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1.0 INTRODUCTION

By reports BAW-2127, *Final Submittal for Nuclear Regulatory Commission
Bulletin 88-11, "Pressurizer Surge Line Thermal Stratification,’" and
BAW-2127, Supplement 2, "Pressurizer Surge Line Thermal Stratification for the
B&W 177-FA Nuclear Plants Summary Report, Fatigue Stress Analysis of the Surge
Line Elbows," the Babcock & Wilcox Owners Group (BWOG) demonstrated the
integrity of the pressurized surge line (PSL) in view of the occurrence of
thermal stratification during 40-year service 1ife as described in NRC
Bulletin 88-11. The reports responded generically to the NRC concern for the
following six lowered loop plants:

50-313 Arkansas Nuclear One, Unit |

50-302 Crystal River, Unit 3

50-269/270/287 Oconee, Units 1, 2, and 3

50-289 Three Mile Island, Unit |
2.0 EVALUATION

NRC Bulletin 88-11 required all licensees for PWR Operating Plants to take the
following actions to demonstrate that the integrity of PSLs is maintained for
the 40-year design 11fe of these piping systems.

l.a  Perform a visual inspection walkdown (ASME Section XI, ¥T-3) at the
first available cold shutdown which exceeds 7 days.

1.b Perforw a plant-specific or generic-bounding amalysis to demonstrate
that the surge l1ine meets applicable design codes and other Final Safety
Analysis Report (FSAR) and regulatory comsitments for the design life of
the plant. The analysis is requested within 4 months for plants in
operation over 10 years and within 1 year for plants in ration less
than 10 years. If the analysis does not desonstrate compliance with
these requirements, submit a justification for continued operation (JCO)
and implement actions 1.c and 1.d below.

l1.c  Obtain data on thermal stratification, thermal striping, and line
deflections either by plant-specific monitoring or th cellective
efforts plants with a similar su line design. If through
collective efforts, demonstrate similarity in geometry and operation.

143 940217
PR 92Bock 05000302
a



l.d Perform detailed stress and fatigue analyses of the surge line to ensure
compliance with applicable code requirements incurporating any
observations from 1.a. The analysis should be based on the applicable
plant-specific or referenced data and should be compieted within 2
years, If the detailed analysis is unable to show compliance, submit a
Justification for Continued Operation (JCO) and description of corrective
actions for effecting long-term resolution.

Although not required by the Bulletin, licensees were encouraged to work
collectively to address the technical concerns associated with this issue, as
well as to share the PSL data and operational experience. The BWOG
implemented a series of programs to address the issue of surge line
stratification in B&W plants.

In a July 24, 1991, letter (J. Shea, NRC, to J. Taylor, BAW), the staff
provided its safety evaluation of BAW-2127 and concluded that the BWOG
methodology used to analyze and evaluate the stress and fatigue effects due to
thermal stratification and thermal striping was generally acceptatle, with the
exception of how secondary and peak stresses in the surge line elbows were
calculated. In order to resolve this issue, BWOG reevaluated the surge line
elbows using elastic-plastic analysis methods and criteria given in ASME Code,
Section III, Subsection NB-3228.4 as documented in BAW report BAW-2127,
Supplement 2.

The BAW reevaluation was based on the alternate ASME Code criteria of Section
111, Subsection NB-3228.4, "Shakedown Analysis,® which allows certain stress
Timits to be exceeded at a specific location provided a plastic analysis
demonstrates that shakedown occurs and that the deformations which occur prior
to shakedown do not exceed specified limits. Using an ABAQUS finite element
mode! of the surge line piping which was identical to the original ANSYS
model, except for the use of elastic-plastic pipe elbow elements. in
conjunction with bounding Toad histories, the B&N analysis showed all of the
stress points corresponding to the stratification peaks to be acceptable. In
addition, the shakedown analysis showed that the maximum accumulated local
strain that occurred due to the application of the bounding load cycles was
1.07%.

However, NB-3228.4 did not provide relief from the thermal expansion stress
Timit of 35, given in NB-3653.6 (Equation 12) and NB-3222.3, and BANW was not
able to demonstrate that the limit could be met. Because it appeared that
demonstrating shakedown would satisfy the intent of this stress limit, an ASME
Code inquiry to coafirm this interpretation was submitted. The ASME Code
Committee response confirmed that the expansion stress criterion of NB-3222.3
need not be satisfied 1f shakedown is demonstrated in accordance with NB-
3228.4(b).



3.0 CONCLUSION

8NL has reviewed the BWOG reports BAW-2127, *Final Submittal for Nuclear
Regulatory Commission Bulletin 88-11, 'Pressurizer Surge Line Thermal
Stratification,'" and BAW-2127, Supplement 2, *"Pressurizer Surge Line Thermal
Stratification for the B&W 177-FA Nuclear Plants Summary Report, Fatigue
Stress Analysis of the Surge Line Elbows," as documented in the attached
Technical Evaluation Report (TER) A-3869(66). The staff has reviewed the TER
and concurs with BNL that the methodology used to analyze the effects of
thermal stratification and striping in the PSL is acceptable, and concludes
that the BSW analyses adequately demonstrates the structural integrity of the
lowered loop plant surge lines for the 40-year design 1ife of the plant, while
considering the effects of thermal stratification. Accordingly, we conclude
that the results of the BWOG analysis may be used as the basis for BWOG
licensees to update their plant-specific Code stress reports to demonstrate
compliance with applicable Code requirements as requested in Bulletin 88-11.

However, due to the fact that an elastic-plastic analysis was necessary in
performing the PSL evaluation, the staff concurs with BNL's recommendation
that enhanced inservice inspections of the surge 1ine be performed to provide
additional confidence in structural integrity. The staff recommends that
licensees perform volumetric examination of critical elbow components as part
of future ASME Section XI inservice examinations. Examinations of elbow
bodies, as well as elbow welds, should be performed to ensure that the most
highly-stressed areas have not sustained damage.

Principal Contributor: T. Chan
Date: September 16, 1993

Attachment: Technical Evaluation Report
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EXECUTIVE SUMMARY

This report presents a summary of the Brookhaven National
Laboratory (BNL) technical review and evaluation of the Babcock and
Wilcox Owners Group (B&WOG) program to reevaluate the integrity of
the pressurizer surge line considering the effects of thermal
stratification. NRC Bulletin 88-11 identified the potential for
thermal stratification in surge lines and regquested all PwR
licensess to establish and implement a program to verify the
structural integrity of these lines. The NRC Bulletin requested a
number of specific actions including conducting visual inspections
of the surge lines and supports for indications of structural
damage or distress, performing bounding analyses to justify
continued cperation, establishing monitoring programs to obtain
plant specific data on stratification, and updating stress and
fatigue analysss to ensure compliance with applicable ASME Code
requirements. Licensees were sncouraged to work collectively to
address the technical concerns associated with this issue.

In response to the Bulletin, the B&WOG established & program
to address the concerns for all B&W plants. Based on similarities
in plant design and operation, Bi&WOG demonstrated that a genaric
evaluation could be performed for the following six B&W lowvered
loop plants:

Arkansas Nuclear One Unit 1
Crystal River Unit 3

Oconee Units 1, 2, 3

Three Mile Island Unit 1

Davis-Besse Unit 1, the only B&W raised loop plant required
a plant-specific evaluation. The B&WOG program consisted of
several tasks including the collection and reduction of temperature
and displacement data from a representative lowered loop plant, the
assessment of operating practices and procedures, the collection
and reviev of historical plant data, the development of revised
design basis thermal transients with consideration to thermal
stratification and setriping, and the structural and fatigue
analysis and evaluation of the surge line piping and nozzles. The
visual inspections of the surge lines required by Bulletin 88-11
vere parformed by each licensee.

The methodology and results of the BE&WOG program wvere
published in B&W report BAW-2127 dated December 1990. The report
concluded that all ASHE Code stress and fatigue limits were met for
the lowered loop plant surge lines for the remainder of their forty
ysar design lives. BNL revieved the report and raised sevc al
questions and concerns. BNL then participated in an NRC staff
audit in PFebruary 1991 tc discuss the concerns and review the
program in depth. The BNL findings wvere incorporated in an NRC
Safety Evaluation Report (SER) issued in July 1991. T™he
reevaiuvation methodology was found to be acceptable with one
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exception. BNL disagreed with the B&wW interpratation of stress
indices used to calculate stresses in elbovs. This left the Code
qualification of the elbows as an open item.

B&WOG subsequently proposed another approach to qualify the
elbows. BNL participated in followup NRC staff nestings to discuss
the proposed alternate analysis methods. The issue vas resolved
whean  B&AWOG performed an e¢lastic-plastic analysis which
demonstrated that the surge line elbows nmest the alternate
requirements of ASME Code Section III Subsection NB-3228.4. The
surge line was shown to shake down after a few cycles of sevare
thermal stratification loads with an acceptable amount of
accusmulated local strain and a maximum elbov cumulative fatigue
usage factor of less than 1.0. The revised Bethodology and results
were documented in BéW report BAW-2127 Supplement 2. Based on the
additional information presented in the final report, BNL concluded
that ths BLWOG program adequately demonstrated that the lowersd
loop plant surge lines and nozzles will meet ASME Code streass and
fatigue requirements for their forty year design lives with
consideration of the thermal stratification and thermal striping
phenomena. To provide additional confidence, BNL also recommended
that licensees perfora volumetric inspections of critical surge
line elbows as part of future ASME Code Section XI in-service
inspections.
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1.0 INTRODUCTION

This technical evaluation report (TER) presents a summary of
the Brookhaven Naticnal Laboratory (BNL) evaluation of the Babcock
and Wilcox Owners Group (B&WOG) program to confirm the integrity of
the pressurizer surge line in viev of the occurrence of thermal
stratification as described in NRC Bulletin 88-11 (Ref. 1),

“he existence of the thermal stratification phenomenon in
pressurizer surge lines in U.S. plants was first identified at the
Trojan plant when unexpected pipe movements vere cobserved.
Licenses investigations deternmined that the ROVeRents vere caused
by thermal stratification in the line. The stratification vas
found to be most sevars during heatup and cooldown vhen large
temperature differences existed betveen the pressurizer and the hot
leg. As hot water flowed over a layer of cooler watar, the upper
part of the pipe was heated to a higher temperature than the lover
part. The differential thermal expansion of the pPipe nmetal
resulted in significant pPipe deflections. This phenomencn was not
considered in the original Piping design. The NRC staff’s concern
was that the additional bending moments and loads introduced by
this condition may invalidate the analyses supporting the integrity
of the surge line.

