Insufficient detail
'S value : ' Yes No Potential for use if K, could be reduced
-Material property Yes No  Insufficient detail .
~ changes ) _ o L
" Fatigue curve E value Yes  Yes _Adjustment was made for modulus of elasticity
- Code analysis changes Yes No . Table 3217-2 stress classification for linear radial .
o » thermal gradrem changed to peak stress
Actual cycles - Yes . Yes Adjustment was made for pro_)ected cycles
High temperature rates - Yes . .. No. . ‘Actual AT probably less than design
Detailed stress Yes No Interactior_) model used
modeling :
Conservative therma] Yes - No . Conservauve heat transfer coefﬁcrents may have been
parameters. . . |usd ,
Time phasing of No, No Time phasmg not expected to reduce nozzle CUF .
. stresses . : o o
~ Number of OBEs - Yes'  Yes OBE mrmma] contributor to CUF
_.CCN-411 dzrmping . - No .- No Dynamrc loads mrmmal comnbmor to CUF
- Number of hydrotests - No- - No- -Hydrotests did not contribute to CUF
Fatigue monitoring’ ~ Yes - No - "Actual transients probably less severe than desrgn
. Plastic analysis . Yes .No. Elasuc plasnc finite elemenl analysns could be used
{ in the current (1992) edmon of the ASME Code . 5.3.4.3 CUF Based on Revised Interim
We did not have sufficient information from the ) ;Curves The strain rates for the two comrxbuung
licensee’s analysis to separate the stresses caused load pairs are 0. 0261 and 0.01 99%/5 respectively.
. by aradial thermal gradlent from those caused by 'Using these strain’ rates, the CUF results are
an axial thermal gradient. However, basedonour - ..shown m Table 5-57 The extrapo]ated CUF for
_analysis of the charging system nozzle for the 60 years is 1.577.
older vintage Westinghouse plant (Secnon 5. 5 4), A _
. most of the stresses in the nozzle-to-piping region - . .5.3.5 Core Flood Nozzle. The nozzle consists
~during a thermal ShOCk 18 caused by the radial - of a SA-508 Class 2 low-alloy steel _forging anda
thermal gradient. Reclassifyirg the stress caused .SA-336-F8m stainless steel safe end. The highest
by a radial thermal gradient as a pezrk stress could - CUF reported by the licensee for the nozzle is
reduce the primary-plus-secondary stress inten- 0.345; and the highest CUF for the safe end is
sity range below the 3S;, limit, reducing the K, essentially zero, so the estimate of the
- factor to 1. This would lower Sm and no doubt -NUREG/CR-5999 interim fatigue curve effects

reduce the CUF below 1.0. : : ) . will be made for the nozzle. No differentiation is

: 5-41 ~ NUREG/CR-6260
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Table 5-57. ' 'CUF results for makeup/HPI nozzle using NUREG/CR-5999 mtenm fatigue curve based
. -on anticipated numbers of cycles and 1992 Code edition K. -

Load pair San San(adjusted) N u
*"HPI actuation A/B & OBE 207.28 225.62 34 0.000
HPI actuation A/B 203.26 221.24 35 33 0.943
Rapid depressurization A/B 195.65 212.96 38 0 0.000
Test/null 155.55 169.31 65 7 0.108
Heatup/cooldown 11.01- 11.98 >100 200 0.000
CUF 1.051

made between the inside and outside surfaces of
the nozzle. The low-alloy steel is clad with alayer

of stainless steel and therefore is not in direct con-
tact with the reactor coolant. No fatigue analysrs
is pcrformed for the cladding.

5.3.5.1 NUREG/CR-5999 CUF Based on

Licensee’s Design Calculation Stresses.

The licensee’s design CUF calculations used the

ASME Code, 1965 edition, through Summer 1967

addenda. The San values were not adjusted for the
effect of the modulus of elasticity in the design cal-
culations because the 1965 ASME Code proce-

dure did not call for this adjustment. However,

since we are using the NUREG/CR-5999 interim
fatigue curve and the 1992 ASME Code, an adjust-

. review the decay heat removal system piping
. from the plant selected for review, we found that

Class 1 fatigue analyses were never performed on
this system. Subsequently, the licensee arranged
for the review of fatigue calculations for this
system from another B&W 177 fuel assembly

_ plant. The transients for both plants are essen-

tially the same, so we considered that the alternate
plant’s fatigue analysis was representative of the
plant being evaluated, and applied the projected
number of cycles for the plant being evaluated.

The fatigue analysis for the decay heat removal
system piping was performed in 1990. The high-
est CUF was for a SA-376 Type 316 stainless

" steel reducing tee (CUF = 3.310 for the 480

ment was made by multiplying S, by 30/27.5,the
factor that. was used for the reactor vessel lower .

head. The CUF using the licensee’s stress values
and the NUREG/CR-5999 interim fatigue curve is
shown in Table 5-58.

Apphcanon of the NUREG/CR -5999 interim
faugue curve increased the CUF by a factor of
 1.83 over the design basis number. The CUF does
‘not exceed the ASME Code limit of 1.0. If the
plant is operated for 60 years, the extrapolated
CUF would be 0.948,

5.3.5.2 NUREG/CR-5999 CUF with Con-
- servatlve Assumptlons Removed. Since the
CUF did not exceed the ASME Code limit of 1.0
for 60 years, no further calculations were

' performed '

5.3.6 " Decay Heat Removal System

Class 1 Piping. Although we intended to

'NUREG/CR-6260

design cycles), so operation was limited to a
. reduced number of startup/shutdown cycles.

5.3.6.1 CUF Results for the Decay Heat
Removal System Piping Using
NUREG/CR-5999 and Licensee’s Design
Calculation Stresses. The CUF calculations
used the B31.7 Code. The Sy, values were not
adjusted for the effect of the modulus of elasticity,
since B31.7 does not call for an adjusunent of the
modulus of elastxcxty The CUF using the
NUREG/CR-5999 interim fatigue curves is
shown in Table 5-59. Application of the
NUREG/CR-5999 interim fatigue curve
increased the CUF by a factor of 4.29 over the
design basxs number

-5.3.6. 2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. There
are several conservative assumptions that can be
removed. The B31.7 Code used in the analysis

5-42



‘ Loadpalr = Wzl Sa;,_, ,,Sal,(ad_;usted) SN h"" )
‘Plant loadmglunloadmg - :-..--23- oo 2509 24465 7240 0010
Heatup/cooldown 18 s 19.64 77128 48000 - 0.622
’ S 0.632

CUF

Table 5-59 CUF results for the decay heat removal system piping using NUREG/CR-5999 interim

fatigue curve.

Load pair Salt N n o w
Cooldown/OBE- 261.76 20 30 1500
Cooldown/OBE+ 261.76 20 30 . 1.500
Cooldown/rod withdrawal 7218.69 30 40 1333
Cooldowh/powerreduction 196.62 39 160 4.103
Cooldown/unloading 196.50 39 T 220 5641
Hydrotest A/hydrotest B C57a1 0 1145 20 0017
Rapid depressunzauon/]eakage - 45.95 4239 80 0.019.
backflow ' o
Unloading/null 4435 . . | 5246 480 0.091
Functional test/leakage backflow 39.77. 10111 40 0.004
Unloading/functional test 3172- ' 39443 40 0001

‘ ~ CUF 14.209

included the AT, term-in the primary plus
secondary stress intensity range used in the cal-
culation for K, so this was removed. The analysis
used a coefficient of thermal expansion of
9.11 X 1076 in/in/°F, whereas the 1992 ASME
Code lists a value of 8.42 X 10°%in/in/°F, Finally,
the Sy, value used in the calculation for K was -
adjusted to the average value for the maximum
and minimum temperatures of each of the first
five transients (where K > 1). The results of these
three changes are shown in Table 5-60.

The licensee provided us with the numbers of
cycles for selected transients. These are shown in
Table 5-44. Using 155 cycles for cooldown
(included in the first five load pairs) and 47 cycles
for power reduction step load changes (load
pair 4), a revised CUF is shown in Table 5-61. If
the plant is operated for 60 years, the exxrapolated

5-43

. CUF i5°0.915. The first two 1oad palnr:s include
- OBE cycles, none of which have occurred to date,

so elimination of these cycles would further

- reduce the CUF.

5 3.6.3 CUF Based on Revised Intenm

‘Fatigue Curves. Since the CUF extrapolated to

60 years was below 1.0, the 0.001%/s curve was
used. The results are shown in Table 5-62. The
extrapolated CUF for 60 yea:s is 0.795.

5.3.7 Results and Conclusnons. We
obtained the latest design basis fatigue calcula-
tions for six components-on a B&W 177 fuel
assembly plant. The design CUF obtained from
the licensee's calculations for the location with the
highest calculated fatigue usage on each compo-
nent was recomputed using the NUREG/ CR-5999
interim fatigue curves. The results are summarized .

~ NUREG/CR-6260
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_Table 5-60. CUF fesults for the decay heat removal system pxpmg usmg NUREG/CR—5999 mtenm
~"~~fahgue1:un'e with-conservative assumptions removed:

Load pair =~ " San N - -n. u
Cooldown/OBE- . -~ 94,81 - 228 - 30 0132
Cooldown/OBE+ 94.81 228 30 - 0.132
Cooldown/rod withdrawal - 74.13- 412 40 0.097
Cooldown/power reduction 7012 471 160 0.340
Cooldown/unloading 69.87 . 475 220 0.463
Hydrotest A/hydrotest B 57.11 1145 20 0017
Rapid depressunzatlon/leakage ‘ 4595 4239 A 80 0.019
backflow _ _ : : :
Unloading/null | 4435 5246 480 . 0.091
Functional test/leakage backflow 39.77 10111 40 0.004
Unloading/functional test : 31.72 39443. 40 0.001

' CUF 1.296

Table 5-61. CUF results for the decay heat removal system piping using NUREG/CR-5999 interim
fatigue curve with conservative assumptions removed and anticipated cycles.

Load pair  San , N . n u

Cooldown/OBE- ' 94.81 228 30 0.132
Cooldown/OBE+ - . 9481 228 30 0.132
Cooldown/rod withdrawal - 74.13 412 40 - 0.097
: Cooldown/power reductlon ] - 7012 471 ) 47 0.100
Cooldown/unloading S 6987 45 8 0017
~ Hydrotest A/hydrotest B~ TSI TTTTTTNIASTTTTTTTTTTTT20T T T T0017
'Rapid depressunzatnon/leakage 45.95 ‘ 4239 ' 80 0.019
backflow : } ' ‘.
Unloading/null ~ -~ o 44.35 15246 - 480 0.091
Functional test/leakage backflow 39.77 10111 40 0.004
_Unloading/functional test 31.72 39443 40 0.001
| . CUF 0.610
in Table 5-63. The increases in the magnitudes of Carbon/Low—alloy Steel.
the desxgn CUFs are as follows:
Reacxor vessel shell/lower
Stamless steel/Alloy 600 head 1.86
Insxrqment no_zzle weld - 15.11 Reactor vessel outlet '
Surge line piping - ~ insufficient nozzle " - - 2.39
S detail ' R A
o : Surge line hot leg nozzle - 1.84
Makeup/HPI nozzle .- - 537 o o
Decay heat removal piping 429 Decay heat removal line 1.83
' 8.26 average : 1.98 average

' NUREG/CR-6260 5-44
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' Table 5:62. CUF results for the decay hcat rcmoval system ptpmg usmg rcvnsed interim fangue curve .
with conservattve assumpuons removed and antxcxpated cycles N

Component Evaluations

Salt : .“.'.'.‘."_;': N CooiLieTe u » - -
94.81 221 30 . - 0.136
94.81 \ 221 30 0136
74.13 504 40 : 0.079
70.12 622 47 : 0.076
69.87 _631 '8 S 0.013
57.11 1522 20 - 0.013
1 45.95 5849 80 " 0.014
144.35 7890 480 0.061
39.77 . 24682 40 : ’ 0.002
31.72 89843 40 : . 0.000

CUF , 0.530°

Conservative assumptions were identified, and
‘where justifiable, the design CUFs were
recomputed with conservative assumptions
removed. The 40-year CUFs were multiplied by

1.5 to determine a 60-year CUF, as shown in.

‘Table 5- 63

All components have 40-year CUFs less than
1.0 with the exception-of the surge line-and:the——--—-

makeup/HPI nozzle. Since’ an 'NB-3200 plastic
analysis has already been used to lower the CUF,

it appears that a better description of thermal

stratification transients (which may be less con-
servative that that used in the licensee’s analysis)
would be required to reduce the CUF for the surge
line below 1.0. The 519°F step change in makeup/
HPI nozzle temperature is probably overly con-
servative and a more realistic transient would no
doubt reduce the CUF to less than 1.0. Reclassi-
fying the stress caused by the radial thermal
gradient as a peak stress (a change from the B31.7
Code used in the analysis to the present ASME
Code edition) could reduce the primary- -plus-
secondary stress intensity range below the 3S,

limit, and no doubt reduce the CUF below 1.0.
The CUF for the instrumentation nozzle weld in
the lower head exceeds 1.0 for 60 years using the

NUREG/CR-5999 interim fatigue curve, but is N

less than 1.0 using the revised i mtenm curves

5.4 Newer thage .
Westinghouse Plant

A comparison of the design CUFs.from the
licensee’s design basis calculations and CUFs
‘using the NUREG/CR- 5999 interim fatigue
‘curves was camed out for the locattons of highest

-design CUF for the six components listed below:---—

Reactor vessel shell and lower head

| 72. : Reactor vesscl inlet and outlet nozzles
-3. - Surgeline | -

4 Charging nozzle |

"5, Safety injection n-ozz.le :

' 6." Residual heat removal (RHR) systcm

) Class, 1 pxpmg

As of early 1994 the plant has been operated
approxrmately 4 of the 40 years currently
approved in its operating license. Table 5-64

,' shows the'design basis cycles for transients that

are important from a fatigue standpoint for the six
components that were evaluated. The numbers of
transients to date have been extrapolated to
40 years by multiplying by 40/4. :

NUREG/CR-6260



~ 09T9-¥D/OTIANN

9b-s

Table 5-63 Summary of B&W 177 fuel assembly planl CUFs

!
i
,
|
i

Decayheat ~ Reducingtee  SA-376,Type316° 3310
4 o C

removal line® .
. 1.

a. Carbon or low-alloy sigel.

b, Ni-Cr-Fe alloy.

c. Stainless sicel,

d. Based on multiplicr from other four PWR plant surge lines.

x
!
!

c. From alternatc B&W {77 fuel assembly plant.

o)
)
- 3
} ' Revised curves 3
A 3 NUREG/CR-5999 CUF (stamless stecl) 8
_— : Based on Conservative  Based on : ! | o
; : . ‘Dégs gl}i “design  assumptions  anticipated . Extrapolated L 5-
Component - . Location Material Co UFg stresses removed cycles to 60 years 40 years _pOyears ]
. — : — g
Reactor vessel Near support - SA-302, Grade B? = - +l20 - 0223 — — 0.335 — L— 2
- skirt juncture o R Co . . . S -
Lowerhead  Alloy 600 . -0097 - 1.466 — 0.742 1.113 0546 * |0.8i9
" peneltration - S * - N FE A
weld . : k S i S
~ Outletnozzle  SA-508, Class 22 0900 2.148 0.469 — 0.704 — —
Surge line Hot leg nozzle ~ SA-508, Class 12 *592 1092 —_— 0.470 0.705 -:— —
Pipe elbow SA-403, Type 304¢ 0490 4.656¢ — 2.005 3.008 l.f?38 | 2.007
Makeup/HP1 Safe end SA-376, Type 316° 0740 3977 —_ 1.263 1.895 1.051 1.577
nozzle ! i 5 |
‘Coreflood  Nozzle - SA-508,Class2* 0345  0.632 — — 0.948 + —
nozzle ' S R : ' '
14.209 1.296 0.610

|
0915 0330 0795

|

|

|




Table 5-64 Number of sclectcd desngn basxs cycles compared to anncxpatcd number of cycles ovcr the A. L

40-year license life..

Component Evaluations

g - - T,
- LI Sliuer s

Transient -~~~ ' 'DeSign ba’si's cycles : -Anticip:itéd cycles
: o _ for 40 years
Heatup .. 200 65
Cooldown - 200 55
Reactor trip 400 280
Safety injection actuation - 60 30

Fatigue monitoring results from a residual heat ..
removal line were included in the licensee's cal- . -
culations. In addition, the results of a generic
Westinghouse plant study of thermal stratification -

in surge lines was included in the ficensee’s fatigue

analysis of the surge line. There were no plant °

specific data to remove conservative assumptions
for this particular plant. The results were not used
except to adjust the number of anticipated stratifi-

cation cycles based on the expected number of -

heatups and cooldowns in Table 5-64.

5.4.1 Reactor Vessel Shell and Lower. -

value was adjusted for the effect of the modulus
of élasticity in the design calculations by multi-
plying by 1.111. The value of the modulus of elas-
ticity in’ the current (1992) ASME Code fatigue
curve for carbon/low-alloy steel hasnot changed

Application of the NUREGICR—5999 interim

' ‘fatigue curve increased the CUF by a factor of

1.50 over the (correcied) licensee’s design basis

“number. If the plant is operated for 60 years, the

¢

Head. The highest CUF on the lower shell and ..

head is 0.010 for the lower head at-the- shell-to-}

head transition. The SA-533 Grade B Class 1
head is protected from the coolant by a layer of

P S it

stainless steel cladding. No fatigue analysis is -

performed for the cladding.

5.4.1.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.
The licensee’s CUF calculations used the ASME

Code, Section I1I, 1971 edition, through Winter .'

'CUF is 0.027 and would not exceed the ASME
o Code llmlt ofl 0 '

54. 1.2 NUREG/CR-5999 CUF with Con- )

servative Assumptlons Removed. Since

the CUF did not exceed the ASME Code limit of _

1.0 for 60 years, no further calculauons were
performed.

5.4.2 Reactor Vessel Inlet and Outlet
Nozzles. The CUFs for the inlet and outlet

- nozzles are 0.110 and 0.398, respectively. Each of

1972 Addenda. No mterpolauon equations were

available in this edition of the Code, so the ana-
lyst used the minor grid marks on the fatlgue
curve to dclermme the allowablc numbers of
cyc]es Had the' cquatnons in the Jatest [ 1992) edi-
* tion of the Codc been used thc CUF would have
*‘beer 0.01 2

“The cffect of the NUREG/CR—5999 mtcnm fa-
tigue curve is shown in Table 5-65. As prevxous]y
- discussed, the results shown in Table 5-65 assume
" that the coolant is in contact with the low~alloy
stéel base metal underneath the cladding. The S,

.the SA-508 Class 2 nozzles is protected from the
coolant by a layer of stainless steel cladding. No
fatigue analysis is performed for the cladding.

-5.4.2.1 NUREG/CR-5999 CUF Based on

. Licensee's Design Calculation Stresses

-for Inlet Nozzle. The licensee’s design CUF

“calculations used the ASME Code, Section III,

1971 edition, through Winter 1972 addenda. The
Sal values were adjusted for the effect of the

modulus of elasticity in the design calculations by

multiplying by 1.111, so the same adjustment was

- made for the revised calculation. The effect of the
- NUREG/CR-5999 interim fatigue curve is shown

547

in Table 5-66. The load pairs on the copy of the

NUREG/CR-6260
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Table 5-65.. CUF results for reactor. vessel lower head usmg NUREG/CR-5999 interim fatigue curve.

Sl SRR

" Load palr : Sm Sah(adjusted) _N' L .:n B u
Turbine Tollinadvertent 2229 2521 - - 23924 - 20 0.001
depressurization ‘ _
Reactor trip/heatup 122,03 24.48 27457 200 0.007
Reactor trip/hydrotest - 21.92 24.35 28151 10 0.000
Reactor trip/leak test 21.92 24.35 28151 190 0.007
Inadvertent loop 18.96 21.06 55599 10 0.000
startup/hydrotest .
Leak test A/leak test B 18.77 20.85 - 58274 80 0.001 -
Control rod drop/refueling 1531 17.01 145216 80 0.001
Inadvertent safety 13.30 14.78 237713 60 0.000
injection/cooldown ' R
Feedwater cycling/cooldown 13.14 14.60 248183 140 0.001
0.018

CUF

Table 5-66. CUF results for reactor vessel inlet nozzle uéing NUREG/_CR-S999 interim fatigue curve.

San(adjusted)

N

San n ' u.
50.17 55.74 1119 200 0.179
4494 49.73 - 1676 B (I 0.006
42.40 -4 -2078 20 0.010
39427 TTTTTTTasgo T s 2mm2 00777777 0004
38.94 43.26 2910 250 0.086 -
26.81 27.79. 15150 80 0.005
23.95 © 26.61 18568 20 0.001
17.14 19.04 89205 50 10.001
15.49° 1721 139432 30 0.008
128,67 9.63 3.2x106 30 0.000
CUF

0.290

licensee’s analysis. were smeared and very diffi-
cult to read. Since the CUF for 60 years was
below 1.0 and the load pairs were not used to
reduce conservative assumptions, the load pairs
are not shown in Table 5-66.

The Table 5-66 resﬁhsindiéaie that the CﬂF

increased by a factor of 2.64 over the design basis
number of 0.110. The CUF does not exceed the
ASME Code limit of 1.0. If the plant is operaled
for 60 years, the CUF is 0.435.

NUREG/CR-6260
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‘

5.4.2.2 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Outlet Nozzle. The licensee’s design CUF
calculations used the ASME Code, Section III,
1971 edition, through Winter 1972 addenda. The
Saie values were adjusted for the effect of the
modulus of elasticity in the design calculations by
multiplying by 1.111, so the same adjustment was

_made for the revised calculation. The effect of the

NUREG/CR-5999 interim fatigue curve is shown
in Table 5-67. The load pairs on the copy of the
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il

Table 5-67 . CUF resuhs fo eactor vessel outlet nozzle usmg NUREGICR-5999 interim faugue

Bte

curves - - e
ST wSﬂaﬁ(El?ﬁTlé'ie_d)‘ I S n I
43.82 48.68 1825 80 - 0.044
40.86 45.40 . 2407 10 © . 0.004 -
39.91 4434 2642 20 - 0.008
35.95 - 30.94 3977 20 0.005°
30.95 - 34.39 7012 70 0010
26.38 29.31 12320 1130 o, oon
25.47 28.30 14013 - 150.. 0011
24.38 27.09 17075- . .. 50 0.003 . -
24.29 2699 17374 . . 30 0.002
19.56 2137 51918 40 0.001 -
18.18 2020 67603 1930 0.029
18.18 2020 . 67603 * 2000 £ 0.030
18.12 2013 - - 68712 ' 9270 0135
16.97 1885 93499 60 0.001
16.60 18.44 © 103654 230 0.002.
' 1652 1835 106059 - 10, 0.000
16.25 1805 . 114581 . 80 0.00]
15.88 1764 .. 127614 c160 0.001
15.88 17.64 - 127614 - 26400 - i 0207
1535 17.05 144035 - 2000 0.014
14.75 ©16.39 165234 71400 0002 © - -
14.39 1599 - 180237, .13200 _ 0.073
13.83 15.37- Co.207136 . 13200 0.064
13.41 1490 231047, 80 0000
1336 14.84 234349 - ... . 80 . 0.000
1323 1470 C 0 242295 70 . - 0.000 -
' o ' CUF “0.658
licensee’s analysis were smeared and"very'difﬁ- 5.4.2.3 NUREG/CR-5999 CUF with Con-
cult 10 read. Since the CUF for 60 _years was servative Assumptions Removed. Since
below 1.0 and the load palrs were not used to _ the CUF did not exceed the ASME Code limit of
reduce conservatnve assumptions, the load paxrs 1 .0 for'60 years, no further calculations were
are not shown i in Tab]e 5-67 performed ‘ ‘
The Table 5:67 results indicate that the CUF 5.4.3 Surge Line. The highest CUF for the
) increased by a factor of 1 65 over the desngn basis surge line piping and nozzles was 0.743 for the
"number of 0.398. The CUF does not exceed the ~ SA-182 F316N stainless steel hot leg nozzle near
ASME Code limit of 1.0. If the plant is operated “the safe-end- -to-piping transition. The latest
for 60 years, the CUF is 0.987. fatigue analyses were performed by Westinghouse
© 5-49 NUREG/CR-6260
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to assess thermal stratification.conditions-as - -

requlred by NRC Bulletm 88-11.

- -..NB-3600 piping rules. The stratification tempera-

---..-. ture differences assumed in the analysis are prob-

5.4.3.1 NUREG/CR-5999 CUF Based on

‘Licensee’s Design Calculation-Stresses."

The licensee’s design CUF calculations used the
ASME Code, Section III, 1986 edition. The Sai
values were adjusted for the effect of the modulus
of elasticity. There are a large number of load
pairs in the analysis, so the calculations using the
NUREG/CR-5999 interim fatigue curve are not
reported in detail. The CUF using the
NUREG/CR-5999 interim fatigue curve is 7.562,

which increased the CUF by a factor of 10.18"
over the licensee’s design basis number. The CUF

exceeds the ASME Code limit of 1.0.

ably conservative, and the CUF computed from

~ thermal striping exceeds that computed by other

~~vendors considerably. Other potential conserva- -

tive assumptions such as the use of ASME Code
Case N-411 (CC N-411) damping values had
already been taken advantage of in the licensee’s
design basis calculations. If removing the conser-
vative assumptions did not reduce the CUF below
1.0, then fatigue monitoring or plastic analyses
could be used.

5.4.3.3 CUF Based on Revised Interim

. Fatigue Curves.. From a review of the licens-

54.3.2. NUREG/CR-5999 CUF with Gon- )
servative Assumptlons Removed. Two
areas in the first group of potential conservative
assumptions that possibly could be applied to the

surge line are (1) conservative stress indices and
(2) conservative numbers of estimated cycles.
While the stress indices used appear reasonable,
they are not the same that would be obtained from
Table NB-3681(a)-1 of the ASME Code. The
CUF results almost entirely from the heatup tran-

pated heamp cycles for 40 years is 65, whereas
200 design cycles were used in the licensee’s
design CUF calculation. Purthermore, 20 OBE
events were used in the licensee's design CUF
calculation, but none have occurred to date. The
CUF after 40 years can be esumated by multiply-
ing 7.562 by 65/200, resulting i in a 2.458 CUE. If
the plant is operated for 60 years, the CUF would
be 3.687. :

. 'There are anumber of other potential conserva-
tive assumptions that could be removed, as shown
in Table 5-68. [The stress indices are included
under the stress concentration factor (SCF) and

fatigue strength reduction factor (FSRF) category

.. in Table 5-68. ] For example. performmg a

detailed finite element analysis using NB-3200

- methods may reduce the CUF calculated using

NUREG/CR-6260

)

ee’s stress analysis, it appears that the strain rates

from all transients were low, with the exception of -

thermal striping.. Consequently, the 0.001%/s
curve was used for all load pairs except thermal
striping, where the 1%/s curve was used. The
CUF is 5.335. The number of anticipated heatup
cycles for 40 years is 65, whereas 200 design
cycles were used in the licensee’s design CUF
calculation. The CUF after 40 years can be esti-
mated by multiplying 5.335 by 65/200, resulting

----in-a-1.734.CUF. If the plant is operated for 60

5-50

sients. From Table 5-64, the numbei of antici- -~ years. the CUF would be 2'60.1'"

5.4.4 Charging Nozzle. The highest.CUF for
the SA-182 F316N stainless steel nozzle is 0.829
near the knuckle region.

5.4.4.1 NUREG/CR-5999 CUF Based on
Licensee'’s Design Calculation Stresses.
The licensee’s design CUF calculations used the
ASME Code, Section II1, 1977 edition, through
Summer 1979 addenda. The S,y values were
adjusted for the effect of the modulus of elasticity.
The CUF usmg the NUREG/CR-5999 interim
fatigue curves is shown in Table 5-69. Seven
loads pairs made significant contributions to the

CUF. Applicauon of the NUREG/CR-5999

interim fatigue curve increased the CUF by a
factor of 6.26 over the licensee's design basis
number. ‘ :
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Table 5-68. Potential for elimination of conservative assumpuons 10 reduce CUF for surge lme hot leg
, nozzle usrng NUREG/CR-5999 interim fatigue curve, : : : .

No

' Assumpuon Poterma] - . L
(Section 4,3),____ foruse Used : , Comments
Correct CUF calculation’  No No Analysis appear to be correct *
Detailed load pairs No No Detailed load pairs were used
SCF/FSRF Yes ‘No ' Insufficient information -
St value ’ - No  No  Average Sp, values used - -
Matcnal property o “No * No No changes, 1986 Code edition used -
changes T S R :
~ Fatigue curve E value - No - No Properadjustment was made
'Code analysis changes© - - No -~ ** 'No No changes, 1986 Code edition used .
Actualcycles  ~ - Yes  Yes- "Adjustment was made for projected cycles
High temperarerates © " Yes™  “'No - Actual cooldown raiés probably less than design
Detailed stress modeling Yes = No NB-3600 ana]ysns used o
Conservanve thermal Yes Ndj . CUF from thermal stnpmg may be conservanve
i parameters o s
~ Time phasing of stresses " "Yes © No  Highest moment and thermal stresscs may not occur
- ' ' -7 simultaneously
Number of OBEs " No "~ No' Only20OBE cycles were assumed
' CC N-411 damping - No' ' * No' CCN-411 damping used °
Number of hydrotests " No~ No Hydrotests did not contribute to CUF _
Fatigue monitoring | Yes No . Actual transients probably less severe than desxgn
Plastic analysrs o Yes' Elastic plasuc finite element analysns couid be used

- Table 5-69 " CUF results for chargmg nozzle usmg NUREG/CR-5999 interim faugue curve.

