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References: 1. WOG-03-643, "WOG CE Fleet Operability Assessment Regarding
Pressurizer Heater Sleeves," December 23, 2003.

2. NRC Letter (D. Holland) to the Westinghouse Owners Group
Program Management Office (G. Bischoff), "Request for Additional
Information Concerning WCAP-16180-NP, Revision 0, "Operability
Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"
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Combustion Engineering Plants with Hypothetical Circumferential
Flaw Indications in Pressurizer Heater Sleeves" (PA-MSC-0143),"
August 12, 2004.

The WOG provided to the NRC, via Reference 1, the Operability Assessment performed
by the WOG in support of the CE fleet regarding the potential for circumferential cracks
in pressurizer heater sleeves, as well as the inspection activities currently planned by the
CE utilities to address the heater sleeve issue. After review of WCAP-16180-NP, the
NRC issued a Request for Additional Information (Reference 2).

The WOG provided a partial response to that request (Reference 3) wherein responses to
Questions 2, 3, 7, 10, and 11 were provided. With this transmittal, the WOG is providing
our responses to the remaining questions in the NRC's request. Included in Attachment 1
of this transmittal are our responses to Questions 1, 4, 5, 6, 8, 9, 12, and 13.
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The WOG is prepared to discuss, at your convenience, the responses provided herein, as well as those of
Reference 3. Please contact Mr. Brad Maurer (Westinghouse) at 412-374-4419 with any questions or
comments regarding this information.

Sincerely yours,

Frederick P. "Ted" Schiffley, II
Chairman, Westinghouse Owners Group

Attachment (1)
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cc: Dr. Brian Sheron, NRC
R. A. Gramm, NRC
Alex Marion, NEI
Dave Mauldin, APS
B. Maurer (W) Pittsburgh
Executive Committee
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Materials Subcommittee
Licensing Subcommittee
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Attachment 1

Remaining Responses to NRC Request for Additional Information

WCAP-16180-NP
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Question #1

Provide additional information regarding all pressurizer heater sleeve inspections which have been
conducted at Combustion Engineering (CE) designed facilities in the U.S. using nondestructive
examination (NDE) technology capable of detecting circumferential andlor axial primary water stress
corrosion cracking (PWSCC).

Your response should address what NDE inspections were conducted, if any, on leaking pressurizer
heater sleeve penetrations at Arkansas Nuclear One Unit 2, Calvert Cliffs Units 1 and 2, Millstone Unit 2,
Palo Verde Unit 3 and Waterford Unit 3 from 1987 through 2003. Your response should also address
instances in which licensees performed similar NDE inspections on heater sleeves which had not shown
visual evidence of leakage, for example as part of a planned activity to perform proactive l/2 nozzle
replacements (like Palo Verde Unit 2 in 2003) or other mitigative actions.

For each inspection conducted:

a. Provide the plant name and date (month, year) of the inspection.

b. Identify the types of inspection methods that were used (e.g., ultrasonic, eddy current, etc.).
Provide information about each inspection method to support your answer to c. below.

c. Identify whether each inspection method used was capable of detecting circumferential cracking,
axial cracking, or both, due to PWSCC. For each inspection method, distinguish between
detection capability for part-through-wall cracks that may have initiated from either the inside
diameter or outside diameter of the pressurizer heater sleeve.

d. Identify how many sleeves were inspected using each identified inspection method.

e. Identify, as accurately as practical, the "inspection volume" for each inspection (i.e., what length
of the pressure boundary and non-pressure boundary portion of each sleeve was inspected)

f. Provide the results, including the number and location, of flaw indications discovered during the
inspection.

Response #1

Table 1 summarizes the non-visual non-destructive examinations performed on the pressurizer heater
sleeves in CE designed plants. The detailed information requested by this RAI is presented below for
each plant. Eddy current (ECT) and ultrasonic (UT) inspection requires the removal of heaters to gain
access to the inside of the sleeves. As a result, only heater sleeves which were being repaired or were
being preventively replaced have been inspected by ECT or UT.
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Arkansas Nuclear One Unit 2

a. Arkansas Nuclear One Unit 2 (ANO-2), inspected August 2000.

b. An eddy current (ECT) probe was used to inspect three heater sleeves. The specific probe was a
rotating plus point (+ point) probe, model 3429-1-B with a standard mid-range coil and an
unshielded pancake coil. Both coils were EPRI qualified. Data acquisition was with a Zetec
MIZ-30A with Eddynet software. The heater sleeves were scanned on the push from the bottom
of the sleeve. Because of the tight fit between the probe and sleeve, the probe was fully inserted
into the sleeve to start the examination, which resulted in no inspection of the first (bottom) one
inch of the sleeve.

c. The primary detection coil for the heater sleeve examination was the + point coil, which has the
capability to detect both axial and circumferential flaws. This coil can detect ID initiated flaws
but can detect OD initiated flaws only if the depth approaches the inner surface (near through-
wall)

d. Three heater sleeves were inspected.

e. None of the sleeves were inspected full length. The bottom one inch all three sleeves was not
inspected and the upper approximately one inch was not inspected on two sleeves. A somewhat
longer distance was not inspected for the third sleeve. The upper limitation on the third sleeve
was probably the result of interference between the probe centering device and the sleeve end.

f. Two sleeves each had a single axial indication near the top of the sleeve near the location where
data collection ceased. The length of sleeve inspected in the third sleeve did not include the
location where indications were expected.

Calvert Cliffs-i

a. Calvert Cliffs-i (CC-1) has inspected heater sleeves on several occasions. In September, 1989,
sleeves (total of 12) were inspected with eddy current and dye penetrant after the discovery of
leaking sleeves in Calvert Cliff-2.

Two sleeves were inspected by eddy current and dye penetrant in 1994, after indications of
leakage were noted. An additional 29 sleeves were inspected prior to the application of nickel
plating to the part of the ID surface of each sleeve which experience indicated was the most likely
location for crack initiation.

One sleeve was inspected in 1998 by ultrasonic testing, after indications of leakage were noted.

b. In 1989, ECT examinations were conducted on 12 heater sleeves using a pancake coil scanned in
a boustrophedonic mode. The probe used was capable of detecting both axial and circumferential
cracks at the inside surface of the sleeves. The technique was validated by destructive
examination results performed on heater sleeves removed from Calvert Cliffs-2.

In 1994, the full length of 31 sleeves was inspected using a motorized rotating pancake eddy
current probe which could detect both axial and circumferential oriented cracks.
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-N'P, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

In 1998, ultrasonic testing was used to examine one sleeve which had indications of leakage. The
technique could detect axial and circumferential cracks. The results were confirmed by
destructive examination of the sleeve after removal from the pressurizer.

c. The 1989 inspection used a pancake coil ECT probe, which had the capability of detecting axial
and circumferential flaws. The probe could detect ID initiated flaws but could not detect OD
initiated flaws unless the depth was essentially through-wall.

The 1994 inspection used a motorized rotating pancake coil ECT technique. The probe was
capable of detecting ID initiated flaws but could not detect OD initiated flaws unless the depth
was essentially through-wall.

The 1998 inspection used an ultrasonic technique which could detect both axial and
circumferential flaws, both ID and OD initiated.

d. In 1989, 12 heater sleeves were inspected by ECT. In addition, the partial penetration welds, the
OD surfaces above the welds and approximately one inch to either side of the welds on the ID of
the sleeves were inspected by PT.

In 1994, 31 heater sleeves were inspected by ECT.

In 1998, one heater sleeve was inspected by UT.

e. The ECT and UT inspection volume included essentially the entire length of the sleeves. The PT
inspection included the partial penetration welds, the OD surfaces above the welds and
approximately one inch to either side of the welds on the ID of the sleeves.

f. In the 1989 inspection, there were no indications at the sleeves ID surface by ECT or PT. There
were no PT indications in the partial penetration welds or the sleeve OD surfaces above the
welds.

