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Executive Summary

NRC Bulletin 888 identified thermal stratTiication as a cause of potentially large stresses in

primary pressure boundary lines connected to reactor coolant systems. Though 88-08 was

mainly concerned with nonisolable sections of Class 1 lines where stratification could result from

in-or out-leakage of cooler fluid, it directed that all lines be identified in which thermal stratification

could result in top-to-bottom differences in wall temperature greater than 50'F. Nuclear Plant

Owners were to implement a program to provide continued assurance that those pipe sections

will not be subjected to stresses that could result in fatigue failure.

To address these concerns, a program was established by the Combustion Engineering Owners

Group (GEOG) to identify Class 1 lines where thermal stratification could be present and, for the

lines in which thermal stratification was found, to update, as necessary, related plant specific

design basis documentation.

An evaluation based on a set of qualitative criteria, which included flow rate, line size, line

orientation, sources thermal stratification and line stiffness, was done to identify lines susceptible

to large moments due to thermal stratification. Results were reviewed based on a comparable set

of quantitative criteria. While this re-evaluation confirmed the conclusions made based on the

qualitative criteria for lines greater than two inches, it indicated'that smail lines could, depending

on size and schedule and source of stratification, be subject to variations in wall temperatures

greater than 50'F. However, the occurrence of significant moments due to stratification for these

small lines should be evaluated based on plant specific arrangements.

Data on Class 1 lines were obtained at a number of operating plants. Lines in which wall

temperatures higher than 50'F were measured included the Safety Injection (Sl), Pressure

Operated Relieve Valve (PORV) and Shutdown Cooling (SDC) lines. In each of these lines the

cause of the thermal stratification was found to be different; natural convection in Sl lines, two-

phase flow in PORV lines and a combination of turbulent penetration and natural convection in

SDC lines. In addition, leakage through the valve isolating the auxiliary from the main spray line

was also identified as a possible source of thermal stratification.

Programs for each of these lines were established with the ultimate goal of providing design

basis data to evaluate the additional stress due to thermal stratification for each of the operating

lants. Each of these programs followed a similar format in which in-plant data, were recorded for
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loads computed for the plants in f.ach of the class

support points for the Pressure Operated Relief

loads due to thermal stratification be computed on

Valve and Auxiliary Spray lines rhqi.iire'd that

a plaint 0p6cific basi's.

each of these lines and evaluated to develop methods used to predict wall temperat6re4 fo'r other

'lants.
I

These predictions were then used to calculate forces and moments due to thermal stratification.

The Safety Injection and Shutdown Cooling lines ~wdre 'seParated ihto classes'rid bounding

es. However, the widely different routing and

A procedure is discussed by which the moments due to thermal stratification can be compared or

combined with the existing plant specific design basis loads to evaluate the influence of these

loads on existing fatigue usage factors. Three levels.of evaluation are recommended: the first,

a Screening evaluation where in the magnitude 'of'the thermal stratification moments are

compared to those for the existing design basis transients; the second, an Incremental Usage

Factor approach where the infiuence of these transients are conservatively added td the usage
'actorfor the other design. basis transients; and third„should the first and second indicate a

usage factor greater than one, revisions to the Design Analysis.

NRC Bulletin 88-08 requires owners of plant licenses provide as.urance that these loads will not

result in fatigue failure,. Section 10CF„:R50.55.a requires thiis assurance be based on an analysis
based on Section III of the ASME Code. Section 10CIFR80.71.e require's the FSAA tio 6e

'pdatedshould-the results of this evaluation be used as part of any licensing amendment
submitted to the NRC. i%us, white there is no specific. directive requiring an updating of t6e

'esignanalysis of record for these lines, the results of the a'bosre evaluation,sh&ul& 6e
'ocumentedand included with the design analysis of record.
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ACTION

GEOG ACTIVITIESIN RESPONSE TO 88-08

RESPONSE UTIL(TYPARTICIPANT

Action ¹1
Review System to Identify any section of Piping
Subjected to similar conditions

Action ¹2
Inspect those Pipes that may be subjeded to
excessive Thermal Stresses

Action ¹3
Plan and Implement a Program to provide continued
Assurance those pipes willnot be subjected to
stresses that could cause Fatigue Failure

Task 578:

Evetuates the potential for Temperature Osciltation
due to Valve Leakage from Systems connected to the
RCS and Local Temperature Stratification in deadwnd
orvalvedout i in runsandidentifiesthoses stems
Task 626:

identify and Evaluate systems where outfeakage from
the RCS

Task 578:

hug gest the need for a more accurate thermal loading
definition. Recommends data colfedion to determine
the significance and generic applicability of these
loads.

Task 626:

Inspection Locations are recommended in the
Identified systems

Task 732:

Inspection of Piping potentially affected by Thermaf
Stratification

Task 578:

Suggest the need for a more accurate thermal loading
definition. Recommends data collection to determfne
the significance and generic applicability of these
loads.

Task 626:

Several recommendations were made:
Instrumentation and Data
Collection
Outleakage Flow Rate Detection

Baltimore Gas 8 Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power 8 Light (St. Lucie 1,2)
Maine Yankee
Omaha Public Power District (Ft. Calhoun)
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (ST. Lucie 1,2)
Maine Yankee
Omaha Public Power District Ft. Calhoun
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operatfons (ANO2, WSES3)
Florida Power 8 Light (St. Lucle 1,2)
Maine Yankee
Omaha Public Power Distrfct (Ft. Calhoun)
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucie 1,2)
Mafne Yankee
Omaha Public Power District Ft. Calhoun
Arizona Public Service (Palo Verde 1,2,3)
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucia 1,2)
Maine Yankee
Northeast Utilities (MP2)
Omaha Public Power District Ft. Calhoun
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucia 1,2)
Maine Yankee
Omaha Public Power District (Ft. Calhoun)
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Ught (St. Lucia 1,2)
Maine Yankee
Omaha Public Power District (Ft. Calhoun)
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ACTION

GEOG ACTIVITIESIN RESPONSE TO 88-08

RESPONSE UTILITYPARTICIPANT

Action ¹3,
Plan and Implement a Program to provide continued
Assurance those pipes willnot be subjected to
stresses that could cause Fatigue Failure

Task 588:

Temperature Measurements of Sl, SDC and PORV
piping.

:Evaluation of results which showed evidence of
stratified flowconditions in safety injection and PORV

i in s; h7s >'50'F threshold established..
Tskk 741

'Developedmethodology to predict wall temperature
resulting from the'imal stratification due to

natural'uiivmusloss

fos dslselelll salely Injection lilies
configurations.

Task 818:
Use results of Task 741 to predict

wall'emperaturesand moments due to thermal
stratification-

Task 732:

map sation oy pjrbag poieniia tip effeoled by Thermal
Stratification

Taslr 773
;Use PORV line measurements at ANQ2 and BG&E
to develop model to predict wall.temperatures due
to condensalion ielated thermai straticatiori.

Task 827:
Model developed IA.Task 773 i:sed to determine
plant specific wall temperatures and moments due
to therrnai stratifIcatiori

Task 772:
vValI tempefatures measured in the ANO2
hutdown cooling line used

shutdowncoolin linesinother lants. These

Baltimore Gas & Electric (Calvert CIIffs-.1,2)
Entergy Operations (ANO2, WSES3).
Florida Power & Light (St. Lucie 1,2)
Maine Yankee

Affzosna Pusplic Selvice (Palo Verde 1,2,3)
- Baltimore Gas & Electric (Calveit Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Floflda Power &'Light(St. Lucie 1,2j
Maine Yankee
Northeast Utilities (MP2)
Omaha Public Power District Ft. Calhoun
Ariiaena Pssblir Sesfuimra pDmlm by~roe w n 3s

Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Firsflrh Dessarssr lpy I lrelsb psas I rs n ns
~ ~ ~ u ~ us ~ \ ~ lA S SQSSS (VS, Suarbky l rr J

Maine Yankee
Arizona Public Service (Palo Verde,1;2,3)
Baltimore Gas & Electric (Caivert Cliffs 1,2)
Entergy Operations IANO2, WSES3>
Florida Power & Light (St. Lucia 1,2)

-Maine Yankee
Northea'st Utilities'(MP2)
Omaha Public Power District Ft. Calhoun
Arizona Public Service (Palo Verde.1,2,3)

~ Csu wsau an s smusssse 'isrsssVs IL 'knllnS IsZJ'Asiiinicres s mm lb. Dp i sm pn s.. ~'reason

"Enteigy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucie 1;2)

Noitheast Utilities MP2
Arizona Public Service (Palo Verde 1,2,3)
Baltimoie Gas 8 Electric (Calvert Cliffs 1,2)
Entefgy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucie 1,2)
Maine Yankee
Northeast-UIHRies

'MP2'rizona

Public Service (Palo Verde 1,2,3)
Baltimore'Gas & Electric (Calvert Cliffs 1,2)
-Entergy Operations (ANO2, WSES3)
Florida Power & Light (St: Luc!e'1,2)
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ACTION

GEOG ACTIVITIESIN RESPONSE TO 88-08

RESPONSE UTIUTYPARTICIPANT

Action ¹3
Plan and Implement a Program to provide continued
Assurance those pipes willnot be subjected to
stresses that could cause Fatigue Failure

models used as the basis for a JCO

Task 813:
SDC wall measurements taken at ANO2 and APS
were evaluated to determine the basis for the high
wall temperature differences recorded fn the ANO2
SDC line. Evaluation formed the basis for justifying
that the temperature distributions used in Task 772
were boundin .

Task 886:
Conservative model for leakage related thermal
stratification used to calculate moments at the aux
spray-main spray line junction.

Maine Yankee
Omaha Public Power District Ft. Calhoun
Arizona Public Service (Palo Verde 1,2,3)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucle 1,2)
Omaha Public Power District (Ft. Calhoun)

Arizona Public Service (Palo Verde 1,2,3)
Baltimore Gas & Electric (Calvert Cliffs 1,2)
Entergy Operations (ANO2, WSES3)
Florida Power & Light (St. Lucie 1,2)
Omaha Public Power District Ft. Calhoun
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1.0 INTRODUCTION

1.1 ~Bk d

NRC Bulletins 88-08 and 88-11 identified thermal stratification as a cause of potentially

large stresses in primary pressure boundary lines connected to reactor coolant systems.

The CEOG had previously recognized that potentially large moments could result from the

bending induced by top-to-bottom differences in line temperature due to thermal

stratification of the fIuid. GEOG Task 482 (Reference GEOG-1) identified conditions

under which the thermal stratification could occur in the main spray lines to the pressurizer

due to two phase flow. These conditions where then used with plant measurements to

perform plant specific evaluations for stress and fatigue.

Bulletin 88-11 was specific to surge lines and treated thermal stratification as a new

design basis transient. The GEOG effort in addressing this issue was divided into

measurement and analysis programs. Based on the measurements, documented in

References GEOG-2 and 3, a bounding thermal stratification loading was developed.

This loading was applied to each of the plant specific lines to determine the change in

Cumulative Fatigue Usage. The results, documented in References GEOG-2,3, formed

the basis for the submittal of Reference GEOG'Reference GEOG-5 is the non-

proprietary version) to the NRC and,the resulting acceptable Safety Evaluation Report

issuedby the NRC for CE plants.

Bulletin 88-08 was concerned with non-isolable sections of Class 1 lines where

stratification could result from in-or out-leakage of cooler fluid. The events that caused

Bulletin 88-08 to be issued are listed in Table 1-1. Reference 14 was a letter from the
NRC addressing the issue requesting all lines, be identified in which thermal stratification

could result in top-to-bottom differences in wall temperature greater than 50'F.

NRC Bulletin 88-08 and its three supplements require utility action, listed in Table 1-2,

related to identification of unisolable lines susceptible to stresses due to thermal

stratification. Plant specific responses, at the time of the initial Bulletin, are listed in Table
1-3.

Page 15 of 236
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Because of the similarity in the design of thes'e lineC for CE design plants a number of

generic program.'ere planned to provide the necessary information for'sda'ting p'lan

specific design reports.

'i.2 ~Ph sia>l Basis

NRC Bulletin 88-08 was iinitially issued in 'respo'nse to the discovery of cracks in the

cold leg Safety Injection nozzle at the Farley plaint. These cracks, between the RCS

side check valve and the cold leg (FiguL'e '1-)), 'wdre'attributed to llarge stresses

resulting from thermal stratification of the flow. In this case, the stratificatidn was clue

to leakage of cold fluid past the check valve.

A flow can be thermally stratified flow with a continuous variation in dlensity or with

more of a step change in density (Figure 1-2)., The former can be due to natuial

convection between the hot anal cold ends of a pipe', whereas' leakage film or a two-

phase flow can be represented as having an interface between the hot and cold fluids.

The stability of either configuration depends on the local balance of body forces and

inertial forces. This ratio is termed the Richarclson Number (Ri) expressed as

(Reference 5),

Ri:= -g(Bp/Bz) /

(Bu/Bz)'valuation

of the Richardson number depends on the local variation of'ensity and

velocity with vertical distance.

A flow is stable ifwhen, subjected to some disturbance, for example a pressure pulse,
the motion folllowing appliication of the disturbance is damped out and the original
configuration is maintained. The flow is unstable ifthe disturbance grows, resulting rn

a new flow configuration.

For a Richardson number larger than one, O[1], the flow is stable, whereasi for aill

values less thain O[1] thie flow is unstable, (Figure 1-,'3). A negative value of Ri implies
a decrease of density with depth; the density> of thI u'ppAr fluid is larger than the lower
fluid.
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ln the positive range, 0 < Ri < O[1], the flow can become dynamically unstable to

certain sizes (wave lengths) of disturbances. The value of Ri at which the flow is

unstable depends on the variation of density and velocity with height as well as the

presence of external boundaries with viscosities being important. In general, the

presence of boundaries and high viscosity tend to increase the stability of the

stratified flow.

A global Richardson number can be related to the temperature and pipe size in a

reactor coolant..by considering a global Richardson number defined as follows. The

body forces on a homogenous lower film (I) of thickness some fraction of the line

diameter D, under a homogeneous upper fluid (u), can be approximated by,

Fb -(pu-pl)g D

The inertial forces between the upper and tower fluid can be approximated as,

Fi-5
)Vu-Vlf'he

ratio of the body force to inertial force is defined as a global Richardson Number,

in this case defined as,

Rio= -f(pu- pl)g D]/j p )Vu-Vl)']

Based on the Boussinesq approximation between density variation and temperature
Rio can be expressed as,

Rio = gP (Tu-Tl)D/,JVu-Vl)

The flow will be stable if the temperature of the upper fluid is greater than the lower;

(Tu > Tl), and unstable for the opposite situation, (Tu < Tl).

Thus, a fluid can become thermally stratified provided the Richardson number is

positive and greater than approximately one. This situation occurs in slow moving
flows in which the density of the upper fluid is less than the lower fluid, transport of a
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heavier fluid under a li!ghter one, transport of a li!ghter fluid over a heavier one, natural

convection', two-pham. flow.

1.2.1 Leakage

.Leakage can be thought of as the transport of a llightei'r'eavier fluid into one with a

higher or lower density.

Leakage will occur in the direction of deere'asing pressure. F'urthermore, in-leakage is

herein defined as leakage into the RCS whereas out-leakage is defined ~as'Iekkalge

out of the RCS, Figure 1-4.

1.2.2 Transport Related Stratification

Richardson number can occur in t'ranspivrt

eA oI. dre 'equal'o the inertial forces. Such

In terms of density differences a positive

processes in which the, body forces exce

situations occur in the cases of two-phase fllow: e.g, gas over liquid, in which therrrIal

equilibrium does not exist, or vapor state over liquid state'n 'hich both are at saturation

temperature. Such cases include natural cohv6cti6n", steam over liquid and any other

transport processes iin which. thermal equilibrium is rIot present in either th6 unst4a8y

and/or steady condition.

Situations in which stratification can occur in lines connected to the RCS are represented

in Figure 1-5.

1.3 TASCS IPro~ram

EPRI, in response to utility needs in responding the NRC Bulletins 88-08 and 88-1 0,

in 1988 initiated the Thermal Stratification Cycling and Striping (TASCS) pt'ograrh

(Reference 2). The program was based on the assessment that the majoi'ity'of'tht
reported event. related to thermal stratification were due to leakage, Table 1-1. V'hI

definitions used in the TASCS program of these three phenomena are:

'or natural convection the body and inertial forces are isa balance and the Richardson
number is one.
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Stratification: Hot water over cold water in a pipe. Generally there is a distinct

interface. The condition is generally steady or quasi-steady'.

Cycling: Rapid changes in fluid temperature due a change in stratification conditions;

e.g. transition from stable to unstable (mixed) condition.

Striping: Fast or slow changes in wall temperature due to local variations in interface

level related to interfacial waves.

The program concentrated on these mechanisms as related to leakage, Figure 1-6. Qf

major interest was the phenomena titled turbulent penetration in which the flow across

the junction of a branch and main line results in a secondary flow, transporting both

energy (temperature) and momentum into the branch line. In addition, the program

investigated heating rates for leakage films. Data were also documented on the

occurrence of thermal cycling in tests performed at Mitsubishi Heavy Industries (MHI)

on typical non-isolable sections.

A workshop, in which the majority of the results were reported, was held in June, 1993

and the program completed with the publication of the final report in 1994.

1.4 ~CEDG P

The information and actions published in NRC Bulletin 88-08 and its three supplements
are summarized in Table 1-2

'ast and slow are defined as relative to the response time of the pipe wall to a step change
in temperature. This response time, defined as

12

a

where t is the wall thickness and u is the thermal diffusivity. For stainless steel this varies
from about 20 seconds for two inch, Schedule 160 pipe to about 300 seconds for twelve
inch, Schedule 160 pipe.
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In response to the initial and the subsequent bulletins, the Combustion Engineering
Owners Group (GEOG) established a program to provide GEOG members with the
information needed to respond.

The program was divided in the phases represented in Table 1-4.

The initial tas'ks were directed at identification of lines in which stratification relay be
expected to be present, inspection of these and other lines to determine unexpected
movement ancVor the presence of any damage that, as in the case of the surge line, may
be attributed to thermal stratification, and finally, to describe a set of representative
measurements on these lines to determine tlhe presence and magnitude oII ahgi.Ilart

variations in wall temperature.

Based on an evaluation of these results, the program undertook tasks to Identify and
model the cau. e of the stratiTication and appl'y these models to prediction of florid and vIrall

temperatures in the NSSS.

Based on these predictions and the routing and'eometry of th'e lines in individual plants,
these thermal . tratification loads were applied t6 di.termine forces and moments.

These results were then documented for plant specific evaluations by the task
participants.

1.5 Closure,

The issuing of NRC Bullletin 88-08 established thermal stratification as a thermal
loading condition that had, in specific instances, resulted in leakage from the primary
pressure boundary. In response to the initial'bulletin and subsequent supplements,
the Combustion Engineering Owners GroLip (GEOG) initiated work on wltiat was to

'rovea long term program to address locations in lines connected to the RCS wheire
stratification could occur and to evallua'te 'the effect of loads due to thermal
stratification on design limits.

Because of the similarity in the design of these lines for CE design plants, a number of
generic programs were de. igned to provide the necessary information for updating plant
specific design reporl:s. The following section. s~imriIiarize the results of these t6sk0.
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Table 1-1

Reported Events. Related to Thermal Stratification, Cycling and Striping

1

PLANT EVENTS CAUSED BY TASGS

~ Leakage from Safety injection Piping at Farley 8 Tihange

attributed to leakage info the RCS

Leakage from RHR Return Piping at,Genkai

affribufed to leakage oufward from RCS

Leakage from Isolation Condenser Piping at Nine Mile Point

aftribufed to leakage toward recirculation system

Steam Generator Feedwater Nozzle Safe-end Leakage in Numerous Plants

affributed to stratified flowconditions

Pressurizer Surge Line Support Interference at Several Plants

attributed to. sfrafification
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1-2

NRC I3ulletin 88-08 and Supplements; Required Actions I
NRC Bulletin 88~08 Information Required Action

Original Issue Failed lECCS
piping due to
inleakage
(Farley) 2.

Identify sections of piping with
similar conditions

Inspect piping that may be
subjected to excessive related
thermal stresses

Supplement 1

Supplement 2

Supplement 3

Failed ECCS
Piping due to
inleakge
Pl change)

. Need to enhance
UT to detect
cracks in SS

Failed RHR
piping due to
outleakage
(Japan)

3. Plan and implement a program
to provide continued assurance
piipe stresses willnot result in
fatigue failure

None

None

None

io
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Table 1-3

Plant Specific Responses to NRC Bulletin 88-08

Utility Unit Action 1 .Action 2
System Identified ., Inspection

Action 3
Plan

Im Iementation
FP&L

LP&L

1,2

Waterford
3

MY

No system can be
subjected to
thermal stresses
Prz Aux Spray
SI
SDC
Prz Main Spray
Aux S ra Line

N/A

NDE of welds
Sl - Leakage
im robable
No action required-
Task 482

N/A

N/A

N/A

OPPD Ft Calhoun Prz Surge Line
Pzr Spray Line
PORV
SI, SDC

Plan specific report
PORV - Mod. made
Sl, SDC - More
anal sis re uired

Temperature
monitoring UT
examination

SCE

NU

AP&L

APS

BG&E

2,3

1,2,3

1,23

1,2

Prz Aux Spray
PrzS ra
Units1 &2
unaffected
HP Injection Lines
Prz Aux Spray
Line

Prz Aux Spray
HPSI
Mains ra header
Prz Aux Spray
Line

Prz Main Spray
Prz Surge Line
PORV
Sl

Modifications/ chk
valve relocation

N/A

Visual
Inspection/UT
Replacement of aux
line

N/A

NDE - No indication
of high thermal
fati ue
GEOG effort
PORV/Sl - Analysis
required

Continue to evaluate

Temperature
Monitoring Program

N/A

Monitoring, Analysis
and Modifications

Recognize need to
identify causes for
stratification

CPC Palisades Prz Aux Spray UT/NDE Testing
Results of
,ins ection OK!!

No fatigue failure
concern exists
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Table 1 4
Phases of CEOG Programs in Response to NRC Bulletin 88-08

BULLETINS88-08

0
IDENTIFICATION

of susceptible lines: I arge diameter lines with identifiiable sources of hot and cold
temperatures

INSPECTIONS
of susceptible lines: Walkdowins looking for evidence of line motion and suppor't

c(intact'or

each of the LINES identified with possible. ignificant stresses due to thermal
stratification

MIEASUREMENTS
of wall temperatures: Outside wall,temperature during heatup, operation and cooldoM and

'imultaneousrecordiing of related plant parameters

EVALUATION
of wall temper'ature measurements anid rela'tioh tci plant parameters

MODELS~
to predict wall temperatures, based and benchmarked to plant data

MOMENTS
based. on limiting conditions for transients related to plant operation

STRESS
evaluations for plant specific lines

DOCUMENTATION
changes to ASME Design Specifications and Reports
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FARLEYAND TIHANGE

3/4" VENT

VC51 B

CRACK LOCATION

6" SI/RHR

LOOP B
COLD LEG

6" Sl/RHR TO LOP 8 LINE CRACK LOCATION

ELBOW SIDE CRACK PIPE SIDE CRACK

ELBOW SIDE PIPE SIDE

WELD

~ INLEAKAGEFROM HIGHER PRESSURES IN CHARGING SYSTEM

~ INTERACTIONS BETWEEN COLD INLEAKAGEAND HOT RCS
FLUID CAUSED THERMALCYCLING

FATIGUE CRACKS PROPAGATED CAUSING LOCAL LEAKAGE

~ DESCRIBED IN NRC BULLET88-08 AND ITS SUPPLEMENTS

Figure 1-1 Cracks in Farley ECCS Line Due to Leakage of Colder Fluid

Page 25 of 236



CE;NSPD-104'3, REV 00

,Y

0

CONTINUOUS VARIATIONIN DEIHSrIY

DENSITY

'Y

TOP >

'NTERFACE

T SOTTOM

DENSITY CHANGE ACROSS AND INTERFACE

DENSITY

FigUre 1-2 Stratified Flows

0
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POSITIVE

'DENSITY

GRADIENT

NEGATIVEDENSITY

GRADIENT

RICHARDSON

NUMBER

STATICALLY — DYNAMICALLY

UNSTABLE STABLE

Figure 1-3 Stability Limits
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IN-LEAKAGE

P>P .