NRC Bulletin 88~-11 requested all PWR licensees to take a
series of actions to verify the 1ntoqr1tr of their surge lines.
These actions included conducting visual inspections for
indications of structural damage or distress, performing bounding
analysss to justify continued operation, establishing monitoring
programs to obtain plant specific data on stratification, and
updating stress and fatigue analyses to ensure compliance with
applicable Code requirements. Subsequent to the issuance of the
bulletin, the B&W Owners Group developed a program to address the
requiremsnts of the bulletin for B&w plants. The results of the
progras wers published in B&WOG report BAN-2127 in December 1990
(Ref. 2). The NRC staff and BNL performed a preliminary reviev of

greater detail. Based on the additional 1n.‘.:mtf;cnd.m :hmod' 1tho
overall program accsptabls with the exception o L ology
used to :.rton the ASME Code evaluation of the surge line elbows.
After further discussion with the NRC staff and BNL, B&W revised
their methodology and reevalustad the elbows. The revised methods
and results were documented in B&WOG report BAW-2127 Supplement 2
vhich was issved in May 1992 (Ref. 2). The ANL evaluation of this
program is presented in this TER.



2.0 NRC BULLETIN 88-11 REQUIREMENTS

NRC Bulletin No. 88~11 requested all PWR licerseess to
establish and implement a program to confirm pressurizer surge line
integrity in view of the occurrence of thermal stratification and
inform the staff of the actions taken to resclve this issue.

Licensees of operating PWR's were requested to take the following
actions:

Action l.a - Perform a visual inspection walkdown (ASME Section

XI, VT-3) at the first available cold shutdown
which axceeds seven days.

Action 1.b - Perform a plant specific or generic bounding
analysis to demonstrate that the surge line meets
applicable design codes and other FPSAR and
regulatory commitments for the design life of the
plant. The analysis is requested within four
months for plants in ocperation over ten years and
within one year for plants in operation less than
ten yesars. If the analysis does not demonstrate
compliance with these requirements, submit a
justification for continued operation (JCO) and
implessnt actions l1.c and 1.4 below.

Action l.c - Obtain data on thermal stratification, thermal
striping, and line deflections either by plant
specific monitoring or through collective efforts
ampong plants with a similar surge line design. 1If
through collective efforts, demonstrate similarity
in geometry and cperation.

Action 1.d - Porfore detailed stress and fatigue anslyses of the
surge line to ensure compliance with applicable
code requirements incorporating any obssrvations
from l.a. The analysis should be based on the
applicable plant specific or referenced data and
should be completed within two years. If the
detailed analysis is unable to show compliance,
submit & JCO and a description of corrective
actions for effecting long term resclution.

Although not required by the Bulletin, licenseses were
sncouraged to work collectively to address the technical concerns
associated with this issue, as wvell as to share pressurizer surge
line data and coperational experience. In response, the Babcock and
Wilcox Owners Group (B&WOG) developed and implemented a program to
address the technical issues of surge line stratification in B&w
plants. A summary of this program is presented in the next section
cof this TER.



3.0 SUMMARY OF B&WOG PROGRAM

The B&W Owners Group Materials Committee developed a
comprehensive program to address all technical concerns identified
in NRC Bulletin gs8-11. Based on similarities in design and
cperation, B&WOG was able to perfors a generic svaluation for all
lovered loop plants. They include the following six plants:

Arkansas Nuclear One Unit 1
Crystal River Unit 3

Oconee Units 1,2,3

Three Mile Island Unit 1

The B&WOG determined that Davis-Besse Unit 1, which is the
only B&W raised loop plant, differed significantly and required a
plant-specific evaluation. The Davis-Besse analysis was beyond the
scope of the BNL reviev and is not addressed in this TER.

The B&WOG program was divided intc two basic parts. The first
part investigated the thermal hydraulic phencmena occurring in the
surge lines. The goal of the first part of the program was the
development of revised design basis thermal transients which
appropriately account for the effects of thermal stratification and
thermal striping. This effort included the instrusentation and
monitoring of the Occnee Unit 1 surge line to determine
circumferential temperature profiles and displacements of the line
under stratified flow conditions. It also involved the assessment
of operating practices and procedures, and the collection and
reviev of historical plant data from all lowered loop B&w plants.
Upper limits on surge line differential temperatures wvere
established based on 10CFRS0 Appendix G pressure/temperature
limits. Analytical correlations vere developed to predict thermal
stratification and thermal striping based on surge line flow rates
and differential temperatures. These correlations wvere based on
Oconee measured data and on thermal striping experimental data.
Based on the measured data, historical data and upper limits, Biw
established generic consarvative magnitudes and numbers of thermal
stratification cycles for past and future operation. The end
result of this part of the prograa was a revised set of design
basis transients that vere used as input to the surge line strass
and fatigue analysis.

The second part of the program addressed the structural
analyses needed to assess the integrity of the surge line and
nozzles for the balance of the design life of each plant. This
required the development of a structural mathematical model of the
surge line. A structural loading analysis was performed by
applying the revised design basis transients to this model. This
generated the internal forces and moments for the stress and
fatigue analysis of the surge line and nozzles. The line was then
evaluated in accordance with the 1986 Edition of the ASME Code NB-
3600. Based on this evaluation, B&WOG concluded that the surge
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line satisfied all Code stress and fatigue limits. Howvever, upon
review of the analysis, BNL questioned the analytical methodology
used to determine stresses in the elbows. BiW had redefined the
secondary #tress index and the peak stress index based on an
elastic-plastic finite element analysis. BNL disagreed with the
B&W interpretation of secondary stress versus peak stress in an
elbow and suggested that the elbows be reevaluated using the stress
indices given in NB-3600. However, when the Code indices wvere
applied, the surge line elbows did not satisfy the Code limits for
eéxpansion stress or fatigue usage. As a result, B&wW performed
another analysis based on the alternate ASME Code criteria given in
NB-3228.4. Using an elastic-plastic model of the surge line, B&wW
demonstrated that shakedown will occur after a fewv cycles of the
nost severe thermal stratification loading with an acceptably small
amount of accumulated strain. The fatigue evaluation based on this
analysis demonstrated that the usage factor for the bounding plant
is below the Code allowable. Thus the revised analysis shoved that
&4ll Code requirements are satisfied for the forty year design life
of esach lowered loop plant.



4.0 HISTORY OF REVIEW PROCESS

NRC Bulletin 88-11 was issued on December 20, 1988, The
bulletin addressed technical concerns associated with thermal
stratification in the pressurizer surge line and required all PWR
licensees to establish and implement a program to ensure the
structural integrity of the surge line. The B&W Owners Group
subsequently formed a Thermal Stratification Working Group and
developed a comprehensive program to address the reqiirements of
the bulletin. A portion of the Progras vas presented to the NRC
staff on September 29, 1588 and April 7, 1989. In accordance with
Bulletin Action 1.b, an interis evaluation vas performed and
documented in B&W report BAW-208% dated May 1589 (Ref. 4). That
report provided the staff with a justification fur near term
operation for all of the operating B&w plants. The NRC staff
reviewed the report and concluded that sufficient information had
been provided to justify near term operation for Baw plants until
the final report could be completed.

The final results of the B&WOG Program vers documented in B&w
report BAW-2127 dated Decesmber 1990 (Ref. 2). This report
summarized the generic analysis and evaluation of the BéW lowvered
loop plants. It included the development of revised design basis
transients which considered thermal stratification and striping, as
well as the structural reevaluation to demonstrate that structural
integrity will be maintained over the forty year design life. The
repert was reviewved by BNL under contract to the NRC staff. BNL
generated a list of questions and additional information needed to
complete the reviev (Ref. 5). BNL then participated in an NRC
staff audit at BéW offices in Pebruary 1991 in which B&W technical
parsonnel provided responses and additionsl information including
detailed calculations. Pollowing a more detailed reviewv of the
information, an audit trip report was issued which sumsaized the
BNL findings and recommendations (Ref. 6). BNL concluded that the
B&WOG program was comprehensive and addressed all of the issues
described in Bulletin 88-11. The technical personnel involved in
the program wvere well qualified and produced high quality work.
However, thers was one significant unresclved issue which impacted
the stress evaluation. BNL disagreed with the method in which Baw
calculated the secondary and pesk stresses in the surge line
elbows. This issue was incorporated into the NRC staff Safety
Eveluacion Report (Ref. 7) as an open item.

In order to resolve the SER cpen item, B&WOG reevaluated the
surge line elbows using elastic-plastic analysis methods and
demonstrated Code compliance in accordance with the alternate
critaeria given in ASME Code Section III Subsection NB-~3228.4. The
methodology wvas presented snd discussed during meetings held at Béw
offices in October 1991 and January 1992. The discussions wvere
summarized in audit trip reports (Ref. 8 and 9). The final results
ware documented in B&W report BAWN-2127 Supplement 2 dated May 1992
(Ref. 3). The BNL evaluation of the B&WOG program including the
resvaluation is presented in this TZR.
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5.0 TECHNICAL EVALUATION OF B&WOG PROGRAM

The BEWOG Program for evaluation of ths lowverasd loop plants
was divided intc two basic sections: thermal-hydraulics and stress
analysis. The thermal-hydraulics portion developed a revised set
of surge line design basis transients that account for thermal
stratification and thermal striping. It invcolved the
-ngtrumentation and monitoring of surge line temperature and
displacement data from & representative plant (Oconee Unit 1). It
included an assessment of operating procedures and review of
historical plant data from all B&W plants. The stress analysis
pertion involved the development of structural sathematical models
of the surge line and associated equipment. Structural loading
analysis was performed using the revised thermal-hydraulic design
basis. Stress and fatigue evaluations wvere performed in accordance
with the 1986 Edition of the ASME Code Section III requirenents.
The major areas of reviev and evaluation are summarized below.

5.1 Generic Application

BéW reviewed the factors affecting surge line thersal
stratification to determine if the B&WOG plants can be evaluated
generically. The sssessment considered both the piping design and
the plant specific operating procedures. The (findings are
summarized below.

5.1.1 Pressurizer Surge Line Design

A reviev of the surge line piping for all Baw plants showved
that all lowered loop plants have the same nominal dimensions and
configuration. The lines consist of approximately 50 feet of 10
inch diameter schedule 140 austaniti~ stainless steel pipe. The
lines are insulated with a reflective/mirror insulation having
similar characteristics. The end nozzles connect the surge line to
the hot leg and to the pressurizer. In the lowver horlzontal piping
run, & ore inch diameter nozzle made of austenitic stainless steel
connects a drain line to the surge line. With the exception of
TMI~1, snubbers are used as seismic restraints. The THI-1 line
doss not contain any seismic snubbers, restraints, or supports.
The Crystal River plant uses variable spring hangers as dead veight
supports. The surge lines in all other lowered loop plants are
free hanging. As long as displacements are within the range of
free travel of the snubbers and spring hangers, these supports will
have a negligible effect on thermsal stratification-induced stresses
in the surge line.

$.1.2 Plant Operations

BéW reviewed the plant operational aspects which affect the
magnitude and number cf thermal cycles applied to the pressurizer
surge line. This included a reviewv of applicable plant operating
procedures and data, as well as interviews of plant operstors. The




operational review concantrated on the heatup/cooldown and initial
RCS presaurization phases, since the highest potential for
significant thermal stratification conditions exists during these
phases. They concluded that all of the B&W plants basically
operate in a similar fashion with some minor differences. During
power operating conditions and during opersting conditions where
the RCS temperature is near "Hot Standby®, all of the plants
operate in a similar fashion and the thermal stratification
potential is relatively small. During design basis transient
events, the transients imposed on the surge line are virtually
identical for all of the lowersd loop plants.

