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SYNOPS IS

Surface Indications have been located In the core spray sparger of the
Pligrim Nuclear Power Station operated by the Boston Edlson Company (BECO).
The Indications were found by visual inspection during a scheduled outage In
January 1980. The results of an evaluation of the significance of those
Indlcations on the sparger Integrity were presented to BECO In September and
In November 1981, In Aptech Englneering Services Report AES-81-10-83,
entitled, "PrelIminary Report Structural Evaluations of the Pligrim Station
Core Spray Sparger Based Upon Results From the October 1981 Remote Visual!
Inspection.™ This report has been reissued with changes as a final report in
December 1982. The present report provides detalled analytical and
computaticral background to that rasport. It also quantifies the potential
degradatior. of the sparger to perform Its design function and estimates the
expected remalning service |ife of the sparger as a function of the size and
location of Indications observed.

The Indications have been divided Into two general groups for purposes of
this evaluation: (1) those Indications near the weld reglons and heat

af fected zones of varlous attachment weldments, and (2) those remote from
welds. The following assumptions have been utilized In the analysis that was
performed:

e The principles of |inear elastic fracture mechanics (LEFM) are appli-
cable for predicting subcritical crack growth.

e The cracking mechanism Is Intergranular stress corrosion cracking
(1GSCC) and, hence, the |ife prediction analysls was based upon an
IGSCC mode! .

e The flaw mode! Is based upon the solution for a center cracked flat
plate geametry under general varyling stress conditlons.



® The representation of the crack growth rate or velocity Is primarily
based on upperbound da/dt behavior (l.e., Type 304 stainless steel In
the furnace sensitized condit!on and tested In water with 8 ppm O
at 550°F). .

® Crack arrest |s assumed when crack driving force (l.e., maximum stress
Intensity factor K vanishes (K = 0).
max max

® The maximum stress 'evel Is |imited to yleld strength at 550°F
(oy = 23.7 ksl).

The analysis performed shows that for the proposed stress state exlIsting at
these locations, @ through-wall crack located away from the welds will arrest
gliven "service™ stresses less than 10 ksi tension. The arrest length Is
shorter than the critical slize to cause fallure by a |Imit load mechanism. A
through-wal i crack located In the region of the weld detalls, however, may
not arrest prlor to reaching critical length (~ 80% of plpe clrcumference) to
fallure, even for low primary stress loads. However, establ Ished maintenance
criterla requlires the placement of an external pipe clamp when a 180° crack
Indication Is detected or predicted. Consequently, fallure by primary
loading exceeding the |Imit-load capaclity will be mitigated.



Section 1
INTRODUCT ION

During a scheduled maintenance outage In January 1980, a remote video
Inspection founa Indications In the core spray sparger of Boston Edison's
Pilgrim Nuclear Power Station. Aptech Englneering Services was asked to
participate In determining the significance of these Indications and did so
In a two part study. First, a digital enhancement technique was used to
enhance vldeotape Inspection records to determine the vallidity of the
suspected Indications. Second, once it was determined that probable cracks
did In fact exist In the sparger, a2 fracture mechanics evaluation was
performed. A preliminary report, "Structural Evaluation of the Pilgrim
Station Core Spray Sparger Based on Results From the October 1981 Remote
Visual Inspection,™ AES-81-10-83, was Issued In November 1981 and Included
the Inspection results and a summary cof the fracture mechan!cs evaluations.
This report has been subsequently relssued as a final report In December 1982
with some minor revisions. The detalils of that latter work are the subject

of this report.
The work detalled herein had four objectives:

e To assess the significance of core spray sparger Indications on the
structural Integrity of the sparger

e To estimate the expected remaining service |ife of the sparger given
Its present condition

e To quantify the potential degradation of the sparger to perform Its
design function



e To establ Ish Inspection acceptance criteria and develop a malntenance
action plan (see Appendix)

The digltal enhancements showed that probable cracks did exIst In the sparger
(1). For the purposes of analysis, the Indlcations were classifled Into two
distinct groups: (1) those Indications that were associated with weld and
weld heat af fected zones, and (2) those Indications that were away from the
weld reglons. Detalls of typlcal Indication sizes that were detected by the
visual examination are glven In Section 5.

The ef fect that the Indications may have on the structural Integrity of the
core spray sparger has been determined using the |Imiting condition that the
Indications behave |lke cracks. Several questions were examined as out!Ined
In the flow dlagram of Figure 1-1. Glven the presence of a flaw (In the
worst case a through-thickness crack), could a growing flaw be expected to
arrest under the combined actions of residual stress plus service Induced
stress? |If so, how large would the flaws be when this occurred and would
this length flaw af fect Iintegrity? If not, how long would It take a crack to
grow before It did af fect Integrity?

To answer these questions, each reglion was examined In detall. The stresses
assoclated with each reglon were critiqued and are summarized In Section 3.
This discusslon Includes residual stresses due to sparger fabrication (l.e.,
pipe rolling and welding), and postulated levels of service-Induced stress.

A summary of the results of an experimental program performed by Teledyne
Englineering Services (TES) to measure the rolling fabrication stresses Is
also Included In Section 3. The probable crack growth rates are discussed In
Section 4. These rates are a function of the material condition (history of
fabrication) and stress levels and have been the subject of much experimental
work In the past flve years. Section 6 presents the background for limit
load analysls, as well as the numerical results In order to address the
questions of sparger Integrity. The results of the analyslis are presented In
Section 7.
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Before we proceed to the analytical assessment and numerical results, the
next section (Section 2) presents the background and tasls to the analytical
methods and fracture mechanics concepts utillzed throughout the remalnder of
the report.



Sectlion 2
ANALYSIS METHOD

2. Introduction

In assessing the signlficance of sparger defects In stalnless steel piping,
two fallure modes were Investigated: (1) ultimate capacity or residual
strength under Increasingly long cracks, and (2) subcritical crack growth by
an Intergranular stress corrosion cracking (IGSCC) mecharism. The fallure
behavior of plpes under monotonic loading can be classifled Into three
regimes In which a specific type of fallure mode Is appropriate. The
disciplines required to assess these regimes are:

o Linear Elastic Fracture Mechanics (LEFM) - The structure falls In a
brittie manner and, on a macroscale, the load tc fallure occurs

within nominal ly elastic loading.

o Elastic-Plastic Fracture Mechanics (EPFM) - The structure falls In a
ductile manner, and significant stable crack extension by tearing may

precede ultimate failure.

e Fully Plastic Instablility or Limit Load -~ The fallure event Is charac~
terlzed by large deflections and plastic strains assoclated with

ultimate strength col lapse.