IRCS

REACTOR

COOLANT

SYSTEM

+LEAK

OUT-LEAKAGE

P<P
RCS

REACTOR

COOLANT

FigUre 1-4 Leakage Definitions
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~ CLASS 2 CLASS 1

REACTOR

COOLANT

SYSTEM

ISOLASLE UNISOLABLE

~ OUT LEAKAGE

~ NATURALCONV.

~ TWO-PHASE

'URSULENT PENETRATION

Figure 1-5 Causes of Thermal Stratification in Lines Connected to the RCS
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THERMALSTRATIFICATIONCONSIDI=RI=D

IN TASCS PROGRAM

OPEN-CLOSED ,'END LINE CONFIGURATION

L
' ries

2,. STRATIFICATIONDUE TO LEAKAGE

RCS —Z
3. STRATIFICATIONDUE TO TURBULEI'47 PENLTRATION

0
4. THERMAL.CYCLING

R(A +AMIrT ~
'i/I/\

5. THERMALSTRIPING

Ni/i/i/~W/nun~

Figure 1-6 Thermal Stratification CorIsidered in TASCS Program
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The initial tasks in this program were to identify and inspect lines susceptible to thermal

stratification. This was done in two programs: the first in response to the failures

attributed to the inleakage of coolant in the original issue and supplement 1 of 88-08

(Reference GEOG); the second in response to the supplement 3 and the failure due to

out leakage (Reference GEOG-7). These tasks are listed in Table 2-1. The participants

in these tasks are listed in Table 2-2. Lines connected to the Reactor Coolant System

(RCS) for the participants in GEOG Task 626 are listed in Appendix A.

The lines identified as having to be evaluated in response to Bulletin 88-08 are listed in

Table 2-3.

2.1 Identification

2.1.1 Qualitative Criteria

The following qualitative criteria were used in GEOG Tasks 578 and 626 to identify lines

susceptible to significant stresses related to thermal stratification.

1. FLOW RATES: Based on the definition of Richardson number, high flow rates tend

to destabilize the flow. Thus low flow rates would tend to promote stratification.

2. PIPE SIZE: Conduction in the circumferential direction tends to result in uniform

wall temperatures. This is applicable to small diameter lines with higher ratios of
thickness to diameter ( high schedule).

3. LINE ORIENTATION: Vertical orientation results in fluid mixing, for the top of the

line cooler than the bottom, and a stable stratification for top hotter than the bottom.

SOURCE OF STRATIFICATION: This includes leakage or RCS flow that has

cooled to containment conditions or two-phase flow.

5. RELATIVE STIFFNESS: Large diameter, high schedule lines with a long stratified

sections connected to shorter length of connecting line tend to have higher
moments due to stratification.
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The lines identified as being susceptible to thermal stratification, based on the application~
of these criteria, are listed in Table 2-4. The majority of the lines identified as iiot being~
susceptible to thecal stratification were eliminated on the basis of th6 s'ouI.ce of

stratification. being- outleakage from the RCS.~ 0'ho'ugh rIot'affecting the non-isolable

portion of the line, these could, however, introduce stresses in the portion of the
liine'do'wn'tream

of the first iisolation valve.

2.1.2 Quantitative Criteria

The qualitative. seleidion criteria were used primarily for identilying lines for
>Ivhich'easurements

should be taken to confirm'th6 presence of thermal stratWcation, the

magnitude of the wall temperature difference arid the relationship between thermal

stratification and plant operating conditions. The result was identification of thermal

stratification in the Safety tnjei8ion, Shutdown Cooling, PORV and Auxiliary Spray lines.

Note that of these lines, only the Auxiliary spray lines was identified as subject to

inleakage.

Subsequent to the completion of the GEOG programs, a set of quantitative crIteiIia keiIe

developed that could be used to verify the selections made in the earlier CEO@ t isk,~.

These criteria are as follows:

1. Stabilit of flow stratification: 'The stability of'he stratification can be related to the
global Richardson number defined's,

Riig == [gPhTD/hV ])1

where: P Coefficient of them>a) expansion for the fluid

hT Temperature difference of the hot and cold fluids

D I ine diameter

bV Relative velocity between the hot and cold layers

2.~ i! '.Ti: iii . i II i « i i
ability of heat to be iwnducted through the i'vali, fI'od tile hotIer (lower) to t6e cooler

(upper) fluid. This can be expressed as,
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NL= —) I2 hD

k(t(D)

where: h = area. average heat transfer coefficient = (hA)c+(hA)h/

(Ac+Ah)

( )h for the hot-fluid heat transfer coefficient and area

( )c for the colder fluid heat transfer coefficient and area.

D = line inner diameter

k = wall thermal conductivity

,t = wall thickness

3. Fluid Tem erature: The following five sources of thermal stratification of the fluid have

been identified:

1.

2.

3.

4

5.

Forced Convection (Hot over Cold fluid)

Natural Convection (Isolated line)

Two phase fluid (Condensation)

Turbulent Penetration (Turbulent mixing)

Leakage (Colder or Warmer Fluid)

The first two depend on transport of the cooler or hotter fluid. The third is based on the

differences in heat transfer coefficients between the liquid and vapor phases. The fourth

and fifth require that the source. of fluid that intrudes into the fluid occupying the line; e.g.

turbulent penetration the hotter fluid tends to flowover the, almost stationary, lower cooler

,fluid, while for leakage, a cooler leakage film flows under the almost stationary, upper
hotter fluid.

In both cases, a source of colder fluid must be present. This normally is related to having

a line be of sufficient length to result in reaching ambient (containment) temperature.

This can be evaluated based on the following expression;

hD L
(—)>I

k(—)
D

D
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where, for the line: D = diameter

t = thinness
L= length

k = thermal conductivity

h = heat transfer coefhcient belween the wall and ambient

based on natural convection; wall insulated h=.15,

uninsulated h=1.0

0

The severity of thermal stratification caused IJhy lhaII;acIe depencls on the leak rate'f 'codler

fluid being large eno'ugh to preclude being heated by hotter fluid. This can be estirriatecl

according to the following relationship.

hD'—(—) <1
mCp D

where, for the'line: D -= Diameter

L= length

h = the heat transfer coefficient between the hotter fluid and
the'ooler

leakage fluid based on forced convection,

m = leakage rate. 0
4. Moments: Moments due to thermal stratiification will 'depend on the relative stiffness

between the stratified section and the remainder of tHe line. For the line ass<im6d to be

fixed at the start of the stratiiTied section, this can be approximated by the expression,

hl1 = (Eleb, Tw lD)f(k/K)

where: a =. coefficient of liner expansion of the lirhe

ZTw = difference in top~to-bottom vhrail temperatures

D = hOutside dliameter of the line
t:= Line thickness

E = Young's modulus

I:= Moment of inertia about neutral axis; nl64(D4-(D+2t) )

Page 34 of 236



CE NSPD-1043, REV 00

L = Length of line over which the bT„ is applied

Lo = Length of line without stratification

f(k/K)= Functional ratio between stiffness (K) of the stratified section and

stiffness (k) of the remainder of the line. For bending primarily in one plane,

this function can be:written as:

f(k/K)= (k5/K5+ k6/KB)/ (1+ k5/K5+ k 6/ KB)

where 5 is the stiffness of the lateral displacement and 6 the stiffness of the

angular displacement. For a uniform beam, with stratification over length L,

these stiffnesses are; K5 = El/2L, KB = El/L.

,Application of these criteria to the. lines listed in Table 2-3 resulted in the following

conclusions.

A. Small Diameter Lines:

Stabili of Stratification: Vertical orientation in which the hotter fluidwould be at the

bottom, such as safety valve lines, willresult in a negative Richardson number thus

no stable stratification. Vertical orientation with the hotter fluid at the top of the line,

as with a number of branch lines, can result in a stable stratification in the vertical

direction. However,. in cases where these lines are connected to the RCS, this

stable configuration can be upset'by.secondary flows in these lines driven by flow

in the RCS. Whereas the vertical up orientation will tend to produce uniform fluid

and wall temperatures, vertical down will tend to result in.an axial variation in fluid

and wall temperature,,but little or no circumferential variations.

In a number of small lines,;the Richardson number is expected'to be greater than 1

due to normally low velocities:.e.g. for.charging/letdown lines, 2 inches in diameter,

difference in fluid temperature of 100'F would require a velocity of about .7 ft/sec

and a volume flow rate greater than about 7 gpm for an unstable flow, Ri <1 . For

flow rates less than this, stratiTication would be stable, Ri > 1..

2. Wall Tem erature Difference: The criterion for wall temperatures, N'L< 1, is a

function of not only, line size and schedule, but of the mechanism 'xpected to

cause the stratification. Typical values of heat t'ransfer coefficients for the
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mechanisms that have bien evaluated ln the~co<arse of the CEGG pitogiantis ~are

listed in Table 2-5. A plot of-N'L for Schedule 160 lines three inches and less

Figure 2-1, show that lines smaller than about 1 inch should have sm'all tvaitiati'on.

in wall temperature.

The lower value of differences in wall temperature is defined in Reference'14 as

being less than 50'F,. As shown in Appendix B, turbulent penetration and

leakage, based on use of values from the related GEOG programs, could have

difference; in top-to-biottom wall temperature greater than 50 F for lines smaller

than 1 in'ch.

3. Moments: Moments are related to the relative stNness of the section with thermal

stratification as compared with the reilnaihdt.r ttf the line. Small lines, due to small

moments of inertia, tend to be relatively fiexible„However, values of
moments'eed

to be evaluated based on specific plant routings to determine the restraint

placed on the stratified section by the ferhaihde'r of the line.

B. Large Diameter Lines:

1. Wall Tem~eraturie Difference: These large diameter, high schedulle liine0, vAtH heat

transfer coefficients the order of ma'gnitude tof '10'(natural convection) td 100

(forced convection) will have values of N'L >1. Thus top-to-bottom tismjoer'atu're

differences can be significant::.

2. Moments: lhe criterion is. stated in terms of moments and foices due to thi»rmal

stratification. The influence of these Strehsels cjn line'fatigue needs to Includi'he
stresses due to mechanii~l and deadweight loads. This evaluation nt~ec'ls to

'onsideron a case by case basis the validity of neglecting larger lines based on

stress levels due to thermal stratificatio'n b'ein'g negfigit)le.

Though the lines listed in Table 2 are based oh sIour ce of stratification,'h6 above
conclusiions are appllicable to the selected lines. Recent evidence of cracking in a

drain line (Ref'erence 15) was attributed to possible turbulent penetration and, as

such, is included in the lines to be considerecl. This is discussed in Sectic)n 4.6.
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Measurements confirmed that there were Class 1 lines in which thermal stratification

could result in loads that were not considered as part of the original Design Basis for the

plants. A draft JCO (Appendix'.C) was provided to participants in GEOG Task 732

(Reference GEOG-9) for submittal to the NRC.

2.3 ~lns ection

A set of visual inspections were recommended on the lines identified as being susceptible

to thermal stratification. Guidelines for the inspections (Reference GEOG-10) emphasized

that the inspection make note of lines that may have shifted as compared to baseline

inspection, the shift due possibly to bending caused by thermal stratification. Inspections

completed by plant personnel are on record for the participating plants.

2.4 Selected Lines

Five lines (References GEOG,7) were selected, Table 2-7, for obtaining wall

temperature measurements: Auxiliaryspray line and Hot Leg Injection lines were selected

on the basis of possible leakage between these branch line and the intersecting line; the

Main Spray, Safety Injection (Sl) lines, lines connected to the Pressure Operated Relief

Valves (PORVs) and the Shutdown Cooling (SDC) lines were considered based on

having the potential for large differences in wall temperature caused by one of the

thermal-hydraulic mechanisms listed above.

Of these lines, the main spray line had been the subject of prior efforts for CE plants

(Reference GEOG-1) and was not included as part of the GEOG program to respond to

Bulletin 88%8.

For the remaining lines, tasks;were defined to obtain generic information that could

eventually be used in preparing plant specific responses.
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Table 2-1
CEOG Programs to Identify Lines Susceptible to Thermal Stratification

in Response to NRC Bulletin 88-68

Action

Review Systems to identify sections of
piping subjected to similar (thermal
stratification) conditions

CEOG Response (Task)

Task 578: Evaluate potential for
temperatur'e oscillations due to vah'ie

'eakagefrom systems connected to the
RCS and stratification due to dead-end or
valved out piping

Task 626: Identify and evaluate systems
with the potential for outleakage from the
RCS

Inspect those pipes that may be subjected
to excessive thermal stres. es (due to
thermal stratification)

Trask'578: Evaluates potential for
differhndes in Sall temperature.

Task 626: Recommends inspection
location.

Task 732: Inspection of potentially affected
piping 0

Plan and implement a program to provide
continued assurance. those pipes willinot
be subjected to stresses that cnuld cause
fatigue failure

Taisk 578: Recommends piping for clata
colledtioh

Task 626: Recommends piping for dlat~d

collection and screening for stress levels

'ask,588:Program to measure wall
'emperaturesin Sl, SDC and PORV piping;

all exceed 50'F.

0
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Table 2-2
CEOG Participants in Identification and Inspection Tasks

Tasks

578

Participants

Baltimore Gas 8 Electric
Entergy Operations
Florida Power 8 Light
Maine Yankee
Northeast Utilities
Omaha Public Power Dist

Plants

Calvert Cliffs 1,2
ANO-2, WSES-3
St. Lucie 1,2
Maine Yankee
MP2
FCNS

588 Baltimore Gas 8 Electric Calvert Cliffs 1,2
Entergy Operations ANO-2, WSES-3
Florida Power 8 Light St. Lucie 1,2
Maine Yankee Maine Yankee

626 Baltimore Gas K Electric
Entergy Operations
Florida Power 8 Light
Maine Yankee
Omaha Public Power Dist

Calvert Cliffs 1,2
ANO-2, WSES-3
St. Lucie 1,2
Maine Yankee
FCNS

732 Arizona Public Service
Baltimore Gas 8 Electric
Entergy Operations
Florida Power 8 Light
Maine Yankee
Northeast Utilities
Omaha Public Power Dist

PVNGS 1,2,3
Calvert Cliffs 1,2
ANO-2, WSES-3
St. Lucie 1,2
Maine Yankee
MP2
FCNS
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'Table 2-3
Li&es Gonne'cted'to the RC'S

Systems

RCS

RV'VCS

P,RZ

Lirie

Surge

'Sl

HIPSI, LIIPSI.

SDC

Drain Lines

Hot Leg llnj

Waste

.'ent

.Level

'ample
. Charglingl

Letdovin

Main Spray

,,Aux Spray

PQiRV

'Safety,

Di'ameter;
'2

12

6;

12

2''75'7i)

.

..7i) '

2'chedule
160

160

120

160

89

120

40

40'69.

160

'l69

160

40

0
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LINES WITH POSSIBLE SIGNIFICANTSTRESS LEVELS DUE TO THERMALSTRATIFICATIONBASED ON
QUALITATIVESELECTION CRITERIA

SYSTEM LINE CRITERIA NOTE

RCS Surge

SI

SDC

Drain

Branch

1 Stability 2 Wall
Temp

3 Orientation 4 Fluid 5 Stresses
Temp

X

RV

CVCS

Waste X

Vent X

Level X

Sampl X

Chign X

Ltdwn X

Main X

Aux

PORV

Safety

X

,10

X= Criteria used to eliminate the noted line from either having a stable thermal stratification, significant
wall temperature differences and/or significant stresses due to thermal stratification moments.

Notes:

1.
2.
3.
4.
5.
6.

8.
9.
10.
11.

Surge Line: Forced Convection related in- and out-surges
Sl: Outleakage
SDC: Outleakage
Drain lines: Outleakage and vertical down orientation
SDC Branch: Hot leg injection,
Outleakage and low stiffness
CVCS: Continual flow during normal operation
Main spray: continual flow should prevent stratification
Aux spray: possible inleakage
PORV: two-phase
SV: Vertical sections and slope should promote any condensate runback
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Table 2.5

Heat Transfer, Coefficients and Interface Angle for Heat Transfer Mechanisms Causing Thisrmal
StratiTication

HEAT
TRANSFER
-MECHANISM

Natural
Convectiion

10

10

Leakage

10

100

Turbulent
Penetration

35

15I

Thoro-Phase

200

Interface Angle, 90'0
15'7.5

12'5'1

155'efeience

CEO(~-1 3 CEOl~-19 GEOG-17 CEOG-18
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CAUSES OF THERMALSTRATIFICATION IN LINES CONNECTED TO THE RCS BASED ON SOURCES OF
STRATIFICATION

SYSTEM LlNE CAUSES OF THERMALSTRATIFICATION NOTES

RCS

RV

CVCS

Surge

SI

SDC

Drain

Branch

Waste

Gas Vent

Water Lvl

Sample

Chaiging

Letdown

Main
Spray

Aux
Spray

PORV

Safety

1.Leak 2.Forced
Conv

0

3.Natural
Conv

4.Two '.Turb
Phase Pen

X

2'ause

of Stratification: 0= outleakage
I= inleakage
X= Flow related

Notes:
1. Surge Line: Addressed in Bulletin 88-11, GEOG Task
2. Sl: Long isolated section could result in thermal stratification due to natural convection
3. SDC: Long line that could cool to ambient
4 Drain: turbulent penetration in evidence per Reference 15.
5. Hot Leg Injection: No leakage due to multiple isolation valves
6. Main Spray: Steam condensation results in water-steam stratification; GEOG Task 482
7. PORV: Possible steam condensation
8. Safety: Vertical would result in run-back of condensation
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Table 2-7
Lines identified with Possibly Significant Stresses due to Thermal Stratificatiorii I

System.

RGS

Line

Surge t ine

Safety injection

Diameter

2

Schedule

160

'60

Criteria

Forced ConvIectIon

Natural Convection

Shutdown Cooling

Hlot Leg injection

Mlain Spray

AuxiliarySpray

PORV

I 1 60

120

12IO

160

120

Turbulent
Penetration

Out-Leakage

Two Phase

Gut-LeakagI
'wo

Phase
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3. 88

2. 58

2. 88

c 1.58
Z

Two- Pha'se

Tur b Pen
I eatage

Na tur a I Co.nv

1.88

8.58

~r/ rI
lr/

8.'88 8.58 1.88 1.58 2.88 2.58 3.88 3.58
Nomin a I D i.a.me I.er ( i.'n ches)

Figure 2-1 Wall Temperature Parameter for Schedule 160 Pipe
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3.0 MEASUREMENT PROGRAM

3.1 Wall Tem erature Measurements

Wall temperature measurements were taken on the lines listed in Table 3-1. The

objective was to ascertain if the lines identified as having thermal stratification did indeed

exhibit wall temperatures indicative of thermal stratification. These measurements were

obtained at a two pilot plants, Calvert Cliffs Unit 2 (BGBE) and ANO-2 ( Entergy

Operations). Guidelines were issued for the collection of line wall temperature data

(Reference GEOG-11) planned for the Measurements phase of the overall program.

Wall temperatures measurements (Reference CEOG-8) included the Safety Injection (Sl),

Pressure Operated Relief Valve (PORV), and Shutdown Cooling (SDC) lines. In each of

these lines, the cause of the thermal stratification was found to be different: natural

convection in Sl lines, two-phase flow in PORV lines and a combination of turbulent

penetration and natural convection in SDC lines.

Measurements on the AuxiliarySpray line were not done as part of this program but were

included in the overall assessment of non-isolable lines. Measurements indicated in-

leakage to be possible in certain lines. An evaluation of these lines was completed for
participating CE plants (Reference GEOG-1 9).

Measurements on the Hot Leg Injection line were not included in a GEOG program but

were evaluated based on plant spec Tiic data.

3.2 Data Related to Leaka e Caused Thermal Stratification

Wall temperature measurements taken at Farley, Figure 3-1 and in the MHI tests, Figure

3-2, both show a cyclical variation of wall temperature with time. In both cases the

variations appear random, consistent with the TASCS results of the variations resulting

from the interaction of turbulent penetration with a leakage film. In addition, per the

TASCS results, the change in leakage film temperature due to heat transfer with the

primary fluid would tend to limit these variations to locations close to the valve.
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These are unlike the stratification data obtained fr'om surge line tests, Figur@ 3-'3,'hich
were attributed to the intrusion of the s0rgk frotItt in'he line. In this case wali

temperatures tended to follow, in a quasi-steady manner, changes in either pressurize,

(Thot end) or F<CS ( ll cold endl) temperatures~.

The cold fluid leakage at l=arley occurred because of the arrangemerIit 6f 5a/ety

Injection lines specific to this design of Westinghouse plants. In ABB-Combustion

Engineering plants, the high pressure at the RCS end of the Safety Injection line

compared to the remainder of the line rrtiniimizes'r'sy 'change for Ieak@gd ot''old
safety injection fluicil. 'The primary leakage path would be of hot fluid from the RCS

past the valve, which would tend to be unstable, thus mixing with the fluid in the

isolated section of the line.

3.3 Measured ,'Data

Data taken at Calvert Cliffs Unit 2 are similar to that from ANO-2. Thus, generalizations

willbe based on a sample of the Calvert Cliff<Uijtit2 data,',

3.3.1 Safety Injection (Sll) Line

Measurements locations and a sample of the data taken at BG&E are shown i'n F'igure 3-
'.

The data indicate a quasi-steady change in avail temperatures and top to bottom

differences in wall temperature with changes in RCS t'ernperature, with no noticeable

variations in wall temperature with time. Evaluation of the'ata indicate'Hat the
'ifferencesin wall temperature decrease with axial distance from the isolation &aide tb tljte
'IT

tank isolation valve some 2(Ho0 Ipipe diarrieters away.

The flow in the line being stationary under normal condition., natural convection was
attributed as the cause of stratiification in the Sl line.

3.3.2 Pressure Operated Relief Valve (PQRV) Line

Typical measurements and thermocouple llocations are. shown in Figure 3-5. Foll6wihg 'a

'eriodin which the conditions in the pressurizer were changed by energizing the hea'ters,

'yclical variations, as might be due to striping, were superimposed on these general increases and de'cre'ase's
in top to bottom variations in wall temperature
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the wall temperature at the top stayed about, constant, the wall temperatures close to the

bottom of the line decreased. Largest temperature differences were closest to the

pressurizer, decreasing to close to zero some 20 diameters downstream. The temperature

difference returned to almost zero sometime after the heaters were turned off. The

measurements indicated a primarily quasi-steady behavior.

The flow in the line can be two-phase, comprised of saturated vapor and saturated to sub-

cooled condensate, thus causing the observed thermal, stratification.

3.3.3 Shutdown Cooling (SDC) Line

Shutdown Cooling line thermocouple locations and representative data're shown in

Figure 3. Data show minor top to bottom variation in wall temperature until a change in

hot leg conditions: e.g. change in the number of operating RCPs from two to four.

Flow in the SDC line is normally stationary. Interaction between the flow in the hot leg

across the SDC nozzle results in a secondary flow in the shutdown cooling line. The

"penetration" of momentum and energy of this flow will cause the fluid in the line to

reach temperatures closer to those in the hot leg than at the isolation valve.

3.3A Pressurizer AuxiliarySpray Line

Auxiliary spray line measurements, taken at ANO-2, Figure 3-7, show a correlation of

changes in wall temperature with charging flow. The wall temperatures return to an almost

uniform condition with cessation of charging pump operation.

The increase in pressure on the charging pump side of the flow isolation valve appears to

result in leakage across the valve into the main spray line. Thus stratification can
be'ttributedto leakage of cooler fluid upstream of the valve into the warmer fluid

downstream.

3.4 Closure

As reviewed in the TASCS program, the causes of the thermal stratification related

damage documented in NRC Bulletin 88-08 and its supplements was due to leakage.

'ariations in signais with time were found to be random and attributed to noise in the data acquisition system.
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g i lo ing conditio
eri si leNed for further evaluation.compliance with 10CFR50, all four lines w

Evaluation of results of the GEOG measurement progi am indicated leakage to have a role
.in only one of the four llines identified as be)ng sds&pti~ble'o'significant stresses due to
thermal stratification. However, as in the ca0e df the surge line and NRC Bulletin 88-11„
thermal stratification was not in the original set of desi n bas's, ad' ns. Thu<, in

In addition, results of the measurement p ralgr@m w6re 'used as the basis for providing
guidelines (Reference GEOG-9) for GEOG plants to file with the NRC a Justification for
Continued Operation, documented in Appendix A.

