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| GPU Nuclear,lnc.!

l ( .. Route 441 South

NUCLEAR Post Office Box 480

Middletown. PA 17057 0480
Te1717-S44-7621

6710-97-2348
August 08, 1997

U.S. Nuclear Regulatory Commission
Attn: Document Control Desk

- Washington, DC 20555

Dear Sir:

Subject: Three Mile Island Nuclear Station, Unit 1 (TMI-1) -

Operating License No. DPR-50
Docket No. 50-289 '

Once-Through Steam Generator Kinetic Expansion Inspection Acceptance Criteria

In accordance with NRC's request at the July 25,1997 GPU Nuclear /NRC meeting, this letter
provides the proposed TMI-l Once-Through Steam Generator (OTSG) Kinetic Expansion
Inspection Acceptance Criteria. A summary description of the acceptance criteria and supporting
analysis is also described in Attachment 1. Attachment 11 provides the detailed technical

- evaluations for the acceptance criteria. This inspection criteria is presently planned to be utilized
for inspection of the TMI-l OTSG tubes in the kinetically expanded tube-to-tubesheet joint area |

during the upcoming 12R outage (September 1997). Additionally, GPU Nuclear is continuing to l
reevaluate existing calculated tube loads. This reevaluation may result in revisions to the kinetic

- expansion inspection acceptance criteria; however the analytical method discussed in Attachment
I will remain the same. h

- A follow-up TMI-l license amendment request is planned to be submitted to the NRC by
August 15,1997 This follow-up license amendment request is to conservatively address the
effects of accident induced tube leakage resulting from postulated tube axial loads in the
kinetically expanded tube-to-tubesheet joint area on the TMI-l Updated Final Safety Analysis
Report steam ine break accident anal ' sis.
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The attached MPR Associates, Inc., Report No. MPR-1820, Revision 0, May 1997,"Three Mile
Island Nuclear Generating Station OTSG Kinetic Expansion Inspection Criteria Analysis",
contains proprietary information as defined in 10 CFR 2.790(a)(4). Accordingly, it is requested
that this document be withheld from public disclosure. An aflidavit certifying the basis for this
application for withholding as required by 10 CFR 2.790 (b)(1) is also attached to this letter
(Attachment 111).

GPU Nuclear is available to discuss or meet with NRC staff to address any NRC question on this
material. If any additional information is required, please contact Mr. David J. Distel, GPU
Nuclear Regulatory Affairs at (201) 316-7955.

Sincerely,

VE [RtaQ.

James W. Langenbach
Vice President and Director, TMI

DJD

Attachments:

1. Summary Description - OTSG Kinetic Expansion Inspection Acceptance Criteria

11. MPR Associates, Inc., Report No. MPR-1820, Revision 0, May 1997, "Three Mile Island
Nuclear Generating Station OTSG Kinetic Expansion Inspection Criteria Analysis"

111. MPR Associates, Inc. Aflidavit Certifying Request for Withholding from Public Disclosure

cci Administrator, Region I (w/o Att.11)
TMI Senior Resident inspector (w/o Att. II)
TMI l Senior Project Manager
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ATTACHMENT III

MPR Associates Inc. AffidavitMMPR Certifying Req. for Withholding
Associans inc from Public Disclosure
ENGtNEERS

..

Afridavit Pursuant to 10 CFR 2,790
4

Relative to MPR Report 1820 l

"Three Mile island Generating Station .
OTSG Kinetic Expansion Inspection Criteria Analysis"

MPR Associates, Inc.
The Commonwealth of Virginia
City of Alexandria

I, William R. Schmidt, being duly sworn, depose and state that I am a Principal Officer of
MPR Associates, Inc., duly authorized to make this affidavit, and have reviewed the
information which is identified as proprietary and referenced in the paragraph immediately
below, I am submitting this affidavit in conformance with the provisions of 10 CFR 2.790 of
the Commission's regulations.,

The information for which proprietary treatment is sought is contained in the attached
report titled,"Three Mile Island Generating Station - OTSG Kinetic Expansion Inspection

,

Criteria Analysis, MPR-1820, Revision 0, dated May 1997,"

This document has been appropriately designated as proprietary to MPR Associates, Inc.

I have personal knowledge of the criteria and procedures utilized by MPR Associates in
designating information as a trade secret, privileged or as confidential commercial or
financialinformation.

Pursuant to the provisions of the paragraph (b)(4) of Section 2.790 of the Commission's
regulations, the following is furnished for consideration by the Commission in determining

: whether the information sought to be withheld from public disclosure, included in the
| above referenced document, should be withheld.