B&W noted that the reactor vessel operational P/T limits, in
accordance with 1uCFRS0 Appendix G, provide the upper limit of the
surge line thermal stratification potential during the
hsatup/cooldown and initial pressurization phases, and that these
limits are a function of the effective full power years (EFPY) of
operation. The magnitude of the thermal stratification gradients
as well as the actual number of heatup/cooldown cyclas vere grouped
on the basis of the periods of the applicable Appendix G limits.
Actual plant data vas reviewed to confirm that the B&W plants have
operated below the reactor vessel P/T limits. Based on the plant
data and the measured data from the instrumented Oconee Unit 1
surge line, B&W was able to define the number and magnitude of
thermal stratification cycles for the generic design basis. Based
on the P/T path taken by each of the plants during past heatups and
cooldowns, the magnitude of future thermal stratification cycles
was developed to form the basis for evaluating future surge line
fatigue. ;

$.1.3 BNL Bvaluation

Based on a reviev of the information provided by B&W, BNL
concluded that the lowvered locop plant configuration and plant
operations were sufficiently similar to justify the development of
geaneric design basis transients as wvell a® a generic structural and
fatigue evaluation. The evaluation of the revised design basis
transients development and of the stress and fatigue svaluation is
prssanted in the following sections.

5.2 Revised Design Basis Transiente

The development of the revised design basis transients
involved the monitoring of surge line data at Oconee Unit 1, the
developmant of surge line thersal stratification and thermal
striping correlations, the review of operational histories, and the
formulation of revised transients.
5.2.1 Monitoring Program and Stratification Correlations

Based on compariscons of dimensions of the lovered loop surge
line plants, B&WOG concluded that & single plant could be
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instrumented tc provide typical thermal stratification data.
Oconee Unit 1 was selected and instrumented with 5S4 thermocouplas
and 14 displacement instruments affixed to various parts of the
lines. The instrumentation package was installed during the
January 1989 refueling outage. Temperature measursnments were
recorded at either 20 second or cne minute intervals during heatup,
coocldown, and various power operation conditions. The measured
data was processed and used to develop correlations to predict
surge line temperature versus time based on global plant conditions
including pressurizer and hot leg temperature, surge line flow
rate, and reactor coolant pump and spray valve status. Prediction
correlations vere developed for stratification tanperatures in the
horizontal piping as well as for temperatures at the nozzles. The
stratification correlaticns wvere used in conjunction with the
synthesized plant transients to develop temparature profiles for
use in the stress analysis.

$.2.2 Development of Thernmal Striping Correlations

B&éW developed thermal striping correlations based on
experimentally obsarved striping data. Based on a reviev of the
literature on striping experiments, B&W found that experiments
performed in the HDR facility at Battelle Institute, Karlsruhe, FRG
wvare condvcted under conditions that most closaly matched those of
the pressurizer surge lines. The HDR tests wvers parformed in a
large~diameter (15.6 inch), insulsted metal pipe using plant-
typical fluid conditions. The pipe was extensively instrumented
with fast-response thermocouples. B&W obtained the complete set of
measurenents from the "PWR"™ subseries of tests. The data was
processed to determine interface characteristics as well as
striping frequencies and amplitudes. B&W used the ordered overall
range method to count striping cycles and to develop distributions
of cumulative frequencies of occurrence versus striping amplitude.
The maximum striping amplitude for each test was compared and
correlated with the governing fluid conditions. The maximum
striping amplitudes of the final corrslation vere increased by 10%
to allow for uncertainties.

5.2.3 Development of Revised Design Transients

In developing the revised design basis transients, BiW
considered past operational information. An information base of
plant operating data, oparating procedures, surveillance
procedures, and opsrational limits wvaw collected from utility and
B&W records. Discussions with plant operators provided additional
information. The revised surge line design basis transients wers
based on the original design basis transients with some
modifications and additions. For all transients, the surge line
conditions vere redefined to include stratification and striping.
The most significant transients which produce the largest top to
bottom temperature difference and contribute most to the cumulative
fatigue in the surge line are plant heatup and cocldown. These



transisnts wvere completely redefined. Heatups wers categorized
into five transients with three representing past operations and
twvo representing future operations. Hot leg and pressurizer
temperature versus time plots wvere developed for each heatup
transient. The transients varied in terms of pressurizer to hot
leg differential temperature with the most severe transient based
on the pressure-temperature limits which sat 'y the vessel
fracture toughness requirements of 10CFRS0 Appendix G at two
effective full powver years. The number of occurrences for sach
type of heatup transient vas determined by reviewing plant data and
taking conservative estimated fractions 5f the most severe heatups
to total number of heatups. For each heatup, operational events
that affect surge line flow were identified by a review of plant
data and procedures. The number of eventsz per transient vas based
on the reviews with additional random flow svents added. The
thermal stratification and thermal striping correlations vere used
to generate the surge line thermal response to the events. For the
most severe heatup transient, BiW estimated a maximum pressurizer
to hot leg temperature differential of 400°F. The maximum value of
stratification (top to bottom surge line temperature difference)
was 397°P. B&W followed similar procedures to redefine the
cooldown and othar design basis transients. The final results of
this effort provided the input for the stress and fatigue analysis
of the surge line for each lowered loop plant.

5.2.4 BNL Bvaluation

BNL revieved the methodology described in the BAW-2127 report
and raised several questions which were discussed during the
February 1991 audit. B&W provided copies of detailed calculations
on thermal stratification and striping correlations for review.
From the information provided, it was clear that the BiW effort vas
extensive and thorough. Although the calculations were not checked
in detail, the overall approach was found to be reasconable and
conservative. Comparisons of predicted stratification to plant
measurenents shoved the predictior correlations to conservatively
overpredict stratification response. The striping correlations
vere based on an envelope of test results and striping amplitudes
vere further increased o5y 1'% to account for uncertainties. The
development of the revised design basis transients considered
bounding operating limits as wvell as typical conditions observed
during plant operation.

5.3 Stress »nd Fatigue Bvaluation

The "rvss analysis effort involved the development of
structur. »* ‘hematical models of the surge line and nogzzles, the
loading o. zhe models to genarate the internal forces, moments and
stresses for the thermal stratification conditions and a stress and
fatigue evaluation which considered appropriate combinations of
stresses generated by other lozds to demonstrate compliance with
ASME Code Section III requirame s.



$.3.1 Model Development and Analysis

The ANSYS computer program was used to develop an “"extended"
mathamatical piping model of the pressurizer surge line. The model
included the pressurizer, surge line, hot leg, reactor vessel, and
steam generator. The attached equipment was included so that
correct anchor movements and component flexibility would be
correctly simulated. The ANSYS program was chosen because of its
capability to analyze a piping system with a top-to-bottom
temperature variation in the piping elements. Since the variation
can only be applied linearly, however, B&W developed “eguivalent
linear temperature profiles®™ to represent the ncnlinear profiles
indicated by plant measurements. Nonlinearity coefficients were
developed to generate equivalent linear temperature profiles which
giva the same pipe cross-section rotation as the nonlinear profile.
The nonlinearity coefficient was found to be a function of top and
bottom temperatures and fluid interface elevation. B&W developed
a mathematical formula for nonlinearity coefficient as a function
of these variables.

Using the extended mathematical piping model and calculating
the nonlinearity coefficients for the Oconee data, a verification
run was paerformed. The measured temperatures vers applied to the
podel and displacements wvere determined. The comparison of
calculated to measured displacements shoved very good agreement.
B&W stated that this verified the accuracy of the model and the
nonlinoarity cr ‘ection method.

B&W used © s model to analyse the three most critical thermal
stratification nditions that occur during the most severe heatup
transient. Ton o-bottom tempersture differences were 3197°F, 393°F,
and J186°F. Additional analyses were performed for seven other
therma. stratification conditions plus the unstratified 100% powver
condition. With these 11 sets of internal forces and moments, Bew
was able to set up an interpolation scheme to determine internal
forces and moments everywhere in the surge line for all temperature
conditions.

$.3.2 Streuss Analysis and Code Evaluation

Reevaluation of the surge line for thermal stratification
involved satisfying ASME Code Section III NB-3600 allowable stress
limits for primary plus secondary stress intensity range (Equation
10) and cumulative fatigue usage limits for peak stress intensity
range (Equation 11). PFor the most critical thermal stratification
cycles, the Equation 10 stress limit of 38, was exceeded. As an
alternative, the Code permits a simplified elastic-plastic fatigue
analysis by applying a penalty factor, K,, to the peak stress
(Equation 14) provided that the load sets meet the stress limits of
Equation 12 and 13 of NB-3653.6 and the thermal stress ratcheting
equation of NB~31653.7. B&W was able to demonstrate compliance with
Equation 13 (prisary plus secondary stress intensity excluding
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thermal expansion) and thermal stress ratcheting, but vas not able
to meet the Equation 12 (secondary stress range due to thermal
expansion) limit of 3S, in the elbows using the simplified formulas
and stress indices given in the Code. B&W then attempted to remove
the conservatism in the Code stress indices by developing new
and K, stress indices for the surge line elbows based on finite
element gnalylil. The computer progras ABAQUS was used to generate
an alastic-plastic finite element model of the elbows and apply in-
plane and out-of-plane bending moments. Using the definitions of
secondary and peak stresses and taking the higher of the two
loading conditions, BéW defined generic stress indices of C, = 1,58
and lz = 1.47 compared toc values of C, = 2.33 and K, = 1.0 from
formulas given in Table NB-3685.1-2 of the Code.

Using the internal forces and moments from the most severe
thermal stratification conditions and the redefined generic elbow
stress indices, three of the four surge line elbows still exceeded
the Equation 12 stress allowable. B&W then applied these forces
directly to the elastic-plastic finite elesent nodel and used the
same method to calculate maximum secondary stress as was used to
generate the C, stress index. The resulting calculated secondary
Stresses vere shown to be less than the 38, allowable.

5.3.3 Fatigue Analysis and Code Evaluation

For the ASME Code fatigue evaluation, B&W considered the
stresses due to stratification induced moment loadings as vell as
localized peak stresses induced by through-wall temperature
gradients DT, and DT, due to fluid flow, thermal striping, and
nonlinear temperature profiles. Peak stresses due to thermal
striping were determined from the striping tempersture data given
in the design basis transients. The temperature distribution
through the wall thickness wvas determined from an ANSYS finite
element model. The time-dependent wall temperature wvas simulated
as a “"cut-savtooth" wave. From the experimental data, B&w
determined that the fluctuations have a period of approximately 1.0
saconds. To cover a range of periods which could be expected,
thermal analyses were performed with periods of 0.5, 1.0, 2.0 and
4.0 seconds. For each period, the extrese tamperaturs profiles
ware determined and the linear and nonlinear through-wall
temparature gradients vere calculated, leading to the maxisum peak
stress intansity range.