GEOG tasks, Table;3-1, were establlished to evaluate, model and predict moments due to
thermal stratification in the remaining lines. Th~ tasks for each of these tines are
summarized in the following section..

4l
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Table 3-1
Lines Selected for CEOG Tasks in Response to NRC Bulletin: 88-08

Safety Injection

Shutdown Cooling

PORV

Line Task

741

818

772

813

773

827

Subject

Wall Temperatures
due to Thermal
Stratification

Evaluate Stresse's
and Fatigue in Sl
Lines

JCO for Shutdown
Cooling Lines with
Thermal Strat.

Data on Thermal
Stratification in SDC
Lines

Evaluation of
Thermal
StratiTication in
PORV Lines

Evaluate Stresses
and Fatigue in
PORV lines

AuxiliarySpray Line

Hot Leg Injection Branch Line

886

813

Evaluate moments
due to in-leakage
thermal stratification

Pressure
measurements to
determine leakage
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Figure 4.3-2 instrumented Lor~tions on Shutdown Cooling Lines - PVNG5
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Figure 3-1 Wall Temperature Data taken at Farley-Locations

Page 51 of 236



~ I I
I I . I I s. I

~ I

r \

I I I
g 'I ~ f '

I I

I I

I I I

l



CE NSPD-1043, REV00

6 INCH CHECK VALVE

(6.2d)" (T M.).

(5.2d) 6 7

B 9

DIRECTION OF LEAKFLOW

4D = 165.2

4D = 128.8

Figure 3-2 Wall Temperature Measurements from MHI Tests-Locations
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Figure 3-2 Wall Temperature Measurements from MHI l ests-Data
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Figure 3-3 Surge Line Wall Temperature Measurements-Locations
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Figure 3-3 Surge Line Wall Temperature Measurements-Data
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Figure 3-4 Representative Data: Calvert Cliffs 2 Safety Injection Line-Locations
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Figure 3-5 Representative Data: Calvert Cliffs 2 PORV-Line-Locations
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Figure 3-6 Representative Data: Calvert Cliffs.2 SDC Line-Locations
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4.0 EVALUATION,MODELINGAND PREDICTION PROGRAMS
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These programs were divided into two phases. The first phase was to use the pilot plant

measurements to derive a model from which predictions of wall temperatures could be

made for the remaining plants. The second phase was to use these thermal stratification

loads to predict moments in either lines that would produce moments of the magnitude

expected in lines of similar routing, or plant specific models of each line.

4.1 Safet ln'ection Lines

Evaluation of the wall thermocouple data (Reference CEOG4) indicated that thermal

stratification was primarily due to natural convection between the check valve which,

because of turbulent mixing in the short line between the nozzle and the check valve, is

close to the RCS temperature and the isolation check valve close to the Safety injection

Tank, which is close to containment temperature.

Two tasks were completed to develop a model to predict both fluid and wall temperatures

(GEOG Task 741) and to determine the moments due to the predicted thermal

stratiTication loads (GEOG Task 818), The participants in the two tasks are listed in

Table 4.1-1. The reasons for non-participation in the task related to moments are also

listed.

4.1.1 Geometry And Routing

The Sl line connects the safety injection tanks to the cold leg of the Reactor Coolant

System (Figure 4.1-1). The line runs from a safety injection nozzle, oriented in a vertical

up position on the cold leg of the RCS. Typical lines have one or more long horizontal

sections between vertical rises. Line sizes range from 12 to 14 inch nominal diameter and

Schedules of 140 to 160. In normal operation, the safety injection tank is isolated from the

cold leg by a check valve upstream of the cold leg injection nozzle. The motor operated

valve used to isolate the safety injection tank is open during normal operation. In normal

operation the RCS fluid ranges from 100'F at cold shutdown to 550'F at full power

operation. Fluid in the Sl tanks are typically at containment temperature of about 100'F.
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A series ofwall thermocouples were placed at axial and circumferential locations on the 8

lines for BG8.E Calvert Cliffs Unit 2, Figui'e 4.1-2. Wall temperatures w0re'e'cor'ded

during heat up, normal operation and coioldiowii. Typical data at the diffe'rent axial

locations are shown in Figure 4.1-3. In general wall temperatures between tahe'RCS a!nd

the check valve are close to the RCS temperatures and indicate small v'ariation ~rvith

angular location. However, those between the dheN Mal've'and the MOV,'hile loweii

than the RCS temperature due to the thermal rbsi,'stance of the valve, have top-to-bottom

variations in wall temperature of about 140'F.

Wall temperatures and temperature differerices! vlerh observed to be directly delated to

RCS temperature. This observation and thh abs&nch df fdro6d flow in the line„ the wall

temperature differences were credited to natural convection between a soi!>rd. of h'igh

temperature at the check valve and cold temPe6tulre bloke t'o the MOV.

4.1.3 Model

The large line diameter and high temperatures resulted in a Rayleigh number fo'r natu'rai

convection on the order of magnitude of 10". A one&irnensional model (Reference 1),

based on the Intrusion layer behavior, Figure 4.1-4, iobserved in this range of Aayleigh
numbers and .'mall aspect ratio., was used to prkdiH flluid and wall temperatures as a

function. of end conditions and line geometry. Representative predictions, compared wiith

data, are shown in Figure 4.1-5.

4.1.4 Thermal Stratification Loads

As a.result of the, heat tr'ansfer analysis, the Sl line,- di'vided into the following categories:

1) Length of pipe from the RCS to the first check valve„short or long and„2) Length of the

horizontal section from the first c!heck valve to a teirmination point, where the terrain'ation

may be due to a second valve or a change in line orientation. Lines were further

classified according to the length of the horizontal section, in which natural corivection

was assumed to dominate, and therefore, 'therm'al stratification is assumed to exist. The

results of this classification were three groups of likes, eNch of which corresponds to the

three lines for which data were taken at Calvert Cliffs and ANO-2. The classifications are
'hownin Figure 4.1-6 and are listed by plant in Table 4.1-2.

I
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Predictions of wall temperature distributions for all line classes, Figures 4.1-7, 4.1-8 and

4.1-9 were predicted according to the algorithm in Figure 4.1-10. Results are shown in

Figure 4.1-11. The highest top-to-bottom temperatures for Class A lines were found for

BGB E Lines 128, 21A and 228. The highest top-to-bottom temperatures for Class 8 lines

was found at WSES-3, Line 2A. The highest top-to-bottom temperatures apply to all

FPRL lines and WSES-3 Lines 1A and 28. These temperature differentials were found to

be a function of the stratified length and the number of elbows.

4.1.4.1 Class D lines

Due to their unique configuration, WSES-3 lines 1A, 2A, 18, 28 were re-classified as

Class D lines and were considered a special Sl line case. These configurations have

sections of piping between the cold leg and the check valve, which could make

possible the existence of turbulent penetration-caused thermal'tratification. Work

reported by the EPRI-sponsored TASCS program indicated that, in lines similar to the

Sl lines, the turbulent penetration distance is from 15 to 25 length-to-diameter ratios

(L/Ds), depending on the main line flow velocity, main branch temperature and

relative line sizes.

4.1.5 Moments Due to Thermal Stratification

4.1.5.1 Class A and 8 Lines

The bounding line for Class A for structural evaluation was determined to be the APS

(PVNGS) Unit 1 Loop 1A Sl line and the bounding line for Class B was determined to be

the ANO-2 Sl Line 22. This determination was made based upon a review of the line

configurations, calculated bTs and support type and number for each of the Class lines A
and 8, respectively. The combination of a long, stratified run of piping and the restraints

for the PVNGS Unit 1 Loop 1A Sl line and the ANO-2 Line 22 indicated that analysis of
these lines for the variable ETs would produce forces and moments that would be

bounding for the remaining Class A and 8 lines.

A structural analysis was performed for Class lines A and B. The Class A line analyzed

was the PVNGS Unit 1 Loop 1A (Figure 4.1-12) and the Class B analyzed was the ANO-2

Line 22 (Figure 4.1.14). A stratiTication hT of 150'F was applied to the entire stratified
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length of piping for Class A. Class A was also analyzed applying the variable DTs which

ranged from a maxirnurn AT of 140'F to a minimum of 52'F. Similarly, Cla<s 8, ANO-

Line 22, was analyzed applying -variable AT< which r6nged'from a maximum of 68~F 6 a

minimum of 32'F.

Three load cases were performed: lineai thermal expansion, thermal stratificatior) only

and a combined case (linear thermal expansion and thermal stratificationI. 'THe
het'ombined

moments due to thermal-stratification for selected locations for lines Classes A
and B are given in Tables 4.1-3 and 4.1-4. The results of this analysis maybe generically

applied to the other Class A and B lines.

4.1;5.2 Analy. is IMethodology for Class D ('WSES-3) lines

As done for Cllasses A and F5, the ANSYS Computer Cocle was used to evaluate the

bounding configuration for the one Class D line, WOES-3 Line 2A. Likewise, the

bounding piping configuration'was entered intcI the 'ANSYS Code as a series of
straight runs and bends, as determined by the geometry provided in Figure 4.1-13.

Class D line (VVSES-3 tine 2A) was evaluated for the effects of a maximum hT, which

is assumed to exist for the entire stratified sei:tion of piping, between the end of the

turbulent penetration and the first check valve. T'e turbulent penetration length was

assumed to be approximately 15 L/IDs.

Only one thermal stratification load case was performed for the Class D bounding line.

ln order to determine the elect of top-to-bottom wall temperatures, stratified
temperatures were applied to the horizont'al,'seCtiohs of the model using the lBFIE

'ommand.This commancl uses the top-to-bottom aiterage temperature (T„',) kp)lieI
'o

the center of the pipe (i.e., the fluid) and the temperature at q=180'T„, or. Tb,<,

depending upon how a partici>lar element vIJ'as generatedl). The 0 location is

internally calculated by ANSYS using a linear relationship ba. ed on these two values
(Table 4.1-5).
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4.1.6.1 Background

Stratification in the Sl line was shown to occur as a result of the plant heatup transient

and was found to be dependent primarily on the Cold Leg temperature (RCS T i<). As

Cold Leg temperature increases during heatup, turbulent penetration from the Cold

Leg into the Sl line sets up an axial temperature differential and resultant natural

circulation loop (see Figure 4.1-1). Increasing the magnitude of the difference

between RCS T i< and ambient temperature will, accordingly, increase the amount of

resultant natural circulation and the magnitude of the top-to-bottom differential

temperature in the Sl line.

As part of this effort, it was necessary to formulate a transient description which

describes the Sl line thermal stratification transient and assign a number of design

occurrences. In order to accurately describe the Sl line stratification transient, it will

be necessary to determine which of the current design basis plant transient conditions

willgive rise to stratification and to what extent this stratification will occur.

4.1.6.2 Development of Transient Description

A list of typical design basis transients for the RCS are provided in Table 4.1-5. The
time-temperature profiles for these transients were examined in order to determine the

change in RCS T i~ associated with each transient. The predictive model was then

used, with the ranges of RCS T~~, to determine predicted temperature differentials in

the SI line. The relationship between RCS T i~ and predicted Sl line hT is presented
in graphical form in Figure 4.1-1 5.

The majority of the design basis RCS transients have a minimal effect on Sl line dT
since they involve small changes in RCS T ><. For this reason, plant heatup will be

assumed to be the primary generator of Sl line thermal stratification. Also, since the

corresponding decrease in Sl line hT comes about as a result of plant cooldown, the

plant heatup/cooldown cycle will be assumed to constitute one full cycle of Sl line

thermal stratification. Therefore, the Sl line thermal stratification transient will be

assigned a number of design occurrences equal to 500 cycles.
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To evaluate the impact of the results of this effort on the participant plants,~ a~plant
specific analysis of the Safety Injection Nozzle and Class 1 piping was recom'mand'ed's

follows:

1. Load Comparison: In order to determine which loads are bounding hand if
further analysiis i:s necessary, a comparisori of the thermal. stratified loads t'o the
original linear thermal expansion loads of the original stress report'oi

the'ozzle

and the Class 1 piping would be required.

2. 'Stre'ss and Fatigue Aiialysis: Based on'he r'esults of the load compa~rison,~ a
stress and fatigue analysis would be performed'to 'determine maxirrium elastic
stress levells wind calculate fatigue usage factors.

3. Plant Specific Doc'umentation: 'Revisions to Engineering Specifications arid
Addenda to Piping Analytical Reports, as required, to incorporate the new
stress levels and fatigue usage factois.
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Table 4.1-1

Participants in Safety Injection Line Tasks

Task

741

Participant,

Arizona Public Service
Entergy Operations
Florida Power 8 Light
Northeast Utilities
Omaha Public Power Dist

Plants

PVNGS 1;2,3
ANO2, WSES3
St. Lucie 1,2
MP2
FCNS

Arizona-Public Service
Entergy Operations
Florida'Power 8 Light
Baltimore Gas 8 Electric
Omaha Public Power Dist
Maine Yankee

PVNGS'1,2,3
ANO2, WSES3
St. Lucie 1,2
Calvert Cliffs 1,2.
FCNS
Maine Yankee
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'Table 4.'il-2

Line Grouping

Line
Class

Utility-Unit

APS-PVNGS 1,2,& 3

Line Numb'.r

1A

Size

'4"

Sch.
160

'tratified
Length

(in)

500

Number
of

Elbows

APS-PVNGS 1 2,& 3

BG&E-1

BG&E-2

iN, 18,

218

28

12"
Sch.'60

400

550

630

BG&E-;,I&2

BG&E-'I&2

ANO-2

11IB, 12A, 22A

12IB, 21A, 228

12" Sch.
140

330

240

550

WSES-3

FP&L-2

ANO;2

MY

FP&L-1&2

FP&L-1

281

23

53-1,53-2,53-'3

1A2, 1 82, 2A1, NA2„

282

'lA1,.181

1d" Sch.
'60

12" Sch.
140

14" Sch.
160

12" Skh.
'60

'2'" S(Lh.

160

420

700

70

70

80

50

40

,20

0

0

10

0

D* WSES-3 1A, 2A, 18, 2t3 12 Sch.
'140

Section 2.1.'1

I~
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Table 4.1-3
PVNGS Unit 1 Loop 1A Sl Line - Variable hT

Combined Moments or Selected Locations

Location Node
Number

Combined Moment (in-kips)

Sl Nozzle Safe End

Elbow

Elbow

Tee

Elbow

15

20

26

33.5

117

512

300

My

-16.6

33.1

391

-944

-960

Mz

368

366

369

Mt

370

1170

1450

1070

Elbow 92 1030 -482 1870 2'l90

Table 4.1C
ANO-2 Sl Line 22 - Variable hT

Combined Moments For Selected Locations

Location

1" elbow upstream
of Sl nozzle

Node
Number

Combined Moment (in-kips)

Mx

426

elbow

elbow

elbow

elbow

tee

elbow

13

24

30

28

36

147

179

71.1

70.9

193

55

-493

-370

251

210

177

168

-289

-410

-163

517

502

486

469

308

185
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Talble 4.1-5

Typical Design E/asis Transients fior the RCS

Transient

Plant Heatup

Plant: Cooldovm

Plant Loading 5'/o/min.

Plant Unloading 5%/min.

10% Step Load Increase

10% Step Load Decrease

-Normal Plant Variation

Reactor Trip

Loss of Reactor
Coolant

Flow'oss

of Load

Loss of Secondary
Pre'ssure

'Condition

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Upset

Upset

'pset.

E:merg

en'ifetime

Occurrences

599

590

15000'5090

2000

2000

10

400

40

49

0

Hydrostatic Test

Plant Leak Test

Test

Test.

10

200

Safety-Injection Check
Valve Test

Test 160

Page 74 of 236



CE NSPD-1043, REV 00

Table 4.1-6

WSES-3 Sl Line 2A - Maximum Uniform dT
Thermal Stratification Moments For Selected Locations

Location Node

Number
Moments (in-kips)

Sl Nozzle Safe

End

Elbow

Straight Section

Elbow

Elbow

14

17

26

-965

1047

-1510

1502

1478

-147

100

133

-81.6

-378

1041 1427

-1 066 1498

1134 1893

-1 076 1849

-685 1672

Tee 40 120 205 -449 508

Anchor 60 36.8 -140 135 198
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g (

NATURAI.

CONVECTION

RCS

* Figure 4.1-1 Safety Injection Line
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Figure 4.1-2 Instrumented Locations on Safety Injection Line
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Figure 4.1-3 Safety Injection Line 'Wall Temperatures vs Time during Plant Heat Up
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A NATURALCONVECTION INALONG (L> D) ENCLOSURE AT HIGH RAYLEIGHNUMBERS

T HOT D > axo

Q

END
BOUNDARY
LAYER
REGION

INTRUSON lAYERREGION
ENO

BOUNDARY
LAYER

REGION

B. VELOCllYANDTEMPERATURE
PROFILES IN INTRUSION
lAYERREGION

VELOCITY

PROFILE

TEMPERATURE

PROFILE

Figure 4.1-4 Model for Natural Convection at High Rayleigh Numbers
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Angular Location 'Axial Location

259
tr.

0

aP

0299

0
a

0

- ooooot.os 5rsA)=1
oooootoo 6's/0 3oa
sssssLoo 7rs/l)6o3

Prod. s/O*l
Prod, sA)=5

o
//

o

o

389

U.

299
0

0

E
'

189

0' 0

OE

bbbbh Os lo
ON|OOols
djSHSOs ls
QX63Oslo
0X0)Oslo

Prod Is l los, Top

Prodlollosr Bolloo 0
9 15 38 45 69 75 99 195 129 135

Loco l, lon ( degrees)

8
rrrrs~~mTrssTssm ~~ ' 9' 1

'2 '3 < 5 6 7

Ar lol Loco(ton (x/0)
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hot T
cold
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hot

RCS

hot T
cold

LONG HORIZONTALFOLLOWINGVERTICALDOWN

hot T
cold

RCS LONG RCS-CHECK VALVEUNINSULATEDLINE

Figure 4.1-6 Classification of Safety injection Lines
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Figure 4.1-1 0 Flow Chart - Version 1.16
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Figure 4.1-12 PVNGS Unit 1 Loop 1A Sl - ANSYS Model
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Figure 4.1-14 ANO-2 Sl Line 22 - ANSYS Model
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Thermal stratification in the lines from the pressurizer to the Pressure Operated Relief

Valves (PORVs) is related to the presence of saturated steam and subcooled water in the

horizontal section of the lines upstream of the valve. The line, being cooled to

containment temperature at some distance from the pressurizer, provides the cooler

surface upon which the steam can condense. Evaluation of the wall thermocouple data

(Reference GEOG-8) indicate that possible run-back of the condensate into the PORV

nozzle at the pressurizer results in a variation in wall temperature related to the thickness

of the condensate layer (Figure 4.2-1).

Thermal stratification loads were determined by application of a model, developed in

GEOG Task 773, based on the measurements taken at two plants; Calvert Cliffs unit 2

(BGRE) and ANO2 (Entergy Operations). The methodology was then applied, in CEOG

Task 827, to plant specific FEA models of the PORV lines with which, using the thermal

stratification loads, moments were determined. Participants in the tasks related to thermal

stratification in the PORV lines are listed in Table 4.2-1.

4.2.1 Geometry and Routing

Relief valves, to protect the plant from over-pressure events, are connected to the top of
the pressurizer through a series of lines ranging from nominal 3 to 6 inches and Schedule

120 to 160. Though the line routings differ between plants there is normally one or more

horizontal sections close to the pressurizer. For full power operation the pressurizer

contains saturated steam at about 650'F. However, even though the lines are normally

insulated, the fluid in the lines can reach containment temperature about 10-15 feet from

the pressurizer. Note that within this analysis PORV lines refers to all lines atop the

pressurizer including Pressurizer Safety Valve (PSV) and Low Temperature

Overpressure Protection (LTOP) lines.

4.2.2 Wall Temperatures

A set of thermocouples was used to monitor wall temperature in the horizontal section of
lines shown in Figure 4.2-2. Wall temperatures recorded during heatup (Figure 4.2-3)

showed top-to-bottom differences in wall temperature of 100'F.
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Review of the top and bottom. thermoccIuple 're<5dings indicate that durirIg hektup

saturated steam fills the -upper section of the lind 4vhfle subcooled conden.'at

accumulates along the bottom. Condensatd le'velI an'd tI.mperature continue i to in'creas.

until the condensate is close to the saturatioh temperature and an equilibrium condensate

level is reached within the line at which point the difference in wall 'temperature

approaches zero.

4.2.3 Model

This model was u.ed to predict the variation in wall temperatures with axial and

circumferential locatiion„ lRe model, Figure 4„2-4, assumed a variation of condensate

level with distance from the pressunzer. Heat transfer'as based on condensation 'in the

steam region and natural convection in the cond'ensate region. A fin-wall model was used

to relate wall to fiuid temperatures. An iterative procedurI, l=igure 4,2-5, was used'o
predict wall temperature di. tributions. Typicall piIedlctiiIind, FiguIe 4.2, show an increaise

in wall temperature difference with distance fromm th6 p+es~IuriizeI;

4.2.4 Thermal Stratification l oads

The PORV lines, unlike the Safety fnjection lines'n which'thd, routings and line sizes were

similar, have a variety of routings and line sizes. Routings for 'the plants considered are

shown in Figure 4.2-7; Line diameters and schedules are listed in Table 4.2-1. Axiallwall

temperatures versus axial location away from the piessuriizer, with the line assiumed filled
with-subcooled water, are used as input for calculating plant-specific wall t0mPenture

'istributions,for example Figure 4.2-7.

lt was noted that the higher steam-water interface levels ((I > 90 ) have a greati.,r effect on

the wall hT. The higher the 9, the cooler ttIie pipe bottom, arid the greater the top-to-

bottom temperature differential. This indicated that the assumption of a flat-interface

steam would provide conservative results. Tfierl foIe, it V~as'ecessary to determine th'

value of the heat transfer rate that, would result isa highest bTs. Results similar to Fi!pure

4.2-7, indicate Ithat the highest 5Ts are obtained for values of 8 between 155 and '160

and, more accurately, for a value of 8 equal to 155'. ReIpresentative results for alifferences

in top-to-bottom wall temperature are listed in Table'4.2-2.
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The ANSYS Computer Code, Version 5.0A, was used to evaluate the PSV, PORV and

LTOP lines which are subjected to thermal stratification. In order to be modeled, each

line was entered into the ANSYS Code as a series of straight runs, tees, reducers,

valves and bends. These inputs are translated by ANSYS into a set of nodes and

elements having the material properties and structural characteristics of the actual

pipe segments.

For each line, two load cases are run: one linear thermal expansion case and one

thermal stratification case. The linear thermal expansion case is considered to be the

"benchmark" analysis and does not take into account the loads caused by thermal

stratification. For all modeled lines, the temperatures of the pipe sections up to the

first closed valve from the pressurizer were entered as a uniform temperature based

on normal pressurizer steam operating conditions.

The thermal stratification load case was analyzed to determine the effect of top-to-

bottom wall temperatures on the horizontally stratified sections of the piping. In place

of where the uniform steam temperatures were originally applied, thermally stratified

temperatures were applied to the horizontal sections of the model. Thermal anchor
movements (i.e., rotations and displacements at the pressurizer) due to the thermal

growth of the Pressurizer from ambient to normal operating conditions were also

included. Depending on the location in the line, vertical sections were assumed to be

either full of steam or full of water and, therefore, were not stratified.

A summary of these results comparing the stratified loads to the current linear

expansion loads is presented in Tables 4.2-4 to 4.2-8 for each participant's piping
system.

4.2.6 Plant Specific Analysis

From the results of this effort, it was concluded that the magnitude of the thermal
stratified loads could be significant when compared to other design basis loads and

that additional evaluation on the plant-specific basis may be necessary.

Consequently, the effect of the moments resulting from thermal stratification should be

evaluated on a plant specific basis as to their influence on current design basis
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(stress/fatigue) analyses and design code requirements. Attention should be'ivers to

the potential of spring hanger displlacements exceeding travel limits (bottoming-cIut)'.

The methodology, used to calculate the stratified wall temperatures was based
on'ata

from a limited number of thermocouples from two line configiaratiohs.

Temperatures based on this model are conservative. Thus, in cases where stress

and fatigue allowables are exceeded, thermocouple data can be obtained on a plant-

specific basis and used to substantiate an upper limit, on the magnitude o)F any
stratification, as well as on the affected length 'of a given run of piping.

