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EXECUTIVE SUMMARY

The pressurizer of a Westinghouse type pressurized water reactor maintaing ang
con'rols pressure in the reactor coolant system (RCS) via the pressurizer
surge line which connects to a hot leg of the primary ‘cop. The pressure is
maintained such that boiling is suppressed and departure from nucleate boiling
is prevented.

The flow path for a typical reactor coolant loop is from the reactor vesse! to
the inlet plenum of *he steam generator. High temperature reactor cocolant
flows through the U-tubes in the steam generator, transferring heat tc the
secondary water, out of the tubes i~to the outlet plenum to the suction of the
reactor coolant pump., The reactor coolant pump increases the pressure head of
the reactor coclant which flows back to the reactor vessel.

The pressurizer vessel contains steam and water at saturated conditions with
the steam-water interface leve! between 25 and 60% depending on the plant
operating conditions. From the time the steam bubble is initially drawn
during the heatup operation to hot standby conditions, the level is maintained
at approximately 25%. Ouring power ascension, the leve! is increased to
approximately 50%.

Investigations of primary coolant water flow into and out of the pressurizer
have shown that significant temperature differences may exist in the surge
line from end-to-end and from top-to-bottom during heatup or cooldown,
Jnanticipated large surge line pipe displacements have been experienced and
temperature differences exceeding 250°F in a pipe cross section have been
noted. Thermal stratification (layering of different temperature water) has
been measured over significant time periods. The unexpected magnitudes of the
pipe displacements and temperature differences exceed those defined in the
design transients, suggesting that thermal design transients should be updated
to incorporate the effects of the stratification. Such an update is performed
for Beaver Valley Unit 1 in this report and the structural response is
evaluated. A similar evaluation has been performed for Beaver Valley Unit 2
as documented in WCAP-12093 and WCAP-12093 Supplements 1, 2 and 3.

48334 102990 '0 R



Of particular significance to surge line stratification are the normal
charging and letdown function provided by the Chemical and Volume Control
System and the suction and return lines associated with the Residual Heat
Removal System (RMRS), The former directly controls the RCS mass inventory
and therefore affects flow in the su |ine. The RHRS is used *o remove heat
from the RCS and thereby influences :.olant temperature and consequently
coolant volume through thermal expansion and contraction.

Other systems which affect surge line fiow conditions are main spray flow
supplied to the pressurizer from one or two cold legs and the pressurizer
electric heaters. Spray operation does not significantly alter the total RCS
mass ‘nventory but does reduce system pressure by condensing some of the steam
in the pressurizer. The pressurizer heaters, when energized, generate steam
and, &s & resu't, increase RCS pressure.

Therma! stratification in the pressurizer surge line 13 the direct result of
the zifference in densities between the pressurizer water and the generally
cooler hot leg water. The lighter pressurizer water tends to float on the
cooler heavier hot leg water. The potential for stratification is increased
as the difference in temperature between the pressurizer and the hot leg
increases and as the insurge or outsurge flow rates decrease.

At power, when the differerce in temperature between pressurizer and hot leg
is relatively small (less than 50°F) the extent and effects or stratification
have been observed to be small., However, during certain modes of plant heatup
ane cooldown, this difference in temperature can be relatively large end-to-
end, in which case the effects of stratification must be accounted for. A
diagram of the approach taken to evaluate significant stratification is given
in figure 1.

A rather extensive data base has been obtained by pressurizer surge line
transient monitoring including results from the Beaver Valley Unit 1 plant,
The deta consist of pressures, displacements, operational status and
temperature monitored along the surge line. The most relevant data are those
associated with heatup and cooldown.

4830 DIWR0 10 xvih’



An extensive study was made of the available data base. From this study 2 set
of conservative design transients was developed which incorporated the
characteristics of thermal stratification in the pressurizer surge line. This
set formed the basis for the stress and fatigue analyses and the leak-before-
break evalyation summarized below,

The stress ana'yses were performed in three steps. Finite element structura)
or system stress analyses were made to cetermine pipe displacements, support
reaction loads and force and moment loads. These loads were used as input to
the fatigue, fatigue crack growth and leak-before-break evaluations. Both
axia) and radial variations in the pipe metal temperatures were included as
appropriate. Specifically, eleven cases of thermal stratification were
analyzed reflecting temperature cifferences in the surge line up to 335°F,
Stratification at operating temperatures as wel! as heatup and cooldown
temperatures was analyzed consistent with the observed therma! stratification
data. The loads were found to be acceptable for all design conditions
including the updated transients to account for thermal stratification,

.ocal stresses were calculated for the top-to-bottom non-linear thermal
gradients in the surge 1ine at the most critical locations which represent a
bounding of not-teo-cold interface levels as implied from the test
cbservations, Three-dimensional finite element models of both pipe and
nozzles were used.

The total stress is required fo- the fatigue analyses. Such stresses were
found by superposition of the structural stresses and the local stresses.

Thermal striping due to the oscillztion of the hot and cold stratified
bouncary was also evaluated. The concern is with the stresses due to the
differences between the pipe ‘nside surface wall temperatures and the average
through wall temperature., Finite element analyses were also made for this
case. The ASME Section IIl fatigue usage factor due to thermal striping alone
was found to be well below the ASME Section 1[Il code criterion of 1.

€633+ 102090 '3



Fatigue usage factors were evaluated based on Section III of the ASME Code for
the total stresses using the updated design cycles which includes the effect
of stratification. Due to the non-axisymmetric nature of the stratification
loading, stresses due to all loadings were obtained from finite element
analysis and then combined on a stress component basis. Peak stresses were
caleulated for each transient, The combined usage factor was less than the
ASME Section 111 code criterion of 1. Five events exceeding a2 system AT of
320°F were included in the analysis.

The above usage “actors do not include the effects of striping, DBecause the
nature of striping damage is at a much higher frequency, varies in lccation
due to fluid leve! changes and is masimized at a different location than the
ASME usage factor, 1t was assumed to be more appropriate to determine a total
Jsage factor by conservatively adding the above calculated usage factors and
tne striping usage factors., This gave a maximum total usage factor which is
stil] less than the ASME Code allowable of 1.0.

To determine the sensitivity of the pressurizer surge line to the presence of
small cracks when subjected to the updated transients, fatigue crack growth
analyses were performed. Various initial surface flaws were assumed (0
exist., The flaws were assumed to be semi-elliptical with a six-to-one aspect
ratio. The largest initial flaw assumed to exist was one with a depth equal
to 10% of the wall thickness, the maximum flaw size that could be found
acceptable by Section X! of the ASME code. There is currently no fatigue
crack growth rate curve in the ASME Code for austenitic stainless steels in a
water environment. However, the fatigue crack growth curve for austenitic
stainless steel used in the analyses is the one currently in the 1989 Edition
of Section X! of the ASME Code for an air environment.

The locations, representative of all cross-sections of the surge 1ine where
thermal stratification could occur, were evaluated for fatigue crick growth,
The transients eaceeding a system 4T of 320°F were included in the

analysis. The maximum growth of a flaw assumed initially to have a depth of
10% of the wa)! was seen to remain well below one-half the wall for f. 11
service life,

48334102950 10 XX
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(b) ASME 11l stress, fatigue cumulative usage factor (CUF), fatigue crack
growth (FCG) and leak-before-break (LBE) analyses

1.2 Update of Design Transients

Because the Beaver Valley Unit 1 and Unit 2 plants are similar in geometry,
and because both units have similar operational guidelines, the transients
generated in the Beaver Valley Uni* 2 analysis (WCAP-12093) will be used 2s a
baseline for creating Beaver Valley Unit 1 transients. First, the development
of these base!ine transients is demonstrated. Next, Beaver Valley Unit 1l
historical records are used to modify the transient set to account for
pressurizer/hot leg temperature differerces of greater than 320°F (as
illustrated later, this temperature difference was a 1imit defined in the
generation of the Unit 2 transients, see Supplement 3 of WCAP-12093).
Finally, monitoring information from one actual heatup is used to ensure that
the baseline transients envelope Beaver Valley 1 transient activity,

1.2.1 System Design Information (table 1-3)

The therma! design transients used for the Beaver Valley Unit 1 Reactor
Coolant System, including the pressurizer surge line, are defined in
westinghouse Systems Standard Design Criteria (SSOC) documents SSDC 1.3.

