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EXECUTIVE SUMMARY

Therma! stratification has been identified as a concern which can affect the
structural in:egrity of piping systems in nuclear plants since 1979, when a
leak was discovered in a PWR feedwater line. In the pressurizer surge line,
stratificaticn can result from the difference in densities between the hot leg
water and geterally hotter pressurizer water. Stratification with large
temperature differences can produce very high stresses, and this can lead to
integrity concerns. Study of the surge line behavior has concluded that the
largest temperature differences occur during certain modes of plant heatup and
cooldown,

This report has been prepared to demonstrate compliance with the requirements
of NRC Bulletin 88-11 for the Salem Nuclear Plant Units | and 2. Prior to the
issuance of the bulletin, the Westinghouse Owners Group had a program in place
to investigate the issue, and recommend actions by member utilities. That
program provided the technical basi: for the plant specific transient
development reported here for the Salem Nuclear Plant Units 1 and 2.

This transient development utilized a number of sources, including plant
operating procedures, surge line monitoring data from other similar units, and
historical records for each unit. This transient information was used as
input to a structural and stress analysis of the surge line for the two

units. A review and comparison of the piping and support configurations for
the units led to the conclusion that the surge lines are nearly identical, and
thus one analysis could be done to apply to both units, for the stratification
transient development.

The existing configuration for both Salem units have been analyzed in this
WCAP. The results of the analyses indicate small contacts at cone pipe whip
restraint and "bottoming-out" of variable spring hangers for the 320°F AT.
ASME Code allowables were shown to he exceeded for bhoth Salem units under this
existing configuration. However, by taking credit for insulation crushability
and modifying spring hangers to avoid "bottomed-out" condition, the ASME Code

52315/041891:10 i1



— ———— —_— e e e e

stress limits and cumulative usage factor requirements have been shown to be
acceptable for the remainder of the iicensed operation of both units. No whip
restraint gap modifications are necessary to show Code acceptance if the
spring can travel allowances are satisfied.

The spring hanger and whip restraint displacements resulting from normal
thermal and stratification have also been provided in Section 4 for both the
existing and future support configurations, for future verification of proper
gaps in the pipe whip restraints and sufficient travel allowance in the spring
hangers, to allow for pipe movement at all thermal conditions. The structural
analysis which resulted in this recommendation is discussed in Sections 3 and
4.

This work has led to the conclusion that Salem Units 1 ard 2 are in ful)
compliance with the reguirements of NRC Bulletin 88-11, provided tne spring
hanger moaifications discussed on the following page are implemented, and a
limitation of 320°F on the temperature differential between the pressurizer
liquid space and RCS hot leg is imposed.

Until the spring hanger modifications are implemented, the existing
Justification for Continued Operation (JCO), Reference 14, is still valid for
the Salem units, in view of this plant specific analysis.

The existing JCO was based on the assessment without detailed reanalysis and
indicated acceptability of continued operation for an additional ten heatup
and cooldown cycles from the date of the Westinghouse Owner's Group (WOG)
bounding evaluation, i.e. June 1989.

52315/041891:10 iv



SUMMARY OF RESULTS, AND STATUS OF 88-11 QUALIFICATION

Salem Unit ) Salem Unit 2
Operating History through 1990
Date of commercial operation 6/30/77 10/13/81
Years ot water-solid heatups 0 0
Years of steam-bubble heatups 14 10
System delta T limit (assumed) 320°F 320°F
Number of 320°F exceedances None One
Maximum Stress and Usage Factor Results
Enuation 12 stress/allowahle* (ksi) 45.6/52.9 50.0/%2.9
Fatigue usage/allowable 0.6/1.0 0.6/1.0
Pressurizer Surge Nozzle
Maximum stress intensity range/ 47.3/57.9 47.3/57.9
allowable (ksi)
Fatigue usage/allowable 0.50/1.00 0.50/1.00
Remaining Actions by Utility

Spring hanger modification reguired Allow sufficient t-avel allowance on both
units (Table 4-1A)

Status of 88-11 Reguirements A1l analysis requirements met with above

modifications

*Results for future configuration. See Table 3-2 for results for existing
configuration
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SECTION 1.0
BACKGROUND AND INTRODUCTION

The Salem Nuclear Plant Units 1 and 2 are four loop pressurized water
reactors, designed to be as nearly identical as practical, in both hardware
and operation. This report has been developed to provide the technical basis
and results of a plant-specific structural evaluation for the effects of
thermal stratification of the pressurizer surge lines for both of these units.

The operation of a pressurized water reactor requires the primary coolant
loops to be water solid, and this is accomplished through a pressurizer
vessel, connected to one of the hot legs by the pressurizer surge line, A
typical four loop arrangement is shown in Figure 1-1, with the surge line
highiighted.

The pressurizer vessel contains steam and water at saturated conditions with
the steam-water interface level typically between 25 and 60% cf the volume
depending on the plant operating conditions. From the time the steam bubble
is initially drawn during the heatup operation tu hot standby conditions, the
level 15 maintained at approximately 25% to 35%. During power ascension, the
pressurizer level varies between 22% and 50% depending on reactor thermal
power. The steam bubble provides a pressure cushion effect in the event of
sudden changes in Reactor Coolant System (RCS) mass inventory. Spray
operation reduces system pressure by condensing some of the steam. Electric
heaters, at the bottom of the pressurizer, are energized to raise the liquid
temperature to generate additional steam and increase RCS pressure.