In 1994, there were two leaking sleeves. One sleeve leaked as the result of an axial crack near the
J-groove partial penetration weld. The second leaking sleeve had both axial and circumferential
cracks. This sleeve was unique among Alloy 600 sleeves and nozzles in that the cracks were
located on a part of the sleeve that was outside the pressurizer shell. Destructive examination of
this sleeve and a review of manufacturing records indicated that this sleeve had been deformed at
the cracking location as the result of a stuck reamer, thereby inducing high residual stresses which
initiated the cracking.

In 1998, the leaking sleeve had an axial indication adjacent to the partial penetration weld. The
presence of a crack was confirmed by destructive analysis of the sleeve after removal from the
pressurizer.

Calvert Cliffs-2

a. Calvert Cliffs-2 inspected heater sleeves in August 1989, after discovery of visual indications of
leakage around 20 sleeves. All sleeves (a total of 120) were replaced with new sleeves of a more
PWSCC resistant material (thermally treated Alloy 690).
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NTP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

b. All leaking sleeves were inspected with the same ECT technique used for CC-1. 12 heater sleeve
welds were inspected by UT. 28 sleeves, including the welds, the sleeve OD above the welds,
and the ID in the area of the weld were inspected by PT.

c. The ECT examinations used a pancake ECT probe which had the capability of detecting both
axial and circumferential flaws. The probe could detect ID initiated flaws but could not detect
OD initiated flaws unless they were essentially through-wall (were approaching the ID surface),

The UT inspections used an IntraspectlPC UT imaging system with a 0.25 inch diameter, 5.0
MHz dual element, 0° longitudinal wave panametrics model probe. The UT probe could detect
axial and circumferential flaws that were OD initiated.

d. 20 sleeves were inspected with the improved ECT technique, including all confirmed leaking
sleeves. Twelve welds were inspected by UT, including those in five confirmed leaking sleeves.
28 sleeves and welds were inspected by PT, including 20 confirmed leaking sleeves.

e. For ECT, essentially the full length of each sleeve was inspected.

For UT, the region of the weld was inspected.

For PT, the partial penetration welds, the OD surfaces above the welds, and the ID surfaces
extending one inch above and below the welds were inspected.

f. The indications in the 20 leaking sleeves were all axially oriented, less than 1.5 inches in length,
and confined to the top two inches of the sleeves.

Indications occurred above and below the weld location but not across the weld location.

The 28 J-groove welds inspected had no indications and there were no indications on the OD of
the sleeves above the welds (the indications above the weld were not through-wall).

There were not any circumferential indications.

Fort Calhoun

a. Fort Calhoun has performed only visual inspections of heater sleeves up to this time. Fort
Calhoun has not experienced any leakage from heater sleeves.

b. Not applicable

c. Not applicable

d. Not applicable

e. Not applicable

f. Not applicable
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Remaining Responses to NIRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Maine Yankee

a. Maine Yankee performed heater sleeve inspections during the 1990 refueling outage. This plant
is no longer in-service.

b. Heater sleeves were inspected using an MRPC ECT probe and an Intraspect/ET20 Eddy Current
imaging System. The system was developed specifically for testing pressurizer heater sleeves.

c. The ECT system used was capable of detecting both axial and circumferential flaws. The system
was capable of detecting ID initiated flaws but was not capable of detecting OD initiated flaws
unless the depth was nearly through-wall.

d. Four heater sleeves were inspected. These sleeves were inspected because a review of fabrication
records indicated a manufacturing anomaly which may have cold-worked the sleeve material and
possibly introduced additional residual stresses, thereby making the sleeves more susceptible to
PWSCC.

e. The ECT inspection included that part of the sleeve at, below and above the partial penetration
weld location.

f. There were not any flaw indications noted during the inspection.

Millstone-2

a. Millstone-2 inspected heater sleeves in October, 2003.

b. Heater sleeves were inspected using an automated ultrasonic examination system with a rotating
head.

c. The UT system used was capable of detecting both axial and circumferential flaws. The
technique was demonstrated on a sample. The technique could detect flaws initiating at both the
ID and OD of the sleeves. Through-wall sizing indicated that the flaws were ID initiated.

d. Four heater sleeves were inspected. The sleeves had visual evidence of leakage

e. The inspection volume consisted of that part of each sleeve extending from approximately four
(4) inches below the pressurizer shell to the end of the heater sleeve just inside the pressurizer.
The total length of each sleeve inspected was approximately seven and one-half inches.

f. There were nine axial flaw indications in the four heater sleeves. Seven of these were below the
partial penetration weld. There were not any circumferential indications. The indications were
located as follows:

Sleeve A-1 - Two axial indications starting at the bottom of the partial penetration weld and
extending downward toward the pressurizer OD.

Sleeve C-3 - Three axial indications starting at the bottom of the pressurizer weld and extending
downward toward the pressurizer OD, two axial indications starting near the top of the weld and
extending upwards toward the pressurizer ID.
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Remaining Responses to N`RC Request for Additional Information
Regarding

WCAP-16180-NTP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Sleeves C4 and F4 - One axial indication in each sleeve, starting at the bottom of the weld and
extending downward toward the pressurizer OD.

Palisades

a. Palisades has performed only visual inspections of heater sleeves up to this time. Palisades has
not had any pressurizer heater sleeve leaks.

b. Not applicable.

c. Not applicable

d. Not applicable

e. Not applicable

f. Not applicable

Palo Verde-i

a. Palo Verde-i has performed only visual inspections of heater sleeves up to this time. Palo Verde-
1 has not had any pressurizer heater sleeve leaks.

b. Not applicable

c. Not applicable

d. Not applicable

e. Not applicable

f. Not Applicable

Palo Verde-2

a. Palo Verde-2 inspected one heater sleeve in 2000 after leakage was discovered.

Palo Verde-2 inspected 33 heater sleeves in October, 2003 prior to removing and replacing the
sleeves with sleeves of Alloy 690.

b. In 2000, one sleeve which had a failed heater and subsequent leakage was inspected with a +
point ECT probe.

In 2003, 33 sleeves were inspected with a + point ECT probe. Sleeves which had
circumferentially oriented indications and one sleeve with an axial indication were re-inspected
with an ultrasonic and with an ECT probe. The UT probe used a tip diffraction technique for
examining the sleeves. This probe had previously been qualified for inspection of reactor vessel
head nozzles and was modified to accommodate the heater sleeve geometry. The ECT probe
used to inspect the sleeves with circumferential indications was an x point probe.
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

c. The + point ECT probe has the capability of detecting both axial and circurnferentially oriented
flaws. This probe can detect ID initiated flaws but cannot detect OD initiated flaws unless they
are essentially through-wall (approaching the ID surface).

The UT technique used can detect both axial and circumferential flaws. This probe can detect
OD initiated flaws. The x point ECT probe is capable of detecting axial and circumferential
flaws. The x point probe can detect ID initiated flaws but can detect OD initiated flaws only if
they are essentially through-wall (approaching the ID surface).

d. In 2000, one sleeve was inspected.

In 2003, 33 heater sleeves were inspected in the initial ECT examination. Seven sleeves (all six
with circumferential indications and one with an axial indication) were inspected with UT and x
point ECT.

e. That part of the sleeves near the partial penetration weld were inspected in all cases.

f. The sleeve inspected in 2000 had a single axial indication.

In 2003, the initial ECT inspection indicated that six sleeves had axial indications and six had
circumferential indications, all near the partial penetration weld although the technique used was
not sufficient to define the precise locations. The more refined inspections of the six sleeves with
circumferential indications indicated that five were circumferential and the sixth was a skewed
axial. The additional inspection of one sleeve with an axial indication confirmed the axial
indication. In these seven sleeves, the axial and circumferential indications were all above the
partial penetration weld (they were not in the pressure boundary) and appeared to be ID initiated.

