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U. S. Nuclear Regulatory Commission
ATTN: Document Control Desk
Vashington, D. C. 20555 f_

Gentlemen:

Joseph H. Farley Nuclear Plant - Units 1 and 2
Steam Generator (SG) Tube Support Plate (TSP)
Alternata Plugging Crfteria (APC)

In order to pteclude unnecessarily removing significant numbers of SG
tubes from service, Alabama Power Corpany has evaluated the possibility
of utilizing a revised plugging criteria for SG tube cracks which are
contained vi'.hin the boundaries of the TSP. This evaluation has
resu)ted in the development of the TSP APC.

The need for an APC became evident during a recent Unit 2 outage. The
pr* gram of eddy current inspections performed at Farley Unit 2 during
the seventn refueling outage included full length bobbin coil probing
of the available tubes. Vith no application of a voltage amplitude
criterion, numerous tubes found to exhibit degradation suggestive of
outer diameter stress corrosion cracki..g (ODSCC) vere plugged. This
resulted in plugging 243 tubes, 30 in SG A, 64 in SG B, and 149 in SG C
due to TSP degradation.

The scope of application of the TSP APC vill be limited to those cracks !

contained within the TSP boundaries which are the result of ODSCC. All
|other portions of the tube vill be covered by the current Technical

Specifications. The APC utilizes the eddy current tot ein voltage and
phase angle indicated depth as an indication of crack severity
within tb1 TSP. Tubes vith an indicated depth greater than or equal to
50% vill h plugged if eddy current bob' :n voltage exceeds 3 volts.
Tubes vi h an indicated depth less than 50% vill be plugged if eddy jc

current hobin voltage exceeds 8 volts. The APC was developed to '

ensure margins against tube burst per Regulatory Guide 1.121 and to
minimize leakage at norcal operating conditions. The criteria was also
developed to ensure that radiological results of a steaa line break
accident do not exceed a small fraction of the 10CFR100 limits.
Details of the development of the APC are contained in VCAP-12871,
"J. M. Farley Units 1 and 2 SG Tube Plugging Criteria for ODSCC at Tube 1 |
Support Plates."
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IV - '' U. S. Nuclear RMulatcry Commission
Attn: Docu ent Control Desk Pcge 2

t

The proposed changed pages to Unit 1 and 2 Technical Specifications
are provided in Attachment 1. Alabama Power Company has determined ,

the proposed changes do not involve a significant hazards
consideration. In accordance with 10CFR50.92, a significant hazards
consideration evaluation is provided in Attachment 2. The technical
justification supporting the proposed changes is provided in
Attachment 3 as:

1. VCAP-12871-J. M. Farley Units 1 and 2 SG Tube Plugging Criteria
6 ODSCC at Tube Support Plates (Prc,prietary).

2. VCAP-12872-J. M. Parley Units 1 and 2 SG Tube Plugging Criteria
for ODSCC at Tube Support Plates (Non-Proprietary).

Also enclosed are a Vestinghouse authorization letter, CAV-91-130,
accompanying affidavit, Proprietary Information Notice, and Copyright
Notice.

As VCAP-12871 contains information proprietary to Vestinghouse
Electric Corporation, it is supported by an affidavit signed by
Vestinghouse, the ovner of the information. The affidavit sets forth
the basis on which the information may be withheld from public
disclosure by the Commission and addresses with specificity the
considerations listed in paragraph (B)(4) of Section 2.790 of the
Commission's regulations.

Accordingly, it is respectfully requested that the information which
is proprietary to Vestinghouse be withheld from public disclosure in
accordance with 10 CFR Section 2.790 of the Commission's regulations.

Correspondence with respect to the copyright or proprietary aspects of
the items listed above or the supporting Vestinghouse affidavit should
reference CAV-91-130 and should be addressed to Mr. R. P. N riarca, Manager,
Operating Viant Licensing Support, Vestinghouse Electric Cote, oration, P. O.
Box 355, Pittsburgh, Pennsylvania 15230-0355.

Alabama Power Company requests the NRC reviev and approve this
proposed change by April 25, 1991.

Alabama Power Company's Plant Operations Review Committee has reviewed
the proposed changes and the Nuclear Operation Review Board vill
review the changes at a future ceeting. A copy of this proposed
change is being sent to Dr. C. E. Fox, the Alabama State Designee, in
accordance with 10CFR50.91(B)(1)
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U. S. Nuclear Regulatory Commission
Attn Document Control Desk Page 3*

12 there are eny questions, please advise.

Respectfully submitted,

Al.ABAMA POVER COMPANY
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Attachmt.nt 1

Revised Techaical Speciffeation Pages
,

|

Unit 1

Page

3/4 4-9 Replace
3/4 4-10 Replace
3/4 4-11 Replace
3/4 4-12 Replace
3/4 4-13 Replace
3/4 4-13a Inse-t
3/4 4-13b Insert i

3/4 4-1). Replace
B3/4 4-3 Replace
23/4 4-3a Replace
B3/4 4-4 Replace
B3/4 4-5 Replace
B3/4 4-Sa Insert

Unit 2

3/4 4-9 Replace
3/4 4-10 Replace
3/4 4-11 Replace
3/4 4-12- Replace
3/4 4-13 Replace
3/4' 4-13a Replace
3/4 4-13b Insert
3/4 - 4-13c - Insert
3/4 4-17 Replace

B3/4 4-3 Replace
B3/4 4-3a Replace
B3/4 4-4 Replace
B3/4 -4-5 Replace,-

- B3/4 4-59 Insert
|
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f 3/4.4.6 STEAM GDiERA1DRS
'

LIMITIfG CQiDITIQi FOR OPERATIQi

3.4.6 Each steam generator shall be OPEFABLE.

APPLICABILITY: ? ODES 1, 2, 3 and 4.

ACTIOil

With one or more steain generators inoperable, restore the inoperable
generator (s) to OPERABLE status prior to increasing T above 200'P.

SURVEILIANCE RECUIRDIENTS

4.4.6.0 Each steam generator shall be demonstrated OPERABLE by perforTaance
of the following augmented inservice inspection program and the
requirements of Specification 4.0.5.

4.4.6.1 Steam Generator Sanple Selection and Inspection - Each steam
generator shall R ~ determined OPERABLE during shutdown by r, electing and
inspecting at least the minimum nurber of steam generators specified in
Table 4.4-1.

4.4.6.2 Steam Generator Tube 4 Sanple Selection and Inspection - We stear
generator tube minimum sample size, inspect Gn result classilTeation, and

-

the corresponding action required shall be as specified in Table 4.4-2.
The inservice inspection of steam generator tubes shall be performed at the
frequencies specified in Specification 4.4.6.3 and the inspected tubes
shall be verified acceptable per the acceptance criteria of Specification
4.4.6.4. The tubes selected for each inservice inspection shall include at
least 3% of the total number of tubes in all steam generators.
Implementation of the steam generator tube / tube support plate elevation
alternate plugging criteria requires a 100% bobbin probe inspection. An
inspection using a rotating pancake coil (RPC) probe is required for all
outer diameter stress corrosion cracking (OD SCC) indications exceeding a
1.5 volt bobbin coil signal amplitude. We KPC results are to be evaluated
to establish that the principal indications can be characterized as OD SCC.
When applying the exceptions of 4.4.6.2.a through 4.4.6.2.c, previous
defects or imperfections in the area repaired by sleeving are not
considered an area requirir,g reinspection. W e tubes selected for these
inspections shall be selected on a random basis except:

a. Where experience in similar plants with similar water chemistry
indicates critical areas to be inspected, then at least 50% of the
tubes inspected shall be from these critical areas.

8When referring to a steam generator tube, the sleeve shall be exsidered a
part oC the tube if the tube has been repaired per Specification
4.4.6e4.a.9.

FAPLEY - UNIT 1 3/4 4-9 AME2pa24T to.
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SURVEILIANCE REQUIREMDfrS (Continu;d)
.. __- -..

( i
b. W e first sample of tubes selected for each inservice !

inspection (subsequent to che preservice inspection) of each j
steam generator shall include:

1. All nonplugged tubes that previously had detectable wall
penetrations greater than 20%.

2. Tubes in those areas where experience has indicated potential ,

problems.

3. At least 3% of the total number of sleeved tubes in all three steam
generators or all of the sleeved tubes in the generator chosen for
the inspection program, whichever is less. nese inspections will
include both the tube and the sleeve.

4. A tube inspection (pursuant to Specification 4.4.6.4.a.8) shall be
performed on each selected tube. If any selected tube does not
permit the passage of the eddy current probe for a tube or sleeve
inspection, this shall be recorded and an adjacent tube shall be
selected and s Gjected to a tube inspection.

c. We tubes selected as the second and third samples (if required by
Table 4.4-2) during each inservice inspection may be subjected to a
partial tube inspection provided:

1. We tubes selected for these samples include the tubes from ti.ose
areas of the tube sheet array where tubes with imperfections were
previously found.

2. W e inspections include those portions of the tubes where
imperfections were previously fourd.

We results of each sample inspection shall be classified into one of the
following three categories:

Category Inspection Results

C-1 tess than 5% of the total tubes inspected are
degraded tubes and none of the inspected tubes are
defective.

C-2 One or more tubes, but not more than 1% of the
total tubes inspected are defective, or between 5%
and 10% of the total tubes inspected are degraded
tubes..

C-3 More than 10% of the total tubes inspected are
degraded tubes or store than 1% of the inspected
tubes are defective.

Note: In all inspections, previously degraded tubes or sleeves
must exhibit significant (greater than 10%) further wall
penetrations to be included in the above percentage
calculations.

FARLEY - UNIT 1 3/4 4-10 AMDetENr NO.
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SURVEI11ANCE REQUIRDTENTS (Continued)
- . - _ _ . _ .

,

4.4.6.3 Inspection Frequencies - We above required inservice inspections
of steam generator tubes shall be petformed at the following frequencies

a. We first inservice inspection shall be performed af ter 6 '

Effective rull Power Months but within 24 calendar months of
initial criticality. Subsequent inservice inspections shall be
performed at intervals of not less thaa 12 nor more than 24
calendar months after the previous inspection. If two consecutive
inspections following servlce under AVI conditions, not including
the preservice inspection, result in all inspection results
falling into the C-1 category or if two consecutive inspections
demonstrate that previously observed degradation has not continued
and no additional degradation has occurred, the inspection
interval ray be extended to a maximum of once per 40 months.

b. If the aesults of the inservice inspection of a steam generator
conducted in accordance with Table 4.4-2 at 40 month intervals
fall in Category C-3, the inspection frequency shall be increased
to at least once per 20 months. The increara in inspection
frequency shall apply until the subsequent m >ections satisfy the
criteria of Specification 4.4.6.3.at the in . ^ /a1 may then be
extended to a raximum of once per 40 months,

c. Additional, unscheduled inservice inspections shall be performed
on each steam generator in accordance with the first sample-

inspection specified in Table 4.4-2 during the shutdown subsequent
to any of the following conditions:

1. Primary-to-secondary tubes leaks (not including leaks
originati.ng from tube-to-tube sheet welds) in excess of the
limits of Specification 3.4.7.2.

2. A seismic occurrence greater than the Operating Basis
Earthquake.

3. A loss-of-coolant accident requiring actuation of the
engineered safeguards.

4. A rain steam line or feedwater line break.
.

d. Tubes in which the tube support plate elevation alternate plugging
criterie have been applied shall be inspected during all future
refueling outages.

.

FARIrt - t! NIT 1 3/4 4-11 AMDCMENT NO.
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SURVEILIANCE REQUIRD2:NTS (Continued)

4.4.6.4. Acceptance Criteria
,

a As used in this Specification:

1. Imperfection means an exception to the dimensions, finish or
contour of a tube or sleeve from that required by fabrication
drawings or specifications. Eddy-current testing indications
below 20% of the nominal vall thickness, if detectable, may
be considered as imperfections.