As 11lustrated in Figure 1-1, the bottom of the pressurizer vessel is
connected to the hot leg of one of the coolant loops by the surge lire. The
surge line of Unit 1 is 14 inch schedule 140, and the surge line of Unit 2 is
14 inch schedule 160. Both are stainless steel.

i [ kgroun

During the period from 1982 to 1988, a number of utilities reported unexpected
movement of the pressurizer surge line, as evidenced by crushed insulation,

52315/041691:10 1-1
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gap closures in the pipe whip restraints, and in some cases unusual snubber
movement. Investigation of thic problem revealed that the movement was caused
by thermal stratification in the surge line.

Thermal stratification had not been considered in the original design of any
pressurizer surge line, and was known to have been the cause of
service-induced cracking in feedwater line piping, first discovered in 1979.
Further instances of service-induced cracking from thermal stratification
surfaced in 1988, with a crack in a safety injection line, and a separate
occurrence with a crack in a residual heat removal l1ine. Each of the above
incidents resulted in at least one through-wall crack, which was detected
through leakage, and led to a plant shutdown. Although no through wall cracks
were found in surge lines, inservice inspections of one plant in the U.S. and
another in Switzerland mistakenly claimed to have found sizeable cracks in the
pressurizer surge line. Although both these findings were subsequently
disproved, the previous history of stratified flow in other lines led the
USNRC to issue Bulletin 88-11 in December of 1988. A copy of this bulletin is
included as Appendix B.

The bulletin reguested utilities to establish and implement a program to
confirm the integrity of the pressurizer surge line. The program required
both visual inspection of the surge 1ine and demonstration that the design
requirements of the surge line are satisfied, including the consideration of
stratification effects.

Prior to the issuance of NRC Bulletin 88-11, the Westinghouse Owners Group had
implemented a program to address the issue of surge line stratification. A
bounding evaluation was performed and presented to the NRC in April of 1989.
This evaluation compared all the WOG plants to those for which a detaiied
plant specific analysis had been performed. Since this evaluation was unable
to demonstrate the full design 1ife for all plants, a generic justification
for continued operation was developed for use by each of the WOG plants, the
basis of which was documented in references [1] and [2].

The Westinghouse Owners Group implemented a program for generic detailed
analysis in June of 1989, and this program involved individual detailed

analyses of groups of plants. This approach permitted a more realistic
52315/041691:10 1=2






1.3 Scope of Work

The primary purpose of this work was to develop transients applicable to the
Salem units which include the effects of stratification and to evaluate these
effects on the structural integrity of the surge lines. This work will
therefore complete the demonstration of compliance with the requirements of
NRC Bulletin 88-11.

The transients were developed following the same general approach originally
established for the Westinghouse Owners Group. Conservatisms inherent in the
original approach were refined through the use of monitoring results, plant
operating procedu.es, operator interviews, and historical data on plant
operation, This process is discussed in Section 2.

The resulting traniients were used to perform an analysis of the surge line,
wherein the existing support configuration was carefully modeled, and surge
line displacersnts, stresses, support loads and nozzle loads were determined.
This analysis and it: results are discussed in Section 3 and 4,

The stresses were used to perform a fatigue analysis for the surge line, and

the methodology and results of this work are discussed in Section 5. The
summary and conclusions of this work are summarized in Section 6.

52315/041691:10 1-4
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SECTION 2.0
SURGE LINE TRANSIENT AND TEMPERATURE PROFILE DEVELOPMENT

2.1 General Approarh

The transients for the pressurizer surge line were developed from a number of
sources, including the most recent systems standard design transients. The
heatup and cooldown transients, which involve the majority of the severe
stratification occurrences, were developed from review of the plant operating
procedures, operator interviews, monitoring data and historical records for
each unit. The total number of heatup and cooldown events specified remains
urnchanged at 200 each, but a number of sub-events within each heatup and
cooldown cycle have been defined to reflect stratification effects, as
described in more detail later.

The normal and upset transients, except for heatup and cooldown, for the Salem
Units 1 and 2 surge lines are provided in Table 2-1. For each of the
transients the surge line fluid temperature was modified from the original
design assumption of . .form temperature to a stratified distribution,
according to the predicted temperature differentials between the pressurizer
and hot leg, as listed in the table. The transients have been characterized
as either insurge/outsurges (I/0 in the table) or fluctuations (F).
Insurge/outsurge transients are generally more severe, because they result in
the greatest temperature change in the top or bottom of the pipe. Typical
temperature profiles for insurges and outsurges are shown in Figure 2-1.

Transients identified as fluctuations (F) typically involve low surge flow
rates and smaller temperature differences betweer the pressurizer and hot leg,
$0 the resulting stratification stresses are much lower. This type of cycle
is important to include in the aralysis, but is generally not the major
contributor to fatigue usage.

52315/041691:10 2-1



e T ——

In addition to the plant specific operating history discussed above, the
development of transients which are applicable to Salem Units | and 2 was
based on the work already accomplished under programs completed for the
Westinghouse Owners Group [1,2,3]. In this work all the Westinghouse plants
were grouped based on the similarity of their response to stratification. The
three most important factors influencing the effects of stratification were
found to be the structural layout, support configuration, and plant operation.

The transient development for the Salem units took advantage of the similarity
in the surge line layout for the two units, as well as the similarity of the
operating procedures. A detailed comparison of the pipinc and support
configurations for the units appears in Section 3.1.

