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EXECUTIVE SUMMARY

On December 20, 1988 the Nuclear Regulatory Commission issued NRC Bulletin BB-11.
The bulletin addressed technical concerns associated with thermal stratification
in the pressurizer surge 1ine and required utilities to establish and implement
& program to ensure the structural integrity of the surge 1ine. Subsequent to
jssuance of the bulletin, the B&W Owners Group has developed a comprehensive
program to address the requirements of the bulletin. A comnmittee which includes
representatives from each member utility has closely participated in all phases
of the program. This report summarizes the BAWOG program and its results,

The surge line for each B&N-designed lowered loop plant has been evaluated for
the effects of therma) stratification. Davis-Besse Unit 1 (DB-1), the only B&WOG
raised loop plant, is undergoing a plant specific evaluation which will be
reported in a supplement to this report. The evaluation of the lowered loop
plants involved comprehensive 1instrumentation of Oconee Unit 1 as the
representative plant. The evaluation also involved &ssessment of operating
practices and procedures, collection and review of historical plant data from all
six lowered loop B&W plants, and developmert of new design basis transient
conditions for the surge line to conservatively account for thermal cycling,
therma) stratification, and thermal striping. The evaluation of thermal striping
incorporated the best available data to characterize this phenomenon as it may
occur in the surge line.

The structura) analysis for the new design conditions has shown that the lowered
loop surge line can meet its 40 year design 1ife. Detailed finite element
analyses have been performed on the pressurizer surge nozzle, on the surge line
to hot leg nozzle, and on the 1imiting portions (the elbows) of the pressurizer
surge 1ine piping. At all points in the surge line and the associated nozzles
the cumulative fatigue usage factor remains less than one for the design 1ife.
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1. INTRODUCTION

This report summirizes the BAW Owners Group program addressing the technical
issues described 11 NRC Bulletin R8-11 (reference 1). The analyses described in
this report confirm that al) surge 1ine pressure boundary conponents (including
811 nozzles) satisfy applicable code stress allowables for the operating BEW
lowered oop plants: Arkansas Nuclear One Unit 1, Crystal River Unit 3, Oconee
Unit 1, Oconee Unit 2, Oconee Unit 3, ana Thrae Mile Island Unit 1, considering
the effects of thermal stratification and thermal striping. The Davis Besse Unit
| (raised loop plant) surge Tine is currently being evaluated and will be
addressed in a future supplement to this report.

In 11ght of the extensive technical program developed to respond generically to
NRC Bulletin 88-11, the Babcock and Wilcox Owners Group formed a Therma)
Stratification Working group. The Working Group included representatives from
each member utility. The represenatives were chosen for their expertise in
thermal-hydraulics or structural mechanics.  The Working Group has been
extensively involved in this program and has functioned as technical overseers,
technical coordinators between the utilities and BWNS, and program managers.

The introduction provides the background for the thermal stratification, striping
and cycling issues and a summary of the surge line fatigue analysis results and
conclusions. The remaining sections of the report are as follows:

. Section 2 describes the technical approach which has been developed by the
B&W Owners Group,

. Section 3 discusses the justification for the generic approach taken by
the lowered loop plant owners,

. Section 4 describes the development of the new design basis thermal -
hydraulic conditions for the surge line,

. Sections § and 6 describe the stress and fatigue analyses performed for
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the surge iine piping and its nozzles,

. Section 7 provides conclusions resulting from the BAW Owners Group program
with regard to new design basis transients which represent surge line
thermal conditions and the structural integrity of the surge line,

. Section B states the conditions which form the basis for the analysis,
. Section 9 1ists a1l references, and

' The appendices provide @ detailed discussion of the striping and
stratification tests which were used as aids in developing the design
basis transients,

L. _Background

The surge 1ine in BAW 177FA plants contains approximately 50 feet of piping which
connects the pressurizer lower head and the reactor coolant hot leg piping.
During plant operation, the reactor coolant system (RCS) is pressurized with a
steam bubble in the pressurizer. Thus, the pressurizer contains saturated fluid
while the remainder of the RCS 1s subcooled with temperatures generally at least
50F cooler than the pressurizer fluid. The surge line provides the means by
which the pressurizer accommodates changes in RCS inventory. Thus, RCS fluid
flows through the surge line during surges into and out of the pressurizer.
During RC pump operations, there is an outflow from the pressurizer due to
pressurizer bypass spray flow.

Due to differences in density, the reactor coolant can stratify in the herizonta)
piping section whereby the fluid temperature varies from top to bottom with the
warmer fluid located above the denser (cooler) fluid. This phenomenon, known as
therma) stratification, is most pronounced during outsurges from the pressurizer.
During an insurge or outsurge under stratified conditions, a phenomenon known as
thermal striping may occur at the fluid layer interface. Thermal striping is a
rapid oscillation of the thermal boundary interface caused by interfacial waves
and turbulent effects. The original surge line fatigue analyses performed for
the BAW 177FA plants assumed that uniform temperatures existed at each surge line
location and did not account for thermal stratification which causes additional
bending moments in the piping. The original surge 1ine fatigue analyses also did
not account for thermal striping which affects the fatigue usage at the inner
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considered in the original stress ansiysis. The effects of this bowing have been
observed in the surge 1ine of the Portland General Electric Company Trojan plant
during each refueling outage since 1982. The piping deflections have been
observed to have resulted in reduced clearances at the pipe restraints and, in
some instances, contact of the piping and the pipe restraints has been observed.
Similar occurrences have also been noted at Beaver Valley Unit 2.

In order to confirm pressurizer surge line integrity, the Nuclear Regulatory
Commission issued NRC Bulletin Number 88-11, Pressurizer Surge Line Thermal
Stratification (December 20, 1988). This bulletin requires certain actions of
licensees of all operating pressurized water reactors (PWRs). The actions
applicable to the case at hand are paraphrased below.

la. At the first available cold shutdown after receipt of the bulletin,
and which exceeds seven days, conduct a visual inspection of the
pressurizer surge line.

1b.  Within four months of recaipt of the bulletin, licensees of plants
in operation over ten vears are requested to demcnstrate that the
pressurizer surge 1ine meets the applicabie design codes and other
FSAR and regulatory commitments for the 1icensed 1ife of the plant,
considering thermal stratification and thermal striping in the
fatigue and stress evaluations. (For licensees of plants which have
been in operation less than ten years, this action must be comple*ed
within one year of receipt of the bulletin.) Or provide the staff
with a Jjustification for continued operation while a detailed
analysis of the surge 1ine is performed by implementing Items lc and
1d below.

lc. If necessary, obtain plant specific surge line thermal and
displacement data. Data can be obtained through collective efforts
1f sufficient similarities in geometry and operation can be
demonstrated.

1d. Update the fatigue and stress analyses to ensure compliance with the
applicable Code requirements.
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A portion of the BAW Owners Group program was presented to the Nuclear Regulatory
Commission Staff on September 29, 1988 and April 7. 1989, An interim evaluation,
BAN-2085 dated Pay 1989, provided the staff with a justification for near term
operation for all of the operating B&W 177FA plants (reference 2). The NRC
concluded that sufficient information had been provided to justify near term
operation for B&W plants until the final report could be completed (reference 3).

This report summarizes the entire BAW Owners Group program and documents
compliance with action ftems 1b, lc, and 1d of NRC Bulletin 88-11 to demonstrate
code compliance for the 40 year 1ife of the surge 1ine.

L2, Conclysion

The surge 1ines for the six B&W lowered loop plants are shown to fulfill the 40
year design 1ife. The structural analysis of the surge 1ine and associated
nozzles has accounted for thermal conditions (thermal stratification, thermal
striping, and thermal cycling) existing during the 1ife of the plants. The
highest cumulative usage factor for 40 years of operation occurs in the vertical
elbow located at the bottom of the riser (elbow B on Figure 3-1). This elbow has
been calculated to have the largest cumulative usage factor for the Oconze Unit 2
surge 1ine, with a value of 0.82 for the 40 year design 1ife and based on 360
heatup/cooldown cycles. For the non-Oconee lowered-loop plants, the highest
cumulative usage factor occurs in the same elbow for Arkansas Nuclear One Unit
1 (ANO-1) and is equal to 0 66 for the 40 yzar design 1ife and based on 240
heatup/cooldown cycles.
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2. OVERVIEW OF BAW OWNER'S GROUP PROGRAM

Revised surge line design basis transfents have been developed based on an
assessment of information from al)l the B&W plants including detailed thermal
stratification data taken at Oconee Unit 1, thermal striping data collected by
Battelle-Kar)sruhe, other plant heatup, cooldown, and operational data, and plant
operating and survei)lance procedures. The number of occurrences for each design
basis transient has been determined for each plant from operating histories and
@ fatigue stress evaluation has been performed for the surge 1ine of each plant.

The B&W Owners Group Materials Committee has developed a comprehensive program
to address al) technical concerns identified in NRC Bulletin 88-11. The program
is divided into two basic sections. The first addresses the need to understand
relevant thermal-hydraulic phenomena occurring in the surge lines, to develop
operational recommendations, as appropriate, to reduce the severity and impact
of therma) stratification in the surge 1ine, and lastly to develop a new thermal-
hydraulic design basis for the structural analysis and fatigue evaluation of the
surge line and the associated nozzles. The design basis thermal transients
represent the final product of the first part of the program. The second part
of the program addresses a1l structural analyses required to assess the integrity
of the surge 1ine and associated nozzles for the balance of \he design life of
each of the plants.

This report 1s a summary of the entire program. Figure 2-1 shows the
relationship of the key elements of the program, which is further described in
the following two subsections,

2.1 Development of New Design Basis Conditions

The thermal-hydraulic phenomena which had to be accounted for in the surge 1ine
were thermal stratification, thermal striping, and thermal cycling. These
phenomena occur to some degree in almost all modes of plant operation. As a
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result, the surge line conditions had to be carefully considered from cold
shutdown through heatup, power escalation and cooldown.

Operational events &t power also cause surge 1ine thermal cyciing although these
cycles have been shown to be relatively inconsequential as a result of
evaluastions performed in this program. This is primarily due to the small
difference in temperature between the pressurizer fluid and the RCS hot leg
fluid.

Thermal cycling 1s & transient phenomenon and is thu. associated with mass or
temperature changes in the RCS. Thermal stratification can occur in the surge
1ine only during moderate to low flow rates through the surge 1ine and may exist
in a steady state as we)) as in a transient condition. Thermal striping requires
the existence of thermal stratification. Quantitative treatment of these
phenomena requires knowledge of the following:

1. Previous operating experience (surge 1ine operating experience),
2. Operating practices that influence surge line conditions,

3. Thermal stratification, and

4, Relationship between therma] striping and thermal stratification.

Previous operating experience includes the total of all thermal cycles and
stratification conditions that hive existed since plant startup. Data does not
exist in order to describe the complete history of the surge line transients in
the plants., Therefore, two th.ngs have been done to estimate the operational
history. First, each utility 1eviewed plant operating logs to identify each
heatup and cooldown performed since plant startup. The utilities then retrieved
data sets for the overall NCS parameters for the heatup and cooldown events to
typify thes. evolutions. These data sets have provided the bases for key
operational characteristics such as the average times for the various phases of
a plant heatup, the frequency and magnitudes of surge 1ine flow transients, and
the relationship between the pressurizer and resctor coolant loop temperatures.

To understand surge 1ine thermal-hydraulic service conditions, the Oconee Unit 1
surge 1ine was thorcughly instrumented to record the thermal transients in the
surge 1ine for plant heatup, power escalation, full power operation, and plant
cooldown. Surge line displacement instrumentation was also added to all major
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sections of the Oconee Unit 1 surge 1ine. The Oconee data collection effort,
described in more detail in Appendix A, has provided circumferential temperature
measurements at several different axial locations along the surge line in
addition to displacement measurements for each major displacement axis. These
data have been used to develop a correlation of surge 1ine temperature responses
to the surge line flow rate for given end point pressurizer and RC leop
temperatures.

In parallel with the Oconee Unit 1] measurement program and the collection of
historical plant data, a review of the operating procedures for all plants has
been performed to better understand those plant evolutions 11kely to cause surge
Tine upsets. This review has been supplemented with interviews of plant
operators at each site. Fvolutions causing significant surge flows have been
identified and quantified, within the limits of the plant data. Plant data
indicated many more surge 1ine upsets than could be described and quantified as
determined from the procedures. Hence, the mechanistic surge 1ine events have
been augmented with random, or unexplained, surge 1ine flow events. The random
events have been based on typical plant data for changes in pressurizer level
during heatup and cocldown operations. The total number of surge line flow
occurrences have been based on plant data. The results of the overall effort
have provided the bases for assumed surge line upsets that take place during
heatup, cooldown, and power operation.

An important part of the operating procedure review has dealt with * e potential
upper bound for the pressurizer to hot leg temperature differe. .  The B&W
Owners chose to relate the potential upper 1imit on the surge a2 end point
differential temperatures to pressure limits imposed according to 10CFRS0,
Appendix G (see Figure 2-2.). The Aopendix 6 1imits have been reviewed for each
plant and a bounding composite pressure/temperature (P/T) Timit has been
developed to cover all plants for the 0 to ? tffective Full Power Years (EFPY)
period, the 2 EFPY to 1990 time period, and the period from 1991 to the end of
life. Since no BaW-designed lowered loop plant transient has been identified to
have approached or exceeded the pressure/temperature 1imits at or near cold RCS
conditions (50F-120F), these 1imits represent an upper bound on the pressurizer
temperature to hot lTeg temperature difference. The survey of plant heatup and
cooldown data has shown that none of the recorded transients ayproached the
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pressure-temperature relationship adopted for this program. The maximum
theoretical surge 1ire top-to-bottom temperature difference 1s 397F, as discussed

in Section 4.5.1.2. The maximum surge 1ine top-to-bottom temperature difference
measured at Oconee Unit 1 was 280F.

The third itecm on the 1ist of key elements addresses thermal striping. A review
of the literature on thermai striping has been made to identify potentially
useful experimuntal data for epplication te the surge 1ine analyses. KA. noted
in the interim submitta) (reference 2), most experimental work reported in the
1iterature applies to fluiy conditions very different from those that exist in
a PWR surge line., The majority of work has been done at low pressures and
relatively low temperatures. Some of the experiments used different
concentrations of solutions to simulate the density gradients that can exist at
higher fluid temperatures, One set of experiments, those performed by Battelle-
Karlsruhe Laboratories, stood out as clearly superior in simulating the PWR surge
1ine conditions. BWNS performed a detailed review of published reports on the
experimental apparatus and partial test results and has followed this review up
with direct contact with the principal investigator, Dr. Lothar Wolf. The B&W
Owners Group decided to purchase the raw data from Battelle for the series of
nine test runs made at typical PWR surge line conditions. Details of the
experimental setup and tested conditions are addressed in Section 4.3. The
important resi'ts that bhavs been derived from the Battelle data are the
relationship of thermal striping amplitude and frequency to the pipe fluid
cenditions.  The thermal striping data correlation allows the determination of

striping characteristics for any given surge line flow rate and imposed top-to-
bottom temperature difference.

The product of the thermal-hydraulic proaram is & revised set cf surge line
design basis transient descriptions that account for thermal cycling, thermal
stratification, and thermal striping. A1 design transients considered in the
previous design basis for the surge line have been modified to account for all

three thermal phenomena. A1l design basis transients involving surges have been
considered in the evaluation.

Results of the thermal-hydraulics part of the program consist of the input ¢
the stress analysis of the surge 1ine itself, the associated nozzles at each eny,
and the one-inct diametr- drain nozzle connection at the bottom of iLhe lower
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horizontal run, The stress analysis portion of the program is described in the
next subsection,

2.2.. . Stress Analysis

The first phase of the stress analysis involved building a structural
mathematical mode) containing the pressurizer, the surge 1ine, the hot leg, the
reactor vessel and the steam generator. This structural mathematical model has
been verified by using the measured surge 1ine temperature data from the Oconee
Unit 1 heat-up of February 1989 to predict surge line displacements. These
predicted surge line displacements agree well with the measured surge line
displacements (see*subsection 5.1.4 and Figures 5-2 through 5-4).

The structural loading analysis has beer performed using the new thermal-
hydraulic design basis. This generates the internal forces and moments which have

been used for the stre: analysis of the surge line and the nozzles associated
with its endpoints.

The applicable piping code is the 1986 Edition of ASME Code NB-3600, in
accordance with NRC Bulletin 88-1] which states: "Fatigue analysis should be
performed 1in accordance with the latest ASME Section IIl requirements
incorporating high cycle fatigue". A Code reconciliation has been performed for
each plant to remove all cencerns associated with using the later Code (1986
Edition) for the fatigue stress analysis of the surge line. For the Code
reconciliation, each plani’s surge 1ine stress report has been reviewed (the code
of record for piping analysis is not the same for all the surge lines).

Using finite element analysis for the elbows and simplified equations elsewhere
in the surge line, all stress intensity values (Equations 12 and 13, and Thermal
Stress Ratchet) have been found to be within their allowables (taken from ASME
Section 111, Appendix 1). Therefore, the elastc-plastic fatigue analysis has
been performed in accordance with NB-3653.6(c). To account for the thermal-

hydraulic conditions defined in the new design basis, the surge line fatigue

analysis includes thermal stratification, pressure ranges betweer e thermal
siretification conditions, thermal striping, fluid flow and temperat anges
leading to through-wall temperature gradients, and the additional ed
stress due to the non-linear‘ty of the top-to-bottom temperature profile




In e NB-3600 elasto-plastic fatigue analysis, all applicable surge line
locations have been analyzed, including the drain line nozzle considered as 2
branch connection. The design basis transients are generally the same for each
one of the six BAW lowered-locp plants The number of occurrences of those
transients, however, is unique to the plant to be analyzed due to differences ir
operating history. The elasto-plastic fatigue analysis has been performed and
applied to each of the six plants being analyzed. For each one of the six B&W
lowered-1oop plants, the total cumulative usage factor is less than 1.0 at all
surge line locations

In addition to the structural analysis of the surge line described above,
detailed st analyses of the pressurizer and hot leg nozzles have been
performed to demonstrate compliance with the ASME Code, Section III.

Finite element models have been made of both nozzles and the thermal and pressure

stresses have been calculated ng the revised design basis transient

usi
jescriptions as input. Piping loads acting on the nozzles have been taken from

the structural analysis of the surge line and have been combined with the
pressure and thermal stresses. Stress and fatigue analyses were performed in
accordanca with the requirements of the 1986 Eaition of the ASME Code, Section
[11, NB-3200 and NB-3600. The analyses demonstrate that the cumulative usage
factor for each nozzle is less than 1.0.
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Figure 2-2. Maximum Pressurizer to RC Temperature
Differences Imposed by Appendix G Limits
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NOTES: 1) These curver were determined by taking a composite from the least

restrictive (1.8 highest allowable) App G pressures for the lowered loop plants

2) Portions of the Appendix G limits are leas restrictive than the original

2EFPY limits due to Improvements in the analytical methods used to develop the
limits. In spite of this, the Appendix G limits are expected to become

more restrictive in the future. Consequently, the maximum pressurizer to RC
temperature differences are expected (o decrease.
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3. GENERIC APPLICATION

Factors affecting surge line thermal stratification have been assessed to
determine if the BAWOG pl’ ts can be evaluated generically. The assessment
addressed two different types of factors: (1) those that are inherent in the
equipment design and 2) the plant specific operating and surveillance procedures
that may influence the surge line condif ‘ons. The “ellowing two subsectinns
summarize these evaluations,

3.1. Comparison of Configurations
A review of the surge line piping for all B&W 177 fuel assembly plants shows
that, with the exception of Davis-Besse Unit 1 (DB-1), all plants have the same

nominal dimensions and configuration. The lowered loop and raised loop (DB-1)
surge lines are shown in Figures 3-1 and 3-2, respectively.

The surge 1ine for each configuration is constructed of 10" diameter schedule 140
austenitic stainless steel pipe (inside diameter 8.75") with a wall thickness of
1*. The surge lines are insulated with a reflective/mirror insulation having
similar characteristics for all B&W plants as tabulated in Tabie 3-1. The end
nozzles connect the surge line to the hot leg and to the pressurizer. In the
lower horizontal piping run, a one inch diameter nozzle made of austenitic
material connects a drain line to the surge line. The drain nozzle itself
(dimensions and material) {s the same for all six lowered loop surge lines. The
plant specific location of this drain nozzle is indicated in Figure 5-1 of this
report.