2. Degradation means a service-induced cracking, wastage, wear
or general corrosion occurring on either inside or outside of
a tube or sleeve.

3. Degraded Tube means a tube, including the sleeve if the tube
has been repaired, that contains imperfections greater than
or equal to 20% of the nominal vall thickness caused by
degradation.

4. % Degradation means the percentage of the tube or sleeve wall
thickness affected or removed by degradation.

5. Defect means an imperfection of such severity that it exceeds
the plugging or repair limit. A tube or sleeve containing a
defect is defective.

6. Plugging or Repair Limit means the imperfection depth at or
beyond which the tube shall be repaired (i.e., sleeved) or
removed from service by plugging and is greater than or equal
to 40% of the nominal tube wall thickness. For a tube that
has been sleeved with a mechanical joint sleeve, through wall
penetration of greater than or equal to 31% of sleeve nominal
wall thickness in the sleeve requires the tube to be removed
from service by plugging. For a tube that has been sleeved
with a welded joint sleeve, through wall penetration greater
than or equal to 37% of sleeve nominal wall thickness in the
sleeve between the weld joints requires the tube to be
removed from service by plugging. Also, this definition does
not apply for tubes experiencing outer diameter stress
corrosion cracking confimed by bobbin probe inspection to be
within the thickness of the tube support plates. See
4.4.6.4.a.ll for the plugging limit for use within the
thickness of the tube support plate, j

7. Unserviceable describes the condition of a tube or sleeve if
it leaks or contains a defect large enough to affect its
structural integrity in the event of an operating Basis
Earthquake, a loss-of-coolant accident, or a steam line or
feedwater line break as specified in 4.4.6.'s.c, above.

FARLEY - tNIT 1 3/4 4-12 AMneMDn N3.
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SURVEILLMJCE REQUIREMLNTS (Continued)

t

8. Tube Insg etion means an inspection of the steam generator
tube f rom the point of entry (hot leg side) completely around
the U-bend to the top support of the cold leg. For a tute
that has been repaired by sleeving, the tube inspection
should include the sleeved portion of the tute, ror a tube
in which the tube support plate elevation alternate plugging
criteria have been applied, the inspection will include all the
hot leg intersections and all cold leg intersections dcun to, at
least, the level of the last crack indication,

9. Tube Repair refers to mechanical sleeving, as described by
Westinghouse report WCAP-11178 Rev. 1, or laser welded
sleeving, as described by Westinghouse report WCAP-12672,
which is used to raintain a tube in service or return a tube
to service. This includes the renoval of plugs that were
installed as a corrective or preventive measure.

10. Freservf ce Inspection means an inspection of the full length
of each tube in each steam generator performed by eddy
current techniques prior to service to establish a baseline
condition of the tubing. This inspection shall be performed
after the field hydrostatic test and prior to initial POWER
OPERATI0t1 using the equipment and techniques expected to be
used during subsequent inservice inspections.

11. The following bobbin coil signal amplitude and indicated
depth criteriaT5ibe Support Plate Rternate Plugging Criteria)
are used for dispositioning a steam generator tube for continued
service that is experiencing outer diameter initiated stress
corrosion cracking confined within the thickness of the tube
support platest:

1. A tube can retain in service if the signal amplitude of a
crack indication is le<,s than or equal to 3.0 volts,
regardless of the depth of tube wall penetration, if, as
a result, the projected end of cycle distribution of
crack indications is verified to result in primary to
secondary leakage less than 55.0 gpn in the faulted lcop
(less than 150 g;d in the intact loops) during a
postulated steam line break event. his would ensure
acceptable radiological conditions following a SLB.fi

i n ese criteria do not apply to tubes which may deform
or collapse on the Parley Unit 1 steam generators
during a postulated 1DCA + SSE Event. Wese tuber,
are identified in WCAP-12871, "J. M. Farley Units 1
and 2 SG Tube Plugging Criteria for ODSCC at Tube
Support Plates."

It The methodology for calculating expected leak rates
from the projected crack distribution must be
consistent with WCAP-12871.

FARLEY - tur 1 3/4 4-13 AMD4"Jten 10.
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SURVEILIRiCE PICUIRD'.D1TS (Continued)

( 1

'

2. A tube can remain in service if the signal amplitude of a
crack indication is greater than 3.0 volts but less than or
equal to 8.0 volts and the depth of tube wall penetration in
less than 50%. Any contribution to the total leakage during
a postulated SLB must be considered in combination with
4.4.6.4.a.11.1 above.

3. A tube shall be plugged or repaired if the signal ar.plitude
of the crack indication is greater than 3.0 volts and the
depth of wall penetration is greater than or equal to 50%
through-wall or the signal amplitude of the ecock indication
is greater than 8.0 volts, regardless of depth of tube wall
penetration.

For all cases above, the tubes will be dispositioned for
continued service based upon bobbin voltage and depth
measurements. The plant specific guidelines used for all
inspections shall be amended as appropriate to accommodate
the additional information needed to evaluate tube support
plate signals with respect to the above voltage / depth
parameters. Pending incorporation of the voltage
verification requirement in ASME standard versfications, an
ASME standard calibrated against the laboratory standard will
be utilized in the rarley steam generator inspections for
consistent voltage normalization,

b. The steam generator shall be determined OPEFABLE af ter completing
the corresponding actions (plug or repair of all tubes exceeding
the plugging or repair limit) required by Table 4.4-2,

4.4.6.5 Reports

Following each inservice inspection of steam generator tubes, thea.
number of tubes plugged or repaired in each steam generator shall
be reported to the comission within 15 days of the completion of
the plugging or repair effort.

b. The complete results of the steam generator tube and sleeve
inservice inspection shall be submitted to the commission in a
special Peport pursuant to Specification 6.9.2 within 12 months
following the completion of the inspection. This Special Report
shall include:

FARLEY - LNIT 1 3/4 4-13a AMD2DMniT to.
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FURVEILLMCE REQthREMENTS (Continued)
- . . . - - - -

i ,:

1. Number and extent of tubes and sleeves inspected.

2. Location and percent of wall-thickness penetre. ion for each<

indication of an imperfection.
I

3.- Identification of tubes plugged or repaired, j

c. Results of steam generator tube inspections which fall into
Category C-3 shall be considered a REPORTABLE EVDC and shall be |
reported pursuant to 10CrR50.73 prior to resumption of plant J

operation. ne written report shall provide a description of
,

; innstigations conducted to determine the cause of the tube
degradation and corrective measures taken to prevent recurrence.

d. n e.results of inspections performed under 4.4.6.2 for all tubes
in which the tube support plate elevations alternate plugging
limit has been applied shall be reported to the Comission
following the inspection and prior to the resumption of plant.
operation. We report shall include:

1. Listing of applicable tubes.

- 2. Location (applicable intersections per tube) and extent of .

-degradation (voltage and indicated depth).

,

b

9
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3.4.7.2 Reactor Coolant System leakage shall be limited tot

a. No PPISSUPI DOUNDARY LEAFM E,

b. 1 GPM UNIDD UIFIED LEAKAGE,

c. 450 gallons per day total primat,y-to-secondary leakage through
all steam generators and 150 gallons per day through any one
steam generator,

d. 10 GPM IDDRIFIED LEAFME from the Reactor Coolant System, and

e. 31 GPM COtRROLLED LElJME at a Reactor Coolant System pressure
of 2235 + 20 psig.

f. 'Ihe traximum allevable leakage of any Reactor Coolant System
Pressure Isolrtion Valve shall be as specified in Table 3.4-1
at a pressure of 2235 3 20 psig.

APPLICABIL LTY: MODES 1, 2, 3 and 4

ACTION:

a. With any PRESSURE DOUNDARY LEAKAGE, be in at least HCTP STANDBY
within 6 hours and in COLD Sm>TDOWN within the following 30
hours.

b. With any Reactor Coolant System leakage greater than any one
of the above limits, excluding PRESSURE BOUNDARY LEAFE E,
reduce the leakage rate to within limits within 4 hours or be
in at least HOT STANDBY within the next 6 hours and in COLD
SHUIDOWN within the following 30 hours.

c. With any Reactor Coolant System Pressure Isolation Valve
leakage greater than the limit specified in Table 3.4-1,
isolate the high pressure portion of the effected system from
the low pressure portion within 4 hours bv use of at least two
closed manual or deactivated automatic valves, or be in at
least HOT STANDBY within the next 6 hours and in. COLD SmnDOWN
within the following 30 hours.

SURVEILIANCE REQUIPIMDUS
--

-

4.4.7.2.1 Reactor Coolant- Syraem leakages shall be deccnstrated to be
within each of the above limits by:

a. Monitoring the containment atmosphere particulate
radioactivity monitor at least once per 12 hours,

b. Monitoring the containment air cooler condensate level
system or containment atmosphere gaseous radioactivity
monitor at least once per 12 hours.

FARLEY - INIT 1 3/4 4-17 APINDMDR to.
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3/4.4.6 STEAM GDERATORS I

'%c Surveillance Requirements for inspection of the steam generator tubes
ensure that the structural integrity of this portion of the RCS will be
maintained. We program for inservice inspection of steam generator tubes
is based on a modification of Regulatory Guide 1.03, Revision 1. Inservice
inspection of steam generator tubing is essential in order to maintain
surveillance of the conditions of the tubes in the event that there is
evidence of ucchanical damage or progressive degradation due to design,
mnufacturing errors, or inservice conditions that lead to cotrosion.
Inservice inspection of steam generator tubing also provides a means of
characterizing the nature and cause of any tube degradation so that
corrective measures can be taken.

We plant is expected to be operated in a mnner such that the secondary
coolant will be maintained within those chemistry limits found to result in
negligible corrosion of the steam generator tubes. If the secondary
coolant chemistry is not maintained within these limits, localized
corrosion may likely result in stress corrosion cracking. n e extent of
cracking during plant operation would be limited by the limitation of steam
generstor tube leakage between the primry coolant system and the secondary
coolant system. We allowable primry-t& secondary leak rate is 150

L gallons per day per steam generator. Cracks having a primary-to-secondary
leakage less than this limit during operation will have an adequate margin'

of safety to withstand the loads imposed during normal operation and by
postulated accidents. operational leakage of this m gnitude can be readily
detected by the existing rarley tinit I radiation monitors. Leakage in
excess of this limit will require plant shutdown and an inspection, during
which the leaking tubes will be located and plugged or repaired.

Wastage-type defects are unlikely with proper chemistry treatment of the
secondary coolant. However, even if a defect should develop in service, it
vill be found during scheduled inservice steam generator tube examinations.i

Plugging or repair will be required for all tubes with imperfections exceeding
40% of the tube nominal wall 'ickness. If a sleeved tube is found to have,

through wall penetration of guater than or equal to 31% for the mechanical|
; - sleeve and 37% for the laser velded sleeve of sleeve nominal wall thickness in
L the sleeve, it must be plugged. The 31% and 37% limits are derived from R.G.
I 1.121 calculatiens with 20% added for conservatism. We portion of the tube
| and the sleeve for which indications of wall degradation must be evaluated can
' be sumarized as follows:
:

I
'

.

FARLEY - LNIT 1 E23/4 4-3 AME?OMDR 10.
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1. Indications of degradation in the entire length of the sleeve
nust be evaluated against the sleeve plugging limit.

2. Indication of tube degradation of any type including a
complete guillotine break in the tube between the bottom of
the upper joint and the to;p of the lower roll expansion does
not require that the tube M removed from service.

3. W e tube plugging limit continues to apply to the portion of
the tube ln the entire upper joint region and in the lower
roll expansion. As noted above the sleeve plugging limit
applies to these areas also.