CUF

y Load pair San N 7 n Tl
Loss of charging-prompt return/null 146.24 ~. 80 12007, 1500
Loss of charging-delayed rctum/null . 145.52 81 . .. 12 . 0148
Normal charging and letdown shutdown/null . - ‘101.06 196 60 0306
Loss of letdown-delayed return/null 56.05 1282 8 0.006
Reactor trip/OBE 5423 . 1563 . . 20 0013 .
Loss of letdown-delayed return/flow mcrease_; 47.47 34848 4 0001
Loss of charging-prompt return/flow increase . 46.47 3961 .. 120 0.030

. Step increase in charging/flow increase 4174 7558 14276 1.887
Step increase in charging/flow decrease 40.87 8580 124 0014
Letdown increase/flow decrease 38.49 12311 . 1076 10.087
Letdown increase/reactor trip - 37.35 14754 30 . 0.002
Letdown increase/flow i mcrease 36.74 16291 . 13294 03816
Cooldown/flow increase 35.48 20098 5 0000
Flow decrease/flow increase. 3488 22271 . 1101 0049
Flow decrease/reactor trip 34.13 25384 10 0.000 .
Letdown increase/letdown decrease 3233 35171 .89 . 0003
- Letdown increase/flow decrease’ 3117 43822 14311 0326
Reactor trip/flow decrease 30.33 .. .. 51654 ‘5 0.000

5.188
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5.4.4.2 NUREG/CR-5999 CUF with Con--.... -

. servative Assumptions Ramoved. The

- ber of cycles of various loss of letdown and loss
of charging system flow. Other PWRs have

'fat'gue analysis was performed recently {1989) ~yeported that the actual cycles of these types of

"ASME Code edition. While the stress indices
used appear reasonable, they are not the same that
would be obtained from Table NB-3681(a)-1 of
the ASME Code. As with the BIT nozzle in Sec-
tion 5.4.5, the nozzle is made of SA-182 316F
material, but the fatigue analysis was conducted
using Sy values for CF8A (cast Type 304 stain-
less steel) in the generic Westinghouse fatigue

calculation computer program. These Sy, values .

are lower (more conservative) than for SA-182
F316N stainless steel. The results of applying this

conservative assumption reduction are shown in

Table 5-70. As with other PWRs, the licensee
does not count the numbers of transients that are
the significant contributors to the CUF, for exam-
ple, changes in letdown and charging system
flow. Therefore, we do not have sufficient

-~ using-a-fairly recent (Summer~l979 addenda)—————tfanﬁentﬁtre-les&ﬂimhembers assumed in
the design calculations. If the plant is operated for

60 years, the CUF is 7.288.

There are a number of other potential conserva-
tisms that could be eliminated, such as using a
NB-3200 finite element analysis. The list of
potential conservative assumptions.that could be
removed is shown in Table 5-71. If removing
these conservative assumptions did not reduce the

-CUF below 1.0, then fatigue monitorin g or plastic
-analyses could be used.

5.4.4.3 CUF Based on Revised Interifn
Fatigue Curves. The licensee’s calculations

- did not contain sufficient information to deter-

mine the strain rates, so the 0.001%/s curve was

. used. The CUF results are shown in Table 5-72.

information to estimate the antncxpated cycles. . "

The high fatigue usage is a result ofa large num-

The extrapolated CUF for 60 years is 5.877. From
the licensee’s transient plots it appears that the

Table 5-70. CUF results for chargmg nozzle using NUREG/CR-5999 interim fatigue curve with

conservauve assumpuons nemoved.

‘Sax N ’ n u.

Load paxr . _' ST
Loss of chargmg—prompt return/null 133.44 - - 100 120 1.200
Loss of charging-delayed return/null , 13278 0 I T 1277 019
Normal charging and letdown shutdown/null 101.06 196 60 0.306
Loss of letdown- delayed return/null ' 56.05 1281 8 0.006
Reactor trip/OBE ' 5423 - 1564 20 0.013
Loss of Ietdown-delayed retun/flow i increase 47.47 13483 4 -0.001
Loss of chargmg-prompt return/flow increase 46.47 3960 120 . 0.030
Step increase in charging/flow i increase 41.74 7564 14276 1.887
Step increase in charging/flow decrease 40.87 8580 124 0.014 _:
Letdown increase/flow decrease 38.49 12304 1076 - 0.087 -
Letdown increase/reactor trip | : . 37.35 14746 30 0.002
Letdown increase/flow mcrease 36.74 16288 13294 - 0.816
Cooldown/flow increase = 35.48 20115 5 1 0.000
Flow decrease/flow increase 34.88 22290 1101 0.049
Flow decrease/reactor trip _ 34.13 25379 10 0.000
Letdown increase/letdown decrease 32.33 35171 89 0003
Letdown increase/flow decrease 31.17 43839 14311~ 0326
Reactor tnp/ﬂow decrease 30.33 51644 .5 0.000
’ CUF 4.859
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'Table 5-71. Potemlal for elimination of conservative assumptlons 1o reduce CUF for charging nozzle
usmg NUREG/CR-5999 interim fatigue curve. : ‘

Assumpuon ~. . Potential e e
" {Section 4. 3) - - foruse  Used - Commems
Correct ' CUF calculation - - No  "“No Analysis appear to be correct
" Detailed load pairs ' No  No Detailed load pairs were used
SCF/FSRF ' "~ Yes No Insufficient information
Sm value " Yes  Yes Conservative S used
Material property changes - No No No changes, Summer 1979 addenda used
" Fatigue curve E value -~ - ' No  No Proper adjustment was made
Code analysis changes N ' No = No No changes, Summer 1979 addenda used -
Actualcycles .~ - Yes = No No data for numbers of actual cycles
_High temperature rates - .Yes, ' No Actual rates probably less than design
Detailed stress modelmg ~Yes: No NB-3600 analysisused .
Conservative thermal . Yes No Conservative heat transfer coefficients may have
parameters T been used :
Time phasing of stresses . : Yes ~ No Maximums of AT, AT, and Ta Tb terms tnay
. . o - . ~_ havebeen used
.- Number of OBEs .. No 'No Only20OBE cycles were assumed
CC N-411 damping - No . No CCN-41] damping used -
Number of hydrotests - No.  No Hydrotests dxd not contribute to CUF _
Fatigue monitoring ~ Yes No  Actual transients probably less severe than design
Plastic analysis =~ ~ Yes  No ' Elastic plastic finite element analysis could be used -

Table 5-72. CUF results for chargmg nozzle usmg rev;sed interim faugue curves with conservative
assumptions removed. ..

Load pair. =~ -~ . . -~ Sa - N . n-o

Loss of charging-prompt return/null -~ ©~ - ‘ 13344 . 66 - - 120 1.818
Loss of charging-delayed retum/null -~ 132.78 66 - 12 0.182
Normal charging and letdown shutdown/null . 101.06 182 . 60 0330
Loss of letdown-delayed return/null ST 5605 1673 .. - 8 - 0.005
Reactor trip/OBE f 54.23 1993 .. . 20 . 0.010
Loss of letdown-delayed retum/flow increase 47.47 4565 4 -0.001 -
Loss of charging-prompt return/flow increase - 4647 . 5355 . .. 120 -0.022 -
Step increase in charging/flow increase - - - 41.74 14611. . 14276 . 0977
Step increase in charging/flow decrease *: = - 40.87 18864 . . 124 . 0,007
Letdown increase/flow decrease o 38.49 28848 - 1076 - 0.037
Letdown increase/reactor trip : 3735 - .-33544 . - 30 . 0001
Letdown increase/flow increase 3674 . 36555 - 13294:, . 0.364
Cooldown/flow increase - co 35.48 44239 - . 5 - 0.000

~ Flow decrease/flow increase o 34.88 48763 1101 0.023
Flow decrease/reactor trip - , 34.13 55414 10 0.000

- Letdown increase/letdown decrease  ~. © 3233 78577 89  0.001

_ Letdown increase/flow decrease o 31.17 102284 14311 0.140
Reactor trip/flow decrease =~ = 30.33 126777 5 0.000

CUF 3918
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transients for the first two load pairs last about

90 seconds, and the third load pair can be
assumed to last about 30 seconds. Using the cor-

- responding strain rates, the CUFs for 40 and
60 years are 3.373 and 5.060. .

5.4.5 Safety Injection Nozzle. In .Wes.ting~ '

house 4-loop plants, there are a number of nozzles
through which safety injection water can enter the
reactor coolant system. The highest CUF (0.966)
location on these nozzles is for the SA-182
F316N stainless steel boron injection tank (BIT)
nozzle near the knuckle region. Therefore, this
~ location was evaluated. '

The BIT nozzle connects the 1 1/2-in. boron
injection line to the reactor coolant system at the
cold leg. Flow through this line occurs whenever
the high head portion of the safety injection
system is activated. .

5.4.5.1 NUREG/CR-5999 CUF Based on
Licensee's Design Calculatibn Stresses

The licensee’s design CUF calculations used the
ASME Code, Section III, 1977 edition, through
Summer 1979 addenda. The Sy, values were
computed using the modulus of elasticity at room
temperature, and NB-3600 requires no adjust-
ment. The CUF asing the NUREG/CR-5999
interim fatigue curve is shown in Table 5-73. The
A and B on the transient designations refer to
whether the safety injection water temperature
was 32 or 60°F. The heatup group represents a
combination of several transients. Only the first '
15 transients with high S, values that are the
major contributors to the CUF are included.
Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of

. 5.05 over 1he desxgn basis. number

5.4.5.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. The
fatigue analysis was performed only a few years
ago (1989) using a fairly recent (Summer 1979
addenda) ASME Code edition. While the stress
indices used appear reasonable, they are not the

Table 5-73. CUF results for safety m_)ecuon (BIT) nozzle usmg NUREG/CR-5999 interim faugue

curve.
"Load pair Sae N n u
Small LOCA B/OBE - 287.60 15 2 0.133
Depressurization B/OBE 272.67 18 10 0.556
Reactor trip with cooldown B/heatup group 267.56 18 5 0.278
Contingency B/heatup group 267.56 18 4 0.222
Inadvertent SI B/heatup group 266.95 19 30 - 1.579
‘Large steamline break/heamp group 25424 21 " 0.048 .
Small LOCA A/heatup group 240.24 24 3 0.125
Déprcssurization A/OBE -~ 238.67 24 5 0.208
Reactor trip with cooldown A/heatup group 238.67 - 24 5 0.208
Contingency A/heatup group 238.08 25 4 0.160
Inadvertent SI A/heatup group - 238.01 25 30 1.2000
Depressurization A/loss of load 174.48 52 5 009
* Small steamline break B/heatup group 119.68 130 2 0.015
Small steamline break A/heatup group 99.29 204 3 0.015
Large LOCA/loss of load 68.45 500 10 0.020
38.12 13069 74 0.006
38.12 13069 42 0.003
31.12 44248 20 0.000 -
28.62 73247 148 0.002
28.42 76405 7 0.000
4.874
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same  that would be"
Table NB 3681(a)-1 of the ASME Code, There
‘are two conservative assumptions tha can readily

be removed. The first is that while the nozzleis - -

_ made of SA-182 316F material, the fatigue analy-
sis was conducted using S, values for CF8A (cast
Type 304 stainless steel) in the generic Westing-

house computer program for fatigue calculauons :

These Sy, values are lower (more conservatrve)
than for SA-182 F316N stainless steel. The
second conservative assumption is that the CUF
pnmanly results from low probability events, for
example, small break loss-of-coolant accident
(LOCA), .small-and large steamline breaks, and
rapid depressurization. Eliminating these three
types of transients, and using the anticipated
cycles from Table 5-64 (the safety injection
cycles are reduced to 30), the CUF can be signifi-
cantly lowered. The results of applying these con-
servative assumption reductions are shown in
Tables 5-74 and 5-75. If the plant is operated for
60 years, the CUF 15 2.267. :

obtained ' from .

Component Evaluations

. The CUF is abaut a factor of 3 greater than the

3 CUF for the safety injection nozzles for the newer

and older vintage Combustion Engineering plants
(Sections 5.1.5 and 5.2.5). However, the analyses
for these plants used ASME Code NB-3200 meth- -
ods rather than NB-3600 methods. The CUF for
the newer vintage Westinghouse plant (computed
using NB-3600 methods) is comparable to the
CUF for the older vintage Westinghouse plant that
we computed using NB-3600 methods (Sec-
tion 5.5.5). Using NB-3200 methods for the same
transients on the older vintage Westinghouse
plant, we were able to reduce the CUF well below
1.0. Therefore, the CUF for thls nozzle could also
probably be reduced below.] 0 by using NB-3200

" methods.

The list of potential conservative assumptions
that could be removed is shown in Table 5-76. If
removing these conservative assumptions did not
reduce the CUF below 1.0, then fatigue monitor-
ing or plastic analyses could be used. '

Table 5-74. - CUF rcsu]ts for safety chcuon (BIT) nozzle usmg NUREG/CR-5999 interim fatigue

curve with conservative assumptions removed.

Load palr ’ San N - ‘n u
‘Small LOCA B/OBE 22691 S8 L 2 07 10071
: Depressunzauon B/OBE - . - 21450 320 10 70313
Reactor trip wxlh cooldown B/heatup group ) 260.12 20 5. - 0250
'Contingency B/heatup group : 1260.12° 200 4 0200
Inadvertent ST B/heatup group 259.53 20 - 30 1500
Large steamline break/heatup group 252.80 - 217 1 0048
" Small LOCA A 19835 . 38 3 0079
* Depressurization A/OBE : 186.80 " 44 -5 04
Reactor trip with cooldown A/heatup group 230.70 27 5 0.185
Contingency ‘A/heatup roup - 230.70 . .27 - .4 . 0148
Inadvertent SI A/heatup group - 230.11 . . 27 30 11
Depressurizatior Afloss of load 15321 .. 712 5 . .0.069
‘Small steamlmebreakB/heatup group"'," 11509 . 143 2 - 0014
Smallsteam]mebreakA/heatupgroup‘ 9455 .. 233 . 3. . 0013 .
LargeLOCA/lossofload T 66.45-- . 537 .. .10, .. 0019
' o 38.12 13069 74 - - 0.006
38.12 13069 42 0.003
31012 0 ¢ 044248 7207 0.000
2862 U73247 - . 148 .. 0.002 -
2842 - 76405 7 0000
- o .CUF .~ 4145
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Table 5-75 CUF results forsafety m_lecuon (BIT) nozzle using NUREG/CR-5999 interim fatigue curve

wnh conservauve assumpuons removed and anucxgated cycles.

578 N i

Load pair e n u

Small LOCA B/OBE = | 226.91 28 0 0.000
Depressurization B/OBE 214.50 32 0 0.000
Reactor trip with cooldown B/heatup group 260.12 20 5T 0250
-Contingency B/heatup group . - 260.12 - 20 B R ~-0.000_
Inadvertent SI B/heatup group 259.53 20 25 1.250
Large steamline break/heatup group 252.80 21 0 0.000

Small LOCA A- 198.35 38 0 0.000..
Depressurization A/OBE 186.80 - 44 0 0.000
Reactor trip with cooldown A/heatup group 230.70 27 0 0.000
‘Contingency A/heatup group 230.70. . 27 0 0.000
Inadvertent SI A/heatup group . 230.11 27 0 . 0.000
Depressurization A/loss of load 153.21 72 0 --0.000
Small steamline break B/heatup group 115.09 - 143 0 0.000
'Small steamline break A/heatup group 94.55 233 0 0.000
Large LOCA/loss ofload - -~ 66.45 - 537 0 0000
38.12 13069 74 0.006
38.12 13069 42 0.003
31.12 44248 20 0.000
28.62 73247 148 0.002

28.42 76405 7 0000

CUF ~  1.511.

5.4.5. 3 CUF Based on Revised Interim
Fatlgue Curves. The licensee’s calculations
did not contain sufficient information to deter-
mine the strain rates, so the 0.001%/s curve was
used. The CUF results are shown in Table 5-77.
The extrapolated CUF for 60 years is 3.006. If we

assume that the maximum stresses occur at

30 seconds, the CUFs for 40 and 60 years are
1.460 and 2.190, respectively.

5.4.6 Residual Heat Removal System

Class 1 Piping. The fatigue analysis for the

residual heat removal system piping was per-
formed by Westinghouse in 1991, and includes

the effects of thermal stratification in the line. The -

highest CUF (0.896) was for a SA-376 Type 316
stamless steel inlet piping transmon

5.4 6.1 CUF Results for the Residual
Heat Removal System Piping Using
NUREG/CR-5999 and Licensee’s Design
Calculation Stresses. The CUF calculations
used the ASME Code, 1986 edition. The Sy},

~ NUREG/CR-6260
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values were not adjusted for the effect of the
modulus of elasticity, since NB-3600 does not
call for an adjustment of the modulus of elasticity.
The CUF using the NUREG/CR-5999 interim
fatigue curves is shown in Table 5-78. Applica-
tion of the NUREG/CR-5999 interim fatigue
curve increased the CUF by a factor of 6.39 over
the design basis number. The first seven load
pairs, where the S,y values are hngh and whnch
contribute the majority of the CUF, are listed.
Various types of stratification conditions were
assumed in the licensee’s calculanons. and are
identified in Table 5-78 by sequential numbers, of
which 16, 18, 25, and 27 are the major contnbu-
tors to the CUF. .

5.4.6.2 NUREG/CR-5999 CUF with Con-
servative Assumpt:ons Removed. The
CUF results almost entirely from the heatup/cool-
down (including thermal stratification) transients.
From Table 5-64, the number of anticipated

‘heatup cycles for 40 years is 65, whereas

200 design cycles were used in the licensee’s
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" Table 5-76. - Potential for elimination of conservative assumptions. to reduce CUF for safety in Jecuon
(BIT) nozzle using NUREG/CR-5999 interim fatigue curve. o

Assumption - Potential .-Used - Commems _
- {Section 4.3) - . for use . ST e R
Comrect CUF calculation ™ No ™77 "No—"mﬁﬁiipééﬁdbé correct T T T T
Detailed 10ad pairs No No Detailed load pairs were used
SCF/FSRF - ' Yes No Insufficient information
Sm value _ Yes Yes Conservative Sy, used
Material property changes No No No changes, Summer 1979 addenda used
Fatigue curve E value No No Proper adjustment was made
Code analysis changes No - No Nochanges, Summer 1979 addenda used 4
Actual cycles Yes - Yes Adjustment was made for projected cycles
High temperature rates Yes No  Actual cooldown rates probably less than design )
Detailed stressmodeling  ~~ Yes'  No  NB-3600 analysis used
Conservative thermal Yes No - Conservative heat transfer coefficients may have been used
. parameters L
Time phasing of stresses Yes . No Maxlmums of ATy, AT, and T,- T}, terms may have been used
Number of OBEs o No . No Only 20 OBE cycles were assumed
CC N-411 damping . No - No CCN-411damping used
Number of hydrotests No- . No Hydrotests did not contribute to CUF
Fatigue monitoring - Yes No Actual transients probably less severe than design
" Plastic analysis : Yes No Elastic plastic finite element analysis could be used

}Table 5-77. CUF results for safety injection (BIT) nozzle using revised interim fatigue curves with
. conservative assumptions removed and anticipated cycles.

. ) .Loadpair . . = | . ~ San . N n . u
. Small LOCA B/OBE - - ‘ 22691 - 13 0O 0,000
- Depressurization B/OBE .. 7777 21450 . 14”7 0 0000
. Reactortrip with-cooldown Blheatup group--‘n_“ o 2260002 e 1S s e 50,333 -
. Contingency B/heatup group = . 3 260.12 . 15 0 0.000
. Inadvertent SI B/heatup group _ e 259.53 15 25 1.667
.Large steamline break/heatup group . o 252.80 . 17 0 0.000'
Small LOCAA - . 198.35 .19 -0 0.000
Depressurization A/OBE 186.80 20 -0 0.000
Reactor trip with cooldown Alheatup group 230.70 20 0 0.000
, Contmgency AJheatup group C 23030 . 20 0 0.000
.. Inadvertent SI A/heatup group L ',230 n 220 0 0.000
Depressurization Afloss of load . 15321 2 0 . 0000
Small steamline break B/heatup group ... 115097 . 12 0 0000
- Small steamline break A/heatup group _Z ; 94557 192 0 . 0.000
Large LOCAflossofload. .~ .. .~ - 6645 683 0 °0.000
' . 3812 . 30271 74 0.002
3812 30271 2 0.001
‘ 31 12 103487 20 -0.000
2862 215250 148 0.001
2842, 231407 1 0.000
' CUF 2.004
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Table 5-78. CUF results for the resndual heat removal system pxpmg using NUREG/CR-5999 interim

- fatigue curve.

Load pair San : N n u
Rapid depressurization/stratification 16 . 194.13 40 20 0.500
Heatup/stratification 16 166.02 59 200 3.390
OBE/stratification 18 '146.32 80 20 0.250
Stratification 16/stratification 25 143.39 84 20 0.238
Stratification 18/stratification 25 1077 157 140 0.892
Stratification 18/stratification 27 110.77 157 10 0.064
Reactor trip/stratification 18 106.52 173 30 0.173
40.22 9449 196 0.021
39.03 - 11321 140 0.012
35.78 - 19105 - 230 0.012.
31.93 37908 6004 0.158
31.03 45026 80 0.002
29.42 62048 10 0.000
29.28 63855 160 -0.003
29.12 65996 230 0.003
28.30 78376 90 0.001
25.06 1.5% 105 6866 0.005 -
24.61 23x%x10% 6534 0.003
CUF 5727
design CUF calculation. The CUF was recalcu- _including thermal stratification. If removing these
lated by assuming no rapid depressurization tran- conservative assumptions did not reduce the CUF
sients, and multiplying transients that included below 1.0, then additional fatigue monitoring or
thermal stratification by 65/200. There were 240 plastic analyses could be used. Because of thermal
cycles of stratification transient 16, which were stratification, this line falls into the same category
reduced to 78. There were 200 cycles of asthe PWR surge lines withrespect toreducing the
stratification transient 18, which were reduced to CUF below 1.0. Based on the experience with
65. There were 160 cycles of stratification tran- surge lines, it may be difficult to reduce the CUF
sient 25, which were reduced to 52. The results below 1.0 using NUREG/CR-5999 fatigue curves
are shown in Table 5-79. If the plant is operated 'without more stratification data.
for 60 years, the CUF is 3.557.
o - 5.4.6.3 CUF Based on Revised Interim
There are a number of other potential conserva- Curves. The licensee's calculations did not con-
tive assumptions that could be removed, as shown tain sufficient information to determine the strain
in Table 5-80. For example, performing a detailed rates, so the 0.001%/s curve was used. The stratifi-
finite element analysis using NB-3200 methods cation transients are not necessarily thermal
may reduce the CUF calculated using NB-3600 shocks, so the low strain rate may be reasonable.
piping rules. The stratification temperature differ- The CUF results are shown in Table 5-81. The
ences assumed in the analysis are probably conser- extrapolated CUF for 60 years is 4.100.
vative. In fact, most PWR plants have not shown
that thermal stratification is a contributor to the 5.4.7 Results and Conclusions. We
CUF for their residual heat removal lines. Not con- obtained the latest design basis fatigue calcula-
sidering thermal stratification, the licensee’s de- tions for six components on a newer vintage
sign basis CUF for the same location is 0.243, Westinghouse plant. The design CUF obtained
about a factor of 4 less than the CUF calculated from the licensee’s calculations for the location
NUREG/CR-6260 5-58
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Table 5-79. - CUF results for the residual heat removal system piping ﬂsmg NUREG/CR 5999 interim
_ faugue curve and anuc:pated cycles.

_ Load pair ) - San "N LR | u

Rap:d depressurization/stratification16 - 19413 40 T 0 0000
Heatup/stratification 16 - 166.02 59 65 - 1102
OBFE/stratification 18 _ 146.32 80 20 . 0250
Stratification 16/stratification 25 114339 84 . 45 0.536
Stratification 18/stratification 25 - 1 110.77 157 L7 . 0,045
Stratification 18/stratification 27 - 11077 157 - 7 0,045
Combination/stratification 18 7 106.52 173 - . 30 0.173
- a . 4022 9449 196 .0.021

S 39.03 11321 140 0.012

- 135,78 19105 230 0.012

203193 37908 6004 10158

- .31.03 45026 80 0.002

...029.42 62048 10 0.000

+.:29.28 63855 160 0.003

- .29.12 65996 230 0.003

. 2830 78376 90 0.001

. 2506 - 15x108 6866 0.005

2461  23x106 6534 0.003
CUF 2.371 .

Table 5-80. Potential for elimination of conservative assumptions to reduce CUF for residual heat
removal system using NUREG/CR-5999 interim fangue curve.

- Assumption Potential : - .
{Section 4.3) foruse Used . - . . .Comments

Correct CUF calculatwn No - No Analysis appear to be correct
Detailed load pairs - No No ° Detailed load pairs were used -
SCF/FSRF No No  Stress indices appear correct
Spvalue L No  No Average Sy, values used

“Material property .~ No  "No Nochanges, 1986 Code edition used
changes _ S ‘ o
Fatiguecurve Evalue =~ No  No  Proper adjustment was made

- Code analysis changes = ‘No ° No 'No changes, 1986 Code edition used
Actual cycles ' Yes  Yes ' Adjustment was made for projected cycles.

~ High temperature rates Yes No - Actual cooldown rates probably less than design

Detailed stress modeling ~ Yes ~ No . NB-3600 analysis used '
Conservative thermal . Yes Np  Conservative heat transfer coefficients may have been
parameters o o used

.. Time phasmg of stresses Yes .. No Highest moment and thcrmal stresses may not occur

_ . . : : L simultaneously :

_Number of OBEs - No  No Only 20 OBE cycles were assumed

 CCN-411damping . ;No . No . CCN-411 dampingused . .
Number of hydrotests .. . . No No ., Hydrotests did not contribute to CUF |
Fatigue monitoring Yes ©  No . Actual transients probab)y less severe than design
Plastic analysis . Yes . No  Elastic plastic finite element analysis could be used
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Table 5-81. CUF results for the residual heat removal system piping using revxsed interim fangue
“curve and anticipated cycles. T .
Toadpair —— —Sait. CTTNTTTTT TR O T W
Rapid depressurization/stratification 16 - . 194.13 32 0 0.000
-Heatup/stratification 16 166.02 47 65 1.383
OBF/stratification 18 146.32 65 20 0.308
Stratification 16/stratification 25 143.39 69 . 45 0.652
Stratification 18/stratification 25 - 110.77 139 7 0.050 .
Stratification 18/stratification 27 110.77 139 7 0.050 ~
Combination/stratification 18 106.52 156 30 .0.192
40.22 23428 196 0.008
39.03 26977 140 0.005
35.78 42179 230 0.006
31.93 85703 6004 0.070
31.03 105802 80 0.001
©29.42 165077 10 0.000
29.28 172489 160 0.001
29.12 181593 230 0.001
28.30 241997 90 -0.000
25.06 1.6 x 106 6866 0.004
" 24.61 2.8x 105 6534 0.002

with the highest calculated fatigue usage on each

component was recomputed using the
NUREG/CR-5999 interim fatigue curves. The
results are summarized in Table 5-82. The
increases in the magnitudes of the design CUFs
are as follows: .

Stainless Steel -

Surge line 10.18
Charging nozzle _ 6.26. ,
Safeiy injection nozzle 5.05
Residual heat removal piping | 29_ :
6.97 average
CarbonlLow-alloy Steel '
Reactor vessel she]l/]ower
head 150
Reactor vessel inlei_nozzle 2.64 .
~ Reactor vessel outlet nozzle 165 ,I |
" 1.93 average

- NUREG/CR-6260

CUF 2.733

Conservative assumptions were identified, and
where justifiable, the design CUFs were recom-
puted with conservative assumptions Temoved.
The 40-year CUFs were multiplied by-1.5 to de-
termine a 60-year CUF, as shown in Table 5-82.

Using the NUREG/CR-5999 interim fatigue
curves, the CUF remained below 1.0 for the
reactor vessel lower shell/head and mlet/outlet
nozzles, but was above 1.0 for the reactor coolant
system branch nozzles and the residual heat
removal line. NB-3600 piping analyses were used-

-for the four components for which the CUF was

above 1.0. It appears that with more detailed
analyses (that is, using ASME Code NB-3200
methods) and cycle counting of the actual
numbers of transients, the CUF could rather
easily be reduced below 1.0 for the charging and
safety injection nozzles. More effort, including
possibly additional monitoring and plastic

~ analysis might be required for the surge and

'5-60

residual heat removal lines since the major load
paus involve thermal stratification cycles.



19-6 .

0929-HO/OFINN

_Table 5-82. Summary of newer vintage Wesli_nghduse plant CUFs. .

o Revised curves
- NUREG/CR-5999 CUF

removal line

a. Carbon or low-alloy steel.
b. ;Stainless steel.

SA-376, Type 316°

0.896

5.727

(st“ainless steel)
Basedon Conservative Basedon
, , } 5 : ~Design design assumptions  expected  Extrapolated S
" Component Location Material . CUF  stresses -removed cycles to 60 years 40 years - 60 years
Reactor vessel Atlowerhead  SA-533, Grade B, 0.012 - 0018 —_ — 0.027. —_ -
t to shell juncture’ Class 12 .~~~ - . S S
Inlet nozzle SA-508,Class2? - 0.110  0.290 —_ — 0.435 —_ —
| Outletnozzle - SA-508,Class2?  0.398: ' 0.658 — = 0987 - =
* Surge line Hot leg nozzle . SA-182, F3I6N® 0743  7.562 . - 2458 3.687 1.734 - 2.601
Charging nozzle  Nozzle © SA-182,F316N® - 0.820° 5188 4859  .—' = 7288 3373°  5.060
Safety irijection - Nozzle - SA:182,F316N® - 0966 . 4.874 4.145 L1511 2267 1.460 - 2,190
©onozzle - . ‘ | " v o
Résidual heat Infet transition 3.557 2,733

— .23N 4.100

suoneneag yusuodwo))
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5.5 OlderVintage
Westinghouse Plant

A comparison of the design CUFs from the
licensee’s design basis calculations and CUFs
using the NUREG/CR-5999 interim fatigue

curves was carried out for the locations of highest

design CUF for the six components listed below:
1. Reactor vessel shell and lower head
2. Reactor vessel inlet and dutiet nozzles

3.  Pressurizer surge line (mcludmg hot leg and
~ pressurizer nozzles)

4. Reactor coolant piping cﬁarging system
nozzle (representative design basis fatigue
calculation performed by INEL)

5. Reactor coolant piping safety injection
nozzle (representative design basis fatigue
calculation performed by INEL)

6. Residual Heat Removal syétem Class | pip- -

ing (representative design basis fatigue cal-
culation performed by INEL).