1. The information sought to be withheld from public disclosure has been held in
confidence by MPR Associates.

2. The information is of a type customarily held in confidence by MPR Associates and
not customarily disclosed to the public. MPR Associates has a rational basis for

i determining the types ofinformation customarily held in confidence by it and, in that
connection, utilizes a system to determine when and whether to held certain types of
information in confidence. This system was applied in determining that the subject
document herein is proprietary.
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3. The information will be transmitted to the Commission in confidence under the
provisions of 10 CFR 2.790 with the understanding that it is to be received in
confiden:e by the Commission.

4. The information, to the best of my knowledge and belief, is not available in public
sources.

5. Public disclosure of the information is likely to cause substantial harm to the
competitive position of MPR Associates because:

a. The development of the information required a considerable amount of time
and expense by MPR Associates.

b. For a competitor to develop the same information would require a similar or
greater amount of time and expense,

In pricing MPR Associates products and services, significant research,c.

development, engineering, analytical, manufacturing, quality assurance and
other costs and expenses must be included. The ability of MPR Associates'
competitors to utilize such information without similar expenditure of resources
may enable them to sell at prices reflecting significantly lower costs.

I have read the foregoing and the matters stated therein are true and correct to the best of
my knowledge,information and belief. I make this affidavit under penalty of perjury under
the laws of the United States of America and under the laws of the State of Virginia.

Executed at 320 King Street, Alexandria, VA, being the premises and place of business of
MPR Associates.

.,f ,/< k=- [

William R. Schmidt
Principal Officer

Sworn to before me this#4 day of,d,a .1997- ~

Md
Notary Pu}sc

My commission expires: YMd.8MN
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Si@th ARY DESCRIPTION
OTSG IQNETIC EXPANSIQl{JNff:CTION ACCEPTANCE CRITERIA

1. PURPOSE

To address NRC concerns, GPU Nuclear has developed inspection criteria for use during
ECT inspection of TMl-1 OTSG tubes within the kinetically expanded regions. Damaged
TMl-1 OTSG tubes were repaired in 1982-1985 by forming a new tube-to-tubesheet joint
within the upper tubesheet using a kinetic expansion process. The new inspection critena
will identify the minimum required defect-free kinetically expanded tube that must be
present within the inspected distance, as well as provide acceptance criteria for any flaws
that may be encountered within this distance, in order to assure that the design capacity of
thejoints is maintained as regards resistance to slipping and resistance to tube parting.
This criteria also ensures that margin is provided in depth against unacceptable
performance of thejoint as by slipping, parting of the tube, and unacceptable accident
induced leakage.

The purpose of this evaluation is also to provide a discussion of the conservative methods
that are to be used in the disposition of the kinetically expanded joints. In addition, an
assessment of the material condition of thejoint is presented as regards the benefit of the
residual stresses from formation of the joint in mitigating stress conosion cracking. It is
also shown that NDE performance characteristics for th: several forms of potential
damage in the joint are applied conservatively,

11. System Performance / Kinetic Expansion StructuralIntegrity Analysis

The design basis performance for the kinetically repaired TMI-1 OTSG tubes is that, as a -
result of a MSLB, no OTSG tube shall break within the kinetically expanded region or
separate from the tubesheet (ReferenceTMI-l UFSAR Section 14.1.2.9). In the following
analysis, these performance requirements were practically applied as first, a condition that
the tube is not permitted to slip with respect to the tubesheet, and second, that an OTSG
tube is not permitted to part within the kinetically expanded joint (or in any other
location 1 The repaired tube is expected to sustain a design basis axial load of 3140 lbs,
with no slippage (' Reference NUREG 1019, USNRC SER Related to Steam Generator
Tube Repair and Return to Operation, TMI-1, November 1983).

For the kinetic expansion areas within the upper tubesheet, it is necessary to consider only
the axial load applied through the tube to thejoint as a result of the MSLB. The axial
loads that occur during normal operations, panicularly as a result of the normal cooldown
transient, are much lower and will not exceed about 35% of the faulted condUon.
Applied bending loads are very low in magnitude and bending stress does not declop
within thejoint because no rotation can occur.

A finite element analysis model of the kinetically expanded tube-to-tubesheet joint was
developed. The analysis model of the tube-to-tubesheetjoint consists of two parts (Fig. I
of Attachment II, Section A, Calculation #083-231-02). The tube is represented by

,
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ANSYS finite element PLANE 42 so that an axisymmetric modelis formed. The
connection to the tubesheet is represented by elen- t CONTACT 12, which is a
combination gap and spring element. CONTACT 12 analytically captures the initial
contact interference between the tube and the tubesheet as a result of the kinetic expansion
process as well as the friction reaction of the contacting surfaces.