With the exception of TMI-1, snubber restraints are positioned to restrain the
surge line in case of a seismic event, and allow for pipe movement during design
thermal cycles. The snubbers are placed at different locations along the surge
1ine at each plant. As long as the snubber displacement is within the range of
free trave)l, the effect on surye 1ine stresses is negligible. The TMI-1 surge
line does not contain any seismic snubbers, restraints, or supports.
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At Davis-Besse Unit ], a fixed pipe whip restraint construction is used at eight
locations along the surge line. At each whip restraint location, an impact
collar acting as a spacer is affixed to the pressurizer surge line. Free
movement of the surge 1ine is determined by preset gaps between shims, applied
to the inside of the whip restraint, and the pressurizer surge line collar.
Eight pipe whip restraints, one spring hanger, and three snubbers provide support
for the surge 1ine under the varicus design loading conditions,

Surge 1ine pipe hangers are used only at the Davis Besse and Crystal River plants
(these hangers are variable spring hangers). The surge line piping for the other
BAW-177 plants is free hanging. Crystal River has three dead weight hangers
located on the surge 1ine. The available travel in the hangers is sufficient to
prevent each one of these hangers from bottoming out. Therefore, the hangers
have a negligible impact on the surge l1ine stresses.

Other than nozzles at the pressurizer and the hot leg connections, the only other
piping connection on the surge line is a one-inch drain nozzle located in the
lower horizontal section. During the heatup, cooldown, and power operation of
a lowered loop plant, this drain pipe is valved off and has no effect on the
surge 1ine response to surges.

Based upon an evaluation of the surge 1ine configurations and plant operations,
the lowered loop plants are sufficiently similar to be evaluated generically.
However the differences between Davis-Besse Unit 1 and the lowered loop plants
led to the decision to install special instrumentation at Davis-Besse to gather
data during the heatup from the 6th refueling outage in the summer of 1990.
Considerations leading to this decision are the following:

. The Davis-Besse surge line configuration differs significantly from the
lowered loop plants. The lower horizontal run is somewhat shorter, and
there is an upper horizontal run in excess of 20 feet compared to the 2.5
foot length in the lowered loop plants.

. The » 1ine at Davis Besse incorporates eight fixed pipe whip restraint
struc. o5, with impact collars clamped to the surge line. These impact
collars interrupt the insulation, permitting gaps on either side. The
increased heat loss potentially affects the degree of stratification.
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. At Davis-Besse the power operated relief valve (PORV) inlet condensate
drain is connected to the surge 1ine drain upstream of the drain isolation
valve. Condensate reflux into the surge line depends upon heat lusses
from the 1ine, and could have some influence on the surge line
stratification response.

The data from the special instrumentation at Davis-Besse are being used as the
basis for a plant-specific stress and fa.igue analysis which will be submitted
as a supplement to this report.

2.2. Plant Operations

The plant operational aspects which affect the magnitude and number of thermal
cycles applied to the pressurizer surge line have been evaluated in order to
formulate the design basis cycles.

During the evaluation, the applicable plant operating procedures and plant data
have been reviewed. In addition, plant operators have been interviewed at each
plant. The results indicate that all of the B&W plants basically operate in a
similar fashion with some minor differences. The focus of the operational review
has been the heatup/cooldown and initial RCS pressurization phases, since the
potentia)l for sionificant thermal stratification conditions exists only during
these phases.

During power operating conditions and during operating conditions wherein RCS
temperature is near "Hot Standby" (approximately 530F) all of the plants operate
in a similar fashion and the thermal stratification potential (pressurizer
saturation temperature minus RCS hot leg temperature) is relatively small,

During design basis event transients, the transients imposed on the surge line
are virtually identical for all of the lowered loop plants.

Since the reactor vessel operational P/T limits, in accordance with 10CFR50
Appendix G, provide the upper limit of the pressurizer surge line thermal
stratification potential during the heatup/cooldown and initial pressurization
phases, and 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 cycles have been grouped on the basis of the
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periods of the applicable Appendix G 1imits, Actual plant data have shown that
operation of the B&W plants has been below the reictor vessel P/T limits.

Plant data from the instrumented Oconee Unit 1 surge line as well as the
installed pressurizer surge 1ine thermocouple and pressurizer level data from
each of the other B&W plants have been utilized 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
and has formed the basis for evaluating future surge 1ine fatigue.

The design basis therma) stratification cycles developed for this evaluation are
generically conservative in toth number and magnitude. Recognition of the
operational actions which produce such cycles will reduce the actual future
cycles, in number and magnitude, to less than those which have been evaluated.

3.3, Conclusion

The lowered loop plant configuration and plant operations are quite similar and
a generic development of design basis transients is justified. The number of
occurrences of each type of generic transient will vary based on each plant’s
operating history.

Davis-Besse Unit 1, which is @ raised loop B&W plant, requires & plant specific
analysis due to the differences discussed in Section 3.1, The analysis for
Davis-Besse lnit 1 will be addressed in a supplement to this report. The
methodology described in this report is generally applicable to the Davis-Besse
Unit 1 analysis. This includes the correlation of stratification and striping,
the synthesis of design transients, the structural modeling techniques, the
structural loading analysis, and the fatigue analyses of the surge 1ine and its
associated nozzles. Differences from the material contained in this report, due
to plant specific structural and operating conditions will be identified and
justified in the supplement containing the analysis for Davis-Besse Unit 1.
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. Table 3-1. Surge Line Insulation Comparison

3-5

M

INSULATION THICKNESS | HEAT LOSS ,
MFG. BTU/ (HR-FT#2

ANO- ] Transco Reflective | 3" 59-54

CR-3 Transco Reflective | 3.5° 57-61

DB-1 Diamond Mirror 4" 74-86

0C-1 Diamond Mirror 3" 74-86

0C-2 Diamond Mirror 74-86

0C-3 Diamond Mirror 3" 74-86

TMI-1 Transco Reflective | 4" 55-79
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Figure 3-1. Lowered Loop Surge Line Configuration
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4. REVISED DESIGN TRANSIENTS FOR THE SURGE LINE

The purpose of NSSS design basis transients is to provide conservative thermal-
hydraulic conditions for representative plant transients that are used in the
structura) analysis and fatigue evaluation of the reactor coolant system
components. Transients described in the design basis include normal plant
evolutions (such as heatup and cooldown), upset conditions (such as reactor
trips), emergency events (such as rapid RCS depressurization following a steam
generator tube rup*ure), and faulted events (such as a steam line break).
Depending on the classification of the transient, various stress criteria must
be met and demonstrated in the stress report for the NSSS components. For normal
and upset transients, i.e. those that will occur during the normal course of
plant operation, the fatigue of each NSSS component must be evaluated. The
design basis transients provide the thermal-hydraulic input for the fatigue
evaluations.

Typical parameiers that are specified for each design basis transient include the
applicable temperatures and pressures during the transient condition. Other
parameters, such as the flow rate, are also specified to enable the determination
of heat transfer coefficients from the fluid to the metal wall. In the case of
thermal stratification, several additional parameters are of interest to the
strass analyst. These include:

. Temperature difference from top to bottom of the surge line,

. Changes in the magnitude of stratification,

. Top-to-bottom cross-sectional temperature profile, and
s Location of the temperature interface betwean stratified fluid
layers.
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The developnent of the new design basis transients involved the following:
¥ Measurement of surge line data at Oc.,nee Unit 1],
B Development of surge line stratification correlations,
3, Development of thermal striping correlations,
4, Review of operational histories, and
D. Formulation of new design basis transients.
Each of these areas is addressed in subsequent subsections.

4.1. Instrumentation of Oconee Unit 1

The original Reactor Coolant System instrumentation package in each BdW-designed
plant included temperature detectors in the hot and cold legs of the reactor
coolant loops, in the lower half of the pressurizer (i.e. the 1iquid space), and
on the outside of the surge line. The single detector on the surge line is a
thermocouple mounted on the lower horizontal run. The surge line thermocouple,
generally mounted on the side of the pipe, is for use in monitoring for gross
changes in surge line temperature such as those that might exist if the
pressurizer spray bypass flow is stopped. However, this thermocouple measurement

is not adequate for use in determining the existence cf stratified conditions in
the surge line.

Following comparisons of the as-built dimensions of the surge lines it was
concluded that a single plant could be instrumented to provide typical data for
thermal response under conditions of thermal stratification. Oconee Unit 1 was
selected as the plant to be instrumented.

The objectives of the instrumentation program have been to determine:

' The magnitude the thermal stratification including the maximum
top-to-bottom piping temperature differential,

Variations in the thermal stratification with axial position along
the surge line,

The changes in surge line displacement that re. .U from thermal
stratification,

The plant operctions that cause thermal stratification cycles, and
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The temperature response of the surge 1ine to pressurizer level

changes

To meet the above objectives, a comprehensive instrumentation package was
prepared including 54 thermocouples mounted on the outside circumference of the
surge 1ine and 14 displacement instruments affixed to various parts of the line

The thermocouples and displacement instruments were connected to a data
acquisition system allowing continuous monitoring of all instruments, The system
also recorded numerous permanent plant computer signals which have provided data
for the determination of anges in RCS conditions that affect the surge line
flow rates. Details of the instrumentatior and the data acquisition system are

included in Appendix A

The instrumentation package and cata ac sition system were installed during the

refueling outage of January 1989, Data were recorded as the plant prepared for
and went inte its normal heatup in early Fedbruar) There was no interference
with normal plant operations and no changes to procedures were made 1o
accommodate the data acquisition or to reduce the effects of potential thermal
stratification. Data were recorded throughout the heatup, power escalation, and

for several days at full power,

The Oconee data clearly show that thermal stratification develops after the
pressurizer is heated in preparation for starting the first reactor coolant pump.
Thermal stratification cycles of varying magnitude occurred throughout the heatup
and power escalation, Figure 4-1 is a sample of the data from the February 1988
heatur The correlation between pressurizer level changes and the surge line
temperature response is easily seen, The aquantification of this and other
relationships 1s the next step in the preparation of revised design Dasis
transients This quantification has been viewed as an essential element of the
overal) program since no two plant evolutions will occur in exactly the same way.
A means to predict the surge 1ine conditions for any given event, based on the
RCS parameters and plant conditions, 1S needed. The next subsection addresses
the development of the surge line correlations based or Oconee Unit 1 data.

-

4.2, Thermal Stratification Correlation

Stratification correlations have beer developed from plant surge 1ine temperature

measurems recorded at Oconee Unit 1 The plant measurements cover a wide




range of system conditions and evolutions, including power operation, heatup,
cooldown, pump starts and stops, and spray. Stratification correlations have
been developed for each of the key surge 1ine locations. These correlations have
been based on observed temperature responses to changes in surge 1ine conditions;
they have been adjusted as necessary to ensure that the predictions are
conservative as well as realistic. The temperature differences predicted by
these correlations have been compared to the observed temperature differences.
The same coding used to generate these predictions has also been used to analyze
the synthesized plant transients, to produce revised design basis thermal
transients for the surge line analysis, The following sections provide
additional information regarding the plant measurements, the development and
refinement of the prediction correlations, and their performance,

A number of assumptions are implicit in the development of the stratification
correlations. Principal among them 1is the application of outside-wall
temperature measurements to predict inside-wal) temperatures. The time constant
of the surge 1ine pipe wall is on the order of four minutes (and varies with the
_onvective heat transfer coefficient). Therefore, rapid temperature fluctuations
vecurring at the inside surface are attenuated at the outside measuring surface.
(Indeed, the high-frequency fluctuations associated with thermal striping are not
observable at the outside wall.) The extreme temperature changes of greatest
interest in stress analyses generally develop over relatively long periods,
equivalent to many pipe wall time constants. Therefore, the application of
outside measurements to predict inside-wall stratification is acceptable.

4.2.1. Plant Temperature Measurements

Plant surge line temperatures have been recorded at nine cross sections spaced
throughout the 1ine, as shown in Figure 4-2. At each of the six instrumented
cross sections in the horizontal piping runs, from 5 to 10 thermocouples were
distributed circumferentially to provide complete coverage of temperature profile
across the height of the pipe. Temperature measurements were recorded at either
20-second or l-minute intervals.
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The following three sets of data have been selected for this analysis:
1) Power operation of 19 Sept 89,
2) Cooldown beginning 22 Sept 89, and
3) Heatup beginning 02 Oct 89,

These data sets span a wide variety of plant conditions and evolutions. The
power-operation data include a reactor coolant pump trip. The cooldown data span
a period of three days of operations. It includes pump trips and the actuation
of both regular and auxiliary pressurizer spray. The third data set, the October
heatup, spans approximately one week. The plant was initially celd, with no
pumps running. Data recording continued through the intermittent operation of
the reactor coolant pumps, heatup using pumps, and power escalation. A period
of pressurizer recirculation is also included with pressurizer heaters manually
energized and pressurizer spray control in automatic.

The acquired plant data has been extensively cross-plotted and compared. The
temperature distributions at each cross section, the sequeniial response of
temperature versus location in the surge line, and temperature responses to
insurges and outsurges, confirm the sensitivity and self-consistency of the surge
1ine temperature measurements.

4.2.2. Processing the Measyrements

The measured t- 2ratures at instrumented cross sections have been used to
estimate the elevation of the current, local, average temperature, as well as the
elevations at which the local temperature reaches one-fourth and three-fourths
of the differential from the lowest local temperature to the highest. These
elevations provide indications of the location and vertical extent of the thermal
interface. The top-to-bottom temperature difference has also been obtained as
a function of time.

The top-to-bottom temperature differences at each measurement section in the
horizontal piping runs and time have been compared to determine the overall
maximum temperature difference versus tim» (the vertical piping runs were
observed to be approximately isothermal). With the exception of the short
horizontal run at the hot leg, the iocal temperature differences among the
several measurement locations have been within 20% of each other, The

4-5



temperature difference at location 11, approximately midway in the horizontal run
nearest to the pressurizer, has generally been observed to be slightly larger
than the temperature difference at other locations. Therefore, the top and
bottom temperatures at location 11 have been used for subsequent comparisons of
predictions to observations.

The overal)l maximum observed top-to-bottom temperature difference has beer
processed further to identify the most limiting stratification cycles. First,
the times and temperatures at which the time-rate-of-change of the maximunm
temperature difference changed sign have been identified. These arrays of
extreme temperature differences and times have been analyzed using the Ordered
Overall Range method of cycle counting developed by Fuchs et al (reference 4).
For a specified threshold temperature difference, the Ordered Overall Range
method has identified those large and small temperature differences (commonly
referred to as "peaks" and "valleys", or "PVs") which are significant in terms
of stress. These results have been compared to the significant PVs which have
been predicted rather than measured, as discussed in the following subsection,

§.2.3. Development of the Prediction Correlations

Correlations have been developed to predict plant surge 1ine temperatures versus
time using the following global plant conditions:

. System pressure (or saturation temperature)
Hot leg temperature
Pressurizer level (or surge l1ine flow rate)
Reactor coolant pump operating status

. Spray valve status

A prediction correlation has been developed for each temperature of interest.
As mentioned previously, the top-of-pipe and bottom-of-pipe temperatures at
location 11 (see Figure 4-6) have been of primary interest for stratification in
the horizontal piping. Predictions have also been developed for the measurement
locations nearest the hot leg-to-surge 1ine nozzle and the pressurizer nozzle,
to provide estimates of the fluid temperatures at these nozzles.




The measured surge 1ine temperatures often respond to an fnsurge or outsurge in
a decaying exponential fachion. They have also exhibited threshold surge line
flow rates below which they are unresponsive, and time delays before they begin
to respond. Therofore, the prediction correlations have consisted of the
corresponding four temperature characteristics, as follows:

. Threshold,

. Time delay,

. Final temperature, and
. Time constant.

The threshold flow rate and time delay are self-explanatery. The final
temperature and time constant are combined to describe the decaying exponential
temperature change from the initial temperature to the final temperature; the
time constant is the elapsed time required for the fractional temperature change
to approach the total temperature change by a factor of (1-e™').

The prediction correlations also identified the "mode" of current surge line
conditions -- insurge, outsurge, or bypass. Spray and pressurizer-recirculation
modes are also assigned. The bypass mode is the default mode, and is used when
no other mode of surge line conditions is currently active.

The prediction correlations have been developed by examining brief periods of
data when the observed surge line temperatures appear to be respending to @
single or predominant event, such as the outsurge associated with a reduction of
pressurizer level. The apparent time constant and final temperature have been
estimated. These parameters have been estimated for several intervals, at a
variety of plant and surge 1ine conditions, and have been combined to form the
basic prediction correlations. These correlations are based on calculatea surge
1ine flow rates obtained from changes in pressurizer level and do not require
knowledge of specific operations occurring in the plant.

Preliminary correlations based on identifiable discrete events have been refined
and adjusted in two steps. First, the predicted temperatures have been compared
to their observations. The temperatures predicted were adjusted as required to
ensure the predictions are realistic but conservative. The prediction of the
top-of-pipe temperatures have been skewed to render them slightly more responsive
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than observed, and the bottom-of-pipe predictions have been adjusted to make them
s1ightly cooler, and less responsive, than observed.

The fina)l adjustment; have been based or the predicted versus observed
significant temperature differences.' As was Cone for the observed (maximum)
temperature differences, the top-to-bottom differences of the predicted
temperatures have been processed to yield the extreme differences (PVs), and the
differences which are significant in terms of stress (the significant PVs). The
predicted and observed significant PVs have been compared over each of the dats
sets and evolutions. The prediction correlations have been adjusted, if
necessary, to yield conservative but realistic predictions of the significant
PVs. The hot/cold fluid interface elevations have been predicted and compared
to the observations in a similar fashion; the predicted interface elevations have
been skewed towards the centerline of the pipe for conservatism,

Figures 4-3 and 4-4 demonstrate the predicted and observed temperatures and
temperature differences at location 11, during the period containing the overall
extreme PV,

4.2.4. Application of the Correlations and Conclusions

The stratification correlations have been used to process the synthesized plant
transients, de:cribed later in Section 4.5. The coding used to compare the
predictions to observations has also been used for processing the synthesized
plant transients to generate revised design transients for surge line analysis.

The stratification correlations provide predictions which are appropriate for
surge 1ine stress analyses. The stratification correlations have been developed
from plant data spanning a wide variety of conditions and evolutions. The
correlations are responsive to basic surge 1ine conditions, rather than to the

"The "significant" temperature differences in the comparisons of predictions
to observations were the results of the Ordered Overall Range method of cycle
counting. This method identified those PV-pairs which were of the proper time
sequence and which defined a temperature change greater than the specified
threshold. For the comparisons of predictions to measurements, this threshold
was set to obtain a number of PVs suitable for comparison. When the predictions
wer2 applied to synthesized plant transients, as described later herein, the
counting threshold was set to identify those PVs which were of significance to
stress or fatigue. The fatigue analysis nas shown that thermal cycles occurring
with a temperature difference greater than 50F must be accounted for.
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specific type of plant cvolution. Finally, the stratification correlations
provide realistic but conservative estimates of the extreme surge line
stratification congitions,

4.3, Thermal Striping

Surge line striping nas been estimated using a correlation of experimentally-
observed striping and is based on the "TEMR-PWR" experiments performed at
Battelle Institute, Karlsruhe, FRG. These experiments have been performed at
plant-typical fluid conditicns and used large-diameter, horizontal, insulated,
meta) pipe which is characteristic of the horizontal piping runs of PWR surge
lines. The acquired experimental data has been self-consistent; mor2iver, it
provided adequate temperature versus time definition of the high-frequency,
localized thermal-hydraulic interactions which characterize striping. The

temperature data have been processed to determine interface characteristics as
well as striping frequencies and amplitudes. The interface information has
facilitated the interpretation of the observed striping variations among tests.
The maximum striping amplitude has been correlated with the governing fluid
conditicns, as has been the distribution of striping frequency versus amplitude.
These striping efforts are described below; Appendix C provides a summary of the

striping literature and a description of the Battelle experiments.
4.3 1. Selection of the Battelle Striping Data
There are four major sources of striping information:
Boiling Water Reactor (BWR) feedwater nozzle tes.i,
Liquid Meta)l Fast Breeder Reactor (LMFBR) tests,
Argonne National Laboratory (ANL) tests, and
. Battelle-Karlsruhe tests (HOR).

The BWR feedwater nozzle striping tests results (reference 5) were quite
extensive The associated studies demonstrate the ability to combine low-
temperature test data with high temperature test data anc with plant striping
data. The application of these results illustrate the use of probability
distribution functions. But the geometry and hence the striping interaction of
the feedwater nozzle are not like those of the surge line, therefore these
results are not applicable to the surge line.