Palo Verde-3

a. Palo Verde-3 inspected one leaking sleeve during the Spring 2003 outage.

b. One sleeve was inspected with a + point ECT probe.

c. The + point ECT probe has the capability of detecting both axial and circumferentially oriented
flaws. This probe can detect ID initiated flaws but cannot detect OD initiated flaws unless they
are essentially through-wall (approaching the ID surface).

d. One sleeve was inspected with the + point ECT technique.

e. The area inspected was near the partial penetration weld.

f. The sleeve inspected in 2003 had axially oriented cracks near the partial penetration weld.

San Onofre-2

a. San Onofre-2 has performed only visual inspections up to this time. San
Onofre-2 has not experienced any pressurizer heater sleeve leaks.

b. Not applicable
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

c. Not applicable

d. Not applicable

e. Not applicable

f. Not applicable

San Onofre-3

a. San Onofre-3, inspected March 1999. San Onofre-3 has not had any pressurizer heater sleeve
leaks. However, one sleeve which had a stuck heater was inspected after the heater was removed
to determine if the expanding heater had damaged the sleeve.

b. An eddy current inspection was performed on one sleeve.

c. The ECT probe used can detect both axial and circumferential flaws. The probe can detect ID
initiated flaws. Any cracks that initiated on the sleeve OD would not be detected unless the
cracks had propagated essentially through-wall.

d. One sleeve was inspected. The sleeve was inspected to determine if stresses imposed by a
swollen heater had initiated PWSCC in the sleeve.

e. The inspection volume included the pressure boundary weld and approximately 0.5 inch above
the top of the weld and 0.5 inch below the bottom of the weld.

f. The sleeve inspected had a single small axial indication on the ID of the sleeve. The indication
was approximately 0.25 inch in length and was located approximately 1.0 inch below the top of
the sleeve. The indication was pat-through-wall (did not leak), with an estimated depth of
approximately 40% through-wall.

St Lucie-I

a. St Lucie-l has performed only visual inspections of heater sleeves up to this time. St Lucie-1 has
not experienced any leakage from heater sleeves.

b. Not applicable

c. Not applicable

d. Not applicable

e. Not applicable

f. Not applicable
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Remaining Responses to NIRC Request for Additional Information
Regarding

WCAP-16180-N'P, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

St. Lucie-2

a. St Lucie-2 has performed only visual inspections of heater sleeves up to this time. St Lucie-2 has
not experienced any leakage from heater sleeves.

b. Not applicable

c. Not applicable

d. Not applicable

e. Not applicable

f. Not applicable

Waterford Unit 3

a. Waterford-3 inspected October 2003

b. UT and ECT techniques were used for sleeve inspection. The UT inspection was with a time-of-
flight diffraction technique with a 10-PCS probe pair. ID surface examination was with a cross-
wound coil. Both techniques were MRP demonstrated techniques previously used for other Alloy
600 penetrations, including reactor vessel head CEDM and ICI nozzles.

c. UT inspection was capable of detecting axial and circumferential flaws initiating from either ID
or OD surfaces. The UT inspection focused primarily on OD initiated flaws.

The ECT examination was capable of detecting both axial and circumferential flaws, but was
capable of detecting only ID initiated part-through-wall flaws.

d. Two heater sleeves were inspected. Both sleeves were inspected with UT and ECT.

e. The inspection volume for each sleeve extended from the upper end of the sleeve (highest point at
which meaningful data could be obtained with UT and ECT) down to a minimum of 10 inches
below the low hillside of the partial penetration attachment weld.

f. One sleeve (CI) had a single axial flaw indication, approximately 400 counter-clockwise of the
low hillside position, which extended from slightly above to slightly below the weld.

The second sleeve (C3) had a single axial indication, approximately 60'F counter- clockwise
from the low hillside location, which extended from the mid-point of the weld to a location
slightly below the weld.
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Table 1

Summary of Non-Destructive Inspections of Alloy 600
Pressurizer Heater Sleeves in CE Plants

No. of
No. of Sleeves No. of Sleeves Sleeves

Non-Visual No. of Sleeves With Axial With Circ. With No
Plant NDE Inspected Indications Indications Indications

ANO-2 Yes 3 21 0 01

Calvert Cliffs-i Yes 44 3 1 41

Calvert Cliff-2 Yes 20 by ECT 20 0 0
12 by UT

Fort Calhoun No 0 0 0 0

Maine Yankee Yes 4 0 0 4

Millstone-2 Yes 4 4 0 0

Palisades No 0 0 0 0

Palo Verde-I No 0 0 0 0

Palo Verde-2 Yes 34 8 5 21

Palo Verde-3 Yes 1 1 0 0

San Onofre-2 No 0 0 0 0

San Onofre-3 Yes 1 1 0 0

St Lucie-l No 0 0 0 0

St Lucie-2 No 0 0 0 0

Waterford-3 Yes 2 2 0 0

Totals 125 41 6 66

Notes: 1. The length of sleeve inspected for one sleeve did not include the location where flaws were
expected.
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Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

Question #4

On page 5-24 of WCAP-16180-NP it is stated that, "the welding residual stresses were applied as
secondary stresses, which redistribute in the presence of the crack." So far, the NRC accepted only an
approach for applying residual stresses directly on crack faces (i.e., as primary stresses) for various
applications related to reactor pressure vessels, control rod drive mechanism (CRDM) penetrations, and
in-core instrument (ICI) nozzles.

a. Explain how your proposed method of applying welding residual stresses in combination with
operating stresses in WCAP-16180-NP is equivalent or conservative to the approach which has
been accepted by the NRC to date. In this case, "conservatism" should be understood to result in
faster PWSCC growth rates, shorter critical crack sizes, shorter time periods between when a flaw
may be detectable by leakage and when it would reach the critical flaw size for failure, etc.

b. If the method you proposed for applying welding residual stresses in combination with operating
stresses, in WCAP-16180-NP cannot be shown to be conservative relative to the approach that has
been accepted by the NRC to date, provide revised results applying residual stresses consistent with
the industry's approach for CRDM and ICI nozzles to support your current operability assessment.

c. If, after having provided the information requested in b., you wish the staff to review the method
proposed in WCAP-16 180-NP for applying welding residual stresses in combination with operating
stresses, provide an adequate theoretical discussion, supported by finite element modeling and test
data, of how welding residual stresses relax and redistribute with crack extension. The theoretical
discussion should include a comparison of the proposed approach with the corresponding case for
operating stresses caused by the applied loads.

Response #4

The fracture mechanics analyses described in WCAP-16180-NP were performed by including in the
model the operating pressure stresses as primary loads and the welding residual stresses as secondary
loads. Therefore, any change in stress state caused by the circumferential crack in the presence of the
combined loading is reflected in the model, including the increase in stress at the remaining ligament due
to the operating pressure end cap load on the sleeve.
In order to investigate the effects of crack opening on the sleeve stress state under operating plus welding
residual stress conditions, a new version of the analytical model for the 35.5° large-diameter heater sleeve
was created. In this version of the model, the mesh and geometry were identical to the model used in
support of WCAP-16180, except that the sleeve plane at the bottom of the weld (the location of the
hypothesized crack) was separated axially into two pieces. During the welding residual stress analysis,
the two pieces were joined together using coupled boundary conditions. Performing the entire welding
residual stress analysis in this manner produced a result that is nearly identical to the original model, with
the added capability to separate the two pieces along the bottom of the weld and simulate the presence of
the hypothesized circumferential flaw. The model geometry, with the separated crack plane indicated, is
shown in Figure 4-1 below. Note that this is a view of the plane of symmetry for the model, which runs
through the uphill and downhill locations, and shows the through-wall section of the sleeve and head
along with the ID surface of the sleeve.
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WCAP-16180-NP, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"
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Figure 4-1. Welding Residual Stress Model with Separated "Crack" Plane

By releasing the coupled boundary conditions through the wall of the sleeve, a through-wall
circumferential flaw of varying lengths can be simulated directly in the welding residual stress model,
without requiring a complex fracture mechanics mesh. Simulating the crack in this manner allows for
investigation of the change in stress in the model due to the crack while maintaining a regular mesh
geometry. Because the model is a one-half symmetry model, the circumferential crack modeled is
centered at either the downhill or uphill location, and the actual crack length simulated is twice the length
in the model. The crack lengths modeled ranged from 450 (22.50 half length) to 3150 (157.50 half length)
in steps of 450 total length. The range of crack sizes was modeled by progressively releasing the crack
face plane from small to large.