The design transients for the surge line consist of two major categories:
(a) Heatup and Cooldown transients - table 1-4

b) Norma! and Upset operation transient - table 1-5., By definition, the
emergency and faulted transients are not considered in the ASME [I!
Section NB fatigue 1ife assessment of components.

In the evaluation of surge line stratification, the current definition of
normal and upset cesign events and the number of occurrences of the design
events remains unchanged ("Label", "Type"“, and "Cycles" columns of table 1-5).

The tota! number of current heatup-cooldown cycles (200) remains unchanged
(table 1-4). The definition of heatup-cooldown events and the number of

470904/102490 10 1-4



occurrences ("Label", "Type" and "Cycle" columns of table 1-4) is updated to
reflect monitoring data, as described later.

In all cases, the definition of surge line flow temperature is modified to
replace the original uniform temperature by a maximum stratification
temperature differential ("MAX 4T " and "Nominal" columns on tables
1-4 and 1-5),

strat

1.2.2 Stratification Effects Criteria (table 1-3)

To determine the normal and upset pipe top-to-bottom temperature difference,
"Afs*rat" (tables 1-4 and 1-5), the following conservatism is introduced.

For a given event, the AT“’_at in tF p1, ~ will be the difference between
the maximum pressurizer temperature v minimum hot leg temperature, even

when they do not occur simultaneously.

]d.C,Q

1.2.3 Plant Monitoring (table 1-3)

Surge line stratification data from | ]":’° Westinghouse plants,
including Beaver Valley Unit 2 (figures 1-6 to 1-89) has been utilized in this
analysis in developing the baseline transients. The data was obtained by
continuous monitoring of the piping OD temperature, displacements and plant
parameters,

A7008/ 102490 10 1_5



The data is sufficient to characterize stratification temperatures in the pipe
during critical operating transients and heatup-cooidown operation. Ailso, the
data is sufficient to verify that the pipe movements are consistent with
analytical predictions, within an accuracy normally expected from hot
functional tests, as discussed in section 2.1.

The monitoring of plant parameters is sufficient to correlate measured
tempe-ature fluctuations to changes in operation. In particular, it is
apparent that temperature fluctuations are due to flow insurge (into the
pressurizer) and outsurge (out of the pressurizer) which in turn are due to
differential pressure in the system. While & simple and definite mechanistic
relationship between plant operation and insurge and outsurna has not been
achieved, the data indicate that a steady state stratified condition can be
altered by any of the following events:

(a) Expansion of the pressurizer bubble
(b) RCP trip in the surge line loop

(¢) Safety injection

(d) Large charging - letdown mismatch
(e) Large spray rates

In light of these observations, the update of design transients is based on
plant monitoring results, operational experience and plant operational
procedures. Conservatisms have been incorporated throughout the process in
the definition of transients (cycles, AT) and in the analysis, as described
in the report.

1.2.4 Heat Transfer and Stress Analysis (table 1-3)
The correlation of measured pipe 00 temperature to [D temperature distribution

is achieved by heat transfer analysis as well as previous experience with flow
at large Richardson numbers (Ri>:1) (figures 1-10 and 1-il).

AT004/102490 10 1.5



These analyses and test data available 1o date show that a stratified flow
condition, [

1218 55 & proper and conservative depiction of the flow
condition inside the pipe at large AT and low flow rates (Ri>1).

An additional conclusion from the heat transfer and stress analyses is that

(

]a.c,ﬁ

1.2,5 Stratification Profiles

Tacle 1-6 summarizes the major stratification profile characteristics. The
monitored data shows a consistent axial temperature profile along the

horizontal portions of the | b b surge lines monitored (figures 1-12,
1-13 & 1-14).

For purposes of analysis, this temperature profile was divided in
( il regions or "locations" along the pipe axis (figure i-14),

1.2.6 Qlevelopment of Conservative Normal and Upset Transients (table 1-3)

Several conservatisms are introduced in the definition of the normal and upset
thermal transients (tables 1-4, 1-5, 1-7 and 1-8).

.

]Q,C,O

47004102990 10 1.7
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it ]G.C.O

The norma) and upset transients are listed in tables 1-4 and 1-5.
1.2.7 Temperature Limitations During Heatup and Cooldown (tabies 1-3 and 1-9)

The maximum expected temperature difference between the pressurizer and the
not leg expected for Beaver Valley is 320°F, therefore, this limit is used in
creating the baseline transients. However, based on a review of historical
records, this temperature difference was exceeded during five of the heatups
and cooldowns, These exceedances have been incorporated into the trar: ent
set as described later.

with the RCL cold, the pressurizer pressure (and therefore temperature) is
limited by the cold overpressure mitigation system (COMS).

Practically, plants operate to minimize downtime and heatup-cooldown time,
when power is not being generated. The times at large AT are therefore
reasonably limited, as discussed later.

1.2.8 Historical Data (table 1-3)

Since not all heatup and cooldown parameters affecting stratification are
formally limited by Technical Specification or Administrative controls, it fis
necessary to consider plant operational procedures snd heatup-cooldewn
practices to update the original heatup and cooldown design transient curves
of SSOC 1.3 (figures 1-16 and 1-17).

47009/702490 10 l-e



To this end, a review of procedures, operational data, operators experience,
and historical records was conducted for | 13:€+@ Westinghouse PWR
plants, including Beaver Valley Unit 1 (table 1-10).

The heatup and cooldown operatinons information acquired from this review is

summarized in tables 1-11 and 1-12, [
]‘.C.‘

The information is divided into heatup and cooldown tables and diagrams. The
diagram presents the pressurizer water and hot leg temperature profiles versus
time., The varicus phases of the process are identified by letters along the
diagrams' abscissa and in tables 1-11 and 1-12.

1.2.9 Development of Heatup and Cooldown Design Transients With Stratification

As described above, the database of information used to update the heatup and
cooldown transients, included the following:

a) Typical heatup and cooldown curves, as developed from review of
procedures, operational data and operators experience.

b) Transients as monitored at | 12:€1€ plants

¢) Historical records of critical heatup and cooldown temperatures

The heatup and cooldown transients are presented in the following sections as
r ]G)Cp‘

-

and 1in
similar fashion to the normal and upset transients. Table 1-13 gives the

general characteristics of the two types of transients observed.

47004/102980 10 1-9



1:8:08:1 -l ]"C" Transients

A) Monitoring Transient Summary

For a given monitored location, plots of temperature difference versus time
were generated (figures 1-28, 1-29, 1-30, and 1-31). Two parameters were
plotted, the pipe top to bottom temperature difference (labeled "surge line")
and the pressurizer to hot leg temperature difference (labeled "system").
Only heatup data was avaiiable, discussion of cooldown transients follows in
section G,

It is clear from the curves (figures 1-28, 1-29, 1-30, and 1-31) that for the
observed neatups, [
12:€98 uhile the Beaver Valley Plants, Units 1 and 2 (figures 1-28

and 1-29, respectively) had moderate thermal transient activity.
For conservatism, the envelope from measured transients in all plants is
applied to define the transients, even though there was only a moderate level

of these transients observed at both Beaver Valley plants.

B) Fatigue Cycles

The fatigue cycles were obtained using the technique illustrated on
figure 1-31, (

]a.c,‘.

C) Strength of Stratification

Plant monitoring data indicate that for the various transients observed the
AT in the pipe (top to bottom) is not as large as the aT in the system

47004/1G398¢C 10 l-lo



(pressurizer to hot leg). The ratio of AT in the pipe to AT in the system
will be referred to as "strength of stratification”.

12+€+8 1t should also be noted that
the maximum strength of stratification observed was 0.95.