The transients developed here, and used in the structural analysis, have taken
advantage of the monitoring data collected during the WOG program, as well as
historical operation data for the Salem Units. Each of these will be
discussed in the sections which follow.

2.2 System Design Information

The thermal design transients for a typical Reactor Coolant System, including
the pressurizer surge line, are defined in Westinghouse Systems Standard
Design Criteria.
The design transients for the surge line consist of two major categories:

(a) Heatup and Cooldown transients

(b) Normal and Upset operation transients (by definition, the emergency

and faulted transients are not considered in the ASME Section III
fatigue 1ife assessment of components),

52315/041:91:10 2w
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]l,C.O

]a.c.e

2.4 Monitoring Results and Operator Interviews
2.4.1 Monitoring

Monitoring information collected as part of the Westinghouse Owners Group
generic derailed analysis (3] was utilized in this analysis. The pressurizer
surge line monitoring programs utilized externally mounted temperature sensors
(resistance temperature detectors or thermocoupies). The temperature sensors
were attached to the outside surface of the pipe at various circumferential
and axial locations. In all cases these temperature sensors were securely
clamped to the piping outer wall using clamps, taking care to properly
insulate the area against heat loss due to thermal convection or radiation.

52315/041691:10 2-4
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it was determined that both units heat up and cool down in a manner similar to
other plants that heat up with a steam bubble in the pressurizer. Heatups and
cooldowns are used here to characterize plant operation because they represent
the periods during which the temperature difference between the pressurizer
and the hot leg is the greatest. A brisf description of the Salem heatup and
cooldown procedures follows.

At the beginning of the heatup, the reactor coolant system (RCS) is filled and
vented and a steam bubble is drawn in the prersurizer with the RC’ pressure
less than 325 psig. As the RCS temperature is being raised, the pressure is
1imited to 375 psig for temperatures less than 312 deg F. The RCS pressure is
maintained between 325 and 350 psig using the pressurizer heaters and
pressurizer spray. The pressurizer level is maintained at 22% by centroiling
charging and letdown flow. The remainder of the heatup is performed within
the 100°F/hour limit.

In terms of system delta temperatures, the cooldown is basically the reverse
of heatup. During RCS cooldown, all reactor coolant pumps (RCP's) are running
until the RCS temperature reaches 400°F, at which time one RCP is shut down.
At RCS temperature of 350°F, one additional RCP is turned off. Wnen the RCS
temperature reaches 350°F and the RCS pressure is less than 375 psig, the
Residual Heat Removal (RHR) system is activated. Upon rearhing 250°F, another
RCP 1s turned off, When the RCS is less than 200 deg F, and the chemistry
check is completed, the last RCP is turned off. At this point, the
pressurizer pressure and, therefore, the cooldown are controlled by the
auxiliary spray operation,

This analysis is based on the assumption of a maximum temperature difference
between the pressurizer liquid space and the RCS hot leg ("system delta T") of
320°F for future operation. Public Service Electric and Gas Company must
confirm this assumption for both Salem Units,

52315/041691:10 2-6b



2.5 Historical Operation

Historical records from the plant (operator logs, si veillance test reports,
etc.) were reviewed. From this review a maximum system d. ca T dist: .bution
and the number of delta T exceedances of 320°F was obtained. Use of this
information in the analysis is described in Section 2.” The results of the
review are listed below, as percentages of the tota! number of past heatup and
cooldown events for which data was available.

Unit 1 Unit 2
Number of Number of
System 4T Heatups & % of Heatups & % of
Range (°F) Cooldowns Iotal Cooldowns Total

]&.C.Q

This table does not include data prior to 1984 since none could be

| obtained. It was assumed that the operational practices from 1584 to

| present adequately represent the prior operation of the units. The
highest observed system delta T was 325°F, which was the only exceedance
of 320°F,

l

r The above information was used to ensure that the transients analyzed for
the Salem units encompassed twe prior operating history of the plant.

| Comparison of this information to the distribution used in the evaluation
confirmed applicability to the Lalem Units. This is illustrated in Figure

2-3, [
.60
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Transients, which are represented by delta T pipe with a corresponding number
of cycles were deveicped by combining the delta T system and cycle
distributions. For mode 5, deita T system is represented by a historical
system distribution developed from plant operating records. As discussed in
Section 2.5, the historical delta T system distribution was shown to encompass
the prior operating history of th Salem units. For mcdes 4, 3 and 2, the
delta T system was defined by maximum values. The values were based on the
maximum system delta T obtained from the monitored plants for each mode of
operation.

An analysis was conducted to determine the average nuiber of stratification
cycles per cooldown relative to the average number of stratification cycles
per heatup. [

]a.c.e The transients for all modes were then enveloped
in ranges of ATpipe' i.e., all cycles from transients within each
ATp‘pe range were added and assigned to the pre-defined ranges. These
cycles were then applied in the fatigue analysis with the maximum AT
for each range. The values used are as follows:

pipe

For Cycles Within Pipe Delta T Range Pipe Delta T
[

ja.c.e

This grouping was done to simplify the fatigue analysis. The actual
number of cycles used in the analysis for the heatup and cooldown events
is shown in Table 2-2.

ro
'
@0
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The fina)l result of this complex process is a table of transients
corresponding to the subevents of the heatup and cooldown process. A
mathematical description of the methodology used is given in Appendix C.
{

1%:€®  The critical location 1s the location with the highest
combination of pipe delta T and number of stratification cycles.