4. We tu'a plugging limit continues to apply to that portion of
the tube above the top of the upper joint.

b. Laser Welded

1. Indications of degradation in the length of the sleeve between
the veld joints nust be evaluated against the sleeve plugging
limit.

2. Indication of tube degradation of any type including a
complete break in the tube between the upper veld joint and
the lower veld joint does not require that the tube be removed
from service.

3. At the veld joint, degradation nest be evaluated in both the
sleeve and tube.

4. In a joint with more than one veld, the weld closest to the
end of sleeve represents the joint to be inspected and the
limit of the sleeve inspection.

5. ne ttbe plugging limit continues to apply to the portion of '

the tube above the upper veld joint and below the lower veld
joint.

- Steam generator tube inspections of operating plants have demonstrated the
capability to reliably detect degradation that has penetrated 20% of the
original tube wall thickness.

.

FARLEY - UNIT 1 B3/4 4-3a AMDIDMDir NO.
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Tubes experiencing outer dianeter stress corrosion cracking within the
thickness of the tube support plates are plugged or repaired by the
criteria of 4.4.6.4.a.ll.

Whenever the results of any steam generator tubing instrvice inspection
fall into Category C-3, these results will be reported to the Commission
pursuant to 10CTR50.73 prior to resumption of plant operation. Such cases
will be considered by the Comission on a case-by-case basis and may result
in a requiremant for analysis, laboratory examinations, tests, additional
eddy-current inspection, and revision of the Technical Specifications, if
necessar,y.

3/4.4.7 REAC'IOR COOLAh7 SYSTEM LEAFME

3f4.4.7.1 LEAFE E DETECTION SYSTEMS

W e RCS leakage detection systems required by this specification are
provided to monitor and detect leakage from the Reactor Coolant Pressure
Boundary. These detection systems are consistent with the reconraendations
of Regulatory Guide 1.45, " Reactor Coolant Pressure Boundary Lebkage
Detection Systems, " May 1973.

3/4.4.7.2 OPERAT10tRL LEAFME

Industry experience has shown tLat while a limited amount of leAge
is expected from the RCS, the unidentified portion of this leakage car. be
reduced to a threshold value of less than 1 GPM. his threshold value is
sufficiently low to ensure early detection of additional leakage.

The 10 GPM IDDRITIED LEAKAGE limitation provides allavance for a
limited amount of leakage from known sources whose presence will not
interfere wit.h the detection of UNIDDCIFIED LEAFME by the leakage
detection systems.

The COtCROLLED LEAXAGE limitation restricts operation when the total
flow supplied to the reactor coolant pump seals exceeds 31 GPM with the
codulating valve in the supply line fully open at a nominal RCS pressure of
2235 psig. 21s limitation ensures that in the event of a LOCA, the safety
injection flow will not be lese than assumed in the accident analyses.

We surveillance requirements for RCS Pressure Isolation Valves
provide added assurance of valve integrity, thereby reducing the
probability of gross valve failure and consequent intersystem IOCA.
Leakage from the RCS Pressure Isolation valves is IDDRITIED LEAFME and
will be considered a portion of the allowed limit.

FARLET - UNIT 1 B3/4 4-4 AMD4DMan No.
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n e 150 GPD tube leakage limit per steam generator (450 GPD total) helps |
to maintain steam generator tube integrity in the event of a m in steam line
rupture or under toCA conditions. By mintaining an operating leakage limit of i

150 GPD per steam generator, the leak rate following a steam line rupture is j

also limited to 55 GPM in the faulted loop and 150 GPD yr steam generator in
the intact loops, which will limit of fsite doses to wit 11n 10 percent of the 10
CFR 100 guidelines.

PRESSURE BCCOARY LEAKAGE of any magnitude is unacceptable since it may be
indicative of an inpending gross failure of the pressute boundary. %erefore,
the presence of any PRESSURE BCuCARY LEAT, AGE requires the unit to be promptly
placed in COLD SmnV0WN.

3.4.4.8 CHEMISTRY

he limitations on Reactor Coolant System chemistry ensure that
corrosicn of the Reactor Coolant System is minimized and reduces the
potential for Reactor Coolant System leakage or failure due to stress
corrosion. Maintaining the chemistry within the Steady State Limits
provides adequate corrosion protection to ensure the structural integrity
of the Reactor Coolant System over the life of the plant. We associated
effects of exceeding the oxygen, chloride and fluoride limits are time and
te.,perature dependent. Corrosion studies show that operation may be
continued with contaminant concentration levels in excess of the Steady
State Limits, up to the Transient Limits, for the specified limited time
intervals without having a significant effect on the structural integrity
of the Reactor coolant System. W e time interval permitting continued
operation within the restrictions of the Transient Limits provides time for
taking corrective actions to restore the contaminant concentrations to within
the Steady State Limits.

The surveillance requirements provide adequate assurance that
concentrations in excess of the limits will be detected in sufficient time
to take corrective action.

|

!

|

|

|
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3/4.4.9 SPECITIC ACTIVITY

2 e:11mitatic,ns on the specific activity of the primary coolant ensure
that the resulting 2-hour doses at the site boundary will-not exceed an
appropriately small fraction of Part 100 limits following a steam generator
tube rupture accident in conjunction with an assu:ned steady state
primary-to-secondary steam generater leakage rate of 1.0 GPM. We values for
the limits on specific activity represent limits based upon a parametric
evaluation by the NRC of typical site locations. W ese values are conservative
in that speelfic site rameters of the rarley site, such as site boundary
location and meteorol ical conditions, were not considered in this evaluation.

W e leakage limit is restricted to 450 9pd (0.315 gpn) total leakage (150
gpd per steam cenerator) to ensure that offsite doses following a main steam
line break will be limited to 10 percent of the 10 CrR 100 guideline, his
restriction is based on the results of a rarley site specific radiological
evaluation that assumes a primry coolant iodine activity level corresponding
to 1 percent fuel defects (approximately 4.0 microcurie / gram DOSE EQUIVALDC
I-131), rather than a specific activity of 1.0 microCuric/ gram DOSE EQUIVALDC
I-131, and a post-accident primary-to-secondary leak rate of 55 GPM in the
faulted loop. .

We ACTIcti statemnt permitting POWER OPERATICr4 to continue for limited
i time periods with the-primary coolant's specific activity greater than 1.0
L microcuries/ gram DOSE EQUIVALDC I-131, '.mt within the allowable limit shcvn on
; rigure 3.4-1, accommodates possible iodine spiking phenomenon which my occur
|- following changes in THERFAL POWER.
i

-
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3/4.4.6 STEAM GENERATORS

LIMITI!G COCITION FOR OPERATICN
-- -z - . ... _

3.4.6 Each steam generator shall be OPERABLE.

A_PPLICABILITY: PODES 1, 2, 3 and 4.

ACTION:

With one or more steam generators inoperable, restore the inoperable
generator (s) to CPEPABLE status prior to increasing T above 200'r.

SURVEILLANCE RDQUIREMD7TS

4.4.6.0 Each steam generator shall be demonstrated OPERABLE by performance of
the following augmented inservice inspection program and the requirements of
Specification 4.0.5.

4.4.6.1 Steam Generator Sample Selection and Inspection - Each steam
generator shall be determined OPERABLE during shutdown by selecting and
inspecting at least the minimum nunber of steam generators specified in
Table 4.4-1,

4.4.6.2.1 Steam Generator Tubel Sample Selection and Inspection - he
steam generator tube minimum sa@e size, inspectior result classification,
and the corresponding action reqaired shall be as spr:1fied in Table 4.4-2.
%e inservice inspection of steam generator tubes shM1 be performed at the
frequencies specified in S~cification 4.4.6.3 and the inspected tubes
shall be verified acceptabfe per the acceptance criteria of Specification
4.4.6.4. he tubes selected for each inservice inspection shall include at
least 31 of the total number of tubes in all steam generators. Selection
of tubes to be inspected is not affected by the r* designation.
Implementation of the steam generator tube / tube support plate elevation

-alternate plugging criteria requires a 100% bobbin probe inspection. An
inspecti:n using the rotating pancake coil (RPC) probe is required for all
outer diameter stress corrosion cracking (OD SCC) indications exceeding a 1.5
volt bobbin coil signal amplitude. We RPC results are to be evaluated to
establish that the principal indications can be characterized as OD SCC.
When applying the exceptions of 4.4.6.2.1.a through 4.4.6.2.1.c, previous
defects or imperfections in the area repaired by sleeving are not
considered an area requiring reinspection. 'Ihe tubes selected for these
inspections shall be selected on a random basis except:

a. Where experience in similar plants with similar water chemistry
indicates critical areas to .:e inspected, then at least 50% of the
tubes inspected shall'be from these critical areas.

4When referring to a steam generator tube, . the sleeve shall be c.Midered
a part of the tube if the tube has been repaired per Specifica.1w.
4.4.6.4.a.9.

,
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b. n e first sa @le of tubes selected for each inservice inspection
(subsequent to the preservice inspection) of each steam generator
shall include:

1. All nonplugged tubes that previously had detectable vall
penetrations greater than 20%.

2. Tubes in those areas where experience has indicated potential
problems.

3. At least 3% of the total number of sleeved tubes in all three
steam generators or all of the sleeved tubes in the generator
chosen for the inspection program, whichever is less. Wese
inspections will include both the tube and the sleeve.

4. A tube inspection (pursuant to Specification 4.4.6.4.a.8)
shall be performed on each celected tube. If any selected
tube does not permit the passage of the eddy current probe for
a tube or sleeve ins etion, this shall be recorded and an
adjacent tube shall selected and subjected to a tube
inspection.

c. ne tubes selected as the second and third san:9s (if required by
Table 4.4-2) during each inservice inspection Iray be subjected to
a partial tube inspection provided:

1. n e tubes selected for these samples include the tubes from
those areas of the tube sheet array where tubes with
i nerfections were previously found. '

2. ne inspections include those portions of the tubes where
imperfections were previously found,

r

1-
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We results of each sample inspection shall be classified into one of the
following three categories:

.

Category Inspection Results

C-1 Less than 5% of the total tubes inspected are
degraded tubes and none of the inspected tubes
are defective.

C-2 One or note tubes, but net more than 1% of the
total tubes inspected are defective, or between
51 and 10% of the total tubes inspected are
degraded tubes.

,

C-3 More than 10% of the total tubes inspected are
degraded tubes or more than 11 of the inspected
tubes are defective.

Note: In all inspections, previously degraded tubes or sleeves must
exhibit significant (greater than 10%) further vall
penetrations to be included in the above percentage
calculations.

4.4.6.2.2 Steam Generator F* Tube Inspection - In addition to the minir* ira
sample Aize as ddenliwd by Spec 1Ilcation 4.4.5.2.1, all F* tubes will be
inspectc3 within the tubesheet region. 'Ihe results of this inspection will '

not be a cause for cdditional inspections per Table 4.4-2.

4.4.6.3 Inspection Frequencies - he above required inservice inspections
of steam generator tdSes shalTbe performed at the following frequencies:

a. We first inservice inspection shall be performed af ter 6
Effective Tull Power Months but within 24 calendar months of
initial criticality. Subsequent inservice inspections she.ll be
performed at intervals of not less than 12 nor more than 24
calendar _ months after the previous inspection. If two consecutive
inspections following service under AVT conditions, not including
the preservice inspection, result in all inspection results
falling into the C-1 category or if two consecucive inspections
demcnstrate that previously observed degradation has not continued
and no additional degradation has occurred, the inspection
interval cay be extended to a mximum of once per 40 months.

FARLEY - UNIT 2 3/4 4-11 AMDOMDirto,
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1

P .f the results of the inservice inspection of a steam generator ~'

conducted in accordance with Table 4.4-2 at 40 month intervals
fall in Category _C-3, the inep ction frequency shall.be increased
to at-least once per 20 months. The increase in inspection frequency .!~ . .shall apply until the subsepent inspections satisfy the criteria of !