For each crack length, the through-wall average stress perpendicular to the crack plane was calculated for
the plane of nodes just below the crack plane (see Figure 4-1). By examining the change in stress along
this plane as the hypothesized crack grows, particularly relative to the sleeve intact (no crack) stress state,
the change in opening traction (externally applied stress) on the crack face can be described. The stress
results for a downhill centered crack are presented in Figure 4-2 below. Results for circumferential
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cracks with total lengths of 450, 1800, and 3150 are presented in the figure. For reference, the
circumferential position at the edge of the flaw is indicated on the figure.

Crack Opening Stress - Downhill-Centered Crack

- Intact Sleeve -+-45' Crack _U-180° Crack -*-315' Crack I

f0.

(icn

a0

rE

0.
0

U

-20,000 1 i i i i
0.0 30.0 60.0 90.0 120.0 150.0

Downhill Sleeve Circumferential Position
180.0

Uphill

Figure 4-2. Crack Face Traction Stress - Downhill-Centered Crack

Based on Figure 4-2, it is clear that the growth of the circumferential crack through the complex stress
field resulting from the combination of operating loads and welding residual stresses perturbs the forces
acting to open the crack. By including these changes in the stress field in the fracture mechanics model, a
more realistic estimate of the crack tip stress intensity factor (relative to that obtained using superposition
methods) can be provided.
It is noted that the impetus to perform analyses using the method proposed in WCAP-16180 originated in
part from work performed by Engineering Mechanics Corp. of Columbus (EMC2), the contractor for
NRC-Research that has been tasked with providing independent welding residual stress and fracture
mechanics data for RPV head nozzle penetrations. The EMC2 data have been used in work performed by
NRC-Research and Argonne National Labs on safety assessments for RPV head nozzle penetrations over
the past two years. Based on discussions with EMC2, and based on comparisons between the fracture
mechanics results, the method proposed in WCAP-16180 is substantially similar to the EMC 2 method.
Further discussion of these comparisons is provided in the response the question number 6, further below.
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Question 5

Provide relative radial displacements (gaps) between the heater sleeve and the pressurizer bottom head
bore surface for the limiting heater. Since the assembly of the sleeve and pressurizer bottom head
connected by the J-groove weld has the geometry of a cylindrical crack, provide a quantitative assessment
of the applied stress intensity factor, K, and the potential for fatigue crack initiation and growth.

Response 5

The table below provides data on the gap dimensions for the CE plants with Alloy 600 heater sleeves. As
noted in the table, all Alloy 600 sleeves have been replaced with Alloy 690 sleeves in two of the plants.
The gaps were calculated from dimensions specified on fabrication drawings for each of the pressurizers.
The values listed represent diametral gaps; radial gaps would be one-half of the values cited.

Gap, inch, Gap, inch,
Plant minimum maximum

Palisades 0.000 0.003

Fort Calhoun 0.002 0.006

Calvert Cliffs-i 0.002 0.007

Calvert Cliffs-2 (2) (2)

St. Lucie-1 0.002 0.007

St Lucie-2 0.002 0.008

Millstone-2 0.002 0.007

Arkansas Nuclear One -2 0.002 0.007

San Onofre-2 0.002 0.008

San Onofre-3 0.002 0.008

Waterford-3 0.002 0.008

Palo Verde-i 0.002 0.008

Palo Verde-2 (2) (2)

Palo Verde-3 0.002 0.008

Notes: 1) Values listed are diametral gaps. Radial gaps are one-half of values listed.
2) Original heater sleeves have been replaced by Alloy 690 heater sleeves.

The table indicates heater sleeves were installed with a radial gap of at most 0.004 inch, and this gap
opens slightly when the pressurizer vessel is pressurized. The maximum increase in gap is about 0.001
inches.

This has very little effect on the stresses on the heater sleeve J-groove attachment welds, as seen in the
plots of the stresses shown below. Specifically, these results are the distribution of stresses in the
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attachment weld, with the stress at the intersection with the gap shown as the zero position. Note that the
stresses all start at the zero position, but the weld size varies with circumferential location.

Results for all the heater sleeve cases analyzed are shown in Figures 5-1 through 5-6 below. Note that the
stresses at the intersection of the weld and the gap (shown as the '0' stress) are all below 30 ksi, and
generally decrease with distance into the weld. This is an indicator that it is very unlikely that the radial
stresses would initiate a crack at this location. Experience has shown that stresses in excess of the yield
stress are necessary to cause crack initiation.

Figure 1: 27.2 degree Large Heater Sleeve
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Figure 2: 35.5 degree Large Heater Sleeve
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Figure 3: 52 degree Large Heater Sleeve
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Figure 4: 23.5 Degree Small Heater Sleeve
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Figure 5: 38.5 degree small Heater Sleeve
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Figure 6: 59.7 Degree Small Heater Sleeve
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Question #6

In WCAP-16180-NP, the applied K values were calculated using the J-integral software developed by
Dominion Engineering. Provide validation of the software by comparing results from it with those from
widely used commercial Fracture Elastics Mechanics (FEM) codes. Discuss the effect of mixed modes,
KI, Kil, and KM, and the choice of surface (or volume) of integration on the surface independence of
your J-integral (note, the validation reported in Reference 14 in WCAP-16180-NP is too general and
detailed information should be given if the validation there could be used to resolve this question.

Response #6

Validation of FEA-Crack Software

In responding to this question, it is noted that the J-integral software used to calculate the applied stress
intensity factor K values was a commercial package, called FEA-Crack, that generates finite element
models with crack meshes and post-processes the analytical results for these models. The software does
not perform analysis of the finite element models; this task is performed by finite element analysis (FEA)
software such as ANSYS, ABAQUS, or Warp3D. When ANSYS results are post-processed by FEA-
Crack, the software performs the J-integral value calculations for the mesh using the analysis results; in
contrast, when ABAQUS or Warp3D is used, the J-integral values for the mesh are read directly from the
results file.

A brief summary of how the FEA-Crack software uses ANSYS results to calculate the J-integral values
for a crack mesh generated by FEA-Crack is included in Attachment 6-1. Extensive validation of the
methods used by FEA-Crack to calculate J-integral values from ANSYS results has been performed by
the developers of FEA-Crack. One example taken from the validation report is for a part depth
circumferential crack along the inner diameter of a cylinder, as shown in Figure 6-1.

Figures 6-2 and 6-3 are excerpts from the FEA-Crack validation report and present results for the non-
dimensional stress intensity parameter Go in the case of a 20% through-wall crack subjected to uniform
crack face pressure. The calculated values for Go are also compared to published solution values, which
are shown as the dashed lines in each of the figures.. The results are calculated using J-integral values
obtained from the same crack mesh solved in ABAQUS (Figure 6-2) and in ANSYS (Figure 6-3). As
noted above, the ABAQUS J-integral values are read directly from the results file, whereas the ANSYS
results are calculated within FEA-Crack. Therefore, the following data results may be used to compare
the J-integral calculation methodology used by FEA-Crack in conjunction with the ANSYS solution and
the J-integral calculation used by ABAQUS.
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Figure 6-1. Part-Depth Circumferential Crack Along Cylinder UD

Cylinder with an internal circumferential surface crack
Rit = 5. aft = 0.2, uniform crack face pressure, ABAQUS results
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Figure 6-2. ABAQUS Calculation Results from FEA-Crack Verification Report
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Cylinderwmth an internal circumferential surface crack
Rift = 5. alt = 0.2, uniform crack face pressure, ANSYS results
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Figure 6-3. ANSYS Calculation Results from FEA-Crack Verification Report

As demonstrated by Figures 6-2 and 6-3, there is excellent agreement between the results obtained from
ABAQUS J-integral values and those obtained from J-integral values calculated from ANSYS solution
data by FEA-Crack. Many additional examples are available in the FEA-Crack validation report.