Because of main coolant pipe flow effects, the stratification transients
loadings at the RCS hot leg nozzle are different. These transients have been
applied to the main body of the nozzle as well a, the pipe to nozzle girth
butt weld.

Plant monitoring included sensors located near the RCS hot leg nozzle to surge
1ine pipe weld. Based on the monitoring, a set of transients was developed
for the nozzle region to reflect conditions when stratification could occur in
the nozzle. The primary factor affecting these transients was the flow in the
main coolant pipe. Significant stratification was noted only when the reactor
coolant pump in the loop with the surge line was not operating. Transients
were then developed using a conservative number of “pump trips.”

12,848 Therefore, the fatigue analysis of the RCS hot leg
nozzle was performed us.ng the "nozzle transients" and the "pipe transients."
The analysis included both the stratification loadings from the nozzle
transients, and the pressure and bending loads from the piping transients.

The total transients for heatup and cooldown are identified as HC1 thru HCY
for the pipe, and HCl thru HC9 for the RCS hot leg nozzle as shown in Tables
2-2(a) and 2-2(b) respectively. Transients HCB and HC9 for the pipe and HC9
for the nozzle represent transients which occur during later stages of the
heatup.

52315/041691:10 2-10



As indicated in Section 2.5, based on a review of Salem Units 1 and 2
operating records, there was an event in which the system delta T exceeded the
transient basis upper limit of [

]G.C.E

2.7 Axjal Stratification Profile Development

In addition to transients, a profile of the [

JB.C.Q

Two types of profile envelope the stratified temperature distributions
observed and predicted to occur in the line. These two profiles are a [

]a.c.e

The secony case [

a,C.8
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profile applies to both units. The resulting profile is illustrated in Figure
2-6 in which the term "location" is defined in Figure 3-5.

¢.8 Striping Transients

The transients developed for the evaluation of thermal striping are shown in
Table 2-3.

]a.c.e

Striping transients use the labels HST and CST denoting striping transients
(ST). Table 2-3 contains a summary of the HST)! to HST8 and CST1 to CST?
thermal striping transients which are similar in their definition of events to
the heatup and cooldown transient definition.

These striping transients were developed during plant specific surge line
evaluations and are considered to be a conservative representation of striping
in the surge 1ine[3]. Section 5 contains more information on specifically how
the striping loading was considered in the fatigue evaluation.

§2315/041891:10 2-13
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TABLE 2-1
SURGE LINE TRANSIENTS WITH STRATIFICATION
NORMAL AND UPSET TRANSIENT LIST - SALEM UNIT 1 OR UNIT 2

TEMPERATURES (°F)
MAX NOMINAL
LABEL TYPE  CYCLES  ATgtrat PRZT RCS T

See notes on next page
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TABLE 2-1 (Cont'd.)
CURGE LINE TRANSIENTS WITH STRATIFICATION
NORMAL AND UPSET TRANSIENT LIST - SALEM UNIT 1 OR UNIT 2

TEMPERATURES (°F)
MAX NOMINAL
LABEL TYPE  CYCLES  ATgtrat PRZ T RCS T

]a.c.e
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TABLE 2-2a
SURGF (INE PIPE TRANSIENTS WITH STRATIFICATION - SALEM
HEATUP/COOLDOWN (HC) - 200 CYCLES TOTAL

TEMPERATURES (°F)
MAX NOMINAL
LABEL TYPE CYCLES ATtrat PRZ T

52315/041691:10 2-16
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TABLE 2-2b
SURGE LINE NOZZLE TRANSIENTS WITH STRATIFICATION - SALEM
HEATUP/COOLDOWN (HC) - 200 CYCLES TOTAL

TEMPERATURES (°F)

MAX NOMINAL
LABEL TYPE CYCLES ATgtrat PRZ T RCS f
(

|

[

|

|

|

| j1a,¢,8

|

|

|

|

|

|

|

\
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TABLE 2-3
SURGE LINE TRANSIENTS « STRIPING
FOR HEATP (H) and COOLDOWN (C) « UNIT 1 OR UNIT 2

]i‘C.E
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Figure 2-3. Summary of Historical Data Distribution from Salem Units 1 and 2,

Comparea t) the Distribution Used in the Analysis
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Figure 2-4. Example Axial Stratification Profile for Low Flow Conditions

|
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r Figure 2-5. Geometry Considerations
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Figure 2-6. Temperature Profile Analyzed for Salem Units 1 and 2
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SECTION 3.0
STRESS ANALYSES

The flow diagram (Figure 3-1) describes the procedure to determine the effects
of thermal stratification on the pressurizer surge line based on transients
developed in section 2.0. [

]l.C.O

3.1 Surge Line Layouts

The Salem Units 1 & 2 surge 1ine layouts are documented in references 6 and 7
and the Unit 1 layout is shown schematically in Figure 3-2. The two Salem
units are mirror images of each other along plant East-West. The support
configurations of Salem surge 1ines are the same. Below 15 a table
summarizing the existing Salem surge 1ine support configuration.