4-9




Woodward (reference €) has investigated striping and stratification in a 1/5-

. scale mode! of an LMFBR. The temperature fluctuations in transparent, horizonta)
pipes have been examined using dye and thermocouples. Results were based on
inside diameters of 4 and 6.5 inches, and hot and cold fluid temperatures of
approximately 130F and 70F. Woodward references the experimental work of
Fujimoto et a1 (reference 7) for a fluid-to-wall heat transfer coefficient. The
Fujimoto tests also pertain to low temperature conditions, but employ the
addition of calcium chioride to the warmer fluid stream to obtain plant-typical
differences of fluid densities. (The fluid temperatures were used simply as
tracers of the streams of differing densities.)

Kasza et a1, at ANL (references 8 through 10), have conducted extensive tests of
stratification and striping. Combinations of horizontal and vertical piping runs
have been tested, including bends in both the vertical and horizontal planes,
These tests also employed the relatively low bounding fluid temperatures of the
tests previously mentioned. Kasza et al have published a limited amount of
power-spectral-density information for striping; the reported signal energy peaks
between 0.1 and 0.6 Hz, and decays exponentially with increasing frequency.

. Wolf et al (references 11 through 15) have also conducted extensive experimental
studies of stratification and striping in the HOR facility at Battelle Institute,
Karlsruhe, FRG. Unlike the other experimental 2fforts, the HDR tests were
performed in a large-diameter, insulated, metal pipe using plant-typical fluid
conditions. The pipe was extensively instrumented with fast-response
thermocouples.

The thermal-hydraulic conditions governing striping (buoyancy, inertia, and
viscosity) are the appropriate bases on which to compare the several striping
tests discussed above. High-frequency fluctuations of wall temperature, namely,
striping, are due to rapid undulations of the fluid thermal interface -- the
relatively narrow zone between fluids of dissimilar temperatures and densities.
These undulations are commonly caused by the interactions among the fluid
buoyant, viscous, and inertial forces. Buoyancy tends to stratify the fluid,
whereas the fluid inertia and viscosity tend to mix the fluid and to disrupt
stratification. These competing effects give rise to interface instabilities.
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The interacting fluid forces are conveniently quantified in terms of two
dimensionless ratios of fluid forces. These are the Reynolds number, which is
the ratio of inertial to viscous forces, and the Grashof number, which is the
ratin of buoyant te viscous forces. A third dimensionless ratio is commonly used
to gauge the presence and significance of stratification, and has also been
extensively referenced in studies of interface instabilities. This is the
Richardson number, which is the ratio of buoyant to inertial forces.

The LMFBR, ANL, and HOR tests previously mentioned have been compared on the
bases of these governing force ratios, in Figure 4-5. The Reynolds number is
readily varied experimentally, but the Grashof number is more intractable. It
includes the difference between the bounding (hot and cold) fluid temperitures,
and the fluid thermal expansion coefficient. In a Tow-pressure facility, the
maximum temperature difference is limited. Similarly, the thermal expansion
coefficient of water is a strong function of temperature; it increases almost
threefold going from 200F to 500F. The lTow-pressure facilities are again l1imited
in this regard. Thus the Grashof numbers of the Tow-pressure tests are far below
those obtained at plant-typical conditions. Only the HDR tests by Wolf et al lie
in the appropriate range. For this reason, the HDR data has been selected for
use in this investigation of surge line striping.

4.3.2. Data Checks

Thermal stratification and striping in a horizontal line were examined by Wolf
et al in the "TEMR" series of tests. Multiple temperature measurements have been
made in a 20-foot long horizontal section of 15.6-in inside diameter pipe
(Figures 4-6 and 4-7). Three subseries of TEMR tests were distinguished by
differing obstructions placed at the junction of the pipe with the reservoir of
hot fluid. The junction was left unobstructed in the "PWR" subseries of tests;
these tests are considered to be the most relevant to the surge line geometry,
therefore the "PWR" tests have been examined.

The complete test measurements have been obtained. These consisted of hundreds
of measurements processed at 10 Hz, for tests ranging up to 1000 seconds in
duration. The acquired data has been subjected to rudimentary tests as it has
been transferred to the analysis computer. Each temperature reading has been
scanned for out-of-range measurements, and sach signal has been checked to verify
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that it did not remain constant throughout a test. Offending temperature
measurements have been set to negative infinity, to prevent their processing and
piotting.

The vast majority of the instruments and readings have passed these checks. The
few temperature readings and instruments which failed these tests have generally
corresponded to those which had been identified as suspect by the experimenters,
in their test report (reference 16). Two sets of temperature measurements
contained out-of-range readings, both in Test 33.14. The earlier failure
occurred just after 640 seconds of an 872.7-second test, therefore data
processing has been interrupted at 640 seconds with 1ittle net impact on the
ability to draw conclusions from this test.

Each of the tests was initialized with the pipe hot and isothermal, providing a
convenient cross-check of all the temperature measurements. The tests were
initiated by introducing cold water at the bottom of one end of the horizontal
pipe -- the responses to this cold stream provided another straightforwa, 4 check
of thermocoup’~ »esponse. Finally, the thermocouples were spaced sufficienily
closely in the circumferential direction that multiple adjacent thermocouples
often responded to the passage of an individual interface undulation, as
demonstrated in i'igure 4-8,

The temperature meas.vemerts consisted primarily of thermocouple triplets --
these measured the temperatures of the fluid near the wall, of the inside wall,
and of the outside wall. Several cross-sections of the pipe were instrumented.
At the most-heavily instrumented cross section, the thermocouple triplets were
placed every 2-1/2 angular degrees near the mid-height of the pipe, from 90 to
105 degrees, increasing to 30-degree spacing at the top and bottom of the pipe.

4.3.3. Interface Calculations

This 1investigation of striping depended on the response of individual
thermocouples, and hence on there being a temperature measurement within the
thermal interface, which is the region of steep temperature gradients and maximum
striping potential. The striping calculations have been preceded by an
examination of the characteristics of the thermal interface, in particular the
proximity of this interface to the installed thermocouples.
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The therma) interface has been characterized using three fractional temperatures,
"T1", *T2*, and "T3", Fractional temperature Tl has been defined as the coldest
local fluid temperature plus one-fourih of tne difference between the hottest and
coldest local temperatures; similarly, T2 has been defined to be one-half of the
way from the coldest to the hottest temperature, and T3 has been defined to be
three-quarters of the way. The definition of these fractional temperatures is
somewhat arbitrary -- they could have been assigned other fractional values, for
example. They have simply been defined as convenient intermediate temperatures.
The elevation of the average temperature (T2) is approximately located at the
center of the interface, and the difference between the elevations of T3 and Tl
indicated the vertical extent of the (half-) interface. The elevations of the
fractional temperatures have been extracted from time-smoothed data.

At two measurement cross-sections and each time of measurement, each group of
measurements from three adjacent thermocouples which bracketed a fractional
temperature has been curve fit using a second-order relation of temperature to
(thermocouple) elevation. This relation has been solved for the elevatinn of the
corresponding fractional temperature, The elevations "Z1", "Z2", and "Z3" of the
corresponding fractional temperatures demonstrated interface development and
stabilization in each test. Comparisons of the interface location and thickness
among the tests have permitted their correlation in terms of the governing fluid
forces. More importantly, the elevation of the stabilized interface has been
compared to the thermocouple elevations, to identify those tests in which the
observed striping most closely corresponded to the actual maximum striping.

4. 3.4, Correlation of Striping Calcylations
The recorded temperatures provided yond definition of the temperature trends, but
slightly underestimated the extreme temperatures. The actual extreme

temperatures are estimated by solving fer the zero-slope point of the second-
order fit to the three temperature measurements bracketing the apparent extreme.
The results of these estimates are illustrated in Figure 4-9.

The Ordered Overall Range method of Fuchs et al (reference 4) has been used to
count striping cycles. Counting has been performed separately for each inside-
wall thermocouple at the three instrumented cross sections. Counting focused on
the relatively stable period which followed the initial realignment of
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temperatures and interface development. The stable period has been counted both
overall and by halves, to provide a gauge of self-consistency. For each
instrument and counting period, the counting threshold has been decremented from
the highest threshold. which just passed the difference between the most extreme
temperatures throughout the period, down to a minimum threshold. The cycles
counted at each threshold, divided by the counting interval, formed the so-called
"cumulative frequency of occurrence”. This is the rapidity at which temperature
changes larger than the threshold have been observed. The distribution of these
cumulative frequencies of occurrence versus striping amplitude formed readily-
correlated relations.

The maximum striping amplitude for each test has oeen compared and correlated
with the governing fluid conditions. The maximum s\riping amplitude of each test
has been indexed according to the proximity of the thermal interface to the
measurement thermocouples, Generally, the largest striping amplitudes over a
range of governing conditions have been observed when the interface bracketed a
thermocouple, and vice versa. The correlation of maximum striping amplitude
versus governing conditions has been constructed to reproduce these largest-
amplitude points. The maximum striping amplitudes of the final correlation have
been increased by 10% (of the imposed temperature difference) to allow for
residual uncertainties. Finally, the frequency-versus-amplitude distributions
obtained by Kasza et al (reference 10) have been consulted to check the
correlated trends at the highest frequencies; the decreasing amplitudes at higher
frequencies-of-occurrence have been confirmed by the distributions obtained by
Kasza et al.

4.3.5, Conclysion

Stratification and striping information have been extracted from the HDR data,
and correlated with the governing fluid forces. The HDR data is singular in that
it alone was taken at conditions typical of the plant surge line. The
r«perimental data has been found to be self consistent. The HDR data was taken
over a fairly broad range of fluid conditions. Moreover, the striping
correlations have been based on the ratios of governing fluid forces, rather than
fluid properties. Therefore, these correlations provide useful estimates of
striping over the expectad range of plant evolutions and surge line conditions.
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The striping correlations can be used with confidence to predict striping effects

in the plant surge lines.

The revised design basis transients are intended to represent the operationa’
history of the piants and to bound future transients. Hence, past operationa’
information is required to generate revised transients. An inforiation base
which includes plant operating data, operating procedures, surveillance
procedures and operational limits has been collected from utility and BWNS
records. In addition, discussions with plant operators have provided records of

first hand experience.

Representative operational data for sixteen heatups and fifteen cooldowns have
been supplied by the plant utilities. The parameters provided inc'.lc:

RC Temperature (Hot leg and Cold leg)

RC Pressure

Pressurizer Temperature

Pressurizer Level

Makeup flow rate

Letdown flow rate

Surge Line Temperatures (original thermocouple)
RC flow

RC spray valve status (open/close)

Steam Generator Pressures

Steam Generator Levels

The data for these parameters provide the general bases for describing heatip and

cooldown design basis transients.

In conjunction with the plant data review, operation and surveillance procedures
have been reviewed to identify events that might cause stratification cycles.
In deciding whether or not generic design basis transients are appropriate,
operational procedures have been reviewed for differences. It has been
determined from the surveillance procedure review that valve testing involving
RCS 1inventory changes has been the most significant type of surveillance
procedure in terms of thermal cycling of the surge line. As a result of this
review, Transient 22 of the design basis transients has been revised to account
for HPI check valve testing. The operating procedures have been used to
determine the major flow events to be accounted for in the heatup and cooldown



transients. Random flow events have also been added to ensure that all
pressurizer level changes observed in the plant data are taken into account.

A1l applicable pressure-temperature (P/T) limits and requirements have been
collected to determine the bound of operation for heatups and cooldowns. These
pressure-temperature 1imits and requirements are comprised of 10CFRS0 Appendix
% limits, decay heat removal system (DHRS) limits, Net Positive Suction Head
(NPSH) requirements for RC pumps, minimum sub-cooling pressure requirements, and
fuel compression 1imits. The actual pressure-temperature history indicated by
the historical heatup/cocldown data and the Appendix G 1imits has been used to
create both representative and bounding pressure-temperature relationships for
the heatup anu cooldown transients.

4.5, Development of Revised Design Basis Transients

The revised surge 1ine design basis include the transients listed in Table 4-1.
It is the redefinition of the surge line conditions for these transients that
forms the bases for reanalysis of the structural integrity of the surge line
piping and its associated nozzles.

The greatest impact of stratification and striping occurs during conditions when
the temperature difference between the pressurizer and the RCS hot leg is large.
The largest temperature differences occur during plant heatup and cooldown.
These transients contribute most of the cumulative fatigue usage for the surge
line piping. Therefore an extensive effort has been made to develop detailed
descriptions for these plant evolutions. The design basis plant heatup and
cooldown transients have been completely redefined in this program. Other
transients included in the Gesign basis have generally been retained in terms of
the existing surge line boundary conditions (pressurizer temperature, RCS
temperature and flow rates), but thermal stratification and striping have been
included in the surge line transient descriptions.

Typical variation of RC hot leg temperature as a function of time has been
determined for heatup and cooldown transients based on plant data. The
pressurizer pressure variation 1is based on pressure-temperature (P/T)
relationships, both the 2 EFPY P/T 1imit and available plant data. Pressurizer
temperature has been developed as a function of RC temperatures from the P/T
relationships.
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The Oconee design basis differ from the current design b.“1s for other plants in
that the Oconee design basis include different neatup rates. For the purposes
of this evaluation, these heatup rate differences have been disregarded and the
time for hestup has been set at one conservatively long period for the heatup
events. The varfous heatup rates given in the design basis are important for the
major components, 1.e., reactor vessel and steam gyenerator, but are not
necessarily conservative for description of tie surge 1ine conditions.

Operational events that affect surge 1ine flow during heatup and cooldown have
been identified by a review of plant data, vperating procedures, and surveillance
test procedures for Lhe lowered loop plante. Surge line flow rates resulting
from these operational events have been characterized using available plant data,
analysis, and engineering judgement. A1)l operational events which affect RCS
inventory, volume and spray flow are included. The number of surge evenis per
plant transient and time between occurrences have been estimated for each
significant type of event affecting the surge 1ine flows. Random surge 1ine flow
events have been included to ensure that the total number of surge events
cerresponds to the number based on plant data.

Composite heatup and coolduwn transients with an appropriate sequence of events,
timing, and curge iine flows have been generated. The total number of surge (ine
flow events for each type of transient has been described and categorized
according to severity in terms of pressurizer to RC temperature differences.
Probable past operations and the projecied improvements in operations atfecting
surge ine conditions have been taken into account in defining the hea.up and
cooldown transients. The correlations discussed in Section 4.2.2 and 4.2.5 have
been used to generate the surge 1ine thermal response to the flow events.

The number of orcurrances for each type ¢f heatup and cooldown transient are
based on operational records and on the total number of heatups and cooldowns
stated in tF. origina) design basis. The oviginal design basis assumptions for
the number of occurrences for the other transients has generally been retained.

The following sub-sections describe the detailed development of the heatup,
v~oldown, and other events.
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.50, Heatup Transients
5.1, Heatup Transient Descriptions and Vumber of Qccurrentes

Heatups are categorized into five transients (Transients 1Al - 1A5) in order to
conservatively represent plant heatup transients occurring during the &40 year
11fe of the plant. The RC and pressurizer temperatures for these transi.nts are
ghown in Figure 4-10. A heatup transient is defined as the operations from a RC
temperature of 70F to &% power. The first three transients {1A1, 1A2, and 1A3)
represent past operations and ihe last two transients (1Ad and 1AS5) represent
future operations. The surge 1ine flow events occurring during the heatup have
been defined to be identical for all five types of transients; however, the RCS
and pressurizer temperatures vary. The development of these transients fis
represented by the schematic in Figure 4-11 &ad 1s dis.ussed below,

Transient 1Al This transient has been conse~vs'ively defined to bound past
plant operaticns in terms of the =aximum possible pressure in
the RCS. The resulting surge line temperatures are shown in
Figure 4-12. For these heatups, core decay heet has been
assumed to heat the RCS to 120F prior to the operator
achieving the pressure necessary for starting «n RC pump.
Pressurizer temperature is based on the pressure-temperature
relationship defined by the 2 EFPY Appendix G limit,

Transieni 1A2 The RC temperature for this transient r.yresents heatups in
which decay heat has not been ava‘lable or initial hestup and
the RC pumps were started with an RC temperature of 70F. The
pressure-temperature relationship for this transient
represerts the fraction of plant heatups which have occurred
with a higher than average RC pressure for given RC
temperatures based on plant historical data,

Transient 1A3 This transient represents typical plant heatups for the past
operating history of B&W lowered loop plants. Decay heat has
been assumed available for these heatups and the RC
temperature has been assumed to be 120F at the time the
pressure required to start the first RC pump has been reached.
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The pressure-temperature relationship for this transient is
representative of historical plant data.

Transient A4 The RCS temperature as & function of time represents the
heatups for which decay heit will not be available for the
fnitial portion of the heatup. The pressure-temperature
relationship has been based upon plént data in which the
pressure required for the first RC pump start was reached at
an approximate RC temperat e of 70F, The pressure-
temperature 1imits discussed in Szction 8 will help ensure
that this bas‘s remains valid for future heatups.

Transient 1AS The RCS temperature as a function of time represents the
heatups for which decay heat will be available for the initial
portion of the heatup. The pressure-temperature relationship
has been based upon plant data in which the pressure required
for the first RC pump start was vesched at an approximate RC
temperature of 120F, The pressure-temperature limits
specified in Section 8 will help ensure that this basis
remains valid for future heatups.

Some plants do not start RC pumps until & higher RC temperature than those
represented in the transients (>120F) 1is obtained. The pressurizer to RC
temperature difference for these heatups 1s usually lower due to a lower system
pressure for RC temperatures. To conservatively represent al) lowered loop B&W
plants, the transients are described with RC pumn starts at RC temperatures at
70F and 120F,

The number of occurrences for each type of heatup transient, tabulated for each
lowered loop plant in Table 4-2, has been determined using utility records and
plant data as the schematic shows in Figure 4-13. The number of Transient 1Al
events has been obtained by taking & conservative estimated fracticn of the total
number of heatup events occurring over the first two years of operation and an
equivalent number of heatups that occur during hot functional tests. The
remaining fraction of events occurring o.<: the first two years are grouped with
the events that have been distributed between Transients 1A2 and 1A3 based on
plant experience to date. Based on plant data, approximately 15% of these past
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heatup events are categorized as type 1A2. The remainder of events are included
in tvpe 1A3, For future events, approximately 15% are categorized as type 1Ad
and the remainder of design events are inciuded in type 1AS,

A maximum stratification temperature dif/erential has been specified for a smal)
fraction of the total number of desiyn transients to account for operating
conditions in which the system pressure corresponds to the maximum 211owed by the
2 EFPY P/T curve (Transient 1A1). It has been assumed that the RCS temperature
reached approximately BOF at the tine the pressurizer temperature reaches 480F
(saturation temperature for the pressure 1imit of 565 psia at RC temperatures
below 275F). The resulting temperuture differential between the pressurizer and
the RC loop of 400F 1s considered to be a realistic, conservative upper bound for
this temperature difference, Although Tower RC Toop temperatures are possible
during typical heatup operations, it is considered very unlikely that the
simultaneous occurrence of ‘ower RC loop temperatures with RCS pressures
approaching the RCS P/T 1imits has occurred at any plant, The maximum value of
stratification (surge line top to bottom temperature difference) that resulted
for the revised surge line design transients is 397F,

4.5.1.3.  Boundary Temperatures as a fFunctiin of Time

‘he RC temperature versus time for the revised heatup transients is similar to
the existing transients contained in the original design basis except that the
duration of the heatup has been extended to be more representative of actual
plant operations. Temperature holds have been added and heatup rates adjusted
to give reasonable agreenent between the heatup for analysis and the available
plant data. The pressur'zer temperature versus time plots for Transients 1Al
through 1A3 have been developed based on the relationship of pressurizer
temperature to RCS temperature corresponding to available plant data. Transients
1A and A5 represent future operations based upon BAW Owners Group
recommendations for plant operation discussed in Section 8.

The time for heatup is based on octual plant experience, which shows average
heatup times of approximately 60 hours. The surge 1ine analysis conservatively
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assumes each heatup requires 75 hours. The time durations for each portion of
the heatup have been developed from available plant data for the following:

RC loops cold (<100F), pressucizer hot (>200F)

Heatup operations (RCS temperature increase)

RCS held at constant temperature throughout all mcdes

Hot, zero power
Power Escalation 0 to 8%

.5.1.4. Surge Line Flow Rates ror Heatup

Changes of flow of pressurizer or hot leg fluid through the surge 1ine leads to
therma] stratification transients. Unlike the RCS and pressurizer temperature
relationship, direct operator guidance does not exist for pressurizer leve)
control. Procedures and operations have changed over the years with some changes
decreasing the number and magnitude of surges while others have increased this
number. It {s not possible to describe every plant event that influenced the
surge 1ine flow rate and consequently the effects on the therma) transients for
the surge line piping and nozzles. However, by supplementing the major flow
events with random flow events, a typical heatup transient has been generated
which re.'istically represents the number and magnitude of surge flow events.