Peak st'esses due to the nonlinearity of the temperature
profile are the result of the difference bSetwsen the actual
nonlinear and the "equivalent linear® temperature profiles used in
the structural loading analysis. B&W referred to this teamperature
differencs as DT,. An ABAQUS finite elemsnt analysis was performed
for the two most severe measured top-to-bottom temperature
profiles. The analyses indicated that the maximum peak stress
intensity occurs at the inside radius of the pipe cross section.
From these results, BiéW developed a correlation to calculate DT, as
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a funciion of top-to-bottom temperaturse difference and fluid
interface elevation, and give the maximum peak stress intensity in

the pipe as a function of DT,, top-to-bottom temperature difference
and fluid interface elevation.

BéW performed a fatigue analysis in accordance with the 1986
Edition of ASME Section III NB-3600 as required dy Bulletin 88-11.
Since all plants had been designad to earlier Code Editions, a Code
reconciliation wvas performed. The findings indicated that for the
1986 Code: 1) more sophisticated formulas are used for stress
indices, 2) allowables are equal to or smaller than the earlier
allowables, 1) the fatigue curves go up to 10" cycles comparad to
earlier curves which only want up to 10 cycles.

Béw calculated the "main fatigue usage” which they defined as
the usage factor due to all thermal stratification conditions which
are characterized by a top-to-bottom temperature difference. The

absolute values of the peak stress ranges from the following
contributions were added:

1. Momant loading range due to thermal stratification.
- Moment loading range for the 10 occurrences of OBE.

M Internal pressure range.

4. Additional localized peak stress due to nonlinearity of
the top-to-bottom temperature profile (oT,) .

S. Maximum stress betwesn the peak stress due to thermal
striping and the one due to fluid flow (through-wall
tamparature gradients DT, and oT,) .

B&W parformed a sort of all the total peak stress intensity
values and built a selection table for the combination of the
thermal stratification peaks and valleys into pairs in such a way
that stress ranges were maximized. Por sach pair of conditions,
the slternating stress intensity was calculated as a function of
the peak stress intensity range and of the Equation 10 prisary plus
secondary stress intensity range. The usage factor associated with
each alternating etress intensity value was calculated in
accordance with the 1986 ASME Code extended fatigue curves (up to
10" cycles). The sumsation of all usage factors for cach pair gave
the total "sain fatigue usige."®

In addition to the main usage factor, B&W evaluated the
additional fatigue contributions due to the highly cyclic thermal
striping ranges, the additional OBR &8 not associated with
stratification, and the additional fluid flow conditions not
associated with stratification. Contributions due to OBE and fluid
flov were found to be very small. Patigue usage due to thermal
striping wvas found to be in the range of 0.10 and 0.1% depanding on
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the specific plant. B&W combined the main usage factor with the
additicnal fatigue usage contributions to calculate the total
cumulative usage factor for each of the six BiéW lowered loop
plants. The values were different for each plant because the
nuzber of occurrences of the events in the design basis transients
is unique to each plant. The results showed that all cumulative
usage factors vere below their allowable of 1.0. The highest usage
factor was 0.82 and occurred in the vertical elbow at the bottom of
the surge line riser to the hot leg in Oconee Unit 2.

5.3.4 Nozzls Evaluation

In addition to the piping analysis, B&w performed detailed
stress analyses of the pressurizer and hot leg nozzles. For both
nozzles, axisymmetric thermal and thermsl stress analyses vers
performed using the ANSYS finite eleament computer code. The
loadings consisted of thermal gradients, interna} pressure, and
external piping loads. Since the pressurizer nozzle is vertical,
there were no significant thermal stratification loads. The hot
leg nozzle is horizontal and is subject to direct thermal
stratification which produces circumferential temperature
gradients. The stresses due to these gradients vere determined by
the use of the ANSYS harmonic element STIF 2% which can handle an
axisymmetric structure with nonaxisymmetric loading. The nozzles
ware evaluated in accordance with the requirements for Class 1
components of the ASME Code, Section III, 1986 Bdition. Por both
nozzles the linearized primary-plus-secondary stress intensities
exceeded the 385, limit. Howvever, the Code requirements were
satisfied by performing a "siamplified elastic-plastic analysis™ as
defined in NB-3228.5. Cumulative fatigue usage factors were
calculated for each plant. All plants met tha 1.0 allovable for
both nozzles. The highest usage factors in the pressurizer nozzle
was 0.41 in Oconee Units 2 and 3. In the hot leg nozzle, the
highest usage factor was 0.62 in TMI Unit 1, Crystal River Unit 3,
and ANO Unit 1.

5.3.5 BNL Bvaluation

BNL reviewed the stress analysis and Code evaluation
methodology and results described in the BAW-2127 report and raised
a number of questions vhich were discussed during the Pebruary 1991
audit. B&W provided copies of the detailed calculations on the
piping and noszszle stress analyses for review. BNL reviewed
salected portions of the piping stress analysis in detail. Based
on the review, BNL found the BiW stress reevaluation effort to be
comprehensive and complete. Thermal stratification aeffects
including global bending stresses, local stresses due to the
nonlinear tesperature profiles, and cyclic stresses due to thermal
striping vere considered. Calculations were found to be clear and
vell oryanized. Assumptions were reascnable and genarally
conservitive. The accuracy of the mathesatical piping model vas
checked against data taken at Oconee and shoved good agreement in
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predicting displacements. The fatigue analysis considered stress
intensity ranges due to all global and local stratification loads
as well as other cyclic design loads. Absolute values cof peak
stresses due to different loads were combined by conservatively
assuring that maxisum stresses occur at the sane location on the
Pipe Cross~section.

There was, however, one significant issue of concern. BNL
disagreed with the B&W nethodology for calculating a revised C,
stress index for the surge line elbows. The methodology was
discussed with B&W during the February 1991 audit and calculations
vere further revieved in detail. The analysis involved the
application of in-plane and out-of-plane banding moments to ABAQUS
elastic and elastic-plastic finite elenent models of the surge line
elbows. Based on the results of these analyses, nev elbov stress
indices vere calculated as follows:

For peak stress:

KC, = Maximum stress anywhere in the elbow divided by the
nominal (straight pipe) stress at the surface.

For secondary stress:

C, - Maximus stress at aid-thickness in the elbow
divided by the correspending nominal (straight
pipe) stress at mid-thickness.

The KC, value was based on an elastic analysis while the Cy
value was based on an elastic-plastic analysis with a correcticn
factor for displacesant-controlled loading. B&W took the larger ot
the in-plane and out-of-plane stress index values and cbtained C
= 1.58, KGC, = 2.33 (or K, = 1.47). Using ASME Code tables, these
values would be C; = 2.33 and K, = 1.0. The B&W indices, therefore,
would predict significantly lowver secondary stresses but the same
peak (equation 11) stresses. In differentiating between secondary
and peak stresses, BiVW referred to the Code definition of peak
stress (NB~3213.11) as "that increment of stress which is additive
to the prisary plus secondary stresses by reason of local
discontinuities or local thermal stress including the effect of
stress concentrations. The basic characteristic of a peak stress
is that it does not cause any noticeable distortion and is
objectionable only as & possible source of a fatigue crack." B&w
ailso noted that Figure KB-3222-1 defines a "secondary® expansion
stress intansity P, as “"stressss vhich result from the constraint
of free and displacement. Considers effects of discontinuities but
not local stress concentration.® B&W argued that the maxisums
stress in the elbow has all the characteristics of a local stress
concentration. Their reviev of the stress analysis results around
the circumference and through the elbow thickness indicated that
the highest stress intensity was highly localized. B&W 2lso stated
that the elbov beahaved in a linear fashion after the highest
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stressed locations entered the plastic domain and that these
strasses had a negligible impact on elbow distortion. B&W
therefore felt justiiied in treating surface stresses as peak
stresses and the average through-wall stresses (mid-thickness
stresses) a8 secondary stresses.

With the redefined “generic" C, stress index, threec of the
four elbows still did not meet the equation 12 stress allowable.
BEiW performed additional elastic-plastic finite element analyses
for the critical loading case to demonstrate that the elbovs neet
the expansion stress intensity limit. These analyses took
advantage of the lover stress indices for in-plane bending (1.30)
and torsion (1.0) and demonstrated acceptable results. Howvever,
the basic definitions of secondary and peak stresses vere the same
as discussed above. Secondary expansion stress intensity vas based
on mid-thickness stress.

BNL disagreed with the BiW interpretation of the definition of
secondary and peak stress in an elbov. The Code (NB~3682) defines
the C stress index as the paximus stress intensity due to load L
divided by the nominal stress intensity due to load L. This
presusably means maxisum stress intensity anywhere in the cross-
section, not & mid-thickness stress intensity. The B&W definition
of secondary stress completely neglects the circunferential bending
stresses that develop in an elbov. These stresses are considered
only as peak stresses by B&W. It does not appear that the
circumferential bending stresses in the elbov walls should be
considered peak stresses. FPeak stresses are generslly associa ed
with localized geometric or material discontinuities that effect
the stress distribution through a fractional part of the wal'
thickness or with local thermal estresses that produce no
significant distortion. In the case of elbows, the circumferential
bending stresses affect the entire wall thickness and produce
distortion (ovalization) of the elbow cross-section. NB-3222.3
defines sxpansion stress intensity as "the highest value of stress,
neglecting local structural discontinuities, At _Any point
acroas the thickness of & section by the loadings that result from
restraint of free end displacesent.” The Code stress index tables
(NB-3681l(a)~1 and NB~3685.1~2) provide further evidence that the
maxisum elbov stresses should be treated as secondary stresses.
The €, value of 2.33 computed from the table formulas agrees
exactly with the BAW finite element model maximum stress at the
elbov surface. The K, value of 1.0 indicates that no stress
concentration factor needs to be applied to eslbows for detarmining
peak stress.

The use of Code stress indices instead of the redefined B&W
stress indices would have a significant impact on,the ASME Code
stress and fatigue evaluation. If Code stress indices wvere used,
for the most severe thermal stratification load conditions, the
range of thermal expansion stress inten-ity would exceed the 35,
limit (Equation 12). The higher Cods C; tress indices would alsc
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increase the primary plus secondary estress intensity value
calculated in Equation 10. For severe load sets, vhich require the
simplified elastic-plastic analysis method of NB-365%53.6, the
penalty factor, K,, which is based on Eguation 10 stress will
increase. This will result in larger alternating stresses
{(Equation 14) and higher fatigue usage with potential for exceeding
the 1.0 sllowvable.

In order toc assess the consequences of this issue, BNL also
consulted with ASME Code piping expert, Everastt Rodabaugh. He
indicated that the Equation 12 3S, allowable may have significant
margin because various tests have shown that piping systems can
have substantial fatigue capacity even if Equation 12 is not met.
Neverthaless, since meeting the 315, expansion stress limit is a
current Code requirement, BNL recommended that B&W initiate an ASME
Code inquiry to determine whether the B&W interpretation of
stress index is acceptable or whether not meeting the Egquation 12
allowable is permissible for this application.