Effect of Mixed Crack Opening Modes

Due to the complex nature of the loading generated by the welding residual stresses, it was expected that
the analytical solution would include mixed crack opening modes. However, it is not possible to
determine the contribution of each mode to the overall solution, since the J-integral is a scalar quantity
which cannot be broken back down to the vector components of the crack opening modes. The scalar J-
integral value is computed directly by element integration; no component values are ever available. The
lack of information regarding opening mode is why the crack tip stress intensity calculated from the J-
integral value is referred to as a Kq, or "equivalent K", which is the best estimate of K for the type of
solution used in WCAP-16180. It may be noted that EMC2, the NRC-Research contractor performing
similar analyses, uses the same terminology in describing their analysis results.

In order to validate the use of DEI's methodology in the presence of mixed mode loading, an additional
verification case was performed for a crack geometry that generates mixed mode crack opening and that
has published solutions for the different modes. The geometry selected is for a through-wall central crack
in a plate subject to uniform tension, with the crack axis slanted relative to the loading direction (Figure
6-4). This arrangement generates both Mode I and Mode II crack opening. The K values for both modes
can be calculated using case 1.1.16 from Rooke and Cartwright's Compendium of Stress Intensity
Factors, then combined together to calculate the theoretical J-integral value. This J-integral value can
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then be compared against the J-integral calculated from the ANSYS solution results for the same
geometry.

a 2*5b 1

| ~2 *5 b ,

Figure 6-4. Theoretical Solution Case for Slanted Through-Wall Crack in a Plate

The specific geometry used in this example is for a crack rotated 450 (j) from parallel to the loading
direction, located at the center of the plate, with a total crack length (2a) of 1 inch. The plate dimensions
are 12.5 inches (2.5b) along the axis of loading (length), 10 inches wide (2b), and 1 inch thick. The
uniform tensile load (a) is equal to 10,000 psi. According to Rooke and Cartwright, both the K1 and Ku
crack tip stress intensities for this configuration are equal to 0.5 alara = 6,267 psi-4 in. Using a Young's
modulus of 30E6 psi and plane stress conditions, the theoretical J-integral value for the combined loading
modes is equal to 2.62 in-lbs/in2.

The same configuration was analyzed using FEA-Crack to generate the model geometry, using ANSYS to
perform the solution, then using FEA-Crack to compute the J-integral values from the ANSYS solution.
Although the loading is less complex, the mesh refinement for this FEA model is similar to that used in
WCAP-16180. Additionally, other key similarities were maintained between the verification case and the
analyses described in WCAP-16180, such as using eight-node brick elements, using a keyhole along the
crack front instead of collapsed nodes, and using five J-integral contours at distances automatically
generated by FEA-Crack. While the FEA model provides a number of J-integral results along the length
of the crack front, the average J-integral along the crack front was used for the comparison to the
theoretical value in keeping with the methods used in WCAP-16 180.

The average through-wall J-integral value was calculated using the analysis model to be 2.66 in-lbs/in2,
which is about 1.5% higher than the theoretical value. In addition to the excellent agreement to the
theoretical result, the parameters used to check independence of the J-integral contours showed very little
path dependence for these model results.

Additional efforts have been made toward validating the methodology used to calculate K in the presence
of mixed mode loading by comparing results for RPV top head geometries to those obtained by EMC2,
the NRC-Research contractor performing similar analyses. These comparisons are presented in Figure 6-
5 below. Also shown on the figure are results for a similar geometry using loading based on
superposition methods. It is noted that the analysis assumptions and methodology used to calculate
welding residual stresses in the EMC2 model are not identical to those used by DEI; additionally, the
penetration geometries for which the results are calculated are not the same. However, the plots show a
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definite consistency between the two sets of analyses, especially considering the differences between the
models. Note that the high curve (triangle symbols) is the result using superposition.
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Figure 6-5. Calculated Stress Intensity Factors For RPV Top Head Penetration Nozzles

J-integral Path Independence and Contour Selection

The issue of J-integral path independence is essential to determining if a valid calculation of the J-integral
value has been achieved. The J-integral is theoretically a path-independent contour integral; obtaining
low path dependence for J from FEA results using element integration indicates that valid J-integral
results were computed. When FEA-Crack reports the J-integral value for a particular location, the
average of all but the first contour is calculated. In the specific case of the DEI model, which uses five
concentric ring contours (see Figure 6-6 below), contours 2 through 5 are averaged. The pattern shown in
Figure 6-6 is at the ID surface of the sleeve; this pattern is repeated along the through-wall crack front,
with the J-integral evaluated at eight points through the sleeve wall.
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Figure 6-6. Local Crack Mesh for DEI Model Showing J-Integral Contours

As noted above, the software also outputs a parameter that may be used to assess the path independence
of the result. The "J path dependence" parameter is the largest percent variation among contours 2
through 5 from the average value reported. According to the developers of FEA-Crack, a "3 path
dependence" parameter less than or equal to 0.05 is generally considered acceptable. The path
dependence parameter is tracked among the results input by DEI while calculating the overall J-integral
(and resulting K,,) values. In nearly all cases, the path dependence parameter is below 0.05, values
typically range from 0.005 to 0.025.
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I FEA-Crack Post Processing

After generating a 3D finite element crack mesh, the finite element analysis (FEA) is done using a
program like ANSYS. The computed results typically included the node displacements, the element
stresses, and element strains. The FEA-Crack post processor reads the ANSYS *.rst binary result file to
obtain the available displacement, stress, and strain results. Like other FEA post processing programs,
the deformed shape of the mesh can be viewed, and a color contour of a stress or strain component or
invariant can be viewed on the mesh picture. For crack analysis the other result values of interest include
the J-integral (a measure of the crack energy release rate), and the stress intensity K. The crack results
can then be used for additional crack assessment calculations; for example, a fracture assessment.

2 Using ANSYS Results To Compute the J-integral

Some FEA programs like ABAQUS and Warp3D include an option to compute the J-integral as part of
the results. When available, the J-integral values can be read directly from the FEA result file. However,
ANSYS does not support the J-integral as an output to the result file. Since the J-integral calculation can
be done after the analysis is complete using the results, the J-integral can be computed in FEA-Crack
using the appropriate results from ANSYS.

To activate the J-integral post processing module, the displacement, stress, and strain output must be
selected at the element integration point locations (output at the Gauss points) in the Program Options
form. When the 3D crack mesh is generated, the ANSYS input file contains the appropriate output
requests for the results at the element integration points. Additional mesh information needed for the
FEA-Crack J-integral module is included as a comment data block at the top of the input file. The
comment data block contains information about the crack symmetry, the number of contours requested,
the crack front propagation direction, the number of load steps, and any crack face loading values. The
values in the comment data block are read along with the FEA results during the post processing. The
FEA-Crack J-integral module in the post processing is automatically used for an ANSYS result file when
output at the element integration points is available.

The J-integral values computed using the ANSYS results are then reported in the post processing plot and
data forms. The J-integral is computed for both single step elastic analyses and multi step elastic-plastic
analyses.