As of late 1993, the plant has been operated -
approximately 20 of the 40 years currently

approved in its operating license. Table 5-83
shows the design basis cycles for transients that
are important from a fatigue standpoint for the six
components that were evaluated. The numbers of
transients to date have been extrapolatéed to
40 years by multiplying by 40/20.

The results of a generic Westinghouse plant
study of thermal stratification in surge lines was
included in the licensee’s fatigue analysis of the
surge line. There were no plant specific data to
remove conservatism assumptions for this partic-
ular plant.

5.5.1 Reactor Vessel Shell and Lower
Head. The highest CUF on the lower shell and

‘head is 0.290 for the inside surface of the lower

head near the shell-to-head transition, where core
support guides are welded to the interior of the
shell. The SA-302 Grade B head is protected from
the coolant by a layer of stainless steel and
Alloy 600 cladding. No fatigue analysns is per-
formed for the cladding.

5.5.1.1 NUREG/CR-5999 CUF Based on..
Licensee's Design Calculation Stresses.
The licensee's CUF calculations used the ASME -
Code, Section HI, 1965 edition, through Summer
1966 addenda.

. The effect of the NUREG/CR-5999 interim
fatigue curve is shown in Table 5-84. As previous-
ly discussed, the results shown in Table 5-84
assume that the coolant is in contact with the low-
alloy steel base metal undemeath the cladding.
The S,y values were adjusted for the effect of the
modulus of elasticity by multiplying by 30/27, the
ratio of the modulus of elasticity on the fatigue’
curve in the current edition of the Code to the value
at 500°F for SA-302 Grade B low-alloy steel. The
1965 Code edition did not require an adjustment
for the effect of the modulus of elasticity.

Table 5-83. Number of selected design basis cycles compared to anucxpated number of cycles over

40-year license life.

- Anticipated cycles
Transient Design basis cycles for 40 years
Heatup/cooldown 200 172
Reactor trip 400 426
Hydrotest 5 ‘ : 2
5% power change . 14500 512
10% power change (up/down) 20007000 42/86
50% power change 200 136
NUREG/CR-6260 5-62
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‘Table 5-84. CUF results for reactor vessel lower head and shell usmg NUREG/CR 5999 interim

fauguecurve T T S U e S P 141

-Nf":“-" UL }' 3 u

“Load pair - S;ﬁ T San(ad Juswd)
OBE A/OBE B "'19.86 2207 44636 400 . O.QO9 ‘
Frictional forces/vibration 1348 - - . 1498 226736 . 200000 .. .0.882
B ‘ 1 '0.891

Application of the NUREG/CR-5999 interim
fatigie curve increased the CUF by a factor of 3.07

over the licensee’s design basis number. If the
plant is operated for 60 years, the CUF is 1.337
which exceeds the ASME Code llmn of 1.0.

5.5.1.2 NUREG/CR-5999 CUF with Con-

servative Assumptions Removed. As can
" be seen from Table 5-84, almost all of the CUF
comes from a single transient. The stresses were
calculated from equations for the shear, moment,
and torsion. No computer model was used. The

assumed loads are 200,000 cycles of an alternat- -

CUF !

to assess the effect of the NUREG/CR-5999
- fatigue curves. The S, values were adjusted for

the effect of the modulus of elasticity by multiply-

-+ ing by 30/27, the ratio of the modulus of elasticity
. inthe current edition of the Code to the value com-

~monly used in analyses in the 1965-1970 time
penod (the actual value used in the analysis was
“not reported). The effect of the NUREG/CR 5999
mtenm faugue cuive is shown in Table 5 86.

The Table 5-86 results indicate that the CUF is

-~ "increased by factors of 2.24 (inside surface) and

ing 50,000 1b. load in both the vertical and hori-.

zontal directions caused by frictional forces -

retarding growth. The only variables or assump- " .

tions are the number of cycles, the magnitude of - - -
the load, and the stress concentration factor. The

stress concentration factor of 2.15 appears rea-

. sonable, but might be reduced if a finite element -
~ model were used. Thus thereis no.readily avail-

able way to reduce the CUF: Optxons toreduce the '

CUF are outlined in Table 5 -85.

5.5.2 Reactor"Vess'e'l‘lnlet and Outlet
Nozzles. The maximum CUFs for the inlet and
outlet nozzles are 0.208 and 0.431, respectively.
The inside surface of each of the SA-302 Grade B
low-alloy steel nozzles is protected from the cool-
" "ant by a layer of stainless steel cladding. No
fauguc analysns is pcrformed for the cladding. ~ -

.5, 5.2 1 NUREG/CR-SQQQ CUF Based an
L:censee 'S Design Calculat:an Stresses
. for Inlet Nozzle. The licensee’ 3 desngn CUF cal-
- culauons used the ASME Code. Section J1I, 1965
: edmon through Summer 1966 addenda The
: hcensee s analys1s report showed the faugue anal-
. ysis calculauons for both the i interior and exterior
“surfaces of the nozzle (the CUFs are 0.135 and
0.208, respectively), and both locations were used

2.38 (outside surface) over the licensee’s design

*basis number. The CUF does not exceed the
- ASME Code limit of 1.0. If the plant is operated

for 60 years, the CUFs are 0.453 (inside surface)

o and 0 744 (outsnde surface)

5.5.2.2 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Outlet Nozzle. The licensee’s design CUF

" calculations used the ASME Code, Section III,

1965 edition, through Summer 1966 addenda.
The hcensee s analysis report showed the fatigue
“analysis calculations for both the interior and

_ exterior surfaces of the nozzle (the CUFs are

0.193 and 0.431, respectively), and both locations-

were used to assess ' the effect of the
NUREG/CR-5999 fatigue curves. The S, values
were adjusted for the effect of the modulus of

- —elasticity by multiplying by 30/27, the ratio of the
. modulus of elasucny in the current edition of the

Code to the value commonly used in. analyses in

_ ‘the 1965—1970 ume perlod (the actual value used
'_ in the analysis was not reported). The eﬂ'ect of the

NUREG/CR-5999 mtenm faugue curve 1s shown

_ m Table 5—87

- 5-63

The Table'5-87 results'indic'ate' that the CUFis -

- increased by factors of 2.59 (inside surface) and

2.69 (outside surface) over the licensee’s design

- NUREG/CR-6260
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“Table5-85. ~Potential for elimination of conservative assumptions to- reduce CUF for reactor vessel

lower head/shell 3 usmg NUREG/CR—5999 interim fatigue curve.

" Assumption = Potenual
(Section) " “foruse - Used - Comments
Comect CUF calculation =~ No = No  Analysis appears to be correct
Detailed load pairs No - No - Detailed load pairs were used
SCF/FSRF Yes No Finite element model might lower SCF
Sm value "No . No Kc=1forall load pairs
Material property . No No Norelevant changes
changes . o .
Fatigue curve E value.’ Yes = Yes Adjustment was made
. Code analysis changes - No No No relevant changes " -
Actual cycles ~Yes:  No Revised estimate of cycles is possible
Hightemperaturerates: ~ No  No Ratesnotrelevant -
Detailed stress modeling Yes'  No Finite element model might lower SCF
Conservative thermal No No ' Parameters urelevam
parameters ‘ ‘
Time phasing of stresses No  No K,=1 forall load pairs
Number_ of OBEs "No- No OBE cycles not si gnificant contributor to CUF
.CC N-411 damping . 'No =~ No Dynamic loads not significant contributor to CUF
Number of hydrotests - -~ No~ . No Hydrotests did not contribute to CUF )
Fatigue monitoring Yes: - No Actual transients might be less severe than design
Plastic analysis Yes " No Elastic plastic ﬁnite element analysis could be used

Table 5-86. . CUF results for reactor vessel inlet nozzle usin g NUREG/CR-5999 interim fatigue curve.

San © San Sap(adjusted) .. - N ~. .. 'n B
Heatup/cooldown 13.5 1500 -'225674 350 - - .0.000
Plant load/urload 175 19.44 80920 14500 0.179
Combination 23.0 25.56 22426 2760  0.123

Inside Surface . CUF 0.302
Heatup/cooldown 370 41.11 3552 350 . 0.099.
" Plant load/unload 19.5 21.26 - 53189 - 14500  0.273 .
: Combmauon 23.0 25.56 22426 2760 0.123 .
’ Outside Surface ' CUF . -0.496"

basns number. The CUF for the oulsxde surface
exceeds the ASME Code limit of 1.0 however, if
the number of power changes is reduced down to
several hundred cycles consistent with the experi-
ence of base-loaded’ plants and Table 5 83, the
CUF for 60 years would be well below 1.0. If the
plant is operated for 60 years, the CUF for the in-
. side surface is 0.749.

'NUREG/CR-6260

5.5.2.3 NUREG/CR-5999 CUF with Con-
servative Assumprions Removed. Since
the CUFs for the'inlet nozzle dld not exceed the
"ASME Code hmnt of 1.0 for 60 years, no  further
calculauons were performed For the outlet
nozzie outsrde surfaee, the 14100 desngn cyclesin
load pair 2 are part of the 14500 cycles shown in
Table 5- 83 for 5% step power reducnons From

5-64 -



Table 5-87. ' CUF results for reactor vessel outlet nozzle using NUREG/CR—5999 interim faugue

Component Evaluations

. curve . .
Sait ‘ Salt ban(adjusled) N7 T B R
Heatup/cooldown - L1555 17.22° 139150 350 0 0.003 -
Plant loading/unloading -~ ~ ~17.0 - -18.89 « - 92575 14100 0.152
OBE A/OBEB - 18.85 " 20.94 57109 400 - - -0.007
Combination - 295 32,78 8179 2760 . 0337
Inside Surface ‘ E T CUF 0.499
Heatup/cooldown - e 250 2778 ¢ 15176 350 .0.023 -
Plant loading/unloading 24.5 27.22 16696 14100 0.845 -
OBE A/OBE B ’ 2635 20.28 12367 400, 0.032
Combination 215 30.56 10569 2760 . 0261
Outside Surface - : o CUF

Table 5-83, the number of these cycles is proj- '~
ected to be only 512. Using this reduced number" o
of cycles for load pair 2 lowers the CUF1t00.347."
If the plant is operated for 60 years, the CUF for

the outside surface is 0.520.

5.5.3 Surge Line. The highest CUF for the -~

1.161

- are apphcab]c to the surge line. Although a finite
*“element model of the nozzle was used for the stress
“'analysis, stress indices from NB-3600 of the

. ASME Code were used. A more detailed finite

¥ elementmodel could be used to obtain a better esti-
“mate of the stress concentration factor for the par-
. ucular geomietry. The CUF is almost entirely a

surge line piping and nozzles was 0.900 at the ~ -

140hot legnozzle safe end. The latest fatigue anal- -

yses were performed by Westinghouse to assess <~."*

thermal strauﬁcanon condmons as requlred by
NRC Bulletm 88- ll -

5.5.3.1 NUREG/CR-5999 CUF Based on
~ Licensee’s Design Calculation Stresses.
“The licensee’s design CUF calculations used the
ASME Code, Section III, 1986 edition. The S,
‘values in the licensee’s calculations were
assumed to be corrected for the effect of the
" modulus of elasticity. The CUF calculations
" involved a large number of load pairs, $o a table
* of the pairings is not included in this report. The
CUF calculated using the NUREG/CR-5999
‘interim fatigue curve is 6.814, including the
" -effects of thermal striping. The CUF increased by
‘a-factor of 7.57 over the lncensee s desngn basxs
number :

- &. 5 3.2 NUREG/CR-5999 CUF with Con-
: se_rvatlveAssumptians Removed. Since the
~ analysis was performed relatively recently, few of
the areas in the first group of potential conserva-
tive assumptions that possibly could be removed

o jresult of the heatup and cooldown (mcludmg
SA-376 Type 316 stainless steel 12-inch Schedule - *
~ Table 5-83, the number of anticipated heatup

thermal stratification) transients. From

cycles for 40 years is 172, whereas 200 design
cycles were used in the licensee’s ‘design CUF cal-

“culation. Multiplying.the 40-year CUF by .
- 172/200, the CUF after 40 years is 5.860. If the
" plant is operated for 60 years, the CUF is 8.790.

Other changes that could be used to reduce the

CUF are’ listed in Table 5-88. Since the
Westinghouse staff had reduced the CUF about as

“"low as possible for the set of assumed transients

using NB-3600 methods, a NB- 3200 finite ele-

--ment analysis, including possibly addmonal

“-monitoring ‘and plastic analysis, - would be

E rcquxred to reduce the CUF below 1.0.

5, 5 3 3 CUF Based on Bewsed lnter/m

- Curves: Using the 0.001%/s curve for all load

- pairs, the CUF.is 6.973. The number of antici-

-pated heatup cycles for 40 years is 172, whereas

200 design cycles were used in the licensee’s

- design CUF calculation. The CUF after 40 years

. 3-65

can be estimated by multiplying 6.973 by

"172/200, resulting in a 5.997 CUF. If the plant is

operated for 60 years, the CUF would be 8.995.

: NUREG/CR-6260
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Table 5-88. :Potential for elimination of conservative assumpuons to reduce CUF for surge line elbow

using NUREG/CR-5999 interim fatigue curve:-

If we assume that the maximum stresses occur

after 30 seconds, the CUF is 4.940. Multiplying

by 172/200 to adjust for anticipated ¢yclés, the™

CUF is 4.248. If the plant is operated for 60.years, - - --- ‘
the CUF would be 6.372. However, all stratifica-

tion transient may not result in thermal shocks.

5.5.4 Charging Nozzle. Since the piping was
designed to the rules of the B31:1 piping code, no
fatigue analyses had been conducted. Conse-
quently, the INEL staff performed a fatigue anal-
ysis. using representative transients based on the
charging nozzle analyses from the other PWR
plants reviewed in this study, and the methods of
the current (1992) edition of the ASME Code.
Both ASMECode NB-3600 (piping) and
NB-3200 (design by analysis) methods were
" used, and typical analytical models comparable
with those in the licensees’ analyses were devel-
oped. For the transients that were the major con-
tributors to the CUF, representative design basis

- NUREG/CR-6260

Assumption Potential
~ (Section 4.3) foruse Used Comments
Correct CUF calculation No - No - Analysis appears to be correct
Detailed load pairs “No No - Detailed load pairs were used
SCF/FSRF " Yes No SCFs may be reduced
S value No No Average Sy, value was used
Material property No No No changes, 1986 Code edition used
changes : :
Fatigue curve E value - No No  Proper adjustment was made
Code analysis changes No No . No changes, 1986 Code edition used
Actual cycles Yes Yes Adjustment was made for projected cycles
High temperature rates Yes - No Actual rates may be lower, but fatigue monitoring
T - results were considered
Detailed stress modeling Yes No SCFs may be reduced
~ Conservative thermal . "~ Yes No Insufficient information
parameters R ‘ L . ,
Time phasing of stresses - Yes .. ‘No  Highest moment and thermal stresses may not occur
N : o simultaneously
Number of OBEs . No No OBE cycles not significant contributor to CUF
CC N-411 damping - No No Dynamic loads not Signiﬁcaht contributor to CUF
Number of hydrotests - No No Hydrotests did not conmbute to CUF
Fatigue monitoring. ~Yes:. -No Actual transients probably less severe than design’
Plastic analysis - . Yes No - Elastic plastic finite element analysis could be used

cycles were assumed as shown in Table 5-89. In
al_l. 24 different load sets were considered.

" The knu.cl_de.rcgion of the nozzle is protected
by a thermal sleeve, which mitigates the thermal

* shocks to this region during severe transients. The

thermal sleeve is welded to the nozzle.

. 5.5.4.1 CUF Based on ASME Code
Faligue Curve. Calculations for the charging
system nozzle were completed using the methods

. ~of NB-3600 of the ASME Code and the

5-66

NUPIPE-II computer code. Three areas of the

-nozzle were considered: the nozzle-to-pipe weld,

the area at the thermal sleeve junction, and the
nozzle body where the nozzle is connected to the
main coolant piping, which was considered to be
a branch connection. Moments applied to the

. nozzle by the connecting charging system piping

for various transients were supplied by the licens-
ee, so these moments were used in the analysis



Component Evaluations

Table 5-89. Major charglng system transients assumed in the analysis.

Set number - Load set Cycles
1 'Charging and letdown shutoff 1460
2 Delayed return to service after transient 1 100
3 * . Letdown shutoff with prompt restart 200
4 Letdown shutoff with delayed restart 20
5 Charging shutoff with prompt restart 20
6 'Chargmg shutoff with delayed restart 20

and the full charging system was not modeled

The CUF was 0.460 for the branch connection to

the main coolant piping, but low (0.022) for the
weld to the charging system piping and (0.008) at
the thermal sleeve. The major contributor to the
CUF was the letdown shutoff with delayed restart
transient. The axial thermal gradient (the ;T -
ap Ty, term) produced most of the stress intensity
at the branch connection, whereas the AT and
AT, terms produced most of the stress intensity in
the charging system piping region of the nozzle.

An NB-3200 finite element analysis was also
performed for the nozzle using the same pres-
sures, thermal transients, moments, and numbers
of cycles as were used in the NB-3600 analysis. A
small axisymmetric finite element model was
used to model the nozzle in the region of the
connection to the charging system piping where

average temperature during the transients that

o made up | lhe ]oad parrs (300°F)

The_mtenor surface of the nozzle contains no.
reentrant corners, SO no areas of stress concentra:
tion needed to be consrdered The weld between
the nozzle and the main coolant piping is made in
the shop and no faugue strength reduction factors
are typically apphed to this type weld. For exam-
ple, the chargmg nozzle analyses for the newer
vintage Combustion Engineering plant and the
B&W’ plant used no fatigue strength reductions
for this weld. The thermal sleeve is welded to the
interior of the nozzle but no stress concentration
factor or fangue strength reduction factor is typi-
cally applied to account for this weld. The geome-

try of the weld is not shown on the fabrication
. drawing. (No stress indices were applied for this

" weld in the NB-3600 analysis either. The ASME

the geometry is truly axisymmetric. A larger

3-dimensional model (Wwith a larger mesh size) . -

was used to model the knuckle region where the

geometry is not axisymmetric. The three-dimen- -

sional model is shown in Figure 5-2 and the

axisymmetric model is shown in Figure 5-3. Both
models were developed using the I-DEAS (ver- :

sion 6.1) solid modeling software. Heat transfer

and stress calculations were subscquemly made .~

for both models using the ABAQUS (version 5 2)
finite element analysis software. The thermal

sleeve was represented by the use of drfferent heat : - ,
transfer coefficients for the nozzle areas, depend- . -

ing on their relation to the thermal sleeve. A
table of temperature-dependem moduli of elas-
ticity were used in the finite element model
instead of a single temperature, so the alternating
stress intensity ranges were adjusted by multiply-
ing by the ratio of the modulus of elasticity on the

fatigue curve to the modulus of elasticity at the .

- 'Code does not list stress indices for this case.) The
" nozzle-to-piping weld is a field weld. It is not
- typically included in nozzle analyses, but is
. included in NB- 3600 analyses of the adjoining
-.. piping as the terminal end. In one analysis of a
:surge nozzle that we reviewed, for which an
" NB-3200 analysis was performed on the surge
‘line and nozzle, the appropriate NB-3600 stress
indices for a girth butt weld were applied to the
_strésses at the field-welded safe-end-to-piping

e }\:reld.’ '

. 567

T NB-3200 provides different classifications for

the linear portions of the stresses due to radial
thermal gradients in Tables NB-3217.1 and
NB-3217.2. For vessels, Table NB-3217.1 classi-
fies these stresses as secondary stresses whereas

- for piping, Table NB-3217.2 classifies them as

peak stresses. The piping definition in
Table NB-3217.2 was used in the calculations to
compute the primary plus secondary stress

NUREG/CR-6260
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Figure 5-2. Charging system nozzle finite element model. o

NUREG/CR-6260 ‘ 5-68
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SENAG R ; .
Pipe—nozzle
weld center line
) ’ ¢
o ‘Thermal sleeve
“attachment point
BN R
~ Figure 5-3. _Chargi\ng_vnq_z;le axisymmetric finite element model. ‘
'"NUREG/CR-6260
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mtensuy range. The text in NB-3213.9 (second-- -

- ever, for the nozzle body region, thé maximum

ary stress definition) and NB-3213.13 (definition

stress intensity occurred after the steady-state

—uﬁthermai-stresshnakemdﬁferemmn@m—had-been reached when the charging

“ between vessels and piping, and the wording is
consistent with Table NB-3217.1. It appears that
“Table NB-3217.2 is consistent with the deletion
of the AT} term from Equation 10 of NB-3650 for

piping components, and since we consider the

charging nozzle to be a piping component, the
stress caused by the radial thermal gradient was
considered to be a peak stress. In the region of the
nozzle-to-charging system piping junction, we
could clearly differentiate between the stresses

caused by radial and axial gradients, because the -

axial gradients were negligible. However, in the
knuckle region, the stresses resulted from a
combination of axial and radial gradients, so the
linear portions were considered to be secondary
stresses.

For most of the transients, the individual usages’
were negligible, as we found with the NB-3600
analysis. The major contributing transients were
various combinations of charging and letdown
shutoff, and recovery from those transients. The
maximum CUF was 0.030 in the region above the

' thermal sleeve, and 0.020 for the nozzle body
region. The maximum stress intensity from initia-
tion of cold charging water into the hot nozzle
(such as from the letdown shutoff event) occurred
part-way into the transient for the nozzle-to-
charging system piping region where the radial
thermal gradient caused most of the stresses. How-

system piping region was at the cold injection
water temperature (assumed to be 32°F), the main
coolant piping was hot (560°F), and an axial ther-
mal gradient existed in the knuckle region. A com-

- ‘parison-of the three highest S,y values (which

contributed nearly all of the CUF) and the fatigue
usage for each load pair are shown in Table 5-90.
The load pairs were all various combinations of
the load sets listed in Table 5-89.

The difference in-the NB-3200 results
upstream of the thermal sleeve and at the piping
weld is that stress indices were applied to the
NB-3600 stresses to represent the field weld. If
NB-3600 stress indices were applied to the
NB-3200 stresses 10 represent the field weld, the
CUF for the field weld would be higher for the
NB-3200 results than for the NB-3600 results.

~The axisymmetric model shown in Figure 5-3

- was used for the analysis. Although the element

meshing is comparable to the meshing used in the
licensees’ analyses that we reviewed in this
project, extrapolation of the stress gradient to the
surface may require a finer mesh size.

Whereas the NB-3200 and NB-3600 results
were comparable for the S,y computed for the
nozzle-to-charging system junction region, the

" San was reduced by more than a factor of four in

the nozzle body (considered to be a branch con-
nection in the NB-3600 analysis) region using the

Table 5-90. Results for charging nozzle using NB-3200 and NB-3600 methods and ASME Code

fatigue curve.

Location Load pair NB-3600 NB-3200
San usage Salt usage
Branch connection/ 1 363.53 0.452 87.69 0.007
nozzle body -2 46.00 0.004 80.94 0.020
3 46.00 0.004 29.47 0.000
~ Nozzle-to-pipe weld 1 84.62 0.006 —_ —_
2 70.04 -0.012 —_ —_
: 3 52.11 0.004 —_ —
Nozzle region upstream of 1 — — 84.79 0.006
thermal sleeve 2 — — 82.86 0.022
' - "3 —_ S — 46.15  0.002-
NUREG/CR-6260 5-70



- NB-3200 finite element analysxs Most of the -

NB-3600 CUF resulted from a single load pair.

The reducuon in CUF can be attribuied to the - -

C3K ;3 stress indices of 1.8 X 1.7=3.06 appliedto ™~

the a,T, - apTp term in the NB-3600 analysis, the -

resulting 3.333 K, penalty factor, and smoothing

of the axial temperature gradient in the NB-3200

analysis. Whereas the NB-3200 and -3600 results

for the Say values computed for the nozzle:to-"
‘charging system piping region are comparable, s

the highest S;j; was reduced significantly in the -~

nozzle body region using the finite element .

model

When the alternating stress intensity results -

mainly from a through-wall (radial) thermal

gradient, as in the case of the area of the -

nozzle-to-charging system piping junction (the
top portion of the model in Figure 5-3), the alter-
nating stress intensities computed using NB-3200
-and NB-3600 methods were comparable. This is
because NB-3600 uses the result of an equation
developed from an exact analysis of a radial
temperature gradient in a cylinder for the AT} and
AT, terms. However, when the alternating stress
intensity is mainly the result of an axial gradient
in the nozzle, as is the case in the'nozzle body
region where the @,T; -
contributor, then using an NB-3200 finite element
- model can reduce the CUF considerably.

In our modeling of the thermal sleeve, we con-
sidered the coolant in the annulus between the

- nozzle and the thermal sleeve to be stagnant. This
_is consistent with the modeling used in all of the
licensees™ analyses. However, there may be
conditions where there is varying turbulent
’ penetratlon from the coolant in the main loop into
the annulus region during penods of thermal tran-
sients.-Such a phenomenon may alternately heat
~"and cool the annular region, and has not been
~ addressed in any analyses. There is no physical
evidence that-such a phenomenon occurs. The
sleeves in branch lines of several plants have

apTp term is the major
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-8,5.4.2 CUF Based on NUREG/CR-5999
Intenm Fatigue Curves. The CUF calculated
using the NUREG/CR-5999 interim fatigue curve
is'shown in Table 5:91. The location is at the
nozzle region above the thermal sleeve, where the
NB-3200 analysis resulted in the highest CUF
(0.030 using ASME Code fatigue curves). The
CUF for the nozzle-to-piping field weld (0.022

“using'ASME Code fatigue curves), typically

computed using NB-3600 analysis methods, was

---lower. The -CUF for the nozzle region above the

thermal sleeve is based on the results of the
NB-3200 analysis of the nozzle, since these are
the stresses that would typically be used at this
location. :

The CUF increased by a factor of 11.63 over
the CUF calculated using the ASME Code fatigue
curves. The CUF does not exceed the ASME
Code Jimit of 1.0. If the p)am is opcrated for 60
years, the CUF i is0 524 v

' '5.5.4.3 NUREG/CR-5999. CUF with Con-

servative Assumptlons Removed. Since

the CUF is below 1 0 no further calcu\auons
were performed

5 5.4. 4 CUF Based on Revised lntenm
Curves. Since the. CUF-was below 1.0, the

-0.001%/s curve was used. The CUF results are
-shown in Table 5-92. The extrapolated CUF for
60 years is 0. 479 :

‘5.5.5 : Safety Injection Nozzle. Since the pip-
ing was designed to the rules of the B31.1 piping
‘code, no fatigue analyses had been conducted.
Consequently, the INEL staff performed a fatigue
 analysis using representative transients based on
" the safety injection nozzle analyses from the other

' ‘PWR plants reviewed in this study, and the meth-

- become separated over the years, but the root
cause has generally been attributed to flow

induced vibrations rather than thermal fatigue.

' 571

-ods of the current (1992) edition of the ASME
*.Code.’Both ASME Code NB-3600 (piping) and
~NB:3200 (design by analysis) methods were
- used,-and typical :analytical models comparable .

with those in the licensees’ analyses were devel-

> oped. For the two transients that were the major
~‘contributors to the CUF, representative design
- basis cycles of 70 for emergency injection (design
- basis numbers range from 60 to 260 and expected

' NUREG/CR-6260
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' ""fél:v'le‘5-91 -CUF results for chargmg nozzle using NUREG/CR-5999 interim fauguc curve.
-1 oad pair (Table. 5 -89) . __San———Say(adjusted) N ‘n ' u
o 2A/4B . 80.89. 84.79 299 20.... 0067
2A/3B - 79.05 82.86 316 80 0.253
4A/3B 44.03 . - 46.15 - 4129 20 0.005
3A/3B -- 43.95 46.06 4178 100  0.024
CUF 0.349

Table 5-92. CUF results for charging nozzle using revised interim fatigue curve.

Load pair (Table 5-89) - Sale San(adjusted) "N n Cu
2A/4B .80.89 84.79 316 20 0.063
"2A/3B 79.05 82.86 341 80 0.235
4A/3B 4403 46.15 5652 20 0.004
p 3A/3B 43,95 46.06 5739 100 0.0217
' o CUF 0.319

numbers range from 30 to 100 for thc other
PWRs), and 200 for initiation of RHR during
cooldowns (from Table 5-83), were assnmed The
knuckle region of the nozzle is protected by a

thermal sleeve, which mitigates the thermal’

shocks to this region dunng severe transients. The
thermal sleeve is welded to the nozzle.

5.5.5.1 CUF Based on ASME Code
Fatigue Curve. Calculations for the safety in-
jection nozzle were completed using the methods
of NB-3600 of the ASME Code and the NUPIPE-

11 computer code. Three areas of the nozzle were

considered: the nozzle-to-pipe weld, the area at
the thermal sleeve junction, and the nozzle body
where the nozzle is connected to the main coolant
piping, which was considered to be a branch con-
nection. The model. used to analyze the RHR
piping in Section 5.5.6 was also used to analyze
the safety injection nozzle. The CUF was high
(1.993) for the branch connection to the main
coolant piping, but low (0.046) for the weld to the
- saféty injection system piping and (0.010) at the

" thermal sleeve. The major contributor to the CUF .

was the emergency injection transient/plant trip
load pair, with the former transient providing
almost all of the stress range. This is consistent
with the results for the. newer vintage
Westinghouse plant in Table 5-77 after transients
-such as LOCAs, steamline breaks, and rapid de-
pressurizations had been eliminated. The axial

NUREG/CR-6260
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thermal gradient (the a,T, - abTb\ term) produced
most of the stress intensity at the branch connec-
tion, whereas the AT} and AT, terms produced
most of the stress intensity at the weld to the
safety injection system piping and the thermal
sleeve region of the nozzle.