BNL and Mr. Rodabaugh agreed that the fatigue usage allowable
of 1.0 for the life of the plant must be met. BNL therefore
recommended that B&W reevaluate the fatigue usage using the Code
table stress indices. If the allowable was exceeded, B&W should
investigate and justify alternate approaches to demonstrate that
Code requirements for fatigue and expansion stress ars met.

5.4 Structural Reevaluation of Surge Line Elbows

In order to address the BNL concern, B&W performed additional
analysis to reevaluate the surge line elbows. The revised
sethodology vas presanted and discussed during meetings held at B&w
offices in October 1991 and in January 1992. As axpected, B&W
found that wvhen the Code stress indices were used for the elbows,
the tatigue usage factor exceeded the 1.0 allowable. Therefore BiW
proposed an alternate approach based on elastic-plastic analysis.
The methodology wvas presented at the first mseting and agreement on
the overall approach was resached. At the second mesting, B&W
presanted additional details of the analysis and preliminary
results. The final results of the reevaluation were documented in
BAW-2127 Supplemant 2 which was issued in May 1992. A summary of
the reevaluation methodology and the BENL evaluation is given below.

£.4.1 Reevaluation Methodclogy and Results

The BEW reevaluation wvas based on the alternate ASME Code
criteria given in Section III Subsection NB-3228, "Applications of
Plastic Analysis®. In this subsection, the Code provides sone
relaxation of the basic stress limits if plastic analysis is used.
Subsection NB-1228.4,"Shakedown Analysis®™, specifically states that
the limits of thermal stress ratchet (NB-3222.5), progressive
distortion (NB-3227.3), local memnbrane stress (NP-3221.2), and
primary plus secondary stress intensity (NB-3222.2) need not be
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satisfied at a specific location if a plastic analysis demonstrates
that shakedown occurs and the deformations which occur prior te
shakedown do not exceed specified limits. In evaluating stresses
for comparison with fatigue allowables, the total strain range
which occurs after shakedown shall be multiplied by one-half the
modulus of elasticity of the material at the mean tamperature
valus.

In order to demonstrate shakedown, B&W developed an ABAQUS
finite element modal of the surge line Piping which was identical
to the original ANSYS model except for the use of elastic-plastic
pipe elbow alements. Stress-strain curves for austenitic stainless
steel at different temperatures wvere generated to match the ASME
Code yield and tensile values using an eyponential stress-strain
relationship. Plecewise linear curves spproximating these curves
were used as input to the analysis. Kinematic strain hardening was
assumed for the loading/unloading bahavior. The ABAQUS modsl was
verified by comparison to the ANSYS mathematical model. Bew
identified the mcst sevare thermal stratification stress loading
range that was seen in the previous fatigue evaluation. This
severe load rangs was applied in combination with thermal
expansion, deadweight and internal pressure for a total of 13
cycles. The 13 cycles envelope the number of occurrences for all
lewered loop plants. According to B&W, the results of the elastio~
plastic analysis demonstrated that for the most severs ranges of
thermal stratification conditions, shakedown was achieved in four
cycles. The maximum accumulated local strain was 1.07% at the most
critical elbow location.

The total cusulative fatigue usage in the elbows was
recalculated basad on the elastic-plastic analysis. As in the
original analysis, B&W considered both the "main fatigue usage” due
to all stratification conditions and the "additiocnal fatigue usage”
associated with thermal striping, OBE stresses not associated with
stratification, and non-stratified fluid flow conditions (as
discussed in Section 5.3.3 above). Only the main fatigue usage for
cycles with Equation 10 stress range intensity greater than the
Code 35, limit needed to be recalculated for this analysis. For
these cycles, fatigue was recalculated using the cyclic strain
range as & function of the momant and pressure terms along with a
strain based penalty factor applied to the additional peak stresses
of that cycle. BEW used detailed elbov models t) develcop
correlation tables for the calculation of the highest strain range
anywhere in the elbow as a function of the elastically calculated
moment range and of the internal pressure in the elbow.
Correlation tables wers also developed for the plastic penalty
factor to be applied to the additional peak stresses. For each
thermal stratification cycle, the strain range and the plastic
penalty factor were calculated through & conservative linear
interpolation between values in the correlation tables to determine
the alternating stresses for fatigue evaluation. The results of
the fatigue analysis showed that the highest cumulative usage
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factor for the lowered loop plants was 0.50 for the vertical elbow
at the bottom of the surge line riser to the hot leg in Oconee Unit
2. Based on the results of the original evaluation and the results
of the elbow resvaluation, B&W concluded that requirements of
Bulletin 88~1] vere satisfied.

5.4.2 BNL Evaluation

During the October 1991 and January 1992 B&w meetings, BNL
determined that the elbow reevaluation approach was acceptable
provided that specific concerns regarding implementation cf the
analysis were adequately addressed. The major concerns and their
resolution are summarized below.

The shakedown analysis did not apply an actual load history
corresponding to the normal seguence of heatups, cooldowns and
other anticipated operating transients. Instead BiéW identified and
applisd the loads corresponding to the most severe peaks and
valleys of thermal stratification cenditions. They identified PV4
(a8 psak associated with a heatup) and PV402 (a valley asscociated
with a cooldown) as the most severe loading range from the original
fatigue evaluation. Thirteen cycles of this load range were
applied in the shakedown analysis. BNL pointed out that since the
strains in the plastic analysis are nonlinear and path dependent,
the application of an actual load history would be more
appropriate. B&W vas requested to provide additional justification
to ensure that the loads that were applied in the shakedown
analysis were indeed bounding. B&W agreed to verify this through
the use of a Bree diagrams. The results of this additional
evaluation veres reported in BAW-2127 Supplement 2. A Bree diagram
was built for the surge line location undergoing the largest
strain. On this diagram, the most severe thermal stratification
loads (analyzed in the elastic-plastic shakedown analysis) were
shown to be the controlling conditions for shakedown when compared
to other conditions during the same heatup transient. in addition
all of the stress points corresponding to the peaks wsre shown to
be acceptable. This additional information resolved the BNL
concern.

In addition to demonstrating shakedown, ASME Subsection NB-
3J228.4 requires that the deformations which occur prior to
shakedown do not exceed specified limits. The B&W shakedown
analysis showed that the maxisus accumulated local strain
(resulting in permanent deforsation) that occurred due to the
application of tha thirtean bounding load cycles was 1.07%. BNL
requasted that B&W provide a basis for acceptability of this strain
value. In response, BiW noted that ASME Code Cases N-47 and N-1%6
permit a maximum allowable accumulated local strain of 5%. Code
Case N-47 provides rules for Class 1 components in alevated
temperature servics and Code Casa N-196 provides relief from the
shakedown requiresents of NB-3228. Although these Code Cases vere
not being specilically applied to qualify the surge line, BNL
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agreed that they provided a reasonable basis for acceptance of the
1.07% calculated strain.

In the surge line elbow reevaluation, B&W still could not
demonstrate that the thermal expansion stress limit of 38, given in
NB~3653.6 (Equation 12) as well as in NB=2222.3 was met. The
‘equirements of NB-3228.4 did not provide relief from this limit.
Based on further discussions with B&W and with Mr. Rodabaugh, BNL
agreed that demonstrating shakedown appeared to satisfy the intent
of this stress limit. Howvever, as a confirmatory item, B&W was
asked to initiate an ASME Code inquiry to confirm this. B&W
complied with this request and cbtained a response from the Code
Committee on March 26, 1992 (see Appendix A). The response
confirmed that when shakedown is demonstrated in accordance with
NB~-3228.4(b), the expansion stress criterion of NB-3222.3 does not
need to be satisfied. This resclved the issue.

Based on the review of the additional structural analysis and
reevaluation of the surge line elbows, BNL concluded that the B&W
analysis adequately demonstrated the structural integrity of the
lowered loop plant surge lines for the 40 year design lives of the
plants with proper consideration given to the effects of thermal
stratification. In order to provide additional confidence, BNL
recommends that licensees perfors augmented volumetric inspections
of surge line elbows in order to ensure that the most highly
stressed areas (elbow bodies as well as welds) have not sustained
damage.

5.5 Plant Specific Applicability of B&WOG Analysis

The BAW-2127 report identified the conditions upon which the
generation of the revised design basis transients and the thermal
stratification fatigue stress analysis of the surge line were
based. These conditions and the licenses actions needed to verify
that the conditions are applicable on & plant specific basis are
summarized below.

5.5.1 Applicability of Revised Design Basis Transients

The gensration of the revised design basis transients for
future events was based on the incorporation of operational
guidelines which:

-] limit the pressurizer to RCS temperature difference
during plant heatups and cooldowns (imposed with
pressure/temperature limits), and

o prevent surveillance tests that cause rapid additions of

vater to the RCS from being performed with pressurizer to
RCS temperature difference greater than 220°F.
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Pressurizer/temperature limits for future heatup and cocoldown
operations were included as Figure 8-1 of BAW-2127. In corder to
meet the pressure limit specified for heatup in the 70°F to 1%0°F
temperature range, BiW recommended preheating the RCS. Por heatups
invelving pressurization at lower RCS teamperatures, a less
restrictive limit was ‘included in Pigure 8-1. The fatigue
evaluation vas based on the assumption that 85% of the heatups for
the remainder of plant life meet the recommended limit shown by

path CDEN of Figure £-1, and 15% of future heatups meet the loss
restrictive path ABEN.

5.5.2 Applicability of Fatigue Analysis

The thermal stratification fatigue analysis was based on the
following assumptions:

° no interference of the surge line with any other
structure,

o surge line mpovement within the travel range of each
snubber,

) surge line movement within the travel range of each
hanger, .

o branch moments at the surge line drain nozzle connection

within their respective saximum allowables (for
deadveight, OBE and thermal stratification).

£.5.3 BNL BEvaluation

The conditions of applicability were discussed vith licensee
representatives at the B&W audits. The licensees agreed that the
BéW proposed operational guidelines will be followed. Operating
procedures will have to be revised to reflect these limits. In
addition, licensees will reviewv the maximum surge line
displacements to ensure that thare are no interferences and that
travel limits on hangers and snubbers are not exceeded. Each
licensee vill be responsible for resvaluating the pipe supports and
the drain line piping and noszle. Plants vwith velded attachments
will evaluate them on a plant specific basis. VWhen all of these
conditions are met, the licensees will be able to use the BiW
generic analysis as the basis for verifying the structural
integrity of the surge line.
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6.0 CONCLUSIONS

Bused on the review and evaluation of the material presented
in the B&W reports, BAW~2127 and BAW-2127 Supplement 2, and the
additicnal information provided during the February 1991, October
1991 ‘and January 1992 asudits, BNL concludes that the B&WOG program
has adequately demonstrated that the bounding surge line and
notzles meet ASME Code stress and fatigue requirements for the
forty year design life with consideration of the thermal
stratification and thersal striping phenomena. The results of the
B&WOG analysis may be used as the basis for licensees to update
their plant-gpecific Code stress reports to demonstrate compliance
with applicable Code requiresents as requested in Bulletin 88-11.