A dlagram showing the relationship between critical and fallure stress and
flaw size for the three fallure modes Is shown In Figure 2-1. The shape and
position of the fallure locus will depend on the fracture toughness (ch)

and strength properties (0 and o ) of the material, as well as the
structural geametry (t) ang type of‘lcodlng. LEFM |s used most appropriately

to describe the behavior of low toughness/high strength materials In which
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the plastic zone Is small relative to the structural geametry and |ittle
ductiilty precedes fracture. With this method, no account Is taken of
Increased materiai resistance to brittlie fallure when significant plasticlty
occurs. Under LEFM condltions, the most useful parameter for characterizing
the behavlor of cracks |s the stress Intensity factor, K, which characterizes
the singular stresses near the crack tip.

In contrast, plastic Instablllity, when It occurs without prior crack
extension, Is dominated by the flow properties of the material. In these
circumstances, the fallure condition Is Independent of fracture toughness and
crack tip characteristics, ani a |Imit load analyslis |Is used to defline the
fallure conditions. EPFM analysis can be used to predict fallure behavior In
the transitional regime between LEFM and |Imit load, and under EPFM
conditions, the crack tip singularity, the material toughness, and net
section strength are all Important parameters for fallure assessment.

2.2 Fallure Behavior cf Type 304 Stalnless Steel

In deformation studies of Type 304 stalnless steel, under monotonic loadlng,
significant ductile behavior has been observed. Specifically, 2 recent
experimental program (2) on the Integrity of plpes con*alining stress
corrosion cracks In Type 304 stainless steel plpes has found that:

® "Because of the substantial crack tip blunting that precedes crack
growth, the applled stress at fallure Is virtually Independent of the
sharpness of the Initl!al flaw Introduced Into the materiai."

® "The presence of a weld and any sensitization of the material sur-
rounding the flaw does not significantly affect the appllied stress at
fallure.”

@ "The exact shape of the flaw Is of considerably less Importance than
the area of the flaw (or of the net flaw area when multiple flaws are
present) In determining the appl!led stress at fallure.”



The foregoing conclusions are highly supportive of a net-section fallure
criterion where a |imit load analysis will provide a reasonably accurate
sppraisal of the fallure load and the necessary flaw size which could become
critical during the service operation of the sparger system. A lImit load
mode! |s developed In Section & to calculate the conditions for final plpe
fallure.

2.3 Fracture Mechanics Approach to Stress Corrosion Cracking

Structural components containing defects and under combinations of static
and alternating loads can experience time-dependent degradaticn In strength
due to subcritical flaw growth. Since crack growth Itself may be regarded &=
damage by determining the extent of crack progression under load, damage can
be accumulated and the residual or remining service |1fe can be predicted.

The principles of LEFM ef fectively |ink three parameters: the defect slze,
crack growth rate of the materlal, and the applled stress, so that |f any two
of theze are known, the third can be quantified. The most useful parameter
In describing the character of the near-crack-tip stress distribution is the
stress Intensity factor. The stress Intenslty factor, K, deflines the
magnltude of stress distribution and Is calculated In terms of the appl led,
nominal ly unlform stress, o, the crack length, a, and a factor that depends
on the flaw gecmetry, stress distribution, and structural displacement
constralnts, F(a), from the relation

K = of/fe, (0 <o) (2-1)
y

Stress corrosion cracking evaluation based on fracture mechanics assumes that
flaws are present of size a| and that the |Ifetime of a part Is that
required for a crack to grow from the Initlial slze, a'. to the critical

slze, af. I+ has been proposed (3) that crack growth rate data may be
correlated to the crack tip stress Intensity factor for the glven load cycle
In the form of relations such as:



da/dt = f(K), (2-2)

where t Is a time parameter. By Integrating Eq. (2-2) with the appropriate
component stress fleld to calculate K, the time (residual |ife) for a crack
to grow from a' to a' Is computed from:

a4

sl
V

da
da/dt (2-3)

where T Is the remaining life In units of time. The flnal flaw size expected
at the end of the design |lfe, of. can be determined by Eq. (2-3) with the
appropr late stress distribution In the analysis for K by Eq. (2-1) and the
desired |ife To from:

4 da =0
o da/dt (2-4)

Equation (2-4) Is an expression Involving af that usually must be solved by
an l[terative process.

2.4 Crack Growth Rate Representation

Many empirical relations to express crack growth behavior have been
proposed; the earllest and most well known follows the Paris rule (4) as
proposed by Egan and Clipolla (3) which takes a |Inear form on log-log paper
and |Is represented as

da/dt = oK (2-5)

max

where C and n are constants determined from the data, and K Is the
maximum applled stress Intensity factor computed from the m:xa)l(mm stress
level In the iocading cycle. In the remaining |ife analysls, & more general
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rule was used for describing da/dt; specifically, the crack veloclty was
represented by a plecewise |Inear curve that best describes the data In a
bounding way. This plecewisa curve as a function of K was used In the
numerical Integration of Eq. (2-4). Section 4 prmm:a?ho crack growth data
used In constructing these curves.