Each heatup transient case (Transient 1Al - 1A5), has been assumed to have the
same flow events. On the average, these transients represent the typical
operations occurring durirg the 1ife of a lowered loop plant. The five heatup
transients differ in the relationship between RCS and pressurizer temperature as
discussed in Section 4.5.1.1.

Typica) plant heatup operations that may affect the makeup flow to the RCS are
listed in Table 4-3. The operations that have been judged as significant and
quantifiable are considered the major events which have been accounted for in the
transients. RCS temperature changes affecting RCS inventory are accounted for
in addition to events such as RC pump starts, certain surveillance tests, and
venting operations. The response of makeup flow rate to each of these events is
accounted for in the development of the transients.

Transient surge line flow events found in Oconee and other plant data from
unidentifiable causes have been incorporated in the design transients as random
events. The available plant data has been statistically analyzed to characterize
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the random flow events in terms of flow rates and changes in pressurizer Tevel.
To accomplish this, the following steps have been taken:

1) Plant heatup data have been evaluated to determine the average and
standard deviations for pressurizer level changes (inches) &nd flow rates
during operation over various ranges of RCS operating temperatures. Also,
the average number of flow events has been determined for the heatup
cperations.

2) The average number of flow events has been adjusted so that the number of
events per unit time is consistent between the prescribed heatup length
and the data.

3) The number of random flow events has been determined by taking the total
number of flow upsets derived from the plant data less the number of
defined flow events.

4) Flow change data have been treated as @ normally distributed, random
variable and divided into three ranges based on the normal distribution
curve. Flow rates representing the three regions have been sequentially
repeated for the leve)l events in the synthesized transients.

5) Random flow evants have been uniformly spaced over the zppropriate time
corresponding to RCS operating temperature ranges.

Pressurizer spray operation for the BAW plants is classified in one of three
modes: pressurizer-RCS boron equilibration, automatic actuation of spray and
bypass spray. The bypass spray operation is identical for all BAW plants with
a four pump operation bypass flow rate between 1.5 and 5 gpm. Surge line flow
rates are accounted for based on the number of pumps operating.

The operation of full spray differs between the Oconee Units and the other three
BAW lowered-Toop plants. The original modulating spray valves have been replaced
with on-off acting Target Rock spray valves for the Oconee Units. A1l other
plants have operated their entire 1ife with the original medulating spray valves.
When the spray is actuated for heater/spray operation to bring the pressurizer
boron into equilibrium with the RCS boron concentration, the Target Rock
solenoid-operated valve cycling results in periodic spray flow, whereas the
modulating valve allows the spray flow to be held constant. The Oconee Target
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Rock valves supply approximately 315 gpm maximum flow rate and the typical
. modulating valve supplies 190 gpm maximum flow rate.

Spray operation occurs for the following two operations as part of the design
basis heatup transients: (1) pressurizer-RCS boron equilibration occurs at hot
§' tdown conditions (Tavg « 532F) and (2) spray cycling occurs during the
increase from 0 to 8% power due to the increase in Tavg causing the spray
setpoint to be reached.

Although the Oconee spray valve and the modulating spray valve types do differ,
their differences do not have an impact on thermal stratification. When the
spray 1s actuated automatically, the difference in flow rate between the Oconee
Target Rock spray valve and the standard modulating type of valve is not
significant in terms of stratification since both flows are 1arge enough to flush
the surge 1ine of any stratified fluid. The action of the spray flow in flushing
the Yine of stratified fluid also effectively eliminates the conditions that can
lead to the occurrence of striping. Automatic actuation of the spray valve in
either case, Target Rock or modulating valve, rid the line ~ the conditions
required for striping to exist,

@ iz coudown Transients
4.5.2.1. <ooldown Transient Descriptions and Number of Occurrences
Coo downs are categorized into two transients in order to conservatively
represent RC cooldowns from 8% FP to refueling temperatures for the 40 year life
of the plant. The RC and pressurizer temperatures for these two transients are
shown in Figure 4-14, The time duration and the surge flow events are the same
for both transients, but different nressure-temnerature relationships are used.

A1l Nowered loop plant cooldown transients are represented by the two transients
discussed in the following paragraphs.
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Transient 1B The pressure-temperature relationship for this cooldown
transient has been based on the least restrictive Appendix €
1imits and available plant data. The least restrictive
Appendix G 1imits (highest allowed RC pressure for a given RC
tempersture) are used to determine the pressurizer temperature
for RC temperatures below 200F and above 400F. It has been
determined by a review of plant data that the plants operated
well below the cooldown Appendix G 1imits for RC temperatures
between 200F and 400F, The pressurizer temperature has been
assumed to be 250F above the RC temperature for this RC
temperature region as this bounds the available plant data.

Transient 1B2 The pressure-temperature relationship for this transient ic
identical to Transient 1Bl except for the intermediate
(200F<Trcs<400 ) pressure-temperature relationship for which
representative data is used instead of the bounding plant
data.

Based on plant data, approximately 15% of the past cooldown events have been
c.teaorized as type 1B1. The remainder of events have been included in type 1B2.
Future cooldowns have also been categorized with 15% as type 1Bl and the
remaining B5% as type 182,
4.5.2.2. Boundary Temperatures as & Function of Time
The average time required for cooldowns, from plant date experience, indicates
an average time for a complete cooldown of 46 hours. The surge 1ine analysis
assumes that each cooldown transient requires 75 hours. This long duration
conservatively allows surge 1ine thermal events to stabilize. The time durations
for each portion of the cooldown transient have been estimated using availabie
plant data for the following phases of the cooidown operations:

Power Decrease from 15 to 0% Power

Cooldown operations (RC temperature decrease)

Cooldown hold throughout all modes

RCS below 200F, Pressurizer hot

Pressurizer cooldown
The RC temperatures versus time for the cooldown transients have been based on
the existing transients contained in the original design basis with the exception
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that the times have been ertended to be more representative of sctua) plant
operations Tempersture holds have been added and cooldown rates adjusted to
give reasonable agreement between the cooldown for analysis and the avatlable
plant data. The pressurizer temperature versus time plots for the cooldown
transients have been developed based on the relationship of pressurizer
temperature to RCS temperature based on the available plant data.

.5 2.5, Surge Line [ow Rates for Looldown

Cooldown flow everts have been developed in & manner similar to that method used
for determining heatup flow events as discussed in Section 4.5.]1.4,

The operations that have been judged as significant and quantifiable are
considered the major events to be accounted for in the cooldown transients.
Actua) makeup system response to each flow event is accounted for in the
development of the transients. The spray flow required throughout a cooldown for
depressurization 1s included in the surges specified for the cooldown transients

Randon flow events have been added to ensure that the total number of flow events
for the transients adequately represent actual operating experience. Available
plant data has been statistica)ly analyzed to describe the flow events required.
The same method which determined the random heatup flow events, outlined in

Section 4.5...4, has been used to determine the number of random cooldown
events

4.5.3. Qther Transients

Existing spray flow rates, temperatures, and pressures from the original RCS

design basis transients have remained unchanged for most transients other than
plant heatups and cooldowns. The design basis transients in which thermal
stratification and striping require evaluation are listed in Table 4-1.

Spray flow rates, temperatures, and pressures from the original cusign basis
transients have generally been used to define the boundary conditions used to
evaluate therma) stratification and striping. The numbers assigned to this
transient are similar to the original design basis. Surge line flow events
caused by changes in the volume average temperature in the RCS have been
generated by calculating the surge rate from the existing plots of RC temperature
versus time contained in the original design basis transients, A few
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modifications and additions to the 1ist of transients have been made as discussed
in the next few sectiens,

4.5.3.0. Steady State Temperature Variations - Iransient 13

Transfent 13 has been redefined to be more realistic in terms of the flow
conditions experienced in the plants for normal steady state operations at power,
The previous description conservatively and unrealisti ally described the steady
state transient as an escillation in reactor power of | percent and & temperature
oscillation of 2F on an approximate period of & minutes. Based on the results
of an evaluation of actua) plant characteristics from observations of experienced
control room operators, the variation 1s more appropriately described as a
varfation of temperature with an amplitude of 0.5F on a 15 minute period. This
transient has been arbitrarily defined to occur over a two hour period and the
number of transients have been determined accordingly for the forty year 1ife of
the plant,

4.5.3.2. Pressurizer-RCS Boron Eauilibration - Iransien, 200
Transient 200 has been added to describe the effects of spray and heater
operations to equalize the pressurizer and RCS Loron concentrations., This
transient has been described both fur operation with the on/off type of spray
valve (Oconee Target Rock valves) and the modulating valves. The operation
involves use of spray flow through the pressurizer to cause the boron
concentration to aprroach that in the RCS. A modulated spray flow of about 50
gpm has been used in the transient description. The maximum flow rate used for
the Target Rock valve is 315 gpm.

The operation of pressurizer spray and heaters to circulate reactor coolant for
purposes of bringing the pressurizer boron concentration to within range of the
concentration in the RCS is performed roughly twice a week. The operation wili
normally last approximately eight hours. The number of these transients
occurring during the 40 year 1ife of the plant has been determined accerdingly.

4.5.3.3. HP] Safety Injection and Check Valve Test - Transient 22

Core Flood Tank (CFT) check valve test operations have been combined with the
heatup and the cooldown transient descriptions. However, the HPI safety
injection and the check valve tests are described separately. The present

"sé



description of the HPI transient given in the original design basis transients
corresponds to the safety injection test only, and is intended to conservatively
describe the conditions at the injection nozzles. An additional transient has
been added to describe the WPl check valve tests and the resulting effects on the
surge 1ine thermal conditions.

The HP1 safety injection test and the HPI check valve test have been described
for four different operating conditions which represent appropriate points during
past and future heatups and cooldowns. The test conditions for the pressurizer
and RC temperatures are summarized as follows:

Safety Injection | Check Valve RCS Temperature Pressurizer

Test : Test

22A-1 22A-2 90F 480F

228-] 228-2 70 400F |
22C-1 22C-2 280F $30F

220-1 220-2 280F 500F

Transient 220 1s based on future HPI safety injection and check valve tests not
being performed with a pressurizer to RC temperature difference greater than
220F,

For the safety injection tests, a flow rate of 100 gpm per nozzle (total of 400
gpm) is assumed to be established for a period of about 30 seconds. The HPI
check valve test flow rates have been set to aporoximate the change in
pressurizer level and surge line temperature response based on the measured
response at Oconee as part of the data acquisition discussed in Appendix A. The
length of time between flow increases has been set to give a decrease fin
temperature of about 180F at the top of the surge line after every flow event,
which 1s in agreement with the measured plant data. An offsetting outsurge flow
of 15 gpm for a two hour period counters the 100 gpm insurge €lows and maintains
the fina) level approximately equal to the level at the start of the simulated
test. The plant data collected at Oconee Unit 1 indicated at least three flow
pulses based on measured level in the pressurizer. The number of flow pulses for
analysis purposes is four for each test series.
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In estimating the number of HPI safety injection tests and check valve tests for
the 40 year plant 1ife, plant operators have been consulted and the surveillance
requirements have been reviewed. Requirements for some plants stipulate only
that tests be conducted every 18 months as a maximum, whereas other plants are
required to test during shutdown conditions 1f the test has not been performed
in the last 90 days (or 1f maintenance or modificalions have been performed that
would affect the MPI1 system flow characteristics). In estimating the number of
Transient 22 events, the 90 day requirement has been used to conservatively
estimate the number of events. Freguent check valve tests were not required
prier to about 1980. Therefore there have not been many of these tests during
the period when the 2 EFPY P/T 1imit curves were in effect.
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Transient Transient Description Modification from Original

10 Transients (ODB - Original
I

2B Power Change from 15% to O% Surgo "ine temperatures based
Fp on ODB boundary conditions.

3 Power loading 8% to 100% FP Surga Line temperatures based
on ODB boundary conditions,

3 Power unloading 100 to 8 Surge Line temperatures based

percent on ODB boundary conditions.

5 Ten percent step load power Surgo Line temperatures based

- increase on ODB boundary conditions.

6 Ten percent step load power Surgc Line temperatures based

decrease on ODB boundary conditions.

7 Step Load decrease 100 to Surge Line temperatures based

g% fFp on ODB boundary conditions.

8 Reactor Trip A1) trips now included in
Transient B, Previously,
certain trips were included in
other transients. N |

9 Rapid Depressurization SL temps based on ODB boundary
conditions,

10 Change of RC Flow Rate SL temps based on ODB boundary
conditions.

13 Steady State Temperature SL temps based on ODB boundary

Variations conditions.
! 14 Control Rod Drop SL temps based on ODB boundary
conditions. {

19 Feed and Bleed Operations SL temps based on ODB boundary
conditions.

20 Misce)laneous Transients A cgmplet; transient was added
to describe pressurizer spray
and heater operations used to
equilibrate pressurizer & RCS J
boron concentrations,

22 Test Transients Complete transients were added
for the HPI check valve test.
The HP1 Safety Injection Test
was completely modified.
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Table 4.2,

Design Basis Meatup Transient Definitions

Note: 1)
2)

3)

account for hot functional tests.

This table is based on data as of November,

include the ANO-1 heatup in late December, 1990,

4-3)

Transient :ast/ o P/1 Number of Events
i hi
0 puture | ReTALIONShIP T ano-1 | cres ™1
1A] Past Original P-T 10 10 1] 13 10 |10
Limits
1A2 Past Orig. Design | 13 8 12 14 6 6
Basis
1A3 Past Orig. Design 68 (1) 64 70 33 30
Basis
1404 Future | Plant Data 24 29 45 43 5] 32
1A Future | Plant Date 125 148 228 220 260 | 162
EVENT TOTAL 240 240 360 360 360 | 240

Pressurizer level versus time 1s 1dentical for all five transients.

An appropriate number of heatups is included in Transient 1Al to

1890 and does not




Table 4-3. Events Affecting Surge Line Flow for Plant Heatup and Cooldown

Pressurizer pressurization (affects letdown rate and RCS volume and mass)
Purging of Pressurizer nitrogen along with RCS fill/vent operations
Degassing Pressurizer using heaters/spray

Adjusting Pressurizer leve)l setpoint

Controlling Pressurizer level in guto (w/ valve and controller deadbands)
Drawing of Pressurizer chemistry sample

Forcing f111 of RC loops by pressurizing Pressurizer

PORV testing

Control Rod Drive and RCS venting

Decay Heat Removal System testing (1.e., throttling DHR flow)

Starting makeup pump

Adjusting of RCP seal injection/return flows (adjusting seal backpressure)
Adjusting flow in RC pump seal bypass line

HP] check valve testing

RCS heatup without RCP operating (throttle back on LPl cooler fiow)
Closing letdown orifice manual bypass

Draxing of vacuum in steam generator (0OTSG)

Starting first RC pump with thermally stratified RCS

Starting first RC pumps

Cycle auxiliary spray valve (for flushing of pressurizer)

venting of Pressurizer to Letdown Storage Tank (LDST)

Changing RC pump combinations (affects minimum bypass spray flow)
Adjusting letdown flow rate with increasing RCS pressure

Actuating spray (ipray controls in hand)

Opening turbine bypass valves

Testing Core Flood systen

Adjusting heatup rate with turbine bypass valves (TBVs) (heatup hold/proceed)
Pressurizer spray contrelling in auto, heaters on for boron equilibration
Opening spray line block valve

Vdjusting makeup nozzle warming flow(s) (nozzle-warming throttle valves)
Placing TBY's in auto, steam pressure maintained within control band
Adjusting boron concentration in RCS (changing MU/LD)

Increasing power to 8 percent

Surveillance testing

Degassifying Pressurizer and RCS (vent pressurizer to waste gas header)
Placing TBV's in hand and shutting cown turbine

Tripping turbine
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Reducing core power and reducing Tavg to 532F

Sampling boron concentration in RCS

Adjusting TBV positions for desired cooling rate (TBV's in manual)
Performing Safety Injection functional test

Controlling Pressurizer level in auto (w/ valve and controller deadbands)
Discharging CFT's to RCS (test at <700 psig)

Closing HP1 injectior. and bypass injection valves (at <350F)
Securing steam generator hot blowdown

Initiating hot soak of SG's (optional)

Decreasing pressurizer level control setpoint to 100 inches
Valving in the LP] system and starting 1 LPI pump

Throttling LP1 cooler flow to establish proper RCS cooldown rate
Securing OTSG's by closing TBV's

Filling OTSG’'s for Fi11, Drain, Layup (optional)

Lining up and using auxiliary spray

Adjusting LPI cooler outlet temperature to cold leg temperature
Securing last RCP (RC loop temperature differential increases)
Adjusting LPI cooler outlet temperature to resume RCS cooling
Securing RCP seal injection/return flows

Opening letdown orifice manual bypass

Adjusting letdown flow to lower pressurizer level to about 115 inches
Regulating LPI1 flow as RCS is depressurized

Going to 1 LPI pump

Raising and lowering pressurizer level when on DHR

Cooling loops by fill, socak, drain of SG (optional)



Figure 4-1. Plant Data taken at Oconee Unit 1
during HP| Check Vaive 1est (2/10/89)

(see Appendix B for details on the events occuring during this period)
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Figure 4-2. Thermocouple Locations at Cconee Unit 1 ) | TICLocmonty |
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Figure 4-§. October 83 Oconee Heatup
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Extracted from Figure 4,21 of reference 1.
Dimensions in am,

Cold Water Injection Site
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Figure 4-7,Thermocouple Placement
At Measurement Cross section CC

Open circles denote fluid thermocouples,

s011d circles denote pipe inside surface and outside
surface thermocouples, Dimensions in mm.
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Figure 4-9. Inside Wall Temperature Fluctuations @ 100 Degrees, Cross Section CC
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' Figure 4-10. Heatup Design Bases Transient Temperatures
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Figure 4-11. Deveiopment of Heatup Design Bases Transienis
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Figure 4-13. Determining the Number of Events for Each Heatup Transient
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. Figure 4-14. Cooldown Design Bases Transient Temperatures
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5. PIPING ANALYSIS

S.1. Structural Loading Analysis

The purpose of the structural loading analysis ir to generate the internal forces
and moments in the surge line for the thermal stratification conditions defined
in the design basis transients.

5.1.1. Choice of Computer Program

The Structura)l Loading Analysis of the surge 1ine has been performed using the
computer program ANSYS (reference 17). The decision to use ANSYS is based on the
fact that both the straight pipe element STIF20 and the pipe elbow element STIF60
have been used extensivaly in the past. In addition, these two ANSYS elements
all the user to define a variation of temperature on the pipe cross-section.
This capability is necessary for thermal stratification, as a top-to-bottom

temperature difference exists in the horizontal portion of the surge 1ine.

5.1.2. Building of Mathematical Model

To accurately simulate the ocformation of the surge line as a result of thermal
stratification, an "extended" mathematical model has been built. It consists of
the pressurizer, surge line, hot leg, reactor vessel, and steam generator. The
boundaries of this "exterded" mathematical model are the pressurizer support at
approximately mid-elevation of the pressurizer (where 2 stiffness matrix 1is
applied to simulate the flexibility of the support frame), the base of the
reactor vessel skirt, and the base of the steam generator pedestal. The
mathematical model of the surge line is given in Figure 5-1. The purpose of
adding the pressurizer at one end of the surge line and the hot leg, reactor
vessel, and steam generator at the other end is twofold: {t allows the surge
1ine nozzles to experience the correct displacements and rotations due to the
giobal t'ermal expansion of the primary system, and it correctly simulates the




flexibility of the components adjacent to the surge l1ine (the pressurizer and the
hot leg). |

5.1.3. Non-Linear Temperature Profile

As mentioned in Section 5.1.], both the straight pipe element and the pipe elbow
element allow the user to define a variation of temperature on the pipe cross-
section, the maximum temperature being at the top of the pipe, and the minimum
temperature being at the bottom of the pipe. This variation of temperature,
however, can only be applied as a linear function on the pipe cross-section.
This is a limitation, as the temperature measurements taken during heatups at
Oconee Unit 1, in Februar: *989 and again in Octobar 1989, have shown that the
temperature profile on the pipe cross-section is non-1inear.

To study the influence of a non-linear temperature profile on the pipe cross-
section, the concept of "equivalent linear temperature profile" is introduced:
the equivalent 1inear temperature profile is the 1inear temperature profile which
generates exactly the same rotation of the pipe cross-section as the one
generated by the non-iinear temperature profile. The main steps of that non-
linear temperature profile study are as follows:

Evaluation of the non-1inear temperature profiles measured at Oconee
Unit 1 (outside surface temperature profiles).