The generic analysis and results are applicable to the
follovwing six BEéW lovered loop plants:

Arkansas Nuclear Ona Unit 1
Crystal River Unit 2
Oconee Units 1, 2, 3

Three Mile Island Unit 1

Licenseeas are responsible for verifying plant-specific
applicability of the B&WOG program and results. This will include
verification of analysis assumptions, qualification of supports and
attached piping, and revision of operasting procedures as indicated
in BAW-2127 and summarized in Section 5.5 of this report.

In order to provide additional confidence in the structural
integrity of the surge lines, BNL recommends that licensees perform
volusetric inspections of critical elbov components as part of
future ASME Code Section XI in-service inspecticns. Inspections of
elbov bodies as vell as elbov welds should be performed to snsure
that the most highly stresses areas have not sustained damage.
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345 East 47th Street

Mew York, NY 10017

Sublect: Technical Inquiry - ASME BPYC Section 11!
Gantlemen:

The writer respectfully requests that the attached Technical Inquiry
be considered by Sectior III.

Yery truly yours,
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Secreta
ASME Boiler and Pressure Yessel Commitlee

756%8-1
Attachmant

SCOPE

Additicnal guidance s requested regarding paragraph KB-2228.4,
Shakedown Analysis (19 Edition with Addendum).

.
.

The structural integrity of a pressurizer surge line undergoing
thermal loading (including expansion banding moments and forces) as a
result of flow stratification has been demonstrated by performing a
Shakedown Analysis in accordance with NB-3228.4 conservitively using
kinesatic hardening. Shakedown occurred im a few cycles and a cumulative
usage factor of < 1.0 over the design 1ife was calculated. The
deformations prier to shakedown are well within specified Timits.
Subparagraph (b) of NB-3228.4 recognizes that the following limits have
baen satisfied by the Shakedown Analysis:

NB-3221.2 - Local Membrane Stress Intensity

NB-3222.2 - Primary Plus Secondary Stress Intensity
FB-3222.5 - Thermal Stress Ratchet

NB-3227.3 - Progressive Distortion of Nonintegral Connections

However, satisfaction of NB-3222.3 Expansion Stress Intensity is not
specifically exempted even though in satisfying NB-3222.2 for piping,
leadings categorized as expansion must be included.

In demonstrating Shakedown in accordance with NB-3228.4(b) are the
expansion stress criterion of NE-3222.3 satisfied?

Yes, as long as the range of straim caleulated on a plastic dasis
includes the effect of a1l cyclic Toads which lead to distortion.



The American Society of
Catim 23 Toss @ Aachanical !.'.;iau'r'x

238 1 a7 Loy
March 28, 1983 New Yore NY 10017
Dormid B, Larciers
- Presicers
Teeyre Engineerty Services
130 Secord Ave.

Waitham, MA 02294

L ]
PR |

Submct Secuion I, Dvision 1, NB-3228.4
P e #: NI -4 "

hdr-'c-,: Your et Gathd Decermber 30, 1981

Dear My, Lancers: ¢

O underslanding of the quastions In your Inguiry, and o reply, & & lows:

CQuestion: N CEMOrErERYg SEKE00Wn N ACEOrTaNes wilh NB-I221 45}, 0oes T ©XDANRion sees
criarion of NB-3222.3 rwed © De satisfied?

Rephy: sy

Very Tuly yours,

Assistars Secrwtwry, Boler & Pressre Vessel Comemiine
@12 s

[
W W TSRS TN GSENG SN B 4 (SN DTS | W el W N I A S W s

T I . B o . Y A ccnill R o NI et o AR b M s« M il O, ~at] B U MR AV R B e
R et LS e



ENCLOSURE 3

SAFETY EVALUATION REPORT
ON THE
BABCOCK & WILCOX OWNERS GROUP PRESSURIZER SURGE LINE
THERMAL STRATIFICATION GENERIC DETAILED ANALYSIS
BAW - 2127

»e
o

INTRODUCTION

NRC Bulletin No. 88~l11 requested all PWR licensees to
establish and implenment a programs to confirm pPressurizer surge line
integrity in viev of the occurrence of thermal stratification and
inform the staff of the actions taken to resolve this issue.

Licensess of ocperating PWR's were regquested to take the following
actions:

Action l.a - Perform a visual inspection wvalkdown (ASKE Section

XI, VI-3) at the first available cold shutdown
which exceeds seven days.

Action 1.b = Perform a plant specific or generic bounding
analysis to demonstrate that the surge line meets
applicable design codes and other FSAR and
regulatory commitments for the design life of the
plant. The analysis is requested within four
months for plants in operaticn over ten years and
within one year for plants in operation less than
ten ysars. If the analysis does not demonstrate
compliance with these reguiresents, submit a
justification for continued operation (JCO) and
implament acticns 1.c and 1.4 below.

Action 1.¢c = Obtain data on thermal stratification, thermal
striping, and line deflections either by plant
specific monitoring or through collective efforts
among plants with a similar surge line design. 1If
through collective efforts, demconstrate similarity
in geometry and operation. :

Action 1.4 =~ Perfors detailed stress and fatigue analyses of the
- surge line to ensure compliance with applicable
Code reguiresents incorpeorating any obsarvations
from l.a. The analysis should be based on the
applicable plant specific or referenced data and
should be completed within twve years. It the
detailed analysis is unable to show compliance,
submit & JCO and a description of cerrective
actions for effecting long ters resolution.

Although not required by the Bulletin, licensees vere
encouraged to work collectively to address the technical concerns
associated with this issue. In responss, the Babcock & Wilcox
Owners Group (B&WOG) developed and implemented & program to address
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the issue of surge line stratification in B&W plants. The first
part of the program was documented in an interim report, BAW-208%
dated May 1969. Based on preliminary bounding calculations, B&w
concluded that all B&W plants can continue operating safely in the
near term until the final analyses could be completed. The staf?
revieved the intaerim evaluation and identified several concerns but
concluded that it was sufficient to be used as the technical basis
for justification for continued operation for all B&W plants until
the final analysis is completed by the end of 1990. The interim
report, combined with acceptable plant specific visual inspection
results, satisfied Bulletin Actions l.a and 1.b for all BéW plants.

The B&W final analysis was completed in 1990. The summary and
results of the program ware documented in report BAW-2127, dated
December 1950. The report summarized the work performed to satisfy
the remaining NRC Bulletin Action items including the monitoring
program and the final ASME Code stress and fatigue evaluations. It
covered all B&W lowered loop plants: Arkansas Nuclear One Unit 1,
Crystal River Unit 3, Oconee Units 1, 2, and 3, and Three Mile
Island Unit 1. The remasining B&W plant, Davis-Besse Unit 1, is a
raised loop plant and is undergoing & plant specific evaluation
which will be reported in a future supplement to the report.

The staff revieved the firal report and conducted an audit at
B&W offices in February 1991. The following sections summarize the
staff evaluation of the progras.

2.0 STAFF EVALUATION

The B&WOG Program for evaluation of the lowered loop plants
was divided into two basic sections: thermal-hydraulics and stress
analysis. The thermal-hydraulics portion developed a revised set
of surge line design basis transients that sccount for thermal
stratification and thermal striping. It 4involved the
instrusentation and monitoring of surge line temperature and
displacement data from a reprasentative plant (Oconee Unit 1). It
included an assesssent of operating procedures and reviev of
nistorical plant data from all B&W plants. The stress analysis
portion involved the development of structural mathematical nodels
of the surge line and associated equipment. Structural loading
analysis vas performed using the revised thersal-hydraulic design
basis. Stress and fatigue svaluations vere performsed in accordance
with the 1986 Edition of the ASME Code Section III requirements.
The major areas of staff reviev and evaluation are sSuEBRATiied
below.

2.1 Develcopment of Revised Design Transients

The development of the revised design basis transients
invelved the monitoring of surge line data 2t Ocones Unit 1, the
development of surge line thermal stratification and thermal
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striping correlaticns, the review of operational histories, and the
formulation of revised transients. Based on comparisons of
dimensions of the lowered lcop surge line plants, B&WOG concluded
that a single plant could be instrumented to provide typical
thermal stratification data. Ocones Unit 1 was selected and
instrumented with 54 thermocouples and 14 displacement instruments
affixed to various parts of the lines. The instrumentation pacxage
was installed during the January 1989 refueling outage.
Temperature neasurements were recorded at either 20 secend or one
minute intervals during heatup, cooldown, and various pover
cperation conditicns. The measured data was processed and used to
develop correlations to predict surge line temperature versus time
based on global plant conditions including pressurizer and hot ieg
tenperature, surce line flow rate, and reaztor ccolant pump and
spray valve status. Prediction correlations wvere developed for
stratification teamperatures in the horizontal piping as well as for
temperatures at the nozzles. The stratification correlations were
used in conjunction with the synthesized plant transients to
develop termparature profiles for use in the stress analysis.

BiéW developed thermal striping correlations based on
exparimentally observed striping data. Based on a review cof the
litsrature on striping experiments, B&W found that experiments
performed in the HDR facility at Battelle Instit ‘%e, Karlsruhe, FRG
were conducted under conditions that most closely matched those of
the pressurizer surge lines. The HDR tests were performed in a
large-diameter (15.6 inch), insulated metal pipe using plant-
typical fluid conditions. The pipe was extensively instrumented
with fast-response thermocouples. B&W obtained the complete set of
neasurenents from the "PWR"™ subseries of tests. The data wvas
processed to determine interface characteristics as well as
striping fregquenciss and amplitudes. BéW used the ordered overall
range nmethod to count striping cycles and to deve.op distributions
of cunulative frequencies of occurrence versus »criping amplituds.
The maximum striping amplitude for each test was compared and
correlated with the governing fluid conditions. The maximum
striping amplitudes of the final correlation were increased by 10%
to allow for uncertainties.

In developing the revised design basis transients, BiW
considered past operational information. An information base of
plant operating data, operating precedures, surveillance
procedures, and operational limits was collected from utility and
B&W records. Discussions with plant operators provided additional
information. The revised surge line design basis transients vere
pased on the original design basis transients with ascme
modifications and additions. For all transients, the surge line
conditions were redefined to include stratification and striping.
The most significant transients which produce the largest top to
bottom temparature difference and contribute most to the cusulative
fatigue in the surge line are plant heatup and cooldown. These

transients wvers completely redefined. Heatups were categorized
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into five transients with three representing past snerations and
twe representing future operations. Hot leg and pressurizer
Cemperature versus tine plots were developed for each fieatup
transient. The transients varied in terms of pressurizer to hot
leg differential temperature with the most severe transient based
°n  the pressure-tamperature limits which satisfy the vessel
fracture toughness requirements of 10CFRS0 Appendix G at two
affective full powsar years. The number of occurrences for each
type of heatup transient was determined by reviewing plant data and
taking conservative estimated fractions of the most severs heatups
to total number of heatups. For each heatup, cperational events
that sffect surge line flow were identified by a review of plant
data and procedures. The number of events per transient was based
on the reviews with additional random flov events added. The
thermal stratification and thermal striping correlations were used
te generate the surge line thernmal response to the events. For the
mOSTt severs heatup transient, BiW estimated a maximum pressurizer
to hot lag temparature differential of 400°F. The maximum value of
stratification (top to bottom surge line temperaturas difference)
was 3197°F, B&W folloved similar procedures to redefine the
cocoldown and other design basis transients. The final results of
this effort provided ths input .for the stress and fatigue analysis
of the surge line for each lowered loop plant.