Salem Units ) and 2
_Support
Anit 2 Node Type
R-239776-1 R-240185-1 1040 Pipe Whip Restraint
R-239776-2 R-240185-2 1070 Pipe Whip Restraint
R-239776-3 R-240185-3 1090 Pipe Whip Restraint
R-239776-4 R-240185-4 1120 Pipe Whip Restraint
R-239776-5 R-240185-5 1200 Pipe Whip Restraint
R-239776-6 R-240185-6 1220 Pipe Whip Restraint
R-239776-7 R-240185-7 1140 Pipe Whip Restraint
C~PSH-1 2C-PSH-1 1170 Variable Spring Hanger
C-PSH-2 2C-PSH-2 1110 Variable Spring Manger
C~PSH-3 2C~PSH-3 1060 Variable Spring Hanger

52315/041691:10
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It can be seen from the table above that both of the Salem surge lines contain
three variable spring hangers and seven pine whip restrainis. 1In some cases
these supports can cause higher thermal loaos if displacement from thermal
stratification exceed available displacement Yimits. The piping sizes aro 14
inch schedule 140 for Unit 1 and schedule 160 for Unit 2, and the pipe
material 1s stainless steel, SA 376-Type 316, for both units. The hot leg
nozzle material 1s SA-182, F316 for both units.

3.2 Plping System Global Structural Analys:s

The Salem Units 1| and 2 piping systems were modeled by pipe, elbow, and
non-1inear spring elements using the ANSYS computer code described in Appendix
A. The geometric and material parameters are included. |

JQ.C.i

Each therma)l profile loading defined in section 2 was broken into [

134® 1able 3-1 shows the loading cases congidere: in the
anaiysis. To encompass all plant operations, [

]l.C.O
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{ 19€%  consequently, all
the thermal transient loadings defined In section 2 could be evaluated.

]l.C.O

In order to meet the ASME Section 111 Code stress 1imits, glotal structural
models of the surge lines were developed using the informaticrn provided by
references 6 and 7 and the ANSYS general purpose finite elenent computer
code. « mode! was constructed using |(

1057 to reflect the layout of straight pipe, bends and field welds
as shown in Figure 3.2,

For the stratified condition, [

J"C..

The global piping stress analysis was based on two models for the Salem

Units. The first mode! ~epresents the existing support configuration and the
second mode! represents the future configuration. The existing configuration
has the actual gaps at al)l whip restraints and actual spring travel allowances
at all spring hanger locations (see Table 3-2). The future support
configuration represents a modified configuration in which no spring hangers
will bottom-out, and whip restraint gaps are the same as those in the existing
configuration. In addition, the beneficial effect of insulation crushability
was taken into account for the future configuration. The results of the ANSYS
global structural analyses provide the thermal expansion moments. The ASME
Section 111 equation (12) stress intensity range was evaluated for both
configurations. A system delta T of [ 1%+€:® as evaluated for the
existing configuration in addition to 320°F for the future configuration. For

§2315/041691:10 3-3
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the Salem Units, the maximum ASME equation (12) stress intensity range in the
surge 1ine was found to be under the code allowable of 3Sm for the future
configuration. Maximum equation (12) and equation (13) stress intensity
ranges are shown in Table 3-3.

The prescturizer nozzle loads from thermal stratification in the surge line
were also evaluated according to the requirements of the ASME code. The
evaluation using transients detailed in Reference [13) plus the moment loading
from this analysis calculated primary plus secondary stress intensities and
the fatigue usage factors. For the Unit ! and 2 pressurizer nozzles, the
maximum stress intensity range is 47.3 ksi compared to the code allowable
value of 57.9 ksi. The maximum fatigue usage factor will be reported in
Section 8. It was found that the Salem pressurizer surge nozzles met the code
stress requirements.

3.3 Local Stresses-Methodology and Results

3.3.1 Explanation of Local Stress

Figure 3-3 depicts the local axial stress components in a beam with a sharply
nonlinear meta! temperature gradient. Local axial stresses develop due to the
restraint of axial expansion or contraction. This restraint is provided by

the material in the adjacent beam cross section. For a linear top-to-bottom
temperature gradient, the local axial stress would not exist. [

]‘QCQO

3.3.2 Finite Element Mode! of Pipe for Local Stress

A short description of the pipe finite element model is shown in Figure 3-4.
The mode! with thermal boundary conditions is shown in Figure 3-5. Due to
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tests. Results of the flow mode! tests were used to establish boundary
conditions fr the stratification analysis and to provide striping oscillation
data for evaluating high cycle fatigue.

Thermal striping was also examined during water model flow tests performed for
the Ligquid Metal Fast Breeder Reactor (LMFER) primary pipe i1cop. The stratified
flow was observed to have a dynami¢ interface region which otcillated in a wave
pattern. These dynamic oscillations were shown to produce siynificant fatigue
damage (primary crack initiation). The same interface oscillitions were
observed in experimental studies of therma)l striping which wire performed in
Japan by Mitsubishi Meavy Industries. The thermal striping evaluation process
was discussed in detal) in references 3, 8, 9, and 10.

3.5.2 Thermal Striping Stresses

Therma) striping stresses are a result of differences between the pipe inside
surface wall and the average through wall temperatures which occur with time,
due to the oscillation of the hot and cold stratified boundary. (See Figure
3-12, which shows a typical temperature distribution through the pipe wall),
{

)l.C.l

The peak stress range and stress intensity was calculated from a 3-D finite
element analysis. [

J"c" The methods used to determine alternating stress
intensity are defined in the ASME Code [4). Several locations were evaluated in
order to determine the location where stress intensity was a maximum,

Stresses were intensified by K3 to account for the worst stress concentration

for all piping elements in the surge line. The worst piping element was the
butt weld.
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1.6.3 Factors Which Affect Striping Stress

The factors which affect striping are discussed briefly below:

(]
:
H
<o
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TABLE 3-)
TEMPERATURE DATA USED IN THE ANALYSIS

Max
Type of System Analysis Pressurizer RCL ‘Tog ’lot Pipe
Operation AT(*F) Cases Temp (*F) Temp (*F) (*F) (°F) &Y (*F)
{
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Unit 1
Restraint No.