0) Number of Stratification Cycles (table 1-16)

Plant monitoring data indicated the significant events which could occur
during a given heatup. [

]G,C.G

470047102490 10 1-11



E) Maximum Temperature Potential

The key factor in thermal stratification of the surge line is the temperature

difference between the pressurizer and hot leg (section 1.2). This

temperature difference is clearly maximized during the heatup and cooldown,

when the plant is in mode 5 cold shutdown (hot leg less than 200°F) and the

pressurizer bubble has been drawn with the reactor coclant pump running

(pressurizer temperature larger than 425°F). [

]dgc'e

F) Final Cycles and Stratification Ranges

—

A700%/102990 70 1,12



]"C;‘

For Heatup: 1= 1to 24, j=1to6, k=11tod

The 24 transients produced are conservatively summed, based on ATi range,

~

inte 9 transients (Ml to HS).
For cooldown 1 = 1 to 30, j=1to6, k=1to5

The 30 transients produced are conservatively summed, based on ATi range,

-

into 7 transients (Cl to C7).

~

G) Cooldown Transients

The procedure used in heatup is applied to develop transients for plant
cogldown, |

]C.C..

47009/102980 10 1-13



1.2.8.2 | 13:€1® 1ransients

]Q,C,e

1.2.9.3 Transient Basis Exceedances

As indicated previous'y, based on a review of the Beaver Valley 1 operating
records, there were five events wnich had a system delta T greater than the
transient basis assumed upper !im:t of 320°F. Since none of these system

delta temperatures were greater than [.

a,c,e
]

Therefore, the addition of these cycles conservatively accounts for the events
in which the system delta temperature exceeded 320°F.

1.2.10 Striping Transients
Because of the nature of thermal striping stresses, the maximum stratification

value rather than the fatigue range is to be used, This results in larger
values of stratification temperature. [

47009102490 '0 1.14



1.3 Conclusions

Design transients were updated to incorporate stratification. The transients
were developed to conservatively represent the cyclic effects of stratifi-
cation at the Beaver Valley Plants., Additionally, the Beaver Valley 1 -
monitoring data for one heatup was examined relative to the transients used in
the fatigue analysis., Based on this comparison, it was determined that the
transients used in the analysis envelope Beaver Valley 1 cyclic activity. To
further illustrate the margin included in the development of these heatup
transients, a simplified fatigue factor calculation is provided in figures
1-33 and 1-34, This comparison indicates that the design transients have a

factor of conservatism of approximately [
]A,C.Q

4700s/10298¢ 10 1'15
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TABLE 1-2
STRATIFICATION POTENTIAL BASED ON
RICHARDSON NUMBER

e Stratification potential exists if Ri > 1

g e——

a,C,e

14845121888 10 1.1



-

(3)

TABLE 1-3
NOTES FOR TRANSIENT DEVELOPMENT FLOW CHART
(See Figure 1-5)

System Design Information: This Includes the Following Documents.

. System Standard Design Criteria 1.3F, 1.3X, 1.3 Rev. 2 etc. (Cycles,

Press, T TRCS' Surge Rate)

press’

$30C wWere Reviewed to Obtain Events and Cycles. Design Events and Cycles
were Not Altered,

Criteria was Established to Determine Effects of a Design Event on the
Surge Line. The Following Conservative Criteria was Established.

]G,C,O

Plant Monitored Data Reviewed from the Following:

0 Beaver Valley

- plaﬂ:s { ]aoC’e

47004100490 '0 1-18



TABLE 1-3 (Cont'd.)
NOTES FOR TRANSIENT OEVELOPMENT FLOW CHART

Pipe Temperatures Obtained From RTD's and System Parameters Obtained from
Plant Computer,

]G,C.O

47905162490 10 1-19



TABLE 1-3 (Cont'd.)
NOTES FOR TRANSIENT DEVELOPMENT FLOW CHART

]a,c’.

(10) Design transients developed for stratification and etriping affects in
surge line

47008/ 102490 10 1.20
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TABLE 1-4
SURGELINE TRANSIENTS WITH STRATIFICATION
HEATUP (M) AND COOLDOWN (C) - 200 CYCLES TOTAL

TEMPERATURES (°F)

3Rl




TABLE 1-4 (Cont'Q)
SURGELINE TRANSIENTS WITw STRATISICATION

HEATUP (=) AND COOLOOWN

‘e

*Ingut for maximizing moment range only
1/0 = Insurge = Outsurge

F = Fiyctuation

47008/ 103490 10
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LABEL

47004102490 '0

WESTINGHOUSE PROPRIETARY CLASS 2

TABLE 1-§
SURGE LINE TRANSIENTS WITH STRATIFICATION
NORMAL ANDO UPSET TRANSIENT LIST

TEMPERATURES (°F)
MAX NOMINAL

TYPE CYCLES AT PRZ T RCS T
Strat
o ‘lci.

1-23
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TABLE 1-6
STRATIFICATION PROFILES

]Q,C..

1-2%



TABLE 1-7
HEATUP = COC' “OWN TRANSIENTS

0 Transients Were Developed Based On:
- Typical Heatup Cooldown Curves

. Envelope (Plus Margin) of Events (Transients) Monitored
. Mistorical Data on Temperature Plateaus

]l,C.‘

AT009/ 102480 10 1-26
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TABLE 112
COOLDOWN DATA SUNMMARY
PR MOT LEGHY TEME  DIFFEREMCE AND TiME DURATION FOR EACH PHASE

1e-1
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TABLE -4

SUMMARY OF #ATIGUE CYCLES #ROW | bl

Cycle Deita Range (°F) Cvcle Delta Range ('F)

= - 3.C.¢

NOTE The Jelta range represents tne relative severity (4T) of
each transient following the fatigue cycle approach.

47004102990 10 1.33



TABLE 1-1%5
SUMMARY OF PLANT MONITORING TRANSIENTS
WITH STRENGTH OF STRATIFICATION (RSS)

—

( 18:£,8 'U£ 18:€:@  pBoaver Valley Unit 1 Beaver Va'lley Unit 2
Toserved served served “Ubserved
Cycles RSS (1) Cycles RSS (1) Cycles RSS (1) Cycles RSS (1)
o m— ‘!C|.
- A
OBSERVED TRANSIENTS GROUPED
BY STRENGTH OF STRATIFICATION
(RSS) INTERVALS
No. Observed % of
RSS Cyeles Total
r— — a8,C,e
§
i
m

47008702480 10 1.34



TABLE 1-15 (cont.)
SUMMARY OF PLANT MONITORING TRANSIENTS
WITH STRENGTH OF STRATIFICATION (RSS)

RSS J % of Transients
o _q.g‘|‘
L -—
RELATIVE NUMBER OF CYCLES OF
STRENGTH OF STRATIFICATION (RNSSj)
AFTER GROUPING
RSSJ
RNSS Strength of
% Transients (2) Stratification (1)
q
B 8,¢c,0
- —-—

Nomenclature:

(1) Strength of Stratification (RSS)
(2) Relative Number of Cycles of Strength of Stratification (RNSS)

47004102480 10 1.35



TABLE 1-16
SUMMARY OF MONITORED TRANSIENT CYCLES (ONE HEATUP)

Plant No. of Cycles

I

" -

Avg. Monitored Cycles: 15,75 = x;

Selected No. of Design Cycles: 36.5 (added 30% to observed maximum number of
cycles, plant A)

DESIGN DISTRIBUTION APPLIED TO MAX NUMBER OF
TRANSIENTS EXCEPTED MULTIPLIED BY 200
HEATUP OR COOLDOWN CYCLES

Ne. of Transients RSS

a,C,e

47008 /10249010 1.36



TABLE 1-17
SUMMARY OF % TIMES AT
MAXIMUM TEMPERATURE POTENTIAL
RMTP
HEATUP

-

Note: Recor~ed Range of Systems 4T and RTHPK from
Plant A (S heatups, 7 cooldowns)
Plant B (8 heatups, 7 cocoldowns)

47004102480 10 1-37
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TABLE 1-18
SURGE LINE TRANSIENTS - STRIPING LOADS
FOR HEATUP (M) and COOLDOWN (C)

1-38

a,c,e
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Simplified Diagram of the NSSS

Figure 1-1,
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Figure 1-2.
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Figure 1-3. RCS Pressurizer
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Hot Flow from Presswizer
Thot =

] a2, Cc,e

a,c,e

_j— Velocity =L 7

a,c,e

Velocity =| 1

A - - P

PRPTSENGR (P

- —_—— — e -~ —_—— -

I e
- Stagnan! Cold Flud
!cold =[- J a,c,e

»

Figure 1-4. Estimale of Flow Stralification Pattern in Elbow Under Pressurizer
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Figure 1-5. Transient Development Flow Chart
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Figure 1-7.