0

0
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Table 4.2-1

Participants in PORV Tasks

Task. Participant Plants

773 Arizona Public Service
Baltimore Gas 8 Electric
Entergy Operations
Florida Power 8 Light
Maine Yankee
Northeast Utilities

PVNGS 1,2,3
Calvert Cliffs 1,2
ANO2, WSES3
St. Lucie 1,2
Maine Yankee
MP2

'827 Arizona Public Service
Baltimore Gas & Electric
Entergy Operations
Florida Power 8 Light.
Maine Yankee
Northeast Utilities

'PVNGS 1,2,3
Calvert Cliffs 1,2
ANO2,'WSES3
St. Lucie 1,2
Maine Yankee
MP2
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'Table 4.2-2
Summary of PORV/PSV Geometric Configurations

Participant.: B~G8 E Entergg ' FPL 'YAPCO NUI

1) Pcs
Diameter (in.)

Schedule 'l20 160

3

160 160

4

120

Configuration Type (1)

2) PORV or LTOIP

(2) » (3) (4)

Diameter (in.)

Schedule

Configuration Type

120 'l60 120 120

(6)

160

(7f)

160

(7)

'l20I

(8)

Description of configuration, by Type:

(2)
(3)
(4)

(6)
(7)

(8)

From PRZ: a horizontal pipe with 2'steps" 'to PSV (in vertical section); total
distance to PSV is approximately 9 ft.
PSVs mount directly to the vertical no&leh oh tdp 6f the PRZ.
From PiW a. hort vertical pipe to PSV.
From PRZ: a short horizontall pipe (approximately 10 in.) to a 17 to 48 in. vertical
pipe; configuration looks like a "step".
From PIW: a short horizontal pipe wi'th 4 "steps'" to'the PORV; total distance to
PORV is between 15 and '18 K
From PRZ: approximately 4 ft. of vertical gIipe to a 2 ft. horizontal section.
From PIRZ a long horizontal pipe with a 0 ft. vertical pipe to a long'oriz'ontal

'ection;total length is approximately 16
ft.'rom

PRZ: a short vertical pipe to a 3 ft. 30'noiine, to a 3 ft. horizontal Pipe with a
29 in. vertical section and the PORV; tbtal di. tar>ce is approximately 10 ft.
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Table 4.2-3
Wall Temperature Variation

for BGRE 4" Schedule 120, T~ = 550'F

Axial
Location

tXIDJ

Tcold
oF

(Table 10)

For heat transfer coefficient
hh=306, h;-5.0

4

10

473.1

409.3

356.6

312.6

276.2

246.1

221.1

200.4

183.2

169.0

157.2

Ttop

. 547.0

545.0

542.0

540.9

540.0

539.2

538.6

538.0

537.6

537.2

494.4

455.1

422.8

395.7

373.4

354.9

339.5

326.8

316.2

307.5

300.2

DT

52.6

89.9

120.6

146.3

167.6

185.1

199.7

211.8

221.8

230.1

237.0

12 147 A '36.9 294.2 242.7

13

14

15

16

17

18

19

20

21

22

139.3

132.6

127.0

122.4

118.6

115.4

112.8

110.6

108.8

107.3

536.7

536.3

536.2

536.0

535.9

535.9

535.8

535.7

535.7

289.2

285.1

281.7

278.8

276.5

274.5

272.9

271;6

270.5

269.6

247.5

251.4

254.6

257.3

259.5

261.4

262.9

264.2

265.3

266.1
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rabie 4.2-4
FP8II -1 PORV/PSV Thermal Loads Comparison

Location

PZR
Nozzle

First TEE
From

Nozzle

Figure 1

(Attachment 2)

Node Number

Moments (in-lbs)

Theninal Expansion

Thermal Stratification
Ratio

Thermal Expansion

Thermal Stratification
Ratio

IVlx

7414

-4!95
-0.07
8065

12300
1.52

My

-3'1 89

-6'122
1,92

A225

-9084
2.'15

Mt',III
r
: ., ':M~rro

5965:"""'1 0036

81130;: . '(I13$2;::
13.60; .'. '!8."11'.::.,;:

21192 .:.,23072".:.':,

-11020;.";';1,8848:.':";
-0.52 ~i.8a~~:;,'..'.

Reducer
(EAST)

138 Thermal Expansion -5512 571 -21192 ',-:21905

Elbow
(East)

Valve-
1403

Outlet

Valve-
1405

Outlet

36

148

Therm,al Stratification
Ratio

Thecal IExpansion

Thermal Stratification
Ratio

Thiemsal IExpansion

Thermal Stratification
Ratio

Thiem>al l~pansion

Thermal Stratification

~ 10280
1.86

-1184

-6884
5.81

-1280

-6076
, 4.75
-1184

-68IB4

36i34
6.,36

-5108

-5074
0.99
4579

11'II40
2.43
1035

969

11020 ..'5502
-0.52,

i0.71I.'19101'.1 9808
"

12660:„".'15278
-0.66,:0.'77,'603

'8967

29010 ". 3"l664
3.82, 3.53
5525 '5744

31130, .3'll 897

i

Ratio 5.81 0.94 5.63 5;55
Elbow
(East)

167 Thtem>al Fwpansion

Thermal Stratification
Ratio

9148

12430
1.36

~.10962

~.16280
1.49

-1 6570,21I 873

-38920
,

4398'l
2.35, 2.01

Valve-
1402

Outlet

/4 Themial Fmpansron 21 8 -1395 6567 7i037

Thermal Stratification 52 -1830 21680, 21757

Valve-
1404

Outlet

174
Ratio

Them) al Fwpansion
0.02
3085

1.31
13932

3.30
-160

3.09
14270

'Thermal Stratification
Ratio

4590
1.4

20710
,1A9

13960 25394
-87.38 1,78,
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Table 4.2-5
ANO-2 LTOP/PSV Thermal Loads Comparison

Location

P2R Nozzle

Figure 2
(Attachment

2) Node
Number

Moments (in-Ibs)

Thermal Ex ansion

Mx

44252 -16614 -29065

y;,~ Mt>8c y.,o

xi~~'
ggQ

I:::l55489.'4

'First Tee
From Nozzle

Thermal
Stratification

Ratio
Thermal Expansion .

40775

0.92
-2915

-24174 . -34663

.1.46, 1.19
-16614 -17640

!,.'.,;".,"'58724$!

... ' . '.' ':AVES ..

ki'!"!24407,::.'I

Thermal
Stratification

Ratio

-21779

7.47

'24174

-1.46

-3917

0.22

j::.:, 32773'i" i

i;::'::1':.34%4

Second Tee 16 Thermal Ex ansion
Thermal

Stratification
Ratio

-2915
-21779

7.47 0.88 1.17

29547 14313
26091 16689

>V432960$%

~:; .,37S63"",::.

'.:-':": 'l':15%'."'.

Hanger
2BCA-14-H11

Hanger
2GCB-'513-H1

29

36

Thermal Expansion

Thermal
Stratification

Ratio
Thermal Expansion

12895

<906

-0.38
<101

4275

-1042

-0.24
864

-10993

-7182

0.65
-7416

!~17476'ig
}'..",X,:>'q:V,:.,'~'.
,''i;";8760~

k';'r0;50,'"Ã
"" '8518"'-'

Hanger
, 2BCA-14-H6

Hanger
2GCB-514-H1

67

71

Thermal
Stratification

Ratio
Thermal Expansion

Thermal
Stratification

Ratio
Thermal Expansion

Thermal
Stratification

-12522

3.05
-5287

10764

-2.04
1239

10938

-873

-1.01
-12541

-9793 "

0.78
95

1669

-5579 ':..!'.„.'„;13736.:;:

0.75;:,"'": 1;61I"'."':::

-7171 ..',:;„"',15383'..;;,:

-5925, ",.'';",.157, l2."',-.
V i

0.83 a":i'1'.02!
-5020, „;,',"51?2,;~

-5868 . „12524;

Hanger
2FCC-2-H7

89.
Ratio

Thermal Expansion
8.83

-7515
17.54
15751

1.17
9928

:2.42
,...20078:;=:

Hanger
2FCC-1-H21

210

Thermal
Stratification

Ratio
Thermal Expansion

Thermal
Stratification

4402

-0.59
-4628

-13829

13358

0.85
1627

1019

-143 14065

-0.01 0.70
5541 7400

-1 122 '3912

Ratio 2.99 0.63 -0:20 1'.88
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Table 4.2-6
MYAPCO - PClRV Thermal Loads Comparison

Location

Relief Valve
Nozzle

Flguire 3
(Attachment 2)
t~lodie Numlber

Maiments (in-Ibs)

Thermal
Expansion
Thermal

Stratification
Ratio

Mx

4753

-377iS3

79

My

-1'il63

-1320

-1495

13657

«9.1

" "Mt"iE.':;.:

'MaiIo
(

!51:16

;-'-401 78

: '..: i7!85:;
Elbow@

SH»28
12! Thermal

~Expansion
Thermal

Stratification

-370

-35879

2051 -910

5058 3020

2274

',::::3i8359

IRatio 97.0 2,5 -33 15.'99.'..:

SV-3004 Inlet 31 Thermal
~Ex vansion

Thermal
Stratification

Ratio

-.'2945

14672

«5.0

-1368 2434

A.O

-3012 -9826 t. '-":f791'3

4".41

SV-3004
Outlet

37 Thermal
~Ex iansion

4513 1368 -3532 '"'-'6892" '::

Anchor H-7
(South)

110

Thermal
Stratification

Ratio
Thieimal

E~xiansion
Thermal

Stratification
Ratio

di984 301l2

«1.5 2.2
-11084 4061

1579

-0.4
5661

0.8

-17343 ;28686 4310

"7768 '-'',

:, .'1:.32,". ''

I "13091

33797'

.-",2;58,

0
Elbow@

SH-24

SY-30Q5 inlet

SV-3005
Outlet

160

200

.206

Thermal
Etta nsion
Thermal

Stratification
Ratio

Thermal
lw~ansion
Thermal

Stratification
Ratio

Thermal
F~anston

1776

3456

'l.9
-3912

17309

6287

1702

-2761

'1107

2700

-1 107

695

2731

-114

-2062

18.1
-87

2556

',5198

,".'2.'03

'067
'17639

4.34
6384

Thermal
Stratification

-5580 -.'2700 3329 7036

ElbowI
SH-26

234
Ratio

Thermal
Fw~ansion
Thermal

Stratification
Ratio

-0.9
150

27

-0.2,

2.4
-910

-896

1.0

-38.3
10192

10159

1.0

1.10
10234

"lO'I98

, 1.00
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Table 4.2-7 (Cont.)
BG8 E-.'2 PORV/PSV Thermal Loads Comparison 0

Location Figure 4
(Attachment

2)
Node Number

Moments (in-lbs) Mg '

My i";:,'"::";."',.Mt:L";;.':g

~",".":."Bric"''::.",,.:,'lbow

Stratified

Straight
Run

Stratified

59

60

Thermal Expansion

Thermal Stratification
Ratio

Thermal Expansion

-17755

-14776

,
0.8

'l9660

1385

7879

-2911 ;14338 :;::K", 45

9737 .".;„'";.;"20297;.,"."

,49385:;~";:::i 21 7;,:l:,":.

5.1 ''::;::.'„'j'2:

7;:::,'.';,.'lbow

- Stratified
70

Thermal Stratification
Ratio

Thermal Expansion

Thermal Stratification
'atio

0.8
4429

3.5
4664

4238 6230
1.6i 1.5

164'I 3 -10290 53338,!''iii'. 67, 7;e''c

3 7 ne.r+l2r32." >"„".

18349 ~,;.„,';193,()9':;.;;":;

56070 „'; -;.,56574; eh

3.0, i.;:;.:,",::",:2.'93„"",:..!;

Straight
Run

Stratified

'80 I heimal Errparrsion -5065 -5765 4671 '""::"'898
4':","'..,

er,

Thermal� 'Stratification
.Ratio

-3945
0.8

-7870 -23593 '.:"-.'.":25182:":

-5.0 i ..":,'2.'80 -'." ': I
PORV
Valve

Elbow

88

85

Thermal Expansion

Thermal Stratification
.Ratio

.7'hermall Expansion .

Themaal Stratification

-2909 -6509
,0.7 . '1.3

-506l5 -5022
-394!5 . -6741

~4382 <869 4777
''8107'16691

'",'':.1 8150. ',

-3.5 "'reh r24

-15146 ..:16741'
-40619 ', "41363"

,Ratio 0.8, '1.3 2,7 2.47,
Tee 47 7'hermal Expansion

, Thecal Stratification
„2,741

419
4171

5450
-21711, 22277
-10977 ., 12263

Ratio 0.2 1.3 0.5 '0,.55,
'lbo'w119! Thenmal Exipanainn

Thiemral Stratification
.<0120 749i5

-37890 7316
2598 ,.46897
3200, 38722

Ratio 0.9, 1.0 1.2 0.95
Anchor. 127 Thermal Expansion

Themial Stratification
Ratio

-28798
-2!5117

0 9

218
-234

-4376, 29,129
-4035 , 25440

, 0.9 0.87,
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Table 4.2-8
NU - PORV/PSV Thermal Loads Corrlparison

Location Figure 5
(Attachment 2)
Node Number

Moments (in-Ibs) Mx My

Relief Yalve
Nozzle

Thermal Expansion 9237, -8102 10498

Thermal Stratification -3874 -41196 43040

RC-404 Inlet 25
Ratio

Thermal Expansion

-0.4 5.1

3289 -5274
4.1

5248

::;:,:i3';69.j'-''"'.

-':,';,.'?8135:..;;.'.

Thermal Stratification
Ratio

-37

0.0

-8898 14T72

2.8

';:;,:..17245

g2 12%!
'educerto

RCA03
68 Thermal Expansion A768 411 -2643

Thermal Stratification -1419 -1902 21313 21445.'i''9

Ratio 0.3 A.6 -8.1 ;;::;::::.;;.3!92".':,::.',

RC402
inlet

77 Thermal Expansion 3395 -579 876 3554

Thermal Stratification 2200 -6011 A692 ',.,',;.';79374:."I

RC-200
Inlet

135

Ratio
'Thermal Expansion

10.40.6

5T43 -1466
-5.4

8TO

i-:'i:":?'23 '-"'.::.

'.,.",,5991~;;:„'

Nozzle
(RC-200)

160
Ratio 0.1 0.9

Thermal Expansion 5755 -3859

Thermal Stratification 3140 <377

Thermal Stratification 396 -1368 2487
2.9

6245

8180

:;".".."'2865:::.=',

'0

48:="'-'--'-'9794"-'..

Ratio 0.5 1.3 1'.05

RC-201 Inlet 198 Thermal Expansion -10079 3230
Thermal Stratification -2512 4251

-6273
-5966

"-.'-,'12303. -'i

'"- -'.7745'"

Ratio 0.2 1.3 1.0 '0.63
Nozzle

(RC-201)
220 Thermal Expansion 15171 5029 7627 17709

Thermal Stratification 19993 7735 10650, 23937
Ratio 1.3 1.5 1.4 1.35

Element@
PSYH-30/31

225 Thermal Expansion 64813 '14547 -80455 '04325

Thermal Stratification 561 84 -13761 -70975 91561
Ratio 0.9 0.9 0.9
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STEAM PORV

CONDIGN-NSAYE

PRESSURIZER 0

I;igure 4.2-1 Thermal Stratifioation in PORV Lines

0
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.A

+Op BLOCK
VALVE

~Py~

BLOCK
VALVE

CATE
VALVE

THERMOCOVPLE

PA1R

Figure 4.2-2 instrumented Location on ANO2 Pressure Operated Relief Valve Line
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STEAM

T [aF3

T-STEAM

'PIPE:

(TOP)

T-FLUID ----~--- - (BOTl'OM)

TEMPERATURE PROFILE- STRATIFIED I tft.]

Figure 4.2-4 Model for Two Phase Flow in PORV Lines
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1. CALCULATETfgg(p (X)

~ PIPE ASSUIVlED FULL OF WATER
~ ASSUME FIN IVIODEL
~ SEE FIGURE A

CE NSPD-,1043, REV 00

FORX = OTOL

FOR 9 = 0 TO 180

2. CALCULATEhr:cusp (Xi 8)

~ HEAT TRANSFER COEFFICIENT'
ASSUMING LAMINARFLOW OIV
CONDENSATE-TO-WALL
SURFACE

3. CALCULATEh,„„„(X,6)

~ AT STEAM-70-WALl SURFACE

~ REMA) CIJLATE PROPERTIES
~ 'ECALCULATETEMPERATURES

NEXT~8, 'NEXT X

4. CALCULATETwau. (X. 8)

~ SEE FIGURE B

5. SUMMARIZETHERMAL
PROFILES

Figure 4.2-5 Procedure for Calculating Fluid aAd Wall Temperatures for PORV'Likes'.
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BG8 E (~AlLVERTCLIFFS UNIT 1 '0

4 x2RIED

HGBE CALVERT CL IFFS UNA'2

0—4'x 2 1I2" RED

~4'x21J2 RED

0
T.L ii F

2'-2'igure

4.2-7 P(3RV Line Configurations
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PORV WALLTEMPLRATURLS WITH 2 PHASE FLOW
Tb ~ 653, Tc ~ 400, hh ~ 1000, hc c 10, TI ILI'Aa 90

P ae

g SSO

500

~V-IS F

450
50 100 150

DEGREES FROM PIPE BOTIOM(0VO 180)

~3in, SCHED. 160 ~ 4 in SCHBD.'60

~ 4 in„SCHED. 120 ~ 6in. SCHED.160

200

»pg n

Gi "o To

0»

Figure 4.2-8 Predictions for Circumferential Variation in PORV Wall Temperatures
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ARKANSAS NUCLEAR QNE 'UNIT'2

'L='NSPD-1 043, RI=V 00

0
6 x4 RED.

4I

I=P&L ST. LUCIE UNIT'1'

x21Q,REO

b—

0

TJ ~~8'I T'L. < 5'
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4.3 Shutdown Coolin S stem Lines

l
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Evaluation of the results for the BG&E line (Reference GEOG) indicated no. thermal

stratification in the shutdown cooling line. However, subsequent measurements at AN02

(Reference 6) indicated large differences in top to bottom wall temperatures with operating

conditions. Thermal stratification in the shutdown cooling line was found to be related the

variation of turbulent penetration length with operating conditions upsetting the equilibrium

in the natural convection driven heat transfer in the horizontal sections of the line

downstream of the turbulent penetration (Reference GEOG-17). The time required to re-

establish a new equilibrium pattern resulted in a lag in the cooler fluid temperatures at the

bottom of the line as compared with the hotter temperatures at the top. This lag was the

cause of the differences in wall temperatures. A schematic of the SDC arrangement

showing the turbulent penetration and natural convection that exist during steady state,

are shown in Figure 4.3-1.

The maximum differences in wall temperatures (345'F) measured for the SDC line at

ANO2 were larger than those measured in the surge line (300248F). Thus, whereas the

surge line results had been used as a basis for the JustTiication for Continued Operation

(JCO) for the Safety Injection and PORV lines, a new JCO was necessary for the SDC

lines. This JCO was based on a stress and fatigue analysis based on what was assumed

to be a conservative distribution ofwall temperatures, based on the ANO2 measurements.

Support for the JCO, documented in Appendix D, was to be based on the moments

resulting from thermal stratification loads done under GEOG Task 7T2.

In a subsequent program, GEOG Task 813, a model was developed to predict wall

temperatures and to ascertain if the wall temperature distributions assumed in GEOG

Task 7T2 bounded those based on the predictive model.

The participants in these two tasks are listed in Table 4.3-1.

4.3.1 Geometry And Routing

The shutdown cooling line is used during refueling to remove decay heat from the core.

This line runs from the SDC nozzle, oriented in a vertical down position on the RCS hot

leg, to the suction side of the Low Pressure Safety Injection (LPSI) pumps. The line

consists of a number of long (L/D»1) horizontal and vertical. runs with nominal diameters
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of from 12 to 16 inches and a 140 Schedule. The liine„during normal operation, is isolated

from the LPSI pumps by a motor operated valve, llocated between 20-30 diameter's fr'o

the Sl injection nozzle. RCS fluid temperature. vary from about 609'F during full power

operation to containment temperature at the MGV liocatioins.

4.3.2 Wall Temperatures

Two SDC line arrangements are shown in Figure 4. I-2. Both lines have long
horitoktal'uns

which, for ANO-2, starts at UC) = 16 and for PVNGS at liD = 20. Both lir>es were

instrumented at the locations shown. Representative val'ues of wall temperature vs time

during heatup (Figure 4.3-3) show evidence of a cI>ange in characteristics at the point at

which four pump operation is initiated. However, whereas 'all the top therrnocouples for
ANO-2 show a marked increase in temperature, in PVNGS only those in the vertical

section at an LJD =- 15 indicate this increase in temperature.

The axial variation in top and bottom wall ternperaiIures, Figure 4.3-4, show a large

difference in wall temperature,s prior to four pump operation. However, initiation of four
'umpoperation results in a large difference in top-to-bottom wall temperatures'od ANO'-2
'ut

only a minor change for PVNGS.

4.3.3 Model

Though the details are not welf understood, turbulent penetration has been defihecI a4 thle

mechanism by which momeni:um and energy are'tra'nsferred 'from a main fllow to the

secondary flow in a branch line. The VD of b'rarIch link t6 which this transfer trike's (lac'e
'as

been placed at about 15-25 based oh the'sothermal tests reported by E-:PRI

(Reference 2).

Work by Robert ancl lVlattei (Reference '3) and Aokert (Reference 4) des''ibes'hI
complex, three dimensional flow pattern and tHe Aon'-is&tropic nature of the turbulent. foIr

the non-isothermal tests performed. Noted is the allmost abrupt chang& in luis
temperature at the limit of the thermal turbulent g)enetration length. As noted by Robert,

(Reference 4) this length maybe related to a global Richardson number, defihed bg
Turner (Reference 5) as,

Page 114 of 236



CE NSPD-1043, REV 00

Vx

where P is the coefficient of thermal expansion, T, the temperature of the main flow, Tm a
reference temperature, and V„ the local velocity at axial location x in the line. The
relationship between the local velocity and the velocity, v,, in the main line, using the
EPRI (Reference. 2) data, can be, expressed as,

Vx

Taking the turbulent penetration distance, 4„as the axial location where the abrupt
change from main to branch line temperature is noted, the expression for Richardson
number is re-written as,

D

V,'he

data from Lubin, et al., (Reference 12) and ANO2 and PVNGS are shown in Figure
4.3-5 as a function of Richardson number. This relationship implies, that an'increase in
RCS velocity, V„willresult in an increase in penetration distance.

This relationship also agrees with the observations reported by Lubin and Hammer
(Reference 6) of the change in wall temperature difference with an, increase or decrease
in RCS temperature.

A,one<imensional model, Figure 4.3, was formulated that assumed conduction through
the fluid as the primary. mode of heat transfer past the turbulent penetration distance. The
effect of a change in turbulent penetration length due to a change in operating condition
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was assumed to disrupt the existing natural convection pattern in the horizontal s'ect'ion'.

Predictions based on this model and compared to data are shown in Figure 4.3-7'.

4.3.4 Thermal Stratification Loads

The structural evaluation was based on what was assumed to be conservative values of

thermal stratification loads. Based on the limited set of data available at the time 'of the

analysis, it wa. assumed that thermal stratification, resulted in a constant diffeitendu In
tbp-'o-bottom

wall temperature,s and that this differ@nCe Aas uniform over the first horizontal

section of the line. Further more, based on the observation that the bottont vttall

temperatures stayed almost constant while tilde ltop tdmper5ture could vary, thermal

stratification loads were taken over a range af temperatures for the hotter (top) fluid 'and a

constant colder (bottom) fluid.

SDC line routings were similar in that the initial nb&le,'ertical and horizontal
seHidns'ere

then followed -by either the MOVs or a vertical up or down section. Line

configurations were divided into the three 'cia'ssifications, and plant within these

classifications, defined as (Figure 4.3-8):

Class A Short vertical section followed by a shctrt horiizontal section terminating at l

the center of the second valve (BOISE, MYA'C, OPPD).

Class B Two or more short vertical sect

sections terminating at the va

ihnd followed by'hort and long .horizontal
'vd

(FPSL, Ent'ergy VVSES-3).