(

§2315/041691:10

TABLE 3-2

SALEM UNIT 182 SURGE LINE AS-ANALYZED GAPS

As-Analyzed unit 2 As-Analyzed
Lap (1n.). Restraint No, Gap (In.2.
]‘oCu|
3-11




ASME Code Equation

12

13

TABLE 3-3

Summary of Salem Unite 1| & 2 Surge Lines
Therma) Stratification Stress Results

Analysis
Configuration N | 1 1 T—
Unit .l Unit 2
Existing * 55.8 58.4
Future * 49.6 50.0
Existing &
Future 45.0 45.0

Code Allowable
(ksi)

52.9

52.9

50.1

" Existing configuration represents the effects of actual spring hanger
bottomed-out, existing whip restraint gaps, and insulation crushability
under all therma) loadings with maximum system delta 7 « 325°F

+ Future configuration represents no bottoming-out of spring hangers,
existing whip restraint gaps, and insulation crushability under all
therma! loadings with maximum system delta T « 320°F

52315/041691:10
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TABLE 3-4A

SALEM UNIT ) SURGE LINE

MAXIMUM LOCAL AXIAL STRESS AT ANALYZED LOCATIONS

"

Profile e hoca) Axial Stress (psi) _
Location*  Syrface . Maximym Tensile . Maximum Compressive
F -
a,c
|
i
|
|
- {

. See Figure 3-5
“*  RCL nozzle transition
%% RCL nozzle safe end and weld
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TABLE 3-48B
SALEM UNIT 2 SURGE LINE
MAXIMUM LOCAL AXIAL STRESS AT ANALYZED LOCATIONS

Profile

& | | Ta,c.e

* See Figure 3-5
*¢ RCL nozz2le safe end
4¢& RCL nozzle safe end weld

{ ja.c.e
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TAP © 3-6
STRIPING TREQUENCY AT 2 MA' LOCATIONS FROM 15 TEST RUNS

Total
Frequency (HZ) Duration
# Cycles
% * % Lgth. in

Min_(Dyration) Max (Duration) Avg (Dyration) Seconds

- —ja,c,e
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Figure 3-1. Schematic of Stress Analysis Procedure
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Figure 3-3.
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Local Axial Stress in Piping Due to Thermal Stratification
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a,c,e




Figure 3-4. Local Stress - Finite Element Models/Loading

I
|
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Figure 23-6.
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Surge Line Temperature Distribution at [

Locations
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Surge Line Local Axial Stress on Inside Surface at

[

12€® ayial Locations
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Figure 3-9.
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Surge Line Local Axial Stress on Qutside Surface at
[ 13+C+® ayial Locations
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Figure 3-10. Surge Line RCL Nozzle 3-D WECAN Model: 14 Inch Schedule 160
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Figure 3-11. Thermal Striping Fluctuation
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Figure 3-12.
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Thermal Striping Temperature Distribution
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SECTION 4.0
DISPLACEMENTS AT SUPPORT LOCATIONS

The Salem Unit 1 and 2 plant specific piping displacements at the whip
restraints/hangers along the surge 1ine were calculated under the thermal
stratification and normal thermal loads for both existing and future support
configurations.

Tables 4<1A and 4-1B show the m¢vimum surge line piping displacements at the
whip restrai:*s and spring hangers for the future support configuration.
Future support configuration is bia.ed on the existing whip restraint gaps but
with no "bottomed-out" spring hangers and taking credit for insulation
crushability. Piping displacements at the whip restraints and spring hangers
for the existing configuration are shown in Tables 4-2A and 4-2B. The
existing configuration is based on the existing whip restraint gaps with the
effects of "bottomed-out" spring hangers and also taking credit for insulation
crushanility.

Based on the stress analysis in Section 3, no whip restraint gap modification
is necessary to satisfy the ASME Code requirements, provided that the future
whip restraint gaps are not smaller than those used in the analysis (Table
3-2) and confirmed by Ref. 7. However, the travel allowance in the spring
hangers must be modified to accommodate the piping displacements shown in
Tables 4-1A and 4-1B for the future configuration.
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TABLE 4-1(A)

Salem Surge Line Maximum Piping Displacement at Restraint Locations
Under Therma!l Stratification (Future Configuration)

—Displacement (in) _
Support Node DX DY Dz
Unit 1 Unit 2
r- .\\\\~\\ -ﬁa.c.e
' . |

Note: (1) The displacements shown are for Unit |
(2) The displacements are in the coordinate system given in Figure
3-2. For Unit 2 displacements, the signs of DZ must be reversed
since Unit 2 is a mirror image of Unit 1 about the East-West
axis. DX and OY are the same as tabulated above for Unit 2.
(3) The displacements tabulated are for a cystem delita T of 320°F.
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TABLE 4-1(B)

Salem Surge Line Maximum Piping Displacement at Restraint Locations

Under Normal Operating Thermal (Future Configuration)

support Node DX oY Dz
Unit 1 Unit 2 o
- .
a,c,e
|
|
|
- -
Note: (1) The displacements shown are for Unit |
(2) The displacements are in the coordinate system given in Figure 3-2.