Plant A Pressurizer Surge Line Moniloring Locations
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Figure 1-9.
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Plant C Pressurizer Surge Line Monitoring Locations
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Temperature (°F)

Figure 1-10.

Angle  (Degrees)

Temperature Profile (6.5 inch 1D Pipe)
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Angle, (degrees)

Figure 1-11.

Dimensionless Temperature, 0

Dimensionless Temperature Profile {(14.3-inch 1D Pipe)
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Figure 1-13.

Surge Line Hot-Cold Interface Locations
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Figure i-14.

Hot-Cold Interface location From Temperature Measurewents




Figure 1-.5, [Inadvertant RCS Depressurization (AT = 260°F in Surge Line)
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Figure 1-16.

Time (Hours)

Steam Bubble Mode Heatup
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Figure 1-17. Steam Bubble Mode Cooldown
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Figure 1-28, [ ]a.c,o Location 1 - Heatup (4 days)
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Figure 1-29 [ 12:€4® Lscation 2 - Heatup (11 Days)
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Figure 1-34,

Comparison of Design to Monitored Transients
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SECTION 2.0
STRESS ANALYSES

Flow diagram figure 2-1 describes the procedure to Jetermine the effects of

thermal stratification on the oressurizer surge '1ne based on transients
developed in section 1.0, [

]G’C).

Section 2.1 Addresses the structural or global effect of st:atification

Section 2.2 Addresse:s the local stress effects due to the nonlinear
portion of the temperature profile

Section 2.3 Addresses the total stress effects due %o the oscillation of
the hot-to-cold boundary layer (striping) plus the thermal

stratification stress

2.1 Piping System Structural Analysis

2.1.1 Introduction

The thermal stratification computer analysis of the piping system to determine
the nipe displacement, support reaction lcads as well as moment and force
loads in the piping is referred tc as the piping system structural analysis.
These loads are used as input to the leak-before-break, fatigue, and fatigue
crack growth evaluations. The thermal stratification condition consists of
both axial and ~adial variations in the pipe mc.al temperature, as described
in section 1.0. The model consists of straight pipe and elbow elements for
the ANSYS computer code. [

12:©:® These studies verified the suitability of the

ENSYS computer code for the thermal stratification anclysis. [
\d,C.G

48334/701080 10 2-1
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2.1.2 Discussion

The piping layout for a typical surgeline is shown in figure 2-3. The rigid

suonort, Ril, originally installed to reduce deadweight and seismic loads

provides resistunce to the displacements caused by thermal stratification,

[

48348102990 10
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2.1.3 Results from Beaver Valley Unit 1 Analysis

The pressurizer surge line of Beaver Valley Unit 1 was structurally analyzed
based on both a no pipe whip restraint contact configuration and the existing
gaped configuration. Duriag this period, the pipe whip restraint gaps were
shimmed to a set of design values. On the last heat-up, the monitoring data
obtained showed no whip restraint was in contact because of the imposed
operating procedure. On the cooldown cy.le, however, a conservative
assumption was made in the fatigue analysis to reflect a potential of contact
for the configuration even though the same imposed operating procedure remain
effective. After this cycle, the pipe whip restraint gaps will be enlarged to
allow for all thermal movement.

During one past plant specific heat-up under the non-contact configuration,
the measured displacement of 1.80 inches in the vertical direction at whip
restraint SLR-4 (Node 184) compares well with the calculated displacement of
1,97 inches at a pipe aT of 160°F. In the analysis, the calculated piping
stress due to thermal stratification was reviewed to ensury that the system
will not collapse in a "hinge-roment" mechanism. The primary plus secondary
stress 1imit for this piping stress is given by ASME [1I, Section NB 3600,
Equation 12 as 3.0 Sy The calculated stress intensity range was determined
from the methodology in ASME I[II, Section NB-3685. The maximum Equation 12
stress intensity range, which occurs at the hot leg nozzle, is 49.9 %si. This
is less than the Code allowable value of 53.0 ksi. This torresp.nas to a
bounding thermal stratification case with the system AT = 320°F., The

maximum Equation 13 stress intensity range is 36.4 ksi as compared to the Code
allowable of 50.1 ksi.

For the case where the system AT = 320°F was exceeded from Section 1.2.8,

the higher system alT = 335°F was considered in the structural analysis, The
maximum equation (12) stress intensity range is 52.0 ksi for the non-contract
configuration, which is also smaller than the allowable 53.0 ksi,

2.1.4 Conclusions

Analytical studies with the ANSYS and WECAN computer codes have confirmed the
validity of using an equivalent linear radial temperature profile to represent

48344102990 0 2 _5
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Figure 2-26 presents the results of a test case that was performed to
demonstrate the valigity of superposition, As shown in the figure, the super-
position of locul and structural stress is valid. |

]‘|c'.

2.2.3 Finite Element Mode! of Pipe for Local Stress

A short description of the pipe finite element model is shown in figure 2-27.
The mode! with thermal boundary conditions is shown in figure 2-28. Due to
synmetry of the geometry and thermal loading, only half of the cross section
w25 required for modeling and analysis. [

1‘|C.°

2.2.4 Fipe Local Stress Results

Figure 2-29 shows the temperature distributions through the pipe wall [

3Q.C,e

480411029490 10 2..
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2.2.5 Unit Structural Load Analyses For Pipe

In order to accurately superimpose local and structural stresses, several
additional stresy analyses were performed using the 2-0 pipe model. |

]a,C.O

2.2.6 RCL Hot Leg Nozzle Analysis

Two RCL surge line nozzle models were developed to evaluate the effects cf
thermal stratification, These two models are shown in figures 2-43 and 2-44.

4
.

]Q,C.O

Figures 2-46 thru 2-54 present color contour plots of temperature and stress
distributions in the surge line RCL nczzle. A summary of ocal stresses in
the RCL nozzle due to thermal stratification is given in tadble 2-5. A summary

of pressure and pending stressas for unit loading is shown in table 2-6.

Results of the local stress analysis are summarizer in figure 2-55.

48344/1029890 10 2-8



2.2.7 Conservatisms

Conservatisms in the local stress analysis are listed on figure 2-56. [

]a,C.ﬁ

2.3 Thermal Striping

2.3.1 Background (figure 2-57)

At the time when the feedwater line cracking problems in PWR's were first
discovered, it was postulated that thermal oscillations (striping) may
significantly contribute to the fatigue cracking problems. These oscillations
were thought to be due to either mixing of hot and cold fluid, or turbulence
in the hot-to-cold stratification layer from strong buoyancy forces during low
flow rata conditions, (See figure 2-58 which shows the thermal striping
fluctuation in a pipe). Thermal striping was verified to occur during
subsequent flow mode! tests., Results of the flow mode! tests were used to
establish boundary zonditions for the stratification analysis and to provide
striping oscillatior data for evaluating high cycle fatigue.

Thermal striping was 2150 examined during water madel flow tests performed for
the Liguid Metal Fast Braeder Reactor primary pipe loop. The stratified flow
was observed to have a dynamic interface region which oscillated in a wave
pattern., (See figure 2-59 for test pipe sizes, thermocouple locations, and
table 2-7 for typical frequency of striping oscillations.) These dynamic
2scillations were shown to produce significant fatigue damage (primary crack
initiation)., The same interface oscillations were observed in experimental
studies of thermal striping which were performed in Japan by Mitsubishi Heavy
Induscries.