2.5 Development of the Fracture Mechanics Model

A through-thickness crack provides the largest stress Intensity factor of
the potential models which could have been chosen for this analysis. To
provide an upper bound (that Is worst case) analysis, this model was used to
examine arrest and |Imit load conditions. This geametry Is shown In

Figure 2-2. Thls model was used In both the weld region and away from the
weld.
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Section 3
ANALYSIS OF STRESS STATE

31 Sources of Stress

The sources of stress In the core spray sparger fall Into two categorl!es:

(1) the residual stress remaliring after fabrication, and (2) the actively
appl led stresses due to service. The resicdual stresses result from the
forming of the pipe bends by rolling, and the subsequent welding together of
subassembl les. The service stresses are due In part to heatup/cool down
loads; however, these stresses are small as wll| be discussed later. The
total stress state can af fect the analysis In several ways as ouflined below:

e The fallure mode and cracking mechanism will be af fected by stress
level

e The magnitude and way In which the stresses are distributed will
af fect crack arrest conslderations

e The magn!tude and distribution of stresses will affect crack growth
rates

e The magnitude and distribution of stresses will affect final condi-
tlons for fallure

The different components of stress are discussed next In the remaining
subsections. These are the stresses due to rolling fabrication, those due to
welding, and finally service-Induced stresses.
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3.2 Ro!ling Fabricaticn Stresses

3.2.1 Analytical Determinetion

The residual stress state due to rolling Is the remaining stress condition
resulting from the extent of plastic deformation during the rolling process
and the subsequent elastic rebound. An analysis of the stress state In the
sparger plpe was performed by General Electric (£) and the result Is glven
here In Figure 3-1. This result was used for preliminary analyses performed
except that an account was taken of the actual sparger materlal properties at
operating temperature. As discussed In Section 4, a 550°F yleld stress of
23.7 ks! was used to bound the stress distributions. Hence, the stress
distributions used in the crack growth analyses assume that the maximum
stress level in the stress grad'ent Is |imited to 23.7 ksi (the yleld
strength ot the materlal at 550°F). It should be noted that In the analysls,
the origlin of cracking was Initially taken at the ID location which is In a
tens|le stress reglon. Huweve, an additional location on the backslide of
the plpe was also evaluated since cracks starting from that reglon, under
certaln condltions, may become scmewhat longer than those located at the ID.

3.2.2 Experimental Measurements

An experimental program was performed by Teledyne Engineering Services,
Waltham, Massachusetts, to determine fabrication stresses. The program was
performed using curved plpe segments formed on the same equipment used to
fabricate the actual sparger. A schematic diagram showing the multi-roll
bending procedure s given In Figure 3-2, and the results are shown In
Figure 3-3. In Figure 3-3, the measured stresses are plotted along with the
theoretical residual stresses calculated by simple beam theory for a curved

beam with a clrcular cross-sectlion.

3.3 Welding Fabrication Stresses

Several major programs (7, 8, 9) have been concerned with the magnitude and

distribution of residual stresses In welded stalnless steel piping. !n
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particular, extensive data on butt welds In four-Inch dlameter |Ines were
cbtalned as a part of EPRI program RP449-2 (8). The findings of this study,
as wel| as results reported In (10), Indicate that yleld level tensile
resldual stresses could exist In four-Inch IIne butt welds. The distribution
In stress was non-ax!symmetric with a periodic behavior around the plpe
clrcumference. This has several profound Influences on crack growth. Flirst,
the high tenslle stresses can Increase the crack growth rate. Second, since
residual stresses are self-equllibrating, an ax!symmetric distribution wiil
assure that compressive stresses exlist at each clrcumferential location at a
through-wal | position to balance the tensile surface stresses and thus tend
to slow and possibly arrest cracks growing through the pipe wall. For an
asymmetric distribution, this assurance Is not presenrt. In particular, for
the highly asymmetric four-inch I|lnes, through-wal | distributions which are
compietely tenslle are observed. Thus, It Is not generally possible to
arrest surface cracks before they become through-wall.

On the other hand, to balance the tensile reglons, there are extensive
compressive flelds which can act to arrest a through-wall crack as It grows
around the pipe circumference. The competing mechanisms of through-wall
tensile flelds and clrcumferential compressive locations represent the crack
driving force that will determine arrest of a growing crack.

The distribution chosen for this region was that developed for butt welds In
four-Inch pipes as shown In Figure 3-4. The max/mum stress of 23.7 ksl Is

al lowed.

3.4 Service Stresses

The service stresses were found to ve small. From (§), "all identifled
stresses were found to be negligible.” Loadings that were considered Include
Impingement loads (l.e., flow past the spargers), selsmic loadings, pressure,
thermal mismatch, stagnant |Ine top-to-bottom temperature gradients, stagnant
iIne through-wal| temperature gradients and weight.”™ These stresses are
presented In Table 3-1 taken from (8.
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Figure 3-4 - Maxim
Pipe
Fille

um Surface Residual Stresses For a Four-Inch
Inside Surface at 0.1 Inch From Edge of
t of Pieces 1 and 2 Versus Azimuth (10).




Load Condition

Design:

Impingement
Seismic (DBE)
Pressure (Ap=16psi)
Thermal

Water Hammer

Table 3-1

Core Spray Sparger Stress Summary

Assumed
Stress Type

». W

o D

Normal Plant Operation

Impingement
Seismic (OBE)
Cold Spring

Pressure (Ap=0)

Thermal

Q

Location

pipe at bracket
pipe at bracket

pipe at bracket

pipe at bracket

pipe at bracket

bracket or junction

box

Magnitude (psi)

106 to 509¢1)

283 to 1352 (1)
300(3)

4411
Neg]igibIe(z)

106 to 509(1)
236

None

0
Negligible

(I)The higher magnitude was determined under the assumption that a break (360°
crack) exists in the sparger pipe.

(2)Pressure increase due to water hammer is negligible as estimated by GE.

(3)Axial stress due to pressure conservatively includes bracket friction effects
as determined by GE (6).
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The service stresses are predominately bending In nature, and are derlved

mostly be secondary type loads. For design conditions, the summary of stress
by type of load Is gliven below:

Primary Secondary Total
Tenslon 300 psl 0 300 psi
Bending 389-1861 psi 4411 psl 4800-6272 psl
Total 689-2161 psi 4411 psl 5100-6572 psl

The design conditions Include postulated Emergency Core Cool Ing Systems
(ECCS) loadings that are conslidered In this report as the short-term loads
under which the sparger must safely function for one occurrence. Bi.2d on
the above summary, the maximum total service stress is approximately 5 ksl
but could be 6.6 ks If a sparger plpe Is completely severed at one Junction
box. Secondary stresses wll| tend to relax upon crack propagation,
therefore, the maximum design stress for |Iimit load consliderations of a
partial ly cracked sparger pipe would be approximate!y 700 psl.