For Unit 2 displacements, the signs of DZ must be reversed since Unit
2 s a mirror image of Unit | about the East-west axis. DX and DY
are the same as tabulated above for Unit 2.
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SALEM SURGE LTIME MAXIMUM PIPING DISPLACEMENTS AT RESTRAINT LOCATIONS
NDER THERMAL STRATIFICATION*

UNIT i
NODE _ SUPPORT = BX

-

Note: Displacements in inches

* System Delta T equals 320°F
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TABLE 4-2(A)

7Existing configuration)

bz

SUPPORT

UMIT 2

DX

a,c,e
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Specific requirements for class 1 fatigue evaluation of piping components are
given in NB-3653. These requirements must he met for Level A and Level B type
loadings according to NB-3653 and NB-3654.

Accordin) to NB-3611 and NB-2530, the methods of NB-3200 may be used in lieu
of the NB-3600 methods. This approach was used to evaluate the surge line
components under stratification loading. Since the NB-3650 requirements and
equations correlate to those in NB-3200, the resul*s of the fatigue evaluation
are reported in terms of the NB-3650 piping stress equations. These equations
and requirements are summarized in Tables 5-1 and 5-2.

The methods used to evaluate these requirements for the surge 1ine components
are described in the following sections.

§.1.2 Fatigue Stress Equations
Stress Classification

The stresses in a component are classified in the ASME Code baseo on the
nature of the stress, the loading that causes the stress, and the geometric
characteristics that influence the stress. This classification determines the
acceptable limits on the stress values anu, in terms of NB-3653, the
respective equation where the stress should be included. Table NB-3217-2
provides guidance for stress classification in piping components, which is
reflected in terms of the NB-3653 equations.

The terms in Equations 10, 11, 12 and 13 include stress indices which adjust
nominal stresses to account for secondary and peak effects for a given
component. Equations 10, 12 and 13 calculate secondary stresses, which are
obtained from nominal values using stress indices C1, C2, C3 and C3' for
pressure, moment and thermal transient stresses. Equation 11 includes the K1,
K2 and K3 indices in the pressure, moment and thermal transient stress terms
in order to represent peak stresses caused by local concentration, such as
notches and weld effects. The NB-3653 equations use simplified formulas to

52315/041691:10 5-2
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determine nominal stress based on straight pipe dimensions. [

]‘ng’

For the RCL nozzles, three dimensional (3-D) finite element analysis was used
as described in Section 3.0. [

]C.C @

Classifization of local stress due to thermal stratification was addressed
with respect to the thermal transient stress terms in the NB-3653 equations.
Equation 10 includes a Ta-Tb term, classified as "Q" stress in NB-3200, which
represents stress due to differential thermal expansion at gross structural
discontinuities. [

1%3%% The impact of this on
the selection of components for evaluation is discussed in Section 5.1.3.

52315/041691:10 5.3
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Stress Combiigeions

The stresses in a given component due to pressure, moment and local thermal
stratification loadings were calculated using the finite element models
described in Section 3.0. [

13:©+® This was done for specific components as follows:

la,c,e
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From the stress profiles created, the stresses for Equations 10 and 11 could
be determined for any point in the section. Experience with the geometries
and loading showed that certain points in the finite element models
consistently produced the worst case fatigue stresses and resulting usage
factors, in each stratified axial location. [

]G.C,E
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fquation 12 Stress

Code Equation 12 stress represents the maximum range of stress due to thermal
expansion moments as described in Section 3.2. This used an enveloping
approach, identifying the highest stressed location in the model. By
evaluating the worst locations in this manner, the remaining locations were
inherently addressed.

Equation 13 Stress

Equation 13 stress, presented in Section 3.2, is due to pressure, design
mechanical loads and differential thermal expansion at structural
discontinuities. Based on the transient set defined for stratification, the
design pressures were not significantly different from previous design
transients. Design mechanical loads are defined as deadweight plus seismic
OBE loads.

The “Ta-Tb" term of Equation 13 is only applicable at structural
discontinuities. [

]!.C.O

Thermal Stress Ratchet

The requirements of NB-3222.5 are a function of the thermal transient stress
and pressure stress in a component, and are independent of the global moment
loading. As such, these requirements were evaluated for controlling
components using applicable stresses due to pressure and stratification
transients.
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Allowable Stresses

Ailowable stress, S/, was determined based on note 3 of Figure NB-3222-1. For
secondrry itr- s due to a temperature transient or thermal expansion loads
(“rest airy o frae = 3 4pflection”), the value of Sm was taken as the average
of the Sm valugr 2t the highest and lowest temperatures of the metal during
the transient. The metal temperatures were determined from the transient
definition. When part of the secondary stress was due to mechanical load, the
value of Sm was taken at the highest matal temperature during the transient.

§.1.3 Selection of Components for Evaluation

Based on the results of the global analyses and the considerations for
controlling stresses in Section 5.1.2, [

12¢+®  The method to evaluate usage
factors using stresses determined according to Section 3.0 is described below.

5.2 [Fatigue Usage Factors

Cumulative usage factors were calculated for the controlling components using
the methods described in NB-3222.4(e), based on NB-3653.5. Application of
these methods is summarized below.