Specification 4.4.6.3.a; the interval may then be extended to a
maximum of once per 40 months.

3

c. -Additional, unscheduled inservice inspections shall be performed )
on each steam generator in accordance with the first sample !
inspection specified in Table 4.4-2 during the shutdown subsequent !

to any of the following conditions: |

.1. Prima''y-tc-secondary tube leaks (not including leaks
originating irom tube-to-tube sheet welds) in excess of the
-limits of Specification 3.4.7.2.

2. A seismic occurrence greater than the operating Basis
Earthquake.

3. A loss-of-coolant accident requiring actuation of the
engineered safeguards.-

4.. A main steam line or feedwater line break.

d. Tubes _in which the tube support plate elevation alternate plugging
criteria-have been applied shall Le inspected during all future
refueling outages.

4.4.6.4. Acceptance criteria -

a. As used in this Specification:

Im Imperfection means an exception to the dimensions, finish or
contour- of a tube or sleeve from that required by fabrication

-drawings or: specifications. Eddy-current testing indications =
below 20% of the nominal wall' thickness, if detactabic, may be
considered as imperfections.

2. Degradation means a service-induced cracking,' wastage, wear or
general corrosion oacurring on either inside or outside of a
tube or sleeve.

:

E
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-3. Degraded hbe means a tube, including the sleeve if the tube
has been repaired, that contains imperfections greater than or
equal to 20% of the naninal wall thickness caused by
degradation.

4. % Degradation means the percentage of the tube or sleeve wall
tEfckness affected or removed by degradation.

5. Defect means an-imperfection of such severity that it exceeds
the plugging or repair limit. A tube or sleeve containing a
defect is defective.

6. Plugging or Repair Limit means the imperfection depth at or
beyond which the tube shall be repaired (i.e., sleeved) or
removed from service by plugging and is greater than or equal
to 40% of the nominal tube wall thickness. his definition
does not apply to the area of the tubesheet region belcra the
r* distance in r* tubes. For a tube that .es been sleeved
with a mechanical joint sleeve, through wall penetration of
greater than or equal to 31% of sleeve nominal wall thickness
in the sleeve requires the tube to be removed from service by
plugging. For a tube that has been sleeved with a welded
joint sleeve, through wall penetration greater than or equal
to 37% of sleeve nominal wall thickness in the sleeve between
the weld joints requires the tube to be removed from service
by plugging. mis definition does not apply for tubes |
experiencing outer diameter stress corrosion cracking confirmed by
bobbin probe inspection to be within the thickness of the tube
support plates. See 4.4.6.4.a.14 for the plugging limit to use
within the thickness of the tube support plates.

7. Unserviceable describes the condition of a tube or sleeve if
it, leaks or contains a defect large enough to affect its
structural integrity in the event of an operating Basis
Earthquake, a loss-cf-coolant accident, or a steam line or
feedwater line break as specified in 4.4.6.3.c, above.

8. Tube Inspection means an inspection of the steam generator
tube from the point of entry (hot leg side) corapletely around
the U-bend to the top support of the cold leg. For a tube
that has been repaired by sleeving, the tube inspection should
include the sleeved portion of the tube. For a tube in which
the tube support plate elevation alternate plugging criteria have
been applied, the inspection will include all the hot leg
intersections and all cold leg intersections down to, at
least, the level ,of the last crack indication.

|-

i-
-
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9. Tube Repair refers to mechanical sleeving, as deceribed by ;

Westinghouse report WCAP-11178 Rev.1, or later welded |

sleeving, as described by Westinghouse report HCAP-12672,
which is used to maintain a tube in service. 'Ihis includes
the removal of plugs that were installed as a corrective or
preventive sneasure.

10. Preservice inspection means an inspection of the full length
of each tube-in each steam generator performed by eddy current
techniques prior to service to establish a baseline condition
of the tubing. This inspection shall be performed after the
field hydrostatic test and prior to initial PNER OPLMTION
using the equirnent and teemiques expected to be used during
subsequent inservice inspections.

11, r* Distance is the distance of the expanded portion of a tube
Wiich provides a sufficient length of undegraded tube
expans!.on to resist pullout of the tube from the tubesheet.
The fa distance is equal to 1.79 inches and is measured down
from the top of the tubesheet or the bottom of the roll
transition, whichever is lower in elevation.

12, r* Tube is a tube:

a) with degradation equal to or greater than 40% below
the F* distance, and b) which has no indication of
imperfections greater than or equal to 20% ot' nominal
wall thickness within the r* distance, and c) that

remins in service.

13. hbe Expansion is that portion of a tube which has been
increased in 31ameter by a rolling process such that no
crevice exists between the outside diameter of the tube and
the hole in the tubesheet.

14. 'Ihe following bobbin coil signal amplitude and indicated
Bepth criteria (Wbe Support Plate Alternate Plugging Criteria)
are used for Bispositioning a steam generator tube for continued
service that is experiencing outer diameter initiated stress
corrosiun cracking confined within the thickness of the tube
support platests

t 'these criteria do not apply to tubes which may deform or collapse on the
rarley Unit 2 steam generators during a postulated LOCA + SSE Event.
These tubes are identified in WCAP-12871 ' J. M. Tariry Units 1 and 2 SG
Tube Plugging Criteria f,or ODSCC at Tube Support Plates."

FARLEY - UNIT 2 3/4 4-13a AMD4DtSU NO.
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-1. A tube can remain in service if the signal anplitude of a
crack indication is less than or equal to 3.0 volts, regardless of
the depth of wall tube penetration, if, as a result, the projected
end of cycle distribution of crack indications is verified to result
in primary to secondary leakage less than 55.0 gpm in the faulted
loop (line break event.less than' 150 gpd in the intact loops) durlng a postulated

-

steam 'Ihis would ensure acceptable radiological
conditions following a SLP.46

2. A tube can remain in service if the signal' amplitude of a crack
indication is greater than 3.0 volts but less than or equal to 8.0
volts and the depth of tube wall penetration is less than 50%. Any *

contributien to the total leakage during a postulated SLB must be
considered in combination with 4.4.6.4.a.14.1 above. !

3. Atubeshallbepluggedorrepiredifthesignalamplitudeofthe
crack indication is greater taan 3.0 volts and the depth of wall
penetration is greater than or equal to 50% through-wall or the
signal amplitude of the crack indication is greater than 8.0 volts,
regardless of depth of tube vall penetration.

ror all cases above, the tubes will be dispsitioned for continued#

service based upon bobbin voltage and dept 1 measurements, ne plant
specific guidelines-used for all inspections shall be amended as

,

appropriate to acconmodate the additional information needed to evaluate
-tube support plate signals with respect to the above voltage / depth
parameters. Pending incorporation of the voltage verification
requirement in ASP 2 standard verifications, an ASPE standard calibrated
against the laboratory standard will be utilized in the rarley steam
generator inspections for consistent voltage nonulization.

1

b. The steam generator shall be determined OFERABLE aJter completing
the corresponding actions (plug or repair of all tubes exceeding the

. plugging or ' repair limit) required by Table - 4.4-2.

: #t: he methodology for- calculating' expected leak rates from the
- projected crack distribution must be consistent with WCAP-12871.

;

.

4
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SURVE!LtNCE REQU2RDMCS (Continued)

4.4.6.5 Reports

a. To11owing e3ch inservice inspection of steam generator tubes, the
number of tubes plugged, repaired or designated ra in each steam
generator bhall be reported to the Carnission within 15 days of the
completion of the inspection, plugging or iepair effort.

b. he conplete results of the steam generator tube and sleeve inservice
inspection shall be sutxnitted to the Comission in a 8pecial Report
pursuant to Specification 6.9.2 within 12 ::caths follcuing the
completion of the inspection. This Special Report shall include:

1. thenber and extent of tubes and sleeves inspected.

2. Location and percent of wall-thickness penetration for
each indication of an imperfection.

3. Identification of tubes plugged or repaired.

c. Results of steam generator tube inspections which fall into Category
C-3 shall be considered a REPORTABLE EVan and shall be reported
pursuant to 10CrR50.73 prior to resumption of plant operation. We
written report shall provide a description et investigations
conducted to determine the cause of the tube degradation and
corrective sneasures taken to prevent recurrence,

d. We results of inspections perforned under 4.4.6.2 for all tutes in
which the tube support plate elevations alternate plugging limit has
been applied shall be reported to the Commission following the
inspection and prior to the resumption of plant operation. We
report shall include:

1. Listing of applicable tubes.

2. Location (applicable intersections per tube) and extent of
degradation (voltage and indicated depth).

FARLEY - tNIT 2 3/4 4-13e AMasten to.
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OPERATICR4AL LEAKAGE

LIMITING CQ4DITICN FOR OPERATIQ4
_ _ _

3.4.7.2 Reactor Coolant System leakage shall be limited tot

a. No PRESSURE BOUNIARY LEAFAGE,

b. 1 GPM UNIDDRIPIED LEAKAGE,

c. 450 gallons per day total primary-to-secondary leakage through
all steam generators and 150 gallons per day through any one
steam generator,

d. 10 GPM IDDUIPIED LEAFAGE from the Rooctor Coolant System, and

e. 31 GPM COtEROLLED LEAKAGE at a Reactor Coolant System pressure
of 2235 3 20 psig.

f. 'Ibe maximum allcuable leakage of any Reactor Coolant System
Pressure Isolation valve shall be as specified in Table 3.4-1 at
a pressure of 2235 3 20 psig.

APPLICABILITY: MODES 1, 2, 3 and 4

ACTIO4 -*
,

.

a._ With any PRE SURE BOUNDARY LEAKAGE, be in at least HCyr STANDBY
within 6 hours and in COLD SmTrDCR4 within the following 30
hours.

b. With any Reactor Coolar:t System leakage greater than any one of
the above limits, _ excluding PRESSURE BCUNDARY LEAKAGE, reduce
the leakage rate to within limits within 4 hours er be in at-
least HOT STANDBY vithin the next 6 hours and in COLD SETIVCH4
within the following 30 hours.

c. With any Reactor Coolant System Pressure Isolation Valve leakage -

greater than the limit specified in Table 3.4-1, isolate the
high pressure portion of the affected nystem from the low
pressure portion within 4 hours by use of at least two closed
manual or deactivated' automatic valves -or be in at least HOT
STANDBY vithin the next 6 hours and in 00LD SETIDOWN within the
following 30 hours.

-SURVEILIANCE REQUIREMDUS

4.4.7.2.1 Reactor Coolant' System leakages shall be demonstrated to be
within each of the above limits by:

a.- Monitoring the containment atmosphere particulate radioactivity
monitor at least once per 12 hours.

b. . Monitoring the containment air cooler condensate level system or-

containment atmosphere gaseous radioactivity monitor at least
once per 12 hours.

TARIEY - tRCT 2 3/4 4-17 AMD10KDC NO.
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3/4.4.6 STEAM GENERATORS

We Surveillance Requirements for inspection of the steam generator tubes
ensure that the structural integrity of this portion of the RCS will be
maintained. We program for inservlee inspection of steam generator tubes

~is based on a modification of Regulatory Guide 1.81, Revision 1. Inservice
inspection of steam generator tubing is essential in order to maintain
surveillance of the conditions of the tubes in the event that there is
evidence of mechanical damage or progressive degradation due to design,
m nufacturing errors, or inservice conditions that lead to corrosion.
Inservice inspection of steam generator tubing also provides a means c,f
characterizing the nature and cause of any tube degradation so that
corrective measures.can be taken.