The normal operating loads are long-term service conditions under which a
potential for SCC wil| exist. These stresses are very low and are all
primary bending. The absolute stress magnitude Is 342 to 745 psi. Since the
sparger plpe was fabricated outside the vessel, then |owered Into the vessel
as a complete unit, no Installation stresses caused by cold spring are

bel leved to exist. Hence, only the residual stresses due to pipe roliing and
welding provide the driving forces for SCC.

Since It was felt that some questions may arise on the magnitude of the
long-term service stresses, a parametric study that Includes different levels
of applled stress In addition to the residual stress was performed.
Specifically, applied axlal stress levels of 5 ksl, 10 ksi, and 15 ksl
tension and 5 ks! bending were studled. |In the analysis, the service
stresses were conservatively added to the residual stress state by simple
elastic superposition while maintaining the condition of maxi/mum applled



stress |imit of 23.7 ks! (approximete yleld strength at 550°F). These stress
distributions were then used as Input Into the fracture mechanics analyslis

for predicting the remaining |lfe of the sparger pipe and the conditions
under which crack arrest would occur.




Section 4
MATERIAL PROPERTIES

4.1 Crack Growth Rates

A major factor In assessing the potential for fracture of the core spray
sparger during Its design |lifetime Is the rate at which SCC growth can occur.
This mechanism Is of most Interest since preliminary work (£) has shown an
absence of fatigue loading, and past work on the SCC of Type 304 stainless
steel (10, 11, 12) has shown a susceptibllity to this fallure mechanism.

The use of crack growth rate Information Is two~fold. First, If crack arrest
cannot be demonstrated, It Is often possible to demonstrate analytical
Iifetimes far In excess of design |ife, depending on the assumptions for
residual stress and the state of applled stress. Second, where such
Information Is avallable from fleld cbservations, It can serve as a check on
assumption about applled stresses. Where known crack growth patterns have
occurred, It Is possible from final flaw dimens ons to verify the proposed
stress state.

Several major programs have been recently compieted or are currently underway
(13, 14, 15) to assess the potential growth rate for SCC In Type 304
stalnless. Figure 4-1 shows typical data associated with a range of
conditions which have been tested In assessing SCC In Type 304. These

Include varlous metal lurgical structures and enviromments: furnace

sensitized, weld sensitized, annealed and |low temperature sensitized, and
oxygen content ranging from 0.2 ppm to 8 ppm. Varlous specimen

conf igurations were also tested to include constant load and constant K
loading geametrles. Glven the scatter In data, It Is necessary to pick those

data that are most appropriate for a glven pipe region, geometry, stress
level and enviromment.
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As has been discussed, the fracture mechanlics assessment has examined two
distinct reglons: (1) those subject to fabrication stresses due to bending,
and (2) those subject to subsequent welding residual stresses. Since the
data In Figure 4=1 do not represent exactly the conditions that exist at
these two locations, two da/dt curves were proposed: one to represent an
upper bound (worst case) behavior, and another to provide a more reasonable
"best estimate™ for crack growth. These two curves are shown In Figure 4-2.
Both curves were used In the analysis for remaining |ife In order to bound
the expected service |ife. A discussion of the use of these curves with
relation to the two sparger plpe locations follows next.

4.2 Mid-Sparger Growth Rate

The plpe away from welds has seen the following history. The ml| |-annealed
plpe was bent to shape (see Section 3.1 for defal‘ls). It was then installed
and has been subjected to approximately 5.5 x 10 hours of 550°F exposure

In a BWR environment. The fabrication process Introduced residual stresses
as wel | as certaln metal lurgical changes due to cold work. The effect of
cold work on the susceptibllity of Type 304 stainless has been the subject of
a |imited amount of work (16, 11). The recent paper by Pednekar and
Smialowska (11) provides Insight as to Its effects. They establ Ish that cold
work Increases the dislocation density along slip planes and leads to
formation of martensitic platelets. Further, with Increasingly larger
amounts of prior cold work (maximum at 108), subsequent sensitization
treatment results In progressively greater precipitation of carbldes, first
along the graln boundaries, then within the grains proper. They conclude
that: "Small amounts of cold work, as |ittle as 5%, fol lowed by
sensitization, can result In extreme SCC susceptibllity In Type 304 steel."
With these comments In mind, It is possible to establish the following
scenario for material condition In the sparger. The mii| annealing process
performed on the plpe product may not have been sufficlent to prevent carblde
formation. The subsequent coid rolling Increased dislocation density aiong
slip planes and lead to the formation of martensitic platelets, thus, &
condition susceptible to crack growth by SCC was achleved. Additional
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4
sensitization caused by 5.5 x 10 hours of exposure at 550°F could only
aggrevate the existing condition.

To provide an upper bound for this analysis, the growth rate assocliated with
furnace sensitized material (13) has been chosen for the analysis. These
data were Isolated In a curve that represents the behavior as shown In
Flgure 4-2.

4.3 Near Weld Materlal Condition

The condition of the material near welds Is better characterized, due to the
bulk of research which has been directed toward weld sensitization In the
last few years. The furnace sensitized growth rates are agalin used as an
upper bound since furnace sensitized material Is clearly more susceptible
than materials subjected to weld sensitization. It Is expected though that
the "best estimate™ curve In Figure 4-2 Is still a reasonable approximation
of the material behavior near the fabrication welds.

4.4 Yield Strength

The room temperature yleld was reported to be 37,615 psi and the
corresponding ultimate tensile strength Is 83,660 psi (18). Glven a factor
of 0.63 for Type 304 on 550°F yleld strength to 75°F yleld (19), & yleld
strength of 23.7 ks! has been taken as the 550°F yleld strength to bound the
stress distributions employed. A comparison with cther nuclear grade heats
of Type 304 (20, 10) In Table 4-1 shows the chemistry and yleld strength of
the core spray sparger material Is consistent with other piping products. It
shouid be noted that the carbon content of 0.048% Is on the low side, making
the materlal less susceptible to weld sensitization and, hence, less
susceptible to IGSCC.



HEAT
NUMBER

M0063
M7616
M7772
454659
TH6656
78500
2P6396
834264
2P6424
454970
C-15056
C-1513
J-2500-3*

*A11 sparger pipes were supplied in Heat J-2500-3.