!

The analysis model has the additional feature that tube material behavior in both the elastic
and plastic regions can be modeled using actual tube stress versus strain data. Also, tube
internal pressure can be included in the analysis model. Finally, the effect of tubesheet
bow can be captured. The tubesheet will bow due to the combined effects of axial tube
load and primary-to-secondary pressure difference.

Test results from the original kinetic expansion qualification program (BAW-1760, Rev.1,
March 1983) were used as the basis for benchmarking the finite element analysis model
results. The beachmark process used qualification program tubes with high yield strength
(cy = 57 ksi) and wall thickness slightly larger than design (0.038" vs 0.034").
Qualification test results are available for expansion lengths equal to four, six, and eight
inches. Iligh yield strength tube material was exclusively used for only the 4" and 8"
expansion. Test results indicate that the joint's capacity to resist slip is the same for the 6"
expansion as it is for the 8" expansion for a given yield strength. The 6" expansion
capacity was taken to be equivalent to the 8" expansion data. The parameters that
describe the performance of the expansion are the contact interference between the tube
and the tubesheet that was achieved by the kinetic expansion and the coeflicient of
friction. The contact interference dimension equal to 0.0003" produced the best
agreement with the joint qualification test results when using a coeflicient of friction equal
to 0.2. The analysis model results accurately match the minimum test results obtained for
the 4" expansion and underpredict the performance of the 6" and 8" expansions
(Attachment II, Sedion 3, Figure 3-8). The same contact interference and coeflicient of
friction were used throughout the analysis reflecting the assumption that the kinetic
expansion was equally effective over the range ofexpansion lengths. No parameter
adjustments were made to produce results matching the pullout capacities for the 6" and
8" expansions as accurately as that obtained for the 4" expansion. This avoids
overpredicting the pullout capacity of the shorter expansion in order to more accurately
represent the longer expansions. The analysis results are conservative for the longer
expansions as a consequence of not adjusting the expansion parameters. The pullout
resistance of the 4" expansion is predicted to be 3260 lbs where minimum test data was
3100 lbs,4030 lbs for the 6" expansion where minimum test data was 5000 lbs, and 4110
lbs for the 8" expansion where minimum test data was 5000 lbs.

The key performance features of the kinetically expandedjoint are shown in Attachment
II, Section 3, Figure 3-2 which shows the finite element analysis model results for a 6"
expansion using high yield strength tube material. The residual contact pressure is shown
as a function of distance above the transition region for both the condition of no applied
load (dashed line) and the condition when slip begins (solid line). The effective length of
the expansion is less than 6" because of the transition which gradually tapers away from
the tubesheet. Actual profilometry data from a qualification test block was used to
represent a typical transition. Only specific expansion lengths were included in the
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| qualification program ignoring that 17" and 22" expansions were actually installed in the
steam generator tubes. Without applied load, the residual contact pressure reaches a
plateau a short dis'ance away from the transition equal to about 3300 psi The residual
contact pressure abmptly decreases near the end of the expansion because of the effect of
the free edge. The free edge is more flexible than the interior ponion of the expansion so
that the reaction at the edge is less for the same interference. The influence of the effect
of the free edge is approximately 1/4", which is reasonable in that this dimension is about

three times the " decay length" of 0.08" for the OTSG tubes (decay length = 0.786t ,

where R is the tube inner radius and t is the tube minimum wall thickness).

Under slip load conditions, the residual contact pressure redistributes due to Poisson
contraction of the tube wall. The reduction of residual contact pressure is less with
increasing distance above the transition. This is because the tube reaction decreases with

increasing distence above the transition due to the increasing total contribution of the
friction reaction. The pullout capacity of thejoint is the product of the total residual
contact pressure, the contact area, and the coefficient of friction.

The design basis load for the OTSG tubes was determined by assuming that all tubes
remain fully clastic (BAW-10146, April 1980). It is necessary to adjust the results
obtained for high yield strength tubes with thicker walls for consideration of minimum
yield strength and nominal wall thickness tubes that may be present in the generators. The
tubes in the OTSG having the lower bound yield strength, cy = 41 ksi (B AW-1760, Rev.
1, March 1983), however, are expected to be in the plastic range for the design basis load.
The design basis load is 3140 lbs. This corresponds to an axial membrane stress equal to
49.5 ksi and a design basis tube strain of 0.16%. A stress-strain cutve for the lower bound
yield strength material was developed using actual tube material stress-strain data
(Attachment II). The design basis load is caused almost entirely by an applied thermal
displacement since the OTSG shell is at a higher temperature than the OTSG tubes after a
MSLB. Using the design basis tube strain (0.16%) and the stress-strain curve for the
lower bound yield strength material the maximum load that must be considered is
2400 lbs.