An NB-3200 finite element analysis was also
performed for the nozzle using the same pres-
sures, thermal transients, moments, and numbers
of cycles as were used in the NB-3600 analysis. A
small axisymmetric finite element model was
used to model the nozzle in the region of the con-
nection to the safety injection system piping
where the geometry is truly axisymmetric, and a
larger 3-dimensional model (with a larger mesh
size) was used to model the knuckle region where
the geometry is not axisymmetric. The three- )
dimensional model is shown in Figure 5-4 and the
axisymmetric model is shown in Figure 5-5 Both
models were developed using the I-DEAS (ver-
sion 6.1) solid modeling software. Heat transfer
and stress calculations were subsequently made
for both models using the ABAQUS (version 5.2)
finite element analysis software. The thermal
sleeve was represented by the use of different heat

- transfer coefficients for the nozzle areas, depend-

ing on their relation to the thermal sleeve. A table
of temperature- dependent moduli of elasticity
were used in the finite element model instead of a
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Figure 5-4. Safety injection nozzle finite element model. -
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Pipe—nozzle '
weld center line
attachment point

Figure 5-5. "Safety injection nozzle axisymmetric finite element model.

)
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single temperature, so the alternating stress inten- - .
sities were adjusted by multiplying by the ratioof .
the modulus of elasticity -en the fatigue-curve to .
the modulus of elasticity-at the average tempera- . - -

ture during the trans:ents that made. up, the load

pairs (300°F)

Component Evaluations

safety injection nozzle to be a piping component,
the stress caused by the radial thermal gradient
was considered to be a peak stress. In the region
of the nozzle-to-safety injection system piping

.+ “junction, we could clearly differentiate between

The interior surface -of the nozzle contains no.

reentrant comers, so no areas of stress concentra-
tion needed to be considered. The weld between
the nozzle and the main coolant piping is made in
the shop and no fatlgue strength reduction factors
.are typically applied to this type weld. For exam-

:ple, the charging nozzle analyses for the newer

vintage Combustion Engineering plant and the
B&W plant included no fatigue strength reduc-
tion factors for this weld. The thermal sleeve is
‘welded to the interior of the nozzle but no stress
_concentration factor or fatigue strength reduct_lon
factor is typically applied to account for this weld.
“The geometry of the weld is not shown on the fab-
rication drawing. (No stress indices were applled
for this weld in the NB-3600 analysxs either. The
ASME Code does not list stress indices for this
case.) The nozzle-to-piping weld is a field weld.
It is not typically included in nozzle analyses, but
is the terminal end of NB-3600 analyses models
of the adjoining piping. In one analysis of a surge
nozzle that we reviewed, for which an NB-3200
analysis was performed on the surge line and
~nozzle, the appropriate NB-3600 stress indices
for a girth butt weld were applied to the stresses at
the field-welded safe-end-to-piping weld.

NB-3200 provides different classifications for
the linear portions of the stresses due to radial

thermal gradients in Tables NB-3217.1 and

NB-3217.2. For vessels, Table NB-3217.]
classifiés these stresses as secondary stresses
whereas for piping, Table NB-3217.2 classifies
them as peak stresses. The piping definition in
Table NB-3217.2. was used in the calculations to
. compute the primary plus secondary stress
- intensity range. The text in NB-3213.9 (second-
ary stress definition) and NB-3213.13 (definition
of thermal stress) makes no dxfferenuauon
. between vessels and piping, and the wording is
-consistent with Table NB-3217.1. It appears that
Table NB-3217.2 is consistent with the deletion
of the AT} term from Equation 10 of NB-3650 for

-5-75

the stresses caused by radial and axial gradients
because the axial gradients were negligible. How-
ever, in the main body region of the nozzle the
stresses resulted from a combination of axial and
radial gradients, so the linear portions were con-
sidered to be secondary stresses. . - '

For most of the transients, the individual
usages were negligible, as we found with the
NB-3600 analysis. The maximum stress intensity
from initiation of cold safety mjectmn water into
the hot nozzle occurred part-way into the tran-
sxent for the nozzle-to -safety injection system
plpmg junction reglon where the radial thermal
gradient caused most of the strcsses However, for
the nozzle body rcglon, the : maxxmum stress
1ntensuy occurred at the end of the transient. A
comparison of the hxghest Sait (wlnch contributed
nearly all of the CUF) and ‘the CUFs (summed
from the individual usaoes of all load palrs) are
shown in Table 5- 93

The dlffere’n'éé”lﬁ' the NB-3200 results

- piping components, and since we consider the

upstream of the thermal sleéve and-at the piping
~weld is that NB-3600 stress indices were applied

to the NB-3200 stresses to represent the field
weld. Whereas there was not much difference
between NB-3200 and NB-3600 results for the
.Sai computed for the nozzle-to-safety -injection
_piping system region, the S, was reduced by
- more than a factor of 10 in the nozzle body (con-
sidered to be a branch connection in the NB-3600
analysis) region using the NB-3200 finite element
. analysis. The reduction in CUF can be attributed

- to the C3K3 stress indices of 1.8 X 1.7 = 3.06

-applied to the 0T, - @y T} term in the NB-3600

- analysis, the resulting 3.333 K¢ penalty factor,
--and smoothing of the axial temperature gradient
“in the NB-3200_ analysis. The NB-3200 S,y and
CUF at the nozzle-to-pipe weld (which incorpo-

rated NB-3600 stress indices) are higher than the

~ NB-3600 results. The axisymmetric model shown

in Figure 5-5 was used for the analysis. Although

- NUREG/CR-6260
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Table 5-93. " Results for safety injection nozzle using NB 3200 and NB-3600 methods and ASME

" Code fauguc curve (safety mjecnonlreactor trlp)

.. Location . NB-3600 NB?3.29.Q DO
. L Sant - CUF San ~CUE: .
Branch connection/nozzle body - - 400.22 1.976 32.88 0.002
Upstream of thermal sleeve - - — — 92.48 0.031
Nozzle-to-pipe weld 102.57 0.046 125.14 0.095

the element meshing is comparable to the
meshing used in the licensees’ analyses that we
reviewed in this project, cxtr’apolation' of the
stress gradient to the surface may require a finer
mesh size.

When the allcrnatmg stress mtensny results
mainly from a through-wa]l (radxal) thermal gra-
dient, as in the case of the area of the nozzle-
to-safety injection system piping connection (the
top portion of the model in Figure 5-5), the alter-
nating stress intensities computed using NB-3200
and NB-3600 methods were similar. This i is
because NB-3600 uses the result of an equauon
developed from an exact analysns of a radial tem-
perature g oradxent ina cylmder for the AT, and
AT, terms. However, when the alternating stress
intensity is mainly the result of an axial gradient
in the nozzle, as is the case in the nozzle body
region downstream. of the thermal sleeve where
the aaTa - ap Ty term is the major conmbutor, then
using an NB-3200 finite element model.can
reduce the CUF considerably. '

In our modeling of the thermal sleeve, we con-
sidered the coolant in the annulus between the
nozzle and the thermal sleeve to be stagnant. This

'is consistent with the modeling used in all of the

licensees’ analyses. However, there may be
conditions where there is varying turbulent
penetration from the coolant in the main loop into
the annulus region during period of emergency
injection. Such a phenomenon may alternately
“heat and cool the annular region, and has not been
“ addressed in any analyses. There is no physncal
. evidence that such’a phenomenon occurs. The
sleeves in branch linés of several plants have
become separated over the years, but the root

NUREG/CR-6260
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cause has generally been attributed to flow
induced vibrations rather than thermal fatigue.

5.5.5.2 CUF Based on NUREG/CR-5999
Interim Fatigue Curves. The CUF calculated
using thé NUREG/CR-5999 interim fatigue
curves is shown in Table 5-94. The location is at
the nozzle-to-safety injection piping weld, since
the NB-3200 analysis demonstrated that this
region had the highest CUF. The CUF is based on
the results of the NB-3600 analysis of the nozzle,
since these are the stresses that would typxcally be
used at this locauon

" ‘The CUF increased by a factor of 9 04 over the
CUF calculated using the ASME Code fatigue
curves. The CUF doés not exceed the ASME
Code limit of 1.0.

| 5.5.5.3 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. Based

‘on 172 heatup/cooldowns from Table 5-83 the

CUF is reduced to 0.410. If the plant is operated
for 60 years, the CUF is 0.615. ‘

5.5.5.4 CUF Based on Revised Interim
Curves. The strain rate for the first load pair was
based on a BOLSeqond rise time to the maximum
stress, while 0.001%fs was used for the other two
load sets. The CUF results  are shown in
Table 5-95. The extrapolated CUF for 60 years is
0. 491

5.5.6 'Residual Heat Removal System
Class 1 Piping. No CUF analyses have been
performed by the licensee for the SA-376

- Type 316 residual heat removal system. Conse-

quently, system drawmgs were supplied by the
licensee and a representative fatigue analysis was
performed by the INEL staff. :
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Table 5-94. CUF results for safety m_]ecuon nozzle using NUREG/CR-599%"interim fatigue curve.

B Load paxr _f: T Sah N~ on T
Safety m_;ectxon/reactortnp DRSS 102.57 .189_‘ e 20 Q_.370‘
Initiation of RHR/OBE =~ - -~ - 4679 3802 - 50 . . 0013
Initiation of RHR/leak test - 45.49 4503 . 150 . . 0033

- CUF 0.416

R

Table 5-95. CUF results for safety mJectxon nozzle using revised interim fangue curves.

, Load pair : San N n ' u
Safety injection/reactor trip - 010257 0 0. 235 _ 70 0.298
Initiation of RHR/OBE 46.79 - 5085 50 o010
Initiation of RHR/leak test : 45.49 .- 6346 122 0.019

CUF 0.327

5.5.6.1 CUF Based on ASME Code -
Fatigue Curve. Before a fatigue analysis could
be conducted, a set of representative transients for
the plant had to be defined. The postulated set of
transients used in the analysis was based on the
plant operation and numbers of cycles defined by
the licensee for other components, and the defini-
tion of transients and numbers of cycles for the
RHR and shutdown cooling systems of the newer -

ing plants, respectively. No thermal stratification
transients were included since this condition has ~
not been identified in this plant’s residual heat
removal system (although thermal stratification .
has been identified in similar systems in other
PWRs). .

.. . NUREG/CR-5999 interim fatigue curve is shown
*"-in'Table 5-96. Application of the NUREG/

CR-5999 interim fatigue curve increased the CUF
by a factor of 13.00 over the design basis number.
If the plant is operated for 60 years, the CUF is

'0429

| 5.5.6.3 NUREG/CR-5999 CUF with Con-

.- servative Assumptions Removed. Since
vintage Westinghouse and Combustion Engineer- _ _:_the CUF is below 1.0, no further calculations
-~ were pcrformed

5.5.6.4 CUF Based on Revised Interlm

.Curves. Since the CUF was below 1.0, the -
" 0.001%/s curve was used. The CUF results are -

shown in Table 5-97. The exlrapolaled CUF for

" 60 years is 0.308. T

" The portions of the residual heat removal
sys(em that would be classified as Class'l _
systems in newer vintage plants were analyzed'”
for fatigue. CUF calculations were performed us- ¢,
ing the current {1992) edition of the ASME Code. -
The highest CUF (0.022) was found to be on an .-

8 X 8-X 8 in. tee, as shown Figure 5-6.

5.5.6.2 CUF Based on NUREG/CR-5999
“Interim Fatigue Curve. The CUF using the

5-77

5.5.7 Results and Conclusions. >We
—-obtained the latest design basis fatigue calcula-

tions for three components on an older vintage
Westinghouse plant, and calculated-a representa-
tive design basis CUF for the other three compo-
nents. The CUF obtained from the design basis
calculations for the location with the highest
calculated fatigue usage on each component was

recomputed using the NUREG/CR-5999 interim

fatigue curves. The results are summarized in

NUREG/CR-6260
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Figufe 5-6. Residuél heét rEmO\?a] systerﬁ model isometric view.

Table 5-96 CUF results for the resxdual heat removal system piping using NUREG/CR 5999 interim -
faugue curve.

Load pair San N n u
Shutdown cooling AJOBE \ 5691 . 1169 50 - 0.043
Shutdown cooling A/lcak test A .o 51.60 - 2109 150 0.071 .
Reactor trip/emergency injection . - 5061 2370 70 0.030 -~
Step power increase/shutdown coolmg B, 46.44 - 3976 200 0.050
Leak test B/reactor trip - - oo 46.28 4060 150 0.037
Step power increase/null : 46.26 4070 - , 200 0.049
Cooldown/reactor trip. =~ - - 3236 34975 180 0.005
Step power increase/cooldown ' 32.36 34975 20 0.001 .
‘ CUF - 0.286
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Table 5-97.. CUF results for the tesidual heat removal system prpmg usmg revrsed interim fangue

curve. s
Loadpmr o Sax "'N“'”::"“" n o

Shutdown cooling AJOBE . . 5691 - 1549 . 50 0.032
Shutdown cooling A/leak test A . 5160 - 2642 150 0.057.
Reactor trip/emergency injection 5061 2973 70 - 0.024
Step power increase/shutdown cooling B 46.44 5382 200 ' 0.037
. Leak test B/reactor trip 46.28 5528 150 0.027
Step power increase/null - 46.26 5547 . 200 . 0.026
Cooldown/reactor trip - - 73236 78079 180 0.002
Step power increase/cooldown 73236 78079 .20 0.000
' ' ' ' :CUF ' 0.205

Table 5-98. The increases in the magmtudes of
the desrgn CUFs are as follows:

Stainless Steel

Surge line 7.57
Charging nozzle 11.63
Safety injection nozzle 9.04

Residual heat removal piping 13.00 .00
A 10.31 avcrage
Carbon/Low-alioy Steel -

Reactor vessel she]l/lower
head 3 07 '

Reactor vesse] mlct nozzle 2.38
Reactor vessel oullet nozzle

2.71 average -
Conservative assumptions were identified, and
where justifiable, the design CUFs were recom-
puted with'conservative assumptions removed.
The 40-year CUFs were multiplied by 1.5 to deter-
mine a.60-year CUF, as' shown ih Table 5-98.

Using the NUREG/CR 5999. mlenm faucue
curves, the CUF remained below 1.0 for the inlet

and outlet nozzles, safety injection and charging . -

nozzles, and the residual heat removal line. The

CUF for the reactor vessel lower head was less =
than 1.0 for 40 years, but exceeded 1.0 for

60 years. Most of the CUF was due to the

579

assumptions for frictional forces and vibration -

between the core blocks and the lower head.
These assumptions may be conservative, and the
the excess conservatism may be sufficiently
removed to reduce the CUF below 1.0. However,
for the surge line piping, our judgment is that a
more detailed (that is, ASME Code NB-3200)
stress analysis or fatigue monitoring and cycle
counting would have to be used to reduce the
CUF below 1.0. As listed in Table 5-88, there
remain a number of opuons available to further
reduce the CUF. ’

5.6 Newer Vintage General
- Electric Plant -

:—Acompanson -of- theﬂesrgn»CUFs frorrr the -

licensee’s design basis calculations and CUFs

269 “using the NUREG/CR-=5999 interim fatigue

.cirves was carried out for the locations of highest
‘design CUF for the six oornponents listed below:

L

‘1. Reactor vessel shell and lower head
2. Reactor vessel feedwater nozzle

3.  Reactor tecuculanon piping (mcludmg inlet
I and outlet noz.z]es) '

I

4. Core spray lme reactor vessel nozzle and

associated Class 1 piping

5 Residual heat -removal nozzles and

associated Class 1 piping

'6.  Feedwater line Class 1 piping. .

.NUREG/CR-6260



0929-HO/OTAUNN

08-S

Table 5-98. Summafy of older vintage Westinghouse plant CUFs.

Revised

: ‘ curves
NUREG/CR-5999 CUF (lstainles s steel)
Basedon Conservative Based on ‘ ¢
_ _ _ _ , - Design  design assumptions  expected  Extrapolated | _
_ Component Location : Material Cl.JF‘ stresses removed ~ cycles to60years 40 years 60 years
Reactor vessel . At core SA-302, Grade B2 0.290  0.891 —_ — 1.337 = -
support guide SR 5 X ! :
weld ‘ R . ) ; ‘.
Inletnozzle - SA-302,Grade B2 0208  0.496 — — 0.744 — L
_ Outletnozzle  SA-302,Grade B2  0.431  L.161 — 0.347 0.520 “— i
Surge line Hot leg nozzle  SA-376; Type 316° . 0.9b0 6814 — 5.860 8.790 14248 56.372
safe end o ; o
Charging nozzle Nozzle SA-182; Type 316> 0.0%0c 0.349 — — 0.524 0319 | 0.479
Safety injection  Nozzle SA-182, Type 316° " 0.046°  0.416 — 0.410 0615 0327 | 0.49
nozzle B ' T _ : S
Residual heat Tee SA-376, Type 316° +0.022°  0.286 — — 0.429 0.205

removal line

a. Carbon or low-alloy steel.
b. Stainless steel.

c. Estimated by INEL. CUF calculation not required by Ii‘ccnsing basis.

|
I
|
|

H
i
i
i

'0.308

! '

4

suonenfeay usuodwo)
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As of early. 1994 the BWR/6.plant has been ... . .of the lower shell and head are in the vicinity of
operated. approximately 7 of the 40 years.curs. ... ... thelower head comrol rod drlve mechamsm

rently approvedi i its opera

I e i ias T

Table 5-99 shows the design basis cycles for tran- T st CUF s in the weld regron between the low-
sients that are- rmportam from a fatigue standpoint - ——aley-steel-shell-and-the AHey- 600 CRDM
for the six components that were evaluated. The penetration. The CUF is 0.200 for the head and
anticipated transients are based on preliminary. 0.407 for the CRDM penetration weld material.
data for the plant for cycles through February *  The SA-508 Class 2 head is protected from the
1994, and have been extrapolated to 40 years by coolant by a layer of cladding. No fatigie analysis
multiplying by 40/7. No fatigue momtormg has

is performed for the cladding. The original analy—
been performed on this plant. - . . sis was performed in 1976. ~

The cycles-to-date extrapolated 10 40 years are
greater than the design basis cycles for several

transients. However, there have been no occur- 5.6.1.1 NUREG/CR-5999 CUF Based on

rences of several transients that are major contrib- Licensee’s Design Calculation Stresses

~ utors to the design-basis CUF for some for Low-Alloy Steel Material. The effect of

components. Therefore, we cannot state on a gen- the NUREG/CR-5999 interim fatigue curve is
eral basis whether components are experiencing shown in Table 5-100. As previously discussed, '

more of less fatigue usage than would be pre- ' the results shown in Table 5-100"assume that the

dncted by the desxgn basis transients. | - coolant was in contact with the Jow-alloy steel

base metal undemeath the cladding. The licens-

5 6. 1 Reactor Vessel Shell and Lower ee’s CUF calculations used the ASME Code,

Head. The hxghest CUFs on the interior surfaces Section I11, 1971 edition, through Winter 1972

. Table 5-89. Number of selected desrgn basrs cycles compared to anucrpated number of cycles over
40-year license life. : . _ :

_ Transient . . Design basis cycles o ; 'Ami_cipa_ied c'ycles'
.vadro/leak test™ et T 40 .. .- .. 40
Starwp 120 : - 280
Loss of feedwaterpumps . . 30 - 0
“Turbine trip (full loss of ' S L .. 34
feedwater heaters) - . _ _ . o o
Partial feedwater heater bypass 70 ' 85
_-Turbine trip (scram) 40 S -0
Other scrams 140 . - S 223 .
Refueling scrams C CUU300 ‘ o 0 -
Reduction to 0% power, hot -~ nm 263
standby, and shutdown . . e, o o
Partial transients through 50% ‘ 113 309
.power Jevel Coe L ..

Table 5-100. CUF results for reaetor vessel lower head near CRDM penetrauon weld usmg
- NUREG/CR-5999 interim fatigue curve.. .. S e e

__ Load pair Sanksi) Sau (adjusted) : N - n 7 u

All B 46.34 4191 . 94 1100 11.702
T - T CUF 11.702
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~ Addenda..The modulus of elasticity used in the -
analysis.was for. 300°F, so-a multiplication factor

of 30/29 (the ratio of the modulus of elasticity on

the fatigue curve to the modulus of elasticity at

-300°F-in the-1971 edition of the-: ASME Code) - -

was included. The analysis lumps all cycles
together with the highest Sy, so the highest tem-
perature of 288°C and a saturated (0.001%/s)
strain rate is assumed. :

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
58.51 over the design basis number. The CUF
exceeds the 'ASME Code limit of 1.0.

'5.6.1.2 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Weld Metal Material. The effect of the

- NUREG/CR-5999 interim fatigue curve is shown
in Table 5-101. NUREG/CR-5999 does not
include a fatigue curve for Alloy 600, so the stain-
less steel curve was used. The licensee’s CUF cal-
culations used the ASME Code, Section I1I, 1971
edition, through Winter 1972 Addenda. The mo-
dulus of elasticity used in the analysis was for
300°F, so a multiplication factor of 28.3/30.5 (the

ratio .of .the .modulus._of elasticity for the . .

NUREG/CR-5999 fatigue curve to the modulus
of elasticity at 300°F in the 1971 edition of the
ASME Code) was included. :

Application of tie’ NUREG/CR-5999 interim ™ =
fatigue curve increased the CUF.by.a-factor-of - - - ..

6.67 over the design basis number, The CUF
exceeds ihe ASME Code limit of 1.0.

5 6 1 3 NUBEG/CR-5999 CUF with Con-
“servative Assumptions-Removed for
Low-Alloy Steel Material. The CUF is calcu-
lated conservatively in that the total cycles (n) for
all load pairs have been included in the CUF cal-

_ culauon for the load pair with the highest S,y;, and

the numbers for all cycles have been considered
individually, rather than paired. The cycles can be
_broken into two combined load pairs (a) hydrotest
(40 cycles), OBE (10 cycles), and loss-of-
feedwater-pumps (30 cycles), and (b) all remain-
ing transients (1020 cycles). The first load pair-
corresponds to the highest S;y, and results from a
combination of the hydrotest and loss-of-feedwa-
ter-pumps transients. The number of combina-
tions for this load pair is 40 cycles (allowing an
extra ten cycles for the loss of feedwater pumps
transient). Since S,y for the OBE/loss-of-feedwa-
ter-pumps load combination is less than 46.34 ksi,
the ten OBE cycles can be conservatively in-
cluded with the hydrotest/loss-of-feedwater-
pumps load pair for a total of 50 cycles. The
number of allowable cycles is shown in
Table 5-102.

- The maximum alternating stress for the
remaining loads pairs was calculated using the
licensee's stress results. The analysis used-a mul-
tiplication factor of 1.4 to account for plasticity in
regions of local thérmal stréss. (The ASME Code
requires that a Poisson’s ratio of 0.5 be used in

Table 5-101. CUF results for CRDM penetration weld using NUREG/CR-5999 interim fatigue éurvc.
Loadpair - Sy (ksi) San(adjusted) N n. Cu -
All 80.50 74.68 405 1100 2716
' CUF 2716

Table 5-102. CUF results for reactor vessel lower head near CRDM penetration weld using
NUREG/CR-5999 interim fatigue curve with conservative assumptions removed.

Load pair™ San (ksi) . San (adjusted) N - n u
Hydro/OBE/loss of feedwater 46.34 47.97 - 94 50 0.532
pumps S ‘ : ,
All other 15.16 15.16 10579 1020 0.096

CUF

0.628

NUREG/CR-6260 | 5-82



‘regions of local thermal stress, rather than the
‘value of 0.3 that was used in the-analysis. The

ratio-of 1 minus Poisson’s ratio for values of 0.3
- and 0.5is 0.7/0.5 = 1.4). Adjusting Ihe alternating
stress intensity for the second load pair in the

licensee’s calculations by 30/29 X 1.4 results in-
an S,y of 15.16 ¥si. The remaining 1020 cycles -

still have not been paired, but since the 80 cycles

-of hydrotestOBE/loss-of-feedwater have been
‘paired, the total number of cycles used in the
fatigue calculation has been Teduced from 1100
to 1020 '

The rcv:sed CUFis shown in Table 5 102.Itis
1ess than the ASME Code limit of 1.0. If the plant
is operated for 60 years, the extrapolated CUFis
0. 942

- The anticipated numbers of cycles for the start-

ups and other scrams are 243 greater.than the
numbers of design basis transients,but these are
more than compensated for by the reduction in
the loss-of-feedwater-pumps and refueling scram

transients, for which the anticipated number is’

330 less than the design basis cycles.

- 5.6.1.4 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed for
Weld Metal Material. The CUF is calculated - -
conservatively in that the total cycles for all load .~

pairs have been included in the CUF calculation

for the load pair with the highest Sy, and the : -

numbers for all cycles have been considered indi-

vidually, rather than paired. The cycles can be

Component Evaluations

broken into three combined load pairs
(a) hydrotest (40 cycles), OBE (10 cycles), and
loss-of-feedwater-pumps (30 cycles); (b) control

tod drive isolation (50 cycles) and single control

rod scram (10 cycles); and (c) all remaining tran-
sients (960 cycles). The first load pair corre-
sponds to the highest Sy and results from a
combination of the hydrotest and loss-of-feedwa-
ter-pumps transients. The number of combina-

tions for this load pair is 40 cycles (allowing an
‘extra ten cycles for the loss-of-feedwaler-pumps
:transnent) Since Sy, for the OBE/loss-of-feedwa-

ter-pumps load combmatlon is less than 80.50 ksi,

‘the ten OBE cycles can be conservatlvcly in-
‘cluded with the. hydrotest/loss-of-feedwater-

pumps load pairing for a total of 50 cycles.

~"The maximum alternating stress for the

~ -remaining load pairs was calculated using the
-licensee’s stress results. The modulus of elasticity
:used in the analysis was 300°F, so a multiplica-
:tion factor of 28.3/30.5 (the ratio of the modulus
-of elasticity for the NUREG/CR-5999 fatigue
-curve 10 the modulus of elasticity at 300°F in the

1971 edition of the ASME Code) was included
for the second and third load pair cases. In addi-

* “tion, the stress intensities were mumphcd by a
. .factor of 1.4 to account for local plasticity as
“described in Section 5.6.1.3.

The revised CUF is shown in Table 5-103. It is
less than the ASME Code limit of 1.0. If the plant ~
is operated for 60 years, the cxtrapolated CUF
is 0.711.

Table 5-1 03 . CUF results for CRDM penetration weld using NUREG/CR-5999 interim fangue curve

with conservative assumpuons removed.

Sadadjusted) - N 0om v

Load pair © Sap (ksi) -
Hydro/OBE/loss of feedwater 8050 - 7469 © 405 - 50 - 0.124
pumps o o aa
CRD isolation/single control — 62.19 685 60 0088
“rod scram o o
All other ; T — 4108 . 3662 960 0262

-CUF. .. 0474

- NUREG/CR-6260
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The anticipated numbers of cycles for the start-
. ups and other scrams are 243 greater than the

numbers of design basis transients, but these are -

more than compensated for by the reduction in
the loss-of-feedwater-pump transients and refuel-
ing scrams, for which the anticipated number of
cycles is 330 less than the number of design basts
cycles.

© 5.6.1. 5 CUF for Weld Metal Material

Based on Revised Interim Fatlgue
Curves. Since the CUF was below 1.0, the
0.001%s curve was used. The CUF results are
shown in Table 5-104. The extrapolated CUF for
60 years is 0.539.

5.6.2 Reactor Vessel Feedwater Nozzle.
The highest CUFs for the feedwater nozzle are
0.795 for the nozzle thermal sleeve, and 0.301 for
the nozzle safe end. The effect of the
NUREG/CR-5999 interim fatigue curves were
assessed for both the thermal sleeve and the safe
end, since th: thermal slecve isnota pressure
boundary.

5.6.2.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses
for Thermal Sleeve. The licensee’s design cal-
culations show:that the highest CUF for the reac-
tor vessel feedwater nozzle is located on the
thermal sleeve near its weld to the nozzle. The
licensee’s design CUF calculations used the
ASME Code, Section III, 1971 edition, through
- Summer 1973 addenda. NUREG/CR-5999 does
not include an interim fatigue curve for
Alloy 600, so the stainless steel curves were
used. The Sy values in the design calculations
were the stress values used to determine the
allowable cycles. No further adjustment for the
effect of modulus of elasticity was made, so it was
assumed-that the proper adjustment had already
been incorporated. Since the 1971 edition of the .
Code used an modulus of elasticity of 26.0 x 106
psi (ASME Code Figure 1-9.2), the S,j; values
were ‘multiplied by 28.3/26 because the
NUREG/CR-5999 interim fatigue curve was
developed using a modulus of elasticity of
28.3 X 109 psi. The effect of the NUREG/
CR-5999 interim fatigue curve is shown in
Table 5- 105

Table 5-104. CUF résults for CkDM penetration weld using revised interim fatigue curve with

conservative assumptions removed.

. San(adjusted) -

Load pair - ; - Sap (ksi) . N n u
Hydro/OBE/loss of feedwater 80.50 74.69 490 - 50 0.102
pumps ' ' T
CRD isolation/single comrol — 62.19 1021 60 0.059
rod scram : : ‘ . :
All other — 47.08 4853 960 . 0.198

CUF 0.359

Table 5-105. ' CUF results for reactor vessel feedwater nozzle thexmal sleeve using N UREG/CR—5999 a

interim fatigue curve.

Load pair Say (ksi) Sa"(adjusted) - N n u

Turbine roll A/turbine'tripB 204.29 C 22236 729 10 0345
Turbine roll A/turbine roll B 160.97 175.21 52 - 110 C2115
Hot standby/turbine roll B 135.79 147.80 78 20 1 0.256
Hot siandby A/TG trip 122.89 13376 - 100 210 2.100
Hot standby A/hot standby B 87.85 95.62 224 2 0.009 4
Hot standby B/shutdown A 50.99 55.50 1360 220 1 0.162
Shutdown A/shutdown B  41.09 "51.26 2194 335 0.153
Turbine trip A/shutdown B 37.62 40.95 8479 10 0.001
TG trip/shutdown B 19.89 21.65 6.6x 107 15117 0.000

CUF 5.141

"NUREG/CR-6260 5-84



- The results indicate that the CUF increased by ..
a factor of 6.47 over the desugn basis number. The_.

Component Evaluations

_.alloy steel interim fatigue curves in NUREG/ .

_ CR-5999 are temperature dependent. Tempera-

CUF exceeds the ASME'ﬁoﬂeﬁmrmﬁHMrmv]ocatnon of the highesrCUF at-ilye— -

plant is operated for 60 years, the extrapolated
CUFis 7 J12.