2.3.2 Thermal Striping Stresses

Thermal striping stresses are a result of differences between the pipe inside
surface wall and the average through wall temperatures which occur witnh time,
due to the oscillition of the hot and cold stratified boundary. (See figure
2-60 which shows the ' -pical temperature distribution through the pipe wall).

4834 1000 10 2-9
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The peak stress range and stress intensity is calculated from a 2-D finite
element analysis. (See figure 2-61 for a description of tne model.) |

12 The methods used to determine alternating stress intensity
are defined in the ASME zode. Several locations were evaluated in order to
determine the location where stress intensity was & maximum,

Stresses were intensified by K3 to account for the worst stress

concentration for all piping element in the surge line. The worst piping
element was the butt weld.

]O,C,O

2.3.3 Fa iors Which Affect Striping Stress

The factors which affect striping are listud in figure 2-63:

1515.0

46Me/ 101080 10 2_10
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2.3.4 C(Conservatisms
The conservatisms in the striping analysis are listed in figure 2-65. The
major conservatism invulves the combination of maximum striping usage factor

with fatigue usage factor from all other stratification considerations. The

(

]G,C.O
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TABLE 2-1
COMPARISON OF WECAN AND ANSYS RESULTS FOR
LINEAR STRATIFICATION - Case 2
(Displacements in Inches)

ANSYS/WECAN
(JOBANSF) WECAN (AGJAQLM) ANSYS  (PERCENTAGE)

|
|

2-13
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TABLE 2-2

COMPARISON OF WECAN [ JB48s0 4
ANSYS [ 12+€+® RESULTS FOR ( £ 3
Case 3L/Case 3
Lecation Direction WECAN Case 3 ANSYS Case 3L  (Percentage)
r" o I W

-
Case 3L ANSYS: DC1SKXY, 11/12/88

8 7 2-14
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TABLE 2-3
TEMPERATURE PROFILES IN PRESSURIZER SURGE LINE

a,c,e
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TABLE 2-5
SUMMARY OF LOCAL STRATIFICATION STRESSES
IN THE SURGE LINE RCL NOZZLE

—

Linearized Stress Peak Stress
Intensity Range (psi) Intensity Range (psi)
Diametral
Location Location Inside Qutside Inside Qutside
a,c,e

48344/101080 10
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TABLE 2-6
SUMMARY OF PRESSURE AND BENDING INDUCED STRESSES
IN THE SURGE LINE RCL NOZZLE FOR UNIT LOAD CASES

All Stress in psi

Linearized Stress Peak Stress
Intensity Range Intensity Range
Diametral Unit Loading
Lecation Location Condition Inside Qutside Inside Qutside

s i W

4804y 107080 10 2.18






Figure 2-1.
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DETERMINATION OF THE EFFECTS OF THERMAL STRATIFICATION

Determination of the Effects of Thermal Stratification
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Figure 2-3. Typical Pressurizer Surge Line Layout
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Figure 2-4,

Cases .

to 4:

Radial Temperature Profiles

223

] a,c,e
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Figure 2-5.

Case 5:

Radial and Axial Temperature Profile

2-24
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Figure 2-€
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Finite Element Mode! of the Pressurizer Surge Line Piping
General View

2-25%




Figure 2-7.

Meis 027982 10

Finite Element Mode! of the Pressurizer Surge Line Piping Hot
Leg Nozzle Detail
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Figure 2-8.
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Therma! Expansion of the Pressur’zer Surge Line Under Uniform
Temperature
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Figure 2-9.
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Case 2 (linear) Temperature Profile at Hot Leg Nozzle
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Figure 2-10.
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Case 2 (linear) Temperature Profile at Pressurizer £lbow
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Figure 2-13. Case 3 (Mid-Plane Step): Temperature Profile at Hot Leg Nozzle
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Figure 2-14.

Case 3 (Mid-Plane Step): Temperature Profile at Pressurizer Nozzle
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Figure 2-16. Case 4 (Top Half Step): Temperature Profile at Pressurizer £lbow
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Figure 2-17. Case 5: Axial and Radial Temperature Profile
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Figure 2-18.

Case 5:

Axial and Radial Temperature Profile at Hot Leg Nozzle

a.,c,e

-
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Figure 2-19.

Case 5:

Axial and Radia! Temperature Profile at Pipe Bend
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Figure 2-20.

Case 5:

Axial and Radial Temperature Profile at Pressurizer Elbow
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Figure 2-21,
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o Temperature Profiles Established Through Parametric
Study

o Good Agreements on Measured and Calculated
Displacements at Node 182

o Eieven (11) Cases Analyzed to Calculate All Required
Loading Conditions

o Pressurizer and Hnt Leg Nozzle Loads Acceptable

o Piping Stress Within Code Limits

o Pipe Movements to be Reviewed Against Clearance

Figure 2-23, Conclusions - Globa) Stress Analysis
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Figqure 2-21.

Local Stress in Piping Due te Thermal Stratification
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Figure 2-25. Independence of Local and Structural Thermal Stratification
Stresses Permits Combination by Superposition
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Figure 2-26.
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Test Case for Superposition of Local ana Structura) Stresses
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Figure 2-27.

Local Stress - Finite Element Models/Loading
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Figure 2-28.
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Piping Local Stress Mode! and Thermal Boundary Conditions
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Figure 2-29.
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Surge Line Temperature Distribution at [
Locations
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Figure 2-30.
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Surge Line Local Axial Stress Distribution at [
Axial Locations
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Figure 2-31.
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Surge Line Local Axial Stress on Inside Surface at

(

12:%9® ay4a1 Locations
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Figure 2-32. Surge Line Local Axial Stress on Outside Surface at
[ 1%C® axia) Locations
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Figure 2-33.

Surge Line Temperature Distribution at Locatim |
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Figure 2-34. Surye Line Local Axial Stress Distribution at Location |
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Figure 2-35.

Surge Line Temperature Distribution at Location [ ] .
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Figure 2-36. Surge Line local Axial Stress Distribution at ifocation |
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Figure 2-37.

Surge Line Temperature Distribution at Location [
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Figure 2-39. Surge Line Temperature Distribution at Location [ | .
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Figure 2-40. Surge Line Local Axial Stress Distribution at Location [ ]¥:¢®
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Figure 2-41.

Surge Line Temperalure Nistribution at location |

a,c,e
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Figure 2-42.

Surge Line Local Axial Stress Distribution at Location |
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Figure 2-43.

Surge Line RCL Nozzle 3-D WECAN Model #1

a,c,.e
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Figure 2-44,

Surge Line RCL Nozzle 3-D WECAN Model #2
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Two 3-Dimensional Models Developed
Loading Included
-  Pressure

- Bending Moments
-  Stratification

Stratification Profile Based on Observation l'uring RCP
Trip
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Figure 2-46.

Surge Line Nozzle Temperature Profile Due to Thermal Stratification
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Figure 2-47.

Surge |ine Nozzle Stress Intensity Due to Thermal Stratification
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Figure 2-51.

Surge Line Nozzle Stress Intensity Due to Bending

a,c,e




e a,c,e

Fic.re 2-52. Surge Line Nozzle Stress in Direction Axial to Surge Line Due to Bending Showing

34915/ 21588 10

Magnified Displacement



Figure 2-53. Surge Line Nozzle Stress Intensity Due to Bending Showing Showing Magnified Displacement
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Stress Profiles Developed for Pipe Cross-Section

Maximum Stresses Occur on Inside Surface Near Interface

Results Consistent with Theory

Stresses to be Combined with Structural Bending




0

Figure 2-56. Local Stress Conservatism

The Hot/Cold Fluid Interface Is Assumed To Have Zero
Width. A More Gradual Change From Mot To Cold Would
Significantly Decrease Local Stresses.

Stresses Are Based On Linear Elastic Analysis Even Though
Stress Levels Exceed Material Yield Point.




Feedwater Line in PWR’s
Flow Tests For LMFBR

Experimental Tests in Japan
=~ Mitsubishi Heavy industries, Ltd.