W e plant is expected to be operated in a manner such that the secondary
coolant will be maintained within those chemistry limits found to result in
negligible corrosion of the steam generator tubes. If the secondary
coolant chemistry is not maintained within these limits, localized
corrosion may like y result in stress corrosion cracking. %e extent of
cracking during plant operation would be limited by the limitation of steam
generator tube leakage htween the primry coolant system and the secondary
coolant system. W e allevable primary-to-secondary leak rate is 150
gallons per day per steam generator. Cracks having a primary-to-secondary
leakage less than this limit during operation will have an adequate margin
of safety to withstand the 1 cads im. posed during normal operation and by
postulated accidents. Operational leakage of this magnitudo can be readily

Unit ? radiation monitors. Leakage in
detectedbytheexistingrarlefreplantshutdownandaninspection,duringexcess of this limit will requ
which the leaking tubes will be located and plugged or repaired.

Wastage-type defects are unlikely with proper chemistry treabnent of the
secondary coolant. Howevert even if a defect should develop in service, it
will be found during scheduled inservice steam generator tube exaninations.
Plugging or repair will be required for all tubes with imperfections
exceeding 40% of the tube nominal wall thickness. If a sleeved tube is
found to have through vall penetration of greater than or equal to 31% for
the mechanical sleeve and 37% for the laser welded sleeve of sleeve nominal
wall thickness in the sleeve, it must be plugged, n e 311 and 37% limits
are derived from R.G. 1.121 calculations with 20% added for conservatism.
W e portion of the tube and the sleeve for which indications of wall
degredation must be evaluated can be summarized as follows:

a. Mechanical

1. Indications of degradation in the entire length of the sleeve
must be eu luated against the sleeve plugging limit.

|
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2. Indication of tube degradation of any type including a
complete guillotine break in the tube between the bottom of
the upper joint and the top of the lower roll expansion dces
not require that the tube M emoved from service.J

3 .- We tube plugging limit continues to apply to the prtion of
the tube in the entire upper joint region and in tie lower
roll expansion. As noted above the sleeve plugging limit applies
to these areas also.

4. We tube plugging limit continues to apply to that portica of
the tube above the top of the upper joint.

b. taser Welded

1. Indientions of degradation in the length of the sleeve between
the weld joints must be evaluated against the sleeve plugging
limit.

2. Indication of tube degradation of any type including a
complete break in the tube between the upper weld joint and-

the lower wid joint does not require that the tube be remed
f rcen service.

3. At the weld joint, degradation must be evaluated in both the
sleeve and tube.

4. In a joint with more than one weld, the weld closest to the
end of the sleeve represents the joint to be inspected and the
limit of the sleeve inspection.

5. W e tube plugging limit continues to apply to the portion of
. the tube above the upper wld joint and below the lower veld
joint.

r* tubes do not have to be plugged or repaired provided the remainder of
the tube within the tubesheet that is above the r* distance is not
degraded. We r* distance is equal to 1.79 inches and is measured down
from the top of the tubesheet or the bottom of the roll transition,
dichever is lower in elevation. Included in this distance is an allowance

.of 0.25 inch for eddy current elevation measurement uncertainty.

Tubes experiencing outer diameter stress corrosion cracking within the
thickness of the tube support plates are plugged or repaired irf the
criteria of 4.4.6.4.a.14. - ,

Stean, generator tube inspections of operating plants have demonstrated the
capability to reliably detac+ wastage type degradation that has penetrated
20% of the original tube w # ;hickness.

FARLEY - INIT 2 B3/4 4-3a AMDIDMntt NO.
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Whenever the results of any steam generator tubing insers :- inspection
fall into Category C-3, these results will te reported to the Comission
pursuant to 10CrR50.73 grior to reswption of plant operation. Such cases
w 11 be considered by tae Comission on a case-by-case basis and rey result
h3 requirement for analysis, laboratory examinations, tests, additional
way-current inspection, and revision of the Technical Specifications, if
necessary.

3/4.4.7 RfAC70R COOWN $YSTDi tr#EE

3/4.4.7.1 tr#ME DETECTInt SYSTDis

he RCS leskage detection systems required by this specification are
provided to monitor and detect leakage from the Reactor Coolant Pressure
Boundary. These detection systems are consistent with the recomendations
of P.egulatory Guide 1.45, " Reactor Coolant Pressure Boundary Leakage
Detection Systems," May 1973.

3/4. 4.7.2_ __orEPATIcr AL tr>JAGE

Industry experience has shwn that while a limited am:mnt of lerkage
is expected from the BCS, the unidentified part. ion of this leakage can be
reduced to a threshold value of let than 1 GrM. This threshold value is
nfficiently lw to ensure early de' 'lon of additional leakage.

, he 10 GPM IDanIrIED LEArmE limitatico provides allwance for a
limited amount of leakage from known sources wher.e presence will not
interfere with the detection of ui1DDUIFIED LEAYME by the leakage
detection systems.

De CCrHTCLLED LEAFAGE limitation restricts operation when the total
flow supplied to the reactor coolant p up seals exceeds 31 GrM with the
modulating valve in the supply line full open at a nominal RCS pressure of
2235 psig. his limitation ensures that in the event of a LOCA, the safety
injection f1w will not be less than assumed in the accident analyses.

We surveillance requirements for RCS Pressure Isolation Valves
provide added assurance of valve integrir1, thereby reducing the
probability of gross valve failure and consequent intersystem toCA.
Leakage from the RCS Pressure Isolation valves is IDDCIFIED LEAXAGE and
will be considered a portion of the allowed limit.

9
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. We 150 GPD tube leakage limit per steam generator (450 GPD total) helps
to mintain steam generator tube integrity in the event of a min steam line
rupture or under LOCA conditions. By mintaining an operating leakage limit of
150 GPD per steam generator, the leak rate following a steam line rupture is
also limited to 55 GPM in the f aulted loop and 150 GFD per steam generator in
the intact loops, which will limit offsite doses to witiin 10 percent of the 10
CrR 100 guidelines.

PRESSURE BCGmARY LEAFAGE of any mgnitude is unacceptable since it
may be indicative od an trpending gross failure of the pressure boundary.
Derefore, the presence of any PRESSURE DCUCARY LEAVAGE requires the unit
to be promptly placed in COLD SWItoM.

3/4.4.8 CHrMISTRY

2e limitations on Reactor Coolant System chemistry ensure that
corrosion of the Reactor Coolant Syrtem is rtJnimized and reduces the
p tential for Reactor Coolant System leakage or failure due to stress
corrosion. Maintaining the chemistry within the Steady State Limits
provides adequate corrosion protection to ensure the struwtural integrity
of the Reactor Coolant System over the life of the plant. W e assoeIated
effects of exceeding the oxygen, chloride and fluoride limits are time and
ternperature dependent. Corrosion studies sh w that operation may be
continued with contaminant concentration levels in excess of the steady r

State Limits, up to the Transient Limits, for che specified limited time
intervals without having a significant effect on the structural integrity
of the Reactor Coolant System. We time interval perirdtting continued
operation within the restrictions of the Transient Limits provides time for
taking corrective actions to restore the contaminant concentrations to within
the Steady State Limits.

The surveillance requirements provide adequate assurance that ,

concentrations in excess of the limits will be detected in sufficient time
to take corrective action.

3/4.4.9 SPECIFIC ACTIVITY ,

he limitations on the specifie activity of the primry coolant ensure
that the resulting 2 hour doses at the site boundary will not exceed an
appropriately small fraction of Part 100 limits following a steam generator
tube rupture accident in conjunction with an ascumed steady state '
primary-to-secondary steam generator leakuge rate of 1.0 GPM. W e values for
the limits on specific activity represent limits based upon a parametric
evaluation by the liRC of typical slte locations. Wese values are conservative
in that specific site parameters of the rarley site, such as site boundary
location and meteorological conditions, were not considered in this evaluation.

FAR1rt - tNIT 2 B 3/4 4-5 AMD4DMarr to.
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%e leakage limit is restricted to 450 GPD (0.315 GPM) total leakage
(150 GPD per steam generator) to ensure that offsite doses follcuing a train
stean line break will te limited to 10 percent of the 10 CrR 100 guideline.
Wis testriction is based on the results of a rarley site specific radiological
evaluation that assumes a pritury coolant icdine activity level corresponding
to 1 percent fuel defects (approxitutely 4.0 microcuries/ gram toSE D;UIVAtan
1-131), rather than a specific activity of 1.0 microcurie / gram tost D;UIVALDn |

1-131, and a post-accident pritrary-to-secondary leak rate of 55 GPM in the
faulted loop.

The ACT10ti statement permitting PCWER OPEPATICt1 to continue for limited
tine pericds with the prirary coolant's specific activity greater than 1.0
microcuries/ gram COSE EQUIVALDU 1-131, but within the alleuable limit shwn on
rigure 3.4-1, acccmodates possible icdine spiking phenomenon which ray occur
folleving changes in 'IHERMAL MiER.

TAPitY - uiIT 2 B 3/4 4-Sa AnniDMa n to.
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FARLET NUCLEAR POVER PLANT UNIT 1 AND 2

TITBE SUPPORT PLATE EVALUATION SG TUBE PLtCGING CRITERI A
5

SIGNIFICANT 11A2ARDS CONSIDERATION ANALYSIS $
.d ,

>
lifTRODUCTION $

A license amendment is proposed to preclude unnecessarily plugging tubes
due to the occurrence of outer disteter initiated stress corrosion cracking ;

(OD SCC) at the tube support plate elevations in the Farley Unit 1 and 2 a

steam generators. Using the existing Technical Specification steam
generator tube plugging limit of 40% allovable tube vall penetration, many
of the tubes with crack indications vould needlessly have to be removed
from service. The alternate plugging criteria for the tube support plate
elevation OD SCC occurring in the Farley Unit 1 and 2 steam generators may
result in tubes with both partial and thtough-vall cracks returning to
service. In the limiting case, it is demonstrated that the presence of
through vall cracks alone is not reason enough to remove a tube from
service. The alternate plugging criteria vill not be applied to tubes
which may deform or collapse in the Farley Unit I and 2 steam generators
during a postulated Loss of Coolant Accident plus Safe Shutdovn Earthquake
(LOCA * SSE) event. This action minimires the potential for excessive
secondary to primary in-leakage due to any potential pre-existing cracks.
For all other tubes, secondary to primary in-leakage during a pos'ulated
LOCA + SSE event is expected to be negligible.

DESCRIPTION OF THE AMENDHDiT REQUEST

As required by 10 CFR 50.91 (a)(1), an analysis is provided to demonstrate
that the proposed license amendment to implement alternate steam generator
tube plugging criteria for the tube support plate elevations at Farley Unit
1 and 2 involves no significant hazards considerations. The alternate
plugging criteria involve a correlation between eddy current bobbin probe
signal amplitude (voltage) and indicated depth (phase angle) versus tube
burst and leakage capability. The principal parameter is voltage amplitude
which is correlated with tube burst capability and leakage potential.
Indicated depth is a secondary parameter utilized es a threshold value
belov vhich added margins incorporated in the plugging criteria to miniaire
excessive steam line break leakage are not necessary. The plugging
criteria are developed from testing of laboratory induced OD SCC specimens,
extensive examination of pulled tubes from operating steam generators, ana
field experience from leakage due to indications at the tube support
plates. Specifically, crack indications with bobbin probe voltages less
than or equel to 3.0 volts, regardless of indicated depth, do not require
remedial action if postulated steam line brack leakage can be shovn to be
acceptable. Crack indications with bobbin probe voltages exceeding 3.0
valts with depths greater than or equal to 50% vill tu plugged. For crack
indications with voltages greater'than 8 volts, the tubes are recommended
to be plugged no matter vhnt the indicated depth.,

__ _ _ - _
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) The ps posed amendment vould modify Technical Specification 3/4.4.6 " Steam
Genera.'rs", 3/4.4.7 " Reactor Coolant System Leakage", and the associated

; besva e Mh provides tube inspection requirements and acceptance criteria
49 h rra.ne the level of degracation for which a tube experiencing OD SCC
$? *ebe tube support plate elevations may remain in service in the farley*

Unit 1 and 2 steam generatora. The proposed amendment vould add
definitions required for the alternate plugging criteria and prescribe the
portion of the tube subject to the criteria.