© 5,622 NUREG/CR-5999 CUF Based on

Licensee’s Design Calculation Stresses

For Safe End. The licensee’s design calcula-
~tions show that the highest CUF for a carbon/
low-alloy steel component on the reactor vessel
feedwater nozzle is located on the inside surface
‘of the safe end near the feedwater piping. This
location is in direct contact with the reactor
‘coolant. The metal is SA-508 Class 1 carbon steel
(in the 1971 Code it was called Grade 1). The
licensee’s design CUF calculations used the
ASME Code, Section 1I1,:1971 edition, through.
Summer 1973 addenda. The S,j, values in the
design calculations were the stress values used to
-determine the allowable cycles. Since no further
-adjustment for the effect of modulus of elasticity
‘was made, it was assumed that the proper adjust-
ment had already been incorporated. No changes
have been made to the modulus of elasticity for
-the ASME Code carbon/low-alloy steel fatigue
-curves since 1971 The hxgh-oxygen carbon/low-

times of maximum and minimum S;;, were

e ,_.__-____nhtamedfromlhe design analysis, and the maxi-

mum of the two temperatures was used. If we
only consider the increasing portion of the tensile
stress of the load pair, where it is expected that
metal cracking is occurring, average strain rates
can be estimated from the stress calculations. The
resulung CUF is shown Table 5- 106

The results mdncate that the CUF mcreased by
a factor of 5.75 over the désign basis number. The
CUF eXCeeds lhe ASME Code hmlt of 1.0,

5 6.2.3 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed for

" Thermal Sleeve. With the given information,

there are no readily apparent conservative
assumptions that can be removed for the thermal

sleeve. The transients have not been lumped

together but are separated into quite a few load
pairs. Although some K, values are greater than
1.0, Sy, does not change with temperature, so no
conservative assumption reductions for the K.
calculanons can be made. :

Table 5- 106 CUFE results for reactor vessel feedwater nozzle safe end usmo NUREG/CR 5999

“interim fangue curve..

- A Tempcrature 'Strainrate . C e
Load pair Sar - CO . . (%!s) N n u

Turbine roll ATG trip A~ . 8227  :7200 70.028 226 . 120 0531
Turbine roll A/hot standby A - 72.60 ..200 --0.026 297 .. -90 .0.303
Hot standby A/null 64.41 200 .0.026 . 402 142 0.353
Shutdown A/null 3898 200 10.002 1113° 555 0.499
Turbine roll A/turbine trip A~ 29.28 200 10.001 2557 ° 10 0.004
Turbine roll B/TG trip B 20.85 .. 200 £10.001 11484 - '120° 0.010
TG trip B/null 1921 .- 200 ~ 0.001 +17260 .. .98 0.006
Turbine trip B/null 17.56 - 288 _0.001. 6326 10" 0.002
OBE/null 17.44 288 ~0.001 6479 10 0.002

Hot standby B/null - 13.85 - 288 - 0.001 19967 222 0011
Shutdown B/null 13.43 1200 . 0.001 147221 666 0.005
' Startup/null’ 13.33 288 0.001 70527 120  0.002
Reverse OBE/null - 8.52 288 - - - 0001 - 59x106 - 12625 - 0.002
CUF 1730

°5-85
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-Using the anticipated numbers-of cycles for -
“407‘6‘51’?‘ frofi ~Table 5799 thecycles in—sufficient information to determine the Tiagni-

Table-5-105—_wese—adjusted—as—shown—in
Table 5-107.-Since the actual number of turbine
generator (TG) trips was not reported, the 210
cycles in the design basis were used. There are
five temperature cycles assumed in the analysis
for each shutdown, so the 263 anticipated shut-
down cycles are multiplied by 5, resulting in 1315
temperature cycles. If the plant is operated for
60 years, the extrapolated CUF is 12.483. There
are a2 number of potential conservative assump-
tions that could be removed to reduce the CUF
These are hsted in Tablc 5-108

5.6.2.4 NURE G/CR-5999 CUF with Con-
servative Assumptions Removed for Safe
End. The primary plus secondary stress intensity
ranges for the first 4 load pairs exceeded the 3S,

" limit, so a simplified elastic-plastic analysis ad-
justment factor (K,) was applied to the Sy, value.
However, the licensee’s calculation conservative-

ly assumed the highest temperature value to de-

termine the 3S, value used in the calculation for
K.. The definition for Sy, to bé used for 3S;;, from
ASME Code Figure NB-3222-1, Note 3, is the
average at the high and low temperatures during
" the tmns:ent. lf no mechamcal loads contnbute to

- the secondary stress. Although we did not have

—tudes of secondary-stresses-due-to-mechanical
loads, we assume that the contributions to sec-
ondary stresses from mechanical loads are negli-
gible since the stresses are mainly caused by
thermal transients. Based on the temperatures in
the design calculations, the average temperatures
for the two transients were used to calculate Ke.
This reduces the K, factors for the first four load
pairs. :

-The adjusted CUF resulting from the applica-
tion of this conservative assumption reduction is
included in Table 5-109. If the plant is operated
for 60 years, the extrapolated CUF is 1.895..

Based our estimate of the numbers of transients
for the first seven load pairs in Table 5-106
(which contribute the majority of the CUF), the
CUF based on anticipated cycles is shown in
Table 5-110. Since the actual number of turbine
generator (TG) trips was not reported, the 210
cycles in the design basis was used. There are five
temperature cycles assumed in the analysis for
each shutdown, so the 263 anticipated shutdown
cycles are multiplied by 5, resulting in 1315 tem-
perature cycles

Table 5-1 07 CUF results for reactor vessel feedwater nozzle thermal sleeve using N UREG/CR—5999
interim fatigue curve and anticipated numbers of cycles.

Load pair San (ksi) San(adjusted) N n S

Turbine roll A/turbine trip B 204.29 222.36 29 0 0.000
Turbine roll A/turbine roll B 160.97 175.21 52 280 . 5.385
Hot standby/turbine roll B 135.79 147.80 78 0 0.000
Hot standby A/TG trip 122.89 133.76 100 210 2.100
Hot standby A/hot standby B 87.85 95.62 224 53 0.237
Hot standby B/shutdown A 50.99 55.50 1360 0 0.000
Shutdown A/shutdown B 47.09 51.26 2194 1315 0.600
Turbine trip A/shutdown B 37.62 4095 8479 0 . 0000
TG trip/shutdown B 19.89 - 21.65 6.6 x 107 0 0.000 .

' CUF 8.322
NUREG/CR-6260
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Table 5-108 Potential for ehmmatlon of eonservauve assumpuons to reduce CUF for feedwater

nozzle thermal sleeve_usmg_NIiREGLCRjﬂQQJMenm_fanguc_cnme

.. Assumption..—. .. —Potential- — - ‘ RS R _: e
" (Section43) - foruse ~Used - -~ - -~ Comments '
Correct CUF No . No Analysis appear to be comect. '
calculation - ) ' S
Detailed load pairs No . No Detaxled load pau’s were used
SCF/FSRF - . Yes . No Finite element analysis may reduce SCF
Sm value ~ No  No - Spconstant with temperature.
Material property . No ‘No No sngmﬂcam changes
changes . ,
Fatigue curve Evalue  Yes . Yes Ad_;usxment was made for modulus of elasucxty
Code analysis changes No  No Nosignificant changes
_Actual cycles | Yes  No ' Insufficient information ,
High temperaturerates .  Yes . No  Actual AT probably less than design
Detailed stress - Yes .. No More detailed mode]' could be used
modeling - L -
--Conservativethermal @~ Yes ~ No Conservanve heat transfer coefﬁcxents may have been "
_.parameters o used
Time phasing of No No ' Time phasmg not expected to reduce nozzle CUF .
stresses ,
" Number of OBEs } No -~ ' No ~'OBEdid conlnbute to CUF :
- CC N-411 dampmg o No . = No B ‘Dynamxc loads did contribute to CUF
_ Number of hydrotests - No.  No Hydrotests did not contribute to CUF
" Fatigue monitoring ~ Yes - - No Actual transients probab]y less severe than des:gn
Plastic analysis Yes - . No< .. Elastic plasnc finite elément analysxs could be used

: Table 5-109. CUF results for reactor vessel feedwaler nozzle safe end usmu NUREGICR 5999
interim faugue curve with conservative assumpuons removed.

, o Temperature  Strain rate . S :
Load pair Sy (PO - (Pls) SN ot

. Turbineroll A/TGrip A~ -~ 67.27_ . -.200° . 0028~ . 366 120 0.328
Turbine roll A/hot standby A - 61.13-- 200 0026 463 90 ' 0.194
Hot standby A/null © 5165 . 200 0026 792 142 0179
‘Shutdown A/null . . .- 3534, 200 - - 0002 . 1634 - 555 0340
" Turbine roll Afturbine trip A =~~~ 29.28 - 200 .. 0001 - 2557 - :10 - 0.004
- Turbineroll B/TGtripB - 2085 .- 200 0001 - .- 11484° 120 0010
- TGtripB/mull ~ © 1921 7200 0 000L. - 17260 ¢ 98- 0.006
" Turbine trip B/null - © >~ 711756 ©-288 - 00010 .. 6326, 10° 0.002.
COBE/mull © T 17447 07288 - 0001 i 6479 - 10+7.0.002
‘Hot standby B/null  ~ - 1385 - 288 0001+ "T19967 -+ 222 0,011
~ ShutdownB/null.  ~ © " 1343 " =° 200 0.001 - 147221 - 666 0.005
‘Starwp/mull 0 71333 77288 0001 70527 120  0.002
ReverscOBE/null’  “ - "' '852 " 288 0001 ' 59x10° 12625 0.002

\ o - " CUF 1085

587 - NUREG/CR-6260
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Table 5-110. CUF résults for reactor vessel feedwater nozzle safe end using NUREG/CR- 5999
- interim fati _gue curves with conservative assumptions i removed and anticipated cycles.

- e Temperature  Strain rate
- —-'--—Load pair —~—_—-—sq———--- €) ~ ———@fsy—-—N-——— " n u
Turbine roll A/TG rip A -~ -+ - 67.27 - 200 0.028 366 210 0574
Turbine roll A/hot standby A 6113 200 0.026 463 0 0.000
Turbine roll A/null 57719 200 ~ 0.026 548 70 0.128
Hot standby A/null 51.65 200 0.026 792 263 0332
“Shutdown A/null 3534 200 0.002 1634 1315 0.805
Turbine roll A/turbine trip A° 29.28 200 0.001 2557 0 0.000
Turbine roll B/TG trip B 20.85 200 0.001 11484 210 0018
TG trip B/null 19.21 200 .0.001 17260 0 0.000
Turbine trip B/null 17.56 288 0.001 6326 10 0002
OBE/null. 17.44 288 0.001 6479 10 0.002
Hot standby B/null "13.85 288 0.001 19967 © 222 " 0.011
Shutdown B/null - 13.43 200 0.001 147221 666 0.005
Startup/null 1333 . 288 0.001 70527 120 0.002
Reverse OBE/null 8.52 288 0.001  59x105 12625 0.002
CUF  1.881

If the plant is operated for 60 years, the CUF is
.2.822. Potential conservative assumptions that
might be removed to reduce the CUF are listed in
Table 5-111. Based on fatigue monitoring by GE

_ofaJapanese BWR for two fuel cycles, the 40-year

0.002 for the SA-508 Class 2 low-alloy steel

_nozzles (porfion in contact with the reactor cool-

~ ant), and 0.298 for the SA-358 Type 304 stainless

CUF for the feedwater nozzle has been estimated.

atonly 0. 0074 versus a design basis CUF of 0.387

(Sakai et al;;1993); a Tediiction of about a factor

* of 50. Deardorff and Smith (1994) report than

based on monitoring of 12 startups and 11 shut-
downs at a domestic BWR, the design basis CUF
for the feedwater nozzle during the monitoring
period was about 30 times that computed from
fatigue monitoring of actual transients.

5.6.2.5 CUF Based on Revised Interim
Fatigue Curves for Thermal Sleeve. From
the licensee’s calculations, the increasing portion

of the tensile stress occurred after 15.6 seconds

and accounted for about two-thirds of the strain
range. Using the corresponding strain rates, the
CUF results are shown'in Table 5-112. The
exlrapolated CUF for 60 years is 9.707.

5. 6 3 Reactor Reclrculation Plpmg The
hnghest CUFs for the recirculation system are

'NUREG/CR-6260

steel piping at a tee on the suction piping. Since

_the nozzle has a factor of about .500>before the

ASME Code faugue allowable value of 1.0 is
reachcd only the plpmg was consxdered.

- 5.6.3.1 NUREG/CR-5999 CUF Based on
Licensee's Design Calculation Stresses.
The licensee’s design CUF calculations used the
ASME Code, Section III, 1983 edition, through
Winter 1984 addenda. This analysis was per-
formed to support a snubber reduction program.
The S,y values were not adjusted for the effect of
modulus of elasticity; NB-3600 does not specify
any modulus of elasticity adjustment. The value
of the modulus of elasticity on the fatigue curve

has not changed since 1983. However, from a

5-88

review of the licensee’s calculations, it appears
the number of cycles were obtamed from a

- fatigue curve using a modulus of elastlcny of

26 X 106 psi, the value before the modulus of
elasticity was changed to 28.3 X. 106 psi. . There-
fore, the Sy values were multlphed by 28.3/26 to
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Table 5-111. - Potential for elimination of conservative assumptxons to reduce CUF for feedwater 1=
nozzle'safe énd usmgNUREG/CR-5999 interiny fatngue curve. - - . . : TN
- Assumption - Potentla} Used - Comments : Lo =R
~ (Section43) - - - ‘foruse " Tt “ ? : =
Correct CUF No .'”No ~ Analysis appear to be correct
. calculation ‘ S
Detailed load pairs ~ No No * “Detailed load pairs were used
'SCF/FSRF ' Yes No Insufficient detail
S value “Yes ' " No Potential for use if K. could be reduced
Material property Yes © 'No lnsufﬁc:em detail
" changes S e
Fatigue curve E value “Yes - Yes 'Adjustment was m'ade for modulus of elasticity . : -
Code analysis changes - - No ~~ No -Thermal stresses calculated using NB-3200 method
"Actual cycles " Yes ~ ‘Yes  Adjustment was made for projected cycles
High temperature rates Yes No  Actual AT probably less than des:on
Detailed stress " Yes No Interaction model used
- modeling . ‘
Conservative thermal - Yes No - Conservauve heat transfer coefﬁc:ems may have been
parameters . used i
. Time phasing of No No * Time phasing not expected to reduce nozzle CUF
stresses o -
Number of OBEs - Yes Yes . OBE minimal contributor to CUF, B
CC N-411 damping No " No - Dynamic 10ads minimal contributor to CUF
Number of hydrotests ‘No No ~ Hydrotests did not contribute to CUF _
Fatigue monitoring ~ Yes No - Actual transients probably less severe than design *:
Plastic analysis “Yes . No '

‘Elastic plastic finite element analysis could be used -

~

Table 5- 112 CUF results for reactor vessel feedwater nozzle thermal sleeve using revised interim

fatigue curves.

N n . u

San (kst) San{adjusted)

204.29 . 22236 ‘39 0 0.000
160.97 175.21 68 280 4.118
135.79 147.80 l o1 - 0 0.000

122.89 133.76 129 ‘ 210 1.628
87.85 95.62 215 . 53 - 0.247
50.99 ~'55.50 1761 0 0.125
47.09 51.26 2751 _ 1316 0.478
37.62 . 40.95 18409 0 0.000
' CUF 6.471

:5-89 - NUREG/CR-6260 -
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_ use the NUREG/CR:5999 curve. The CUF results
- ~using the NUREG/CR-5999 interim fati gue curve

- -are: mcluded in: '-I’able 5-113. -

Apphcanon of the NUREGICR—5999 interim
fatigue curve increased the CUF by a factor of
7.23 over the licensee’s design basis number. The
CUF exceeds the ASME Code limit of 1.0. -

5.6.3.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. The pri-
mary plus secondary stress intensity ranges for
the first 12 load pairings exceeded the 3Sn, limit,
so a simplified elastic-plastic analysis adjustment
factor (K,) was apphed to the Sy value. How-

--ever, the licensee’s calculation conservatively as-
-.sumed the lughesl temperature value to determine
:~the 3Sp, value used in'the calculation:for K. The
-definition for Sm to be used for 3S, from ASME
Code Figure NB-3222-1, Note 3, is the average at
the high and low temperatures during the tran-

~ sient, if no mechanical loads contribute to the sec-

ondary stress. Although we did not have
sufficient information to determine the magni-
tudes of secondary stresses due to mechamcal
loads, we assume that the contributions 10 sec-
ondary stresses from mechanical loads are negli-
gible since the stresses are mainly caused by -
thermal transients. The average temperatures for

Table 5-113. CUF results for the rec:rculauon system piping usmg NUREG/CR-5999 interim fatigue
curve.
Load pair San Sant (adjusted) N n.  u
Composite loss/null 139.05 -151.35 ' 74 10 0.135
Composite loss/null - 136.86 148.97 17 10 0.130
Turbine generator trip/null 130.44 . 141.98 86 5 0.058
Turbine generator trip/null 130.44 141.98 - 86 5 0.058
Composite loss/null 125.89 137.03 ~94 - 10 0.106
Relief valve event/unbolt 117.91 128.34 110 30 0.273
Relief valve event/unbolt 117.91 128.34 110 93 ,0.845
Hydro/relief valve event . 111.10 120.93 127 40 0.315
o s 110.74 120.53 128 -7 7 0.055
108.17 117.93 135 1 0.007
79.51 86.54 284 9 0.032
69.92 76.11 - .387 10 0.026
50.31 54.76 1474 10 0.007
47.12 51.28 2189 20 0.009
- 46,39 50.49 2404 i 0.046
45.99 50.06 2531 50 0.020
44.60 48.54 3047 40 0.013
44.21 48.12 321 10 0.003
44.16 48.06 3235 10 0.003
44.06 47.96 3276 42 0.001
36.47 39.70 10219 10 0.001
33.25 36.19 17839 130 0.007
31.15 33.90 26438 111 0.004
19.75 21.49 >107 660 0.000
18.10 19.70 >108 10 0.000
17.47 19.01 >108 8 0.000
17.13 18.64 >108 10 0.000
11.77 12.81 >107 4800 0.000
CUF 2154
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the two transients (based on the temperatures. in..

the design calculations) were used to calculate the = .

twelve load pau's

The adjusted CUF resultmg from the appllca-

tion of this conservative assumption reduction is

included in Table 5-114. If the plant is operated ' - -

for 60 years, the extrapolated CUF is 1.245.

The number of anticipated cycles are difficult -

‘to determine because the cycles in the design

Component Evaluations -

_ basis report do not have a one-for-one correspon- . -
_dence with the transients in Table 5-99:It appears -
" “that because’ the “iumbers of amzcnpated istaniups
_ . exceed the design basis number of startups; the -

T ;antlcxpated CUF would be greater than that
'shown in Table 5-114. However, starfups are not

part of the first eight transients, which produce -

. the majority of the CUF, so the effect would be

minor. There are a number of potential conserva-
tive assumptions that could be removed to reduce
the CUF. These are listed in Table 5-115.

Table 5-114. CUF results for the recirculation system pxpmg usmg NUREG/CR-5999 interim fatigue

curves. ) . .
Load pair , Sm San (adjusted) -N n S
Composite loss/null © 19024 - 9822 ¢ 210 10 - 0048 -

* Composite loss/null 9227 100 43 199 10 0.050
Turbine generator trip/null © 8440 T 01.87 246 -5 0020
Turbine generator trip/null 84.40 - 91.87 246 5 0020 -
Composite loss/null 8378 - 91,197 251 10 © 0040 - -
Relief valve event/unbolt 74.71 81.32 330 30 0.091 -
Relief valve event/unbolt - 7471 " 8132 '330 93 0.282 -
Hydro/relief valve event 7113 T4 372 40 0.108

68.94 7504 * 401 7. 0017 ..
7406 80.61 337 I 0003
5787 . .i62.77 648, 9 0014
. 5454 5936 . 907 10 0011

. 5031 5476 14747 10 0007
4712 5128 12189 20 0.009
4639 5049 . 2404 111 0046
- 4599 5006 . 2531, 50 .. 0.020
. 44.60 48.54 3047 40 - 0013
. 4421 48.12 3211 10 0.003
4416 .48.06> - .. 3235 - -10 :0.003
4406 4796 - 03276 1. 42 - 0.013
. 3647 #3970 -+ 10219 1 10 .. 0.001
. 3325 36.19 ... 17839 130 .. - 0.007 . .-
3115 3390 " - -26438 111 - 0004
195 2149 - .-_>1o7 660 0000 -
T 1830 1970 ©%°>106 © 10 - 0000 ¢
L. 1747 19.017 7 51080 8 ¢ 0.000
1703 1864 7 T51060 77 100 0.000
U} S "12.81 >107°°4800° ©  0.000
CUF 0.830
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- Table 5-115. Potential for ehmmanon of conservative assumpuons to reduce CUF for recxrculanon

system using NUREG/CR-5999 mtenm faugue curve. L

Assumpuon S Potenual T T e
"(Section 4.3) “for use ™ Used Commems
Correct CUF No . No . Analysis appear to be correct
calculation . s
Detailed load pairs "No No Detailed load paus were used
SCF/FSRF No ~ No  Stress indices appear correct
S value Yes ©  Yes Average Sy, used
Material property No No No significant changes
changes : '
Fatigue curve E value Yes  Yes Adjustment was made for modulus of elasticity
Code analysis changes No ~ No Nosignificant changes =
Actual cycles Yes No . Insufficient information
High temperature rates Yes - No  Actual AT probably less than design
Detailed stress Yes No - More detailed model could be used
modeling .
Conservative thermal Yes No Conservative heat transfer coefficients may have been-
parameters o ~ used
Time phasing of - Yes No ° Time phasing may reduce CUF
stresses . _ o _ o
Number of OBEs No No OBE did contribute to CUF
CC N-411 damping --No No Dynamic loads did contribute to CUF.
Number of hydrotests No No  Hydrotests did not contribute to CUF
Fatigue monitoring -~ Yes . No  Actual transients probably less severe than design
Plastic analysis Yes No Elastic plastic finite element analysis could be used

5.6.3.3 CUF Based on Revised Interim
Fatigue Curves. The licensee’s calculations
did not contain-sufficient mformauon 1o deter-
mine the strain rates, so the 0.001%/s curve was
used. The CUF results are shown in Table 5-116.
The extrapolated CUF for 60 years is 1.119.

5.6.4 Core Spray Line Reactor Vessel
Nozzle and Associated Class 1 Piping.
The highest CUFs for the core spray line are
0.165 for the nozzle thermal sleeve, 0.050 for the
nozzle safe-end extension, and 0.031 for the pip-
ing. Since the thermal sleeve is not a pressure
boundary, the effect of the NUREG/CR-5999 in-
terim fatigue curves on both the thermal sleeve
and the nozzle safe-end extension, which is a part
- of the pressure boundary and has the next highest
desngn CUF, wxll be assessed.

NUREG/CR-6260 5-92

5.6.4.1 NUREG/CR-5999 CUF Based on
Licensee’'s Design Calculation Stresses
for Thermal Sleeve. The licensee’s design
CUF calculations used the ASME Code, 1971
edition, through Summer 1973 addenda.
NUREG/CR-5999 does not include an interim
fatigue curve for Alloy 600, so the stainless steel
curves were used. The Sy values in the design
calculations were used to determine the allowable
cycles. No further adjustment for the effect of
modulus of ¢lasticity was made; therefore, it was
assumed that the proper adjustment had already
been incorporated. Since the 1971 edition of the
Code used a modulus of elasticity of 26.0 x 105
psi (Figure 1-9.2), the Sy, values were multiplied
by 28.3/26 because the NUREG/CR-5999 interim
fatigue curve as developed using a modulus of
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Table 5-116. - CUF results for the recirculation system piping using revised interim-fatigue curves. . .

. Load pair-:. _ San Sah(ad_)usted) N n . u
Composne loss/null ~ 9024 9822 198 10 0048
Composite loss'null - 92.27 ~.100.43 185 . 10 0.050
Turbine generator trip/null - 84.40 “= 91,87 244 5 0.020
Turbine generator trip/null 84,40 91.87 244 . 5 0.020
Composite Joss/null 83.78 . 91.19 249 10 0.040

- Relief valve event/unbolt 74.71 .81.32 363 30 0.091 -
Relief valve event/unbolt 74,71 81.32 363 93 0.282
Hydro/relief valve event 7113 77.42 431 40 - - -0.108.
: : . 68.94 7504 - 482 . 7 0.017
- 7406 - 80.61 . 374 1 . 0.003
- 57.87- :62.77 . - 980 9 0.014
5454 . 59.36 - 1263 - 10 0.011
- 15031 5476 - 1890 10 0.007 .
- 47.12 51.28 . 2743 20 0.009
-46.39 '50.49 - 3018 111 10.046
" 4599 - 5006 3185 50 “0.020 -
4460 4854 3903 40 0013
4421 "48.12 - 4146 10 T 70.003
44.16 48.06 4180 10 0.003 .
4406 4796 . 4245 42 0.013
3647 13970 24885 10 0.001
3325 - 36.19 . 39628 130 0007
31.15 3390 . 57713 111 - 0.004
- ... . CUF. 0.746

- elasticity of 28.3 X 106 psi. The CUF using the

- licensee’s stress values and the NUREG/CR-5999

interim fatigue curve is included in Table 5-117.

~ Some warmups and cooldowns have loss-of-feed-
pumps (LOFP) events. : :

- . Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
5.72 over the design basis number. The CUF does
not exceed the ASME Code limit of 1.0. If the
plant is operated for 60 years, the extrapolated
CUF would be 1 415

. 5642 NUREG/CR-5999 CUF Based on
. Licensee's Design Calculation Stresses
- for Safe-End Extension. The licensee’s design
- CUF calculations used the ASME Code, 1971
“edition, through Summer 1973 addenda. The

calculations- show that the ltigltest CUF for a
“carbon/low-alloy steel component nozzle is
* located on the inside surface of the safe-end exten-

'sion near the core spray piping. This location is in

- direct contact with the reactor coolant. The metal
*'is SA-508 Class 1 carbon steel. The Sy 'values in
: ‘the design ca]culatlons were the slress values used
" todetermine the a]lowable cycles Sincéno further

'ad_]ustment for the effect of modulus of elasttcxty

was made, it was assumcd that the proper adjust-
ment had already beén incorporated. The high-

.. oXygen carbon/low-alloy steel interim fatigue
._'fcurves in NUREG/CR- 5999 are temperature
..dependent. Temperatures at the location of the

‘highest CUF for the times of maximum and mini-

- mum peak stress mtensny were obtamed from the

:5-93

licensee’s detailed calculations, and the maximum
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Table 5-117. . CUF results for core spray nozzle thermal sleeve using NUREG/CR- 5999 interim

. fatigue curve.

Load pair . Sap San(adjusted) N ~n°
Warmup/cooldown(LOFP) ~ - $201.02 218.80 30 10 0333
Warmup(LOFP)/cooldown(LOFP) 167.53 182.35 47 20 0.426
Cooldownlwarmup(LOFP) 151.00 164.36 61 10 0.164
Cooldown/null ' 68.68 . 74.76 404 8 0.020
OBE/null 6.98 7.60 >107 2524 0.000

- "CUF =~ 0943

of these two temperatures was used. Since there
was insufficient information available to deter-
mine the strain rates, the saturated curves are
used. The effect of the NUREG/CR-5999 interim
fatigue curves is shown in Table 5-118.

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
13.50 over the design basis number. If the plant is
operated for 60 years, the extrapolated CUF is
1.012.

5.6.4.3 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed for
Thermal Sleeve. The four load pairs that are
-the major contributors to the CUF are not conser-
vatively lumped together. Thére are only 810
20 cycles per pair. The K. factors are greater than
1.0, but since the Sy, values for Alloy 600 are
constant from:70 to 700°F,'no adjustment based
on temperature can be made. The second load pair
is based entirely on the loss-of-feedwater-pumps
transient. The licensee informed us that there
have been no loss-of-feedwater-pumps cycles
- (Table 5-99). Making this adjustment, the CUF is
shown in Table 5-119. The additional startup/
shutdown transients are mcluded in load pair 5,
and would not affect the CUE. If the plant is oper-
. ated for 60 years, the CUF is 0 776.

5.6.4.4 NUREG/CR-5999 CUF with Con-
servative Assumphons Removed for
' Safe-End Extension. The primary plus sec-
ondary stress intensity ranges for the first two
load pairs exceeded the 3Sp, limit, so a simplified
elastic-plastic analysis adjustment factor, K., was
applied to the S,y value. However, the licensee's
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calculation conservatively assumed the highest

temperature value to determine the 35S, value -
used in the calculation for K. The definition for

Sm to be used for 38y, from ASME Code Fig-

ure NB-3222-1, Note 3, is the average at the high

and low temperatures during the transient. Based... .
on the temperatures in the design calculations, the.
average Sy, for the two transients in the first load
pair was used to calculate K., again assuming that
contributions to the secondary stresses from me-
chanical loads were negligible. This increases
3Sm from 53.1 to 63.9 ksi, and reduces the K, fac-
tor from 2.287 to 1.152. The resulting CUF is
shown in Table 5-120. If the plant is operated for
60 years, the extrapolated CUF is 0.654. The
second load pair is based entirely on the loss-of-
feedwater-pumps transient. The licensee in-
formed us that there have been no

“loss-of-feedwater-pumps cycles (Table 5-99).

Consequently, even adding additional startup/
shutdown cycles from Table 5-99, the CUF based
on anticipated transients would be less than
shown in Table 5-120. :

5.6.4.5 CUF for Thermal Sleeve Based
on Revised Interim Fatigue Curves. Since
the CUF was below 1.0, the 0.001%/s curve was -
used. The CUF results are shown in Table 5-121.
The extrapolated CUF for 60 years is 0.956.

5.6.5 Feedwater Line Class 1 Piplng: The
fatigue analysis for the feedwater line piping was
performed by an architect engineering firm. The

- highest design CUF is 0.435 at a 12-in. long-

radius elbow made of SA-333 Grade 6 low-alloy
steel. The material is in direct contact with the
reactor coolant. ‘



Component Evaluations

-Table 5-118. _CUF:resultsfor‘zcdx‘é;spray- nozzle safe-end extension using NUREG/CR-5999 interim. .-
fatigue curve.. - ool zToover aonanon ST .