SUPPLIER

Curtiss-Wright
Curtiss-Wright
SWEPCO

Table 4-1
COMPARISON OF SPARGER PIPE HEAT WITH OTHER

TYPICAL HEATS OF TYPE 304

¢

0.050
0.060
0.050
0.045
0.060

0.040
0.060
0.040
0.042
0.040
0.065
0.048

bud et Gl e b

P S S S )
.

"
.72
.80
.
T

.65
.58
.65
.09
.20
29

10.
10.
10.
.76
.30

10.
.12
.61
10.

10.
.36

46
92
15

30

10

25

18.64
18.83
18.81
18.40
18.31

18.66
18.30
18.37
18.10
19.82
19.85
18.48

&

0.11
0.23
0.24

0.20

0.30
0.25

0.00

(ksi)

38.9
45.8
41.1
35.4
37.0

338.4
38.5
39.0
37.6
46.7
4]1.1
37.6
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Section 5
SUMMARY OF INSPECT ION RESULTS

The results of the 1980 video tape enhancement have been provided In AES
Report 81-10-83, Revision 1 (1) and subsequent letter reports (21, 22). This
section wil| summarize those data to provide a basls for the subsequent
Interpretation of the fracture mechanics analysls.

Two general reglons of Interest were establ Ished after review and enhancement
of the 1980 video tapes. There were Indications assocliated with welds and
Indications well removed from weld Influences. Those regions that had
Indications assoclated with weld detalls, Included several that were found
not to be cracks, based on work performed durling and subsequent to the 1981
Inspection. The weld reglons which did have Indications that could be
Interpreted as cracks were the B sparger Junction box (Figures A-10 through
A-19 of (1)) and possibly the A sparger Junction box area (Flgures A-27 and
A.28 of (1)). For these Indications, an upper bound length of 3.5 Inches was
assumed In the analysis. The crack was conservatively assumed to be through
the wall of the sparger. This wliil provide a "worst-case"™ effect of the
crack on structural Integrity.

In the other general reglon, away from welds (also called mid-sparger), the
Indlcation of Interest was originally considered to be a significant
Indication but during the 1981 inspection was Judged not to be a crack. The
area of Interest was on the 270° side of the A sparger jJunction box

(Figures A-29 through A-32 of (1)). Desplte the finding that this Indication
was not a crack, the full potentlial Impact on structural Integrity was
assessed by assuming & crack-|lke defect equal to the indication length.
This will obviously result In a very conservative estimate of the potential
ior fallure In this region.
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Sectlion 6
LIMIT LOAD ANALYSIS

6.1 Limit Load Model

The structural Integrity of the sparger plpe was assessed with the
principles of Iimit load theory. The criterlia for fallure Is that condition
that causes the net or remalning section of the pipe to become fully plastic.
The load required to form a plastic hinge In a thin-walled pipe with a
through-wal | crack was determined analytically for the geametry shown In
Figure 6=1. The stress strain behavior of the plpe material Is assumed to
behave as a rigld perfectiy-plastic material. To accommodate for strain
hardening, the |!mit stress (o‘) for the material |s assumed as the average
flow stress:

o = (0 +o0)/2 (6~1)

4 y u

For the values tabulated as specifled minimums at 550°F for ¢ and o In
u

the ASME Code (23), a‘ Is approximately 45.0 ksl. ’

The development fol lows that for a surface flaw where the shift In the
neutral bending axls, caused by both the presence of the crack and comb | ned
tension-bending, Is calculated from a relationship which satisfies force
equllibrium In the longltudinal direction given below as:

e [r - uSa/tH _;

legQ

(6-2)

where o.ls the applled axlal stress for the uncracked section and a Is the
crack half angle. The requirement of moment equllibrium Is satisfled through
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NOMINAL STRESS

IN THE UNCRACKED

SECTION OF PIPE

ey Y

* FLOWSTRESS

L

STRESS DISTRIBUTION IN
THE CRACKED SECTION AT
THE POINT OF COLLAPSE

Figure 6-1 - Limit Load Model and Geometry.
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Integration of the stress distribution across the section and equating with
the applled bending moment to glve:

o
B _2 : & O

)

The simultaneous solution of Eq. (6-2) with Eq. (6-3) deflines the fallure
locus for plastic col lapse of the section. Since In the derivation of these
expressions an assumption was made which !deallzes the sparger as a thin-wall
cylinder, the location of the flaw relative to the wall thickness (l.e.,
surface versus subsurface), Is not a variable In the solution and the above
expressions could be applled to sub;urfaca flaws when 2a/t Is substituted for
a/t In Eq. (6-2) and Eq. (6-3).

6.2 Numerical Results

In all IIimit load calculations, only parametric service stresses are
utillzed. The reason Is that the secondary weld residual and service
stresses are dlsplacement controlled and will tend to relax dur Ing crack
growth. The service-Induced stresses to be considered In the |Imit load
assessment should therefore be those associated with primary loading. Any
Inclusion of secondary stress into this analysis will provide for 2
conservative estimate of criticai flaw size. For a crack completely through
the thickness of the plpe, the critical crack angle for faliure Is shown In
Figure 6-2. By simple Inspection, an applled stress of only 2 ksl willl
clearly glve critical angles much greater than 180°.

For & primary service stress of 300 psi membrane and 389 ps! bending
determined from design loads calculated by General Electric (8), the critical
crack angle for limlt load fallure Is computed as 285° or a crack that Is
10.0 iInches long. |f the sparger pipe Is assumed to be severed at one
Junction box, then limlt load fallure would be computed for a crack about

258° (or about nine Inches long) around the plpe circumference. Hence, very




KonDimensional Membrane Stress, . %

0.6
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

NonDimensional Bending Stress, oblol

Figure 6-2 - Critical Stress Results For Through-Wall Crack.
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long cracks are required to fall by limit load under primary design loads

that Include selsmic, pressure, Impingement and water hammer stress events

all assumed to occur at the same time. |t should be noted that the

malntenance action requires an external plpe clamp to be Instal led when a
crack~llke Indication extends 180° or when the Indication extends beyond the

Inspector's fleld of view.
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Sectlion 7
RESULTS OF STRUCTURAL INTEGRITY AND FRACTURE MECHANICS ANALYSES

¥ Introduction

This sectlon discusses the calculated results for remaining service Ife and
structural Integrity of the core spray sparger pipe. The residual and

appl led stresses from Section 3 were comblined to determine the total stress
state. A through-wall flaw was Introduced with some small initial length In
each of the relevant reglons as defined In Section 5. The crack growth
behavlor was modeled using LEFM techniques as described In Section 2 and
using the appropriate crack growth rates of Section 4. Although the
long-term service stresses during normal operation are expected to be low as
reported In Section 3, the effect of service stress on crack growth was
studled parametrically. It Is anticipated that the resul ts presented herein
will be used to predict expected flaw sizes glven the current state of the
sparger as determined by periodic Inspections.