EVALUATION

Steas Cenerator Tube Integrity

In the development of the alternate plugging criteria, Regulatory Guide
(RG) 1.121. " Bases for Plugging Degraded PVR Steam Generator Tubes" and
RG 1.83 " Inservice Inspection of TVR Steam Generator Tubes" are used as the.

bases for determining that steam generator integrity considerations are
maintained within acceptable limits. RG 1.121 describes a method
acceptable to the NRC staff for eeeting General Design Criteria 2, 14, 15,
31, and 32 by reducing the probability and consequences of steam generator
tube rupture through determining the limiting safe conditions of tube vall
degradation beyond which tubes with unacceptable cracking, as established
by inservice inspection, should be removed from service by plugging. This
regulatory. guide uses safety factors on loads for tube burst that are
consiste.it vith the requirements of Section III of the ASME Code. For the
tube support plate elevation degradation occurring in the Farley steam
generators, tube burst criteria are inherently satisfied during normal
operating conditions by the presence of the tube support plate. The
presence of the tube support plate enhances the integrity of the degraded
tubes in that region by precluding tube deformation beyond the dicmeter of
the' drilled hole. It is not certain whether the tube support plate vould
function to provide a similar constraining effect during accident condition
loadings in either Farley Unit 1 or 2. Therefore, no credit is taken in
the development of the plugging criteria for the presence of the tube
support plate during accident condition loadings. Conservatively, based on
the existing data base, burst testing shovs that the safety requirements
for tube burst margins during both normal and accident condition loadinF8
can be satisfied with bobbin coil-signal amplitudes less than 10.3 volts,
regardless of the depth of tube vall penetration of the cracking. RG 1.83
describes a method acceptable to the NRC staff for impiceenting CDC 14, 15,
31, ana 32 through periodic inservice inspection for detection of
significant tube vall degradation.

Upon implementation of the two parameter plugging criteria, tube leakage
considerations must also be addressed. It must be determined that the
cracks vill not leak excessively during all plant conditions. For the
alternate tube plugging criteria developed for the Tarley Unit 1 and 2
steam generator tubes, no leakage is expected during normal operating
conditions even with the presence of through-vall cracks. This is the case
as the stress corrosion cracking occurring in the tubes at the support
plate evaluations in the Tarley Unit 1 and 2 stean generators are short,i

l tight, axially oriented macrocracks separated by liganents of material. No
leakage during normal operating conditions has been observed for crack
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indications with signal amplitudes less than 6.5 volts. Relative to the
expected leakage during accident condition loadings, the limiting event ;

with tespect to ptimary to secondary leakage is a postulated steam line
break event. Field and laboratory data show minimal leakage for a
criterion of under 10.0 volts.

Addition Q Considerations

The proposed amendment vould preclude occupational radiation exposure that
vould otherwise be incurred by plant vorkers involved in tube plugging |
opera t toris. The proposed amendment vould minimize the loss of margin in
the reactor coolant flow through the steam generator in LOCA analyses. The
proposed amendment vould avoid loss of margin in reactor coolant system
flov and, therefore, assist in demonstrating that minimum flow rates are i

maintained in excess of that required for operation at full power t

Reductionintheamountoftubepluggingrequiredcanreducethe5engthof
plant outages and reduce the time that the steam generator is open to the
containment environment during an outage.

-

ANALYSIS (3 FACTOR TgST)

In accordance with the three factor test of 10 CTR 50.92(c), implementation
of the proposed license amendment is analyzed using the following standards
and found not tot 1) involve a significant increase in the probability or
consequences for an accident previously evaluated; or 2) create the
possibility of a nes or different kind of accident from any acejdent
previously evaluated or 3) involve a significant reduction in e margin of
. safety. ,

conformance of_the proposed amendment to the standards for a determination
of no-significant hazard as defined in 10 CFR .%0.7r2 (three factor test) is
shown in the following:

1) . operation of Farley Unit 1 and 2 in accordance with the proposed
license amendment does not involve a significant increase in the
probability or consequences of an accident previously evaluated.

Burst testing of pulled tubes and laboratory specimens undergoing OD
SCC have:resulted in burst pressuren at room tesperature conditions of
over 5900 psi for crack indicationa in free stetnding tubes with
voltages as high as 10 volts. Correcting for the effects of
temperature on material properties and minimum strength Itvels (as the
burst testing was done at room temperature), tube burst capability
significantly exceeds the RG 1.121 criterion requiring the maintenance
of a margin of three times n.ormal operating pressure diffu ential on-
tube burst if through-vall cracks are present. Besed on the existing
data base, this criterion _in satisfied with bobbin coil Jr.'Jications
with signal amplituder less than 10.3 voltsi regardless ri the
indicated depth measuremeat. This structural limit is based on a lover
bound'11mit of the data. A 3 volt, greater than 50% indicated depth
plugging criterion, compares favorably with the structural limit
considering expected growth rates of OD SCC at Farley. This voltage

i
,
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criterion is smaller than the 2 sigma lover bound limit of the data
used to determine the structural lielt. Tube support plate
intersections with voltages much less than 10 volts (e.g., 3.0 volts, i

greater than 50% indicated depth) are expected to result in ;

significantly higher tube burst strengths.

Relative to expected leakage during normal operating conditions, upon
implementation of the alternate plugging criteria, both field and
la'> oratory data show no leakege is expected from tubes through an
indication vith a voltage level of under 6.5 volts (as compared to the
3.0 volt, greater than 50 percent through-vall plugging limit proposed
alternate tube plugging limit). Field and laboratory data support a
"no leakage" criterion during all plant conditions of 1.5 volts,
regardless of associated depth of tube vall penetration.

Relative to the expected leakage during accident condition loadings,
the accidents that are affected by primary to secondary leakage and
steam release to the environment are Loss of External Electrical Load
and/or Turbine Trip, Loss of All AC Pover to Station Auxiliaries, Major
Secondary System Pipe Failure, Steam Generator Tube Rupture, Reactor
Coolant Pump .ocked Rotor, and Rupture of a Control Rod Drive Hechanism
Housing. Of these, the Hajor Secondary System Pipe railure is the most
limiting for Tarley Unit 1 and 2 in (.onsideting the t,otential for
off-site doses. Upon implementation of the alternate >1ugging
criteria, it must be verified that the expected distri>ution of
cracking indications at the tube support plate intersections are such
that primary to r,econdary leakage vould result in site boundary doses
within a small fraction of the 10 CFR 100 guideline during a postulated
steam line break event. Application of the proposed plu28 ng criteria1

require that the current distribution of num>er of indications versus
voltage be obtained during each refueling outage. The current voltage
is then combined with the rate of change in voltage measurement to
establish an end of cycle voltage distribution and, thus, leak rate
during steam lino break pressure differential.

2) The proposed license amendment does not create the possibility of a new
or different kind of accident from any accident previously evaluated.

Implementation of the proposed alternate tube support plate elevation
steam generator tube plugging criteria does not introduce any
significant changes to the plant design basis. Use of the criteria
does not provide a mechanism which could result in an accident outside
of the region of the tube support plate elevations. Neither a single
or multiple tube rupture event vould be expected in a steam generator
in which the plugging criteria has been applied (during all plant
conditions). The two parameter plugging criteria are established such
that operational leakage or , excessive leakage during a postulated steam
line break condition is not anticipated.

Alabama Power Company vill implement a leakage rate limit of 150 gpd
per steam generator (reduced from the current 500 gpd per steam
generator limit) to help preclude the potential for excessive leakage
during all plant conditions upon application of the phgging criteria.
The RG 1.21 criterion for establishing operational leakage rate limits
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that require plant shutdovn are based upon leak-before-break
considerations to detect a free span crack before potential tube
rupture. The 150 spd limit should provide for leakage detectior, and
plant shutdovn in the event of the occurrence of an unexpected single
crack resulting in leakage that is associated with the longest
permissible crack length, The longest permissible through-vall crack
length is the length that provides a f actor of safety of 3 on tube
burst for normal operating pressure differential. For the Tarley steam
generators, the through-vall crack length resulting in tube burst ut
three times normal operating pressure differential (4380 psi) is
approximately 0.42 inch. The nominal leak rate from this crack length
is 0.11 gpm. A 150 gpd (approximately 0.1 gpm) leak rate limit
provides for plant shutdovn prior to reaching the critical crack length
corresponding to three times normal operating pressure differential.

3) The proposed license amendment does not involve a significar t reduction
in margin of safety.

The use of the alternate tube support plate elevation plugging criteria
at Tarley Unit 1 and 2 is demonstrated to maintain steam generator tube
inttgrity commensurate with the requirements of RG 1.121. RG 1.121
describes a method acceptable to the hRC staff for meeting GDCs 2, 14,
15, 31, and 32 by reducing the probability of the consequences of steam
generator tube rupture. This is accomplished by determining the
limiting conditions of degradation of steam generator tubing, as
established by inservice inspection, for which tubes with unacceptable
cracking should be removed from service. Upon implementation of the
criteria, even under the vorst case conditions, the occurrence of 00
SCC at the tube support plate elevations is not expected to lead to a
steam generator tube rupture eve.~.t during normal or in1ted plant
conditions. The most limiting effect vould be a possible increase in
leakage during a steam line break event. Excessive leakage during a
steam line break event, however, is precluded by verifying that, once
the criteria is applied, the expected end of cycle distribution of
crack indications at the be support plate elevations vould result in
minimal, and acceptable ' mary to secondary leakage during all plant.

conditions and, hence, help to demonstrate radiological conditions are
less than a small fraction of the 10 CTR 100 guideline.

In addressing the combined effects of LOCA + SSE on the steam generator
component, it has been determined that tube collapse may occur in the
steam generators at some plants. This is the case as the tube support
plates may become deformed as a result of radial loads at the wedge
supports at the periphery of the plate due to either the LOCA
rarefaction vave and/or SSE loadings. Then, the resulting pressure
differential on the deformed tubes may cause some of the tubes to
collapse. :

There are two issues associated with steam generator tube collapse.
First, the collapse of-steam generator tubing reduces the RCS flov area
through the tubes. The reduction in flow area increases the resistance
to flov of steam from the core during a LOCA vhich, in turn, may
potentially increase Peak Clad Temperature (PCT). Second, there is a,

'

potential that partial through-vall cracks in tubes could progress to
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through-vall cracks during tube deformation or collapse.

Consequently, Alabama Power Company has performed a detailed leak
before break analysis and it is concluded that the leak-before-break
methodology (as permitted by CDC 4) is applicable to the Farley Unit 1
and 2 reactor coolant system primary loops and, thus, the probability

of breaks in the primary loop piping is sufficiently lov that they need
not be considered in the structural design basis of the plant.
Excluding breaks in the RCS primary loops, the LOCA loads from the
large branch lino breaks vere analyzed at Farley Ur.it 1 and 2 and vere
found to be of insuf ficient magnitude to result in steam generator tube
collapse.

Regardless of whether or not leak-before-break is applied to the
primary loop piping at Farley Unit 1 and 2, any flov eres reduction is
expected to be minimal (much less than 1%) and PCT margin is available
to account for this potential etfect. Tube locations which .say
potentially result in secondary to primary inleakage due to tube
collapse es a result of pre-existing crack indications are excluded
from the application of this criteria. For all other steam generator
tubes, the possibility of secondary to primary leakage in the event of
a LOCA + SSE event is not significant. In actuality, the amount of >

secondary to primary leakage in the event of a LOCA is expected to be
less than currently allowed since steam generator tube integrity is
expected to improve with the reduction of leakage alloved from $90 gpd
to 150 gpd per steam generator. Furthermore, secondary to primary
leakage vould be less than primary to secondary leakage for the same
differential pressure since the cracks vould tend to tighten under a
secondary to primary differential pressure. Additionally, the presence
of the tube support plate is expected to reduce the in-leakage.