The staff reviewved the methodology described in the BAW-2127
report and raised several questions which were discussed during the
February 1991 audit. B&W provided copies of detailed calculations
on thermal stratification and striping correlations for review.
From the information provided, it was clear that the BéW effort was
extensive and thorough. Althcugh the staff did not check the
celculations in detail, the overall approach was found to be
reasconakble and conservative. Compariscons of predicted
stratification to plant nmeasuresents shoved the prediction
correlations to conservatively overpredict stratification response.
The striping correlations vere based on an envelope of test results
and striping arplitudes vere further increased by 10% to account
for uncertainties. The development of the revised design basis
transients considered bounding operating limits &s well as typical
conditions cobssrved during plant operation.

2.2 Stress and Fatigue Evaluation

The stress analysis effort involved the development of
structural sathematical models of the surge line and nozzles, the
loading of the modals to gensrate the intarnal forces, soments and
stresses for the thersel stratification conditions and & stress and
fatigue evaluation which considered appropriate combinations of
stresses generated by other loads to demonstrate compliance with
ASME Code Section III requirements.

The ANSYS computer program was used to develop an “extended”
mathematical piping model of the pressurizer surge line. The model
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included the pressurizer, surge line, hot leg, reactor vessel, and
stean gensrator. The attached equipment was included so that
correct ancher movements and component flexibility would be
correctly simulated. The ANSYS program was chosen because of its
capability to arnalyze a piping system with a top-to-bottom
temperature variation in the piping elements. Since the variation
can only be applied linearly, however, BéW developed "egquivalent
iinear temparature profiles” to represent the nonlinear profiles
indicated by plant measurements. Nonlinearity coefficients were
developed to generate eguivalent linear temperature profiles which
give the same pipe Cross-section rotation as the nonlinear profile.
The nonlinearity cocefficient was found to be a function of top and
bottom temperatures and fluid interface elevation. B&W developed
a matheratical formula for nonlinearity coefficient as a function
of these variables.

Using the extended mathematical piping model and calculating
the nonlinearity coefficients for the Oconee data, a verification
run was performed. The measured temperatures were applied to the
nodel and displacenmsnts werse determined. The comparison of
calculated to measured displacenments showed very good agreement.
B4W stated that this verified the accuracy of the model and the
nonlinearity correction method,

B&W used this model to analyze the three most critical thermal
stratification cornditions that occur during the mcst severe heatup
transient. Top-tc-bottom temperature differsnces vere 397°F, 31931°F,
and 186°F. Additional analyses wveres performed for seven other
thermal stratification conditions plus the unstratified 100% powver
condition. With these 1l sets of intarnal forces and moments, Biw
was able to set up an interpolation scheme to determine internal

forces and moments everyvhaere in the surge line for all temperature
conditions.

Reevaluation of the surge line for thermal stratification
involved satisfying ASME Code Section III NB-1600 allowable stress
limits for primary plus secondary stress intensity range (Equation
10) and cumulative fatigue usage limits for peak stress intensity
range (EqQuation 11). For the most critical thersal stratification
cycles, the Equation 10 stress limit of 3§ was exceeded. As an
alternative, the Code pernits a simplified ;icsttc-plaottc fatigue
analysis by applying a penalty factor, Ke, to the peak stress
(Equation 14) provided that the load sets meet the stress limits of
Equation 12 and 13 of NB-16%53.6 and the thermal stress ratcheting
equation of NB=1653.7. B&W wvas able to demonstrate compliance vith
Equation 13 (primary plus secondary stress intensity excluding
thermal expansion) and thermal stress ratcheting, but was not able
to meet the Equation 12 (secondary stress range due to thersal
expansion) limit of 3§, in the elbows using the simplified formulas
and stress indices given .n the Code. B&W then attempted to remcve
the conservatiss in the Code stress indices by developing nev C,
and K, stress indices for the surge 1ine elbows based con finite
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element analysis. The computer program ABAQUS was used to generate
an elasto-plastic finite element model of the elbows and apply in-
plane and cut-of-plane bending moments. Using the definitions of
secondary and peak stresses and taking the higher of the two
loading conditions, BéW defined generic stress indices of C, = 1.%8
and K, = 1.47 compared to values of C, = 2.3] and K, = 1.0 from
formuias given in Table NB-1685.1-2 of the Code.

Using the internal forces and moments fros the most severs
thermal stratification conditions and the redefined generic elbow
stress indices, three of the four surge line elbows still sxceeded
the Equation 12 stress allowable. B&W then applied these forces
directly to the elasto-plastic finite element model and used the
same method to calculate maximum secondary stress as was used to
genarate the C, stress index. The resulting calculated secondary
stresses were shown to be less than the 1S  allowable.

For the ASME Code fatigue evaluation, B&W considered the
stresses due to stratification induced moment loadings as well as
localized peak stresses induced by through-wall temperaturs
gradients AT, and AT, due to fluid flow, thermal striping, and
nonlinear temperature profiles. Peak stresses due to thermal
striping vere deternmined from the striping temperature data given
in the design basis transients. The temperature distribution
through the wall thickness wvas determined from an ANSYS finite
elensnt model. The time-dependent wall temperaturs was simul:.ed
as a “cut-sawtooth"™ wave. From the experimental data, BiW
determined that the fluctuations have a perind of approximately 1.0
seconds. To cover a range of periods which could be expected,
thermal analyses were performed with periods of 0.5, 1.0, 2.0 and
4.0 seconds. For each period, the extrame temperature profiles
wveare determined and the linear and nonlinear through-wall
temperature gradients were calculated, leading to the maximus peak
stress intansity range.

Peak stresses due to the nonlinearity of the temperature
profile are the result cof the difference betwveen the actual
nonlinear and the “"eguivalent linear® temperature profiles used in
the structural loading analysis. B&W referred to this temperature
difference as AT,. An ABAQUS finite element analysis vas performed
for the two mosSt severe measured top-to-bottom temperature
profiles. The analyses indicated that the maximum peak strass
intensity occurs at the inside radius of the pipe cross section.
From these results, B&W developed a correlation to calculate AT as
a function of top-~to-bottom temperature difference and fluid
interface elevation, and give the saximum peak stress intansity in
the pipe as a function of AT , top-to-bottom temperature differencs
and fluid interface e.svation.



BéW performed a fatigue analysis in accordence with the 1986
Edition of ASME Section III NB-3600 as required by Bulletin gg-11.
Since all plants had been designed to earlier Code Editions, a Code
reconciliation was performed. The findings indicated that for the
'986 Code: 1) more sophisticated formulas are used for stress
indices, 2) allowables are egqual to or smaller than the earlier
allowables, 1) the fatigue curves go up to 10" cycles compared to
earlier curves which only went up to 10* cycles.

BéW calculated the "main fatigue usage® which they defined as
the usage factor due to all thermal stratification conditions .hich
are characterized by a top-to-bottom temperature difference. The

absolute values of the peak stress ranges from the following
contributions were added:

3 Moment loading range due to thermal stratification.

2. Moment loading range for the 10 occurrences of ORE.

3. intarnal pressure range.

4. Additional localized peak stress due to nonlinearity of

the top-to-bottom temperature profile (AT,).

5. Maximum stress betwesn the peak stress due to thermal
striping and the one dus to fluid flow (through-wall
temperature gradients AT, and AT,) .

BiW perforamed a sort of all the total peak stress intensity
values and built a selection table for the combination of the
thermal stratification peaks and valleys into pairs in such a way
that stress ranges wvere maximized. For each pair of conditions,
the alternating stress intensity was calculated as a function of
the peak stress intensity range and of the Equation 10 primary plus
secondary stress intensity range. The usage factor associated with
sach alternating stress intensity value was calculated in
accordance with the 1986 ASME Code extended fatigue curves (up to

10" cycles). The summation of all usage factors for each pair gave
the total “"main fatigue usage."

In addition te the main usage factor, B&W evaluated the
additional fatigue contributions due to the highly cyclic thernal
striping ranges, the additional OBE ranges not associated with
stratification, and the additional fluid flow conditions not
agsociated wvith stratification. Contributions due to OBE and fluid
flow wvers found to be very small. Fatigue ussge due to thermsal
striping vas found to be in the range of 0.10 and 0.15 depending on
the spacific plant. B&W combined the main usage factor with the
additional fatigue usage contributions to calculate the total
cumulative usage factor for each of the six B&W lowered loop
plants. The values wvere different for each plant because the
nusber of occurrences of the events in the design basis transients
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is unigue to each plant. The results showed that all cumulative
usage factors were below their allowsable of 1.0. The highest usage
factor was 0.82 and occurred in the vervical elbow at the bottom of
the surge line riser to the hot leg in Oconee Unit 2.

In addition to the piping analysis, BiW performed detailed
stress analyses of the pressurizer and hot leg nozzles. For both
nozzles, axisymmetric thermal and thermal stress analyses were
perforned using the ANSYS finite element computer code. The
loadings consisted of thermal gradients, internal pressure, and
external piping loads. Since the pressurizer nozzle is vertical,
there ware no significant thermal stratification loads. The hot
lag nozzle is horizontal and is subject to direct thermal
stratification which produces circumferential tenperature
gradients. The stresses dus to these gradients were determined by
the use of the ANSYS harmonic element STIF 2% which can handle an
axisymmetric structure with nonaxisymmetric loading. The nozzles
were esvaluated in accordance with the requirements for Class 1
components ¢f the ASME Code, Section III, 1986 Edition. PFor both
nozzles the linescrized primary-plus~secondary stress intensities
exceeded the 38 limit. However, the Code regQuirements were
satisfied by porfbrlinq a "simplified elastic-plastic analysis® as
defined in NB=~3228.5. Cumulative fatigue usage factors wers
calculated for each plant. All plants met the 1.0 allowvable for
both nozzles. The highest usage factors in the pressurizer nozzle
was 0.41 in Oconee Units 2 and 3. In the hot leg nozzle, the
highest usage factor was 0.62 in TMI Unit 1, Crystal River Unit 3,
and ANO Unit 1.

The staff reviewed the strass analysis and Code evaluation
methodology and results described in the BAW~2127 report and raised
a number of questions vhich were discursed during the February 1991
audit. B&W provided copies of the detailed calculations on the
piping and nozzle stress analyses for reviev. The staff reviewved
selected portions of the piping stress analysis in detail. Based
on the review, the staff found the BiW stress resvaluation effort
to be comprehensive and complete. All known thermal stratification
sffects including global bending stresses, local stresses due to
the nonlinesr tempersture profiles, and cyclic stresses due to
thermal striping wvere considered. Calculations wers found to be
clear and well organized. Assumptions were reasonable and
generally conservative. The accuracy of the sathematical piping
nodel was checked against data taken at Oconee and showed good
agreement in predicting displacemsnts. The fatigue analysis
considered stress intencity ranges due to all global and local
stratification loads as well as other cyclic design loads.
Absolute values of peak stresses due to different loads were
combined by conservatively assuring that BAXiBUR stresses occur at
the same location on the pipe cross-section.