Class C Short vertical .ection followed by a long horizontal section (ANIQ-.'2,

PVNGS)

Wall temperature distribution. assumed for the strut%ural analysis are also shown in

Figure 4.3-9.

Test results showed that theim.-il stratificati~)n in the SDC lines occurred only in the
horizontal sections downstream of the turbul'ent phne'tratiori di'stance. Furthermore, the
distribution in fluid and, thus, wall temperature differences are not strongly dependent on
axial distance along the line. The maximuml differeniws'n'fluid and, assuming infinite
heat transfer coefficients, wall temperature were found to be the difference in RCS and (
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ambient temperature. However, test results showed that the variation in wall temperature

was dependent on the number of operating pumps. However, changes in wall

temperature were evident with changes in RCS temperature that could occur without a

change in pump operation. These data showed that while the top temperature could vary

the bottom temperature remained close to the cold sink (ambient) temperature. Thus

thermal stratification loads were taken over a range of temperatures for the hotter (top)

fluid and a constant colder (bottom) fluid. Wall temperature distributions assumed for the

structural analysis are also shown in Figure 4.3-9.

4.3.5 Moments Due to Thermal Stratification

The criteria for bending moments due to thermal stratification indicates an increase in the

moment with the length of line over which the stratification occurs. Thus, Class C lines

should have the highest moments. ANSYS models were done for all three line

classifications. The routings were based on: Maine Yankee for Class A, WSE-3 for Class

B and ANO-2 for Class C.

The analysis included consideration of linear thermal expansion, thermal stratiTication and

the combined linear expansion and thermal stratification. Results, Table 4.3-1 show that

thermal stratification moments can be higher than linear thermal expansion. The variation

in moment with thermal stratiTication load is shown in Figure 4.3-10.

4.3.5.1 Justification ofAssumed Thermal Stratification Loads

Test results showed that thermal stratification in the SDC lines occurred -only in the

horizontal sections downstream of the turbulent penetration distance. Furthermore, the

distribution in fluid and thus wall temperature differences is not. strongly dependent on

axial distance along the line. The maximum differences in fluid and, assuming infinite heat

transfer coefficients, wall temperature were found to be the difference in RCS and ambient

temperature. Test results showed that the variation in wall temperature was dependent on

the number of operating pumps. The maximum difference in wall temperatures occurred

under four pump operation. ln these conditions the turbulent penetration length reaches

its largest value due to the RCS velocity being the highest, of about 15 diameters into the

line.
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Plants with a combined vertical andi horizontal length of pipe less than 15 diameters to the

MOV, turbulent penetration will reach the vlalvle rtiixtng thh fluid and eliminatirIg I'hei'm

stratification.

Plants with vertical and horizontal length cd gripe greater than 15 diamete/s 5aij havh

thermal stratification ifthe penetration can extend on partially into either the fir'st iver second

horizontal sections.

Based on the. e subsequent observations, the plants with lines categorized as Class A
~,

the turbulent penetration should mix with any cooler fluid, resulting in little or nd

stratification. Thus, the assumed loads are clearly cor>servative.

Plants within Class B only differ f'rom Class A in having a vertical rise after the fir. t vertical

and horizontal sections. These being between 1'I and 16 diameters in length', as
vlith'lass

A, turbulent penetration should mixI With'6oldr fluid resulting in 'little 'or

'no'tratification.Hlere again, the assumed thermal stratification lloads are conservativ'e.

'lants

within Class C include only ANO2 and APS, the plants upon which
t'e'easurement

lprogram was done. ANO2, having the, v~.rtical and horizontal seHi6ns
of'bout

27 diameters in IIen!gth„ the turbulent perietration cannot extend the frill length of
these sections, thus resulting in tlhe stratification measured. However, APS twit'he

'erticaland horizontal section only about 13 diameter~ in'length, the turbulent per>etrati<on

can mix with the fluid to the next vertical section where the fluid can be stable in the
vertical direction. Hence the stratification loads assumedl for ANO2 are realistic while for
APS can be considered conservative.

4.3.5.2 Bounding Calculation of Usage Factor to Support,JCO

A fatigue usage factor was calculated, based on two assumptions, that was users irI th'e

'nalysissupporting the JCO for the lparticipating plant.. l>e fir. t assumption, confimsedl

in Task 813, was that the temperature differences recorded at ANO2 would be the Upper

bound for subsequent measurements. It was fUrther 'as~iurned that the routing of the SIDC

line at ANO2 represented in bounding configuration in that its stiffness was such that it

would result in the largest values of stratification loads. This was based on the
observation that the horizontal length subject to stratification was for the lines in Class C,

Page 'l18 of 236



CE NSPD-1043, REV 00

bounded by ANO2. The second assumption was that the contribution to the usage factor

for the remaining design basis loads are of a magnitude similar to those for ANO2.

Stratification in the SDC line was observed to occur with changes in hot leg flowand/or

temperature. The fatigue usage was calculated based on the number of plant heat-ups

and cool downs as well as reductions in power, including trips. The number of expected

cycles for 40 years of operation:e.g. 21 0 total for heatups plus cooldowns and 1292

reductions in power, were based on extrapolation of the operating data for ANO2.

The current design basis usage factor of.398 was increased to.704 with the inclusion of

the above thermal stratification events. The difference of.306 can be linearly prorated by

participants and added to current design basis usage factor for these events. A more

accurate estimate could also be obtained using the moments associated with the

classiTication of the SDC line for the specific plant.

4.3.6 Plant Specific Calculations

Based on the methodology provided, the participants that did not instrument their lines

could calculate the stratiTied temperatures which may be occurring in their SDC piping

systems, based on the operating conditions and line configurations of their plants. These

could be in plant specific analysis.

As an alternative, the values of moments based on the Class A, B and C analyses could

be used to determine how these compare with other design basis loads. These

comparisons, along with the margins in stress levels and usage factor can be used to

judge the importance of thermal stratification loads.
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Table 4.3-1

Participants in SDC Tasks 0
Task Partlclpant Plants

7'72 Arizona Public S<htvIce
'altimoreGas 8 IElectric

'Entet'gy Operations
Florida Powei 8 Light
Maine Yankee
Omaha Public Power Dist

PVNGS 1„2,3
Calvert Cliffs

1,2'NO2,

WSES3
St. Luciie 1,2
Maine Yankee
FCNS

813 Arizona Public Service PVNGS-1,2,3
Entergy Operations ANO2, WSES3
Florida Power 8 Light St. Lucie 1,2
Omaha Public Power Dist FCNS
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Table 4.3-2
Forces and Moments for SDC Line Classifications vs Thermal Stratification Loads

Summary results: Classes A, B & C

Thermal Expansion Thermal Expansion &
Stratification

Case

A2so

A~so

Node
No.

Mxo Myo Mzo

1710 5581 481961 2,678

(in-lbf) (in-lbf) (in-Ibf) (in-lbs)

67708 77307 -172931 -1,209,745

-1033713 -19907 182079 -1,033,714

66835 84707 -170581 -712,839

66230 89561 -169091 -385,5?4

(in-lbs)

-3'l,682

-19,907

6,133

31,238

7,799

(in-lbs)

2,190,801

1,820,790

1,241,648

?05,193

-1,897,630

Biso

1510

1115

-7266

5567 496068 2,216

5540 524174 1,303

6779 -847601 ,413

7,855

7,957

9,100

-1,580,723

-959,195

-471,321

C2so

Ciso

-147457 112904 18256 -2,376,374

-143304 106537 16079 -2,112,858

-1 35104 94016 11774 -1,598,426

'127016 81723 7525 -1,103,437

303,922

286,141

252,372

218,971

1,348,784

1,183,736

862,979

554,728
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Figure 4.3-1 Thermal Stratification in Shutdown Coolling Lines
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NRC Bulletin 88-08 identified leakage into or out of the Reactor Coolant Syste

(RCS) as, the source of thermal stratification that resulted in cracks in unisolable lines.

In initial response. to IIRC Bulletin 88-08, several utilities identified the auxiliary

spray system a. being . usceptible to this phenomena because of higher charging
system pressures and the potential for in-leakage. GEOG Task 578 (Reference

GEOG-6) concluded that the auxiliary slvray line may have the potential for flow

(steam-water) siratiTication at some units. However, for a number of plants (i.e.„

Calvert Cliffs 1 8 2, ANO-2, Maine Yankee, and Fort Calhoun), it was concluded that
steam-water stratiTication woulcl not occur.

hiI- sltratifidation 'ha+~ been presurried'oIbeI of
cooler water, caused by in-leakage from the

at Palo Verde Unit 3 and ANO Unit 2. T
hotter water, from the pressurizer, over

charging system.

After responses to Bulletin 88-08 were subn1ittd.d,'thhrmocouple data were reg)orated

which indicated differential temperatures greater than 50"F in the auxiliary sp'rag likes

The purpose of GEOG Task 886 (Referenc,e CEOG-19) was to evaluate'thermal
stratification in the pressuriizer auxiliary Spray lin'es of participating plants'nd'to
determine loads caused by thermal stratification. Participants are listed in Table 4.4-
1.

4.4.1. Geometry ancl Routing

The auxiliary spray system is used to reduce pressurizer pressure at times Shhn 'main

spray is not available (such as during plant shutdown). Auxiliaryspray is pkoviide'd v'ia

the charging pumps. During normal plant operation, the auxiliary spray line is isollated

from the charcling system by a single control valve (or two valves in parallel).'igure
'.4-1contain.. a si,mpliTied diagram which shows the typical auxiliary spi'ay line

connections.

Figures 4.4-2 through 44-3 contain sim

configurations urider consideration, and

ptifidd Ilsojrie'tric'i'awings for'hch'f the
'hovIvthe orilent'ation and approQimlate'dn
'engthsof each auxiliary spray line. Rigid restraints are indicated as RR",.with

corresponding direction(s) of constraint.
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4.4.2 Wall Temperatures

The stability of the flow in a line of the same fluid at two different temperatures is

controlled by the balance between gravitational body forces and inertial forces

between the two streams. This ratio is represented by a global Richardson number,

Ri,

g(pc-ph)Di gP(Th- Tc)Di

pgvg(Vc - Vh)
2 (Vc-Vh)2

where p, and p> are the densities of the cold and hot fiuid, respectively, V, and Vi, are

the velocities of the cold and hot fluid, respectively, p,~ is the density at the average

temperature, and Di is the line inner diameter (Figure 4.4-2). Substitution of the

coefficient of thermal expansion, P, results in the second form of the equation, where

Ti, and T, are the temperatures of the hot and cold fluids. Richardson numbers

greater than one denote a stable stratification of the flow.

Cracks found in the safety injection nozzle at Farley Unit 2 were attributed to loads

due to thermal stratification (Reference 2). This thermal stratification was found to be

due to in-leakage of colder fluid upstream of a check valve into the hotter reactor

coolant system (RCS) fluid in the horizontal section of line between the RCS and the

check valve some six (6) line diameters away. Crack initiation and growth has been

shown to be related to high cycle fatigue caused by the aperiodic mixing due to

turbulent penetration of the fluid in the main line with the leakage film in the branch

line. This aperiodic mixing was hypothesized as being related to the instability of the
turbulent penetration of the main stream fluid into the branch line with periods ranging
from about 1-2 minutes. The mixing of the hotter main line fluid with the colder

leakage fluid resulted in cyclical variations in wall temperature that were assumed to
have been a possible cause of the cyclic fatigue. This behavior has been termed
Thermal Cycling (EPRI, Reference 2).

In the case of the auxiliary spray lines, the junction of the charging and auxiliary spray
lines is typically located several hundred line diameters upstream from the junction of
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the main and auxiliary spray liries. All can be considered far enough away from the
junction with the main spray line that any leakage fluid moving though the lline is
cooled to containment temperature before it reaches the horizontal section Up~;trea

of this junction.

Furthermore, thi. higher pressure leakage fluid v'iill 'mbst likely be mixed with the
cooler fluid already iin the lines from flow throUgh'se'ctions of line in which the strktifled
flow is unstabile (Ri <1). Thiis leakage will result. in this colder fluid being'oiced into
the horizontal sections upstream of the junctioh with thi main spray line.

f the
flow. Treating the piping as a beam, moments at the fixed end of a bdarh due to
thermal stratification are proportional to the difference in top to b'ottdm''all
temperatures and the length of the stratified sd.ctlon, lh k0ePing with the scope of this
task, conservative values of thermal stratification load. (Figures 4.4-'2,4.4-3) Ii'or each
of the candidate lines aire used, based on the following assumptions:

This colder fluid, it is assumed, forms a stlblh ldakiage type flow in the lower area of
the horizontal section. Bendinr of the line is due to this thermal stratification o

Stratifii~tion occurs over the entire lehgth of the horizontal AecItiorh jiIst
'pstreamof the junction with the main spray line.

2. The flow in the, bottom section bf the line is at a uniform temperatuire
equal to that of the, containment (T ii<

= 120'F).

3. The flow in the upper section of the line is at a uniform tdmper6tuiie
'qualto that of the main spray flow (T~,< = 550'f).

4. The wall temperatures are eqdaI to the fluIid temperatures. Thus iIhe to)-
'o-bottomdifIFerence in fluid temperatures of 430'F is equal'to ithsit o'f the
'all.

0
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4.4.3.1 ANSYS Structural Evaluation

An ANSYS evaluation was performed in order to provide maximum moment loadings

due to a range of stratification bTs (i.e., top-to-bottom temperature differentials)

applied to sections of the auxiliary spray line for each Task 886 participant. The

stratification BTs considered are: 430'F, 250'F, and O'.

In order to determine moment loadings due to stratified conditions in the auxiliary

spray lines, each of the lines is modeled from the main spray tee (or, in the case of

OPPD, the 4"x2" reducer) to an upstream anchor or appropriate restraint. Schematics

of the ANSYS models are shown in Figures 4;4-4 to 4.4-11.

4.4.3.2 Thermal Stratification Loads

The stratification cases analyzed are based upon having a steady-state leakage flow

through the auxiliary spray piping into the main spray line. Stratified conditions may occur

where this cooler leakage meets the hotter main spray flow. Conservatively, the sections

of piping which are considered to be stratiTied include the uppermost horizontal sections of
2"auxiliary spray piping, just upstream of the main spray-auxiliary spray tee. Additionally,

for some configurations, there is a transition from the 2" auxiliary spray piping to the 4"

main spray piping using a 4"X 2" reducer and a short section of 4" piping; this reducer

and 4"piping section are also considered to stratified.

Three stratification (i.e., hT) cases are evaluated. All cases include linear thermal

expansion. Case 1 constitutes the most conservative conditions for inleakage~used
stratification at steady-state, in which the bottom of the stratified is at an ambient

temperature of 120'F, and the top of the stratified piping is at the Normal Operations main

spray temperature of 550'F. Case 2 is an intermediate stratification case, with a dT of
250'F. Case 3 is the 'ho stratification" case, with.a uniform temperature of 550 'F. This

latter case includes only the influence of linear thermal expansion and is done to obtain

what represents the baseline values of moments and displacements at the support of the

lines.
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TASCS program ( Reference 2) reported cyclical effects caused by a rriixing'f'he
flow due to turbulent penetration. This 0ecbndaQ flow'aused by flow in'the main

spray line will resullt in a mixing of the maiin spray flow and any leakage flow near the

junction of the main and auxiliary lines. Calculations, baised on the model of Strauch,

et al (Reference 9),, show that bypass flow rates in the nsain spray line of 1.5 gpm ari..

below the flow rates at which turbulent p'enLtration 'occurs. Thus, any thermal

stratification in the auxiliary spray line woUld be ur'>disturbed and the behavior due to

turbulent penetration effects should not be'a
problem.'or

flow in the main spray line above this vallie, thermal cycling can occur 'in twd

ways.

A. Interaction of turbulent penetration and leakage film.

TASCS ( RefererIce 2) and Nakamori (Reference 8) reported that the

leading edge of the leakage film can be. caused to undergo an almost

perioclic aclvance and retreat Upon interacting with the turbulent
penetration. Data show a p'eriod 'of 'froW dna to two minutes with the
higher values occurring at the, higher leak rates.

'The time constant for a circular line, with thickness t, can be

approximated as (Krieth, Reference 8):

where a. is the thermal diffu.'ivityc'if the immaterial.

For the two inch, Schedule 160 Stainless Steel line the time r.onstant 'is

about 20 seconds. This, being 6 factor of three to six times lower than
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the period of advance and retreat for the penetrations, will result in

accompanying variations in through wall temperatures.

The mixing of the colder leakage film by the hotter fluid brought into the

line by the turbulent penetration is a function of the length to which the

penetration will occur. Per Lubin 8 Brown (Reference 12) the length for
turbulent penetration is inversely proportional to a Richardson number

based on the temperature difference between the hotter fluid, T„and
the colder fluid, T„, the diameter of the main spray line, D, and the

velocity, Vo, of the flow in the main line:

SP(~o->m)~
Vo~

where u is the coefficient of thermal expansion and g the acceleration of

gravity.

Preliminary calculations indicate that for typical main spray flow rates of

up to 375 gpm and assumed leakage rates of up to .10 gpm, in lines

with stratified lengths longer than about 40 diameters, the leakage film
will reach an equilibrium temperature with the hotter upper layer fluid
before being reached by the turbulent penetration. Thus .thermal

cycling due to interaction of the penetration with leakage film should not
occur. Lines with longer stratified sections; Calvert Cliffs Units 1 and 2,

Fort Calhoun, and St. Lucie Units 1 and 2 should not experience this

type of thermal cycling. However, plants with shorter stratified sections:

e.g., ANO-2, APS and WSES-3, this type of thermal cycling could occur.

B. Mixing of turbulent penetration and leakage film

The second effect is a complete mixing of the main spray fluid and

leakage fluid when the turbulent penetration can extend beyond the
leading edge of the leakage film, in the limit extending the full length of
the horizontal section. This could result in considerable reductions in

thermal stratification temperatures (Figure 4.4-12) and resultant
moments.
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Depending on the rate of bypass flovI~ and design flow in the main spra

lines turbulent penetration can re.ult in .a change in ithd therma

,stratification moment coincident with the startup and stogpihg iof'thb

irnain flow (Figure 4.4-12).

IFor plants with stratified sections longer than 40 diameters, de~ign

value.; of maiin spray flows do not result'n turbulent penetration

extending the length of the horizontal sections. Therefore thermal

cycling, related to main spray abtuhti6n,'shoul'd not occur. Once again„

plants with shorter stratified sections: e.g. ANO-2,,APS and WSE8-3,

could experience this type of thhrrhal cd'.ling.

'.4.3.3.2Thermal Striping

Thermal striping (Figure 44-13) refers.to the variations with time of fluid and
v>all'emperaturesobserved in thermally stratified flows representative of typical surge

lines;- e.g. Wolf (Reference 10). 'The observed 'variat'ions ( Fujimoto, Refer&nc'e 13)

have periods iranging from about 'lO secorids (frI qi.jency of .10 hertz) to one second

(frequency of 1 hertz), with the lower values observed closer to the 4a'll. 'Fli'iid

temperatures can vary from about 10/o to Bs much as 50/0 of the difference between

hot and colder temperatures„with the higher values occurring at locations away from

the fluid-wall interface.

Striping is related to the formation of waves at the interface between the two fluids.
The relationship for the frequency of these types of waves is given as,

g»P
fwave =

479. p

where»p is the difference in density between the hotter and colder fluid, the average
density, g the acceleration o)F gravity and X the wavelength. For typica vcdlu&s,'an'd

'akingthe wavelength as proportional to the Iline (inner) diameter, the fre)uI.nay kf
'tripingfor the auxiliary spray lines is about 2 hertz. Taking the same 1Q:1Ireku/tion

in frequency near the wall results in a wave period of about 5 seconds near the wall.
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Striping has been found to be more aperiodic (random) than periodic (deterministic).

Thus the above frequency can be considered a mean value.

The time constant for a circular line for the two inch, Schedule 160 Stainless Steel line

the time constant is about 20 seconds. This being a factor of four higher than the

mean period for temperature fluctuations, changes in wall temperature should be

limited to close to, the inner surface and not greatly influence the through wall

temperatures.

Likewise temperature fluctuation measurements show the dominance of low amplitude

fluctuations over those of larger amplitude(Wolf, Reference 10), Figure 4.4-14. Thus

not only is the temperature reduced as the wall is approached but large amplitude

fluctuations should be infrequent. Thus the maximum difference in fluid temperatures

of 430'F should result in fluctuations near the wall of about 43'F. When included with

the above comparison between period for these fluctuations and time constant of the

wall for temperature changes, these differences should not have a significant impact

on the high cycle fatigue behavior of the lines.

4.4.5 Moments

Table 4.4-2 presents the. maximum total moment for the 430 F'T case for each

configuration, as well as the nodal location at which this moment occurred.

Additionally, this table includes the total moment at the same node for the remaining
two cases.

4.4.6 Plant Specific Data

Thermocouple data recorded at ANO-2 and Palo Verde show thermal stratification with hT
up to approximately 100 F'nd 120 F', respectively. In each case, it appears that this

maximum dT correlates with the sustained operation of one or two charging pumps during

plant heatup.

In case of Palo Verde stratification temperature difference is non-periodic with time. Data

for ANO-2 show possible cyclical variation coincident with periods of an increase in

charging pump flow. However, the small magnitude of these fluctuations indicate only a

small or no influence of turbulent penetration causing thermal cycling.
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4.4.7 Plant Specific Evaluations

Limited plant data provides an indication of thk Sag'nitiade of stratification in two of

the configurations. Table 4.4-3 presents a ranking of configurations, in~ o/dell f/os
most susceptible to least susceptible to significant thermal stratification

loa'ds.'he

information in the table above indicates that tw'o configurations, ANO"2 knA
P'alo'erde,

have the smalllest loads due to thermal, stratification. This conclusion is

reached based on the, apparent maximum recorded AT, and the relatively low

resultant bending moments which would be producecl by this hT. A comparison of

these loads with the remaining design basis Iokdk should indicate the influence of

thermal stratification on values of maximum stress and fatigue usage.

Due to the ab. ence of comparable data, the same iwncliision cannot reached for the

remaining configurations (Calvert Cliffs 1 and 2, Fort Calhoun, St. Lucie 1 and 2, and

Waterford 3). However, the temperature differences recorded at ANO-2 and Palo

Verde are of the magnitude expected when the influence of the conservative

assumptions are accounted for.

The influence of these assumptions and the existing data Imply that the remaiining

plants may reasona'bly expect wall temperature 'differences less than the maximum

temperature differerice assumed in the analysis. A plot of the bounding thermal

moment as a function of walll temperature differences are shown in Figure 4.4-18. A
second order polynomial fit of the three sets of calculations at 430'F, 250 F and 0 'F
is also documented.

0

When combined with the added lloads dUe to nohn~dl hand upset operational t5es'e
'urvescan be used to determine the maximum difterknc',e i'n v'iall temperature that can

be accommodated by the auxiliary sprag line's for e0ch of the plant specific
configurations. In the case of these limits being in the range of 100 'F t6 120 "F,
available plant data can be referenced to justify the use of these temperatures.'lant
specific measurements of wall temperatures can be obtained to confirm that the
actual wall temperature differences are lower than the limiting values.
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'able

4.4-1

Participants in AuxiliarySpray Line Tasks

. Task Participant Plants

886 Arizona Public Service
Baltimore Gas 8 Electric
Entergy Operations
Florida Power 8 Light
'Omaha Public Power Dist

PVNGS 1,2,3
Calvert Cliffs 1,2
ANO-2, WSES-3
St. Lucie 1,2
FCNS
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Table 4.4-2

Moments versus Temperature Difference 0
Unit Total Moment i in +Ib i*

ANO-2!

APS

BGE 1

BGE 2

FPL1
FPL 2

OPPD

Node

17

17

Case; 1

30200
13300
26800

39500

5000!0

47900
50900

Ca. e.'2

,Q2q~'0 l $T)

17300
10900

17900'3800

26800
)6500

29500

Case '3

(0 F~gg) I

3880
4610
5600

1840

5870

3540

489
WSES-3 15700 ', ', '84/0 2210

0
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Table 4.4-3

,Maximum Moments for AuxiliarySpray Lines

.::;::;:";Total:,'.lnomeiit::(In''-.'Ibf)j.''.'-:::;::,'.',lLIIaximum".Recoided::::

::;:,::I:

'Fort. Calhoun
St. Lucie 1

St. Lucie 2
Calvert Cliffs 2
Calvert Cliffs 1

Waterford 3
ANO-2
Palo Verde

50900
50000
47900
39500
26800
15700
30200
13300

Not Available.
Not Available.
Not Available.
Not Available
Not Available.
Not Available.