Selection of the most critical of those non-linear temperature
profiles (temperature profiles which experience a constant maximum
temperature ‘or a considerable height at the top of the pipe cross-
section, and a constant minimum temperature for a considerable
height at the bottom of the pipe).

Selection of a simple temperature profile at the inside surface of
the pipe cross-section,

Finite element conduction run to arrive at the temperature profile
at the outside surface of the pipe cross-section.

Repetition of the previous two steps, in an iterative manner, in an
effort to determine the temperature profile at the inside surface
which matches almost exactly the "most critical®™ non-linear
temperature profile at the outside surface.
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These i{terative analyses have been performed for two non-linear meatured
temperature profiles at the outside surface: one for the Oconee Unit 1 February
1989 heatup and the other for the Oconee Unit 1 October 1989 heatup. These

measured temperatu: e profiles have been chosen for their particularly non-linear
provile.

From the results of finite element conduction runs for which the calculated
outside temperature profile corresponds almost exactly to the measured outside
temperature profile, the average temperature profile can be calculated easily.

This average temperature profile is then applied as input in the mathematical
formulation of the "equivalent 1inear" temperature profile. In addition to being
& function of the average temperature profile, this mathematical formulation is
also a function of the modulus of elasticity and the coefficient of therma)
expansion, which are both dep.ndent on the temperature.

The non-l1inearity coefficient is defined as the ratio between the top-to-bottom
temperature difference of the equivalent 1inear temperature profile and the top-
to-bottom temperature difference of the measured non-1inear temperature profile,
As the analysis described above has been performed for two non-linear measured
temperature profiles, two different non-linearity coefficients 2re caiculated:

1.32 and 1.35. It is not surprising that these two coefficients are not equal,
as they are, in general, a function of the following three parameters: the
temperature at the top of the pipe, the temperature at the bottom of the pipe,
and the elevation of the fluid interface centerline, the fluid interface being

the height on which there 1s a non-negligible variation of the temperature at the
inside surface of the pipe cross-section.

Finally, the mathematical formula of the non-linearity roefficient has “een
developed, as a “mction of the temperature at the cop of the pipe, the
temperature at the bottom of the pipe and the elevation of the fluid interface
centerline. The variations with temperature of the modulus of elasticity and of

the coefficient of thermal expansion have been embedded in that mathematical
formula.




§.1.4. VYerilication Run for Displacements
‘ During the Oconee Unit 1 February 1989 heat-up, the temperature and the
displacements of the surge line have been recorded.

During that heat-up, the maximum recorded top-to-bottom temperature difference
is 280F (T, = 403F; Ty,pon = 123F). For that exact time point, the temperature
at other locations of the surge 1ine and the surge 1ine displacements are known.
At that particular time point, the top-to-bottom temperature difference varies
along the horizontal portion of the surge 1ine from 280F maximum to 200F minimum,

Also, the top-to-bottom temperature profile is not exactly the same at each
location where temperature data have been measured. Therefore, the non-linearity
coefficient is calculated at each one of these locations, using the mathemati: il
formula developed as explained in Section 5.1.3.

The resulting equivalent linear temperature profiles have been given as input for
the horizontal portion of the surge l1ine, together with the other temperature
data measured at the same exact time point in the surge line riser, in the hot
leg, and in the pressurizer.

. Using the “extended" mathematical model of the surge 1ine, (documented ir Section
§.1.2), an ANSYS computer run has been performed. The resulting displacements
have been compared with the measured displacements, as shown in Figures 5-2
through 5-4. These comparisons have shown a very grod agreement between the
calculated and the measured displacements. (See Figures 5-2 through 5-4.)

This has verified that the "extended” mathematical model of the surge line is
accurate for the generation of the internal forces and moments in the structural
loading analysis. It has also verified the method used to correct for the
influence of the non-linearity of the temperature profile on the pipe cross-
section. (An ANSYS computer-run without the non-linearity coefficient gave
displacements that do not compare well with the measured displacements.)

$.1.5. Structural Loading Analysis for the Thermal Stratification Conditions

The thermal stratification conditions have been defined in the design basis
transients documented in Section 4.5. 1In these design basis transients, the
therma) stratification conditions are evenly divided in peaks and valleys, where
the peaks are characterized by maximum top-to-bottom temperature differences and

@



the valleys by minimum top-to-bottom temperature differences. Among the peak
conditions, the three most critical thermal stratification conditions occur
during the heatup transient 1A1. These three thermal stratification conditicns
are characterized by top-to-bottom temperature differences of 397F, 3893F and
386F .

For each one of these three stratification conditions, a structural loading
analysis has been performed, using the ANSYS mathematical model documented in
Section 5.1.2. For each of these stratification conditions, the top-to-bottom
temperature difference has been multiplied by the non-linearity coefficient, to
arrive at the "equivalent 1inear" top-to-bottom temperature difference which has
been given as an input for the ANSYS computer run. Also, the pressurizer and hot
leg temperatures have been defined in the design basis transients and are given
as input. The temperature in the riser of the surge 1ine is given as T, in the
lower half of the riser (the temperature at the top of the pipe in the horizontal
run), and as the average between T, and Toot 1 11 the upper half »f the riser.
This temperature distribution in the riser is known from the measurements
performed at Oconee Unit 1, and 15 the same as already used in the Verification
Run of Section 5.1.4.

In addition to the three ANSYS computer-runs pec-formed for the three most
critical thermal stratification conditions, the structurs] loading analysis has
also been performed for a spectrum of seven other thermal stratificaticn
conditions defined in the design basis transients. These conditions have been
chosen to cover a wide range of different top-to-bottom temperature differences.
Also, the structural loading analysis has been performed for the 100% power
therma)l conditions characterized by a complete lack of top-to-bottom temperature
difference.

As a result of each thermal stratification condition above, the internal forces
and moments in the surge line have been calculated {in separate ANSYS computer-
runs). Furthermore, having these 11 sets of internal forces and moments allows
the gereration of an interpolation scheme to determine the internal forces and
moments everywhere 1in the surge 1line. The variables included in this
interpolation scheme are the location on the surge line (coordinates), the
"equivalent linear" top-to-bottom temperature difference, the average between
Teop 8N Tioerm and the temperatures of the pressurizer and the hot leg.
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.2, Generic Stress Indices for the Surge Line Elbows

The thermal expansion secondary stress has to be verified in NB-3600 through the
Equation 1Z stress which is required to be within the 3*Sm allowable. This
Equation 12 ctress contains the stress index C,. For the elbows, NB-3600 gives
the same vilues for the secondary stress index C, and for K, * C,, which is the
multiplication of stress indices to be used for the elbow peak stress (K, s
defined as 1.0 for the elbows). Using the definitions of secondary and peak
stresses given in NB-3213.11 and NB-3213.13, the C, and K, stress indices have
been recalculated for the surge line elbows. The following finite element
analyses are for all four surge 1ine elbows, as they are identical to each other
(90 degree elbows. 10 inch schedule 140, stainless steel A 403, grade WP316).

The computer program ABAQUS (reference 19) 1s used for the purely elistic and
elasto-plastic finite element analyses described in the next subsections. ABAQUS
is a general-purpose finite element program for l1inear and non-linear structural
applications. ABAQUS has beer chosen for these finite element analyses, because,
whnila 1t s well suited for purely 1inear analyses, the overall program design

is dominated by features especially suited for non-linear and elasto-plastic
problems.

.8, Purely £lastic Finite Element Analysis

A finite ¢lement model of the surge 1ine elbow has been built as shown in Figure
5-5. A purely elustic finite element analysis has been performed, using the
computer prugram ABAQUS, for the following two loading conditions: in-plane
bending of the elbow, and out-of-plane bending of the elbow,

The most critical stresses from these two loading cases are compared with the
stresses which can be calculated by using the formulas given in Table NB-3685.1-
2. From both loading conditions, the highest stress index for these maximum
stresses occurs when applying in-plane bending: 2.32, using Table NB-3685.1-2,
and 2.33 from the ABAQUS finite element Analysis. This verifies the ABAQUS
finite element model and reinforces the fact chat the formulas given in Table NB-
3685.1-2 are calculating peak stresses.




5.2.2. Elasto-Plastic Finite Element Analvsis

. To study the influence of the peak stress on the distortion of the surge line
elbow, an ABAQUS elasio-plastic finite element analysis has been performed for
the same two loading conditions &s in subsection 5.2.1: in-plane bending and
out-of-plane bending.

In the case of in-plane bending, the highe~t ttress in the elbow reaches the 3*Sm
allowable at the loading level for which K2 * C2 is equal to 2.33. After passing
this loading levei, the inside and outside fibers on the elbow thickness enter
the elasto-plastic domain in very localized regions of ‘he cross-section and do
not contribute further to the strength of the elbow. As a result, the surge line
elbow no longer behaves in a purely elastic manner. However, when plotting these
displacements as 2 function of the increasing loacing level, it can be seen that
the general distortion of the surge line elbow remains an essentially linear
function of the loading level. This means that, for a reasonable range of
loading above the louding levei which causes initial yielding, the highest
stresses at the inside and outside fibers on the elbow thickness do nct
contribute significantly to the distortion of the elbow. (This is because
initia) yielding is localized.)

. In other words, these stresses are peak stresses which should be considered in
tne fatigue analysis, but not secondary stresses, as they do not cause any
appreciable distortion. In the case of cut-of-plane bending, the surge line
elbow behaves in a very similar fashion as in the case of in-plane bending.

223 Lalewlation of a Generic Stress Index C2 for Secondary Stress in the
surge Line Elbow

The determination of the geieric stress index C; for calculating the maximum
secondary stress in the surge line elbow has been based on the fact that the
secondary stress 1s the stress which contributes to the general distortion ¢f the
elbow. Therefore, the maximum state of stress has been linearized on the pipe
cross-section, and the resulting stress at the outside fiber of the pipe cross-
section 1s the maximum secondary stress, after an additional factor of safety is
applied (using the fact that this is a displacement controlled phenomenon).
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The resulting stress indices C, from the finite element analysis are as follows:

. For in-plane bending, C, = 1.30

‘ For out-of-plane bending, C, = 1.58
Therefore, the generic stress indices for the surge 1ine elbows are: C, = 1.58
and K, = 1,48, leading to a total peak stress index K, * C, equal to 2.34. These
stress indices have been used in the Fatigue Analysis of the surge Tine.

5.3 Verification of NB-3600 Equations (Equations 12 and 13. and Thermal Stress
Ratcheting)
When accounting for the most critical thermal stratification cycles, the Primary
Plus Secondary Stress Intensity Range, Equation 10 of NB-3653 (reference 18),
exceeds the 3*Sm limit. This occurs typically for the thermal stratitication
cycles associated with the very high top-to-bottom temperature differences in the
surge line (such as the past heatup transients). For all other thermal
stratification cycles, the Equation 10 Stress Intensity Range is verified to be
less than the 3*Sm 1imit. To be able to perform the simplified elasto-plastic
fatigue analysis in accordance with NB-3600, it is necessary to verify Equations
12 and 13 of NB-3653.6, and the Thermal Stress Ratcheting Equation of NB-3653.7.
These verifications (described below) are performed using the 3*Sm 1imit based
on the ASME Code allowable yield stress for the material.

Equation 13 consists of calculating the primary plus secondary membrane plus
bending stress intensity, excluding thermal expansion, and comparing the total
resulting stress with the 3*Sm limit. Equation 13 stress is due to dead weight,
operating pressure and Operating Basis Earthquake (OBE). The surge 1ine does not
contain any materi.l or thickness discontinuity. Therefore, the third term of
Equation 13 stress is equal to zero (no variation of modulus of elasticity and
no abrupt variation of average temperature in the axial direction of the piping).
Equation 13 stress has been shown to be acceptable at every surge 1ine location
ra» al) six BAW lowzred-loop plants. The maximum Equation 13 stress occurs in
the elbow just belo:: the pressurizer (elbow D) for the TMI Unit 1 surge line.
It 1s equal to 26.8 Ksi, which is 56% of the 3*Sm 1imit of 48 Ksi,

The verification of Thermal Stress Ratcheting consists of comparing the highest
occurring Delta T, range with an allowable value to be calculated in accordance
with NB-3653.7 of reference 18 (Delta T, range is the range of the linear
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through-wall tempzrature gradients). This verification is performed in the
fatigue analysis of the surge 1ine described in subsection 5.5. This 15 “ecause
the right hand side of the equation (the allowable Delta T, range) includes the
vield strength value which has to be taken at the average fluid temperature of
the transient under consideration, However, for a yield strength value taken at
the maximum possible temperature in the surge line (650F), the allowable Delta
T, range is sti1] more than 15% higher than the maximum Delta T, range occurring
during the thermal stratification cycles. Therefore, Thermal Stress Ratcheting
s verified to be acceptable (by more than 15%).

Equation 12 consists of calculating the secondary stress range due to thermal
expansion and comparing it with the 3 * Sm allowable. To do so, the internal
forces and moments due to each one of the three most severe thermal
stratification conditions have been compared.

Arplying the thermally adjusted internal forces and moments from the most severe
thermal stratification conditions, Equation 12 secondary stress has been verified
at every surge line location, using the simplified ASME-Code equations and the
conservative generic elbow stress indices (derived earlier), except for three
elbows. These three elbows are elbows B, C and D (see Figure 3-1).

The three elbows which failed the simplified Equation 12 have been addressed via
the elasto-plastic finite element analysis. For each cne of these elbows, the
thermally adjusted internal forces and moments from the most severe thermal
stratification conditions have been applied on the elbow finite element mode)
documented in Section 5.2. The method used to calculate the resulting maximum
secondary stress was exactly the same as the one used for the generation of the
generic stress index C, in Section 5.2.4. For these elasto-plastic finite

element analyses, the 3 * Sm allowable is taken (conservatively) at the maximum

possible temperature in each elbow. This maximum possible temperature is, for
all three elbows B, C and D, the temperature at the top of the horizontal porti

n

0
of the surge line. The maximum resulting secondary stress is calculated to be
smaller than the 3 * Sm allowable.
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basi, transients specify the temperature data necessary for the
oading Analysis documented above (subsection 5.1.5). In addition,
specify the maximum flow rate in the surge line for each time span between
secutive PV's (either between a valley and a pcak, or between a peak and
y). Also, the maximum variation of the fluid temperature with time can

in the design basis transients for the nozzles.

an outsurge, the hot temperature fluid from the pressurizer flows on to;

relatively stagnant lower temperature fluid. This leads to a hot
temperature flow, into a relatively cold inside wall. The maximum flow rate for
the trarsient has been assumed to be constant for conservatism; and the variatior
of the fluid temperature has been taken at the highest temperature gradient given
in the drsian basis transients for all the outsurges. The flow cross-section has
been reduced {o the upper portion of the inside pipe cross-section, tt

uUSs

maximizing the flow velocity and the through-wall temperature gradients Delta T,

T

and Delta T,. These temperature gradients occur at the top of the pipe.

During an insurge, the cold temperature fiuid from the hot leg flows through the
surge line. As a result, the temperature at the bottom of the pipe does not
change significantly, but the top of the pipe experiences a temperature decreare
from T, (top, peak) to T, (top, . Therefore, the insurge is analyzed
to the way the outsurge i nalyzed: cold temperature flow, into
hot inside wall, The maximum flow rate for the transient has
be constant for conservatism: and the variation of the
temperature has been taken at the highest temperature gradient
design basis transients for all the insurges. The fiow cross- ion is the
whole inside cross-section of the pipe. (Buoyancy is minimal since hot leg water

has approximately the same temperature as the water at the bottom of the pipe.)

»

The maximum through-wall temperature gradients Delta T, and Delta 1, occur at the

top of the pipe

The Peak Stress Intensity Range is a diric C ' of the through-wall

+n . atiivn ardiante Nale T Y Nalt
temperature gradients Delta  and velta

/N .




insurges and the outsurges have been utilized to obtain the total Peak Stress
Intensity Range.

The through-wall temperature gradients Delta ., and Delta T, calculated as
described above are very conservative, This is due to the fact that, for both
the outsurges and the insurges, all temperature data, flow rates and fluid
temperature variations are taken at their conservative extreme values (either
maximum or minimum). Also, no consideration has been given to the loss of
temperature as a result of thermal conduction around the pipe cross-section
(which would mitigate the effect of the extreme fluid temperature ramp assumed) .

5.4.2. Peak Stresses due to Thermal Striping

The thermal striping temperature data are given in the design basis transients.
These temperature data are maximum inside wall temperature ranges occurring in
the region of the fluid interface centerline.

To calculate the temperature distribution through the thickness of the surge line
at different points in time, a mathematical model has been built, using the
Finite Element program ANSYS. The time-dependent wall temperature has been
simulated as a "cut-sawtooth" wave which is very close to a sine wave. From the
experimental thermal stripino wark described ir Section 4.3, it is known that the
thermal striping fluctuations ha'e a period of approximately 1.C second.
Therefore, a sensitivity analysis is performed to determine for which thermal
striping period the peak stress intensity range is the highest. The inermal
striping periods considered in this sensitivity analysis are 0.5, 1.0, 2.0 &nd
4.0 seconds, to cover the entire rance of periods whiclh could be expected.

For each thermal striping period studied, the ANSYS computer-run produces time-
dependent temperature profiles through the pipe thickness. There are two extreme
temperature profiles: one above the average temperature and with the inside wall
temperature reaching & maximum, and the other below the average temperature and
with the inside wall temperature reaching a minimum. For these two temperature
profiles, the l1inear and non-1inear through-wall temperature gradients have been
calculated, leading to the maximum peak stress intensity range.

This evaluation has been repeated for each one of the four thermal striping
periods. It is found that there is not one most critical thermal striping period.
This is because the maximum peak stress intensity range is a function of the
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stress index Ky which acts on the peak stress contribution from the linear
through-wall temperature gradient Delta T,, but not on the one from the non-
linear through-wail temperature gradient Delta T, (which does not have any stress
index). For a stress index Ky equal to 1.7 (girth butt welds, as-welded), the
most critical period is 4.0 seconds, because the higher the period, the greater
the 1inear temperature gradient Delta T, is. On the other hand, for Ky equal to
1.0 (locations remote from welds), the most critical period is 0.5 seconds. In
tnat case, the maximum peak stress is the so-called "skin stress", due to Delta
T, (in the surge line, 1.7 and 1.0 are the only two possible values for K; ).

For the Fatigue Analysis of the surge Tine, the peak stress intensity range due
to thermal striping has been taken at its maximum possible value: at the as-
welded locations, it is the peak stress intensity range corresponding to &
striping period of 4.0 seconds; and at the locations remote from welds, it is Lhe
peak stress intensity range corresponding to a striping period of 0.5 second.

As already mentioned in subsection 5.1.3, the top-to-bottom temperature profile
on the pipe cross-section is not linear. In the Structural Loading Analysis of
the surge 1ine, the "equivalent linear" temperature profile has been applied for
the generation of the internal forces and moments. The difference between the
actual non-linear and the "equivalent linear" temperature profiles 1is a
relatively small temperature difference which is referred to as the Delta T,
temperature difference. It causes a peak stress very similar to the one produced
by the non-1inear through-wall temperature gradient Delta T,.

The two most severe measured top-to-bottom temperature profiles have been
analyzed (see subsection 5.1.3). These two measured top-to-bottom temperature
profiles have been selected for their particularly non-1inear shapes. Therefore,
these non-1inear shapes will lead to the highest possible temperature differences
Delta T,. To better study the influence of Delta T, on the localized state of
stress in the pipe, an ABAQUS Finite Element model has been built (reference 19);
and the temperature differences have been applied as input. The ABAQUS Finite
Element analysis is performed for each one of the two measured top-to-bottom
temperature profiles.
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From the two ABAQUS Finite Element analyses, i1t has been found that the maximum

peak stress intensity occurs at the inside radius of the pipe cross-section. This

maximum peak stress intensity takes into account all localized effects in the

"1 K

pipe cross-section, including the localized bending on the pipe thickness,

A correlation has been developed to calculate the maximum temperature difference
Delta T,, as a function of the top-to-bottom temperature difference and the
elevation of the fluid interface centarline, and give the maximum peak stress
intensity in the pipe cross-section, as a function of the maximum temperature
difference Delta T,, the top-to-bottom temperature difference and the elevatior
of the fluid interface centerline,

2.5, Ffatigue Analysis of the Surge Line,

As described in Section 5.3, Equations 12 and 13 of NB-3653.6 and the Thermal
Stres. Ratcheting Equation of NB-3653.7 have been verified to be acceptable
Therefore, the fatigue analysis of the surge 1ine can be performed in accordance
with NB-3653.6(¢) The verification of Equations 12 and 13, the Thermal Stress
Ratcheting verification, and the fatigue ana2lysis of the surge line have been
performed in accordance with the 1986 Editicn of NB-3600. This 1s a requirement

of NRC Bulletin 88-11: "Fatigue Analysis should be performed in accordance with

the latest ASME Section IIl requirements incorporating high cycle fatigue"
(reference 1).