The calculated kinetic expansion pullout loads for lower bound yield strength tubes having
the design minimum wall thickness are shown in Attachment II, Section 3, Figure 3-11 for
a range of expansion depths with respect to a design load equal to 2400 lbs. The capacity
of the 6" expansion is 2635 lbs, with no tube internal pressure included, exceeds the design
load so that lower bound yield strength tubes having the design wall thickness also satisfy
the qualification program criterion for resisting slip.

It is important to note that these results indicate very little increase in pullout capacity for
expansion lengths greater than 4" This is because the low yield strength material begins
to yield at a load equal to 2400 lbs. Poisson contraction of the tube wall will relieve
contact interference between the tube and tubesheet, particularly afler the tube begins to
yield. As an axial load is applied to a tube, Poisson contraction begins to relieve contact
interference, and hence decreases contact pressure, and proceeds further into the
expansion in proportion to the load. The relief of contact pressure due to local yielding
permits a higher applied load to reach further into the expansion because the benefit of the
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friction reaction is reduced at the beginning of the expansion. Local yielding occurs
further into the expansion so that contact pressure is relieved there as well, and so on, so
that ultimately there is very little additional capacity achieved for the 6" and 8" expansion
with regards to the 4" expansion. This trend of results was reported during the original
qualification program, and is present in the analysis model. In short, there is decreasing
utility in increasing the length of thejoint. The analysis model showed a change in the
performance of thejoint from friction limited, when the intact expansion is at a minimum,
to yield strength limited when the intact length is longer and the applied axial load is
higher.

A flaw dispositioning criteria may be built, in part, on this performance feature of the
kinetically expandedjoint. For example, for purposes of discussion, Attachment II,
Section 3, Figure 3-12 shows the expected distribution of contact pressure in a 6"
expansion after a 2" 100% through-wall axial defect is introduced midway. The axial
defect completely relieves contact pressure along its length and, in fact, influences the
contact pressure for a length greater than 2" because of the " edge" effect previously
described. The expected pull out load for this configuration is 2509 lbs which compares
" ell with the capacity of the 4" expansion as Figure 4 (2516 lbs.) of Attachment II. Thus,.

a 2" axial defect in a 6" expansion, not including tube internal pressure, forms an
equivalent 4" expansion that also satisfies the qualification program criterion for resisting
slip. The general conclusion from this and other similar calculations is that the 6"
expansions are flaw tolerant of axial defects (and for circumferential defects also, as will
be shown below) with respect to pull-out load. The required intact expansion may be
continuous or distributed in segments anywhere within the 6" qualification length,

The prescriptive conditions that were used to develop the design basis axial load for the
MSLB include primary pressure equal to 2500 psi (BAW-10146, April 1980). Tube
internal pressure should be included in the tube-to-tubesheet analysis model in order to
identify the increase in contact pressure, in addition to residual contact pressure from
formation, due to " pressure tightening." As the internal pressure within the tube increases,
the tube is tightened within the tubesheet. When pressure tightening is included in the
analysis model, the results (Attachment II, Section 3, Figure 3-11) indicate that, for a
lower bound yield strength tube having the design wall thickness, slightly less than a 2"
expansion depth is required to resist pullout.

Evaluation of circumferential defects in the tube in the tubesheet region was performed
based on tube parting considerations. A tube may have a through-wall circumferential
defect of 130 (0.64", as measured on the ID) in extent and still have a sufficient ligament
to resist the design axial load (36 percent of the tube circumference is permitted to be
flawed). This assumes that the defect is located at the bottom of the expansion region
where the axial force is at its maximum. At higher elevations within the expansion region,
part of the axial force is transmitted to the tubesheet by the friction restraining force,
thereby reducing the axial force in the tube wall. As a result, the allowable circumferential
defect in higher portions of the expansion region would be greater than 0.64"

For multiple circumferential defects in the expansion region, the allowable combined
length of the defects would be 0.64" if the elevation difference ic less than a separation

_
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criteria. The flaw combination criteria are based on providing the required shear path

| between defect elevations in order to transfer the total load. It is conservative to include
total load for shear transfer since membrane transfer also occurs. A recsonable separation
distance isjudged to be 1" considering that 1.13" ofintact tube length is required at the

i plane of the defect for membrane stress. A 1" separation provides 2" of shear transfer
'

path (l" at each side of a defect) at an allowable stress of 60% of that for membrane
stress. For example, if two circumferential defects are separated by an axial distance
greater than 1", each one could not exceed 0.64" in length. These criteria will ensure that
the tube within the expanded region will not part.