- Loadpair Y U7 Sy - “Téiperawre. N n w_
- Cooldown/null S 9133 o200 65 18 ..-0277 -
Cooldown(LOFP)/null 8085 .. 200 8% . . 30 . - 0349 ..
OBE/mull . - 2238 288 - - 2477 . ... 10 -0.004
Warmup/null - - . L2195 o 200 . 8892 . 10 - 0.001
Warmup(LOFP)/null ‘2044 ' 200 - .. 12676 30 . .0002
Warmup/null _ 16.73 288 7486 - . - 310 0.041. .
~OBE/null B - 1069 - 288 - 1.9%x106 - 1804 0.001
' ’ o ) ' ‘CUF 1 0.675

Table 5-119. CUF results for core spray nozzle therinal sleeve usmg NUREG/CR-5999 interim '
fatigue curve.

Load pair - Sar - ‘Sanfadjusted) - N -~ n u

Warmup/cooldown(LOFP) . -201.02 - 21880 . 30 - 10 0333
Warmup(LOFP)/cooldown(LOFP) 16753  18235-- -47 - - .0: -0.000
Cooldown/warmup(LOFP) 15100 16436 . 6l 10 0.164
Cooldown/null _ 68.68 7476~ 404 g .0.020
OBE/null ‘ . 698 _- 7.60  >107 2524 ° -0.000

' ' CUF . 0517

' Table 5-1 20." CUF results for core spray nozzle safe-end extension usmg NUREG/CR-S999 mtenm
fatigue curve with conservative assumptions removed.

. Temperature . R
Load pair - .- San” (°C) N . n RS IR
Cooldown/null -~ 4600 200 . 473 - 18 0038 -~
Cooldown(LOFPYnull - 80.85 200 . 8 - 30 - 0349
OBE/null ' 12238 . 288 ‘2477 10 1 0.004 .
Warmup/null : 21.95.. 200 8892 10 . 0.001
Warmup(LOFPYnull 20.44 200 12676 30 . 0002
Warmup/null 16.73 288 7486 310 . 0041
OBE/mull . j 10.69 288 1.9%106 . 1804 - 0.001

CUF . 0436

Table 5-121. CUF results for core spray nozzle thermal sleeve usmg revised interim fanaue curves
and antlcxpaxed cycles.

Load pair . ST San . Sau(adjusted) . N n. - .

Warmup/cooldown(LOFP) ©+:20102 . 21880 .. - 24 10 0417 .
Warmup(LOFP)/cooldown(LOFP) . ..167.53° .. - 18235 . .. 38 0 . 0.000
Cooldown/warmup(LOFP) 15100 - 16436 49 10, 0.204

Cooldown/null _ -+ 68.68 : 74.76 . 489 8 -0.016 -

CUF 0.637
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- 5.6.5.1: NUREG/CR-5999 CUF Based on -

L:censee s Design Calculation Stresses.

_ mum peak stress intensity were obtained from the

design stress analysis computer output, and the

“The CUFPE calculations used The ASME Code,
1977 edition, through Winter 1979 addenda. The

—maximum of the tw6‘iéfnperaturé‘§"ﬁi2§s used.

. Cycles were interpolated between temperatures

-S-values were not-adjusted- for the-effectof -~———and strain-rates-as described in Chapter 3. The

modulus of elasticity, since NB-3653.4 of the
ASME Code does not call for an adjustment of
the modulus of elasticity. No change has been
made to the ASME Code fatigue design curve
modulus of elasticity since 1979. The high-
oxygen carbon/low-alloy steel interim fatigue
curves in NUREG/CR-5999 are temperature
dependent. Temperatures at the location of the

highest CUF at the times of maximum and mini-

CUF using the NUREG/CR-5999 interim fatigue
curves is shown in Table 5-122. Accounting for
temperature but not for strain rate, the CUF would
have been 5.520.

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of
8.61 over the licensee’s design basis number. The
CUF exceeds the ASME Code limit of 1.0.

Table 5-122. CUF results for feedwater line piping using NUREG/CR-5999 interim fatigue curve.

. Temperature Strain rate :
Load pair San (°C) (%ols) N T on T
High 18/Low 21 110.07 200 0.117 183 5 0.027
‘High 18/Low 21 107.97 200 0114 189 5 0027
High 18/Low 21 106.51 200 0.113 195 5  0.026
Low 14/Low 17 94.88 200 0.001 60 8 0133
High 8/Low 17 89.40 200 0.095 271 10 0.037
High 3/Low 16 88.27 200 0.094 278 5 0018
High 8/High 7 . 86.77 200 0.041 225 126  0.560
High 7/High 8 81.43 215 0.086 300 16 0.033
" High 7/Low 13 © 67.93 200 0.001 131 97  0.740
High 7/Low 13 66.71 200 0.001 138. 14 0401
High 7/Low 15 61.29. 200 0.001 173 6 0035
High 7/Low 15 - 61.16 212 0.001 142 64  0.451
" High8Low 12 = . 5550 200 0.001 235 92- 0391
High 3/Low 12 46.63 215 0.001 346 88 0254
High 7/Low 22 42.88 212 0.001- 511 15 0.029
High 3/High 7 39.44 215 0.001 674 212 0315
High 3/High 7 38.13 224 0.001 663 69  0.104
High 3/Low 20 36.80 224 0.001 762 11 0014
High 4/Low 20 13432 215  0.001 1139 60  0.053
Low 11/Low 20 32.95 200 0.001 1663 203  0.122
High 7/Low 11 32,53 200 . 0.001 1777 360  0.203-
High 6/Low 11 29.77 200 0.025 6332 222 0.035
High 2/High 19 - © 26.09 212 0.028 9321 30 0.003
High 5/High 19 26.04 200 0.028 . 10981 - 81  0.007..
- High 5/High 9 21.64 212 0.001 7894 96 -0.012
High 1/Highl1 20.56 200 . 0.001 12312 40  0.003
Low 10/Low 11 14.18 200 0.001 56880 30 - 0.001
High 5/Low 11 11.22 200 0.001 1.5x105 11545  0.008
- CUF = 3.746
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. 5.6.5.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. The pri-

mary plus secondary ‘stress intensity ranges for

the first-through- the-fourth- and~the%eventh—loadw

pairs exceeded the 3Sp, limit, so a simplified
elastxc-plastlc analysis adjustment factor (Ke)
was applied to the Sy, value. However, the licens-
ee’s calculauon conservatwely assumed the high-
est temperature value to determme the 3Sp, value
used in the calculation for K. The deﬁnmon for
Sm to be used for 38y from ASME Code
Flgure NB-3222-1, Note 3, is the average at the

Component Evaluations

high and low temperatures during the transient.
Based on the temperatures in the design calcula-

~Ttiofis, the average ieinperature Tor ihe iwo tran-
- sients-in the first-Joad- pair-was-used-to-caleulate - -

Ke, again assuming that the contribution to sec-
ondary stresses from mechanical loads is negligi-

" ble. The resulting CUF is shown in Table 5-123.

The high and low load sets were enveloped sets of
load palrs ‘depending on whethér the temperature
was increasing (high) or decreasmg (low). If the
plam is operated for 60 years, the extrapolated
CUF is 5.532 -

Table 5-123. CUF results for feedwater lme piping usmg NUREG/CR-5999 mtenm fattgue curve and

removmg COHSCX’V&(IVC assumpuons

Temperature -

S ”Strain rate T ’
- Load pair " San (o) (%ls) "N ‘n u
High 18/Low 21 © 106.04 200 0117 199 5 0025
. High 18/Low 21- 103.96 ~.200 0114 . 206 T 5 0024
High 18/Low 21 102.61 200 o113 21 5 0024 -
Low 14/Low 17 91.59 - 200 - . 0001 . . 65 8 0123
High 8/Low 17 89.40 200 - - 0095 - ..271° . 10 0.037
High 3/Low 16 88.27 200 '0.094 278 77 50018
High 8/High 7 83.76 200 - 0,041 243 126 0519 .
High 7/High 8 81.43 215 008 " 300 10 0.033
High 7/Low 13 '67.93 200 0.001 131 97 0740
High 7/Low 13 66.71 . 200 . . 0.001 1380 14 0.101.
High 7/Low 15 61.29 . 200, L0001 . - - - 173-.. 6 0035
High 7/Low 15 61.16 . 212 0001 . . . 142 . 64 0451
High 8/Low 12 5550 ... 200 - .0.001 235 - 92, 0391
High 3/Low 12 4663 215 0.001 346 ‘88 0.254
High 7/Low 22 _ 4288 . . .212.. .. 0001 511 .15 0029
High 3/High 7 3944 . 215 .. _..0001 674 212 0315
High 3/High 7 3813. ., \.224. . 0001 663 69 0.104
High 3/Low 20 3680 ., . 224 0001 762 . 11 0014
High 4/Low 20 3432 o215 0.001 1139 60 0.053
Low 11/Low 20 13295 200 0.001 1663 203 0.122
High 7/Low 11 . 3253 200 0 - . 0.001 1777. . 360 0.203
High 6/Low 11 29.77 200 .. 0.025 6332 222 0.035
High 2/High 19 - 26.09 212 . 0.028 9321 30 0.003
High 5/High 19 26.04 200 0.028 10981 81 0.007
High 5/High9 -~ 2164 0 oo 2120 . 0.001 7894 .- 96 0012
High I/Highll. - 2056 -..:200. - 0.001 12312..' 40 0.003
Low 10/Low 11 1418 - ..200 .- . 0001 .- 56880 30 0.001
High 5/Low 11 SN22 0 200 0.001 .- 1.5x10% . 11545 0.008:
' S CUF = 3.688
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The number of anticipated cycles are difficult: .

to determine because the cycles in the design ba-

“sis réport do not have a one-for-one correspon-
dence with the transients in Table 5-99, There are
a number of potential conservative assumptions

-that could-be removed to reduce the CUF “These— -

are listed in Table 5-124.

5.6.6 Résidual‘ Heat Removal (RHR)
Nozzles and Associated Class 1 Piping.
The RHR suction line was evaluated. BWR/6
plants do not have RHR injected into the recir-
culation line, as do earlier BWR designs. The
coolant return from the RHR system during nor-
mal system operation enters the feedwater line

upstream of the Class 1 piping and therefore no
faugue evaluation is required.

The faugue analysis for the RHR suction line
- piping was performed in 1993 to.reflect new

conditions.due to snubber removal, single loop
operation, and thermal stratification in response

" to NRTU Bulletin 88-08. The highest design CUFs

.are 0.407 for the carbon steel portion and 0.189
for the stainless steel portion. Since the CUF is
~higher for the carbon steel portion and the effect
of the NUREG/CR-5999 curves is more pro-
nounced for carbon than for stainless steel, only
the carbon steel portion was evaluated. The loca-

 tion of highest CUF occurs in a stralght run of

* SA-333 Grade 6 carbon steel pipe that is in direct
contact with the reactor coolant.

5.6.6.1 NUREG/CR-5999 CUF Based on
Licensee’s Design Calculation Stresses.

" The CUF calculations used the ASME Code,

1977 edition, through Winter 1979 addenda. The
Say values were not adjusted for the effect of
modulus of elasticity, since NB-3653.4 of the

Table 5-124. Potential for elimination of conservative assumptions to reduce CUF for feedwater line

piping'using NUREG/CR-5999 interim fatigue curve. -

Assumption Potential
(Section 4.3) foruse  Used - Comments
Correct CUF , No No Analysis appear to be correct -
calculation ' s o _
Detailedload pairs’ ~ No ~ No  Detailed load pairs wereused
SCF/FSRF "~ ~No - "“No - Stress indices appear correct
Sm value " Yes Yes- Average S used
Material property  No No No swmﬁcant changes B
changes : \ C -
Fatigue curve E value Yes Yes Adjustment was made for modulus of elasticity -
Co‘dcv'énalysis changes No No No significant changes
Actual cycles : Yes  No Insufficient information
Hngh temperature rates Yes ~ No Actual AT probably less than design
Detailed stress Yes No  More detailed model could be used
modeling . N
Conservative thermal Yes " No Conservative heat tmnsfer coefficients may have been

parameters : used

Time phasing of - Yes  No Time phasmg may reduce CUF ’
stresses

Number of OBEs No - No OBEdid contribute to CUF _

CC N-411 damping No No Dynamic loads did contribute to CUF

Number of hydrotests: No - No Hydrotests did not contribute to CUF

Fatigue monitoring =~ -~ Yes ~ No  Actual transients probably less severe than design
Plastic analysis - Yes No Elastic plastic finite element analysis could be used

'NUREG/CR-6260 598



ASME Code does not call for an adjustment of .. -

the modulus of elasticity. There has been no .

change—mﬂhe—modnlus—of-eiasncﬁmed m—thf——-—— mereases—m—%hmgmmdesef—the desi gn—CUFs- -

ASME Code carbon/low-alloy steel’ fatigue -

curves since.1979..The high-oxygen.carbon/.......

- low-alloy steel interim fatigue curves in
NUREG/CR-5999 are temperature dependent.
Temperatures at the location of the highest CUF
were obtained from the design calculation com-
puter output. The highest temperature for each
load pair was approximately 288°C, so the fatigue

~curve at this temperature was used. There was
insufficient detail in the licensee’s calculations to
determine the strain rates, so the saturated curve
was used. The CUF using the NUREG/CR-5999
interim fatigue curves is shown in Table 5-125.
The high and low load sets were enveloped sets of

load pairs depending on whether the temperature
was increasing (high) or decreasing (low). The

stratification transients were divided into a steady

state (10) and transient (11) groupings.

Application of the NUREG/CR-5999 interim
fatigue curve increased the CUF by a factor of

Component Evaluations

NUREG/CR-5999 interim fangue curves. The
results are summarized in Table 5- 127. The

using the interim fatigue curves (expressed as

-.-multiplicationfactors)-are-as follows:
Stainless steel/Alloy 600 ,
CRDM penetration o 667
Feedwater nozzle thermal: " - :
sleeve : - 6.47
Recirculation piping . 7.23
. Core spray nozzle thermal o
sleeve 572
6.52 average

27.67 over the licensee’s desxgn basns number T

The CUF exceeds the ASME Code limit of 1.0. If
the plant is operated for 60 years, the extrapolated

CUFis 16.80. . .. . o o

5.6.6.2 NUREG/CR-5999 CUF w:th Con-, '

servative Assumptions Removed. With the

given information, there are no readily apparent .- -
conservative assumptions that can be removed. -
The transients have not been lumped together but.

' Reactor vessel shell/lower

Carbon/Low-alloy Steel -

head . 58516 ..
‘Feedwater nozzle safeend ' 575 -
Core spray nozzle safe end , "13.5_0" :
_ Feedwater piping 861"
RHR line 276
S __u._.-._._22.8lavetage -

Conservative assumptions were ldennﬁed,and \
- where justifiable, the design CUFs were recom-

puted with certain conservative assumptions

- removed. Additionally, the 40-year CUFs were

- multiplied by 1.5 to determine a 60-year CUF.

are separated into quite a few load pairs, and all S
K, values are 1.0. All of the load pairs have large =~
numbers of cycles that are associated with ther-

mal stratification, for which we had no detailed

information to assess potential conservative

assumptions. Actions that might be taken to
reduce the CUF are listed in Table 5-126. '

obtained the latest design basis fatlgue calcula-

tions for six components from a newer vmtage

(BWR/6) Gcneral Electric plant The desngn CUF e Not cons:dermo strain rate. CUF less than | 0

.- obtained from the licensee’s calculations for the -

location with the highest calculated fatigue usage
on each component was recomputed using the

+'5-99

. These CUFs are also shown in Table 5-127 ‘

CUFs for the carbon/low alloy steel pomons of
the feedwater nozzles and piping were computed
based on the strain rate during the increasing

.. portion of the tensile stress cycle: For these two

_components, the average increase in CUF was
7.18, which is’in the same range as for stainless

.~ -. .- steel. Even using the saturated strain rate curves,
5.6.7 Results and COncIuswns We_ : ' '

f. Not consndenng strain  rate. Insufi' cient

information.

 NUREG/CR-6260
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Table 5-125, CUF results for the remdual heat removal suction line pxpmg using NUREG/CR-5999 °
interim fatigue curve.

Loadpair . .  Sa- N n 2 I

ngh 4/stratification 10 46.93. 102 5 - 0,049
High 4/stratification 10 _ 46.84 . .. 103 114 - 1.107
Low 7/stratification 10 : 24.73 1430 - 152 0.106
Low 7/stratification 10 23.78 1780 11976 6.728
High V/stratification 10 23.24 2025 - 523 0.258
High 3/stratification 10- 23.14 2074 610 0.294
High Ystratification 10 2297 - 2161 - 1620 - 0.750
High Vstratification 11 16.68 7565 10480 1.385
Low 8/stratification 11 16.21 . 8359 .. 242 0.029
- Low 9/stratification 11 - - '15.81 9127 360 0.039

Low 6/stratification 11 _ : 15.74 9271 : 300 0.032 -
Low 5/stratification 11 '15.37 10080 619 - 0.6l
~ High 1/high 2 8.21 71x106 . 3.0x10° 0.422
: " CUF , 11.260

Table 5-126. Potential for elimination of conservative assumptions to reduce CUF for RHR pip_ihg
using NUREG/CR-5999 interim fatigue curve.

‘Assumptionr  Potential .
(Section 4.3) foruse - Used . - Comments

Correct CUF No - - No Analysis appear to be correct

calculation S

Detailed load pairs No No Detailed load pairs were used

SCF/FSRF No No  Stress indices appear correct

S value No. No K, is 1 for all load pairs

Material property No No No significant changes

changes : : ’ ) o :

Fatigue curve E value No' - No NB-3200 requires no adjustment
" Code analysis changes - No No No significant changes

Actualcycles 'Yes ~  No - Insufficient information

High temperature rates Yes . No  Actual AT probably less than design
~ Detailed stress Yes'  No More detailed model could be used

modeling ' ' ‘ '

Conservative thermal = Yes No Conservative heat transfer coefficients may have been
~ parameters ‘ ‘ used . _

Time phasing of Yes No  Time phasing may reduce CUF

stresses ‘ .

Number of OBEs No  No OBEdid contribute to CUF

CC N-411 damping No No - Dynamic loads did conmbute to CUF

Number of hydrotests - No No  Hydrotests did not contribute to CUF.

Fatigue monitoring - Yes No Actual transients probably less severe than design
_ Plastic analysis =~ Yes - No Elastic plastic finite element analysis could be used

NUREG/CR-6260 © 5-100
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Table 5-127. Summary of newer vintage GE plant CUFs. -

Revised curves .

a, Carbon or low-alloy steel;.
b. Stainless steel.
¢. Ni-Cr-Fe alloy.

d. Heavily influenced by thermal stratification transient and insufficient information to determine strain rate.

NUREG/CR-5999 CUF -~ - (stainless steel)’
Basedon Conservative Basedon = :
' o : ~ Design _ design assumptions - expected . Extrapolated _

Component . Location - .- Material . .. . CUF. . stresses removed cycles: . to60years . 40years- 60 years
Reactor Near CRDM . SA-508,Class2*- 0200  11.702 0.628 — - 0.942 -7 -
vessel *penetration_ i R R S _ . S

_CRDM . ~ Alloy 600, 0407 = 2.716 0.474 = 0.711 0.359 0.539
penetration weld  SB-166¢ o o S R ' o .

Feedwater  Thermal sleeve  Alloy 600, 0.795 - 5.141 - 8322 - 12483 6.471° 9707
nozzle I SB-166° o j L - B R ST

© .. .Safeend © - ' SA-508,Class1® 030k - 1730 1.085 18817 . 2.822 _ —

Recirculation Tee onsuction ~ SA-358, Type 304> 0.298 - 2.154° 0.830 e 1,245 0.746 "~ 1.119
system pipe : . .

Core spray . Nozzle thermal  Alloy 600, 0.16531. 0.943 — 0.517 0.776 0637 0956
line . sleeve SB-166°: ‘ o " " o Lo : '

* . Safe-end SA-508,Class 12 - 0.050  0.675 0.436 — . 0654 — —
.. extension R . ' ' o

RHRline  Straight pipe SA-333,Grade 6*  0.407 11.2604 — =T 1689 —_ =

Feedwater  Elbow SA-333,Grade 6  0.435. 3746 .  3.688 . O - 5532 — =

suonienfeay wsuodwo) .
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the CUFs for the reactor vessel-shell/lower_head
and the core spray nozzle safe end wereless than
1.0."Since the strain rates: were-unknown for the
RHR piping analysis, the. most conservative
NUREG/CR-5999 curve was used for'carbon/
low-alloy steel materials. One could speculate
that the 7.18 factor of increase for the feedwater
nozzle and piping may be representative for the
RHR line also. .

Adjustments for the anﬁcipated cycles to end

of life proved difficult, especially for RHR and
- feedwater system operations. The CUFs calcu-
lated using the NUREG/CR-5999 interim fatigue
curves exceeded 1.0 for 40 years for three compo-

nents. It appears that it will be difficult to reduce

the CUF below 1.0 for several of the components
without better definition of transients and more
detailed thermal and stress models. Based on the
experience with fatlgue monitoring of BWR feed-
water nozzles by two different organizations
which showed that the design basis CUF could be
reduced by a factor of 30 to 50, we conclude that
by fatigue monitoring, the CUF could be reduced
below 1.0 using the NUREG/CR-5999 interim
fatigue curves. '

5.7 Older Vintage General
ElectricPlant . ... ...

A comparison of the CUFs from the licensee’s
design calculations, or from representative CUFs
calculated by the INEL for components for which
" no design fatigue analysis was required, and
CUFs using the NUREG/CR-5999 interim
fatigue curves was carried out for the locations of
highest design CUF for the six components listed
below:

1. Reactor vessel shell and lower head

2. Reactor vessel feedwater nozzle

3. " Reactor recirculation piping (including inlet
and outlet nozzles) (representative design

basis fatigue calculation performed by
INEL) :

NUREG/CR-6260

. 4. Core spray line reactor vessel nozzle:.and

associated Class 1 plpmg CnaITmi

5. Residual heat removal (RHR) return line
Class 1 piping (representative design basis
fatigue calculation performed by INEL)

6. Feedwater line Class 1 piping .(repres'_'ema-
tive design basis fatigue calculation per-
formed by INEL).

Asof early 1994, the BWR/4 has been opérated-

approximately 10 of the 40 years currently

" approved in its operating license. Table 5-128

shows the design basis cycles for transients that

are important from a fatigue standpoint, and for

which the licensee provided the current cycle
count. The current numbers of transients have
been extrapolated to 40 years by multiplying by
40/10, with the exception of the heatup and cool-
down transients. Although 95:cooldowns
occurred during the first ten years, the frequency
for the past few years has been about 2.5 events/
year. Therefore, the extrapolation to 40 years was
based on 95 events for the first ten years and 75

“for the next 30 years. (The estimates are based on

“major™ heatups and cooldowns, which were

assumed to be comparable 1o the transients used

in the design basis stresslfangue analysns The
projections for. “minor™ heatups and cooldowns
are 228 and 244, respectively. The licensee’s
analyses do not differentiate between major and
minor heatups and cooldowns, minor being 50°F
or less.) No fatigue monitoring has been
performed on lhls plant.

5.7.1 Reactor Vessel Shell and Lower

Head. The highest CUF on the lower shell and
head is 0.032 for the inside surface near the shell-
to-head transition. The SA-302 head is protected
from the coolant by a layer of Alloy 600 cladding.
No fatigue analysis is performed for the cladding.

5.7.1.1 NUREG/CR-5999 CUF Based on -

Licensee’s Design Calculation Stresses.

- The licensee’s CUF calculations used the ASME

Code, Section III, 1965 edition. No interpolation
equations were available in this edition of the



" sients, and the second combines heatups/
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“Table 5-128. - Numbér of selected design basis cycles compared to-aniticipated numbcr of cycles over

40-year license life.

Amicipatcd cyclés "

“"'"ﬁéhé‘ifé‘m - —Destgn basisTyeles ~for 40 years -
Heatup 120 172
Cooldown | - 120 170
_Hydrotest . .130 68
25% power change 12000 828
Feedwater heater bypass 80 352
- Scram S 2190, .

- Code, sb the analyst ﬁsed the minor grid marks on
_the fatigue curve to deterniine the allowable num-
bers of cycles

The effect of the’ NUREG/CR 5999 mtcrlm
" fatigue curve is shown in Table 5- l29 ‘The
NUREG/CR-5999 curve for 288°C and saturated
, condmons ‘was used because the thermal tran-
sients occurred at relauvcly slow rates at operat-
ing temperatures. The results assume that the
_coolant is in contact wnh the low-alloy steel base
metal undemneath the claddmo The S, values
.were adjusted for the effect of the modulus of
 elasticity by mulnplymg by 30/27, the ratio of the
*'modulus of elasticity in the current edition of the
* Code to the value commonly used in analyses in
" the 1965 1970 time period (the actual value used
in the . analysis was nol reponed) The 1965 Code
edition did not-require an adjustment for the
cffect of the modulus ofclasncny

: App]icauon of the NUREG/CR-5999 interim
~ fatigue curve increased the CUF by a factor of
- 64.47 over the licensee’s design basis number.
The CUF exceeds the ASME Code limit of 1 O

284

load pair{‘in Table 5-130, the usage for all other
transients remains 0.000. If the plant is operated

for60years, the CUF is 0. 119

5.7.2- Feedwater Nozzle. 'I'he hlghest CUF
 for the feedwater nozzle is 0.758 at the blend
" radius on the interior of the nozzle: Each of the
"SA-508 low-alloy steel nozzles was originally
 protected from the coolant by a layer of cladding.
‘No fatigue analysis is performed for the cladding.

: The cladding was removed ‘because of fatigue
- crackmg caused by thermal cycling of cold feed-

water (leaking past the thermal ;leevc) and hot
coolant within the reactor vessel. The feedwater
cracking in older BWRs was addressed in

* NUREG-0619 (Snaider, 1980). The CUF is based .
__on an‘estimated leakage around the thermal
“sleeve and replacement of seals on a periodic

basis. Most of the CUF is a result of high-cycle

thermal mixing. The CUF for the nozzle bore
~upstream of the blend radius is 0.700. The effect
‘of the NUREG/CR-5999 curves was estimated
- for the nozzle bore because more detailed calcula-
“tions were provided for this location and because
“ the CUF is not based on an assumed schedule of

- seal mamtenance

5. 7 1.2 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. As can
be seen from Table 5-129, all transients were
" lumped together into a single load pair. The tran-

-sients can be separated into two load pairs as.
~ shown in Table 5-130. The first pair represents
10 cycles of the loss of feedwater pump tran-

cooldowns, blowdowns, and hydrotests. When

- the expected numbers of heatup/cooldowns and
hydrotests in Table 5-128 are used for the second

t::5-103

5 7 2.1 NUREG/CR-5999 CUF Based on

’Ltcensee s Design ‘Calculation Stresses.

- The licensee’s design CUF calculations used.the
* ‘ASME Code, Section 11, 1965 edition. The Say
“*values were adjusted for the effect of the modulus.
- of elasticity by multiplying by 30/27, the ratio of
" the modulus of elasticity in the current edition of
* the Code to the value commonly used in analyses

in the 1965-1970 time period (the actual value
used in the analysis was not reported).

" 'NUREG/CR-6260 -



Component Evaluations

“Table 5-129. . CUF results for reactor vessel shell and lower head using NUREG/CR-5999 interim

" fatigue curve.

Sah(ad_]usted) ___N § h - u

- _Load pair - o Sae LI
Al - - - - .. 4000 4444 127 262 2063
S b CUF 2063

Table 5-130. CUF results for reactor.vessel shell and lower head using NUREG/CR-5999 mtenm
fatigue curve with conservative assumptions removed and based on anticipated cycles.

Load pair San San(adjusted) N n u
Loss of feedwaterpumps™ .~ 40.00 44.44 127 10 0.079
All other _ .. 7.00 7.78 >106 252 0.000

The NUREG/CR-5999 fatigue curve to be used
for each load pair was based on the maximum
~ temperature that was reported for the nozzle bore

for each load pair. The strain rate was based on
the average strain (assumed to be the alternating
_ stress intensity divided by the modulus of elastic-
ity, and multiplied by. 100 to convert to percent)
rate that occurred during the increasing tensile
portion of the stress cycle. The effect of the
NUREG/CR-5999 interim fauguc curves is
shown in Table 5- 131 :

The Table 5-131 resuhs mdxcate that the CUF

" increased by a factor of14.08 over the licensee’s

. design basis number. The CUF exceeds the
ASME Code limit of 1.0.:

5.7.2.2 NUREG/CR-5999 CUF with Con-

- servative Assumptions Removed. The only
easily available change to the CUF was to use the
anticipated cycles instead of the design basis
cycles shown in: the seventh column of
Table 5-131. The first load pair was based on
heatups and cooldowns, for which the anticipated

. cycles are greater than the design basis cycles (120
was increased to 170). The second load pair
includes heatups/cooldowns (120), scrams (190),
and several other events totaling 20 cycles. The to-
.. tal anticipated number of heatups/cooldowns

- (170), scrams (284), and the 20 other cycles also-

is greater than the design basis number. These
- eycles increase from 330 to 474, However, the
third and fifth load pairs included daily and weekly

- NUREG/CR-6260

. CUF .0.079

power changes. Since the plant is base Ioaded the

anticipated numbers of cycles are less than the

number of desxgn basis cycles. The third load pair
includes 2000 cycles of 50% power reduction,
70 cycles of feedwater healer bypass, and 400
other cycles. Increasmg the feedwater heater.
bypass cycles to 352, but reducing the 2000 design

"basis weekly 50% reductions in power by thc ratio

of the actual-to-desngn-basxs 25% power reduc-
tions (2000 X< 828/12000 = 138) and including
the 400 other cycles. the anticipated number is'
reduced from 2470 to to 890. For the fifth load pair,
10,000 cycles ‘were assumed for the 25%- power

~-v~~——feducuen 4ead pair; whereas-only 828 are-antici-
 pated. The revised CUF is shown in Table 5-132.
If the plant is operated for 60 years, the CUF is

4.752.