Code reconciliation has been performed to remove all concerns
associated with using the later Code (1986 Edition) for this fatigue stres:
analysis. For this Code reconciliation, each plant’s surge line stress report
has been reviewed (the code of record for piping analysis is not the same for all

N

the surge lines). The Code reconciliation has shown that:

research performed since the publication of the B-31.7 USA Standards
and 1969) has led, in general, to more sophisticated mathematical formu)
for the stress indices,

the allowables used in this final smaller
than the ones used in the origin tres reports (therefore, the

=39 alhY n s A 4 < : .
allowables used ir onservative),

3) the fatigue analysis > surge line incorporates the fatigue curves uj
fatigue curves of the B-3

and therefore d¢




contribute any additional fatigue usage for relatively low alternating
. stresses).

fFor each of the thermal stratification peaks and valleys from the design basis
transients, the total Equation 11 peak stress intensity has been calcuiated. The
complete "loading map" for the peak stress intensity values is as follows:

. Momert loadings due to thermal stratification ("Equivalent Tinear"
top-to-bottom temperature difference ),

. Internal pressure in the surge line,

. The additional localized peak stress due to the non-linearity of the
top-to-bottom temperature profile, and

. The maximum stress (for a given thermal stratification condition)
between the peak stress due to thermal striping and the one due to
Fluid Flew. The maximum is used, because these two peak stress
intensities occur at two different locations in the pipe cross-
section during the same thermal stratification condition (in the
region around the fluid interface centerline for thermal striping
. and at the top of the pipe for the Fluid Flow conditions). This
maximum peak stress intensity 1s added for the thermal
stratification peaks and subtracted for the thermal stratification
valleys.

A sort of all the total peak stress intensity values has been performed, and a
ce¢lection table nas been built for the combination of the thermal stratification
peaks and valleys into pairs. This selection table is built in such a way that
the peak stress intensity ranges are maximized.

For each pair of thermal stratification conditions (one peak and one valley), the
alternating stress intensity (Sa) has been calculated, as a function of the peak
stress intensity range and of Equation 10 primery plus secondary stress intensity
range. The usage factor associated with the Sa value has been calculated, using
the "extended" fatigue curves of the ASME-Code, Section III, Appendix I (up to
10" cycles). A summation of all usage factors on all pairs of ihermal
stratification conditions has resulted in the main fatigue usage. This main
fatigue usage includes all the thermal stratification conditions characterized
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by a top-to-bottom temperature difference. Also, the surge 1ine internal moments
due tc an Operating Basis Earthquake have been added conservatively to the most
critical thermal stratification internal moments, for consideration of future OBE

occurrences

As required by ASME-Code NF -600, all stress intensity ranges from the different
contributions given in the ,oading map" above have been combined to generate the
maximum tota)l stress intensity range to be used for fatigque.

his fatigue analysis, the Thermal Stress Ratchet has oeen
verified to be acceptable, in accordance with NB-3653.7. This verification is
performed for every range of 1inear through-wall temperature gradients (Delta T,

range)

The following fatigue contributions have been added to the main fatigue usage:

Fatigue due Lo highly cyciic thermal striping ranges. The design
basis transients define, for each event, the number of occurrences
of each thermal striping range.

Fatigue due to the future Operating Basis Earthquake ranges (cycles
which are not associated with the thermal stratification events).

Fatigue due to additional Fluid Flow conditions which are not

associated with significant thermal stratification conditions.

The fatigue usage factor due to the highly cyclic thermal striping ranges has

been found to be in the following ranges: between 0.10 and 0.15 at the locat

ions
with a stress index K, equal to 1.7 (girth butt welds, as welded), and betweer
2

0.06 and 0.09 at the locations with a stress index K, equal to 1.0 (I

Anratinne
LR AS ~

remote from welds). The reason for the 50% difference between the extreme values

1n each range 15 ine ac the number of daesign transients 1S not the same

e

each E;‘w WOW@"‘::A‘

The fatigue usage factors associated with the future OBE cycles and with
additional small. However, in order to complete
he total d to the sum of the usage factors

from the main igue and from the highly cyclic thermal striping ranges.




5.6, Fatigue Analysis Results for the Surge Line

Table 5-1 is a plant-specific table of the total fatigue usage factors for a 40
year plant 1life (including past and future fatigue). This table is plant-
specific because the number of occurrences of the everts defined in the design
basis transients is unique to each BAW lowered-loop plant.
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. Table 5-1. Specific Total Fatigue Usage Factors for the Surge Line

m
Surge Line Oconee Oconee Oconee CR-3 ANO-1 TMI-1
Locations Unit 1 Unit 2 Unit 3

Most
Critical 0.48 0.48 0.47 0.37 0.38 0.38
Straignt

Most
Critica) 0.7% 0.82 0.76 0.64 0.66 0.65
E1bow

Second Most
Critical
Elbow 0.76 0.79 0.75% 0.60 0.60 0.6

Drain
Nozzle 0.35 0.37 0.33 0.25
Branch

(See Section 6 for the pressurizer surge nozzle and the surge line / hot leg
nozzle).

A1l tota) fatigue usage factors are smaller than their allowable of 1.0. The
highest cumulative damage is 0.82 (this value is for Oconee Unit 2).

The most critical locations are the same for all six surge lines: the highest
cumulative damage occurs in the vertical elbow at the bottom of the surge line
riser (elbow B); and the second highest cumulative damage occurs in the vertical
elbow just below the pressurizer (elbow D). Elbows B and D are indicated in
Figures 3-1 and 5-1.
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Figure 5-2. Comparison of Surge Line Displacements, X - direction
(Colculoted vs Measured with DT=2B0F)
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Figure 5-4. Comparison of Surge Line Displacements, 7 - direction
(Calculated vs. Measured with DT=280F)
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Figure 5-5. Finite Element Model of Surge Line Elbow
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6. NOZZLE ANALYSES

In addition to the structural analysis of the surge 1ine described in Section §,
detailed stress analyses of the pressurizer and hot leg nozzles have been
performed to demonstrate compliance with the requirements of the ASME Code,
Section 111. The thermal and pressure parameters for each nozzle are described
in the design basis transients of Section 4.5. In addition, .acn nozzle is
subjected to piping loads from the surge line itself. These .-+z, have been
taken from the piping analysis described in Section § and the resultiry stresses
have been combined with those from pressure and thermal loading..

Detailed descriptions of the analyses of the pressurizer surge nozzle and of the
surge line to hot leg nozzle are contained in the following sections. The
analysis of the surge drain nozzle is part of the surge 1ine structural analysis
described in Section 5 (Table 5-1 gives the total fatigue usage for the surge
drain nozzle of each plant).
6.1. Pressurizer Surge Nozzle
The purpose of this section is to describe the evaluation of the pressurizer
surge nozzle. The analysis of the nozzle, safe end, and safe end-to-pipe weld
has been performed using the finite element method as implemented by the “ANSYS"
computer cr Reference 17. The loads used for evaluation were the thermal and
pressure loads identified in the design basis transients for the surge line
t ‘cation (see Section 4.5). The acceptance criteria for the evaluation
¢ requirement: for Class 1 components of the ASME B&PV code, Section III,
- edition with no Addenda, reference 18. The safe end, nozzle, and
urizer head were evaluated using the requirements of NB-3200. The safe end-
to-21bow weld was evaluated to the requirements of NB-3600.
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1

e.l. 1. Geometry

The pressurizer surge nozzle is shown in Figure 6-1 and consists of a carbon

steel nozzle welded to the carbon steel lower head. Both the nozzle and
pressurizer head are clad with stainless steel to prevent reactor coolant fluid
from contacting the carbon steel base metal. The nozzle and head are also
protected from thermal shock by a stainless steel thermal sleeve.

A stainless steel safe end is welded to the end of the surge nozzle and then
welded to the stainless steel surge line piping in the fieid The weld hetween
the safe end and pipe is critical since it is in the "as-welded" condit an and

requires special consideration (stress indices) in the stress evaluation.

£.1.2. Description of Loadings

The loadings on the pressurizer surge nozzle consist of thermal gradients,
internal pressure, and external piping loads. Since the pressurizer surge nozz
is vertically oriented, there are no significant thermal stratification loads

(ie. temperature gradients from one side of the nozzle to the other).

L

The thermal gradients are caused by the various temperature swings (peaks and
valleys) associated with the in- and out- surges of fluid between the pressurizer
and the RC pipe. The temperature swings are defined in the design basis for the
surge line. The thermal gradients and stresses due to these temperature swings

are determined using the ANSYS finite element code.

1

The RC system pressure is applied Lo the internal surface. of
end, and heao. The pressures are defined in the deésign basi

L

stresses are de.ermined using ANSYS

There are significant extornal loads developed due to the heating and cooling of

the surge "ine as well as (he stratification in the surge line. The external
loads, forces and moments, for each .eak and valley are given 1 the
documentation of the surge line .nalysis. The stresses due to these moments are

calculated using classical solutians (e.g. Mc/I).

6.1.3. Discussion of Analysis

An axisymmetric thermal and thermal stress analysis has been performed using the

ANSYS finite element computer code. The trarsien’ thermal analysis consists of

imposing time dependent boundary conditions (bui¢ fiuid temperatures and heat
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transfer coefficients) on the finite element model. Nodal temperatures from the
thermal analysis have been stored on magnetic tape for each fteration (time step)
of the transient. Tz ANSYS postprocescor "POST 26" has used the nodal
temperatures to calculate Delta-T’'s between various locations in the structure.
Tables of the Delta-T’'s versus time for each transient have been used to
determine when the maximum and minimum stresses are likely to occur. The nodal
temperatures for each critical time step are input to the ANSYS stress routine
for the determination of stresses. The ANSYS postprocessor, "POST 11", has been
used to linearize the stresses at critical sections of the structure. Pressure
stresses at the critical sections have also been determined using ANSYS and
POST11. Stresses due to external loads are hand calculu.ed and combined with the
thermal and pressure stresses for comparison to ASME code allowables.

Due to the large number of temperature swings (peaks and valleys) associated with
the therma) stratification transients it was not practical to evaluate each peak
ind valley as an individual case. Instead, a few "base cases" were created to
envelop the large number of identified peaks and valleys. The base cases were
chosen tu cover both up and down ramps, various starting temperatures, various
ramp rates, and various changes in temperature (Delta-T). The temperature
distribution and re.ulting thermal stresses for each of the base cases have been
determined using the procedure described above. A summary of the parameiers used
in the base cases and the resulting stresses is given in Table 6-1. The actual
transients identified in the design basis were reviewed and each peak and valley
have been assigned a representative "base case". The selection of "base case"
was such that the stariing temperature, ramp rate, and Delta-T of the actual
transient were bourded by those of the "base case”. The linear and maximum
thermal stresss: from the chosen "base case" nave been used directly for
combining with str<sses due to pressure and external loads.

Pressure stresses fo. a base case with an internal pressure of 2200 psi have been
determined using ANSYS  The pressure stresses for each peak and valley have been
determined by multiplying the stresses from the base case by the ratio of the
actual pressure for the peak or valley from the design basis to the pressure used
in the pressure base case (2200 psi).

The external load stresses for each peak and valley have been determined by
taking the moments from the surge 1ine evaluation at the time nearest the peak
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or valley and calculating the resulting stress using ¢la sical solutions (e.g.

Mc/1).

The thermal, pre.sure, and exter al load stresses have been multiplied by the
appropriate stress indices (Table NB-3681(a)-1) or stress concentration factors
and then combined for determination of maximum stress and fatigue usage. The
results are given in Section 6.1.7.

6.0.4. List of Assumptions/lnputs Vsed in Analysis

1)

?)

3)

4)

5)

6)

7)

Since tne surge 1ine elbow is a 3D structure it cannot be included in an
avisymmetric model, therefore it has been modeled as a straight pipe.
This change should have a negligible effect on the resulting stresses in
the safe end-to-elbow weld. The cctual stresses in the elhow have been
considered in the evaluation of the surge 1ine, Section 5.0,

Because the exact fluid boundary conditions on the inside surface of the
lowe' aead are difficult to determine, it has been assumed that the fluid
boundary conditions (fluid temperature) are similar to those in the surge
nozzle. In other words, the cold fluid entering the pressurizer has been
assumed to fall to the bottom where it contacts the lower head.

The outside of the lower head, nozzle, and piping have been assumed to be
fully insulated (no heat loss).

It has been assumed that the water between the thermal sleeve 0D and
nozzle 1D is stagnant (no flow of water behind thermal sleeve).

The nozzle and pressurizer head are assumed to be at a uniform temperature
at the beginning of each up ramp (peak) or down ramp (valley). This is
conservative since it maximizes the radial and axial gradients in the
structure. Example: For an up ramp from 250F to 550F, the ramp begins
with the nozzle and head at 250F,

The fluid temperature ramp rate (F/Hr) used in the analysis has been the
maximum ramp rate at any time throughout the temperature change as defined
in the design basis.

The stress indices from Table NB-3681(a)-1 for an "as-welded transition®
have been used in the evaluat.on of the safe end-to-elbow weld.
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The OBf seismic events have been assumed to occur at steauy state
conditions and not at the point of maximum or minimum transienl stiress

Even 1f an evert were to occur during a time of maximum transient stress,
the effect on fatigue usage for only one occurrence of OBE would be
minimal,

.15, Thermal Analysis

An axisymmetric heat transfe~ analysis using the finite element code ANSYS has
hoen performed to obtain the temperature distributions in the nozzle, safe end,
welds, and pressurizer head The therma! transients evaluated are Lhose
specified in the design basis and discussed in Section 6.1.5.1. The resuiting
nodal ‘emperatures from the therma)l analysis have been used as input to the
stress analysis,

The finite element model of the pressurizer surge r-xzle is shown in Figure 6-2,
The nozzle, safe end, welds, and pressurizer head are represented by
isoparametric quadrilateral thermal elements, STIF §5. The required inputs for
this element are four nodal points and material properties: thermal conductivity,
density, and specific heat.

1.5l Selection of Transients

The operating transients for the surge line (and nozzles) have been identified
in the design basis for the surge line and discussed in Section 4.5, A review
of the transients revealed a significant number of temperature fluctuations
during each transient The temperature fluctuations involved approximately 70
different peaks or valleys per heatup and cooldown transient. The fluctuations
include temperature changes from approximately 50 to 450 degrees F. An example
of one of these transients, HUIAl, 1s own in Figure 6-3. As previously stated,
an evaluation of each peak and valley is not practical, therefore only a few
cases are considered. These cases are referred to as "base cases" and have been
selected to insure al) peaks and valleys have been enveloped. A summary of the
basc case parameters and resulting stresses is given in Table 6-1,

6.1.5.2. Therma® Boundary Conditions

The thermal bouncary conditions consist of convective heat transfer at the inside

surfaces of the pipe eltow, safe end, thermal sleeve, and pressurizer head.
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Because of the low velocities (generally less than 0.5 ft/sec) associated with
the in- and out- surges, the heat transfer is by natural convection and is caused
by the difference in temperature between the metal surface and the reactor
coolant fluid, The film coefficient versus Delta-T 1s input in tabular form to
the ANSYS therma) runs. ANSYS uses the actua) surface-to-fluid Delta-T at each
time step (fteration) to determine the appropriate film coefficient. A sample
of the film coefficients for the various regions of the model {5 given below.

LOCATION FILM COEf.
BTU/Hr-Ft*-F
] LOWER HEAD
2’ BEMIND THERMAL SLEEVE COLLAR 145
3* | BENIND THERMAL SLEEVE, WATER REGION 19 |
¢ BEHIND THERMAL SLEEVE, CONTACT ROLL 225
s SAFE END AND PIPE, BEYOND SLEEVE 465

Effective film coefricient, takes into account thermal resistance of
thermal sleeve, contact pressure, and water behind sleeve.
The outside surfaces of the pipe elbow, safe end, nozzle, and pressurizer head
have been assumed to be fully insulated. In addition, for symmetry, the ends of
the pipe elbow and head have been assumed to be insulated.

A summary of the thermal boundary conditions is shown in Figure 6-4.

6.1.5.3. Resylts of Thermal Analysis

The results of the thermal analysis are in the form of nodal temperatures. These
nodal temperatures are read into the thermal stress analysis and provide the
mode) with the axial and radial thermal gradients that produce the therma)
stress. The times at which the maximum gradients occur are used for the thermal
stress analysis since they will produce the maximum stresses. To determine when
the maximum gradients occur the ANSYS postprocessor, POST 26, has been used.
POST 26 provides a time history of the gradients at defined locations for the
duration of the transient. For the surge nozzle evaluation fifteen pairs of
nodes have been used to examine the thermal response (Delta-T) of the structure.
The locations of these 15 node pairs are shown in Figure 6-5. Since all the
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transient peaks and valleys are defined by a fluid temperature ramp, the maximum
thermal gradients (and maximum stress) occur at the end of the applied ramp.

6.1.6. Stress Analysis

An axisymmetric stress analysis using the finite element code ANSYS has been
performed (o obtain the stress distribution in the pipe, safe end, nozzle, and
pressurizer head. The loadings for the analysis are the nodal temperatures from
the thermal analysis (Section 5.1.5) and pressures from the design basis.
6.1.6.1. Description of Finite Elenent Model

The finite element mode] used for the thermal analysis has also been used for the
stress analysis. The only difference between the two models is the element type
designation. The nozzle, safe und, welds, and pressurizer head are represented
by isoparametric quadrilateral stress elements, STIF 42. The model representing
these components is the same as that shown in Figure 6-2. The required inputs
for this element are four ncdal points and material properties: density,
coefficient of therma) expansion, Young's Modulus, and Poisson’s ratio.

6.1.6.2. Structyral Boundary Conditions

The structural boundary conditions applied were required to simulate those
portions of the structure tha* had not been modeled. The end of the mode]
representing the pressurizer head has been restrained from metfon in the
mericdional direction (UY displacement = 0.0). This restraint simulates the
restraint of the adjacent head material. Th2 nodes at the end of the pipe
(elbow) have been coupled together in the axial direction for symmetry. £
summary of these boundary conditions is shown in Figure 6-6.

6.1.6.3. Selection of Transient Times

As stated in Section 6.1.5.3, the selection of transient times for use in the
stress analysis is depende t upon the thermal gradients through the structure.
The therma) gradients cause differential growth between adjacent material which
results in therma) stresses. The times at which the maximum radial and axial
gradients (Delta-T) occur have been evaluated for stress. The results of the

analysis shows that the radial gradient was the major contributor for maximum
stress and almost always occurs at the end of the defined thermal ramp.
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6.1.6.4, Finite Element Stress Resylts

The results from the ANSYS stress runs were not in a format which can be directly
compared to ASME code a)lowables, In order to get stresses compatible with the
ASME code requirements it was necessary to use the ANSYS postprocessor POST 11.
POST 11 performs stress linearization by converting the non-1inear through-walli
stress distributions into the stress components required for an ASME code
evaluation: membrane stress, bending stress, and peak stress. The pertinent
information about the linearization methods and detailed input is given in
Section 6.31 of the ANSYS users manual. Eleven stress classification 1ines (SCL)
have been selected to evaluate stresses in the various regions of the model. The
1ine locations are shown in Figure 6-7. After being combined, the linearized
stresses have been used to compare to the ASME code limit for th~ range of
primary-plus-secondary stress intensities (3*Sm limit). An exanp e Of the
linearized therma) and pressure stresses for the various "base cases” evaluated
is shown in Table 6-1. The tabulated stresses are those for the safe end-to-
elbow weld, SCL 10,

Also contained in Table 6-1 are the maximum stresses for the different "base
cases”. The maximum stresses represent the stresses at the surface of the
component and are given in the ANSYS element stress printout as the element
surfac> stress. When combined, the maximum stresses are used in the evaluation
for fatigue usage.