The " edge" efTect is an additional factor that must be included when evaluating the impact
of circumferential defects. The edge efTect of a circumferential defect degrades the pullout
capacity of the tube much like an axial defect, as discussed above. For purposes of
developing a flaw dispositioning criteria, a 1/4" axial influence will be added to each
circumferential defect. In this way, the results for the contact pressure redistribution in the
presence of only an axial defect form the basis for the comprehensive dispositioning
criteria with respect to pullout resistance. The resulting inspection acceptance criteria for
the OTSG kinetic expansion region in peripheral tubes is given in Table 1. (Note that
criteria differ for periphery mid-bundle, and center tubes due to the efTect of tubesheet
bow, to be described below.) The minimum required intact contact length is the ditrerence
between the qualification length (6") and the maximum allowable flaw (4.4") and is equal
to 1.6".

An additional factor of safety on the applied load was not used to develop the inspection
criteria. The loads and methods and assumption that are used in the analysis are
conservative and an additional factor of safety is unnecessary. The axial load that was used
to develop the inspection criteria is from a very conservative generic analysis that is based
on unrealistic assumptions with respect to TMI-l regarding main steam line size and
maximum emergency feedwater flow and duration. For example, more recent generic
analyses addressing expected MSLB thermal / hydraulic conditions and tube loads indicate
that the maximum axial tube load is about 1402 lbs as opposed to 3140 lbs. Thus, the use of
the axial tube load from the generic analysis in the development of the inspection criteria
incorporates a factor of safety of about 2.0,

The development of the circumferential defect acceptance criteria includes an additional
conservative assumption. Each defect is assumed to locally relieve the tube-to-tubesheet
contact pressure to the same extent as a 360 cut regardless ofits circumferential extent.
Therefore, the relief of contact pressure due to any acceptable circumferential defect is
overestimated and actual pull-out capacity is higher than that calculated. In addition, with
regard to acceptable circumferential defect location, no credit is taken for the reduction in
applied axial tube load within the expansion due to friction. The assumption provides more
conservative results for defects that are further within the expanded zone.

These analyses ofjoint integrity assume that all defects are 100% through-wall. The ECT
inspection will include depth sizing, where possible, so that the difference between
measured depth and assumed 100% through-wall extent represents additional
conservatism.
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It is possible that defects that are acceptable for the faulted condition could propagate by
fatigue during normal operation. The important contribution to propagation by fatigue is
the axial tube load due to the cooldown because bending stress, such as that due to flow
induced vibration or due to local bending at the elevation of the defect, does not occur in
the expanded tube above the transition. Crack propagation by fatigue was conservatively

,

evaluated previously during the repair of the OTSGs considering a defect located in the '

free span. The previous calculation is useful for guidance because, while it doesn't
identically match the present condition, it is representative. The previous analysis
considered a smaller through-wall defect (0.36"), but also included local bending stress.
The sum of these is practically the same as the membrane stress for the present condition
(i.e., with a larger defect and no bending stress). The results indicate that on a per
cooldown cycle basis, the expected crack propagation is about 10" in/ cycle. Assuming six
cycles per year for two years of operation, propagation by fatigue results in practically no
increase in extent. It is, therefore, not necessary to reduce the extent of the acceptable
critical defect size in the expanded tube because ofexpected propagation due to fatigue
during the forthcoming operating cycle. In addition, re-inspection of representative
indications left in service within 2" of the kinetic expansion transition location without
repair will take place during subsequent refueling outages in order to verify that flaw
extent is not increasing to unacceptable size.

It is important to note that the inspection criteria for the tubes at the tubesheet mid-radius
and center tubes include an additional feature of the performance of thejoint. Tubesheet
bow due to tube axial load and due to primary-to-secondary pressure difTerence during an
MSLB opens the tubesheet holes below the tubesheet center plane and closes them above.
The tubesheet hole dimension is adjusted in the analysis model to reflect the expected
bending strain distribution at the elevations of the expansion due to tubesheet bowing.
The efTect is greatest for a center tube where bowing is maximum. There is no effect for a
peripheral tube. As a result of the tubesheet bowing inward, the applied axial tube load on
the tubing is reduced, with the minimum occurring at the center. However, as another
result of tubesheet bow, the contact pressure of the tube-to-tubesheet joint is reduced due
to enlargement of the tubesheet hole in the area of thejoint.

The greatest impact of tubesheet bowing is for the 22" deep expansion where the original
6" qualification length is further below the tubesheet center plane than for the 17"
expansion. In fact, for a 22" expansion at the center, tubesheet bow eliminates most of the
residual contact pressure even including tube internal pressure. To our knowledge, the
effect of tubesheet bow was not evaluated during the original kinetic expansion
qualification program.