The J-integral is defined theoretically as a contour integral. In 3D the contour would be on a surface
surrounding the crack front. Numerically, a surface contour would be very difficult to implement for a
finite element mesh. Instead, the divergence theorem is used to convert the surface contour integral into a
volume integral. For finite elements a volume integral is much easier to implement; the numerical
calculations can use the same integration points and weighting values as used to generate the global
stiffness matrix. By using the results at the element integration points from ANSYS, all the values
needed are available to compute the J-integral at each crack front node.

The definition and details of the J-integral can be found in reference [1], section 11.3. The J-integral is
summarized here; the equations given below are taken from [1]. The J-integral is defined by a contour
around the crack front, 10 , and that contour is defined to be vanishingly small:
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J = limo 0 rtI(w + T)5,i - ciU }

Where w is the stress work, T is the kinetic energy density, car is the stress, u is the displacement, and n is
the normal to the contour. This form of the J-integral equation does not accommodate numerical
calculations since the FEA mesh with its finite size elements cannot support the requirement of the
vanishingly small contour size. Instead, a closed path contour around the crack front is used to allow a
finite size contour to be used. For either 2D or 3D cracks the divergence theorem is used to change the J
contour integral equation to an area integral for 2D or a volume integral for 3D. Since J may vary along a
3D crack front, a weighted average J can be computed for finite length segments, AL, along the crack
front. The general form of the volume integral for J in 3D is given by:

JAL = aI{[o.. -wal]Ž

+ j au U _ +aj aa, - Fj a 'gdV
& x] UaI ax,]}J

au.-
- J a 2  qdr

Where V* is the volume enclosed by the contour surfaces, a is the coefficient of thermal expansion, and
e is the temperature. S+ and S- are the two crack face surfaces. The p super script indicates plastic
components. The function q is used to enable the area and volume integral; as described in reference [1]
q is arbitrary as long as it has the correct value on the domain boundary (q = 0 on the boundary); the
recommended q function is used in the FEA-Crack J-integral module.

To implement the J-integral using FEA results, the volume integration is converted to a discrete form that
uses the Gauss integration (similar to the discrete integration to form the global stiffness matrix). The
function q within an element is interpolated using the element shape functions:

q(xi ) =NE Nqr
1=1

Where n is the number of nodes per element, q1 are the nodal values of q (chosen appropriately for brick
elements), and N1 are the element shape functions (the same shape functions used to form the global
stiffness matrix). For a 3D crack mesh made of brick elements; the shape functions for 8-node or 20-node
brick elements are used. The spatial derivatives using the shape functions are given by:

aq n 2or3IaNi a
axj 1=1 k=l at axj

Where 6k are the isoparametric coordinates for the element shape functions. The discrete form of the J-
integral equation becomes a summation in place of the analytic integral to integrate J over the volume; for
a FEA mesh J is given by:
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J = E uj _ wiaq ] det - w

Z E a2j -q O

Where m is the number of element integration points (Gauss points), and wp and w are the Gauss point
weight values for the numerical integration; the p subscript indicates quantities that are evaluated at the
Gauss integration points. This is the form of the I equation implemented in the FEA-Crack J-integral
module. When using ANSYS FEA results to compute J, the stress and strain components at the Gauss
points are required, along with the node displacements. The same brick element shape functions and
Gauss point integration weight values are used as in ANSYS; the brick element values are available from
the ANSYS user's manual. The concentric rings of elements making up each contour around a crack
node are determined automatically. Each crack node along the 3D crack front is used to get the first
group of elements used to compute J for the first contour, then an additional ring of elements is added for
each contour up to the given total number of contours to be computed.

3 References

1. Fracture Mechanics. Fundamentals and Applications, T. L. Anderson, CRC Press, 1995, 21d Ed., pp.
578-585.
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Question #8:

The operability assessment provided in WCAP-16810-NP is based upon the assumption of a initial
circumferential flaw below the J-groove weld which is completely through wall over some fraction of the
heater sleeve circumference with no degradation present in the rest of the heater sleeve cross-section. This
"idealized" flaw geometry is analytically convenient, but may not represent the most detrimental flaw
geometry which could. potentially develop in these heater sleeves.

For each heater sleeve geometry which was evaluated, provide a complimentary operability assessment
which assumes an initial circumferential flaw below the J-groove weld which extends 360 degrees around
the circumference of the heater sleeve, on the inside surface, with a depth of- 10 percent of the wall
thickness. Consistent with the discussion in question (4) above regarding the evaluation of residual and
operating stresses:

a. Discuss how this flaw would grow in the radial direction, focusing on differences in PWSCC
growth rates around the circumferential extent of the flaw.

b. Determine the time period before this initial flaw would be detectable by reactor coolant pressure
boundary leakage monitors or by visual examinations.

c. Determine the time period before this initial flaw could lead to heater sleeve severance, consistent
with the criteria for predicting severance postulated in WCAP-16180-NP.

Response #8:

Stress profiles are shown for each of the six heater sleeve geometries evaluated in the report (Figures 5-
2b, 5-3b, 5-4b, 5-5b, 5-6b, and 5-7b). Each of these figures shows a set of color stress contours for a cross
section of the heater sleeve, and the results are very similar.

The stresses that could propagate a circumferential flaw (axial stress) vary significantly around the
circumference, as may be seen from the figures. At the uphill and downhill locations, the stresses exceed
50 ksi, while at the mid-side locations the stresses range from small to compressive. This distribution of
stresses is not conducive to the creation of a continuous circumferential flaw, which is the reason such a
calculation was not included in the report.

It is also important to emphasize that we are not relying on leak detection systems to identify leakage, but
rather on the visual inspections which are conducted at every outage to identify boron deposits on the
bottom head. Virtually as soon as a flaw reaches a leakage situation the boron would be detected, because
the borated water would be led down the tube by gravity, and would be visible on the bottom head. The
only delay in finding the leakage would be the timing for a scheduled visual exam, which would in no
case be longer than 24 months, because some units operate on 24 month fuel cycles. As is discussed in the
answer to question 12, multiple inspections would occur before there is any risk of failure of the heater
sleeves.
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Question #9

A substantial part of the technical basis for the operability assessment in WCAP-1 6180-NP relies on the
ability to accurately, or conservatively, predict leakage from tight PWSCC flaws. In general, leak rate
predictions are very uncertain and highly sensitive to assumptions made about the morphology of the
leaking flaw.

Section 5.6, "Leak Rate Calculations" of WCAP-1 6180-NP states that, "[procedures used in these
calculations have been reviewed and approved by the NRC in prior work for Leak-before-Break (LBB)
reports on reactor primary loop systems." It is not clear from this description whether this is in reference
to only the methodology used by Westinghouse for the calculation for leakage due to two-phase flow, or
also in reference to essential crack morphology parameters (flaw surface roughness, number of turns, etc.)
used by Westinghouse in LBB evaluations. Essential crack morphology parameters used in LBB
evaluations are usually based on corrosion-fatigue crack morphologies and would lead to very non-
conservative leakage rate estimates for PWSCC flaws.

Provide the following:

a. The values for essential crack morphology parameters used in the evaluation.

b. A technical basis for why the essential crack morphology parameters cited in response to
part (a) are representative of PWSCC flaws

c. A reassessment, if necessary, of the leakage rate vs. crack length plots given in Figures 5-19 and
5-20, if the essential crack morphology parameters used in the original analysis were not
representative of PWSCC flaws.

d. An extension of the original analysis or the reanalysis performed in response to part (c) which
extends the information shown in Figures 5-19 and 5-20 out to the point of showing the flaw size
which would give 10 gallons per minute of leakage.

e. In addition, both the operability assessment and the inspection recommendations provided in the
December 23, 2003, letter that forwarded WCAP-1 6180-NP are based on the ability to visually
identify evidence of leakage. Provide, based on your crack growth and leak rate analyses, an
assessment of the time required for evidence of leakage (i.e., boron deposits) to become visible at
the exterior surface of the pressurizer shell after a flaw initially begins to leak. This question is
particularly relevant given the experience with the reactor pressure vessel (RPV) bottom mounted
instrumentation (BMI) nozzles (a penetration configuration which is similar to pressurizer heater
penetrations) at South Texas Project Unit 1 (STP Unit 1). The STP Unit I experience suggested
that, based on isotopic analysis of the deposits found on the RPV surface, that the STP Unit 1
nozzles may have been leaking for 3 to 4 years prior to boron deposits becoming visible.