Thermal Striping Affects ASME Fatigue Analysis
= Temperature Fluctuations at Boundary
= Thermal Discontinuity Stresses
= Usage Factor for Fatigue Life

Figure 2-57. Background - Thermal Striping Analysis
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Figure 2-58,

Thermal Striping Fluctuation
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Figure 2-59.

Stratification and Striping Test Models
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Figure 2-60.

Thermal Striping Temperature Distribution
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Figure 2-62. Thermal Striping Stresses
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Figure 2-65.

—

Conservatisms in Thermal Striping Analysis
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3.2.2 Classification and Combination of Stresses

Ae described in 3.3.1 the total stress in the pipe wall was determined for
each transient load case. Two types of stress were calculated - Sn (Eq 10),
to determine elastic-plastic penalty factors, K‘, and Sp (Eq 11) - peak
stress., For most components in the surge line (girth butt welds, elbows,
bends) no gross structural discontinuities are present. As a result, the
code-defined "Q" stress 'NB-3200), or C3E!uaTa - abTb:in Eq (10)

of NB-3600 is zero. Therefore, for these components, the Eq. (10) stresses
are due to pressure and moment,

For the RCL hot leg nozzle, the results of the 3-0 finite element WECAN
analysis of the nozzle were used to determine "Q" stress for transients with
stratification in the nozzle. Note also that the Eq. (10) stresses included
appropriate stress intensification using the secondary stress indices from
NB-3681.

Peak stresses, including the total surface stress from all loadings -

pressure, moment, stratification - were then calculated for each transient.

[
.

]Q,C,‘
3.2.3 Cumulative Fatigue Usage Factor Evaluation
Program WECEVAL uses the Sn and Sp stresses calculated for each transient
to determine usage factors at selected locations in the pipe cross section.

Using a standard ASME method, the cumulative damage calculation is performed
according to NB-3222.4(e)(5). The inside and outside pipe wall usage factors

48384102980 10 3.2
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were evaluited at [ through the pipe wall of the

2-D WECAN mode! (figure 2-28).
This includes:

1) Calculating the S  and Sp ranges,

K., and $ 1t for every
a,f .
possible combinction of the [ ]™°

'€ transient load sets.

2) For each value of Salt' use the design fatigue curve to determine
the maximum number of cycles which would be allowable if this type of
cycle were the only one acting. These values, Nl’ Nz...Nn,
were determined from Code figures i-9.2.1 and 1-9.2.2, curve C, for
austenitic stainless steels,

3) Using the actual cycles of each transient loadset supp!ied to
WECEVAL, RLPYERRLY calculate the usage factors Ul’
UZ"'Un from U; = "i/Ni' This is done fgr all possible
combinations, I[f N; is greater than 10h cycles, the value of

Ui is taken as zero.

]A,C,G

4) The cumulative usage factor, Ucum' is calculated as UCum = U1 + U2
* e Un. The code allowable value is 1.0,

3.2.4 Simplified Elastic-Plastic Analysis

when code Egq. (10), Sn, exceeded the 3Sm limit, a simplified elastic-plastic
analysis was performed per NB-3653.6. This required separate checks of expansion
stress, Eq. (12), and Primary Plus Secondary Eacluding Thermal Bending Stress, Eq.

(13), Thermal Stress Ratchet, and calculation of the elastic-plastic penalty factor,

48294/701090 10 3-3
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ASME B&PV
= NB3600
= NB3200

TABLE 3-1
CODE/CRITERIA

Code, Sec. IIl, 1986 Edition

Level A/B Service Limits
- Primary Plus Secondary Stress Intensity < 35m (Eq. 10)

Simp!

ified Elastic-Plastic Analysis

Expansion Stress, So < 3Sm (Eq. 12) - Global Analysis
Primary Plus Secondary Excluding Thermal Bending < 3Sm
(Eq. 13)

Elastic-Plastic Penalty Factor 1.0 < K, < 3.333

Stress (Eq. 11)/Cumulative Usage Factor (Ucum)

5,14 * KeSp/Z (Eq. 14)
Ossign Fatigue Curve

| < -
Voum 2 1.0
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SECTION 4.0
FATIGUE CRACK GROWTH EVALUATION

4,1 Introduction

To determine the sensitivity of the pressurizer surge line to the presence of
small cracks when subjected to the transients discussed in section 1.0,
fatigue crack growth analyses were performed. The transients exceeding a
system aT of 320°F were included. This section summarizes the analyses and
results,

Figure 4-1 presents a general flow diagram of the overall process. The
methodolc.y consists of seven basic steps as sho a in figure 4-2. Steps 1
thru 4 are discussed in sections 1 and 2 of this report. Steps 5 thru 7 are
specific to fatigue crack growth and are discussed in this section and
summarized in figure 4-3.

There is presently no fatigue crack growth rate curve in the ASME Code for
austenitic stainlecs steels in a water environment. However, a great deal of
work has been done recently which supports the development of such a curve.
An extensive study was performed by the Materials Property Council Working
Group on Reference Fatigue Crack Growth concerning the crack growth behavior
of these steels in air environments, published in reference 4-1. A reference
curve for stainless steels in air environments, based on this work, is in the
1989 Edition of Section XI of the ASME Code. This curve is shown in figure
4-4,

A compilation of data for austenitic stainless steels in a PWR water
environment was made by Bamford (reference 4-2), and it was found that the
effect of the environment on the crack growth rate was very small. For this
reason it was estimated that the environmental factor should be set at 1.0 in
the crack growth rate equation from reference 4-1. Based on these works
(references 4-1 and 4-2) the fatigue crack growth law used in the analyses is
as shown in figure 4-5.

48284100390 10 4- 1






Conservatisms existing in the fatigue crack growth analysis ere listed in
figure 4-8.

4.5 References

4-1. James, L., A, and Jones, D. P., "Fatigue Crack Growth Correlations for
Austenitic Stainless Steel in Air," in Predictive Capabilities in
Environmentally Assisted Cracking, ASME publication PVP-99, December
1985,

4-2, Bamford, W. M., “Fatigue Crack Growth of Stainless Stee! Reactor Coolant
Piping in a Pressurized Water Reactor Enviornment," ASME Trans. Journal
of Pressure Vessel Technology, Feb. 1979,
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TABLE 4-1

FATIGUE CRACK GROWTH RESULTS FOR 10% WALL INITIAL FLAW SIZE

Position

Initia)
Size (in)

Initial
(% wall)

Final (40 yr)
Size (in)

Final Flaw
(% wWall)

a,c,e




Figure 4-1,

4835500 88C 10

Determinination of the Effects of Thermal Stratification on
Fatigue Crack Growth

8,048
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Figure 4-2.

Fatigue Crack Growth Methodology
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Standard ASME Section X1 Methods Used

Crack Growth Law Based on Curve for Austenitic Stainless Stee! in
Air Environment (Section X1 of the 1989 ASME Code)

Initia) Flaw Sizes Selected Based on Section X! Inspection Detection
Tolerances

A1) Locations Checked for FCG

Results: Crack Growth at Al Locations Must Remain Within six
tenths of the thickness (0.6t)

Figure 4-3. Aspects of the Fatigue Crack Growth Evaluation
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where
da
an

* rack Growth Rate in inches/cycle

¢ = 2.42 x 10720

F = Frequency factor (F = 1,0 for temperature below 800°F)

w
"

R ratio correction (S = 1,0 for R = 0; S« 1 + 1,8k for

0<R< .8; and S = -43,35 + 57,97R for R > 0.8)

™
-

8K

=
L

Figure 4-5,

48754061890 10

The ratio of the minimum KI (Klmin) to the maxi=um KI (

Environmental Factor (E = 1,0 for PWR)

Range of stress intensity factor, in psi v in

KImax)'

fatigue Crack Growth Equation for Austenitic Stainless Steel

4-9
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Figure 4-6.