6.1.6.9. ASME Code Calcylations

The linearized thermal, oressure, and external load stresses for each peak and
valley were multiplied by the appropriate stress indices and combined to obtain
the total linearized stress. The linearized stresses for all peaks and valleys
have been tabulated and the difference between the maximum and minimum 1inearized
stresses have been used for comparison to the ASME code 1imit of 3Sm. A sample
of the linearized stresses for HUIAl at the safe end-to-elbow weld is given in
Table 6-2. When the 3Sm 1imit has been exceedea, NB-3228.5 "Simplified Elastic-
Plastic Analysis" has been used to justify the stress conditions.

The maximum thermal, pressure, and external load stresses for each peak and
valley have been multiplied by the appropriate stress indices or stress
concentration factor and combined to obtain the total maximum stress. The
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maximum stresses tor all peaks and valleys have been tabulated for evaluation of
fatigue. A sample of the maximum stresses for HUIAL at the safe end-to-elbou
weld is given in Table 6-3.

The fatigue evaluation took into account the number of cycles for each peak and
valley, the maximum stress ranges, the |inearized stress range associated with
the maximum stress renge, and the resulting Ke factor for the maximum stress
range when the linearized stress range exceed the 35m allowable.

The maximum 1inearized stress and fatigue usage factor for both the stainless
stee) and carbon steel portions of the surge nozzle are given in Section 6.1.7.
A11 stresces and fatigue usage factors meet the ASME code 1imits.

6.1.7. Summery of Results and Conclusion

A summary of results for the prassurizer surge nozzle evaluation is given in the
following table. Aithough the 3Sm 1imit is exceeded for both the carbon steel
and stainless steel, the reguirements of the ASME code have been satisfied by
performing a "Simplified Elastic-Plastic Analysis" as defined in NB-3228.5 of the

code.

PRESSURIZER SURGE NOZZLE
CALCULATED IATIGUE USAGE FACTORS

LOCATION

SAFE END-TO-ELBOW WELD
(STAINLESS STEEL)

NOZZLE-TO-HEAD CORNER
CARBON STEEL

In conclusion, the pressurizer surge nozzle, safe end, and safe end-to-elbow weld
meet the requirements for Class 1 components of the ASME code, Section 111, 1986
Edition with no Addenda for the revised design basis transients discussed in

Section 4.5,
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describe the evaluation of the hot ley surge

The stress ) f nozzl

zle and nozzle-to-surge 1ine weld has beer
performed using the 1ite elet method as implemented by the "ANSYS" computer
code, reference 17 » loads used for evaluation were the thermal and pressure
loads identified in the design basis transients for the surge line stratification
(see Section 4.5) he acceptance criteria for the evaluation were

requirements for Class components of the ASME BAPV code, Section [1]

edition with no Addeno., reference 18. The nozzle and nozzle-to-surge line wei
were evaluated using detailed reguirements of NB-3200 as permitted by NB

3600
Geometry

An axisymmetrical representation of a small segment of the surge line, hot leg

1
W\

v

surge nozzle, and hot leg is shown in Figure 6-8 with an effective radius for the

sphere (hot leg) eaqual to 3.2 times the hot leg pipe radius. The 3.2 to |

3.2 to 1
guivalent spherica) vessel 1s a modeling technique recommended by reference 20,
Using the 3.2 factor instead of the more common 2.0, assures that the maximum
pressure stress at the critical location in the nozzle is adequately predicted
by the axisymmetric model. This modeling technique 1s conservative for
predicting the membrane stress but is accurate for predicting the maximum stress
in the ¢ritical locations for use in a fatigue analysis. This piping Junction

consists of a carbon stee) nozzle welded to the carbon steel hot leg Both the

pu

nozzle and hot leg are clad with stainless steel to prevent reactor coolant fluid

from contacting the carbon stee® La:e metal.

n " a i P . & "
£.2.2. Description of Loadings

The loadings on the

le consist of thermal gradients, internal
pressure, and external

The thermal gradients are caused by the various fluid temperature swings (peaks

and valleys) associated with the in- and out- surges of fluid between the

pressurizer (hot) and the hot leg pipe (cold). The surge line fluid becomes
stratified near the hot leg nozz'e producing circumferential temperature
gradients and thermal striping which are in addition to the axisymmetric (radial

and longitudinal) temperature gradients produced by the transient. Also, the
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temperature differential between the surge 1ine fluid and the hot leg fluid
contribute to these temperature gradients. The temperature swings for the surge
nozzle and hot leg fluids are defined in the design basis for the surge line.
The therma) gradients and stresses due to these temperature swings are determined
using the ANSYS finite element code.

The RC system pressure is applied to the interna) surfaces of the nozzle and hot
leg pipe. The pressures are defined in the design basis and the resulting
stresses are determined using the ANSYS finite element code.

There are significant external loads developed due to the heating and cooling of
the surge 1ine as well as the stratification in the surge 1ine. The externa)
loads, forces and moments, for cach peak and valley are given in the
documentation of the surge 1ine analysis. The stresses due to these moments and
forces are calculated using the ANSYS finite element code.

6.2.3, Discussion of Analysis

In & typical fluid temperature spike, the top fluid in the nozzle will have a
larger temperature change than the bottom fluid. Thus, for the determination of
the radial and longitudinal temperature gradients and the associated thermal
stress, it 1s conservative to use an axisymmetric analysis with the top fluid as
the fluid boundary. An axisymmetric thermal and therms) stress analysis has been
performed using the ANSYS finite element ‘computer code. The transient thermal
analysis consists of imposing time dependent boundary conditions (bulk fluid
temperatures and heat transfer coefficients) on the finite element model. Nodal
temperatures from the thermal analysis are stored on magnetic tape for each
iteration (time step) of the transient. The ANSYS postprocessor "POST 26" uses
the nodal temperatures to calculate Delta-T's between various locations in the
structure. Tables of the Delta-T’s versus time for each transient are used to
determine when the maximum and minimum stresses are 1ikely to occur. The nodal
temperatures for each critical time step are input to the ANSYS stress routine
for the determination of stresses. The ANSYS postprocessor, "POST 11", is used
to 1inearize the stresses at critical sections of the structure. Stresses due
to pressure and resultant external force (along the nozzle axis) are also
determined at the critical sections using ANSYS and POSTIL.
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The stresses due to thermal stratification are determined for two base cases by
use of the ANSYS harmonic element STIF 25. This element is ussd for two-
dimensional modeling of an axisymmetric structure with nonaxisymmetric loading.
In the case being considered, the nonaxisymmetric loading is the temperature
field in the nozzle which varies in the circumferential direction as well as in
the radia) and axia) directions. The stresses oue to a circumferential
temperature gradient are independent of the radial and axial gradients. These
stresses are primarily a function of the tamperature difference Letween the top
and bottom fluid and the transition zone between the two fluid temperatures.

The circumferential temperature gradient i< approximated by assuming the top and
bottom of the nozzle are at a steady state condition for a thermal peak and
valley, respectively. The transition between these two temperature fields fis
assumed to be linear over the same 1" height of nozzle that contains the fluid
interface zone between the hot and cold fluid. From the design basis, the
centerline elevation of this interface zone in the hot leg nozzle, relative to
the centerline of the nozzle, varies from 0.0" to -3.88" during the various PV
temperature excursions. The elevation (Z) of the interface zone is assumed to
be at 0.0" fer actua) elevations of -2.0% < 2 » 0.0 and -3.88" for actual
elevations of -3.88" ¢« Z s -2.0%. Thus, only two thermal stratification load
base cases are required.

The two stratification base cases used a 229F temperature differential between
the hot and cold fluid. Therefore, the stress due to the base case
circumferential temperature gradient can be determined by subtracting the steady
state stress due to the radia) and axia) temperature gradients from the combined
stress due to radial, axial, and circumferential temperature gradients (from
harmonic element results which included the same steady state temperitures as
were used in the axisymmetric load).

The thermal stratification stresses due to the circumferential temperature
gradient for each peak and valley were determined by multiplying the stresses
from the appropriate circumferential temperature gradient base case by the ratio
of the actua) stratification Delta T for the peak or valley from the design basis
to the Delta T used in the stratification base case (228F).
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The outside of surge line nozzle and hot leg are assumed to be fully

insulated (no hert 108

The surge line nozzle and hot leg are assumed to be at a steady state
condition at the beginning of each up ramp (pesk) or down ramp (valley).
This 48 & conservative assumption since it maximizes the radial and axial

gradients in the structure for each peak or valley.

The fluid temperature ramp rate (F/Hr) used in the analysis in determining
the applicable base case 1s the maximum ramp rate at any time throughout
the temperature change (PV) as defined in the design basis.

The transition between the nozzle and het leg fluid temperatures is
assumed to be a step change occurring at the intersection of the nozzle
and hot leg pipe. This is a conservative assumption as a more gradual
transition will actually occur which would reduce the thermal stresses in
this region of the nozzle.

The stress indices from Table NB-3681(a)-]1 for an "as-welded transition”
are used in the evaluation of nozzle-to-surge line weld This
conservatively assumes the field weld was not ground flush on the inside
surface of the nozzle.

The OBE seismic events are assumed to occur at steady state conditions and
not at the point of maximum or minimum transient stress. Even if an event
were to occur during a time of maximum transient stress, the effect on
fatigue usage for only one occurrence of OBE would be minimal.

£.2.5. Thermal Analysis of Axisymmetric Loads

Av axisymmetric heat transfer analysis using Lhe finite element code ANSYS is

performed to obtain the tamperature distributions in the surge line nozzle and

hot leg. The thermal transients evaluated are those specified in the design

basis and discussed in Section 6.2.5.1. The resulting nodal temperatures fronm

the thermal analysis will be used as input to the stress analysis,

-

The finite element mode) of a small segment of the surge 1ine, surge nozzle, and
hot leg is shown in Figure 6-9. These components are represented by
isoparametric quadrilateral thermal elements, STIF §5. The required inputs for




this element are four noda) points and material properties: thermal conductivity,
density, and specific heat,

6.2.8.1. Selection of Transients

The operating transients for the surge 1ine (and nozzles) are fdentified in the
design basis for the surge line and discussed in Section 4.5. A review of the
transients revealed a significant number of temperature fluctuations during each
transient., The temperature fluctuations involved approximately 40 different
peaks or valleys per heatup and cooldown transient. The fluctuations include
temperature changes (Delta-1) with magnitudes ranging from approximately 50 to
400 F. An example of one of these transients, HUIAL, 1s shown in Figure 6-10.
As previously stated, an evaluation of each peak and valley is not practical,
therefore only a few cases are considered. These cases are referred to as "base
cases” and are selected to insure al) peaks and vaileys are enveloped. A summary
of the base case parameters and resulting stresses is given in Table 6-4.

6.2.5.2. Thermal Boundary Conditions

The thermal boundary conditions consist of convective heat transfer at the inside
surfaces of the mode). Depending on the flow velocity in the nozzle and hot leg,
either free or forced convection may be the predominant mode of heat transfer
between the fluid and metal surfaces. For natural convection, the heat transfer
is caused, primarily, by the difference in temperature between the metal surface
and the reactor coolant fluid, The film coefficient versus Delta-T is input in
tabular form to the ANSYS thermal runs. ANSYS uses the actua) surface-to-fluid
Delta-T at each time step (iteration) to determine the appropriate film
coefficient. For forced convection, the film coefficient is constant for a given
fluid velocity, temperature, and geometry. The film coefficient used in the
analysis is the maximum of the coefficients for free or forced convection. A
sample of the film coefficients for the two regions of the model is given below.

FREE | FORCED
NOZZLE 140 185
HOT LEG 115 3000
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The outside surfaces of the mode) are assumed to be fully fnsulated. In
addition, for symmetry, the ends of the model are assumed 1o be adiabatic
surfaces.

The transition between the nozzle and hot leg fluid temperatures s
conservatively assumed to be a step change at the intersection of the nozzle and
hot Teg pipe.

6.2.5.3. Results of Therma) Analviis

The results of the therma) analysis are in the form of nodal temperatures. These
noda) temperatures ere read into the thermal stress analysis and provide the
mode] with the axfal and radia) thermal gradients that produce the thermal
stress. The times at which the maximum gradients occur are used for the thermal
stress analysis since they are likely to produce the maximum stresses. To
determine when the maximum gradients occur the ANSYS postprocessor, POST 26, is
used. POST 26 provides & time history of the gradients at defined locations for
the duration of the transient. For the surge nozzle evaluation fifteen pairs of
nodes were used to examine the thermal response (Delta T) of the structure. The
locations cf these 15 node pairs are shown in Figure 6-11.

Figure 6-12 shows the temperature contours at an extreme Delta-T time point of
8 typica)l fluid temperature spike.

6.2.6. Stress Analysis of Axisymmetric Loads

An axisymmetric stress analysis using the finite element code ANSYS has been
performed to obtain the stress distribution in the model for the base case
axisymmetric loadings. The loadings for the analysis are the nodal temperatures
from the thermal analysis (Section 6.2.5), a unit pressure load (1000 psi), and
a unit axial force (10° 1bs).

6.2.6.1. Description of Finite Element Model

The finite element model used for the thermal analysis was also used for the
stress analysis. The only difference between the two models is the element type
designation. The STIF 55 thermal element is replaced with an {soparametric
quadrilateral stress element, STIF 42. The required inputs for this element are
four nodal points and material properties: coefficient of thermal expansion,
modulus of elasticity, and Poisson’s ratio.
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§.2.6.2. Structural Boundary Conditions

The structura] boundary conditions applied are required to simulate those
portions of the structure that are not modeled. The end of the mode)
representing the hot leg was restrained from motion in the meridional direction
(UY displacement = 0.0). This restraint simulates the restraint of the adjacent
hot 1eg pipe material. The end of the surge 1ine segment 1s assumed to be free.
The location of this free boundary condition is sufficiently remote from the
nozzle-to-surge 1ine weld such that any stress ‘nduced by the assumed boundary
condition will have attenuated to a negligibie value at this critical section,

6.2.6.3. Selection of Transient Times

As stated in Section 6.2.5.3, the selection of transient times for use in the
stress analysis 15 dependent upon the thermal gradients through the structure,
The therma) gradients cause differential growth between adjacent material which
results in thermal stresses. The times at which the maximum radial and axial
gradients (Delta-T) occur are evaluated for stress.

6.2.6.4, Finite Element Stress Results

The results from the ANSYS stress runs are not in a format which can be directly
compared to ASME code allowables, In order to get stresses compatible with the
ASME code requirements it is necessary to use the ANSYS postprocessor POST 11.
POST 11 performs stress 1inearization by converting the non-1linear through-wall
stress distributions into the stress components required for an ASME code
evaluation: membrane stress, bending stress, and peak stress. The pertinent
information about the linearization methods and detailed input is given in
Section 6.31 of the ANSYS users manual. Eleven stress classification 1ines (SCL)
were selected to evaluate stresses in the various regions of the model. The Tine
locations are shown in Figure 6-13. The sum of the linearized stresses for a
given load set is used to compare to the ASME code limit for the range of
primary-plus-secondary stress intensities (3Sm 1imit). An example of the
linearized and maximum therma) stresses for the various "base cases" evaluated
is shown in Table 6-4. The tabulated stresses are those for the nozzle-to-surge
1ine weld.

Also contained i: Table 6-4 are the maximum stresses for the different "base
cases”. The maximum stresses represent the stresses at the surface of the
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component and are given in the ANSYS element stress printout as the element
surface stress. The sum of the maximum stresses for a given load set is used in
he evaluation for fatigue usage.

6.2.2. Stress Analysis of Non-axisymmetric Loads

A non-axisymmetric stress analysis using the finite element code ANSYS has been
performed to obtain the stress distribution in the r*del for the base case non-
axisymmetric loadings. The loadings for the analysis are the circumferential
nodal temperature gradients for two stratification cases and a nozzle bending
moment as described in Section 6.2.3.

6.2.2.1. Description of Finite Element Model

The finite element stress mode) used for the axisymmetric loads was also used for
the stress mode) for the non-axisymmetric Joads. The only difference between the
two models 1s the element type designation. The STIF 42 element {s replaced with
@ harmonic element, STIF 25. The required inputs for this element are four nodal
points and constant material properties: coefficient of thermai expansion,
modulus of elasticity, and Poisson’s ratio.

6.2.70.2. Structural Boundary Conditions

The structura) boundary conditions are the same as was used for the axisymmetric
loads in Section 6.2.6.2.

6.2.2.3. ANSYS Load Step Data

A harmonic element mode! requires the load to be input as a series of harmonic
functions (Fourier series). The ANSYS preprocessor PREP6 is used to generate the
Fourier series for the stratification temperature fields described in Section
6.2.3. Stresses were obtained for all the odd numbered modes up through mode
number 33. These stress modes were then combined using the ANSYS postprocessor
POST29. The unit (10® in-1b) nozzle bending moment was applied as described in
Section 2.2.5, Case C of the ANSYS user’s manual. This bending moment is
represented by applying peak axial (nozzle) force values at the end of the
nozzle. The load varies as a first harmonic wave (MODE - 1) with a cosine
symmetry condition (ISYM « 1),




6.2.7.4, Finite flement Stress Resylls

The stresses output from POST29 were linearized at critical sections of the
mode]. The results were then combined with 1inearized stresses from other loads
and compared to the ASME code allowables as described in Section 6.2.8,

6.2.8. ASME Code Calculations

The linearized thermal, stratification, pressure, and external load stresses for
each peak and valley were combined to obtain the total linearized stress. The
linearized stresses for al) peaks and valleys were tabulated and the difference
between the maximum and minimum 1inearized stresses was used for comparison to
the ASME code limit of 3Sm. When the 35m limit was exceeded, NB-3228.5
*Simplified Elastic-Plastic Analysis" was used to justify the stress conditions.

The maximum (hermal, stratification, pressure, and external load stresses for
each peak and valley were multiplied by the appropriate stress indices or stress
concentration factor and combined to obtain the total maximum stress. The
maximum stresses for all peaks and valleys were tabulated for evaluation of
fatigue. A sample of the linearized and maximum stresses at the nozzle-to-surge
line weld with the es<sociated fatigue usage for a typical PV is given in Table
6-5. The fatigue evaluation took into account the number of cycles for cach peak
and valley, the maximum stress ranges, the linearized stress range essociated
with the maximum stress range, and the resulting Ke factor for the maximum stress
range when the linearized stress range exceed the 35m allowable.

Fatigue usage due to thermal striping on the stainless steel regions of the
nozzle 1s conservatively assumed to be equal to that calculated for the surge
1ine.

The maximum linearized stress and fatigue usage factor for both the stainless
steel and carbon steel portions of the surge nozzle are given in Section 6.2.9.
A1l requirements of the ASME code are met.

6.2.9. Summary of Results and Conclusion

A summary of results for the hot leg surge nozzle evaluation is given in the
following table. Although the 3Sm Timit is exceeded for both the carbon steel
and stainless steel, the requi..sents of the ASME code were satisfied by
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performing a "Simp)ified Elastic-Plastic Analysis® as defined in NB-3228.5 of the
code.

HOT LEG SURGE NOZIL
CALCULATED FATIGUE USAGE FACTORS
LOCATION Oconee | Oconee | Oconee | TMi-]1 | CR-3 | ANO-1
Unit 1| Unit 2 | Unit 3
NOZZLE-TO-SURGE LINE WELD 26 .26 2% 18 18 .20
(STAINLESS STEEL)
NOZZLE-TO-HOT LEG CORNER 59 59 .59 4] 42 42
(CARBON STEEL)
END OF NOZZLE TAPER 42 .42 42 .62 .62 .62
SCARBON STEELZ SR VR WSS, WmmahaNe.,.

In conclusion, the hot leg surge nozzle and nozzle-to-surge 1ine weld meet the
requirements for Class 1 components of the ASME code, Sectfon I1I, 1986 Edition
with no Addenda for the revised design basis transients discussed in Section 4.5,
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° TABLE 6-~1: BASE CASES

STRESS LINE 10, INSIDE SURFACE, SAFE END-TO~ELBOW WELD

] TRANSIENT INFORMATION ] STRESSES

Base| Temperatures | Ramp |Press| Linearized Maximum (el. 376)
Run,I (F) | Rate | 8512 8523 831 512 523 831
BR ¢#|Strt End Delta| F/Hr (psi) | (ksi) (ksil) (ksi) (kei) (ksi) (ksi)
LR S L2 =8 3 3 3 3% 4 3 3 3 -4 3 1 2 i [ NSO SR o L R S | 3 1 3 2% 3 38 8 4 3-2 4 3 1 2 1§ J
RUla| 80 482 402 | 900 | 11. -6, -4,
RUlb| B0 446 366 900 | 10.9 =6.0 =4,
RUlc| 80 373 293 900 10, -5. -4,
RU14| 80 309 229 900 9 -4,
kUlej 80 253 173 900 | 8. -3,
RUlf 209 129 900 7 “3.
RUlg 172 92 900 | 6. -2,

U2a|15 500 350 1500 15, -7,
RU2D | 443 293 1500 15. -6,
RU2¢C |18 383 2333 1500 13.