The kinetic expansion inspection criteria identify the minimum required defect-free
kinetically expanded tube that must be present within the inspected distance as well as the
largest acceptable flaw, or combination of flaws, allowable within the inspected distance.
The inspection criteria also ensure the adequacy of the joint independent of the original
qualification length. The inspection may continue beyond the nominal qualification length,
if necessary, in order to demonstrate the presence of a satisfactoryjoint since the tubes
were kinetically expanded over the entire length of the tubesheet above the original 6"
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qualification length. The absence of consideration of the effects of tubesheet bow as part
of the original qualification program will not impact nuclear safety as long as the 22"
expansions within the center and mid radius locations of the tubesheet are inspected to the
same elevation as the 17" expansions and evaluated to similar criteria.

The inspection acceptance criteria for the kinetic expansions in center and mid-radius
tubes is given in Table 2. The tubesheet mid-radius designates the location within which
50% of the tubes are located. The minimum required intact expansion is the difference
between the qualification length (6") and the maximum allowable flaw size at any radius
within the tube bundle.

Volumetric indications will be dispositioned by combining the results that were derived
separately for axial and circumferential defects. That is, the criteria for axial defects shall

be used for the axial extent of the volumetric indication and the criteria for circumferential
defects shall be used for the circumferential extent of the volumetric indication.

Field implementation of the inspection criteria will be specific with respect to both tube
location and expansion depth. Total defect size (plus influence) as a ftmetion of relative
radius of the tube bundle for 17" and 22" expansions is shown in Attachment II, Section 3,
Figure 3-20. Calculated values at specific locations, as indicated, are related linearly in
order to develop results applicable throughout the tube bundle. Conservative guidelines
will be followed for field implementation. It is conservative to apply results specifically
for tubes that are located at a smaller radius as governing for tubes located at larger
radius. This logic will form the basis for the practical application of the inspection criteria
and also represents an additional factor that contributes to the conservatism that is part of
the inspection criteria.

It is important to note that only the efTect on slip resistance of 100% through-wall flaws
was considered in developing Attachment II, Section 3, Figure 3-20. The 6" qualification
length of the 22" expansion at center and mid-radius locations does not contribute to slip
resistance under postulated MSLB conditions due to the tubesheet bowing. Possible
indications in the 6" qualification length of the 22" expansions in these locations will be
dispositioned using more stringent free span criteria, since this length of expanded tubing
loses contact with the tubesheet as a result of postulated tubesheet bow.

The routine unexpanded tube criterion is applicable to any expansion transition region.

III. Material Condition Assessment

Stress Coirosion Cracking Mitigation because of Kinetic Expansion

The impact of kinetic expansion on tube material condition can be considered in two

separate parts. First, there is the effect on pre-expansion defects. Secondly, there is the
formation of, and benefits from, post-expansion residual stresses. Kinetic expansion is not
a corrosive process, rather it is a mechanical, cold work process that produces plastic
strain. It is reasonable to assume that defects that may not have been initially detectable
may have been enlarged by the kinetic expansion and, thereby, made more detectable. It is
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possible, particularly for the axial component of defects because of the induced permanent
circumferential strains, that defect dimensions increased due to the expansion, that the
distance between defect planes (i.e., crack opening displacement) increased, that grain
drop-out increased the defect volume, or that a combination of these changes occurred.
As a result of the effects described above, kinetic expansion probably enhanced flaw
detection. No defect growth has been observed over the course of a few operating cycles
for about a dozen kinetic expansion defects that have been reviewed with the same ECT
technology. The finding of no defect growth is the same fmding as that for the larger
degraded tube sample population as described in the refueling outage ECT results
reported as required in the technical specifications.

Kir. etic expansion produces residual compression in both the circumferential and axial
directions. This can be understood by considering the mechanics of the process. The
residual contact pressure from formation is an external pressure on the tube OD due to the
interference between the tube and tubesheet. The resulting residual hoop stress in thei

tube is compressive at a level approaching the yield strength of the tube material. In
addition, during the expansion, as contact between the tube and tubesheet increases, the
tube is extruded against the friction that is also developing in the contact zone. The
friction reaction due to contact pressure causes residual axial compression by resisting
extrusion.