NUREG/CR-0619 (Snaidcr, 1980) states that '

the CUF in the nozzle region “... could be reduced

from 0.77 10 0.46 by adopting GE's proposed alter-
- native operating procedures.” These include

directing RWCU flow to all feedwater nozzles at
the maximum flow rate during all low flow condi-
tions prior to turbine loading, loading the turbine

~ at 600 psi instead of 1000 psi, placing turbine
- extraction heaters on line at the time of turbine

loading, and precluding on-off feedwater operat-

. 'ing and greater than 25°F peak-to-peak mixture

temnperatures during steady state operation. The
GE study was performed on a welded single sleeve

- sparger and not the design of the BWR/4 that we

evaluated. There are different sparger designs and

- generic conclusions are difficult to make on older
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Table 5-131. CUF results for reactor vessel feedwater nozzle using NUREG/CR-5999 interim fatigue

Ccurves. . oo ) S T —_—
B - - Strain
. - -~ San Temperature - rate -

“Loadpair Sy (adjusted) " T (PG T TGSy T ONTTT m . TR

"Heatup/cooldown: " - . 4050 - 45.00 - . 288 - 0001 121 120 - 0.992

Scram and others 45.50 .50.56 - 200 0.100 1292 330 .0.255

Weekly power reductlon 3450 - 38.33 - 200 0.0014 1057 2470 2.337

and others o Coe _ o

Loss of feedwater pumps 39.00 43.33 - 250 0.0016 273 10 0.037

~ Daily powerreduction -~ 3000 33.33 - - .- 200 0.001 1603 10000 6.238

9.859

CUF

Table 5-132 CUF results for reactor vessel feedwater nozzle usmg NUREG/CR-5999 iriterim fauoue

curves and antncxpated cycles.

T : Strain

. Sa . Temperature rate
Load pair Sait {adjusted) °O) {%ls) N n: u
Heatup/cooldown 4050  ..45.00 288 0.001 121 170 1.405
Scram and others 45.50 5056 200 0.100 1292 474 0.367
Weekly power reduction 3450 ~ 3833 7 200 10.0014 1057 890 0.842

andothers ™~ = - ST : ' ‘

Loss of feedwater pumps - 39.00 . 4333 . 250 0.0016 273 10 0.037
Daily power reduction 3000 3333 200 0.001 1603 828 0.517
' CUF 3.i68

- BWRs. If the licensee undertakes the recom-
, mended measures for the remamder of life, and if
the GE calculated reduction in CUF of 40% is
applicable to this plant, then the CUF would be
1.901. If the plant is operated for 60 years, the
CUF is 2.851. e

The changes that would probably reduce the
-~ CUF the most are a more detailed analysis using a
finite element model rather than an interaction
‘model and better definition of the transients.

BWR the desngn basxs CUF for the feedwater
' nozzle during the monitoring period was about 30

_ times that computed from. faugue monitoring of
__ actual transnents

:'5 7 3 Reactor Recirculation P|p|ng 'Ihe

recirculation piping system was initially designed

--and analyzed per the criteria of USAS
+-B31.1-1967, rather.than ASME Code Class 1
}cmerna The nozzle CUF was 0.310. Since the
- piping system did not have any spec:ﬁc fatigue

. Other potential changes that could be used to '

reduce the CUF are shown in Table 5-133. Based
. on fatigue monitoring by GE of a Japanese BWR
- for two fuel cycles, the 40-year CUF for the feed-
- “water nozzle has been estimated at only 0.0074
- versus a design basis CUF of 0.387 (Sakai et al.,
~1993), a reduction of about a factor of 50. Dear-
- dorff and Smith (1994) report than based on mon-
itoring of 12 startups and 11 shutdowns at one

~-analyses performed, the INEL perfonned analy-

.. ses to predict a design CUF using transient data
-:developed for a more recent (BWR/6) plant hav-
. ing a Class 1 analysis basis. However, once the
. actual details of the piping of the two plants were
= compared it was recognized that the older and
_;newer vintage BWR plant piping systems were
". not as similar as initially believed. The BWR/6
., plant that we evaluated in Section 5.6 has only a

;- 5-105
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)

L Table 5-133. Potential for ehmmatmn of conservative assumptions to reduce CUF for feedwater
nozzle using NUREG/CR-5999 interim fatigue curve.
Assumption "Potential s o
(Section 4.3) foruse  Used" - Comments -

Correct CUF calculation No . No Analysis appears to be correct

Detailed load pairs Yes No Some transients were lumped together

SCF/FSRF " Yes No Insufficient information ',

Sm value’ No No K. =1 for all load pairs

Material property Yes Yes A few 1965 to 1992 edition changes

changes _ v
'Fatigue curve E value Yes Yes Adjustment was made when using NUREG/CR-5999 .

curves '

-Code analysis changes Yes . Yes A few 1965 to'1992 edition changes

Actual cycles Yes Yes Adjustment was made for prOJected cycles

High temperature rates ~Yes No Actual cooldown rates probably less than design
Detailed stress modeling Yes No Interaction analysis used

Conservative thermal Yes No Insufficient information

parameters ’ ’ o

Time phasing of stresses No No Probably little benefit fer nozzle

Number of OBEs No No  OBE cycles not significant contributor to CUF

CC N-411 damping No No Dynamic loads not significant contributor to CUF
Number of hydrotests * No No Hydrotests did not contribute to CUF

Fatigue monitoring  Yes No Actual transients probably less severe than design
Plastic analysis . Yes . No Elastic plastic finite element analysrs could be used

residual heat removal (RHR) outlel lme attached

- to the Tecirculation- piping: The- recirculation pip- -

ing in the BWR/4 plant evaluated in this section
contains one RHR outlet line and two RHR return
lines. The geometry of the BWR/4 recirculation
and RHR analysis model is shown in Figure 5-7.

" 5.7.3.1 Calculation of Representative
DeSIgn CUF. Considerable efforts were made in
order to acquire additional mformatxon so that
accurate loadings could be apphed to the piping
model. Since the existing analysis used B31.1 cri-
teria, detailed transient information was not avail-
able “for all loadings. Therefore, design
information was obtained from another BWR/4
_ plant that reanalyzed its recrrculauon piping to
" Class 1 criteria, as well as the BWR/6 plant
- discussed in Section 5.6. Comparing these tran-

- sient data for the Class ] analyses. we confirmed
that the overall operating parameters and tran-

NUREG/CR-6260

sients for lhe plants were similar. The numbers of
-cycles uséd-to compute-the design CUF; the
pressure levels, and the operating temperatures all
appeared to be typical BWR values. Little varia-

- -tion existed between the BWR/4 and the BWR/6

defined transients.

Therefore, we used the existing BWR/6 tran-
sient data as much as possible, including the ther-
mal gradients, in the NB-3600 analysis. Where
the BWR/4 piping had a larger OD and a thicker
wall than the BWR/6 plant (for example, a

- 28-inch line versus a 20-inch line), we performed

thermal analyses for the same transient on both
pipes sizes, divided each of the AT results of the
larger pipe by the corresponding AT on the
smaller pipe, and multiplied the BWR/6 ATs by
the appropriate ratio to determine the BWR/4
ATs. : :
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Figure 5-7. BWR/4 recirculation piping system isometric view.

The design differences between the BWR/6
and BWR/4 plants alter not only the geometry,
but also the operational transients for some
portions of the piping. Therefore, additional ther-~
- mal transient data were developed to evaluate the
effects of injecting RHR water into the recircula-
tion piping during the RHR shgt;iown\c_oo'ling" T

transient. Initially, a definition of the RHR shut-

down cooling transient provided by the licensee .
was utilized and a CUF value of 0.731 was calcu-
lated. However, this transient definition was
extremely severe. General Electric (GE) provided . |
two recommended transients. The RHR shut-
down cooling transient definition used herein was

- 5-107

defined by GE as transient number 2. Figure 5-8
illustrates the differences between the transient
. provided by the licensee and the two transients

© “‘defined by GE. A 10 minute time span (as

specified in the licensee’s transient definition)

between the cooldown and heatup portions of the-
~. RHR shutdown cooling transient was utilized.

_An ASME Code NB-3600 analysis was per-

~ “formed using the 1992 edition, through 1992

addenda. The results indicated that one of the
RHR return tees was the component with the

.+ : highest CUF (0.397). Time phasing of the thermal

gradient stress terms was used for the fatigue
analysis. However, the stress results exceeded

. NUREG/CR-6260
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300°F [ | oo /100-»°F/hr
200 °F P

o | ‘ 40 °F
100 °F 600 sec ]

B _ Time
(a) Licensee-defined transient

, B 360 °F - 360 °F
400°F [ .~ '
300 °F |
200%F F g " £4300 oF/hr
100 °F \205 oF
) , : ~'ﬁmé -
(b) GE transientno. -
400 °F

300 °F |

200 °F |

100 °F

" Tme
(c) GE transientno. 2

Figure 5-8. Comparison of RHR shutdown cooling transients.
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current ASME Code criteria; At the:RHR return ~ -
line tee location, the calculated stress sange from.::
'ASME Code NB-3650 Equation 12:slightly:
exceeded (by less than 3%) the 3Sp, stress limit _: - -
for four load pairs. ASME Code NB-3650 Equa-::.
tion 13 stress levels were generally high but still.

‘below 3S, levels. In addition, the thermal stress

ratchet check per NB-3653.7 was exceeded for

8 load pairs. An NB-3200 analysis of the tee
could be used to demonstrate compliance with the
Equation 12 and thermal stress ratchet criteria.

All of the load pairs that exceed Code cntena
include the RHR shutdown cooling transient load-
ing. The other loadings mal\mg up the load pairs
-exceeding the stress ratchet criteria involved tran-
sients with pressures at or above normal operating
pressure; Seven of the load pairs exceeded the
thermal stress ratchet criteria by about 5 to 24%
- over the allowable values. Based on our experi-
ence with the older vintage Westinghouse plant
NB-3200 versus NB-3600 results for two nozzles

(Section 5.5), the stress ratchet criterion for the

7 load pairs and the Equation 12 criterion for the
4 load pairs could be satisfied using an NB-3200
analysis. The eighth load pair involves the RHR
shutdown cooling transient paired with a scram at
full power consisting of a composite loss of feed-

. water pumps, loss of auxiliary power, and turbine =

generator trip without bypass. The stress ratchet

criteria was exceeded by almost 1 15% for this load -
pair. However, | for the latter transient, the pressure -

" increases to the relief valve setpoint for 2 very
short time, during which the AT} term is negli-
gible. The reason the stress ratchet criteria was
. exceeded by so large a margin is that the pressure
increase srgmﬁcantly reduces the allowab]e AT]
range. The AT) range comes solely from the for-
mer transient, when’ the pressure is much lower

Therefore, the AT; range and the htgh pressure are .

not coincident loadings. NB-3200 analysrs proce-
- dures are more precise t ‘than the NB-3600 analysis
rules. An NB-3200 analysis requires that thermal
stress ratchet (NB-3222.5) be evaluated by calcu-
lating the maximum cycllc thermal stress in a shell
loaded by a steady state internal pressure The
NB-3200 evaluation clearly implies a pressure
loading coincident with the thermal stress. There-
fore, an NB-3200 analysis technique would

Component Evaluations

o “-demonstrate ASME Code compliance forthisload -
~ pairexceeding the. NB-3600 thermal stress rafrhel
'checle- S PR R

A calcu]atlon was also performed using the
expected numbers of cycles in Table 5-128. The

.numbers of heatups, cooldowns. and s¢rams
- increased, whereas the numbers of hydrotests and

power reductions decreased from the design basis
numbers. The resulting CUF is 0.526. The tran-
sient that is the major contributor to the CUF is

~the RHR shutdown cooling transient.

- -We contacted GE regarding this CUF value.

" They confirmed that the RHR shutdown cooling

transient is indeed severe. They also emphasized

“that it was important to know how the plant is
~actually operated in order to more precisely
-, assess the impact of this transient.

In a related effort, an EPRI report (Deardorff

B and Rosario, 1993) also reanalyzed an older vin-
- ',tage BWR recirculation piping system using a
" similar upgraded Class 1 analysis effort. The pipe
sizes and geometries of the RHR lines are
- different between the two plants. The EPR1-spon-
-'sored analysis reported 2 CUF of 0.35 at the RHR
- return tee location. It is important to note that the
- EPRI report definition of the RHR shutdown

cooling transient was similar to transient number

-+ 2 as-illustrated in Figure 5-8, but with only a
.. 15 second interval between the cooldown and
“heatup pomon "The shorter time span more close-
1y matches that defined by GE in transient num-
ber 1. ‘The EPRI report transient definition is not

as severe as that used for the analysis performed

___‘;herem However, the EPRI-sponsored analysis
used 318 cycles for the RHR shutdown cooling

transient, whereas the INEL analysis included

:172 heatup/cooldown cycles (Table 5-128). -

' 5.7.3.2 CUF Results Using NUREG/

_"‘CR-5999 Interim Fatigue Curve. The CUF
' _usmg the NUREG/CR-5999 interim fatigue curve
“is shown in Table 5- 134, Applrcanon of the

NUREG/CR-5999 interim fati gue curve increased

_the CUFbya factor of 7.31 over the design basis
number “The first four load pairs which contribute

most ofthe CUF are identified. The composite loss

" transients envelop several load sets. The CUF

exceeds the ASME Code limit of 1.0.

- NUREG/CR-6260
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- Table 5-134 CUF results for recxrculauon pxpmg system usmg NUREG/CR-5999 mterlm fangue

curve. Tl
S "Load pall’” T ;Sall = 'N m ST g
Composite loss E/OBE 182.76 47 .10 0.213
Composite loss A/RHR B . " 161.69 63 - 10 0.159 ~
Turbine roll AA/RHR B 144.89 82 109 1.329
RHRA/OBE - 133.56 100 .40 0.400
' ' 116.13 140 i1 0.079
107.48 169 - 10 0.059
100.12 200 10 - 0.050
99.65 203 10 0.049
94.26 232 . 38 0.164
63.86 590 10 0.017
62.33 676 10 0.015
59.20 922 109 0.118
57.14 1141 _ 33 0.029
56.85 1177 120 0.102
55.42 1372 . 10 0.007
50.64 2361 . 0 0.017
50.56 2384 80 . 0.034
50.43 2421 31 0013
50.42 2423.. . 80 0.033
46.76 3815 - 25 0.007
42.83 - 6475 10 . 0.002
4274 6551 30 0.005
41.82 7477 2 - 0.000

CUF * 2901

5.7.3.3 NUREG/CR-5999 CUF Based on
Anticipated Cycles. The adjusted CUF result-
mg from the anticipated cycles from Table 5-128
is shown in Table 5-135. If the plant is operated
for 60 years, the extrapolated CUF is 5. 847. Other
potential changes that could be used to reduce the
'CUF are shown in Table 5- 136 '

5.7.3.4 CUF Based on Revised Interim
Fatigue Curves. The adjusted CUF resulting
from the application of the revxsed interim curves
is shown in Table 5-137. All transients had low
strain rates wnh the excepuon of transxems where
a therma] shock was applied. The appropnate
strain rate was applxed to the ﬁrst 9 load pairs by
. dividing the altematmg stress intensity by the
modulus of elasticity, muluplymg by. 100 to
.convert to pcrcent -and dividing by.the time to

NUREG/CR-6260 5-110

maximum stress (about 30 s). The 0.001%/s curve
was used for all other load pairs. If the plant is
operated for 60 years, the extrapolated CUF is

'4.884.

5.7. 4 Core Spray Line. The highest CUF for
the SA-302 Grade B carbon steel core spray
nozzle is 0. 023, while a CUF of 0.182 was calcu-
lated for the SA-376 Type 316 stainless steel safe

end. Based on a review of the thermal transxems
in the line and the Tesults from the (BWR/6) core

spray line analysis (Section 5.6.4), it was judged
that the highest CUF would occur at the nozzle
location. Because of the differences in the effect
of the NUREG/CR-5999 interim fatigue curves,
an evaluation was made for each of the two
materials.

N
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Table 5-135. .- CUF resuits- for recnrculauon plpmg system usmg NUREGICR-5999 :interim- fathe

curve: and anncxpated cycles... mLmioniol

GEVIND T (RGO IR o

N

Load pau’ o T TIR2le Sa“ AAAAAA Iﬁ, I‘f;!‘.“
Composnte loss AARHR B 77 182.76 47 © 10 02137
Composite loss BJOBE _161.69 63 10 . 0.159 |
Turbine roll A/RHR B T T 1 144.89 82 160 1.951
RHR A/OBE - "133.56 100 40 0.400
116.13 140 12 0.086
107.48 169 - 10 0.059
100.12 - 200 10 0.050
99.65 203 10 0.049
94.26 232 . 88 0.379
63.86 - 59 10 0.017 . -
62.87 642 - 10 0.016
59.20 922 160 0.174° .
57.14- 1141 36 - 0.032
56.85 177 172 1 0.146
55.42 1372 10 .0.007
50.64" 2361 68 -0.029
50.56 2384 139 0.058
'50.43 2421 26 0.011
50.42 2423 104 0.043
46,76 3815 125 0007
142.83 . 6475 10 - 0.002
42.74 6551 '58 0.009
41.82 7477 10 '0.001
’ . 3.898

CUF -

5.7.4.1 NUREG/CR-5999 CUF for the

' Nozzle Based on Licensee's Design Cal- = - -
culation Stresses. The licensee’s design CUF -

calculations used the ASME Code, Section 111,
1965 edition, through Winter 1967 addenda. The

results shown assume that the coolant is in contact
with the low-alloy steel base metal undemeath the

cladding. The S,y values were ad)usted for the ef-
fect of the modulus of elasticity by multiplying by
' 30/27, the ratio of the modulus of elasticity in the
~ current edition of the Code to the value common-

‘ly used in analyses‘in the 1965-1970 time period
* (the actual value used in the analysis was not re-

“ported). The 1965 Code edition did not require an.

. ‘adjustment for the effect of the modulus of elas-
ticity. The temperature for the transient evaluated
was approximately 288°C, but since a step
change in temperature was assumed in the analy-
- sis, a-strain rate of 0.0078%/s was used based on

"230's time to reach the maximim tensile stress.
-The CUF using the NUREG/CR-5999 interim
.- fatigue curve is shown in Table 5- 138,

Application of the NUREG/CR-5999 interim

___ fatigue curve increased the CUF by a factor of
" 19.17 over the de51gn basm number _

5 7.4 2 NUREG/CR-SQQQ CUF for the

:',__ Safe End Based on Llcensee s Des;gn
. Calculation Stresses. The licensee’s design
‘CUF calculations used the ASME ‘Code,

Section III, 1965 edition, through Winter 1967
addenda. The S,y values were adjusted for the

. effect of the modulus of elasuclty by multiplying

by 28.3/26, the ratio of the modulus of elasticity

in the current edition of the Code to the value

: commonly used in analyses in the 1965-1970
. time period (the actual value used in the analysns
. was not reported). The 1965 Code cdmon did not

- 5-11
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‘Table 5 5-136 Potcntlal for elxmmatxon of conservative assumpnons to reduce design CUF for

recm:ulauon piping system.

7 Assumption Potential

~ Comments

(Section43) ~ foruse Used :
Cormrect CUF NA NA Analysis appears to be correct
calculation . . ; e
Detailed load pairs NA NA Detailed load pairs were used
SCF/FSRF NA NA Stress indices based on information received
S value "NA NA 1992 Code used
Material property . NA NA 1992 Code used
changes ’ , :
Fatigue curve E NA NA 1992 Code used
value _ ' !
Code analysis NA NA 1992 Code used
changes - ‘ : o
Actual cycles . Yes Yes Verification of transient data and cycles must be made
High temperature Yes No . Verification of trans'i_en't data and cycles must be made
rates : ,
Detailed stress Yes No NB-3200 analysis techniques could be used to further reduce
modeling ' conservatisms
Conservative Yes No! Used grouped design parameters from BWR/6 analysis
thermal parameters - A
Time phasing of Yes Yes nghest moment and thermal stresses did not occur
stresses A simultaneously
Number of OBEs - Yes No Seismic events are not a significant contributor to CUF
and other dynamic ) '
events S . , -
CC N-411 dampmg Yes . No? Dynamic loads are not a significant contributor to CUF
Number of - No No; Hydrotests did not contribute to CUF
hydrotests I
Fatigue monitoring ~ Yes ~ No Actual transients probably less severe than des:gn

Plastic analysis Yes °° No Elastic plastic finite element analysis could be used

a. AHousner spectmm was used in the hcensec ] analysxs A reanalysxs of the buxldmg using a sne-specnf ¢ spec-

trum is needed for CC N-411 application.’

) requlrc an adjustment for the effect of the !

‘modulus -of elasticity. The CUF using the
' NUREG/CR—5999 interim faugue curve is shown
in Table 5- 139

Apphcauon of the NUREG/CR-5999 interim |

fatngue curve incréased the CUF by a factor of
9 77 over the des:gn basxs number

- 5.7.4: 3 NUREG/CR-5999 CUF for Core
Spray Nazzle Based on Anticlpated
- Cycles. Even though the CUF is below 1.0, the

' NUREG/CR-6260

anticipated cycles from Table 5-128 are greater

_ than 455. The anticipated heatups/cooldowns are

170 rather than 120, the anticipated scrams are
284 rather than 190, and the number of antici-
pated hydrotests is 68 rather than 130. Combined
with 15 cycles of several other transients, an esti-
mated 537 cycles for the transients used in the
analysis are anticipated for 40 years. This number
of cycles was estimated using the transients listed
in Table 5-128, combined with several transients
not in Table 5-128 for which no current numbers
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ATlat:')le- 5-137." CUFTesults for.récirculaﬁon piping system using revised interim fatigue curves.

T ; . Strain rate ) .
Loadpair . - .  Sam (%fs) N Sn u
Composite loss FOBE .. 18276 . . 0.022 - 54 10 0.185°
- Composite loss ARHRB  ~ 161.69 . --0019 -~ - 72 - 10 0.139
- Turbine roll A/RHR B © 14489 0.017 - 95 - 160 1.684
'RHRA/OBE 133.56 0016 - 116 . -40. - 0345 -
B 116.13 10014 167 - 120 0072
107.48 . S 0013 -7 206 ©10: - 0.049
10012 10.012 T252 10~ 0040
99.65 - 0.012 © 255 107 0.039
19426 S 0011 U300 88  0.293
6386 .. 0001 910 10  oon
6287 . 0.00] 973 10 0010
5920 .. . 0001 12719 160 - 0.125
57.14° - -0.001 - 1518 - 36 0024
56,85 " 0.001 1557, 172 0.110
15542 .. 0001 1774 10 0.006
50.64 0.001 2962 68 0023
5056 - 0001 - 2992 ¢ 139 - 0.046
-5043 7 0001. . 3040 . 26 0.009
5042 0001 3044 104 0,034
L4676 .. 0.001 5107 25 0.005
142,83 ¢ - " 0.001 111022 10 . 0001
4274 0.001 . 11263 -~ 58 ..0.005

4182 © 0001 14273 10 0.001
B o CUF ~ 3.256

Table 5-138. CUF results for core spray nozzle using NUREG/CR-5999 interim fatigue curve.
Load pair San San(adjusted) - N n u
All 3000 © - 3333 1032 : 455 -0.441 .

CUF 0.441 *

Table 5-139. CUF results for core sp'réfrib'zilé safe end using NUREG/CR-5999 interim fatigue

curve. ' i IR :

Loadpair - Sau .. Safadjusted) =~ = N m .

All .. .8300 . . .9034 .. - 256 . 455 . .. .. .1.778
o Ly e CUF . . - .1.778 -
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of cycles were provided by the licensee, sodesign - pairs in the analysis. Since K, was greater than 1.0,

. basis cycles were used. Using these numbers of the average of the S, values at the high and low

cycles, the CUF is 0.520. If the plant is operated temperatures could be used. On the other hand, the

for 60 years, the CUF is 0.780.- _ analyst used n=0.5 as opposed to n=0.3 in the cur-

rent ASME Code (n.is a material parameter

57.4.4 NUREG/CR-5999 CUF for Core _  defined in Section 3). The net result was to

Spray Nozzle Safe End with Conservative increase K. from 1.25 to 1.30. This causes an

. Assumptions Removed. As with many of the increase in stress and a lower value of N. For

older analyses, the details needed to assess conser- 455 cycles, the CUF is 1.953. For the expected 537

vative assumptions were unavailable. The most cycles, the CUFis 2.305 (Table 5-140). If the plant

obvious conservative assumption is to break the is operated for 60 years, the CUF is 3.458. Poten-

single load pair into additional pairs. Unfortu- tial actions for reducing the CUF are listed in
nately, there were no calculations for the other load Table 5-141.

Table 5-140. CUF results for core spray nozzle safe end using NUREG/CR-5999 interim fatigue
curve and anticipated cycles.

Load pair Sant San (adjusted) N - n ' u
All 86.32 93.95 _ 2_33 537 - 2.305
' ' CUF - 2.305

Table 5-141. Potential for elimination of conservative assumptions to reduce CUF for core spray
nozzle safe end using NUREG/CR-5999 interim fatigue curve.

* Assumption Potential
(Section 4.3) . foruse Used Comments
Correct CUF calculation No No  Analysis appears to be correct
Detailed load pairs Yes No Insufficient information to break out individual load
: . pairs
SCF/FSRF ' No No SCF not used
Sm value - Yes Yes Average Sp, used
Material property Yes Yes 1965 edition used
changes ‘ ]
Fatigue curve E value Yes Yes Adjustment was made when using NUREG/CR-5999
. . curves
Code analysis changes Yes Yes 1965 edition used
" Actual cycles Yes Yes Adjustment was made for projected cycles
'High temperature rates Yes - No Actual cooldown rates probably less than design
Detailed stress modeling Yes No Interaction analysis used.
Conservative thermal - Yes = No Insufficient information '
parameters
~ Time phasing of stresses No ~ No Probably little benefit for nozzle :
‘Number of OBEs = - No - No OBE cycles not significant contributor to CUF
CC N-411 damping . v No No Dynamic loads not significant contributor to CUF -
Number of hydrotests No No Hydrotests did not contribute to CUF
" Fatigue monitoring + Yes = No Actual transients probably less severe than design
Plastic analysis Yes No Elastic plastic finite element analysis could be used

~ NUREG/CR-6260 - 5114



5.7.4.5 CUF Based on Revised Interim
Fatigue Curves. The licensee’s calculations
did not contain sufficient information to deter-
mine the strain rates, but the single transient con-
sidered was a thermal shock, so a 30 s time to
maximum stress was assumed. The strain rate
was 0.010 %/s. The CUF results ar¢ shown in

Table 5-142. The extrapolated CUF for 60 years '

is 2 658.

5 7.5 RHR Return Line Plpmg The resxdual
heat removal (RHR) piping system was initially
designed and analyzed per the criteria of USAS
B31.1-1967, rather than ASME Code Class'1
criteria. Since the piping system did not have any
specific fatigue analyses performed, the INEL
performed a Class 1 analyses using the 1992
Code edition through 1992 addenda. The equiva-
lent Class 1 portion of the RHR return line piping
branches into the reactor recirculation piping at
the RHR return tee. This tee was considered part
of the reactor recirculation piping as discussed in
Section 5.7.3. However, the RHR piping was
incorporated into the same analysis model gener-
ated to analyze the reactor recirculation piping.
The highest CUF value calculated on the RHR re-
turn line piping (other than the tee) was at a ta-
pered transition to a valve.-

5.7.5. 1 Calculat:on of Representative
Design CUF. As previously discussed in Sec-
tion 5.7.3, efforts were made to determine repre-
sentative loadings. For the RHR return line
analysis, the component wuh the hlghest CUF
was the butt weld attaching the RHR piping to the

first isolation valve. Rather than assuming a large -
step change in wall thicknesses between the pip-
ing and the valve body, drawings of the specific -

isolation valves in the system were obtained from
the licensee. This permitted a more accurate de-
termination of the T, - Ty, effects at this tapered

Component Evaluations

X was determined to be 0.032 based on representa-

tive design basis cycles. Time phasing of the ther-
mal gradient siress terms was used for the faz:gue
analysis. R

. ‘The NB-3653.7 thermal stress ratchet check
was exceeded for six load pairs. All of the load
pairs that exceed the thermal stress ratchet criteria
include the RHR shutdown cooling transient. The
other loadings making up the load pairs involved
transients with pressures at or above normal oper-
ating pressure. Five of the load pairs exceeded the
thermal stress ratchet criteria by about 3 to 14%
over the allowable values. The stress ratchet crite-
rion for the five load pairs could probably be sa-
tisfied using an NB-3200 analysis. The sixth load
pair involves the RHR shutdown cooling tran-
sient paired with a scram at full power consisting
of a composite loss of feedwater pumps, loss of
auxiliary power, and turbine generator trip with-
out bypass. The stress ratchet criterion was
exceeded by almost 58% for this load pair.
However. for the latter transient, the pressure in-
creases to the relief valve setpoint for a very short
time, durmg which the AT, term is neghclble

_ The reason the stress ratchet criterion was

transition location. However, the stress results ex- - .

ceeded current ASME Code criteria. The CUF

exceeded by so large a margin was that the pres-
sure increase significantly reduces the allowable
ATy range. The AT, range comes solely from the
former transient, when the pressure is much
lower. Therefore, the AT; range and the high

-pressure are not coincident loadings. NB-3200
“analysis procedures are more precise than the

NB-3600 analysis rules. An NB-3200 analysis
requires that thermal stress ratchet (NB-3222.5)

_ be-evaluated by calculating the maximum cyclic
““thermal stress in a'shell loaded by a steady state
- internal.pressure..The NB-3200 evaluation

clearly implies a pressure loading coincident with
the thermal stress. Therefore; an NB-3200 analy-
sis technique would demonstrate ASME Code
compliance for this load pair.exceeding the

‘NB- 3600 thermal stress ratchet check.