100
120
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F'igure 4.4-1 Simplified Diagram of Auxiliary Spray System
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Figure 4.4-4 Simplified Drawing For ANO-2
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Figure 4. 4-5 Simplified Dravring For Calvert Cliffs Unit 1

0
Page 151 of 236



CE'NSPD-1043, REV 00

YJ

AUX. SPRAY
TEE

EL91'6'-11'L

9$'T

2RR

EL
62'6'RR

XZRR

EL
91'6'Z

RR

YZ RR

EL

70'4'igure

4.4-6 Simplified Drawing For Calvert Cliffs Unit 2
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Figure 4 4-7 Simplified Drawing i=or Fort l alhoun Station
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Figure 4.4-8 Simplified Drawing For Palo Verde (Typical)
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Figure 4;4-10 Simplified Drawing for St. Lucie Unit 2
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Figure 4.4-'13 Thermal Striping
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Figure 4.4-14 Spectrum of dT Variations

Page 160 of 236



CE NSPD-1043, REV 00

60

To,res 530 F, To,leak= IMF

C

it 1

V P

| SO

O

p tll
P

BGE2
NI Vt~EES

Figure+4-15-thermal Stratlcation~omen at Temperature~iiierenceof 430 F

Page 'i 81 6



CE NSPD-1.043, REV 00

oaur

Figure 4.4-16 ANO-2 Plant Heatup Data
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Branch lines have been defined as lines intersectii1g one or more of the sysIteiT> liiaes

reviewed in the previous sections. Of the candidate lines, the hot Ieg injection line,

which branches off of the shutdown cooling like, was identifii.d as being su'sc&ptibl&
to'hermalstratification caused by outleakage. The leak in this case would be of the

assumed hotter, higher pressure, fluid in the SL)C lin<~ past the isolation check valve

into the normally stationary, cooler, lower pressure, fluid in the-line to thie 8afiety

Injection Tanks.

A review of the configuration of the SDC lines in a number of plants shoe>ed
th'at,'epending

on the length andI routing of theIse IlinI s,I add t'e operating conditions, the

coolant in these lines may not Ibe at temperatures cfose to those of th'e RC'S.

Furthermore, these branch lines may inteirsect the, SDC lines at a variety of axial

locations down stream of the SDC-Hot Leg nozzle location. In addition, the leakage

of hotter into colder fluid tends to be. unstable. Thus, confirmation of stratification in

the hot leg injection line was lleft to the discr'etion of t'he'individual plants.

As typical of a number iof plantss pressure transd<scers car> bie placed down stream iof

the check valves as a means iof detecting leakage from the Ihigher pressure RCS

coolant in the SDC linie into the cooler, stationary fluid in the hot leg br'anch line.

Leakage woulcl tend to pressurize the line at pressures close to that of the RCS: e.g.

2250 psia. Such measurements taken at Entergy Operations ANO2 indicated thiIs

pressure to be close to that of the Safety Injection Tanl<s, 900 psia. Furthermore, the
recorded pressures remained constant showing only minor variations with changes in

operating conditions. It was concluded that there was no thermal stratificati'on'due t'o

leakage.

4.6 Drain Lines

A re-examination of the influence of line size on dilferences in wall temperature,
Section 2, indicated that two inch lines, such as the drain lines, could have differences
in wall temperatures due to stratification larger than 50'F. While no instances of
problems related to thermal stratification have occurred in drain lines of CE plants,
this section summarizes one recently reporte'd ihciHerIt ahd'its'implications to CE

plants.
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Reference 15 documented the through wall, crack found in the,non-isolable

section of a 2 inch drain line at Three. Mile Island Unit 1, Figure 4.6-1 .

Downstream of this section is a horizontal run of line in which the flow, due to

the normally closed valves, is stagnant. The line is one of four, all oriented in a

vertical down direction from the cold leg. Approximately eight inches of the

lines and the RCS cold leg nozzles, are insulated. Though all four lines are

nominally similar, the crack was in only one line, in the weld between the elbow

and drain line, Figure 4.6-2.

The crack was initiated on the inside of the line, Figure 4.6-3. Metallurgical

examination identified fatigue as the mechanism for crack growth, with the

crack initiation possibly due to a slight surface defect, though none was evident

in the as build radiographs. The post failure examination indicated both "beach"

marks, related to thermal expansion for the 41 heat up and cool down cycles of

the plant,.and striations where the crack propagated through the heat affected

zone. Based on spacing between striations approximately 44,000 cycles

occurs for the crack to propagate through the wall.

Based on the post failure evaluation, it was hypothesized that failure resulted

from a small crack, that existed early in life, which was the cause of the

changes in stress levels necessary to cause the beach marks, and,

approximately 100,000 stress cycles 60 ksi in magnitude that caused the crack
to grow to the outer diameter. The latter would require a temperature
difference of about 440'F between the top and bottom of the elbow. Though
several mechanisms were considered the only plausible reason was related to

thermal stratification caused by to turbulent penetration. The turbulent

penetration would have a cyclical behavior, Figure 4.6-4, with a period of
about 30 seconds, for the wall to experience cyclical changes in top and

bottom temperatures.

Measurements recorded differences in wall temperatures of 40-60'F, Figure
4.6-5, in the horizontal section of the line. However, temperature variations of
as high as 100'F, confirmed the presence of turbulent penetration in the

vertical section. Test conditions were not at hot standby (four pump operation)
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conditions. Thus, test conditions did not result'in the needed variations in

temperature. However, it was hypothesized that higher flow rates in the cold

leg during normal. operation and, in addition, the line~~'eing uninsulated,

resulting in the, source. of. cooler fluid being close to the bottom of the vertical

section, could have resulted in higher differences in wall temperature. Data

taken with the horizontal sections insulated did result in higher values of fluid

temperature.;.

4.6.2 Application to CE Plants

Results of the TASCS program identified a mechanism in which intelrac'tioh of

the turbulent penetration and a leakage film resulted in cyclical variltioIhs 'in
'alltemperature.. However„no mention is made in Reference 15 of leakage

through the isolation valves. This implies a possible source of cyclical
'ehaviornot documented in the TASCS study'<. The line being uninsulated th'an

allows the fluid to cool down to containrnerst condition:-providing an alternate
source of co'oler temperature fluid; lysi.'ilation'f'these'ines would increase the
fluid temperature.in section! of line close to the hot and cold legs, thus

'educingvariations in wall tempe'rat6re that digHt result from turbulent
'enetration.

Without further analysis andI/or expei'imentaI data the cyclical behavior th6
mechanism for crack initiation and growth for the GPU TMt-1 drain line cannot
.be substantiated. Thus, based on line size only drain lines cannot be
eliminated from considieration. However„wiith drain lines only subject to
outle'akage, either natural convectioA or'ur'bullen't pi.'netration could result in

wall temperature differences larger than 50'F.
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EVALUATIONOF THERMALSTRATIFICATIONLOADS ON FATIGUE

5.1 Fatigue Evaluation

Bulletin 88-08 was due primarily through events in which thermal stratification was the

result of the leakage of a colder into the area of a hotter fluid. The resultant cracks were

attributed to cyclical stresses related to either operating conditions or turbulent

penetration. The course of the CEOG identification programs, with the exception of the

auxiliary spray lines, the thermal stratification was found in a number of Class 1 lines that

were found to be related to a variety of quasi-steady transients associated with plant

operation; e.g. heatup and/or cooldown.

The mechanical loads due to these thermal stratification transients were not included in

the design basis of the plant. The third required action of NRC Bulletin 88-08 requires that

plant of plant licenses Plan and implement a program to provide continued assurance

pipe stresses willnot result in fatigue failure." NRC Bulletin 88-11 cites the requirement of

10CFR50.55.a that requires Class 1 piping satisfy Sections III of the ASME Code. Should

this information be used as the basis for an amendment to the license, 10CFR50.71.e

requires the FSAR be updated.

There is no specific directive that plant specific documentation is to be updated to include

the effect of these loads on stress intensities and cumulative fatigue factors. However, an

evaluation should be completed to determine the influence of these previously
unconsidered loads on cumulative fatigue usage factor. Furthermore, some level of
documentation should be added to the design report of record recording the results of this

evaluation.

5.2 Influence of Thermal Stratification Loads on Fatigue

As set forth in 10CFR50.55(a), the methods and criteria on service limits of Section III of
the ASME Boiler and Pressure Vessel Code are the. basis for determining the influence of
the loads due to thermal stratification. Per Bulletin 88-08, of particular importance is the
continued integrity of the piping against fatigue failure.

Fatigue is based on the ability of the piping and connecting nozzles to experience the

number of cycles and magnitudes of the design basis transients for the design life of the
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plant. The limitfor fatigue life, expressed as the CumlulaItive Usage Factor, is required tb
be less than one f'or transient operajtion. The mi.'thod of determining this is to consider the~
stress values for eaich of the loads (Section III, NB-3653.1) and then (SedtioiIi III;INB~
3653.6(C)) detemsine valuies of alternating Stress,'allbwable cycles and usage factor for
each combinatlion of transient events.

Values of Cumulative Usage Fat%or are, thus, dependent of magnitude of the loads, the
stresses resulting from these loads, and the incremental tvalue iof usage factor duie tto sets
of loads for each of the transients. The most. accurate method of making this
determination is to,apply the loads to a Finite Element Model of the link, Including
supports. However, the influence of the thermal stratification loads on the piping can be
used to determine ifa full FEM analysis needs tb bi~ don6. This involves the following two
steps.

smaller than existing loads) the ihfluence of '

small. Should this not be the case the next

insignificant (edg. and order of magnitude
thermal stratification can be assumed to b

step is as follows.

~Screenin: The objective is to determine the important'f tihe thermal stratification loads
when compared to tlho.e for the remaining Design Basis events. Shouldl th'e Ibads be

Contribution to CLIF: Objective is to calculate the incremental value of usage f6ctbr disc 'to
'hermalstratification in combination with the design basis vallue of CUF at the worst

(highest value ) location (s). Should the incremiental value jresult in the CUF being leis
than one, themalI stratification can be judged as not significant. However, should the
value be close to or exceed one„ the following design analysis would have tb be

'ompleted.

Pd 'o dl'. Pdid dd i lyi I ddt d'i I dhd
thermal stratification loads. Use react load's to analyz'e effect on nozzles'nd 'pipe
supports.

An example of this. procedure is included in AI:>pendix D. Resi>its of the evaluation should
be documentedl and included in the Design'Analysis of record for the line.
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6.0 SU MNIARY

NRC Bulletin 88-08 required owners of operating nuclear plants to ensure that conditions

under which loads due to thermal stratification in lines connected to the RCS were
4

adequately addressed. The GEOG has these actions in the following programs as

follows.

Action 1: Review S stem to identi an section of i in sub ected to similar conditions

that of thermal stratification

Task 578 was to evaluate the potential for temperature oscillations due to
systems'onnected

to the RCS while Task 626 was to identify and evaluate systems where

outleakage from the RCS was possible and make recommendations for systems and

locations to be visually inspected.

Systems with large diameter lines in which little or no flow existed under normal operating

conditions; e.g. Safety Injection, PORV and SDC, Pressurizer main and auxiliary spray

systems, were identified as being most susceptible to thermal stratification. The main

spray had been evaluated in a prior GEOG program (Task 482). Of the remaining

systems, only the auxiliary spray system could be subject to inleakage into the RCS while

the others could be subject to outleakage from the RCS.

Action2: Ins ectthose i esthatma besub'ectedtoexcessivethermalstresses.

Based on guidelines documented in Task 732, identified locations were visually

inspection for signs of leakage and/or unanticipated line movement.

Action 3: Plan and im lement a ro ram to rovide continued assurance those I es will

not be sub ected to stresses that could cause fati ue failure.

In addition to visual inspections, wall temperature measurements were recommended for
the line identified as susceptible to thermal stratification. The measurements, done in

accordance with the recommendations of Task 626, were done on the SI, SDC, PQRV
and Auxiliary Spray lines. AII showed evidence of differences in wall temperature greater

than 50'F. With the exception of the auxiliary spray line, none showed evidence that the

stratification was related to outleakage from the RCS. Analyses were completed for each
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of these lines in which, first, a methodology was developed to predict fluid and wall

temperature distributions and then these distributions were applied to calculate forces and

moments.

Safeter lion'ection Lines; Stratificatiorl was associated with natural ccntection in

long (L»D) horizontal se<fions of these lines between the isolation valve and
the safety injection tank. Lines wer6 divided into classes, based oh <come'trici

arrangement. Predicted temperature distlributio'ns'Task 741) were used to
determine forces and moments (Task 813) for the lines in each class.

Pressurizer 8afe~t and Re~lief Pi t~~: The long length of the PORV lines
allowed steam from the pressurizer to condense in- the line and run back
toward. the pressurizer. The wall temperatures were evaluated based os a
model of the condensate run-back (ti akk f78). 'these temperatures were used
to compute moments for leach line configurations (Task 826).

Shutdown CoolincC Lines: Original'wall measurements (Task 588') indicated
small di1Yerences in top-to-bottom 'all 'empei'atures. Subseirludnt

'easurementsin the ANO2 line with 0 longer'ertical sections
ii+idikwtkd'ubstantial

differences in wall temperatures related to operating 'cohdItiorls.
Plants were divided into iclasses, ba..edl or> length of vertical legs an& fdlldwihg

'orizontalsections. W'all temperature distributions, based on those dbsbrvbd at
'NO2were useid to estimate the moments due to thermal stratification at other

plants (Task 772). These moments ~vere i.ised ais a basi for a Justification for
Continued Operation. A program to establish the cause and relationship of
these distriblutions (Task 818) 0eridieA Iiha't 1ihe assumed temperatu're

'istributionswere cionservative for plants with short (L/D < 15) vertical lines.

Auxiliar~~i~ra~tLines: Incriease in pressure due to ihitiation of-chlrging'flow
'as

found to be related to variations 'in iveasiireI1 w'all'temperatures in tWo pilot
'lantappllications. A con.ervative leakage moclel was used to estimate

difference.. in wall temperatures di'ie to 'stratification and resultingi morrients
(Task 886). In addition, lines with-sI1ort'Orizontal CeC:tions (L/D<40) upstream
of the junction with the main spray line were identifie as possIblII beirIIg

'usceptibleto turbulent penetration indi.iceld cgcliing.

0
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These measurements and predictions, when compared combined with existing

design base loads can be used as the basis for plant specific responses to

Action 3.
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u = coefficient of linear expansion of the line

BTw = difference in top-to-bottom wall temperatures

D = Outside diameter of the line,

t = Line thickness

E = Young's modulus

l = Moment of inertia about neutral axis; 1/64(D'-(D+2t)")

L =. Length over which the dT„ is applied

k = Spring constants of the connected lines

K = Spring constants of the stratified section; K, = El/21', Ke = El/L

P =Coefficient of thermal expansion for the fluid

bT =Temperature difference of the hot and cold fluids

bV =Relative velocity between the.hot and cold layers

Ri =Local Richardson Number

Rig =Global Richardson Number

k =Cofficient ofThermal Conductivity (equation for N2L)

m =Leakage Flow Rate
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APPENDIXA

LINES CONNECTED TO THE RCS

CE NSPD-1043, REV 00

A-1 Arkansas Nuclear One-Unit 2

LINE NUMBER DESCRIPTION

2CCA-1'I-1/2"

2CCA-21-12"

2CCA-22-12"

2CCA-14-3"

2BCA-5-1/2"

2CCA-12-2"

2CCA-B-3".

2CCA-29-2"

2CCA-27-2"

,2CCA-32-2"

2 CGA-23-12"

2CCA-24-12"

2CCA-26-2"

2CCA-30-2"

2 CGA-31-2"

2CCA-25-14"

2 ft4700

2CCB-69-3/4"

2CCA-17-3/4"

2CCA-11-1/2"

2 ft4600

2CCA-1-12"

2CCA-28-2"

2CCA-15-3/4"

Sample Line

Safety Injection/Shutdown Cooling

Safety Injection/Shutdown Cooling

Pressurizer Spray

Sample Line

Letdown Line

Pressurizer Spray

To Reactor Drain Tank

Charging Line from Regenerative Hx

To Reactor Drain Tank

Sl 8 Shutdown Cooling (line D)

Sl 8 Shutdown Cooling (line C)

Charging Line from Regenerative Hx

To Reactor Drain Tank

To Reactor Drain Tank

Shutdown Cooling

RCS Pressure Instrumentation Lines (SGB)

RV Head Gasket Drain

RV Head Vent

Sample

RCS Pressure Instrumentation Lines (SGA)

Surge Line

To Reactor Drain Tank

Main Spray Bypasses
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2CCA-15-3"

2CCA-15.4"

2 BOA-2-3/4"

2FCC-2-6

2FCC-1-6"

2FCC-1-10"

2FCC-4-2"

2BCA-14-6"

2BCA-14-4"

2GCB-514-4"

2FDC-2-6'FDC-1-6"

2BCA-14-3"

2FCC-2-6"

2TCD-40-1/4"

2CCA-18-3/4"

'? CC D-72-3/4"

2CCA-25-3"

2CCA 25-'3"

2CCA-12-2"

2CCB-54-1/2"

Spray Valve Piping

Spray Header to Pzr.

Sample from Pzr.

PSV 4634

PSV 4633

PSVs to Quench Tank

RCP Seal Relief T'o Quench Tank

Pzr. to PORVs

P5RV 4730/4740 Piping

PQRV 4741'i)in)

Relief 47l42

Relief 47l32

To MO<(t93 (POR'V Bypass)

Fromm IMW698

'rainlmne

Re(. Ldll lddic'ato'r

TRMP Reac,, AIMonitoring Station

HPSI Header 1

HPSI Header 2

Drain (Off Cold Lg (1B))

Sample Line
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A-2 Calvert Cliffs Units 1 & 2

PLANT: Calvert Cliffs Unit 1

LINE NUMBER

3/4",CC-11-1004

12" CC-4-1010

2" CC-9-1004

2" CC-9-1003

2" CC-5-1005

12" CC-4-1009

3" CC-11-1001

12" CC-4-1011

2" CC-3-1004

2" CC-9-1005

2" CC-9-1006

2" CC-5-1004

12" CC-4-1012

DESCRIPTION

Spray Line Piping

Safety Inject. Tank No. 11B

RC Drain Tank No. 11

RC Drain Tank No. 11

CVCS Charging Line

Safety Inj. Tank No. 11A

Pressurizer Spray

Safety Inj. Tank No. 12-A

CVCS Letdown Line RHX No. 11

RC Drain'Tank No. 11

RC Drain Tank No. 11

CVCS Charging Line

'afetyInj. Tank No. 12B

12" CC-14-1004 Shutdown Cooling

SG No. 12 Pressure Tap (1-PDT-1210)

2" CC-9-1007

3/4" CC-9-1008

RC Drain Tank No. 11

To Local Refueling Level Indicator

S/G No. 11 Pressure Taps (1-PDT-111A)
(1-PDT-111 B)

Surge Line 12"

3/4" CC-5-1005

2" CC-5-1003

2 1/2" CC-10-1008

Elbow in Spray Line

Aux.-Spray Line From CVCS

Safety Valve/PORV
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.LNIE NUMBI=R

4" (3G 8-1008

1/2' C-8-1010

6" GC-8-1 013

4" GC-8-.1007

'1/2" GI~8-'1 009

4" GC-8-1002

4" GC-10-1002

8 GC-8-1003

'l/2" GC-8-1011

3/4" C(~10-1012

4" GC-8-100'I

2-1/2 CG.10-1003

1/2"'G(~S-1010

4" GC-8-1006

2-1/2 CC-10-1007

3/4"
C(~10-1009'"

CC-1 0-'1 001

4" CC-'I 0-"l005

DESCRIPTIOM

~I

CE NSPD-1043, RE:.V 00I
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PLANT: Calvert Cliffs Unit 1

LINE NUMBER DESCRIPTION

12" CC-4-2009

3" CC-11-2002

2" CC-9-2004

2" CC-9-2003

2" HC-2-2217

3" CC-11-2001

2".CC-5-2005

2" CC-5-2004

12" CC-4-2010

1" CC-9-2008

2" CC-9-2007

Safety Inj. Cold Leg 21B

Spray Line Piping

RC Drain Cold Leg 21B

RC Drain Cold Leg 21A

RC Drain Cold Leg 21A

'Spray L'ine Piping

Charging Line

Charging Line

Safety Inj. Tank No. 21A

Local Refueling Level'Indicator

RC Drain Hot Leg 21

S/G No. 21 Pressure Taps (2-PDT 111A)
(2-PDT 111B)

12" CC-4-2011

2" CC-9-2006

2" CC-3-2004

12" CC-4-2012

3/4" CC-11-2004

2" CC-5-2003

3/4," CC-11-2005

3/4" CC-10-2009

4" CC-10-2006

4" CC-10-2002

2-1/2" CC-10-'2004

2-1/2" CC-10-2008

2-1/2" CC-10-2003

Safety Inj. Tank No. 22B

RC Drain Tank No. 21

Letdown Line.to CVCS

Safety Inj. Tarik No. 22A

Spray Line Piping

Aux. Spray

Spray System

Safety Valve/PORV

Safety Valve/PORV
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LINE NUMBER

,4" CC 10 2001

4" CC-'10 2005

4" CC 11,203

2-1/2" CC-1 0-2007

6" GC-8-2006

1/2" G(~8-2011

4" GC-8-2001

1/2" GC-8-2010

6i" GC-8-2003

3/4" GC-8-2014

1/2" GC-8-20'12

1/2" GC-8-2009

4" GC-8-2002

6i" G C-8-2013

6i" G C-8-2007

4" GC-8-2008

10" GC-8-2005

S/G No. 2'? Pressure Taps

12" Surge Line

12" CC-14-2004

DCSCIRllI'TIUN'2

PDT-121A)
(2 PDT-121 B)
(2 PDT-121C)

Shutdown Cooling Line Hot Leg 22
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A-3 St.Lucie Units 1 5 2

PLANT: St. Lucie Unit 1

LINE NUMBER

3/4-RC-136

3/4-RC-160

3/4-RC-161

12-RC-151

1-RC-218

1-RC-217

2-RC-113'-RC-117

to 120

3/4-RC-132 to 135

2-RC-145

3/4-RC-143

12-RC-162

2-RC-116

1-RC-219

1-RC-220

2-RC-148

12;RC-154

12-RC-153

3-RC-141

1-RC-223
1-RC-224

2-RC-125

1-RC-137,to 140

3/4-RC-126 to 129

DESCRIPTION

RVGVS

RV PI

RV PI

ST Line to Loop 1A1

hP across RCP 1A1

hP across RCP 1A1

To Waste Management (WM)

SG 1A1 Pressure Taps

RCS 1A Pressure Taps

RWLIS

Sample

Loop 1A SDC Line

To WM

hP across RCS 1A2

hP across RCP 1A2

Loop 1A2 Charging

.Loop 1A2 Sl Line

Loop 1B2 Sl Line

Spray Line from Loop 1B2

hP across RCP 1B2

To WM

SG 1B1 Pressure Taps

RCS 1B Pressure Taps
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LINE IVUIVIBER

12-RC 147

1-F)C-158

2-FlC-106

12-RC-1CI8

12-RC-152

2-RC-'1 50

1-RIC-222'-RC-221

,2-RC-142

,'2-R',C-'l22

'3-R'.C-'I 09

3/4-RC~103

4-R,C-'I 03

'1-RC-'I30

'1-RC-;I 07

6-RC-827

6-RC-823

6-RC-829

10-RC.822

2-RC-834

'I-RC-835„836

6-RC-824

DESCRIPTION

'Lolop IlB S6C Link

Drain

Drain

'urge Line

Loop 1B1 Sl Line

Loop IB1l Charging

hP across RCP 1B1

Letdown

To WM

Spray Line from Loop 1B1

Spray bypass

Sprayline to Pzr

Pzr instrumentation

Pzr instrumentation

PSV V1200

PSV V1201

PSV V1202

PSV Li'ne to Quench Tank

Charging relief to Quench Tank

Sl Relief to Quench Tank

PORV 'Line to Quench Tank

0

6-R'C-837

2-RC-283

;I/2-RC-831, 833

Flange'ff'GRV Liin'e

From RVGVS to PORV Line

POAV Caf> 0
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LINE NUMBER

4-RC-101

2-1/2-RC-157

2-1/2-RC-156

4-RC-825

4-RC-826

3/4-RC-131

3/4-RC-100

2-RC-149

3/4-RC-146

DESCRIPTION

PGRV Line

PORVs

PORVs

PORV Line

PORV Line

RVGVS

Sample

Aux. Spray Line

Sample

3/4" RCP seal'injection lines

ICI Nozzles
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PLAN r. St I uoie Unit

ILINE NUhllBER DESCRIPTION

12-RC-151

1-RC-218
3/4-RC'63N1446

1-RC-217
3/4-RC'61N1445

2-RC-1I13N123!3

2-RC-116N1234

'1 "RC-21 9
:3/4-RC'65N1448

"I-RC-220
;3/4-RC 267N1419

Loop 2A1 Safety Inj. 8 Shutdown Cooling

RCP 2A1 Pressure'aps

RCP 2A1 Pressure Taps

To Waste Management

To Waste Management

RCP 2A2 Pressure Taps

RCP 2M 'Pressure Taps

2-RC-148

'l2-RC-154

'12-RC-162
'I 0-IRC-30'1

2-RC-106N1215

3/4-RC-143
3/4-RC-208N1213

2-RC-106
3-Sl-190

3/4-RC-144N12'14

3/4-RC-135/I-SO-01-16
3/4-RC-207N1216

'3/4-RC-134/I-SO-01-15i
3/4-RC-206N1217

3/4-RC-133
3/4-RC-205N1218

3/4-IRC-132
3/4-RC-204N12'I 9

Charging Line

Loop 2A2 Safety Inj. & Shutdown Cooling

Loop 2A2
Shutdown Cooling

Drai'n

San>pie

Hot Leg Inj.