Service conditions will not completely remove residual compression in either the
circumferential or axial directions. Operating stresses in the circumferential direction are
low, less than twenty-five percent of the tube material yield strength, so that residual
compres,sion from formation is not substantially changed. In addition, at operating
conditions, increases in both internal pressure and temperature cause an increase in contact
interference, resulting in higher compressive circumferential stress that contributes to

restoring the full, residual value. Axial tube loads applied during normal operation will not
remove residual axial compression completely because contact pressure due to radial
interference is not lost. Axial load on thejoint is at a maximum during the normal
cooldown transient but will not exceed about one-third of the applied axial load during the
faulted condition. The normal cooldown transient will not remove contact interference,
even for the limiting 22" expansion at the tubesheet center. Any reduction in axial
compression is temporary with full elastic restoration following any (and all) cooldown

transient (s).

The kinetic expansionjoints, under normal operation, have compressive residual stresses
in both axial and circumferential directions. Mitigation of stress corrosion cracking, both
for new damage and propagation of existing damage, is accomplished by maintaining these
compressive residual stresses within the kinetically expanded regions. Thus, it is only
necessary to evaluate the impact of as-sized defects that may be found in the kinetic
expansion without considering safety factors for defect growth during the forthcoming
operating cycle. In addition, since the analytical model assumes that all defects are 100%
through-wall, and the circumferential defects result in a full relaxation of the tube-to-
tubesheet contact pressure over 360 of the tube circumference, the moael has included
substantial allowance for flaw growth.

-. .
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' lV. - Accident-Induced Leakage Assessment
|
1

Primary-to-secondary leakage during an accident must not degrade the ability to provide
adequate core cooling capacity nor cause unacceptable or unanalyzed radiological

_

consequences. The above kinetic expansion. inspection criteria provide assurance ofjoint
structural integrity to the ends that joint failure will not occur either by slipping or by tube
parting. Each of these failure modes has as a theoretical consequence the introduction of
primary-to-secondary leakage.

Theoretically, the through-wall defects which may be present in the kinetic expansion
region may leak when subjected to MSLB conditions, even if these defects are not large
enough to create a tube slipping or parting concern. The hypothetical MSLB axial loads
could cause defects to open and provide a less restrictive leakpath than that provided by
the tube-to-tubesheet joint during normal operation. It is necessary only to consider
defects found in the joint that are dispositioned as acceptable as potential sources of
primary-to-secondary leakage; defects which are unacceptable will be repaired.'

Primaty-to-secondary leakage from the expansions is expected to increase during a
postulated MSLB. Thejoint was originally qualified as leak-limiting and not leak-tight.

' However, in order to address even the possibility ofincreased primary-to-secondary
' leakage due to defects in the joint, a number of very conservative assumptions have been
made in this assessment.

Only those defects which arejudged to be through-wall by the inspection techniques will
be included in the primary-to-secondary leakage evaluation. While the analysis model for
kinetic expansion structural evaluation assumed 100% through-wall, the analysis of -
accident-induced leakage will utilize through-wall depth information provided by the ECT,
ifavailable.

In addition, some potential defects could be located at elevations where contact pressure
remains, albeit reduced, during the accident. The presence of contact pressure
c_onsiderably reduces leakage. The analysis model results show that for tubes that are not

affected by tubesheet bowing (i.e., peripheral), no part of the minimum required intact
.

expansion loses residual contact pressure during the accident. Tubes that are affected by
- tubesheet bowing (i.e., center and mid-radius tubes) will !ocally lose contact pressure
during the MSLB event.

+

==

i

. .. . . .. . . . . .
. . . . .
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V. Basis for Disposition of Defects and NDE Process Variability

The basis for dispositioning defects in the kinetic expansion has been, and continues to be,
that even full through-wall damage can be acceptable with respect to both structural
integrity and primary-to-secondary leakage, depending on location and defect extent.
Post-expansion FCT inspection of the kinetic expansion identified previously undetected
defects. Depth nzing was not possible with the inspection technology that was used at the
time (i.e.,8xl probe). It was concluded (NUREG 1019, Table 3.3-1) that small
indications possibly having through-wall extent would not impact the reliability of the
joints since the 8xl probe was the approved inspection technology. Recent analyses
described herein have also reached this conclusion.

Present ECT technology, particularly the "plus-point" MRPC probe, provides depth sizing
capability in addition to characterization of surface extent. Only those defects which are
judged to be 100% through-wall will be included in the primary-to-secondary leakage
evaluation. Recently, PWSCC sizing performance of rotating coil examinations in OTSG
tubes has been evaluated. Machined flaws were introduced into OTSG tubes in order to
represent circumferential, axial and volumetric damage. Two examination coil designs
were considered: the " pancake" coil probe and the "plus-point" probe. Both examination
coil designs provide measurement of surface extent but only the "plus-point" coil probe is
presently qualified to provide depth measurement. Because of this additional capability,
only the "plus-point" coil probe is considered here.