Fatigue Crack Growth Critical Locations
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Figure 47, Fatigue Crack Growth Controlling Positions at Each Location
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SECTION 8.0
ASSESSMENT OF LEAK-BEFORE-BREAK

8.1 Backgroune

The recent concern for thermal stratification in pressurizer surge lines has
prompted the analyses presented in previous sections, Specifically, thermal
stratification has been shown to impact normal operating loads and to have the
potential for imposing large thermal bending loads during the heatup and
cooldown transients, Also under the current surgce line configuration, the
norma) operating loads are identical to those of Beaver Valley Unit 2 as
reported in Reference 1. The discussion of section 1.0 concludes that prior
therma' stratification transients used in the evaluation of Beaver Valley
Unit 2 (see Reference 1) are also applicable to Beaver Valley Unit 1 with the
exception of plant specific transients wnich exceeded a system AT of 320°F.
These transients are accounted for in the analyses of sections 3.0 and 4.0,

In this section, leak-befere-break for the pressurizer surge line is assessed
taking into account thermal stratification. The leak-before-break methodology
is reviewed and the analyses are summarized. Conclusions are drawn,

$.2 Methodology

The steps of the leak-before-break methodology are reviewed in table £-1l.
[tems 2, 3 and 8 are addressed in sections 2, 1 and 4 of this report,
respectively. This section addresses items 1, and 4 through 7. The
conservatisms used in this section are listed in table $-2.

5.3 Material and Fracture Toughness Properties

Applicable materia) properties were obtained from the Certified Materials Test
Report and are given in table 5-3. The material is SA376 TP316, a wrought
produst form, or its worked equivalent. The ASME code minimum properties are

4628y 10090 10 5.1



also given in table 5-3. [t is seen that the measured properties wel! exceed
those of the code. As seen later, properties at 653°F and 135°F are required
for the leak rate and stability analyses. Industry data at room temperature and
650°F were used as & basis for determining tensile properties at the required
temperatures. The required average and minimum properties are given in table
5-4 along with the modulus of elasticity. The stress strain curves required for
the stability analyses are given in figures 5-1 and 5-2. The curve at E53°F was
obtained by application of the Nuclear Systems Materials Handbook (reference

2)., The curve for 135°F was obtained from experimental data. Fracture
toughness properties are given in table 5-5 taken from references 3 through €.
Conservative estimates of toughness were chosen by using the material footnoted
by d.

5.4 Loading Conditions

Because thermal stratification can cause large stresses at heatup and cooldown
temperatures in the range of 455°F, a review of stresses was used to identify
the worst situations for LBB applications. The loadings states so identified
are given in table 5-6. Two locations, nodes 171 and 196, as shown in figure
€-3, are the most critical for LBB evaluation. Node 196 at the pressurizer
nozzle is the critical location for normal operation at 653°F while node 171 at
the hot leg junction is the critical location during heatup and cooldown with
the pressurizer nominally at 455°F, There are field welds at both locations
being SMAW following a GTAW root pass.

Seven lcading cases were identified for LBB evaluations as given in table 5-7,
Cases A and B are normal operating conditions with a [

‘a'C|°
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Thus, there are seven LBB analyses to be performed as outlined in table 5-8.
The loads appropriate for these cases are given in table 5-8. The stresses
are a1so given. The minimum wall thickness is 1,248 in. The seven ceses for
analyses as associated with location an temperatures are given in table 5-10.

5.5 Results

Beaver Valley Unit 1 employs a shutdown specification of 1.0 gpm unidentified
leakage in response to Regulatory Guide 1.45. The leakage size flaw then is
the one giving 10 gpm. Leakage flaws were ca'culated for the seven cases
using the methodology of section 5.0 of ~eference 7. The results are given in
table 5-11.

J-integral stability evaluations were made tor each of the cases for faulted
loads and a flaw size twice the leakage flaw, Since the absolute sum method
was used in combining the load components for determining the faulted loads, a
margin on load is not required. The J-integral analyses were made using the
EPR] Handbook procedure (reference 8). The stability results are given in
table 5-12. Significantly, the calculated J values are all less than the
Doy OF 3000 in-1b/4n?,

Critical flaw sizes were obtained using the 1imit load procedure as outlined
in SRP 3.6.3 (reference 9), accounting for the SMAW weld by using the
appropriate Z-formula. The instability flaw sizes so determined are also
given in table 5-12. Stability margins on 1~akage flaws in excess of 2 are
again demonstrated.
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5.6 Conclusions

Considering the results of the prior sections and this section, the LBB
criteria outlined in table 5-1 have been met and thus LBB has heen
demonstrated for the Beaver Valley Unit 1 pressurizer surge line considering
thermal stratification; specifically,

LBB exists at operating temperature without stratification,
LBB exists at operating temperature with stratification,
LBB exists for forced cooldown due to leakage.

LBB exists for extended stratification,

o O O o
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TABLE 5-1
STEPS IN A LEAK-BEFORE-BREAK ANALYSIS

Establish material properties including fracture toughness values
Perform stress analysis of the structure

Review operating history of the structure

Select locations for postulating flaws

Determine a flaw size giving a detectable leak rate

Establish stability of the selected flaw

Establish adequate margins in terms of leak rate detection, flaw
size and load.

Show that a flaw indication acceptable by inspection remains small
throughout service 1ife.
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TABLE 5-2
LBB CONSERVATISMS

Factor of 10 on Leak Rate

Factor of 2 on Leakage Flaw

Algebraic Sum of Loads for Leakage
Absolute Sum of Loads for Stability
Average Materia) Properties for Leakage
Minimum Material Properties for Stability
Lower Bound Fracture Toughners Properties
Conservative EPFM J Analyses

Conservative Limit Load Analyses

5-7



TABLE 5-3

ROOM TEMPERATURE MECHANICAL PROPERTIES OF THWE PRESSURIZER
SURGE LINE MATERIALS AND WELDS OF THE BEAVER VALLEY UNIT 1 PLANT

&N K Rot appicable

48255001880 10 5-8

0.2% Offset Ultimate
Heat No./ Product Yield Stress Strength
Serial No. Form (psi) (pst)
r “ a,c,0
L. e
ASME Code Minimum Reguirements
Pipe, Pipe Bend, SA376 TP31é 30,000 75,000
Elbow
weld ER308 N.AG 80,000



TABLE 5-4
TENSILE PROPERTIES FOR THE SURGE LINE MATERIAL
AT 135°F and 653°F

Yield Stress (psi) Ultimate Strength (psi) Modulus of
Temperature Elasticity
(*F) Average  Minimum Average  Minimum (psi x 106)
‘ ‘ c "
46355091890 10 §-9



TABLE 5-5

FRACTURE TOUGHNESS PROPERTIES FOR 316 STAINLESS STEELS AND WELDS

Materia’

SA376 TP316

SA376 TP3lé
weld

woldd

Test
Temperature (°F)

L -

46184 /00 1800 0

ch
(in=1b/4n%)
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Reference
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TABLE 5-6
TYPES OF LOADINGS

Pressure (P)
Dead Weight (DW)
Normal Operating Therma! Expansion (TH)

Safe S' Jtdown Earthguake and Seismic Anchor Motion (SSE)®

85SE is used to refer to the absolute sum of these loadings.

48254081890 10 8-11
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TABLE 5-7
NORMAL AND FAULTED LOADING CASES FOR LBB EVALUATIONS .

CASEC A:  This 1s the normal operating case at 653°F consisting of the .
algebraic sum of the locading components due to P, DW and TH,

- -‘ a,c,e

|

CASE D: This is the faulted operating case at 653°F consisting of |
the absolute sum (every component load is taken as
positive) of P, DW, TH and SSE. .

46354/00 1890 0
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TABLE 5-8
ASSOCIATED LOAD CASES FOR ANALYSES

This is here-to-fore standard leak-before-break evaluation.

9-13
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Node

196

196
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TABLE 5-9
SUMMARY OF LCADS AND STRESSES AT THE CRITICAL LOCATIONS

00 = 14 in,, Minimum Wall Thickness = 1.246 in.