Flaws were modeled as growing by a stress corrosion mechanism to one of three
final states. These are:

e A length such that the flaw exceeded the |imit length calculated as
described In Section 6

e The creck arrested owing to the distribution and characteristics of
the stress state

e The expected |Ifetime to State 1 or 2 exceeded the plant design |lfe-
time
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The two reglons of Interest, one away from any sparger pipe weldments and the
other near the plpe welds are discussed saparately. A third reglon was also
addressed. Thls was away from the weld but on the "back™ side (not
Inspectable) of the sparger. This analysls was performed for the sparger
plpe region away from any weldments. At each reglon, a through-wall
clrcumferential crack was postulated at the Intrados or core-slide surface of
the sparger pipe. The crack length as a function of time was computed by
Integrating Eq. (2-3). Crack arrest Is predicted when the stress Intensity
factor becomes zero, and the flaw lengths when this occurs are Indicated In
the results.

7.2 Region Away From Welds

The long Indication observed near Junction Box A but away from any welds
(mld-sparger) was determined not to be a crack. However, as & bound, this
region was evaluated assuning a postulated through-wall crack, and the crack
growth as a function of time was caiculated for & range of appl led stress
levels. These results showing the corresponding effects of stress level and
material crack growth rate on calculated flaw lengths, are plotted In
Figure 7=1. This figure gi!ves flaw length as a function of time for five
states of stress: the theoretical residual stress state only as well as
several cases of the residual stress plus parametric service load cases. The
service loads were taken at levels of 5, 10, and 15 ks| membrane and 5 ksl
bending stresses. The calculated arrest lengths are shown for al | cases,
except residual stress plus 15 ks! membrane stress which will not arrest.
For all other cases, arrest will occur before critical size for that stress
level Is reached as calculated from net section fallure criteria.

The expected crack extension for an 18-month period was determined from the
results In Figure 7-1. For a glven observed flaw size, the flaw size that
would be observed after 18 months of additional service Is shown In

Figure 7-2. These results are based on the upper bound crack growth behavior
and can be used to predict conservatively the amount of crack growth between
refuel Ing outages If the time span between Inspections Is 18 months or less.
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Figure 7-2 - Predicted Crack Growth For Indications on Front-Side



For example, an observed flaw length of 3.2 Inches would grow to
approximately 3.3 Inches if the applied stresses In that region are 5 ksl
tension. The 10 ks! and 15 ks! applled stress curves would predict a final

flaw size of about 3.8 and 5.5 Inches, respectively. The point of tangency

between the curve and the 45-degree |ine represents the point where the crack
Is predicted to arrest.

7.3 Region Near The Weld

A simllar analysls was performed for a flaw postulated to exist near a
sparger plpe weld connection. The weld residual stress distribution was
assumed to have a sinusoldal shape along the plpe circumference having a peak
stress of yleld strength level and a period equal to the pipe clrcumference
as discussed In Section 3. The results for thls analysis are glven In
Figure 7-3. A comparison of Figure 7-3 with Figure 7-1 Indicate that much
longer cracks are possible In the regions Influenced by the weld.
Calculations for the residual stress only case show crack arrest at a final
flaw length of about 9.8 Inches. Crack lengths greater than 10 inches are
possible for the applled stress level as shown In Figure 7-3. Crack arrest
for the cases of 5 ks!, 10 ksl, and 15 ks! Is stil| possible If the app! led
service stresses are secondary In nature. The potential for |imit load
fallure exists If primary stresses are present; however, for the pr imary
stresses spocifled by General Electric (see Section 3), the critical flaw
size for 1imit load condltions could reach 10 Inches or a pipe with a 285°

clrcumferential crack.

The predicted crack growth for an 18-month period based of operation as a
function of the length of the observed Indications Is shown In Figure 7-4.

In this flgure, both upper bound and mean crack growth rate results are
plotted for comparison. The final flaw length Is very sensitive to the
materlal behavior and a wide range In crack length can be predicted depending
on the crack growth rate assumed. For example, as a best estimate, a flaw of
length 3.5 (can grow to approximately 4.4 inches over 18 months, or It can

grow tc as long as 8.4 Inches under worst case material behavior. It Is
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Impor tant that these predictions be used In conjunction with muitiple
Inspection data gathered over a long period of time. Such comparisons will
val Idate the evaluation method and provide a means of callbrating The model
to the fliel!d observations. Comparison between the Inspections of January
1980 end October 1981 indicates Insignificant changes In the observed
Indlcations. Clearly, thls suggests that the fracture mechanics model and
upper bound Input data are providing a conservative estimate for the amount

of crack extensiun that could occur.

7.4 Back-S'de Defect Evaluation

The potential for flaws to Initiate and grow on the back-side of the sparger
plpe was evaluated. The results obtained are given Iin Table 7-1. assuming
upper bound crack growth rate behavior. |f the measured tensile stresses on
back-side (see Figure 3-3) ars an Indication of a local surface stress
effect, then the theoretical stress distribution would be more representative
for long flaws. This mode! predicts crack arrest when the crack Is visible
(~210°). However, a conservative assessment of the tensile stresses "as
measured" on the back-side does not predict crack arrest. |t should be noted
that the |Imited test data shcwn In Figure 3-3 show consliderable scatter,
particularly on the back-side of the plpe. Because "hand jacking" was used
for final pipe curvature adjus*ments, It Is belleved that non-uniform and
highly localized stresses may exist In the sparger pipe. Table 7-2 glves the
remalning tine for crack!ng beyond 180°, at which point the back-side crack
Just becomes visible from the front side.