The contributing sources of NDE error were segregated and evaluated separately. The
primary source of error is the sizing error involving the differences between the "as-called"
values compared with metallurgical " truth." The other contributing factors are analysis
variability due to differences among analysts, and equipment / technique variability due to
differences among trials for the same analyst.

It is necessary to establish a basis for using the results of the "ph:s-point" error analysis
when implementing the kinetic expansion inspection criteria. The basis is the relative
magnitude of each of the contributing errors. Using length sizing performance as an
example, the relative sizing error is greater than the sum of the other two contributing
factors, i.e., the sum of analysis variability and equipment / technique variability. This result
has special significance because the average error for length sizing is an overcall. This
means that the sum of all of the error contributing factors remains an overcall. The overall
performance of the "plus-point" coil probe is shown to be consistently to overcall ensuring
that tubes with unacceptable flaws will be removed from service. The "as-called"
dimension alone, without any statistical correction, shall be used for length sizing.

The logic for the use of depth sizing by means of the "plus-point" probe is the same as that
for length sizing. An additive correction will be added, however, because depth sizing
error indicates undercall. The additive correction to the "as-called" dimension will be
large enough to ensure the sum of all factors that contribute to error will always result in
an overcall for depth sizing.

. _ _ _ .
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Specifically, the additive correction factor for the rnid frequency "plus-point" probe is
32.6%. As regards field implementation, an indication having an "as-called" depth equal
to or greater than 67.4% through-wall will be considered as potentially contributing to
primary-to-secondary leakage. In future outage inspections, other ECT probes could be,

l used if similar, corservative error analysis methods are applied.
|
! VI. CONCLUSION

This evaluation provides a review of the conservative basis for the structural analysis
results that comprise the kinetic expansion inspection criteria and also a discussion of the
technical logic used in this analysis as well as a description of the performance of the joint
under load. The evaluation contains ajustification for the use of these criteria within the
context of several related factors, those being material condition, NDE process
uncertainties, and primary-to-secondary leakage.

|

|
'

_ _ _ _ _ _ _ _ _ _ _
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TABLE 1
INSPECTION ACCEPTANCE CRITERIA FOR OTSG KINETIC-EXPANSION REGION

Tube Bundle
Location Defect Type" Allowable Defect Length"

For single tube defects, allowable defect length is
4.4 inches. For multiple defects, %-inch shall be
added to the length of each defect, except the first -
defect, and the combined defect length shall be 4.4
inches or less. Also, for each circumferential defect,
a defect length of %-inch shall be added.

Periphery (" Axial _ Exampic: Three axial defects are found , with one
defect 1-inch long and two' defects each 1/2-inch
long. In addition, two circumferential defects are
found. The effective length of the %-iach defects is:
%-inch + %-inch = %-inch. The combined length of

-

the three axial defects is: 1-inch + %-inch + %-inch =
21/2-inch. The effective axialinfluence of the two
circumferential defects is: %-inch + %-inch =
%-inch. The total length of axial influence is
2 %-inches +1/2-inch = 3 inches.

'

.

For single defects, the allowable defect length is 130
degrees or 0.64 inches. For multiple defects:

Circumferential e if separated axially by less than 1-inch, their
length shall be combined, and the total shall be
less than 0.64-inch.

If separated axially be more than 1-inch, the.

individual defects shall each be less than
0.64-inch in extent.

,

See Notes for Table 2

_ _ _ _ _
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TABLE 2
INSPECTION ACCEPTANCE CIMTERIA FOR OTSG KINETIC-EXPANSION REGION

Tube Bundle
Location Defect Type"* Allowable Defect Length"#3

Axial The combined allowable defect length is 3.2 inches. For
Mid-Radius") each circumferential defect, a defect length of %-inch

shall be added.

Circumferential Same as for the tube bundle periphery, as specified 3
above.

Axial The combined allowable defect length is 2.8 inches. For
Center") each circumferential defect, a defect length of 1/4-inch

shall be added.

Circumferential Same as for the tube bundle periphery, as specified in
Table 1.

NOTES:

")
These criteria are applicable for tubes with an expansion region between 11 and 17 inches
below the top face surface of the upper tubesheet and for tubes with an expansion region
between 16 and 22 inches below the top face.

")
These criteria are nnly applicable for the expansion region between i1 and 17 inches
below the upper tubesheet top face.

")
For volumetric defects, the criteria for axial defects shall be used for the axial length of the
defect and the criteria for circumferential defects used for the circumferential length of the
defect.

")
These criteria are only applicable for the fully-expanded region from 0.5-inch to 6 inches
above the bottom of the kinetic-expansion joint.

*
The measured defect length sh$ include consideration of the inspection device
accuracy / uncertainty.

>

;
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