RU24 ) 387 317 1500

RU2e ‘ 285 135 1500
RU2E 248 98 1500
RU29 220 70 1500
RU3a 5 550 300 1000
RU3Db 484 234 1000
RU3e| 430 180 | 100V
RU3a 382 132 1000
RU3le 346 96 1000
RU3E 316 66 1000
RU3g 292 42 1000
RU4a 482 232 | 2000
RU4b|250 431 181 2000
RU4c | 250 38% 139 2000
RU44 250 352 102 2000
RUd4e | 250 320 70 2000
RUSa|400 650 250 2000
RUSH|(400 635 235 2000
RUSc|[400 580 180 2000
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. TABLE 6-1: BASE CASES
STRESS °NE 10, INSIDE SURFACE, SAFE END-TO-ELBOW WELD

TRANSIENT INFORMATION STRESSES
Base| Temperatures Ramp |Press Linearized Maximum (el., 376)
Run, (F) Rate 812 823 831 812 8235 831
BR #|8trt End Delta| F/Hr |(psi)|(ksi) (xsi) (ksi) |(ksi) (ksi) (ksi)
RS | BRSNS | RS | e 2 B R | R O
8450450 450 Y NONE -0.3 0.2 0.1 «0.3 0.2 0.1
§3CO[{300 300 0 NONE -0.2 0.1 0.1 0.2 .1 0.1
8870 70 70 0 NONE 0.0 0.0 0.0 0.0 0.0 0.0
RDla 550 300 =~250 -800 -9.7 5.3 4.5 |=-13.0 6.5 6.5
RD1b|550 332 =-218 -800 “9.4 4.8 4.6 |~12.6 6.1 6.5
RD1lc | 550 386 ~164 -8C0O 8.6 4.1 4.5 .110’ 5.1 6.4
RD1d | 550 432 ~l18 -800 7.6 3.2 4,3 [«10.3 4.2 6.1
RDle | 550 468 -82 ~800 6.4 2.4 3.9 -~8.8 3.2 5.6
RD1f| 660 493 -57 «~800 -5.1 1.8 3.4 7.2 2.4 4.8
RD1g| 550 514 =36 -800 3.6 1.1 2.5 -5.2 1.6 3.6
RD2a|482 160 =322 |[=4000 -28.1 9.8 18.3 |=39.7 13.1 26.6
RD2b!482 218 =264 |=4000 -25.0 8.1 16.9 [=-35.%5 11.1 24.4
RD2c|482 276 ~206 |=4000 -21.1 6.4 14.7 |=30.2 6.9 21.3
. RD2d4 482 321 ~161 |=4000 «17.3 4.9 12.4 |=25.0 6.9 18.1
RD3a {450 100 ~350 |=3000 ~25.2 .8 15.4 |=35.2 12.9 22.3
RD3b[450 1385 =315 |-3000 -24.0 9.1 15.0 [=33.7 112.0 21.7
RD3c[450 198 -252 |=3000 -21.4 7.5 13.9 |=30.,2 10.1 20.1
RD3d | 450 254 =196 [=3000 -18.4 6.0 12.5 |=26.2 8.2 18,0
RD3e (450 296 =154 [-3000 ~15.6 4.7 10,9 |=22.3 6.5 15.8
RD3f(450 338 =112 |=~3000 -11.9 3.3 8,6 [-17.3 4.7 12.6
RD3g (450 373 =77 |=3000 -8.2 2.1 6.1 |=12.2 3.1 9.1
RD4a 450 100 =350 |~1700 -17.7 6.3 9.4 |~24.2 10.5 13.7
RD4b (450 145 305 |[~1700 -17.0 7.6 9.4 |~23.3 .8 13.5
RD4c 450 215 =235 |«1700 «15.3 6.3 9.0 |=21.2 8.3 12.9
RD4d (450 270 =180 |=1700 -13.6 5.2 8.5 (=18.9 6.8 12.1
RD4e (450 315 =135 |-1700 -11.6 4.0 7.6 |=16.3 5.4 10.9
RD4f 450 350 =100 |=1700 -9.5 3.0 6.5 [=-13.4 4.1 9.3
RD4g (450 2380 =70 |=1700 7.1 2.1 5.0 |=10.2 2.8 7.3
RD4h (450 405 =45 |~1700 -4.6 1.2 3.3 -6.8 1.8 5.0
RD5a|300 100 =200 =700 -7.8 3.9 3.9 |=10.6 4.9 5.7
RDSb|300 137 =163 «700 7.4 3.4 3.9 (=10.1 4.4 $.7
RDSc|300 183 =-117 =700 -6.5 2.7 3.8 -9.0 3.6 5.4
RD5d4[300 217 =-83 «700 -5.85 2.1 3.4 «7.7 2.8 4.9
RDSe|300 243 =57 =700 -4.4 1.5 2.9 -6.2 2.1 4.1
PRS | | 12200 | =9.1 <=3.1 12.2 |=10.3 2.2 12.5
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LISEARITED STRESSES, TRANSIENT 1At

TASLE 6-2:

SIRESS LINE 10, INSIDE SURFALE, SAFE ED - TO-ELBON WELD
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TABLE &-7: LINEARIZED STRESSFS, TRANSIENT Al

SIRESS LINE 10, INSIDE SURFALE , SAFE END-TO-ELSOW WELD
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TABLE 6-3: MAXIMM STRESSES, TRANSIENT A1

STRESS LINE 10, INSIDE SURFACE, SAFE END-TO-ELSONW WELD
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TASLE 6-3: MANITMN STRESSES, TRANSIENT 1Al

STRESS LINE 10, INSIDE SIMFACE  SAFE FWD-TO-ELBON WELD
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Kotes:

Maximm Stress (S123 = max thermsl stress
Mar imm Stress (525) = sax therms! stress
Maximm Stress (S31) = max thersa! stress

+ (E3-1)(1inear therme! stress) + Xl{pressure stress) + C2{X2)piping stress)
s (KE-1)(linear thermal stress) + Kl{pressure stress) « LX) piping stress)
+ (£3-1)(1linear therma! stress) * X1{presswre stress), no piping stress

where: X1 = 1.2, X2 = 1.8, 3 = 1.7, €2 =128
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TABLE &6-4
TRERMAL STRESS SASE CASES FOR THE NOZZLE-TO-SURGE LINE WELD
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FIGURE 6-1
GEOMETRY OF PRE(IURIZER SURCE NOZZLE
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FIGURL €~
FINITE ELEMENT MODEL OF FRESSURIZE? SURGE NOZZLE
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FIGURE &4

. SUMMARY OF THERMAL. BOUNDARY CONDITIONS
(pressurizer surge nozzle)
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FICURE 6~5

LOCATION OF DELTA~T VALUES
(pressurizer surge nozzle)
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10 to 15 are axial Delta-T




FICURE 6~6

STRUCTURAL BOUNDARY CONDITIONS
(pressurizer surge nozzle)
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FIGURE 6~7

LOCATION OF STRESS CLASSIFICATION LINES
(pressurizer surge nozzle
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FIGURE 6-8
GEOMETRY OF HOT LEG SURGE NOZZLE
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FIGUPE 6-9

FINITE ELEMENT MODEL OF HOT LEG SURGE NOZZLE
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FIGURE 6~11

LOCATION OF DELTA-T VALUES
(hot leg surge nozzle)
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. FIGURE 6-12

HOT LEG SURGE NOZZLE TEMPERATURE CONTOURS (F) FOR A TYPICAL PV
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FICURE 6~1)3

LOCATION OF STRESS ULASSIFICATION LINES
(hot leg surge noxzle)




SUMMARY OF RESULTS

The B&W Owners Group has developed a program to comprehensively address the
requirements of NRC Bulletin 88-11, "Pressurizer Surge Line Therma)
Stratification". The Owners have collected the necessary information required
to evaluate the surge 1ine. In addition to operational records and plant design

information, plant thermal stratification data and thermal striping test data
have been obtained.

It has been determined that the lowered loop plant configuration and plant
operations are sufficiently simiiar for a generic development of the design basis
transients. Stratification data for the lowered loop plants has been obtained
by monitoring the thermal conditions of the Oconee Unit 1 surge iine during
normal operations. This data made it obvious that the original design basis did
not adequately represent surge line thermal conditions. The details of the
Owners plan have been subsequently developed to correlate the Oconee Unit 1
stratification data and other information for use in generating a set of

transients accurately representing the surge line conditions for the operating
conditions in the plants.

Davis-Besse Unit 1 (DB-1), a raised loop plant, requires its own instrumentation

{
\
and a separate plant specific set of design basis transients because of inherent

differences in its design. These differences are discussed in Section 3 and the
DB-1 analysis will be addrersed in a supplement to this report.

Revised surge line design basis transients accounting for plant evolutions
affecting the surge line for the 40 year design 1ife of each B&W plant have been
developed. The number of occurrences for each transient varies among the plants
due tc differences in operational history. The plant heatup and cooldown
trancients have been the most significant contributor to the fatigue usage factor
for surge 1ine components.




A structural loading analysis of the surge line has been performed to take into
account the global effects due to thermal stratification, The resulting internal
forces and moments have been applied for the fatigue stress analysis of the surge
1ine and the associated nozzles.

The fatigue stress analysis takes into consideration the stress ranges for the
global effects due to thermal stratification, the localized effects due to
therma) stratification, the pressure ranges, the Operating Basis Earthquake, the
therma) striping and the fluic flow conditions. A1l resulting stress intensities
have been shown to be within their allowable limits. As a result of the fatigue
analyses, the cumulative usage factor is less than 1.0 at all locations of the
surge 1ine and its nozzles.

In summary, the following is a tabulation of the highest usage factor of all six
lowered loop plants for the most important surge 1ine components.

e
L : ; ' : 40 year Life »
Surge Line Elbow 0.82
Straight Pipe Section 0.48
Drain Nozzle Branch Connection 0.37
Pressurizer Nozzle 0.4]
Hot Leg Nozzle 0.62

In view of the conservatism accumulated in the synthesis of the design transients
and in the analysis of resultant stresses, these fatigue usage values provide
assurance that the 40 year licensed 1ife of the lowered loop B&W plants will be
met with considerable margin to accommodate normal variations in operations.
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8. BASES FOR THE BAWOG ANALYSIS - FOR PLANT SPECIFIC APPLICATION

The generation of the revised Design Basis transients and the thermal
stratification fatigue stress analysis of the surge line have been based on
conditions stated in this section.

The thermal stratification fatigue stress analysis has been based on:

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

. surge 1ine movement within the travel range of each snubber,

. surge 1ine movement within the travel range of each hanger, and

. branch moments at the surge line drain nozzle connection within

their respective maximum allowables (for Deadweight, Operating Basis
farthquake and thermal stratification).

The generation ¢f the revised Design Basis transients (for future events) has
been based on the incorporation of operational guidelines which:

. 1imit the pressurizer to RCS temperature difference during plant
heatups and cooldowns (imposed with pressure/temperature limits),
and

. prevent surveillance tests . * cause rapid additions of water to

the RCS from being performed with a pressurizer to RCS temperature
difference greater than 220F.

The heatup and cooldown Design Basis transients which were defined for future
operation should remain conservative if the pressure is limited in accordance
with Figure 8-1. The curve shown in Figure 8-1 is a composite of variable
subcooling 1imits that change with RCS temperature. The operating procedures of
each of the lowered loop plants are to maintain pressure and temperature during
heatup and cooldown operations to the right of the selected maximum allowed
subcooling Timits.
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To meet the pressure 1imit specified for heatup in the temperature range /0F to
150F, preheating the RCS has been recommended. This may be accomplished by
thrott1ing back on the decay heat system cooling water (i.e. component cooling
water) and/or bypassing reactor coolant flow around the decay heat removal heat
exchanger. The availability of decay heat and the requirements of the heatup
schedule will dictate the capability of maintaining the recommended P/T profile
prior to achieving the conditions necessary for starting an RC pump. The fatigue
evaluation has been performed on the basis that 85% of the heatups for the
remainder of the plant 1ife can meet the recoinmended 1imit shown by path CDEN in
Figure 8-1. For those heatups involving pressurization at an RC temperature of
70F to 120F, a less restrictive limit is included in order to permit RC pump
operation at lower RCS temperatures (path ABEN in Figure 8-1) when core decay
heat is not adequate for raising RC temperature. The fatigue evaluation has been
performed on the basis that 15% of the heatups for the remainder of the plant
1ife will follow this heatup path. in summary, future heatups have been divided
into path CDEN (85%) and path ABEN (15%).
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' Figure 8-1. Surge Line Operational Limit
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APPENDIX A

Surge Line Data Acquisition at Oconee Unit 1
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Oconee Unit 1 was instrumented as part of the BAWOG program as discussed in
Section 4.1. This appendix supplements Section 4.1 with additional detail cn the
data acquisition,

1. Thermocouple Fabrication and Instrumentation Qualification

The thermocouple assemblies and associated extension wire assemblies required for
instrumenting Oconee Unit 1, including spares, were fabricated by the Babcock &
Wilcox Alliance Research Center (ARC). Seventy thermocouple assemblies were
fabricated from ANSI Type K, 20 gage solid Chromel-Alume) commercial grade
assembly wire having parallel conductors individually insulated with ceramic
fiber braid, an overall jacket of ceramic fiber braid and Inconel protective
overbraid. The hot junction, or bead of each thermocouple was formed by heliarc
welding (fusing) the two conductors together, then swaging the bead to a flat
disk to ensure intimate contact with the surge line pipe. Standard 2-pole
connector plugs with integral cable clamp were attached to the ends of the
thermocouple wires opposite the hot junction. Ninety-five thermocouple extension
cable assemblies were fabricated from ANS! Type K, 20-gage solid Chromel-Alumel
commercia) grade extension wire having twisted connectors individually insuiated
with Teflon, Mylar-backed aluminum foil shielding with drain wire, and an overall
extruded Teflen insulation jacket.

Qualifying the commercial grade thermocouples fabricated for the safety-related
pressurizer surge line temperature measurement application was accomplished by
the standard practice of “type" testing. In this approach, six additional
thermocouple assemblies prepared from the same materials and following the same
procedures that applied to fabricating the thermocouples installed at Oconee were
placed in ovens along with certified Platinum Resistance Thermometers (RTDs) and
heated. Comparison between the temperature registered by these qualification
test thermocouples and the reference temperature monitored by the RTDs provided
a means of qualifying the surge 1ine thermocouples. Also, as part of the
qualification test, the string potentiometers and the linear variable
differential transformers (LVDTs) were connected to the assigned channels of the
data ac~uisition system instrumentation cabinet, as configured for the surge line
field test, and operated. Transducers were arbitrarily chosen (four LVDTs and
four PTs) and exposed to simulated ambient temperatures expected to exist at
Oconee Unit 1 during heatup. At these various test conditions, reference
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displacements were imposed to assess the functional performance of the transducer
types.

fomparison of thermocouple data and the RTD reference indications demonstrated
that thermocouple readings were consistently within 1.5F of the reference
temperature. This agreement was well within the established acceptance criteria
at all test conditions for qualifying surge 1irne thermocouples. From the testing
and evaluations of the two types of displacement transducers, it was evident that
both the LVDTs and string potentiometers are well suited for the surge 1ine test
application The qualification results demonstrated acceptable displacement
transducer operating and performance characteristics when subjected to the range
of expected surge 1ine and pressurizer room ambient temperatures. Finally, the
qualification testing process demonstrated the adequacy of the Helios-based data

acquisition system for the ambient temperatures expected during plant operations,

2. Data Acquisition System Description and Operation

The schematic in Figure A-] depicts the general interface of components whic
make up the data acquisition system, The system included a Fluke Helios
maint,ame controlled by a hosc¢ Compag computer utilizing LabTech Notebook
software which was configured to receive the desired data. The computer and
Helios front end, which were located in the Oconee 1 control room, interfaced
with a remote Helios extender chassis housed in an instrumentation cabinet
located in the reactor containment building near the pressurizer surge line.
This instrument cabinet also contained the power supply, signal conditioning and
other interfacing equipment required for the surge line therwocouples and
displacement transducers,

With the system installation complete, the integrity of each instrument and
acquisition component was checked. Proper electrical loop resistances for the

thermocouples, lead wires, and extension cebles weve verified. A polarity

test
and a complete checkout were then performed for all instrument channels. Data

collection was started one hour before the pressurizer heaters were turned on and
continued until the plant had reached full power and remained there for several
days. There were only short time pericds in which data collection was
interrupted in order to download the data from the host computer,




In eddition to overseeing Data Acquisition System operation, members of the surge
line data acquisition team logged important plant events as the control room
operators and plant computer system kept the acquisition team informed of the
heatup procedural steps being taken., After the heatup was complete, the control
room logbooks and procedural checklist were also obtained to assist in
associating plant operations to surge line transients.

%

3, General Description of Data

The temperature and displacement of the surge 1ine were monitored, as well as the
reactor coolant system (RCS) conditions. A 1ist of recorded parameters 1is
contained in Table A-1. To monitor the thermal conditions of the surge line,
thermocouples were spot welded to the outer diameter of the pipe at nine
different axia) locations (see Figure A-2). The movement of the surge line was
monitored with displacement transducers at 23 locations (see Figure A-3). Fifty-
four thermocouples were installed, with either three, seven, or ten being placed
at the nine axial locations. Each vertical location (locations 2, 4, and 13)
contained three thermocouples placed symmetrically around the pipe. he
horizontal locations (locations 1, S, 7, 9, 11, and 12) containecC seven
thermocouples spaced from top to bottom down one side of the surge l!line.
Location 9 contained an additional three thermocouples evenly spaced along the
other side of the surge line for a total of ten thermocouples at this axial
location. The thermocouples were identified by axial location and relative
position as follows: "12-T5" means the thermocouple at axial position 12, fifth
from the top of the line,

Plant data has been recorded for four heatups, three cooldowns and during periods

of power operation. The data was stored for the first heatup and cooldown (2/89)

with a sample time of 20 seconds which was nearly the fastest update time

L

possible for the Data Acquisition System. The subsequent heatups and cooldowns

vV
primarily mo Ored ith an update time of 60 seconds which was deemed
second data. The large quantity of data (more thar

ASCII format and transferred to the
HPS000 Series 0 compute here the data was processed into functiona)




Table A-1. Oconee Stratification Test Signal List

SIGNAL SIGNAL DESCRIPTION
NAME

-Tl- Surge Line Location
-T2~ Surge Line Location
-T3- Surge Line Location
-T4 Surge Line Location
-T5- Surge Line Location
-T6- Surge Line Location
-17- Surge Line Location
-L3- 3" LVDT, S/N 648
-SP- 5" Celesco String Pot, $/N 2516
-SP- 5" Celesco String Pot, S/N 2513
-L2- 2" LVDT, S/N 1996
]1-SP- 5" Celesco String Pot, S/N 2520
-11- Surge Line Location Thermocouple
-T2 Surge Line Location Thermocoupie
T3 Surge Line Location Thermocouple
1-T4- Surge Line Location Thermocouple
1-75- Surge Line Location , Thermocouple
-T6- Surge Line Location Thermocouple
11-77- Surge Line Location Thermocouple
12-12- 2" LVDT, S/N 1995
12-T1- Surge Line Location
12-T2- Surge Line Location
12-T73- Surge Line Location
12-T4- Surge Line Location
12-T§ Surge Line Location
12-T6 Surge Line Location
-T7- Surge Line Location
-T1- Surge Line Location
o185
T3-SE

Thermocouple
Thermocouple
Thermocouple
Thermocouple
Thermocouple
Thermocouple 6
Thermocouple 7

Bt Bt Pt Gt et Bt B
¢ w W e w W -

Bt Pt Pt P Bt P Pt
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O BN
OB S e ek
VwLvULVILVULIULw,m

Thermocouple
Thermocouple
Thermocouple
Thermocouple
Thermocouple
Thermocouple
, Thermocouple
, Thermocouple
surge Line Location 13, Thermowoupie
- . Surge Line Location 13, Thermocouple
2-SP-X 5" Celesco String Pot, S/N 2518

-SP-1 5" Celesco String Pot, S/N 2529
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+12-SE Surge Line Location 2, Thermocouple 2-5t
[3-SW Surge Line Location 2, Thermocouple 3-SW
11528 Loc
'HP1152T Loc

HPI Nozzle Temperature 152, Bottom
H HPI Nozzle Temperature 152, Top
2HP11538 Loc 2 HPI Nozzle Temp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>