AddressinE RG 1.83 considerations, implementation of the tube plugging
criteria is supplemented by 100% inspection requirements at the tube
support plate elevations having OD SCC indications, eddy current
inspection ruidelines to provide consistency in voltage normalization,
and rotating pancake coil inspection requirements for the larger
indications left in service to characterire the principal degradatica
mechanism as OD SCC.

As noted previously, implementation of the tube support plate elevation
plugging criteria vill decrease the number of tubes whic eust be taken
out of service with tube plugs. The installation of steam generator
tube plugs redeces the RCS flow margin, thus implementation of the
alternate plugging criteria vill maintain the margin of flov that would
otherwise te reduced in the event of increased tube plugging.

Based on the above, it is concluded that the proposed change does not
result in a significant reduction in margin with respect to plant
safety as defined in the Final Safety Analysis Report or any bases of
the plant Technical Specification.

l
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CONCLUSION

Based on the preceding analysis, it is concluded that using the bobbin coil
probe voltage / depth alternate steam generator tube plugging criteria for
remcVing tubes from service at Farley Unit 1 and 2 is acceptable and the
proposed license amendment does not involve a Significant flarards
Consideration Finding as defined in 10 CFR $0.92.

,

REH:2313
|

|

l

L



. _ _ _ _ _ _ _ _

-
, , .. , ..

; a .

Attachment 3

Technical Justification

,

_

%

4

4

he , . ,



- _ - _ _ - - _ _ _ _ _ _ _ _

. .. ...

,- .r .- .

Proprietary Information No. ice

Transmitted herewith are proprietary and/or non proprietary versions of
documents furnished to the NRC in conn (ction with requests for generic and/or
plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.790 of the Commission's
regulations concerning the protection of proprietary information so submitted
to the NRC, the information which is proprietary in the proprietary versions is
contained within brackets, and where the proprietary information has been
deleted in the non proprietary versions, only the brackets remain (the
information that was contained within the brackets in the proprietary versions
having been deleted). The justification for claiming the information so
designated as proprietary is indicated in both versions by means of lower case
letters (a) through (g) contained within parentheses located as a superscript
immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposita such information. These

lower case letters refer to the types of information Westinghouse customarily
holds in confidence identified in Sections (4)(11)(a) through (4)(ii)(g) of the
affidavit accompanying this transmittal pursuant to 10 CFR 2.790(b)(1).
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Copyright Notice !
l

The reports transmitted hertwith each bear a Westinghouse copyright notice.,

The NRC is permitted to make the number of copies of the information contained
in these reports which are necessary for its internal use in connection with

'

generic and plant specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or
violation of a license, permit, order, or regulation subject to the
requirements of 10 CFR 2.790 regarding restrictions on public disclosure to the
extent such information has been identified as proprietary by Westinghouse,
copyright protection not withstanding. With respect to the non proprietary
versions of these reports, the NRC is permitted to make the number of copies
beyond those necessary for its internal use which are necessary in order to
have one copy available_ for public viewing in the appropriate docket files in
the public document room in_ Washington, DC and in local public doccment rooms y

as may be required by NRC regulations if the number of copies submitted is
insufficient for this purpose. The NRC is not authorized to.make copies for
the personal use of members of the public who make use of the NRC public
document ~ rooms. Copies made by the NRC must include the copyright notice in
all instances and thn proprietary notice if the original was ideitified as
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,
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Wes11nghouse Energy Systems $ 3f y ,,,, ,3 ,3 g 33,Electric Corporation

. - February 21, 1991
CAW 91-130

Document Control Desk
US Nuclear Regulatory Commission
Washington, DC 20555

Attention: Dr. Thomas Murley, Director

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: J._ M. Farley Units 1 and 2 SG Tube Plugging Criteria for ODSCC at
Tube Support Plates (WCAP 12871)

Dear Dr. Murley:-

The proprietary information for which withholding is being requested in the
above-referenced letter is further identified in Affidavit CAW-91-130 signed by
the owner of the proprietary information, Westinghouse Electric Corporation.

-The affidavit, which accompanies this letter, sets forth the basis on h the
'

information may be withheld from public disclosure by the Commission a ..
addresses with specificity the considerations listed in paragraph (b)(4) of 10
CFR Section 2.790 of the Commission's regulations.

Accordingly, this letter authorizes the utilization of the accompanying
Affidavit by Alabama Power Company.

Correspondence with respect to the proprietary aspects of the application for
withholding or the Westinghouse affidavit should reference this letter,
CAW 91-130, and should be addressed to the undersigned.

Very truly yours,

(7)f,4 V
| . P. DiPiazza, Mana

Enclosures- Operating Plant Licensing Support
ec: M. P. Siemien.-Esq.

Office.of-the General Counsel, NRC

_
_

ooia m o m i.a
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afilDM11

COMMONWEALTH OF PENNSYLVANIA:

' ss

COUNTY OF ALLEGHENY:

Before _ me, the undersigned authority, personally appeared
Ronald P. DiPlazza, who, being by rne duly sworn according to law,
deposes-and_says_that he is authorized to execute this Affidavit on
behalf of Westinghouse Electric Corporation (" Westinghouse *) and that
the averments of fact set forth in this Affidavit are true and correct '

to the best-of his_ knowledge, information, and belief:

;

'

Nnald P. DiPlazza, ManahM
Operating Plant Licensing Support

Sworn to and subscribed
. before me this 2L day
of 8 6ta m , 1991,

-- g
,

.

Y.i$$1. b,Nds-

Notary Public
_

ucermeno.=mer,ve ,
MYCO 8&4Ryg [ypgg g ggg,94,99,9

h * W Port */ 4ra hse wie.n f wa m

C
. - . . . - . - .. . - , .
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2- CAW 91 130

(1) I am Manager, Operating Plant Licensing Support, in the Nuclear and
Advanced Technology Division, of the Westinghouse Electric Corporation and
as such, I have been specifically delegated the function of reviewing the
proprietary information sought to be withheld from public disclosure in
connection with nuclear power plant licensing and rulemaking proceedings,
and am authorized to apply for its withholding on behalf of the

. Westinghouse Energy Systems Business-Unit.

_ (2) I am making this Affidavit in conformance with the provisions of 10CFR
Section 2.790 of the Cnmmission's regulations and in conjunction with the
Westinghouse application for withholding accompanying this Affidavit.

(3) I have personal knowledge of the criteria and procedures utilized by the
Westinghouse Energy Systems Business Unit in designating information as a
trado secret, privileged or as confidential commercial or financial
information.

(4) Pursuant to the provisions of 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 should be withheld.

(i) The information sought to be withheld from public disclosure is owned
Lnd has been held in confidence by Westinghouse,

,

e

1
*
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' 3

(ii) The information is of a type customarily held in confidence by
Westinghouse and not customarily disclosed to the public.
Westinghouse has a rational basis for determining the types of
information customarily held in confidence by it and, in that
connection, utilizes a system to determine when and whether to hold
certain types of information in confidence. The application of that
system and the substance of that system constitutes Westinghouse
policy and provides the rational basis required.

Under that system, information is held in confidence if it falls in
one or more of several types, the release of which might result in the
loss of an existing or potential competitive advantage, as follows:

(a) The information reveals the distinguishing aspects of a process
(or component, structure, tool, method, etc.) where prevention of
its use by any of Westinghouse's competitors without license from
Westinghouse constitutes a corrpetitive economic af, vantage over

other companies.

(b) It consists of supporting data, including test data, relative to q

a process (or component, structure, tool, method, etc.), the
application of which data secures a competitive economic
advantage, e.g., by optimization or improved marketability.

_

- - - _ - - - - - _ - _ - _
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(c) Its use by a competitor would reduce his expenditure of resources
or improve his competitive position in the design, manufacture,
shipment, installation, assurance of quality, or licensing a
similar product.

(d) It reveals cost or price information, production capacities,
budget levels, or commercial strategies of Westinghouse, its
customers or suppliers.

(e) It reveals aspects of past, present, or future Westinghouse or
customer funded development plans and programs of potential
commercial value to Westinghouse.

(f) It contains patentable ideas, for which patent protection may b2
desirable.

(g) It is not the property of Westinghouse, but must be treated as
proprietary by Westinghouse according to agreements with the
owner.

There are sound policy reasons behind the Westinghouse system which
include the following:

(t) The use of such information by Westinghouse gives Westinghouse a
competitive advantage over its competitors. it is, therefore,

withheld from disclosure to protect the Westinghouse competitive
,

positicn.

:

... ___.__________________________._______._________.______________________________________.________Q
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(b) It is information which is marketable in many ways. The extent
to which such information is available to competitors diminishes '

the Wstinghouse ability to sell products and services involving
,

the use of the information.
|

(c) Use by our cepetitor would put Westtoghouse at a competitive ;
!disadvantage by reducing-t.is expenditure of resources at our

expense.

(d) Each component of proprietary information pertinent to a !

particular competitive advantage is potentially as valuable as
- the total competitive advantage. If competitors acquite
components of proprietary information, any one component may be ;

the key to the entire puzzle, thereby depriving Westinghouse of a
;

competitive advantage.

.(e) Unrestricted disclosure wouid' jeopardize the position of r

prominence of Westinghouse in the.world market, and thereby give
a market; advantage to the competition of those countries.

-(f)- The Westinghouse capacity to invest corporate: assets in research
-and development depends upon the success in obtaining and
maintaining a competitive advantage.

l

,

i

-

< -- a
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(111) The information is being transmitted to the Comission in
confidence and, under the provisions of 10CFR Section 2.790, it,

is to be received in confidence by the Comission.

(iv) The information sought tn be proterted is not available in public
sources or available information has not been previously employed
in the same original manner or method to the best of our
knowledge and belief.

s

(v) The proprietary information sought to be withheld in this
submittal is that which is appropriate'vy marked in 'J. H. Farley
Units 1 and 2 SG Tube Plugging Criteria for 0050C at Tube Support
Plates", WCAP-12871, (Propriet ary) for J. H. f arley Units 1
and 2 being transmitted by the Alabama Power Company (APCo)
letter and Application for Vithholding Proprietary Information
from Public Disclosure, Hr. W. C. Hairston 111, APCo to Document
Control Desk, to the Attention Dr. Thomas Hurley, February,
1991. The proprietary information as submitted for use by
Alabama Power Company for the J. H. Farley Units 1 and 2 is
expected to be applicable in other licensee submittals in
response to certain NRC requirements fc? steam generator tube
plugging criteria for ODSCC at tube support plates.

,

- -__- _
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l

This infomation is part of that which will enable Westinghouse
to:

(a) Provide documentation of the analyses, methods, and testing
for reaching a conclusion relative to steam generator *,ube
plu ging criteria for ODSCC at the tube support plates.

(b) Establish acceptable steam generator tube plugging criteria

based on (a) above.

(c) Establish the available margins for the revised plugging
criteria.

(d) Assist the customer to obtain NRC approval for steam
generator tube plugging criteria for 00$CC at tube support
plates.

Further this information has substantial comercial value as
follows:

(a) Westinghouse plans to sell the use of similar information to
its customers for purposes of satisfying NRC requirements
for licensing documentation.

.

t

6
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(b) Westinghouse can sell support and defense of the Technical
Justification technology to its customers in the Itcensing
process.

Public disclosure of this proprietary information is likely to
cause substantial harm to the competitive position of
Westinghouse because it would enhance the ability of competitors
to provide similar analytical documentation and Itcensing defense
services for commercial power reactors without commensurate
expenses. Also, public disclosure of the information would
enable others to use the-information to meet NRC requirements for
licensing documentation without purchasing the right to use the
information.