Response #9

The technical basis for the operability assessment does NOT rely on the ability to accurately predict
leakage rates, although this information is included in the report. The primary argument to support
operability is the low likelihood of ejection of a heater sleeve, and the periodic visual inspections of the
bottom head of the pressurizer to identify any signs of leakage via boric acid deposits.
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a. The surface roughness value used in the leak rate calculation is 1.5 times higher than the industry
recommended value for fatigue cracking, to account for the increased roughness of the surface.
There are no 45 degree or 90 degree turns used in the leak rate calculations.

b. The Westinghouse leak rate calculation method was benchmarked using both laboratory and
service data. The service data were obtained from observed leakage through a cracked austenitic
steel safe-end in the Duane Arnold Nuclear Plant.

The NRC staff has reviewed and accepted the Westinghouse leak rate calculation benchmark
information (NUREG-0781 Supplement No. 2, Safety Evaluation Report related to the operation
of South Texas Project, Units 1 and 2, Docket Nos. 50498 and 50-499, January 1987).

IGSCC was the mechanism for the Duane Arnold safe end leak. Westinghouse believes that the
leak rate calculation performed and presented in WCAP-161 80-NP is reasonable and the results
should be representative. The purpose of the leak rate calculation was to show how much leakage
is expected for various hypothetical postulated through-wall flaws.

The visual inspection of the pressurizer bottom head is an effective method for detecting a
leaking sleeve and any damage to the pressurizer shell as a result of boric acid corrosion. The
main intention is to find the boric acid from a leaking pressurizer heater sleeve by inspection and
not to find the leakage through the plant leak detection system. The report shows that the
equivalent time from first leakage from a small flaw to a potential ejection of the sleeve would be
several years. The periodic visual inspection would provide several opportunities to locate any
boric acid at the outer surface of the heater sleeve and therefore the leak rate calculation
information is not a central part of the operability argument.

c. As indicated above Westinghouse believes that it is not necessary to reassess the leak rate vs.
crack length plots given in Figures 5-19 and 5-20 of the subject report, as the predicted leakage
rate is representative of PWSCC flaws, as shown in the bench marking work discussed in the
response to question 9b.

d. Since the intention is to find the boric acid, and not the leakage, it is not necessary to calculate the
10 gpm leakage flaw size.

e. There is no interference fit between the heater sleeves and the pressurizer bottom head (See the
response to RAI 5), and thus no there is nothing to prevent leakage from reaching the outside
surface of the bottom head. Since the bottom head is below the heater sleeves, gravity serves to
promote the leakage running down the bottom head of the pressurizer. As soon as a through-wall
flaw develops, leakage will begin, and boric acid should be visible on the bottom head. The
indications of leakage will be most readily visible with a bare head visual exam.
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Question #12

The report states that the crack growth rate projections are based on the "MRP. curve," and that the materials reliability
prqject (MRP) curve was not designed to be an upper boumd to all available crack growth rate data. Figure 5-17
illustrates that individual data points for crack growth rates observed in the laboratory can exceed the MRP curve by
flactors as large as 6.6. While the NRC bas accepted the use of the MRP curve in detemnnistic flaw evaluations (for flaws
in base metal) for RPV head penetrations, uncertainty in the flaw growth rate data should be evaluated when
evaluating the probability of pressuizer heater sleeve failure.

Provide an assessment which demonstrates the effect of the uncertainty in PWSCC flaw growth rates on the
probability of pressuizer heater sleeve failure and the estimated .time required for flaw to grow firom being detectable
by leakage to the size where it could lead to failure of the penetration.

Response #12

The evaluation presented in the report is deterministic, and therefore used the recommended PWSCC
model for a deterministic calculation. The model represents a 75k percentile of the screened date, so there
is conservatism in the approach, as the curve bounds 75 percent of the heats in the database.

In developing the report, it was judged that the evaluation was sufficiently conservative that quantifying
the uncertainty was not necessary. The results can be easily used, however, to assess the level of
conservatism, as follows:

* In Figure 5-21, a through-wall circumferential flaw was assumed to exist in the most governing
small heater sleeve, the 59.7 degree location. Such a flaw will certainly produce leakage, visible
as boric acid deposits, on the bottom head of the pressurizer. The evaluation shows that 10 years
are required for this assumed flaw to propagate to failure (ejection of the heater sleeve). During
that 10 year period, there will be at lest five or six visual inspections (depending on whether the
fuel cycle length is 18 or 24 months) of the bottom head, looking for boric acid deposits. Only
one inspection is necessary to find the boric acid deposits. Experience indicates that visual
inspection is an effective way for detecting leakage from very small flaws..

* In Figure 5-22, a similar assumed through-wall flaw in a large heater sleeve at 52 degrees would
require about 16 years to reach a critical length. There would be at least 8 to 10 inspections in this
period, again depending on fuel cycle length.

* In Figure 5-23, for a 35.5 degree large heater sleeve, at least 10 years, with at least five or six
inspections, would be required before a heater sleeve could fail

Therefore it seems abundantly clear that a conservative assessment has been completed, and that the
heater sleeves continue to operate in a safe manner.
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Question #13

Stress analyses used to predict crack growth rates are based on simulation of the welding process and
these simulations are typically "ideal" models of the welding process. Experience with the leaking cracks
in the nozzles located in the upper and lower reactor vessel heads indicates actions during fabrication
(e.g., grinding, repair welds, straightening of nozzles, etc.) can produce "non-ideal" welds and/or residual
stress fields which lead to cracks where none were predicted to occur based on similar "ideal" models of
the welding process.

Provide an assessment of how actions such as grinding, repair welding, and straightening or reaming of
heater sleeves in the presence of welding anomalies could change the predictions in this report. In
particular, what is the effect on the predicted crack growth rates and the probability that a crack would
leak enough to assure detection before sleeve ejection could occur.

Response #13

Question #13 cites a number of processes and conditions from the fabrication process that could influence
stress corrosion crack initiation and growth. These include sleeve straightening (to correct deformation
caused by weld shrinkage), grinding, reaming of the inside surfaces of the sleeves, repair welds, hot
cracking of weld metal, lack of fusion of the weld metal, and possibly others.

Section 3.2 of WCAP- I61 80-NP Revision 0 summarizes the process steps for heater sleeve fabrication,
sleeve penetration hole machining and welding of heater sleeves into the pressurizer bottom head. The
review of shop travelers indicated that straightening was not used to correct misalignment caused by weld
shrinkage of the heater sleeves. This was a practice for other nozzle type applications, such as bottom
mounted instrument nozzles and CRDM nozzles, but not the sleeves. Thus, the effect of straightening is
not an issue for heater sleeve applications.

The fabrication process review did indicate that reaming of the inside surfaces of the sleeves was
performed for a number of pressurizers. Reaming would have been performed after installation to insure
a check rod (gage) could pass through the sleeves after installation.. In most cases the number and
identities of the reamed sleeves were not recorded. Reaming is a mechanical metal removal process; the
amount of metal removed by reaming and the locations where material was removed was dependent on
the amount of distortion caused by the welding process. Reaming, like machining or grinding, produces a
thin layer of cold-worked material. A previous CEOG study indicated that this layer could be as much as
0.010 inch thick, based on hardness changes. Another literature study (Ph. Berge, et al, "Surface
Preparation and Stress Corrosion Cracking Models", 13*' International Corrosion Congress, Nov. 25-29,
Melbourne, Australia) indicated machining could produce a cold-worked layer of material approximately
0.004 inch thick.