There is, however, cone significant issue that is currently
unresclved. The staff disagresd with the B&W methodology for
calculating & revised C, stress index for the surge line slbows.
The methodology was discussad with B&W during the February 1991
audit and calculations were further reviewed in detail. The
analysis involved the appiication of in-plane and out~cf~plane
bending moments to ABAQUS elastic and elasto-plastic finite element
models of the surge line elbows. Based on the results of these
analyses, nev elbow stress indices were calculated as follows:

For peak stress:

KC, = Maximum stress anywhere in the elbow divided by the
nominal (straight pipe) stress at che surface.

For secondary stress:

¢, - Maximum stress at wmid-thickness in the elbow

divided by the corresponding nominal (straight
pipe) stress at mid-thickness.

The C, value was based on an elastic analysis while the
value wvas Dased on an elasto-plastic aralysis with a correction
factor for displacement-controlled loading. B&W took the larger of
the in-plane and ocut-of-plane stress index values and cbtained ¢,
= 1.58, K,C, = 2.33 (or K, = 1.47). Using ASME Code tables, these
values would be C, = 2,33 and K, = 1,0, The B&W indices, therefore,
would predict significantly lover secondary stresses but the sanme
peak (eguation 11) stresses. In differentiating between secondary
and peak strezses, BiW referred to the Code definition of peak
stress (NB-3213.11) as "that increment of stress wvhich is additive
to the primary plus secondary stresses by reason of local
discontinuities or local theraal stress including the effect of
stress concentrations. The basic characteristic of a peak stress
is that it does not cause any noticeable distortion and is
objectionable only as & possible source of a fatigue crack.™ B&w
also noted that Figure NB-3222~1 defines a “"secondary" expansion
stress intensity P, as "stresses which result from the conatraint
of free end displacement. Considers effects of discontinuities but
not local stress concentration." B&W argued that the maximum
stress in the elbow has all the characteristics of a local stress
concentration. Their reviev of the stress analysis results around
the circumfersnce and through the elbow thickness indicated that
the highest stress intensity was highly localized. B&W also stated
that the elbow behaved in a linear fashion after the highest
stressed locations entered the plastic dosain and that thess
stresses had a negligible impact on elbow distortion. B&W
therefors felt justified in treating surface stresses as peak
stresses and the average through-wall stresses (mid-thickness
stresses) &s secondary stresses.



with the redefined “"genaric" C, stress index, three of the
four elbows still did not meet the equation 12 stress allowvable.
BéW performed additional elasto-plastic finite element analysas for
the critical loading case tc demcnstrate that the elbows meet the
expansion stress intensity limit. 7These analyses took advantage of
the lower stress indices for in-plane bending (1.30) and torsien
(1.0) and demonstrated acceptable results. However, the basic
definitions of secondary and peak stresses were the saze as
discussed above. Secondary expansion stress intensity was based on
mid-thickness stress.

The staff disagreed with the B&W interpretation of the
definition of secondary and peak stress in an elbow. The Code (NB-
3682) defines the C stress index as the RAXIRUR stress intensity
due to load L divided by the nominal stress intensity due to load
L. This presunably means maximum stress intsnsity anywhere in tha
cross-section, not a mid-thickness stress intensity. The BEW
definition of secondary stress completely neglects the
circumferential bending stresses that devalop in an elbow. These
streasses are considered only as peak stresses by B&W. It does not
appsar that the circumferential bending stresses in the elbow walls
should be considered peak stresses. Peak stresses are generally
sssociated with localized geometric or material discontinuities
that effect the stress distribution through s fractional part of
the wall thickness or with local thermal stresses that produce no
significant distortion. In the case of elbows, the circumferential
bending stresses affect the entire wall thickness and produce
distortion (ovalization) of the elbow cross-section. NB-3222.31
defines expansion stress intensity as “"the highest value of stress,
neglecting local structural discontinuities, produced At _Any point
across the thickness of & section by the loadings that result from
restraint of free end displacement.® The Code stress index tables
(NB~1681(a)~1 and NB-1685.1-2) provide further evidence that the
naximum elbow strasses should be trested as secondary stresses.
The C, value of 2.33 computed from the table forsulas agrees
exactly with the BiW finite element mnodel maximum stress at the
elbow surfece. The K, value of 1.0 indicates that no stress
concentration factor needs to be applied to elbows for determining
peak stress.

The potential consequences of this unresclved issue are as
follows:

1e If Code stress indices are used, for the mOSt sevare
thermal stratification load conditions, the range of
thermal expansion stress intensity will excsed the 15,
limit (Equation 12).
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Higher C, stress indices will increase the primary plus
secondary stress intensity value calculated in Equation
10. For severe load sets, which require the simplified
elastic-plastic analysis method of NB~36%53.6, the penalty
factor, Ke, which is based on Egquation 10 stress will
increase. This will result in larger alternating
stresses (Equation 14) and higher fatigue usags with
potential for exceeding the 1.0 allowable.

Further staff discussions with an ASME Code expert indicated
that the Equation 12 35, allowable may have significant margin.
Various tests have shown that piping systems can have substantial
fatigue capacity even if Equation 12 is not met. Nevertheless,
gsince neating the 1S  expansion stress limit is & current Code
reguirement, the staff recommends that B&W initiste an ASME Code
inguiry to determine whether the Code Committee either agrees with
the B&W interpretation of C, stress index or permits a higher
Equation 12 allowable for this particular applicatioen.

The fatigue usage allowvable of 1. for the life of tie plant
must bes net. The staff recommends (" &t B&W reevaluate fatigue
ussge using che Code table stress indices. If the asllowable is
exceeded, BE&W should investigate alternate approaches to

demonstrate that Code requirenents for fatigue and expansion stress
are met.

2.3 Plant Specific Applizability of B&WOG Analysis

The BAW-2127 report identified the conditions upon which the
generation of the revised design basis transients and the thermal

stratification fatigue stress analysis of the surge line wvere
based.

The generation of the revised design basis transients for
future events was based on the incorporation of operaticnal
guidelines which:

< limit the pressurizer to RCS tampersture difference
during plant heatups and cooldowns (imposed wvith
pressure/temperature limits)

o prevent surveillance tests that cause rapid additions of
water to the RCS from bring performed with pressurizer to
RCS temperature difference greater than 220%

Pressurizer/temperature limits for future heatup and cocldown
operitions were included as Figure 8-1 of BAW-3127. In order to
pest the pressure limit specified for heatup in the 70°7 to 150°7
temperature range, B&W recomsended preheating the RCS. For hestups
invelving pressurization at lover RCS temperaturss, & less
reatrictive limit was included in Figure 8-1. T™he fatigue
evaluation vas based on the assumption that §5% of the heatups for
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the remainder of plant life meet the recommended limit shown by

path CDEN of Pigure 8-1, and 15% of future heatups meet the less
restrictive path ABEN.

The thermal stratification fatigue analysis wvas based on the
following assumptions:

] ne interference of ths surge line with any other
structure

o surge line movement within the travel range of each
snubber

] surge line movement within the travel range of each
hanger

-] branch moments at the surge line drain nozzle cornection

within their respective maximum allowables {for
deadveight, OBE and thermal stratification)

The staff discussed the conditions of applicability with
lLicenses representatives present at the February 1991 audit. They
indicated that the requirements were undarstood. They agreed to
follow the B&W proposed operaticnal guidelines. Operating
procedures will be revised to reflect these limits. Licensees have
received the maximum surge line displacements from B&W and are
checking for interferunces and for travel limits on hangers and
snubbers. Each licensee will be responsible for resvaluating the
drain line piping and noztle. Plants with welded attachments
(Crystal River and Davis-Besse) will evaluate them on a plant
specific basis. The licenses representatives indicated that no
problenms have been identified to date. The staff found the
licensse responses acceptable, but may verify licenses programs and
activities in future plant specific sudits.

3.0 CORCLUSIONS

Based on the review of BAW-2127 and additional information
provided during the Pebruary 1991 audit, the staff concludes that
B&W has defined and implemented & comprehensive program to address
the pressurizer surge line thermal stratification concerns
discussed in NRC Bulletin 88~11. The progras is applicable to the
#ix B&W lowered loop plants:

Arkansss nuclear One Unit 1
Crystal River Unit 3
Oconee Units 1, 2, 3

Three Mile Island Unit 1

Licensees are responsible for verifying plant-specific
applicability of the BiWOG nrogras and results. This will include
verification of analysi. . usptions, qualification of supports and
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attached piping, and revision of operating procedures as indicated
in BAW=2137. The remaining B&W plant, Davis-Besse Unit 1 is a

raised loop plant which is undergoing a plant specific evaluation.
The results of that evaluation will Dbe reported in a future
supplenent to BAW-2127.

The BE&WOG program developed a revised set of design transients
which incorporated thermal stratification and thermal striping.
The program included instrumentation and monitering of surge line
temperature and displacement data from a representative plant. The
stress and fatigue analysis invelved the development of structural
mathenatical models to analyze the global and local stresses
resulting from stratified conditions in the line. Structural
loading was performed using the revised design transients. Stress
and fatigue evaluations were performed in accordance with the
requirements of ASME Code Section III, 1986 Edition.

The staff review 2 the BéW effort to be quite extensive,
thorough and of high quality. Assumptions were found to be
reasonable and generally conservative. The staff found the
methodology acceptable with one significant exception. B&W did not
use the ASME Code stress indices as defined in Table NB-168S5.1-2,
but instead performed & finite element analysis to redefine lower
stress indices for the surge line elbows. Although the Code
parmits stress indices to be defined by analysis, the staff
disagrees with the BiW interpretation of the secondary stress index
(C;) for an elbow. The C, index was based on the max stress at
the mid-thickness of the elbow wall. The staff believes that the
C, index should be based on maximum stress anywvhere in the elbow.

This definition is consistent wvith the values cbtained from the
Code table.

The use of Code table strass indices for surge line elbowe
may have & significant adverse impact on the results of the B&#
evaluation. It is highly probable that the surge line would not
resat the Code limits on thersal expansion stress (3§ ) and fatigue

)
usage (1.0). The staff, therefore, recomsends the following
actions:

1. Resvaluate the surge line to all Code reguirasents using
the Code table stress indices for elbows.

- I If thermal expansion stress limits are axceeded, initiate
an ASME Code Ingquiry to determine vhether the Code
Committee agrees with the B&W interpretation of stross
index or permits a higher Equation 12 allowable for this
perticular application.

3. If fatigue usage factor exceeds 1.0, investigate

alternate approaches to demonstrate that Code fatigue
requiresents and expansion stress limits are met.
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