RWI'S

RC~i In,str.

RCS Instr.

RCS Instr.

RCS Instr.

'age
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LINE NUMBER

12-RC-152

3-RC-109

2-RC-150

1-RC-222
3/4-RC-273

2-RC-142
2-RC-122N1450

. 2-RC-125N1449

1-RC-223
3/4-RC-277N1428

1-RC-224
3/4-RC-278N1430

12-RC-153

3-RC-141

12-RC-147
3-RC-191

12-RC-108

3/4-RC-126/I-SO-01-09
3/4-RC-'209N 1224

3/4-RC-127/I-SO-01-10
3/4-RC-210N 1225

DESCRIPTION

Loop 2B1 Safety Inj. & Shutdown Cooling

Loop 2B1 Spray Line

Loop 2B1 Charging Line

RCP 2B1 Pressure Taps

Letdown Line
Drain

Waste Management

RCP 2B2 Pressure Taps

RCP 2B2 Pressure Taps

Safety Inj. 8 Shutdown Cooling-Loop 2B2

Spray Line - Loop 2B2

,Loop 2B Shutdown Cooling Hot Leg Inj.

Surge Line

RCS Instrumentation

RCS Instrumentation

3/4-RC-128/I-SO-01-11
3/4-RC-211N1226

3/4-RC-129/I-SO-01-12
3/4-RC-212N1227

1-RC-117 to 120

3/4-RC-161

RCS Instrumentation

RCS Instrumentation

SG 2A1.Pressure Instrumentation

RV I eak Detection
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LINIE NUMBER:

3/O'-RC~164

3/4-RC~136

3/4-RC'37 to 140

3/4-RC~307

3/4-RC~304

4-RC-1103

4-RC-101

'f~-RC-827

f»"-FtC-828

f)".-F(C-.829

'10"- RC'22

I"-F?C-836, 835

2"-RC-834

1"-RC-856

8"-RC-312

10"-RC-315
3"-RC-309'D

ESCRIPTION

V Leak Deiection

VGVS

SS

Spray Bypass

pray Header to Pzr-

ORV Header frorrii Pzr

SV V1200 Piping 'P

P Sh/ V12f:)1 F'ipiing

Sh/ V12C|2 F'iping

PSV Header to Quench Tank

Sl Relief to Quench Tank

Charging Relief

RV(»V+» to Quench TarIk

POAV (heaideir to Quench Tank

Quench Tank Header

POAVs

G 2B1 Pressure Instrumentation

pray Bypass

0
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PLANT: St. Lucie Unit 2

LINE NUMBER

3"-RC-310

8"-RC-311

10"-RC-302

2"-RC-158

DESCRIPTION

PORVs

PORV Header to Quench Tank

Loop 2A2 Shutdown Cooling

Drain

3/4" RCP seal injection lines

ICI Nozzles
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A4 Maine Yankee

LINE NUMBER

2502-12"

1504-3"/RC271

1504-3/4"/HCV-121

1504-2"/HCV-110

1504-3/4"/RC212

1504-3/4"/RC214

1504-3/4 /RC216

~ 1504-3/4"/RC218

1504-3/4"/RC219

DESCRIPTION

Surge Line

Loop 1 iso. vlv connections

Loop 1-iso. vlv'connections,

Loop 1 iso. vlv connections

Loop 1 pressure instrumentation

Loop 1 pressure instrumentation

Loop 1 pressure instrumentation

Loop 1 pressure instrumentation

.Loop 1 pressure instrumentation

1504-3/4"/RC217

1504-3/4"/RC215

1504-3/4"/RC213

1504-2/RC240

1504-3/4",/RC243

1504-3"/RC273

1504-1",/HCV-125

2502-8"HCV109

1504-2"/HCV112

1504-3/4"/RC260

1504-3/4"/RC238

1504-3/4"./RC236

1504-3/4"/RC234

Loop 1 pressure instrumentation

Loop 1 pressure instrumentation

'Loop 1 pressure instrumentation

Drain instrumentation

Refueling Level

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv. connections

Loop 3 iso. vlv..connections
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LINE NUMBER

1504-3/4"/RC239

1504/314"IRC237

1504-3/4"/RC235

1504-3/4"/iRC233

1504-3/4"/HCV-126

1504-2"'/RC242

1504-14"

1504-3"'/RC263

1504-12"

2502-8"/HCV-108

1 504-2"HCV-114

1504-3/4"IRC-124

1504-3"/RC~129

1504-14"

1504-3"/RC-262

1504-3/4"

2502-8"/HCV-107

1504-3/4"./HCV-122

1504-3"IRC-128

1504-3"-206

1504.3/4"/RC-269

I c)04-4

1504-2"

1504-3"/RG-208

1504-3/4"/RC-268

DESCRIPTION

Loop 3 Pressure Instrumentation

Loop 3 Pressure Instrumentation

Loop 3 Pressure In. trumentation

Loop 3'Pressure In. trumentation,

Loof 3'iso'. vie conn'ections

Draih cbnt1ection's

Loop 3 'Sl hand RHR

'oop

3 Charging 'Llrte

Shutdown Coolin'g (Residual Heat Exch.) Loo'p
2'oop

2 Iso. vlv. connections

Loop 2 i'so. vlv. connections

Loop 2 iso. vlv. connections

Loop' i'so.'lv. u)nn'ectiions

Loop'2 CIS 8 AHR

LOop 2 dhdrgilg I ink

Contkinkeht 6urmip

Loop 1 iso. vlv.', connections

Loop 1 iso. vlv. connections

Loop 1 iso. vlv. connections

Spray Line (PCV-101T)

Spray bypass

Spray header to Pzr.

Aux. Spray connection

Sprayline (PCV-101V)

Spray bypass
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LINE NUMBER

1504-1"

1503-3"/RC-351

1503-3"/RC-352

1503-3"/RC-353

301-10"

1504-3/4"/RG-248

1504-3/4"/RC-266

1504-3/4"/RC-203

1504-3/4"/HCV-145

1504-3/4"/HCV-146

DESCRIPTION

Pzr. instrumentation

PSV

PSV

PSV

PSV/PORV header to quench tank

PSV line to sample

Sample

Sample

PORV header

PORV header

1504-2-1/2"/PCV-102X PORVs

1504-2-1/2"/PCV-102Y PORVs

1504-2-1/2 /RC-261

1504-14"

1504-'2"/HCV-111

1504-3/4"/RC-171

1504-3/4"/RC-170

Loop 1 Letdown

Loop 1 Sl and RHR

Loop 2 iso. vlv. connections

Loop 2 iso. vlv. connections

Loop 2 iso. vlv. connections

1" RCP seal injection lines

ICI Nozzles
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A-5 Fort Calhoun

LINE NUMBER DESCRIPTION

3/4" RC 2501R/RC100 RVGVS

12" SI 2501R

2" RC-2501/RC-112

RC-118/1 58

RC-120/148

RC-121/153

RC 113/157

2" RC-2501R

2" RC-25QR/RC-113

2" RC-2501R

Safety injection 8 Shutdown Cooling Loop-28

To WD

SG Loop 2-B Pressure Taps

SG Loop 2-B Pressure Taps

SG I oop 2-A Pressure Taps

SG Loop 2-A Pressure Taps

To Letdown Loop 2A

To WD Loop 2A

Charging Line Loop 2A

3" RC-2501R/PCV 1031 Spray Line Loop 2A

3/4" RC-2501R/RC-133 Bypass Spray Line Loop 2A

3/4" RC-2501R/RC-139 Sample Line Hot Leg Loop 2

12" SI 2501R

12" Sl 2501R

12" SI 2501R

3/4" RC 2501R/RC-101

2" RC 2501R

12" Si 2501R

2" RC 2501/RC-124

Shutdown Cooling Hot Leg Loop 2

Safety Injection/Shutdown Cooling Loop 2A

Safety Injection/Shutdown Cooling Loop 1B

RV Level Indication Loop 1A

Charging Line Loop 1A

Safety Injection & Shutdown Cooling Loop 1A

To WD Loop 1A
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I INE NUMBER

RC 110/RC-1 34

RC 108/1I56

IDESCIRIPTION

G Pressure Taps Loop 'IA

SG Pressure Taps Loop 1A

PLANT: Fort Calhoun Station 0

3" RC 2501/PCV 103-2-

3/4" RC
2I501/R(~131'IO"

RC 25I01IR

3/4" RC 2!501R/AC-138

2" FlC 2501R/RC~128

AC 153/RC-109

RC 155/107

, RC 103 to 106

2"RC 250 "IR/RC 123

AC-114 to
117'"

F!C 2507R

2"-RC-1508R

1i".-'RC-2507R/RC143-
1146

1"-RC-2507R/RC0147,
'1I49, '150

.4"-RC-2507R/RC~141

.4i"-RC-2507R/RC'42

6"-RC-301 R/RC-141I

6"-R'.C-301 R/RC-142

8"-RC-301 R

3" RC-r'?507R

3/4"-RC'507R/RC

Spray ILine L!oops 1B

Spray Bygasd

Surge Lin&

Sarhplh Li'ne

'efiueiingLei/el Indicator Connection

SG Pressure Taps I'op 1B

SS 'Pressure Taps Loop 1B

SG Pressure Taps, Loop 1B

To WD

L'oop Pres'sur'e IAstr'umentation

Spray Line Header to F'zr.

Aux,. Sf)ra~/ Line

Pzr. InstruirneintaItion

Pzr.'nstruimentation

Pzr. to'IPSE/

Pzr. to'IPS>/

PSV'o Quench 1 ank Header

PSV to Quench 1 ank Header

Quench'ank Header

POR'.V fHesider

Sample 0
Page 200 of 236



PLANT: Fort Calhoun Station

CE.NSPD-1043, REV 00

LINE NUMBER DESCRIPTION

102,126

2-1/2"-RC-2507R/HCV- PORVs
151

2-1/2"-RC-2507R/HCV- PORVs
150

4"-RC-301 R

6"-RC-301R

1/2"-RC-301R

8"-RC-301R

1-1/2"-RC-301 R

PORV Header

PORV,Header to Quench Tank

PORV Bypass

Relief. Header to Quench Tank

Relief Header

3/4" RC-2501R/RC-127 Sample

ICI Nozzles
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, CAI CULATIONOF DIFFERENCES IN WALI TEMPERATURE CAUSED BY DIFFERENT

'THERMALSTRATIFICATIONMECHANISMS

Thermal stratification of a fluid is the result of a number of different flowand thermodynamic

conditions. Each, however, must be of a configuration in.which the body forces, related to.mass

density, are greater than the inertial forces, related to the relative velocity between the

successive depths in the fluid.

As pertains to NRC Bulletin 88-08, the followingfour mechanisms have been found to result in

thermal stratTiication of the flow:

1.

2.

3.

4

Natural Convection

Two phase fluid

Turbulent Penetration

Leakage

Allof these mechanisms can be represented as the hotter, low density layer over the colder,

higher density layer, separated by a interface at angular location . Heat transfer occurs from.the

upper layer, at temperature Th and heat transfer coefficient,h>, to the wall; This heat is

conducted through the wall, the primary resistance to conduction being in the circumferential

direction. Though heat is lost by convection to the ambient, the presence of insulation makes

this heat loss normally low. The majority of the heat is lost by convection from the wall to the

fluid, at temperature T, with a convection coefficient hc. This one dimensional, axisymetric

model, Figure B-1, is solved for the following relationship between wall temperature and angular
location (Reference )

T,i =T + f(T~-T ) NhSinh(NhLi,) / B]

Tw,bceom = Tg - [(Tg;T )N, Sinh(N,I ) / Bj

where B = N> Cosh(N.I ) Sinh(NhLh) + N,'Cosh( NhLh)Sinh(N,L )

Parameters N and To are defined as follows:

Page 202 of 236



N,=[(h,+h~)/kt j~~

CE NSPD-1043, REV 00

T~ == ( h,T, + h~g, T~ ) / (h, + h~).

N~= [(ho+ h~)/kt ji~ Ta == (hnTp+ h~ T'~) /(hg+ h~) 4I
and the lengths L, with Oi the interface angle in ladian's, hs

4= D/26> ILh = D/2 (m/2 - 6,)

Evaluation of the equations was based on values of heat transfer coefficients, hot and cold fluid
temperatures and interfa,ce locations derived in the i el >ted GEOG programs, as listed in Table B-
1.

Results, evaluated in spread sheet format, for selected values of tube sizes, schedLlie hnd heat
transfer mechanisms are shown in Figure B-2. Turbulent penetration, with the high heat'tra'nsfer

'atesfrom the hotter fluid and the cooler fluid occupying a significant surface area results in the
highest difference between topi and bottom temperatures. ln additio'n, avhile the 50'F screening
point for natural convection, leakage„ turbulent penetration and two phase flow indicate
temperatures above tlhis screening value could occur for diameters below one inch.

Variations for the same heat transfer mechanism are shown in Figure 8-3. For larger diar'neter
'ubes,reductions in temperature difference of about 60% are evident in going from Scheduie 40

to Schedule 160.
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Table B-1: Values of Heat Transfer Parameters from GEOG Programs

HEAT
TRANSFER
MECHANISM

Thot

Tcold

hcdd

Interface Angle

Reference

Natural
Convection

300

100

10

10

90'I

0

GEOG-13

Leakage

200

10

100

15'7.5

GEOG-1 9

Turbulent
Penetration.

500

150

35

15

125'21

GEOG-17

Two-Phase

650

400

200

''5

155'2

'GEOG-18
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Figure B-1: One Dimensional Conduotion IVlodel for Thermal ~~tratifioation in a Circular'Pige '
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258

Schedule 88 Tut-b Pen

Leak age

l—
158

o 188

r

r

/r/
/r

Two-Phase

Na.tur a I Con v

8
8.88 8.58 1.88 1.58 2.88 2.58 3.88 3.58

Nomi.n a l D i.arne ter ( Ln ches)

Figure B-2: Wall Temperature Difference a Schedule 80 Pipe-8 Different Heat Transfer
'Mechanisms (Th = 540'F, Tc = 100'F)
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168 Na t.ur a I Con vec t ton
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8 '8 8.58 lI.88 1.58 2.88 2.58 3.88 3.58
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Leat age chd
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~88 8.58 1 88 1.58 2.88 '),58 3.88 3.58
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Figure B-3: Wall Temperature Difference for Different SchedulI. Pipes 8 Heat Transfer
Mechanisms (Th = 540'F, Tc = 'l00'F)
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Turbu I en L Pen e.Lr a L ion
Schd 48
Schd 88

Sch d 168

ZI-
158

0

'o.I 88

8.88 8.58 1.88 1.58 2.88 2.58 3.88 3.58
Nomin o I Di,ome l.er ( in,ches)

158

Tua-Phase
Schd 48

Schd 88

Schd 168

8.88 8.58 1.88 1.58 2.88 ,2.58 3.88 3.58
Mom in o I 0 i'ome Ler ( i n che s)
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APPENDIX C

JUSTIFICATION FOR CONTINUED OPERATION

PHASE Vl OF A GEOG PROGRAM TO ADDRESS

THERMALSTRATIFICATION.IN'PIPING CONNECTED TO THE RCS

Executive Summary

Top-to-bottom temperature differentials a 50'F have been observed in a, Power-Operated Relief

Valve (PORV) line and in a Safety Injection (Sl) line at a CE-designed plant. They were

measured during the heatup of the plant to Hot Standby conditions. These temperature

differentials are considered to be the result of the existence of a thermally stratified layer within

each of the respective lines.

Due to general similarities in piping configurations, system temperatures, and operations

between the pilot plant and . there is the potential that these conditions exist

within the corresponding systems at = . Thus, these piping systems may be subjected to

unacceptable thermal stresses. This Justification for Continued Operation provides a technical

assessment of these potential conditions in view of the concerns raised in NRC Bulletin 88-08,

Thermal Stresses in Piping Connected to Reader Coolant System."

These differential temperatures have not been formally analyzed for design basis purposes
for the PORV or Sl line. However, considers that, if.they do exist at, the

structural integrity of the Reader Coolant System (RCS) pressure boundary will not be

immediately compromised and that a significant safety hazard to the public willnot exist.

Accordingly, continued operation of is considered to be justified.

Description of Conditions

As part of the Combustion Engineering Owners Group (GEOG) continuing effort to address the
concerns of NRG Bulletin 88-08, a PORV line and a Sl line at a CE-designed plant were

instrumented with surface-mounted thermocouples. The thermocouples were circumferentially

placed at various locations on each of the lines - primarily on horizontal sections of the piping
runs. Temperatures were recorded while the plant heated up from Cold Shutdown to Hot Standby
conditions.
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[rIoknally &pen] block valve (see Figurd 1).

5n this leiIigth of piping, including on either side
rnhodouplks ihdi6wt6 that top-to-bottom

'orizontal

and vertical run. of pipe; as well as a

Thermocouples were placed at several locations
of the block valve. Data colllected from these thb
temperature differential: (diTs) developed in a horizontal si.ction of the PORV pipiIng„caching a
maximum of 220'F as the plant approached Hot Standby conditions. (The thermoe;ouples
measured the outside wall temperatures; these temperatures are assumed to be on the same
order as the temperatures of the re. pective internal fluid.) The maximum hT occuiIred at Location
3 (see Figure 1). Other locations had smaller diffeiences in top-to-bottom temperatures.

The [normally closed] PORV helps to provided overpressure protection for the RCS. The
instrumented section of the PORV piping at the pilot plant is a 4-inch, stainless steel~ line running
from the top of the pressurizer to the PORV. The configuration of this line includes both

The observed temperature di.'triI)utions are attributed to thi presence of steam in the upper
portion of the pipe, with subcooled water along th6 lower portion of the pipe. The Pre~~erIce'of the
water is explained as folllows: once the [saturated ktelam/ bedabble 'in the pressurizer'orms, the
piping up to the PORV fillswith steam. However, at poin~ts away from. the pressurizer,'his steam
loses energy to the containment ambient environment, condense's on the inner pipe walls, ancl
sub-cools. The resulting conden. ate runs back to the pres<uri'zer'long the bottom of the piipir
The measured ZTs are, thus a resullt of the differehcd in teNp6ratur6 between the ate'am in'the
upper region of the pipe arIid sub- cooled water at the lower'ortion 6f the pipe.

Sl Line

The Sl System provides a means for the direct injectinn of highly borated water into the Cold
Legs, from storage tanks, for the purpose of emercIency reaicti~vity control; it is also used for
normal shutdown, cooling operation.. The instrumented portion of the Sl piping at the pilot plant
.is a 12-inch stainless steel line running from th6 Sl ndzzlle dn and of the Cold Legs'o 'the fir'st
block valve. The configuration of this line includes both Niorizontal and vertical runsI of pipe,

as'ell

as a check valve (see Figure 2). Thermocouples Were placed at-several locations on this
length of piping, including either side of the check valve. Data collected from

these'hermocouplesindicate that top-to-bottom hTs developed in the horizontal sections of'h0 S'I

piping, reaching a maximum of 140'F as the plant approached Hot Standby conditions. The
location where the maximum hT occurred was Location 6 (see Figure 2); less significant therma
stratification was observed at Locations 5 and 7.
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The observed temperature distributions are attributed to a natural convection counterflow
produced by the temperature difference between the ends of the affected piping (between the
two valves). The higher temperature end was at the Sl check valve, kept relatively hot by RCS
turbulent flow; the lower temperature end was at the block valve, kept relatively cold by
conduction to the ambient environment.

Engineering Evaluation

The structural integrity of the PORV and Sl lines, in consideration of the ZTs, is a function of both
the frequency of occurrence of the stratified conditions and the magnitude of the expected
stresses. A discussion of both of these issues is presented below.

Fre uenc of Occurrence

The pilot plant data indicates that the hTs in the PORV and Sl lines begin to develop as the plant
heats up; gradually, as the relative difference between RCS temperatures and ambient
temperature increases, so does the degree of stratification. Once steady-state Hot Standby
conditions are reached, the temperatures in the piping also reach steady-state conditions. It is
noted that no thermal cycling was indicated, including flow disturbances created by plant
operations (e.g., testing of. Sl check valves).

There was no evidence for the establishment of the thermally stratified. layers by any mechanism
other than the relative RCS-ambient hT (e.g., no influence from leakage was detected). This .

being the case, the resulting thermal stresses created within the piping develop at a frequency
essentially equal to the frequency of the heatup cycles in plant operations. This is significant
because it alleviates the concern that the piping is subjected specifically to high-cycle fatiguing.

General similarities in piping configuration, system temperatures, and operating procedures
between the pilot plant and suggest the possibility that these conditions are
duplicated at, However, given the number of heatup cycles that have occurred at the
potential number of occurrences for these stratified conditions is low with respect to the design
number of heatup cycles. Fe systems were designed for 500 heatup cycles.)

Page 211 of 236



Ma nitude of Stresses

CE"NSPD-10AI3, REV (30

The hTs that were measured are on the order of 220'F for the PORV line and 145'F for the

line. Similar or lower BTs would be expected at ' While'thOs6 conditions of stratificatior> will

subject the respective lines to thermal stresses, it is not expected that these stresses will

immediately compromise the . tructural inltegrity of the RCS. A detailed discussion of the

expected stresses in each line is presented below.

PORV Line

A preliminary evaluation of the steam-water stratifi'cation in'thi. pilot plant's PORV line was made

by comparison to the formal analysis of steam-water stratification'I>ich was perfomhd for 'the

pressurizer spray line in 1984 as part of GEOG Task 482 (Report No. CE NPSD-261, December

1984). This formal analysis was of a 4-inch, stainless steel spray line subjected to several

thermal transients. These transients include steam-wdtel stratifie'd conditions, with ETs r'anging

from 175'F to 600'F. The. results of this conservatIve analysis in($icate a relatively high number
of allowable cycles for.the stressies that developed foir eizerIi wiirst stressed, locatioih i'hh

line.'or

example, the limiting number of-cycles for all components in the line for the 175'F hT
condition was 4000.

A review of the descriptions of the spray line transients reveals that the stratified
c6nditidns'ccurred

as step changes: from full flow conditions-to-stratified condlitions-to-fulll flow conditions.
The stratified spray transients induce not ~only bending stresses (from top-to-bottom diffeIential

expansion), but because of'he step changes, significant through-wall radial gradie'nt stresses
are induced as well. Bending .'tresses would still be cre8ted in'hb stratified PORV lines.

However, the development'of the stratiIIied conditiains in the PORV line parallels the gradual
plant heatup and, therefore, typically would not creat@ significant

'adialgradient stresses. Additionally, the formal analysis of the spray line
conservaitivihly'ssumed

that the entire horizont il section of the spray'ihe was at the maximum hT condition,

whereas the length of PORV piping experience the maximum de is relatively short.