A cold-worked material is more susceptible to SCC than the annealed condition of the same grade. The
cold-worked layer may have high tensile residual stresses that could adversely affect crack initiation. The
cold deformation of a surface tends to produce a local elongation that is resisted by the underlying non-
deformed material, leading to surface compressive stresses (which would mitigate crack initiation).
However, the mitigation effect will be present only if the compressive stresses are uniformly distributed
across a surface, as might be the case for a pre-service shot-peening or similar operation. Operations,
such as machining and grinding could produce non-uniform stress distributions, with local tension peaks
which can serve as crack initiation sites. Reaming then could have created a more PWSCC susceptible
layer of material at the inside surfaces of the sleeves and high tensile residual stresses, which could have
shortened the crack initiation time.
WOG-04-540 Page 34 of 38



Remaining Responses to NRC Request for Additional Information
Regarding

WCAP-16180-N'P, "Operability Assessment for Combustion Engineering Plants with Hypothetical
Circumferential Flaw Indications in Pressurizer Heater Sleeves"

The cold-worked layer is relatively thin and once the cracks progress through this layer, reaming will not
have any significant effect on subsequent crack propagation rates. Reduced crack initiation time could
result in reduced time to a through-wall flaw. The important times identified in WCAP-16180-NP Rev 0
are the times required for through-wall flaws to grow from sizes sufficient to provide detectable leakage
to the critical sizes for sleeve ejection. The evaluation assumed a through-wall flaw existed already, thus
the presence of a thin, cold-worked layer at the inside surface will not affect this time.

Grinding will have similar effects. During the welding process, the welds were periodically inspected
with dye penetrant (PT). Any PT indications were removed by grinding. Also, any repair welds required
were also ground after completion. These were all in-process steps, and as such, the permanent records
do not include information on the sleeve welds which were ground. For example, one sleeve (B-9), at
Palo Verde-2, was ground after a weld repair to correct burn through. Since grinding will produce a cold-
worked layer, the overall effect will be the same as for reaming (reduce initiation time, no effect on
propagation time).

Hot cracks or tears may occur in the weld metal. If connected to the wetted surface of the welds, such
flaws should be detected by the ASME Code required liquid penetrant inspections and removed (by
grinding). If surface connected hot cracks were not detected by the Code required inspections, they could
serve as initiation sites for PWSCC, which could propagate through the weld to the annulus resulting in
leaking of primary coolant. Thus, hot cracks could serve to reduce crack initiation times, which would
reduce times for through-weld crack propagation. Sleeve ejection will be caused by circumferential flaws
in the sleeves below the weld and not by flaws propagating through the weld. Visual inspections of
heater sleeves committed to by CE fleet owners will detect leakage resulting from weld flaws before boric
acid corrosion of the pressurizer or significant OD cracking of the sleeve occurs.

Lack-of-fusion (LOF) results from the failure of the molten weld metal to fuse with the nozzle material,
the weld overlay or with an earlier weld pass. Lack of fusion at the weld/weld overlay interface or
between weld passes extending for 3600 will not result in sleeve ejection because the diameter of the
sleeve and remaining weld metal will be greater than the diameter of the bore hole. Only if the LOF is
between the sleeve and weld metal is there any possibility that this condition will result in sleeve ejection,
and then only for the smaller diameter sleeves. The larger diameter sleeves have an anti-ejection collar
that is an integral part of the sleeve and is significantly larger in diameter than the sleeve hole in the
pressurizer. Although a calculation has not been conducted to determine the amount of sound metal
required to prevent nozzle ejection, prior analyses of other Alloy 600 nozzles have indicated that
complete LOF between the nozzle and weld metal covering up to 3300 of the circumference would be
required to fail the remaining weld metal and cause nozzle ejection [ "Experiences with Detection and
Disposition of Indications in Head Penetrations of Swedish Plants", Bamford et al, PVP vol. 288, pp 29-
40, ASME, 1994]. Similar levels of LOF would be required to cause ejection of a heater sleeve.

Areas of LOF could act as stress concentrators, thereby reducing crack initiation times. Also, areas of
LOF could reduce the amount of weld metal a crack would have to traverse before the crack became
through-weld and produced a leak. Reduced initiation times would occur only if the LOF breaks the
surface of the weld, permitting ingress of reactor coolant. If the LOF is subsurface, the absence of the
aqueous environment would preclude SCC crack initiation and propagation. The possibility of deep LOF
opening to the surface would have been reduced by the in-process and final PT inspections, which would
detect such areas and require repair. Even if leaks were to result from LOF, the visual inspections to
which the CE owners have committed will detect leakage resulting from such flaws before significant
boric acid corrosion of the pressurizer or significant OD cracking of the sleeve occurs.
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If the in-process or final PT inspections detected flaws exceeding ASME Code criteria, the flaws would
have been weld repaired. The review of the fabrication records did confirm that weld repairs were
relatively uncommon, but quantitative details are not available.

The welding residual stress analyses are not capable of including the effects of manufacturing processes
such as grinding and reaming, which have a great impact on the surface stresses of the nozzle/sleeve
material. However, since the stresses induced by these processes are typically surface-type stresses, the
"base" material tends to experience a stress state that remains similar to that predicted by the "ideal" finite
element analysis.

No applicable analyses have yet been performed to examine the impact of a repair weld on the stress state
in the sleeve at the bottom of the weld. Therefore, in response to this question, supplemental analyses of
the 35.5° large-diameter heater sleeve penetration have been performed to simulate a part-depth, partial
arc weld repair centered at the downhill side of the nozzle. This geometry configuration was selected
because the circumferential indications that led to the issuance of WCAP-16180 were centered on the
downhill side of the large diameter heater sleeve at the top of the weld. Therefore, it is natural to
hypothesize that the cracking may have been the result of stresses resulting from a weld repair.

The model geometry showing the weld repair section is presented in Figure 13-1 below. As shown in the
figure, the weld repair region assumed is one-half the weld depth by

Weld Repair

/ \

Side View Downhill View
Showing Angular Extent

Figure 13-1. Welding Residual Stress Model Showing Weld Repair Region

one-half the weld width in cross section, and extends over a 450 section. Since the model is one-half
symmetric, the total modeled arc length of the repair region is 900.
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In order to simulate the repair, following the welding residual stress analysis, the repair region is
analytically removed from the model, and the repair section is re-welded in a single weld pass. Figures
13-2 and 13-3 below present the operating hoop and axial stresses in the sleeve, both before and after the
weld repair.

':. 1..1:
, i i'a)'

Base McdO Weld Repar Modet

Figure 13-2. Operating Hoop Stress Comparison

Llo 1:

Base Model Weld Repair Model

Figure 13-3. Operating Axial Stress Comparison
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As demonstrated by Figure 13-2, the effect of the weld repair on the overall hoop stress state of the sleeve
is small. Figure 13-3 shows that the repair shifts the location of peak axial stress away from the exposed
surface at the OD of the sleeve to the middle of the weld location (away from the site of the cracking
indications). Additionally, there is a small, but noticeable, effect from the weld repair at the bottom of the
weld location. In order to explore this effect, through-wall average crack opening stresses were recorded
along the sleeve plane at the bottom of the weld (the hypothesized crack location in WCAP-16180) both
before and after the weld repair. This comparison is presented in Figure 13-4 below. On the figure, the
edge of the 90° total arc length repair (450 in the model) is indicated.
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Figure 134. Sleeve Through-Wall Average Stress at Weld Bottom - Before and After Repair

As shown in Figure 134, the effect of a weld repair on the stress at the crack plane is limited to the region
of the repair itself. Additionally, the stresses tend to balance out around the circumference of the nozzle.
Therefore, it is expected that the effect of a weld repair on the overall crack growth calculated in WCAP-
16180 will be small.
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