Table 5-142.. CUF results for core spray nozzlc safe end usmg revnsed mtenm faugue curve and

" anticipated cycles.” -
Load pair - *~"Load pair U San” Sah(ad_,usted) N n v
All - 86.32 :86.32 -93.95 .-303 -537. 1972
T CUF 1772
5-115 NUREG/CR-6260
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‘An EPRI study (Deardorff and Rosario, 1993) .-

reported a high CUF at the valve-tc-pipe weld on
the RHR return line for another older vintage
BWR. A design CUF of 1.56 was calculated at
+ this tapered transition (assumed to be an ASME
. Code NB-4250 transition by both EPRI and the
INEL), but stated that a later analysis showed a
CUF less than 1.0. The INEL CUF was 0.032
with time phasing of the stresses and 0.220 with-
out time phasing. The thermal gradients used in
the two analyses are similar. One major difference
was that EPRI used 318 shutdown cooling cycles
for the BWR plant studied, whereas we used 120
cycles for the design basis. Another difference,
" other than the system geometry, was that the
EPRI return line piping was 16-in. Schedule 80,
whereas the INEL analysxs mcorporated 24-in.
Schedule 80 pipe.

: A calculatnon was also pcrformed using the

expected numbers of cycles in Table 5-128. The
numbers of heatups, cooldowns, and scrams
increased, whereas the numbers of hydrotests and
power reductions decreased from the design basis
numbers. The resultmg CUF is 0.045. The tran-
sient that was the major contnbutor to the CUF is
the RHR shutdown cooling transient, for which
the anticipated cycles are greater than the design
basns number.

5.7.5.2 CUF Results Using NUREG/
CR-5999 Interim Fatigue Curve. The CUF
usin g the NUREG/CR-5999 mtenm fati gue curve

.. .. _isshown in Table 5-143, The first load pair, initia-

tion of RHR shutdown cooling, contributes raost
of the CUF. Application-of the NUREG/CR-5999
interim fatigue curve-increased the CUF by a
factor of 11.44 over the design basis number.

5.7.5.3 NUREG/CR-5999 CUF Based on
Anticipated Cycles. The anticipated startup/
shutdown transients are 170, so the CUF
increases to 0.523, If the plant is operated for
60 years, the CUF is 0.785.

5.7.5.4 CUF Based on Rewsed lntenm
Fatigue Curves. The licensee's calculations
did not contain sufficient information to deter-
mine the strain rates, but since the CUF is low, the
worst-case strain rate (0.001%/s) can be used.
The. CUF results i using anticipated cycles are
shown in Table 5-144. If the plant is operated for
60 years. the CUF is 0.717.

5.7.6 Feedwater Piping. The fcedwater pip-
ing system was initially designed and analyzed to
the criteria of USAS B31.1-1967, rather than
ASME Code Class 1 criteria. Since the piping
system did not have any specific fatigue analyses
performed, the INEL performed analyses to
predict a design CUF using transient data devel-
oped for a more recent (BWR/6) plant having a
Class 1 analysxs basis. However, once the actual
details of the BWR/4 piping were obtamed we
recognized that the older and newer vintage BWR
plant piping system was not as similar as initially
beheved ln the BWR16 feedwater line (Loop B).

Table 5-143. CUF results for RHR piping system using NUREG/CR—S999 interim fatigue curve. -

Loadpair =~ '~ ' " San N ( n u
_RHR shutdown cooling A/B . 81.78 326 119 0.365
Composite loss G/blowdown - -~ 37.70 13941 8 . 0.001
o CUF 0366

Table 5-144.. CUF results for RHR piping system using revised interim fatigue curves.

Load pair . . San ‘N S . . .n u -
RHR shutdown cooling A/B . 81.78 356 . 170 0.478
Composite loss G/blowdown 37.70 76379 - 8 ‘ 0.000

' CUF 0.478

NUREG/CR-6260 - ' 5-116



the reactor core isolation cooling (RCIC) line
attaches to the feedwater piping in the Class 2
portion of the piping (upstréam of the second
isolation valve), whereas in the BWR/4 feedwater
line, the RCIC piping attaches downstream of the
second isolation valve in what would now be
classified as Class 1 piping. This difference alters
not-only the geometry, but also the operational
transients which the Class 1 portion of the piping
system experiences. The BWR/4 computer model
generated for the feedwatcr system is shown in
Flgure 5 9 :

5.7. 6 1 Calculailon of Representative
Design CUF. Considerable efforts were ‘made in
order to acquire additional information so that

. accurate loadings could be applied to the piping
model. Since the existing analysis used B31.1
criteria, detailed transient information was not
available for all loadings. Therefore, design
_information was obtained from another BWR/4
plant that reanalyzed its feedwater piping to

- Reactor Vessel
- Nozzles
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Class 1 criteria, as well as the BWR/6 plant
discussed in Section 5.6. Comparing these
transient data for the Class 1 .analyses, we con-
firmed that the overall operating parameters and
transients for the plants were similar. The num-
bers of cycles used to compute the design CUF
and the pressure levels appeared to be typical
BWR values. Operating temperatures were
adjusted to more closely match the BWR/4. Little
variation existed .between the BWR/4 and the
BWR/6 transients.

Therefore, we used the existing BWR/6 tran-
sient data as much as possible, including the ther-
mal gradients, in the NB-3600 analysis. When the
BWR/4 piping had the same size piping.as the

‘BWR/6, the BWR/6 ATs were utilized. When the

BWR/4 piping had alarger OD and a different

‘wall thickness than the BWR/6 plant, the ratio of
‘the squares of the wall thicknesses were multi-

phed by the BWRIG ATsto dctenmne the BWRM
ATs ; _

‘% L ‘Containment
Penetration

. RCIC 8—inch Tee_

Figure 5-9. BWR/4 feedwater line'with RCIC connection.

'NUREG/CR-6260
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Due to the BWR/6 versus BWR/4 piping

changes, additional therma! transient daia were
developed to evaluate the'effecis of injecting
RCIC/RWCU water into the feedwater piping.
The RWCU line attaches to the RCIC line in close
proximity to the eight-inch RCIC connecuon at
the bottom of the feedwater line.

" 'An ASME Code NB-3600 analysis was per- .

formed using the 1992 edition through 1992
addenda. The results indicated that the tee con-
necting the RCIC/RWCU line to the feedwater
piping had the highest predicted CUF (0.427).
This is a 20x20x8 inch tee with a thermal sleeve.
However, the predicted stress results exceeded
current ASME Code criteria. At the RCIC/
RWCU tee, the calculated stress range from
ASME Code NB-3650 Equation 13 slightly ex-
ceeded (by no more than 3.5%) the 35, stress
limit for three load pairs. The high stresses were
due to large T, - Ty, stress ranges involving RCIC
and RWCU initiation. Based on our experience
with the nozzles in the older vintage Westing-
house plant (Section 5.5), we believe that a more
detailed NB-3200 analysis effort could demon-
strate that this tee satisfies ASME Code cmena.

A calculauon was also performed using the
expected numbers of cycles.in Table 5-128. The

numbers of heatups, cooldowns, and scrams .

increased, whereas the numbers of hydrotests and
power reductions decreased from the design basis
numbers. The resulting CUF is 0.584. The
increase in the CUF from the greater numbers of
heatups and cooldowns was offset in part by the
decrease in the CUF from the reduced number of
power reduction cycles.

5.7.6.2 NUREG/CR-5999 CUF Based on
Design Calculation Stresses. The NUREG/
CR-5999 fatigue curve used for each load pair was
based on the maximum temperature that was
reported for each load pair. The temperature for all
transients was 200°C. The strain rate was calcu-
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lated by dividing the alternating stress by the
modulus of elasticity, multiplying by 100 te con-
vert to percent, and dividing by the time io develop
the maximum stress. Since the a,T, ~ 0T, term:
was the major contributor to the alternating stress
intensity range, the maximum stress took several
minutes.to develop; consequently, the saturated
strain rate condition was appropriate for all load
pairs. The effect of the NUREG/CR-5999 interim
fatigue curvesis shown in Table 5-145. The
contributing cycles involve on-off feedwater,
RCIC, and RWCU operation. The high (increasing
temperature) and low (decreasing temperature)
load sets refer to various on-off feedwater tran-

sients that were enveloped in the licensee’s analy-

sis. No differentiation was made in the table

between the various load sets. Only the first

14 transients, which contributed most of the CUF,

are listed. 4

" The results indicate that the CUF increased by
a factor of 11.75 over the design basis number.
The CUF exceeds the ASME Code limit of 1.0.

5.7.6.3 NUREG/CR-5999 CUF with Con-
servative Assumptions Removed. The

. change to the CUF using the anticipated cycles is

shown in Table 5-146. If the plant is operated for
60 years, the CUF is 10.470. The changes that
would probably reduce the CUF most signifi-
cantly would be.using a detailed finite element
model, an NB-3200 analysis, and better definition
of the transients. Other potential changes that
could be used to reduce the CUF are shown in
Table 5-147.

5.7.7 Results and Conclusions. We
obtained the latest design basis fatigue calcula-
tions for three components on an older vintage -
General Electric plant, and calculated a design
basis CUF for three other components. The
design CUF obtained from the licensee’s calcula-
tions for the location with the highest calculated
CUF on each component was recomputed using
the NUREG/CR-5999 interim fatigue curves. The
results are summarized in Table 5-148. The °
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Table 5-145. CUF results for feedwater pxpmg using NUREG/CR-5999 intefim fatngue curves.

‘ Loadpair -~~~ -~ . Syks) N " n -
Low load SeURCIC. initiation - - 12195 S35 100 L -0__.28.6
Low load seVRCIC & RWCU initiation 73.10 109 . '8 . 0073 .
Low load seVRCIC & RWCU initiation - 7078 119 - 289 .2429
Low load seVOBE " 54.46 249 - 50 - 0201
High load set/RCIC & RWCU initiation 51.82 : 294 203 - 0.650
Low load setnull . : 51.04 313 10 - 0032
High load set/null _ . 46588 438 25 ' 0057
High load set/null 4688 438 10 . 0023
Low load set/null - .- 4656 450 70 . 0156
High load set A/high load set B - S 4612 468 .19 0041
High load set/null’ - . 4598 473 5 0011
High load seVlow load set co.. 4582 - 480 11 0.023
High load set/high load set C 4531 502 10 - 0.020
High load sevhigh load set - S 4225 660 - . 180 0273

o - 4205 672 15 10022

41.87 684 4 " 0.006
41.08 737 33  0.052
41.08 737 32 0.043
40.28 79 36 0.045
39.82 832 15 - 0.018
39.81 833 50 0.060
38.06 993 15 0.015
37.92 1007 111 0110
35.50 1304 233 0179
35.19 1347 94 0.070
32.87 1677 - 15 0.009
30.90 2099 11 0053
2432 5355 - ' 15 - -0.003
2200 8784 111 _  0.013
21.88  9039., . 30 0.003

.- CUF 5016

increases in the maomtudes of the desngn CUFs Carbon/Low-alloy Steel

are as follows T
R : Reaclorvesselshell/ o
- -Stainless Steel - . ;. - lower head . S . 6447 |

Recirculation tee o131 Feedwater nozzle 14087

Core spray nozzle safelend 9.77 L | t'Core spray nozzle '; o 19.17

RHR piping o . 1144 | Feedwater piping =~ 1_1_7_§ o
: -9.51 average. : co ,v . - 27.37 average

- 5119 | 'NUREG/CR-6260
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~ Table 5-1 46 'CUF results for feedwater piping using | NUREG/CR-5999 interim fatigue curves based

SuuL O

on anncnpated cycles

" Load pair~ Samksi) N " n u
Low load set/RCIC initiation 12195 .- - 35 " 10 0.286
Low load set/RCIC & RWCU initiation 73.10 109 12 0.110
Low load set/RCIC & RWCU initiation -~ 70.78 119 423 . 3.555
Low load seVOBE 54.46 249 50 0.201
High load set/RCIC & RWCU initiation 51.82 294 - 65 0.221
Low load set/null 51.04 313 10 0.032:
High load se/null 46.88 438 32 - 0073
High load set/null 46.88 438 10 0.023
Low load set/null 46.56 450 120 0.267
High load set A/high load set B 46.12 468 30 0.064
High load set/low load set 45.89 477 232 0.486
High load set/high load set 45.31 502 22 0.044
High load set/high load set 43.60 583 68 0.117
High load set/RCIC initiation 4258 - 640 50° 0.078
High load set/high load set 4225 660 284 0.430
4205 672 S22 - 0,033
41.08 737 352 - 0.478
39.82 832 22 0.026
38.53 947 105 0.111
38.06 . 993 19 0.019
- 37.69 1032 22 0.021
35.19 1347 284 . 0211
3287 161 22 0.013
31.13 2042 .3 0.001
30.99 2076 155 0.075
24.88 4859 3 0.001
2432 5327 22 0.004

Conservative assumptions were identified, and '
where justifiable, the design CUFs were recom-

puted with conservative assumptions removed.
The 40-year CUFs were multiplied by 1.5 to de-
termine a 60-year CUF, as shown in Table 5-148.

CUFs for the carbon/low-alloy steel portions of
the feedwater nozzle and piping and the core
spray nozzle were computed using the strain rate
during the increasing portion of the tensile stress
cycle. For these three components, the average in-
crease in CUF was 15.00, whereas the average for
stainless steel was 9.51.

We were not able to show ASME Code design

stress limits (for example, thennal stress ratchet
or thermal expansion) were met using NB-3600

NUREG/CR-6260

CUF 6.980

analysis techniques for the three components ana-
lyzed by the INEL staff (the RHR return line ta-
pered transition weld and the RHR/recirculation
line and feedwater/RCIC line tees). However, it is
believed that ASME Code compliance could be
demonstrated using NB-3200 techniques. The

-CUFs for these three components were less than

1.0 using representative design basis transients
and the ASME Code fatigue curves.

.The CUFs calculated using the NUREG/
CR-5999 interim fatigue curves exceeded 1.0 for
40 years for four components. It would be diffi-
cult to reduce the CUF calculated using the inter-
im fatigue curves below 1.0 for these components
without better definition of transients and more
detailed thermal and stress models.
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Table 5-147. Potenual for elimination of conservauve assumpuons to reduce desxgn CUF for
feedwater piping. : _ B

Assumption Potential _ 4
(Section ‘}.3) foruse Used Comments -

Correct CUF calculation NA NA  Analysis appears to be correct

 Detailed load pairs NA NA Detailed load pairs were used |
SCF/FSRF NA NA  Stress indices based on information received
Spvalue | NA NA 1992 Code used

- Material property NA NA 1992 Code used
changes . T :
Fatigue curve E value NA NA 1992 Code used
Code analysis changes NA NA 1992 Code used o :
Actual cycles . - Yeés . Yes Verification of transient data and éycle_s must be made
High temperature rates Yes No Verification of transient data and éy'cles_ must be made
Detailed stress modeling Yes No  NB-3200 analysis techniques could be used to further

_ : ' reduce conservatisms
Conservative thgfma! ‘ Yes No Used grouped design parameters from BWRIé analysns
parameters ~ ‘
Time phasing of stresses Yes - Yes. -nghest moment and thermal stresses did not occur
. ~_ simultaneously ” .

Number of OB‘E'_s; and' Yes ~ No Sexsmxc events are not a sxgmﬁcam contnbutor to CUF
other dynamic events . :
CC N-411 damping v Yes No? Dynamnc loads are not a sxgmﬂcam contributor to CUF
Number of hydrotests No No Hydrotests did not contribute to CUF
Fatigue monitoring’ Yes No Actua] transients probably less severe than design
Plastic analysis Yes  No Elastic plastic finite element analysis could be used

a. A Housner spectrum was used in the licensee’s analysis. A reanalysxs of the buxldmg using a sne-specxﬁc spec-

“trum is needed for CC N-411 application.

52 .. NUREG/CR-6260
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Table 5-148. Summary of older vintage General Electric plant CUFs. e o L
' , Revised curve
NUREG/CR-5999 CUF (slaihlqss steel)
Basedon Conservative Based on _ | ‘
_ Design  design  assumptions  expected Exuapolated .
Component Location _Material “CUF . stresses removed cycles to60 years . 40 years "’ 60 years
Reactor vessel At lower headto SA-302? 0.032 2.063 .-0.079 - — 0.119 —. v+
shell lransmon ‘ o ‘ o
Feedwater Bore SA-5082 0700 - 9.859 — 3.168 4752 - — -
nozzle ' ‘ : o | A e L
Recirculation ~ RHR return line  SA- 358 Type 304 0397, 2901 —_ 3.898 5.847° 32561 ' 4.884. -
systemS tee Class Ib 0.526¢ - L L
Core spray Nozzle SA-302,Grade B* 0023  0.441. — 0.520 0.780 — .
system . Lo : - L
Safe end 'SA-376, Type 316*  0.182 - 1.778 — 2.305 3.458 1.772 2,658
Residual heat  Tapered SA-358, Type 304 0.032, 0.366 —_ 0.523 0.785 0.478 0.717
removal line®  transition Class 1® ~ 00459 L
Feedwater line RCIC tee SA-106Grade B*  0.427, 5016 — 6.980 10.470 - —
-0.584

a. Carbon or low-alloy steel.

b. Stainless stecl.

¢. Estimated by INEL using ASME Code NB-3600 techmques CUF calculation not required by hccnsmg basis.
d. CUFs based on representative design basis and anticipated numbers of cycles, respectively.
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6. CONCLUSIONS

The 40-year CUFs calculated using the
NUREG/CR-5999 interim fatigue curves for the
seven plants evaluated in this study are summa-
rized in Table 6-1. The numbers are after conser-
vative assumtions have been removed and are
based on anticipated cycles. Commentary to the
tables are presented in Sections 6.1 through 6.3.
The conclusions from the study are divided into
several parts: conclusions relating to PWR plants,
conclusions relating to.BWR plants, and conclu-
sions from comparing plants designed to B31.1 to
plants designed to the ASME Code.

6.1 Applications to PWR Plants

‘1. The anticipated number of cycles are less

than the design basis number of cycles for

all key transients, notably heatup and cool-

down transients and power changes. (For

example, the design analyses accounted for

load following whereas the plants are being
operated as base~loaded )

2. After removing conservative assumptions

and using anticipated numbers of cycles, the
CUFs for all the reactor vessel components

(shell and lower head, inlet and outlet

nozzles) were less than 1.0 for a'40-year
life. In two cases, an Alloy 600 instrumenta-
tion nozzle and a lower head core support
block, the CUFs (1.113 and 1.337, respec-
tively) were slightly'above 1.0 for 60 years.

3.  The CUFs for the stainless steel surge Tines
of all five plants exceeded 1.0 for 40 years.
The most significant transient for surge

lines is thermal stranﬁcauon which was not

accounted for in the original des:gn basis.

" The surge lines were reanalyzed for fatigue

in response to NRC Bulletin 88-11. Fatigue

monitoring was used to determine tempera-
ture differences and numbers of cycles dur- .-
ing times of thermal stratification. More .- ;
refined analyses to later (circa 1986) edi- |~

tions of the ASME Code, including removal :

- ——of conservative assumptions, were used by

the licensees to reduce the CUF below 1.0
using ASME Code fatigue curves. How-
ever, there remain conservative assumptions
that could be used to further reduce the
CUF. Four of the five analyses used
NB-3600 piping methods A detailed finite
analysis of the regions with high CUFs, and,
if needed, plastic analyses, could be used to
reduce the CUF. The B&W plant’s analysis
already has incorporated an NB-3200 plas- -
tic analysis. Probably the best way to reduce
the CUF is more precise monitoring of the
individual surge lines. The stratification

. transients used in the analyses are mainly
based on owners group submittals that con-
servatively define a set of enveloping strati- .
fication transxents that will apply o scveral
plants. : : .

After removing conservative assumptions
and using anticipated numbers of cycles, the .
40-year CUFs for the stainless steel charg-
ing and safety i injection nozzles were below
1.0 for 7 of the 10 cases. The other three
(two chargmg and one safety injection
nozzle) had CUFs ranging from 1.3 to 4.9
for a 40 year life. The numbers of key tran-
sients for these two componems (for exam-
 ple, loss of letdown and loss of charging) are
not counted on a regular basis as are tran-
sient cycles important to overall plant
operation (for example, heatups and reactor
trips); consequently, it was dxfﬁcult to esti-
mate anticipated numbers of cycles. It
appears that the number and severity of
these key cycles are conservative and fur-
ther studies based on plant operation could
be used to reduce the CUF. Based on our
results of the CUFs for charging and safety
injection nozzles of an older vintage plant
using the 1992 ASME Code edition
NB-3600 and NB-3200 methods, it appears -
that by using NB-3200 methods contained
in the 1992 ASME Code, the CUFs for all -
nozzles could be reduced than 1.0.

- NUREG/CR-6260
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Table 6-1.j Summéry._bf g:ofnponent CUFs for 40-year life using NUREG/CR-5999 interim fatigue curves.

General Electric

RHR line

0.139 .

a, Includes thermal stratification transients,

0.610

0.286

Feedwater Line

CE B&W Westinghouse _

Component’  New Old New Old || Component New o
RV Head/Shell  0.014 0.013 0.742 0018 0.891 |- RV Head/Shell 0.628 0079
RVNozzle - = 0475 0554 . 0469. = . 0658 049 [ FWNozzle - 1.881 3.168
SugeLine  3.476* - 13452 200500 . 2.458° 58602 || RecircLine 0.830 . 3.898
Charging Nozzle: ~ 0.774 0.666 . 1.263°. '~ 4.859 0349 || CSNozzle 0436 ~ - 2305
SI Nozzle 0457 0.414 ©0.632° nsnf 0410 | RHR line 112600 0.523

0.502 - 237188 ' " 3.688 .6.980

b. Detailed analysis unavailable. Estimate based on B&W design basis CUF for this plant and change in other four PWR (Westinghousc and Combustion

Engineering) surge line CUFs,

c. High pressure injection/makeup nozzle.

d. NB-3600 analysis. Other PWR plants used NB-3200 analysis for charging nozzle.

e. Core spray nozzle. -

f. Boron injection tank nozzle. No thermal sleeve. NB-3600 analysis. )

g. Only PWR plant to include postulated thermal stratification transients for RHR line,

suoIsnouo)




-The 40-year CUFs for RHR lines were less
. - than 1.0 for four of the five plants. The fifth
plant included  cycles - for thermal
- stratification in the RHR line, which were
. not considered for the other four plants.

Excluding thermal stratification, the CUF
for the fifth plant would have been compa-

“rable to the other four plants. The analysis of
" the fifth plant used NB-3600 piping meth-
- ods. A detailed finite analysis using
- NB-3200 methods, and, if needed, a plastic

analysis, could be used to reduce the CUF.
Probably the best way to reduce the CUF is

- - fatigue monitoring of the RHR line. The
- stratification ‘transients may conservatively
 define a set of enveloping su'auﬁcanon tran-

"-sients or valve leakage :

For ca:bon and low-alloy steel compouems,
the NUREG/CR-5999 interim fatigue

‘curves increased the CUF by an average fac-

tor of 2.2 times the design basis CUF. This

. was before any adjustments based on con-

servative assumptions removal and antici-
pated cycles were made. For stainless steel
and-Alloy 600, the average mulnphcauon

'»factor is 9 2

6 2 Apphcatlons to BWR Plants

l.

,The anucxpated number of cyc]es exceed the

design basis numbers of cycles for some
transients, notably startup and shutdowns.

" However, the anticipated number of cycles

is less than the design basis number of
cycles for other transients such as power
changes (the desxgn analyses ‘accounted for
load following whereas the plants are being
operated as base-]oaded )

Lo

' After removmg conservatxve assumpuons

and using amxcnpated numbers of cycles, the

CUFs for the reactor vessel shell and ]ower
- .. head were less than 1.0 for 40- and 60-year

lives. The core spray nozzle CUF was less

than 1.0 for the 40- and 60-year lives of the

newer vintage BWR plant, but was greater

" than 1.0 (2.305) for the older vintage BWR-
‘plant for 40 years Although CUFs for the

63

3.

recirculation nozzles were not calculated
. using NUREG/CR-5999, the design basis
- CUFs were 0.002 for the newer vintage

plant and 0.300 for the older vintage plant
(using very conservative lumped tran-
sients). No problem would be expected in

- reducing the CUFs below.1.0.

The 40-year CUF for the feedwatet nozzle
exceeded 1.0 for both plants. The CUF

~‘range was from about 1.9 to 3.2. (The CUF

. for the thermal sleeve on the BWR/6 plant
was about 5). Although we incorporated
transient definitions, anticipated cycles,
strain rates, and temperatures according (o

i the information avaxlable, there remains a

great deal of uncertamty conccmmg these

~ values. There also remain conservative

4... .

assumpuons that could be used toreduce the
CUFs. Two studies based on faugue moni-
toring of BWR feedwater nozzles in other
plants showed that the monitored CUF was
~a factor of 30 to 50 less than the design basis

~ CUE.

The 40-year CUF for the recirculation sys-
tem is less than 1.0 for the newer vintage
BWR, and slightly excéeds 1.0 for 60 years
(1.245). The CUF for the older vintage
BWR is 3.898. Both CUFs were calculated
_using NB-3600 methods, and were for tees.
‘Based on our experience with comparmg
NB- 3200 ‘and NB-3600 methods for

. nozzles, we belleve that an NB-3200 analy-

, sis and fatigue momtonng would reduce the

. CUFbelow 1.0.

5

; 6.:

The CUF. fo'r the feedwater lines are 3.688

and 6. 980 (at tee locauons) The CUF for

the tee was calculated usmg NB-3600 meth-

* ods. Based on our experience with compar-

ing NB-3200 and NB-3600 methods for
nozzles, we believe that an NB-3200 analy-
sis and fatigue momtonng would reduce the
- CUFs below 1.0. -

; ,['IiigchF for the BWR/6 RHR line is 11.26

in a straight fun of piping. All transients that

contnbuted to the CUF involved thermal

strauﬁcanon “The analysis used NB-3600

‘NUREG/CR-6260
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pxpmg methods. A detailed finite analysis
using NB-3200 methods, and, if needed, a

plastic analysis, could be used to reduce the -~ -

CUF. Probably the best way to reduce the
CUF is more precise monitoring of the RHR
line. The stratification transients may con-
servatively define a set of enveloping strau-
f cation transients..

6.3 CUF Evaluations for Piping
Components Designed to
the B31.1 Piping Code

1. The design of PWR components and the
transients to which they are subjected to are
similar for older and newer vintage plants.
An exception is the Westinghouse 3- and

" 4-loop plants that we studied, which had dif-

~ ferent safety injection piping configura-
tions. Consequently, we reviewed transients
from both the newer vintage Westinghouse
and the Combustion Engineering plants to
ensure that the transients we used were rep-
resentative for - the older vintage
Westinghouse plant. ~

~ The design of some of the. BWR systems -

were not similar for the older vintage
(BWR/4) and newer vintage (BWR/6) plants
that we reviewed. Several key locations of
hot and cold coolant mixing, which on the
BWR/4 plant are on piping that would be
considered Class 1 today, are included in the
Class 2 portions of the BWR/6 piping. We
reviewed transients from both a BWR/6 and
another BWR/4 plam to ensure that the tran-
sients we used were representative for the
older vintage BWR plant,

2. - Whilé we did not perform additional fatigue

evaluations of PWR surge lines because the
licensees had already analyzed these lines
for faugue in response to NRC Bulletin
' 88-11, the results of the fatigue evaluations

and CUFs for older and newer vintage

plants appear comparable.

'NUREG/CR-6260
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3. The charging and safety injection nozzles
* for one older vintage PWR were analyzed
using detailed finite elerent models (both
contained thermal sleeves). The CUF using
both the ASME Code and NUREG/
CR-5999 curves were less than - 1.0.

4. Thedesign basis CUFs for two older vintage
PWR RHR lines that we analyzed, including
representative transients from other PWRs,

~_ were low and comparable to the other PWRs
(not including thermal stratification effects).

5. The design basis CUFs for the older vintage

- BWR plant recirculation, RHR, and feed-
- water lines that we analyzed, including rep-
‘resentative transients from other BWRs,
were less than 1.0. The 40-year CUFs using
.the NUREG/CR-5999 curves were above
1.0 for the recirculation and f,ecdwater lines.
The comparable CUFs were above 1.0 for
the newer vintage BWR, also, but only -
-about half those computed for the older
vintage BWR. ' '

6. - The older vintage plants piping typically
. have thicker walls and larger diameters than
do newer vintage plans. This causes higher
thermal stresses in the older vintage plants’
piping. Thermal stresses were found to be
the major type of stress contributor to the
CUF. Some stress indices are a function of
'the pipe diameter and thickness, but this is
expected to have only a minor effect on the
CUF.

6.4 Overall Conclusion

We were able to show that by removing conser-
vative assumptions and using anticipated num-
bers of cycles, the CUF could be reduced to
below 1.0 for most components, both for older
and newer vintage plants. For components which
we were not able to reduce the CUF below 1.0,
several additional steps that could be taken to fur-

. ther reduce the CUF were listed. The two major

remaining steps ‘mentioned were (l) more -
detailed finite element analyses or (2) fatigue
monitoring of the transients. Whereas using
ASME Code NB-3200 versus NB-3600 analysis
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methods will assist with regions of axial thermal The best method to lower the CUF for the few
gradients, we did-not find that the CUF could be:: 2= worst locations appears to be fatigue monitoring.
reduced when the majority of the stress was 52077 For mostrof the cases where the CUF exceeded
_caused by radial thermal gradients. A major prob-~ ©~~ * 1°0, neither-actual numbers of cycles that the
Jem with NB-3200 analyses is that minimal guid- plant is ex;{erienc‘ing nor the magnitude of tem-
ance is provided by the ASME Code regarding perature differences or thermal s'hocks were
- fatigue strength reduction factors for welds. Ana- known. Therefore, worst-case design assump-

lust ically do not apply fatigue streneth tions were used. By using realistic numbers of
ysts t.y P y pply £ g . cycles and severity of transients, we believe that
reduction factors for welds on nozzles made in

the CUF could be reduced sufficiently without
 the shop. For field welds, the NB-3600 stress resorting to more detailed analysis methods.

indices can be used, but they may be too conser- However, in some cases, for example where ther-
vative. A plastic analysis in which the strains are mal stratification exists, a combination of fatigue
computed, rather than using the K, factor to monitoring and more refined analyses may be
adjust the elastic stresses, will lower the CUF. needed.

6-5 " NUREG/CR-6260
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