TABLE 7-1

SUMMARY OF CRACK GROWTH PREDICTIUNS
FOR BACK-SIDE FLAW

TIME (MONTHS)

CRACK GROWTH THEORETICAL
2a

o ONLY o_+5Ksi
r r

79 to 1800 4 - (2)

0 aen0
180" to 360 Arreses Arrests

@ 204 @ 226

i See Figure 3-3 for assumed stress distribution.

2 Theoretical distribution aives negative stress on back-side so cracking
will not initiate. If measured tensile surface stresses are local, as
expected, the distribution shown in Figure 3-3 will also result in
limited crack growth.

o Back
Front 3 .
side 4:- Side

s/,

i rig R 2
L\ R,
N




TABLE 7-2

COMPUTED REMAINING TIME FOP A
VISIBLE BACK-SIDE FLAW INDICATION

. (MONTHS)

AS-MEASURED ‘*/ THEORETICAL
CRACK ANGLE RESIDUAL RESIDUAL RESIDUALS RES1DUAL
: .

5Ks i NLY +5Ks i

2 ; . OH_LJYi B

(No Arrest) (No Arrest)

1l see Figure 3-3 for stress distribution.
FLAW MODEL

Fr'"\ﬂ? o — BaCk
-y 2 & Sside

side ~ \4’\ &
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Section 8
SUMMARY AND CONCLUSIONS

e Fracture mechanics analyses have been performed for defects postu-
lated to extend through wall In two general reglons of the Filgrim
Station core spray sparger. These reglons are away from welds and

near welds.
e The following conservatisms were present In this analyslis:
e Upper bound crack growth rates are used
e Bounding stress flelds are used

e Assumption of through-wal| cracks even with reglons where Indica-
tions were determined not to be cracks

e A through-wall crack located away from a weld will arrest glven
"service"” stresses less than 10 ksl membrane tension. Further, this
arrest length Is shorter than the critical length to cause fallure by
a net section mechanism under the conservative assumption that the
service-Induced stress Is due to a primary load.

e A througn-wal | crack located In the region of a weld detali will
arrest prlor to reaching critical length to fallure, given the low
appl led service stresses as specifled by General Electric. Crack
growth beyond approximately 10 Inches will not assure protection
against |imit load fallure; however, constraint In displacement and
rotatior may |imit the concern for plastic collapse. The length of
time required for substantial crack growth In the weld region may
also allow & reasonable period from detection to arrest or potential
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fallure. As a precautionary measure, the malntenance action plan
requires the Installation of an external plpe clamp when the length
of the crack Indication Is found or predicted to be greater than 180°
(6.3 Inches).

The ldentifled Indications do not Jeopardize structural Integrity of
the core spray sparger over the next 18 months.

Crack growth between Inspection perlods (l.e., 18-month Interva!) Is
predicted to be small. For the Indication lengths observed away from
any welds, crack extension Is less than 0.1 Inch of growth. Near the
sparger plpe weldments, It Is predicted that the maximum crack growth
will be less than 1 Inch.
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APPENDI| X

PROPOSED PILGRIM CORE SPRAY
SPARGER EVALUATION PLAN
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Sparger pipe away from weld

Sparger pipe to junction box weld HAZ (all welds)
Nozzle weld HAZ (all welds)

Core spray jumper pipe weld HAZ (all welds)

Strategy for jdpp;ifjpg}jpn_gf_prpg}rjppjpﬁtjpnjr;f@;}_grpwtp‘ratel and crack
arrest

1. The sparger crack indication identified during the 1980 ISI shall form the
basis of reference cracks. Image enhanced photographs taken from video tape
records will be used for this purpose.

It is essential that reference cracks be established for determining the rate
of crack growth. In order to achieve this goal with some degree of

confidence and accuracy, approximately 10 reference indications will be
identified for thorough examination during the 1981 ISI. Inspection technigues

will include the capability to measure crack length and width.

Since the quality of the 1981 ISI will be greatly improved and computer image
enhancement information will be available, it is exBected that the extent of
cracking can be quantified within approximately 180" of the exposed surface.
Accordingly, previously undetected or recently formed cracking may be found.

Comparison of 1981 ISI results to 1980 reference indications will provide
improved fracture mechanics evaluation basis for crack growth. The recent
work by APTECH will be refined to include these data for crack growth and
arrest predictions for fuel cycle 6 (March 1983). Structural integrity
evaluations will be modified as necessary.

Maintenance Action Criteria

Maintenance action decisions will be made on a case by case basis and may be
dependent upon the ability to reliably predict crack growth rate for fuel cycle 6.
In addition, there exists some uncertainty in the nature of residual stresses
induced by sparger pipe fabrication and rolling. Therefore, cracking patterns
may not be identical in different regions along the pipe. In particular, the
condition of the backside of the pipe (extrados), presents some concern due to
experimentally measured tensile stresses of varying magnitudes where crack
propagation could continue. That area is on the blind side (extrados) and cannot
be inspected visually.

Based upon the brief discussion above and analytical and experimental work
performed or reviewed by APTECH, the following maintenance criteria are recommended

Services in Mechanical and Metallurgical Engineering, Welding, Corrosion, Fracture Mechanics, Stress Analysis




to assure sparger operability throughout fuel cycle 6.

External Pipe Clamp Fix

External sparger pipe clamps shall be designed so as to satisfy “full operability"”
requirements upon installation. The circumstances under which clamps will Le
installed over a crack in a local region on the sparger or jumper pipe are as follows:

1. In the event that crack arrest is not predicted for a given crack.

2. In the event that a crack indication is found or predicted to extend for 180°
in the circumferential direction in the field of view. It cannot be demonstrated
by visual inspection methods that cracking does not continue around the backside
of the pipe.

3. In the event that circumferential cracks are found at or near the top or bottom
of the pipe within the field of view. It cannot be demonstrated by visual
inspection methods that cracking does not continue around the backside of the
pipe.

4. In the event that sparger design function and operability criteria are exceeded .
(flow rate, momentum and spray pattern operability criteria are being developed).

5. If a significant number of areas are determined to require clamping based upon
the above criteria, an optional air test of the sparger assembly may be
performed to identify areas of through-wall cracking.