Transient Loadcases and Combinations

From the transients described in Section 2.0, specific loadcases were
developed for the usage evaluation. [

a,c,e
]

Each lcadcase was assigned the number of cycies of the associated transient as
defined in Section 2.0. These were input to the usage factor evaluation,
along with the stress data as described above.
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Usage factors were calculated at controlling locations in the component as
follows:

D

2)

3)

4)

Eouation 10, Ke, Equation 11 and resulting Equation 14 (alternating
stress - Salt) are calculated as described above for every possible
combination of the loadsets.

For each value of Salt, the design fatigue curve was used to
determine the maximum number of cycles which would be allowed if
this type of cycle were the only one acting. These values, N].
NZ"'Nn° were determined from Code Figures I1-9.2.1 and 1-9.2.2,
curve C, for austenitic stainless steels.

Using the actual cycles of each transient loadset, s Mool
calculate the usage factors Uy UZ"'Un from Uy = n1/N‘. This

is done for all possible combinations. Cycles are used up for each
combination in the order of decreasing Salt. When N1 is greater
than 10" cycles, the value of U1 is taken as zero.

]a.c.e

The cumulative usage factor, Ucum, was calculated as Ucum = U, +
U2 VLT Un. To this was added the usage factor due to
thermal striping, as described below, to obtain total Ucum. The
Code allowable value is 1.0.
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5.3 Fatigue Due to Thermal Striping

The usage factors calculated using the methods of Section 5.2 do not include
the effects of thermai striping. [

]a.c.e

Thermal striping stresses are a result of differences between the pipe inside
surface wall and the average through wall temperatures which occur with time,
due to the oscillation of the hot and cold stratified boundary. This type of
stress is defined as a thermal discontinuity peak stress for ASME fatigue
anaiysis. The peak stress is then used in the calculation of the ASME fatigue
usage factor.

]a.c.e The methods used to determine alternating stress intensity
are defined in the ASME code. Several locations were evaluated in order to
determine the location where stress intensity was a maximum.
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Thermal striping transients are shown as a AT level and number of cycles. The
striping AT for each cycle of every transient is assumed to attenuate and follow

the slope of the curve shown on Figure 5-2. Figure 5-2 1s consirvatively represented
by a series of 5 degree temperature steps. Each step lasts [ 13+€+® ceconds.
Fluctuations are then calculated at each temperature step. Since a conctant
frequency of [ 12:€+® 45 used 1n all of the usage factor calculations, the

total fluctuations per step is constant and becomes:

( ]l.C.@

Each striping transient is a group of steps with [ 1%©® flyctuations per
step. For each transient, the steps begin at the maximum AT and decreases by
[ 1%%® steps down to the endurance limit of AT equal to [ 12:€4%  The
cveles for all transients which have a temperature step at the same level were
added together. This became the total cycles at a step. The total cycies
were multiplied by [ 13+€+® ¢5 obtain total Fluctuations. This results

in total fluctuations at each step. This calculation is performed for each
step plateau from [ 13+C+® ¢ obtain total
fluctuations. Allowable fluctuations and ultimately a usage factor at each
plateau is calculated from the stress which exists at the AT for each step.
The tota! striping usage factor is the sum of all usage factors from each
plateau.

The usage factor due to striping, alone, was calcuiated to be a maximum of

[ 12:€98  1nis is reflected in the results to be discussed below.
5.4 Fatigue Usage Results

NRC Bulletin 88-11 [5] requires fatigue analysis be performed in accordance
with the latest ASME III requirements incorporating high cycle fatigue and
thermal stratification transients. ASME fatigue usage factors have been
calculated considering the phenomenon of thermal stratification and thermal
striping at various locations in the surge line. Total stresses included the
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13+S®  The total stresses for all transients in

the bounding set were used to form combinations to calculate alternating
stresses and resulting fatigue damage in the manner defined by the Code. Of
this total stress, the stresses in the 14 inch pipe due to [

)a.c.e

The maximum usage factor on Salem surge lines occurred at [

]a’c"

It is also concluded that the Salem pressurizer surge nozzles meet the code
stress allowables under the thermal stratification loading from the surge line
and the transient detailed in reference [13], and meet the fatigue usage
requirements of ASME Section III, with a maximum cumulative usage factor equal
to 0.50.

52315/041691:10 5-11
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TABLE 5-1
CODE/CRITERIA

0 ASME B&PV Code, Sec. III, 1986 Edition
- NB3600
- NB3200

0 Level A/B Service Limits
- Primary Plus Secondary Stress Intensity ¢ 3Sm (Eq. 10)

- Simplified Elastic-Plastic Analysis

- Expansion Stress, S. ¢ 35m (Eq. 12) - Global Analysis

- Primary Plus Secondary Excluding Thermal Bending < 3Sm
(Eq. 13)

- Elastic-Plastic Penalty Factor 1.0 ¢ Ke < 3.333

- Peak Stress (Eg. 11)/Cumulative Usage Factor (Ucum)

- Design Fatigue Curve

Ucum £°1.0
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Figure 5-1.

Striping Finite Element Model




Figure 5-2.
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Attenuation of Thermal Striping Potential by Molecular
Conduction (Interface Wave Height of One Inch)
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APPENDIX B

USNRC BULLETIN 88-11

In December of 1988 the NRC issued this bulletin, and it has led to an
extensive investigation of surge Yine integrity, culminating in this and other
plant specific reports. The bulletin s reproduced in 1ts entirety in the
pages which follow.

P —————————
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Surge Line Stratification
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