Consequently, the total . tress ranges in the PORV~linb a't the pilot pl'ant, excepting 'differdnc'es 'in

geometry and pipe support characteristics, should be less tharii what was determined for the

spray line for a comparable cD. For the pilot plant And, bQ similitude,'lso for the P6RV linek at

, this should result in a comparatively greater number of allowable cycles.
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A preliminary evaluation of the water-water stratification in the Sl line was made by comparison

to the formal analysis of single-phase water stratification performed for the pressurize surge tine

in GEOG Task 662 (Report No. CEN-38?-P, Rev. I-P, December 1991). This formal. analysis was

of a 12-inch, stainless steel surge line subjected to several thermal transients. These transients

included stratified conditions, with ATs ranging from 90'F to 340'F. The results of the

conservative analysis indicate a relatively high number of allowable cycles for the stresses that

developed for even the worst stressed location in the line. For example, the limiting number of

cycles for all components in the surge line for the 150'F hT condition was approximately 6000.

A review of the descriptions of the surge line transients reveals that the stratified conditions

occurred as step changes. However, the development of the stratiTied conditions in the Sl line

parallels the gradual plant heatup and, therefore, would not create the radial gradient stresses

typically induce by step changes. Additionally, the formal analysis of the surge line

conservatively assumed that the entire horizontal section of the surge line was at the maximum

ET condition, whereas the length of Sl piping experiencing the maximum hT is relatively short.

Consequently, the total stress ranges in the Sl line at the pilot plant, excepting differences in

geometry and pipe support characteristics, should be less than what was determined for the

surge line for a comparable dT. For the pilot plant and, by similitude, also for the Sl lines at

this should result in a comparatively greater number of allowable cycles.

Com ensato Actions

As part of 's efforts to resolve generic concerns regarding stratification in NSSS

piping system, willcontinue to support the GEOG's participation in the EPRI TASCS

(Thermal Stratification, Cycling, and Striping) program.

More immediately, is also part of an ongoing GEOG program that includes the

development of guidelines for each GEOG utilityfor the collection of In-service inspection Data,

incident reports and material data pertinent to the subject lines. This program also provides
guidelines for performing walk-downs of the lines in an effort to find evidence, ifany, of piping
deformation due to stratification, including deformed hangers or supports, crushed insulation,
indications of excessive piping movement, etc.

Page 213 of 236



Conclusion

CE NSPD-1043, RE:.V 130

The stratified conditions in both the PORV and Sl lines at the pilot plant may be duplicated in
PORV and Sl lines at Based on the above engineering assessment,.these conditions
will not immediately compromise the structural integrity of the RCS at and, thus, the
public health and safety will be maintained. Therefor@, continued operation of is cbn0idbred to be
justified.

0
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Figure 1 PORV Piping Thermocouple Location
(from ABB/CE Report No. CEN NPSD-868-P, Vol. 1, p. 15)
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APPENDIX D

JUSTIFICATION FOR CONTINUED OPERATION ADDRESSING
THERMALSTRATIFICATION IN COOLING THE SHUTDOWN COOLING PIPE

2.0 Sample Justification for Continued Operation

Executive Summa

Top-to-bottom temperature differentials greater than 50'F have been observed in the
shutdown cooling (SDS) lines at an ABB-CE designed plant. These temperature differentials
measured during plant heatup and power reduction conditions. These temperature
differentials provided evidence of the existence of a thermally stratified layer within the line.

Piping configuration analyses have been performed to confirm the general similarities in the
system temperatures, and operations between the pilot plant and . Hence, there is
the potential that these conditions may exist within the corresponding system at
Thus, these piping systems may be subjected to unacceptable thermal stresses. This
Justification for Continued Operation provides a technical, assessment of these potential
conditions in view of the concerns raised in NRG Bulletin 88-08, "Thermal

Stresses in Piping Connected to the RCS".

A bounding analysis of the thermally stratified conditions of the SDC line has been
performed to assure the structural integrity of all ABB-CE designed plants. Consequently,
considers that, ifthese conditions do exist at the structural integrity of the Reactor Coolant
System (RCS) pressure boundary will not be compromised and that a significant safety
hazard to the public does not exist. Accordingly, continued operation of Is

considered to be justified.

Descri tion of Conditions

As part of the Combustion Engineering Owners Group (GEOG) continuing effort to address
the concerns of Bulletin 88-08, the SDC at a CE-designed plant was instrumented with
surface-mounted thermocouples. Thermocouples were. located on several location on the
top and bottom of the line, primarily on

horizontal section of the piping runs. Temperatures were recorded during power reduction
and plant heatup from cold shutdown.
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In combination with the safety injectiIons (Sl) systeiTi, the SDC is designed to provide
emergency core cooling following reactor coolant tl)r rhailn steam line pipe breaks, land t6 b@

used for normal plant shutd'own (e.g., during refueling or mainteriance
operations).'he

instrumented section of thee'SDC line at the pilot plant is a, 14-inch stainless steel lirle
running from ohe of the RCS hot legs to the safety'injection'ozzles„The configuratioin of this
line includes both horizontal aind vei1ical runs of pipe up to a motor operated valve (IVIOV)
which is normally clo. ed. Thermocouples were placed at several locations on this length of
piping. Data collected from these thermocouplee ii1dicatdd top-to-bottom

temperature'ifferentials

(ETs) in a horizontal section of the SDC piping from 'IOO"F to 1500F diaring
normal plant heatup, and up to 345'F during plant power reductions„

The observed temperature distribution. are attributed to a rhedha'nism called turbulent
penetration. Turbulent occurs when now in the RCS line (main line) creates a secondary flow
in connecting line (branch liine). The variation in thb SDC lirhe AT% are related to variations in
heat transfer coefficients between thee different fluid temperatures and the adjacent'walls'of

'heline.

Turbulent penetration hais been found in lengths to dikmI.telr (L'JD~ ratios between 15 and 25
in typical branch, lines foir temperatures of 550'F to'620'F and velocity of approximately 50
ft/sec. Turbulent penetration would result in adequacy mixing and nearly uniform
temperatures (at RCS values) in pipiing shorter thah 15 L/D. As a result, the presen'ce 'of

'urbulentpenetration;phenomena is a function of both'the line configuration and ratios L/D
(see Figure 1). The valuie of L/D applies to the first combined vertical and horizontal 0ectior'i
of the SDC lines. They are three different SDC line configurations in ABB-CE desig'ned
plants. These three confiigurations aire classified asi follows (Seie

'igure2):

Class A: Short vertiicalI section followed by a short horizontal section terminating at the
center of the second valve.

Class B:, Two or moire short vertical sections followed by short and long horizontal section~
terminating an't the valve.

Class C: Short vertical section followed by long horizontal sections,,

The most bounding case of these three configurations modeled to determine the stratified
thermal loadings. Class C i. the most bounding cade @kith re'spe ct to the thermal

'stratified'onditions

because it has more horizontal piping sUbjdctdd to piotdntihl flow stratifi&tidn.

'age
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The expected degree of stratification for Classes A and B lines is much less, based on actual

data, than for the bounding Class C. Therefore, the analysis, which assumes worst case

Class C stratiTication temperatures to exist on the horizontal portion of lines A and B, is

conservative and bounding.

En ineerin Evaluation

The structural integrity of the SDC line, in consideration of the assumed boundary dT, is a

function of both the frequency of occurrence of the stratified conditions and the magnitude of
the expected stresses. A discussion of both of
these issues is presented below.

Magnitude of Stresses

The measured BTS are of the order of approximately 100'F to 150'F during
heatup and up to 345'F during a period of plant power reduction for the SDC line. An
analysis was performed using a bounding hT of 400'F. While these stratification conditions
will subject the respective lines to thermal stresses, it is not expected that these stresses will
compromise the structural integrity of the
RCS.

Thermal Stresses in the Shutdown Cooling Line

In order to evaluate the magnitude of the stresses due to thermal stratification, all three plant
configurations were modeled considering top-to-bottom temperatures differences of 400,
350, 250 and 150'F, and were conservatively assumed to be stratified-in the first section of
horizontal run as follows:

Class A:
Class 8:
Class C:

Stratified for L/D between 3 and 19 (See Figure 3).
Stratified for L/D between 5 and 12 (See Figure 4).
StratiTied for L/D between 11 and 26 (See Figure 5).

The results of these analyses showed. that Class C is the most bounding line with respect to
the thermally stratified loads (See Attachment 1). The stress ranges incorporating the
thermal stratified conditions were used to evaluate the structural integrity of the SDC line
(See Attachment 2).
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The pilot plant data indicates the presence of thekmll stratification,'ownstream of the first
elbow of the SDC line, during power reduction and p'larit hbatup from cold shutdown„There
is no evidence for the establi. hment of the thermally stratihed layers by any mechanism
other than turbulent penetration and geometry dependency (e.g., nio influence for leakage
was detected). This being the case, the resulting thermal Stre'sses created within the piping
develop at a frequency essentially equal to the frequ'eni:y of the heatup and cooldown cycles
in plant operations, and the plant power loading and unloading conditions.

The increase in fatigue due to thermally stratified conditions for the pilot plant were
determined taking into consideration the frequency of occurrence oF these stratified
transients to-date, and the maximum number of cycles over the intended life of thd plant, (i.'e.,

40 years). Fatigue u. age factor calculations were performed by adding the rnaximuml ni.imber

of occurrences at the pilot plant times the number of iopera'ting years for the oldest ABB~CE

designed plants (i.e., 20 year, ), and fair an estimated forty (40) year life by duplicating the
number of occurrences. (See Attachment 2).

The results of the piping configuration analysis, ghneralisirhilariti'es in the operating
conditions between the pilot plant and suggest the;po. sibility that these'oindftiohs
are duplicated at, This analysis establishes the structural integrity of the SDC at thi
pilot plant. As a result, the structural integlrity of the SDC lirie as» is also
established.

Compensatory Actions

As part of the GEOG effort. to resolve generic concerns regarding stratification in NSSS
piping systems, the applicability of GEOG Task 73'2, "A Program to Address Therrrial
Stratification in Piping Connected to the RCS - Walkdlowns of IPoientially Affected Piping,"
CE-NPSD-744, has baleen extended to.the shutdown cooling line. This program was originally
developed for the power-operated relief valve (PORV) ahd the'l lines. It includes, the
guidelines for the collection of In-Service llnspection dlata, incident report, and material data
pertinent to the subject lines. This program also provirles guidelines for performing'walk-
downs of the lines to find evidence, ifany, of piping,.dhfolrmktion due'o stratification, such as
deformed hangers or. supports, crushed insulation or indications of excessive piping
movement (See Attachment 3).

ip
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The stratified conditions in the SDC line at the pilot plant may be applicable to the SDC line

at . Based on the above engineering evaluation, these conditions willnot
compromise the structural integrity of the SDC line at and, thus, the public health and safety
will be maintained. Therefore, continued operation of 's considered to be justified.
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CLASS B - SDC LINE
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APPENDIX E

EVALUATIONOF THERMALSTRATIFICATIONLOADS

GEOG Tasks 818, 827, and 886 determined thermal stratification loads for the Safety

Injection,. Pressurizer Operated Relief Valve (PORV), and Auxiliary Spray Lines,

respectively. Thermal stratification loads, if significant in magnitude, could have a

significant impact in the overall stresses and fatigue usage factors. The purpose of this

Appendix is to outline a process to determine the overall impact of thermal stratification

loads with respect to stress and fatigue levels. This process is described below:

~ Screening: Compare loads due to thermal stratification (moments, through wall hT) with

values that are the major contributors to stress and fatigue levels.

~ Usage Factor: Calculate the incremental value of usage factor due to thermal

stratification in combination with the design basis value of usage factor at the worst

location.

~ Design Analysis (Ifnecessary): Perform a complete piping and nozzle stress and fatigue

analyses to incorporate the thermal stratification loads

1.0 SCREENING

0

The purpose of screening process is to identify the location(s) and load cases which

have the major contribution to the stress fatigue levels. From this process, it can be

qualitatively concluded if additional analysis is required, and if stress and fatigue

usage factors need to be calculated.

1. Identify the location(s) with the highest thermal stratification moments

From the current stress report (design basis analysis):

1. Identify the location(s) with the highest Equation 10 values. This Equation

includes a bT~ contribution for older year ASME Codes.

2. Identify the location(s) with the highest usage factors. These locations may not

necessarily be those with the highest thermal stratified moments above.

3. At each location, identify those load cases which have the greatest impact on the

stress and usage factor levels.

4. Compare the thermal stratified loads (typically moments and hT~} to other loads.
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5. Determine relative iPangies in maximum S„ranges and in i~sage factors.

Ifthe comparison results indicate that the thermal stratification moments 5t tho<e
'electedlocation(s) are not significantly Ihrger ~thAn the design basis mdim&nt5,

and that their impact in the stress and uslg6 fa~ctdrs 'ar6 n6t significant bbc5usle
'ither.current stress values are well. below allowable limits, and usage factors

are also well within allowablle l,imits, it canibe concluded that additional analyses
are not required„ lf none iof the above, is true,'he n'ext step should be followed:

2.0 USAGE FAC1 ORS

In order to determine the significance of the, thermal,.stratification in stress and

fatigue levels, satisfactiion of the ASME Code hllo&ble'limits is required. To better

describe the process whi<h.need to be follbwi'~d 'an'actual sample case has been

taken from Reference 4.1 and is described below.

2.1 STRESS CONSIDEIMTIONS

contribution.

~ Primary contribuutors to the fatigue.usa

17 and 14 (Cooldown with Shutdown

Test, respectively).

g6 fa'ctoii fear the i lbow were Load
Cade'Cooling'initiation and,the S.l. Check~ VII'

Elbow, location 10 was found'o be the IokwtIon with highest stratiTicatiori loads

~ Elbow, location 'IO was also found to be thie.location vith highest Equation 10 0

2.2 SAMPLE CASE: CAI'ULATIONOF STRESSES

Load Combination A1: Load Case no. 17 and 400'F thecal 'sWtification:

1) NB-3653.1 PRIMARYPLUS SECONIAIYCTAECS INlENSITY BANC>E 5N

'QUATION10:

P,D, „ ID,S„= C,—''+ ",—'Mi+C, E„la,T,—u,T, ) ~3S

ip
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LOAD.CASE NO. 17

Reference 4.3, pg. 1107

for Location 10

Local Coordinates

~M

-8.0 ft-Ib

=0.1 in-kips

bM

14207 ft-Ib

170 in-kips

CE NSPD-1043,, REV 00

~M

-27032 ft-Ib

-324 in-kips

Converting Moments

to Global'Coordinates = 349 in-kips

~M

0.1 in-.kips -109 in-kips

400'F Thermal. Stratification -2376 in-kips 304 in-kips 1349 in-kips

~Ren ee ~M

-2725 1458

M; = [M„'+M„'+M,']' 3105 in-kips
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TABLE 1

Load Corribinationi A - Totall Moments Calculation

Load
Comb

Loa,d Case No. 17
(in-kips)

My M~

Therm
. Strat.

llT
("F)

'oments'in-kips)
Ranges
(in-kips) (in-,

kips)

A1 349 0.1 -109 400 -2376 304 1349 -2725 304 145'8
'105'3

A4

350 -2113

250 -1598

150 -1103 .

286

252

219

1184 -2462 286

'8fi3 -1947 252

-1453 219

129'3

972.

'664

2;r96

'191'
1612

Load Combination.nos. A1-A4 are used t6 designate the load set danhisting of

I oad Case No. 17- Cooldown with Initiation of Shutdown Cooling and thI thermal

stratification conditions.

Substituting into Equation 10:

S„= 12.64 + 55.25 + 0 = 67.69 ksi > 3 Sm = 57.9 ksi

Load
Combination

Them>al Strat
ht ('F)

Pressure TeiTn
(ksi)

Moment
Tisrm (ksi)

TABLE2
Load Combination A - S., Calculation

Sn
(ksi)

3Sm
(ksi)

0
A1 400 12.64 5!i.25 67 89'"':,:;"; 57.9

350 12.64 49.73 6237 57.9

A3 250 38.98 51.62 57'.9

A4 150 12.64 2fi.68 41.32 57.9

2) NB-3653.2 PEAK STRI=SS Ii'4TENSIWAAhlGk Sip

Equation 11:

S =K C ——+K.C —"-M-+— K 5afh'T)+K.,C E (a T -a 7 )+——Ea(cH. (

P,D, D„ 1 1

P i 1 2 t 2 2 2 ~
i 2('I —V)

3 '3 3 3 ab ~ s b b (] )
2

1 able NB-3681(a)-'I of Reference 4.2,", k> = k2 =- k3 = 1.0

From Reference 4,.3, pg. 1105:

v == 0.3 0
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dT< for load case no. 17 = 203 'F

ZT2 for load case no. 17 = 120 'F

From Reference 4.2: E = 28.3 x10'si
u= 8.42 x 10 in/in'f

The circumferential temperature gradient stresses for the 400'F thermal

stratification condition is accounted for by adding the through-wall stress

value of 19.13 ksi (See Assumption 2 of Reference 4.1).

Sp = 1 2.64 + 55.25 + 34.55 + 40.85 + 0 + 1 9.1 3 = 162A2 KSI

TABLE3
Load Combination A - Sp Calculation

Load
Comb

Thermal
Strat

ht ('F)

Pressure
TelTll
(ksi)

Moment
Term
(ksi)

hT)
Term
(ksi)

F2
Term
(ksi)

Circumferential
Temperature
Gradient (ksi)

Sp
(ksi)

A1 400 12.64 55.25 34.55 40.85 19.13 162.4

350 12.64 49.73 34.55 40.85 16.73 154.5

A3 250 12.64 38.98 34.55 40.85 11.95 139.0

A4 150 12.64 28.68 '4.55 40.85 7.17 123.9

3) NB-3653.6 SIMPLIFIED ELASTIC-PLASTIC DISCONTINUITYANALYSIS.

Since the Equation 10 result exceeds the code allowable limit (S„> 3 S ) for
load combination nos. A1 and A2, the alternative analysis allowed under this
section is necessary.

Equation 12:

S =C —'M. s3SD,
™

where M;: same as M; in Equation 10, except that it includes only moments

due to thermal expansion and thermal anchor

M =[M ~+M ~+M@]

[ ( 2376) + (304) + (1349) ]

MI = 2749 in-kips

Page 231 of 236



C

CE NSPD-1043, REV 00

8, =48.91ksi<3S = 5?.9ksi

4) NB-3653.6 (B) PRIMARYPLUS SECONDARY MEIVIBRANEPLUS BE,N6ING,

EXCLUDING THERh/IALBENDING AND EXPANSION STRESSES.

Since Equation 10 is not satisfied for Load (:ombination Nos. A1 and A2,

consideration of thi. stress i. requirecl.

Equation 13:

, P.D. D.
C —' '+C. —'M +C. E ) u T - u T ) 53Si 2t 2 2g i 3 ab a'a b b hl

= 12' 0+ 0 = 12.64 < 3 SM = 57.9 KSI

5) NB-3653.6 (C) ALTERNATING

STRESS'here:

Su = K,Sp/2
K, = 1.0, for S„E, 3 S

K, =1.0+ [(1-n)/n(m-1)]SJ3 S,„-1„ for 3 S„, < 8„<3m 8 and,

K. =1/n, for S„'3m 8

From Table NB-3228.5(B)-1: m =
1.7'=0.3

.From Assumption 3 of Refi rence 4.1: S = 19.3 ksi

Therefore: 3m 8 =3(1.7) (19.'3) =98.4
3S <8„-3mS

0

For Load Combination A1, S„= 67.9 ksi, hence:57.9 < 67.9 < 98A
then:

IQ == 1.0+ f(1-0.'3) /0.3 (1.7-1)] [67.9/3 (19,.3) -1]

K, == 1.0+ [(0.7 /0.21] 0.1I73

K, = 1.57

6) NB-3653.7 Thermal Stress Ratchet

Allowable AT< range = )y'„/0.7 E 'u] C4

'rom

Reference 4.3: S„= 23.3 ks) at 300'F for SA-403, WP-316,
Table l-2.2
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E=28.3X10 psi

u= 8.42 X 10+ in/in'F

Cg =1.3
x (P Do/2t) (1 ISy) where P is maximum

pressure for the set of
conditions under

consideration = 2.235 ksi

x = (2.235)(14)I2(1.25)(1/23.3)

x = 0.537

Interpolating: y' 1.85

Allowable hT~ range = [(1.85)(23.3) /0.7 (28.3)(8.42)] 1.3 (1000)

Allowable ET1 range = 336'F

Translating the Circumferential Temperature Gradient Stresses to a dT> value for the
400'f StratTiied Condition:

Circumferential Temperature Gradient Stresses = E u (hT~)/2(1-n)

'9.13= E u (AT)) /2 (1-n)

Solving for, ET>

AT<= [(19.13) 2 (1-0.3) 1000] I [28.3 (8.42)]

ETi = 112.4'F

I BT> I range = 203+ 112.4'F = 315 'F < 336 'F

Consequently, per NB-3653.5, the Alternating Stress Intensity for Load Combination

No. A is calculated as follows:
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Load
Combination

TABLE 4
Load Combination a - S.r Calculation

Sp
(ksi)

San
(ksi)

CE-NSPD-1043, REV 00

0
A1I

Al?

A3

A4

1.57

1.26

1.0

1.0

162.4

154.5

139.0

123.9

1,27.5

97.3

69.5

62.0

It Is important to note that thie . arne steps of Section 2.2 should be followed for
every load case combination. I'n this case, the same analysis applies for Load
Combination B, i.e., Loa,d Case No. 14 and thierrnal stratification loads:

2.3 FATIGUE CONSIDERATIONS

Consideration of fatigue effects i. accomplished by calculating the incremental va,lue

of usage factor due to thermal stratification iIn combination with the design value of
usage factor at the same location(s) evaluated for,stresses (in the previous section)
and also for the dlesign basis worst usage fa'ctoi location. Emphasis for the fatigue
effects should be upon determining the increase. iri the fatigue usage factor

t~hte'nd

in estimating a usage factor for the'ift df the pla'nt.'t is noted that, in this
particular case, the limiting location does not have the highest usage factor for the
entire line. However, the increase in the fa'tigt'se tusdge'actor for this location for
consideration of thermally stratified conditions~ shou'ld be evaluated such that it
effectively bounds all location. in the line.

1) DETERMINATIONOF TFQNSIENT C)C(iUARIENCES

Determination of transient oewrren
to be anal)~ed, and'he number of

ceo shou'Id be based'on the load ca. es
occurrences up to date and for the life

of the plant. In the saIrnp'le case, the number of power reductions up to
date, were determined by multiplying the number of power reductions per
year by a factor of three (3) and the number of year approximate the
number of power reductions for the life of the plant.

Number of power reduilions for 20'years'= '8 power reductions/year) (3)
(20 years)

Number of power reductions for 20 years + 480
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Reactor trip and loss of reactor coolant flows:

Actual number = (103+ 1) + 4 = 108 in 13 years

For 20 years = (108/13 year) (20 years) = 166

TOTALNUMBER OF TRANSIENTS TO DATE = 480+166 = 646

2) . TO-DATE FATIGUE USAGE FACTOR CALCULATION (ASME CODE,
FIGURE I-9.2.1):

~S ~Ng

Load Combination No A 127.5 ksi 803

Load Combination No. B 51.4 ksi 29050

Design Basis Usage Factor (From Ref. 4.3, Pg. 1128)

'TOTAL USAGE FACTOR

N U

105 0.131

646 0.022

0.044

0.197

To account for fatigue effects of this toad combination fro any plant,
it is assumed that this load combination has occurred 105 times

3) ESTIMATED USAGE FACTOR FOR FORTY (40) YEARS LIFE

TRANSIENT 20 YRS

4

40 YRS

Heatup and Coo!down 105
Power Reductions (Including trips, etc.) 646

Load Combination No. A 127.5ksi 803

Load Combination No. B 51.4 ksi 29050

Design Basis Usage Factor (Ref. 4.3, Pg. 1128)

TOTALUSAGE FACTOR

210
1292

N U

210 0.262

1292 0.044

0.044

0.350

4) OVERALLUSAGE FACTOR

Location with the highest usage factor of 0.398 at point 63; from Reference 4.3, the
overall usage factor for the estimated life of the plant.

= 0.398 + 0.350 = 0.748
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