Replace Sparger Assembly

Based upon present engineering knowledge, including empiricil data and analytical
mode] results, we do not predict or forsee any situation where the application of
clamps will not provide a sound engineering fix. Clamping where warranted

in local areas is considered to be the primary fix and the need for sparger
replacement is not anticipated. However, the following maintenance criteria is

proposed as a contingency.

Replacement of the sparger, or a sparger pipe segment, will be implemented only if
clamping is not practica: or feasible.

NOTE: APTECH has not performed a structural integrity evaluation nor operabjlity/
safety evaluations of the 304ss jumper pipe system. However, crack propagation
studies performed for the sparger juncture box weld region are representative and
applicable to jumper pipe welds which were not heat treated after welding.

* See pages 5-10.
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PROPOSED PILGRIM CORE SPRAY SPARGER EVALUATION PLAN

Sparger Function Evaluation

Sparger functional requirements include core reflood, heat transfer,
sparger nozzle flow rates and sparger spray pattern. This evaluation
study includes only the latter two items. The first two are being
addressed by General Electric.

Sparger Nozzle Flow Rate

A fluid mechanics study was performed which considered the flow rate
design requirements of 3600 gpm per sparger circle and the actual pump
capacity reserve margin., Once those values were established, the pump
system performance curves provided a be>1- for establishing the change
in flow rates as a function of crack area.

Pump performance curves are shown in Figure 1. Figure 2 shows expanded
pump curves in the area of interest. This figure illustrates that the
reserve pumping capacity is approximately 20% greater (4300 gpm ~ompared
to 3600 gpm) than the design flow requirement for the case of no
leakage, (i.e. when no cracks are present). However, as crack leakage
increases, the calculations show that a maximum leakage flow of 1400 gpm
(5000 gpm minus 3600 gpm) could be present and the pump would still
provide flow through the nozzles at the design rated flow of 3600 gpm.
For conservatism and to account for other system uncertainties, it is
recommended that the leak criteria should be based upon half of the
reserve pump capacity. The operating poirt would then be at point 3 in
riqure 2. The nozzle flow would be about 3960 gpm, and the crack
leakage would be 740 gpm.

Table 1 summarizes the evaluation and presents the results in a
parametric form of acceptable crack length versus crack width, based
upon 50% of the reserve pump capacity.

Table 2 shows the resulting clamp fix criteria. The system can tolerate
a crack .010 in. wide and 57 feet long, which is equivalent to adding
about 40 small nozzles to the sparger system. These calculations
indicate that it is highly unlikely that crack clamping will be required
because of insufficient flow capacity due to crack leakage.

Nozzle Spray Distribution

Fluid Mechanics calculations were performed to determine the relative
effects of flow through a typical sparger nozzle as compared to a crack
of varying length and width. Parametric caicuiations are summarized in
Table 2 as a function of ratios of velocity, flow rate and momentum.
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Sparger inspection data from Oyster Creek indicated that the largest
measured circumferential crack was approximate]y .010 in., wide. A
bounding evaluation was pSrformed assuming that crack width and a
circumferential crack 180" at the intrados, located between two of the
smallest nozzles. The Rm value from Table 1, divided by the crack
length, gives a momentum flow of approximately 35% of the magnitude for
one Fulljet IM12 nozzle. Since there are 56 of these nozzles and 56
larger nozzles in each sparger circle, the effect of bounding crack flow
is seen to be negligible and would be expected to affect spray
distribution only in a local region within a radial distance of a few
feet from the nozzle sparger.

Interference with nozzle spray pattern is only possible for through-wall
cracks at the sparger intrados. Since structural criteria dictates that
180° cracks (5.5 in) shall be clamped, only smaller cracks at the
sparger intrados need be considered.

Rather than postulating a bounding crack, consider a more realistic
circumferential crack length of 4 inches as predicted by fracture
mechanics analysis based upon measured residual stress distribution due
to pipe fabrication. Since IGSCC cracks are inherrently tight, assume a
crack width of .004 in. Calculated momentum flow from Table 1 1s
approximately 8% of the momentum flow of one Fulljet IM12 nozzle.

This study indicates that an individual crack will have a nngligible
effect on the core spray pattern. However, the spray pattern could be
affected if a number of through wall cracks were present ir. a local
region between two nozzles.

Proposed Clamp Fix Extension for Spray Pattern

An external pipe clamp will be installed over cracks when the cumulative
crack lengths and widths result in total flow momentum equal to or
greater than the flow momentum of the two adjacent nozzles.




CRACK WIDTH CRACK FLOW
(INCH) VELOCITY
(FT/SEC)

* Length needed for 740 GPM crack flow.

APTECH ENGINEERING
SERVICES, INC.

795 SAN ANTONIO ROAD
PALO ALTO, CALIFORNIA 94303

10% RESERVE CAPACITY
CRACK LENGTH *

( INCH)
81,000
10,800
2,000

690

TABLE 1 Core Spray Sparger Pump Leak
Rate Criteria
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FIGURE 2 Pilgrim Core Spray System Pump
Performance Curves
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TABLE 2

Crack Leak Rate Evaluation

ASSUMPTIONS:

Pressure Drop = 15 ps? -

Flow* = 17.1 GPM = 0.0381 Ft. /sec.

Velocity = 31.7 Ft/sec.

fomentum Rate = 1.21 0 LBM Ft./sec.
Where p = Density in LBM/Ft.”

2

AP = 15 psi
Length : 1 inch
. 0.226 inch

\ Crack

Velocity
\ »
Width

Crack Flow

inch Ft./sec.

0.001 2.92
0.002 11.0
0.004 29.2

0.010 33.4 ‘ 15. \ Turbulent

0.015 37.8 | : _ ‘! Turbulent
0.025 41.8 | ). 76 5.4 | \

Turbulent

Nozzle Velocity
Crack Velocity

Nozzle Flow Rate
Crack Flow Rate

N_O_Z.z_‘-‘e_ﬂomen.t_@.r?_Fl.oy.
RM Crack Momentum Flow

Fulljet Nozzle Catalog, page 14. APTECH ENGINEERING
1M12 has 17.1 gal./min. @ 15 psi SERVICES, INC.
Nozzle Orifice 15/32 in. dia. 796 SAN ANTONIO ROAD
(112 nozzles in two full circles) PALO ALTO, CALIFORNIA $4303