Force Stress Moment Stress
Case F (1bs) o (psi) M (in-1bs) oy (psi)
A 233208 4674 1996626 13638
0 242350 4867 2478764 16931

5-14

Total
Stress (psi)

- .'C|.

o

18312

e

ame,




TABLE 5-10
LOAD CASES, LOCATION AND TEMPERATURES CONSIDERED FOR
LEAK-BEFORE-BREAK EVALUATIONS

Temperature (°F)

Case Node Leak Rate Stability
A/D 196 653 653

[~ ‘vci.
-~ —
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Figure 5-3.

A83%94/091880 10

Sketch of Analysis Model for Beaver Valley Unit 1 Pressurizer
Surge Line Showing Node Points, Critical Locations, Weld
Locations and Type of Welds

5-20
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6.0 CONCLUSIONS

Extensive generic and plant specific data evaluations have been performed and
design transients have been updated for thermal stratification. Finite
element stress analyses have been performed and ASME Code stress limits are
met. The total fatigue usage factor including the effect of thermal striping
is less than the ASME Code requirement of 1. Fatigue crack growth is limited
with a hypothesized flaw 10% through the wall estimated to grow to about 25%
through the wall for full service 1ife. In tnese fatigue analyses, transients
to date which exceeded a system AT of 320°F are included. Leak-before-break
was established for operating conditions and for bounding high load thermal
stratification corditions.

Based on the current understanding of the thermal stratification phenomerion,
it 1s concluded that thermal stratification has very limited impact on
integrity of the pressurizer surge line of the Beaver Valley Unit 1 nuclear
power plant, The forty year design life is not impacted. The surge line has
been demonstrated to exhibit leak-before-break.
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APPENDIX A
LIST OF COMPUTER PROGRAMS

This appendix lists and summarizes the computer codes used in the analysis of
stratification in the Beaver Valley Unit 1 pressurized surge line. The codes
are.

WECAN
WECEVAL
STRFAT2
ANSYS
FCG

U W ) e

WECAN is a wostinghouse-developed, yineral purpose finite element program. It
contains uriversally accepted two-dimensional and three-dimensional
isoparametric elements that can be used in many different types of finite
element analyses. Quadrilateral and triangular structural elements are used
for plane strain, plane stress, and ~xisymmetric analyses. Brick and wedge
structural elements are used for three-dimensional analyses. Companion heat
conduction elements are used for steady state heat corduction analyses and
transient heat conduction analyses.

A, 1.2 Feature Used

The temperatures obtained from a static heat conduction analysis, or at a
specific time in a transient heat conduction analysis, can be automatically
input to a static structural analysis where the heat conduction elements are
replaced by corresponding structura)l elements, Pressure and external loads
can also be include in the WECAN structural analysis. Such coupled
thermal-stress analyses are a standard application used extensively on an
industry wide basis.
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A.1.3 Program Verification

Both the WECAN program and input for the WECAN verification problems,
currently numbering over four hundred, are maintained under configuration
control, Verification problems include coupled thermal-stress analyses for
the quadrilateral, triangular, brick, and wedge isoparametric elements. These

problems are an integral part of the WECAN quality assurance procedures. When
a change is made to WECAN, as part of the reverification process, the
configured inputs for the coupled thermal-stress verification problems are
used to reverify WECAN for coupled thermal-stress analyses.

A.2 WECEVAL

A.2.1 Description

WECEVAL is a multi-purpose program which processes stress input to calculate
ASME Section IIl, Subsection NB equations and usage factors. Specifically,
the program performs primary stress evaluations, primary plus secondary stress
intensity range analysis, and fatigue analysis for finite element models
generated and run using the WECAN computer program. Input to WECEVAL consists
of card image data and data extracted from the output TAPE12's generated by
WECAN's stress elements. The program reads the input data, performs the
necessary calculations, and produces summary sheets of the results,

The required stresses are read from the WECAN TAPE12's and placed onto
intermediate or restart files, The user may then catalog these files for use
in later evaluations. The stress state for a particular loading condition is
obtained by a ratic-superposition technique. This optimal stress state is
formed by manipulating the signs of the applied loads to generate the largest
pessible stress magnitude.

£.2.2 Featurn Used

WECEVAL has many options and features which enhance its versatility. Among
those used for this evaluation were:
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The ability to perform simplified elastic-plastic analysis per NB-3228.5,
including the automatic calculation of Ke factors and removal of thermal
bending stresses from the maximum range of stress intensity evaluations.

a—
-

2, Built-in ASME “atigue curves plus provisions for accepting user-defined
fatigue curvea.

3, Eguivalent moment linearization technigue, along with the ability to
correct for the radius effects in cylindrical and spherical geometries,

4, The ability to limit the inte~actions among load conditions during the
fatigue analysis,

5, Generating input for the fatigue - ack growth program FCG.

A.2.3 Program Verification

WECEVAL is verified to Westinghouse procedures by independent calculations of
ASME 111 NB Code equations and comparison to WECEVAL results.

A.3 STRFATZ2

A.3.1 Description

STRFAT2 is a program which computes the alternating peak stress on the inside
surface of a flat plate and the usage factor due to striping on the surface.
The program is applicable to be used for striping on the inside surface cf a
pipe if the program assumpti. s are considered to apply for the particular
pipe being evaluated.

For striping the fluid temperature is a sinusoidal variation with numerous
cycles.

The frequency, convection film coefficient, and pipe material properties are
input.
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The program computes maximum alternating stress based on the maximum
difference between inside surface skin temperature and the average through
wall temperature.

A.3.2 Feature Used

The program is used to calculate striping usage factor based on a ratio of
actua) cycles of stress for a specified length of time divided by allowabie
cycles of stress at maximum the alternating stress level., Design fatigue
curves for several materials are contained into the program. However, the
user has the option to input any other fatigue design curve, by duesignating
that the fatigue curve is to be user defined.

A.3.3 Program Verification

STRFATZ is verified to Westinghouse procedures by independent review of the
stress equations and calculations.

A.4  ANSYS

A.4,1 Description

ANSYS is a public domain, general purpose finite element code.

A.4,2 Feature Used

The ANSYS elements used for the analysis of stratification effects in the
surge and RHR lines are STIF 20 (straight pipe), STIF 60 (elbow and bends) and

STIF14 (spring-damper for supports).

A.4,3 Program Verification

As described in se-tion 2.1, the application of ANSYS for stratification has
been independently verified by comparison to WESTDYN (Westinghouse piping]
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analysis code) and WECAN (finite element code, section 8.1). The results from
ANSYS are also verified against closed form solutions for simple beam
configurations.

A5 FCG

A.5.1 Description

The FCG computer program models fatigue crack growth using linear elastic
fracture mechanics methods. In order to provide a realistic model of crack
growth the design transients which are input are automatically scheduled
evenly over the life of the system or component.

A,5.2 Features Used

The program options enable calculation of crack tip stress intensity factors
(KI) for surface flaws and embedded flaws in a large number of geometries,
under any loading condition, Crack growth results are determined for each
year of operation, and summarized in tabular form at the end of the output, at
10 year intervals,

A.5.3 Program Verification

The program has been verified by performing alternate calculations and placed
under Westinghouse configuration control, The calculations using this program
were presented and approved by the NRC staff in connection with several
applications,
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APPENDIX B
FATIGUE CYCLE APPROACH VS, DESIGN TRANSIENTS

The fatigue cycle approach is acceptable based on the following:

The mean stress is more than accounted for by the relative severity of the
heatup/cooldown design transients. Figure B-1 (plant A) shows the actual
worst case transient distribution observed with a maximum operating system
aT of 275°F, Figure B-2 shows the heatup/cooldown design transients
distribution applied to an operating system aT of 275°F. Note that the
relative magnitude and number of cycles considered in the design transients is
considerably more severe than those cbserved. Furthermore, since stress is
proportional to AT and the average 4T in the design transients is
considerably higher than the average AT of the observed transients, it can
be concluded that the mean stress effect not considered in the fatigue cycle
approach is more than acccunted for by the relative severity of the dasign
transients. Figure B-3 shows the heatup design transient distribution
superimnosed on the worst case distribution observed.

248247122788 10 B~1
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