The development of the technology described in part by the
information is the result of applying the results of many years
of experience in an intensive Westinghouse effort and the
expenditure of a considerable sum of money,

in order for competitors of Westinghouse to duplicate this
information, similar technical programs would have to be
performed and a significant manpower effort, having the requisite
talent and experience, would have to be expended for developing
testing and analytical methods and performing tests.

Further the deponent sayeth not.

|
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1.0 INTRODUCTION

This report provides the technical basis for tube plugging criteria for outside diameter
stress corrosion cracking (ODSCC) at tube support plate (TSP) intertections in the,

Farley Units 1 and 2 steam generators (SGs). The recommended plugging criteria are
based upon bobbin coliinspection voltage amplitude which is correlated with tube burst
capability and leakage potential. The recommended criterla are demnnstrated to rneet the.

guidelines of Regulatory Guide 1.121.

The tube plugging criteria are based upon the conservative assumptions that the tube to
TSP crevices are open (negligible crevice deposits or TSP corrosion) and that the TSPs
are displaced under accident conditions. The ODSCC generated within the TSPs is thus
assumed to be free span degradation under accident condtions and the principal
requirement for tube plugging considerations is to provide margins against tube burst
per R.G.1.121. The open crevice assumption leacs to maximum leak rates compared to
packed crevices and also maximizes the potential for TSP displacements under accident
condit.'ons. Tests performed with incipient denting or dented tube intersection show no
or very small leakage such that leakage even urider SLB conditions would be negligible,
it is c'emonstrated, using Farley Unit 1 as an example, that if the crevices are packed as
a consequence of TSP correston or if small tube to TSP gaps are present, TSP
displacements under accident conditions are minimal such that tube burst would be
prevented by the presence of the TSPs. TSP displacement analyses under SLB loads were
also performed for the open crevice assumption and the further conservative assumpf.on
of zero friction at the tube to TSP intersections and also for the TSP wedge to wrappcr
interaction. The wedges are installed in the TSP to wrLpper geps to align the TSPs for
tubing of the SGs. While the TSP wedges are pressed into the gap during manufacturing,
the forces are not known and thus the preload or friction force at the TSP to wrapper
interface is not known.- it is reasonable to expect that the friction forces at the TSP to.

wrapper interface would significantly reduce TSP displacemnnts under accident
mnditions.- However, the analytical results based upon the open crevice /zero fiiction
assumptions indicate the potential for TSP displacements under SLB conditions such that
prevention of tube rupture cannot be assured for the 51 Saries SGs with the applied
analytical assumptions. Thus the requirements for tube burst margins assuming free
span degradation have been applied to develop the tube plugging critoria.

The plugging criteria weie developed from testing of laboratory induced ODSCC
specimens, extensive examination of pulled tubes from operating SGs and field
experience for leakage due to indications at TSPs. The recommended criteria represent
conservative criteria based upon EPRI and Industy supported davelopment programs
that are continuing toward further refinement of the plugging criteria. Revision 2 of
this report significantly increases the pulled tube data b&se fcr the vo'tage versus burst
pressure correlation compared to the initial release of this report. The increased daia
base provides acditional support for utilization of burst pressures at the lower 95%
confidence level as the basis for the tube plugging limits.

Implementation of the tube plugging criteria is supplemented by 100% inspection
requirements at TSP elevations having ODSCC indications, reduced operating leakage,

requirements, inspection guidelines to provide consistency in the voltage normalization
and RPC inspection requirements for the larger indicctions left in service to

.
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Characterize the principal degradation mechanism as ODSCC, in addition, it is required
that potential SLB leakage be calculated for tubes left in service to demonstrate that the

,

cumulative leakage la less than allowable limits.

'

Two tubes were pulled from Farley Unit-2 in November,1990 to provide direct
support for these criteria. Testing on these pulled tubes included leak rate tests, burst
pressure tests and destructive examinations to establish crack morphology, in add; tion, '

results of prior pulled tube examinations from Farley Units 1 and 2 and other plants
have been used to support the tube plugging criteria.

,

To provide the technical bases for tube plugging due to ODSCC at TSPs, the following
activities have been performed as documented in this report:

o Summary of Regulatory Requirements against which the recommended plugging
criteria are evaluated - Section 3

o Review of Farley 1,2 and other plant pulled tube examinations - Section 4

o Review of Farley 1,2 eddy current inspection results includ;ng historicalgrowth
rate data - Section 5

o Review of field experience from pulled tube data and plant leakage occurrences to i
define the field data base which is supplemented by laboratory tests to develop the
plugging criteria Section 6

i
o Preparation of cracked test specimens for NDE and leak testing in a model boiler or 1

doped steam environment for inducing ODSCC cracks, or by cyclic tatigue to
produce cracks in the test samples - Cection 7 *

o NDE analysis guidelines, measurement uncertaint!cs, and NDE inspection results
for the test specimens based upon defined procedure and data analysis guidelines
and including sensitivity to: probe manufacturer, open or packed erevices, probe
wear, etc. - Section 8

o Burst and leak testing to relate the NDE parameters to burst pressurrs and SLB leak
rates Section 9

o Results of test specimen destructive examinations to assess prototypicality of
sample tube crack morphology and to characterize test specimea crack sizes and
depths Section 10

o .SLB evaluations to assess TSP displacements under SLG loads, plant requirements
on SLB leakage limits and a description of the SLS leakago model- Section 11

o integration of the inspection and burst test results to develop the tube plugging
criteria - Section 12

.

o _ Description of eddy current data analysis guidelines for application of the plugging
criteria- Appendix A

1-2
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~ o Evaluation of the pulled tube data from Plant L Appendix B

The overall summary and conclusions for this report are described in Section 2.
.-

,
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2.0 SUVMARY AND CONCLUSIONS

The report describes the technical support for tube plugging criteria for ODSCC at TSPs
applicable to the Farley Units 1 and 2 SGs. The plugging criteria are based upon use of

*

bobbin coil inspection voltage ampl;tudes. These eddy current measurements are
directly correlated to tube Integrity issues including tube burst margins and the
potential for tube leakage under postulated accident conditions. Eddy current and leak,

i

rate measurements from pulled tubes and laboratory cracked specimens as well as field
data have been used to correlate voltage plugging limits to leakage potential and tube
burst capabillty. Regulatory Guide 1.121 for tube Integrity guidelines as well as the
General Design Criteria are shown to be satisfied by the tube plugging criteria of this
report.

This section summa'izes the tube plugging criteria under Overall Conclusions (Section
2.1) and the key results of the development program under Summary (Section 2.2).

2.1 OverallConclusions

The general approach taken to develop the tube plugging criteria for ODSCC at TSPs
includes:

1) Specifying conservativc burst correlations based on free (ur' covered) span ODSCC
under cecident conditions to demonstrate structural integrity.

2) Conservatively assuming open crevice conditions to maximize leakage potential.

3) Satisfying the R.G.1.121 structural guidelines for tube burst margins by..-

establishing a conservative structural limit on voltage amplitude that provides

.

three times normal operating pressure differential for tube burst capability.

4) Satisfying the FSAR requirements for allowable leakage under accident conditions
by demonstrating that the dosa rate associated with potential leakage from tubes

_

remaining in service is a tmall fraction of 10 CFR 100 limits.

5) including considerations for crack growth and NDE uncertainties in both the
structural assessment and SLB leakage analysis.

6) Specifying a requirement to perform 100% BC inspectien for all hot leg TSP
Intersections and all cold leg intersections down to the lowest co|d leg TSP where
ODSCC indications have been identified.

The resulting tube plugging criteria for ODSCO at TSPs in Farley Units 1 and 2 can be
summarized as follows:

Tube Pluccino Criterion

*

Tubes with bobbin coilindications exceeding 3.6 volts will be plugged or repaired.

.
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|
| SLB Leakane Criterion

Predicted St3 leak rates from ODSCC at TSPs for the tubes left in service must be less
than 55 gpm for each SG, including considerations for NDE uncertainties and ODSCC -

growth rates.

Ingoection Recu!rements *

A 100% bobbin coli inspection shall be performed for all hot leg TSP Intersections and
all cold leg intersections down to the lowest cold leg TSP with ODSCC indications.

All tubes with bobbin coilindications >1.5 volts at TSP Intersections shall be inspected
using RPC probes. The RPC results shall be evaluated to support ODSCC as the dominant
degradation mechanism. Indications at TSPs confirmed to be ODSCC shall be r61nspected
by RPC during ahemate refueling outages for reconfirmation as ODSCC.

Ooeratino Leaknee Limus

Plant shutdown will be implemented if normal operating leakage exceeds 150 gpd per SG.

fydusions from Tube Pluco!nc Criterion

Tubes with RPC Indications not attributable to ODSCC or with circumferential
indications shall be evaluated for tube plugging based on a 40% eddy current indicated
depth limit.

Although the tube plugging guidelines of R.G.1.121 are used to establish tube plugging
limits, tne potential for tube burst at SLB conditions is shown to be negligible basu on -

both deterministic crac,k length considerations and probability estimates. The but it
pressure versus crack length correlation utillzing the Belglan burst data (EPRI

^

NP-6864-L) developed under prototypic flow conditions shows that a through wall
crack length of 0.84 Mch is required for tube burst at SLB pressure differentials. Th s
crack length exceeds the 0.75 inch TSP thickness which bounds the potential crack
lengths for ODSCC at TSPs. Consequently, tube burs;'r ODSCC is essentially p scluded
by the c ack length limit. More over, an attemate assessment was performed bv tinte
Carlo analyses considering the probabilities associated with a limiting EOC (end -
cycle) vohage including allowances for NDE uncertainties and growth. This analysis
shows that an indication left in service at the tube plegging limit would have a
conditional probability of burst at SLB conditions of ~3x10-6 per cycle. This value
does not include the probability of an SLB event occurring; hence, the actual burst
probability (combined probability of SLB and burst) would be further reduced. In
addition, it it shown that even the small degree of tube denting in Farley. t together with
EC detected TSP corrosion provide tube to TSP contact pressures that prevent TSP
displacement under accident conditions. A partial assessment of Farley 2 TSP corrosion
indicates the likeiihood that an evaluation, if completed for Farley-2, would also
dernonstrate no TSP displacement. Thus tube burst is not a significant concem for
application of the plugging limits for ODSCC at TSPs. The use of free span burst ,

pressure criteria to establish tube plugging limits thus leads to very conservative
plugging limits.

.
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2.2 Summary

A summary of the results of this report is provided below:
'

Reculatorv Recuirements

. o -Tube integrity acceptance criteria for SG tubes are defined in Regulatory Guide
1.121 and General Design Criteria. For tubes with through wall cracks, these
criteria establish guidelines for tube burst margins and operatir.g leakage limits.
The tube plugging limits of this report are developed to demonstrate that these
guidelines are met,

FSAR accident analyses ina.lude tube leak rates utilized to show acceptableo

radiological consequences. A Ilmiting accident condition leak rate of 55 gpm per SG
in an SLB event was developed to meet site boundary dosage limits. At each outage,
projected potential SLB leak is determined for tubes left in service to demonstrste
satisfaction of the 55 gpm leakage limit,

Pulled Tu'oes from Farlov SGs

o Two tubes pulled from Farley 2 in 1990 and one tube pulled in 1986 (examined in
1991) have been leak and burst tested to support the tube plugging criteria. Prior
Farley pulled tubes with signihcant cracks include one additional tube from Unit 2
and one from Unit 1. These tubes had crack depths exceeding 60% and voltages
ranging from 0.3 to 9.9 volts. Three tubes having voltages ranging from 2.8 to 9.9
volts had short through wallindications. None of these tubes were identifiable as
leakers in service. Nine additional Farley-2 TSP intersections from 3 tubes were
destructively _ examined and found to have insignificant (<22% depth) degradation,.

o Two of the five Farley tubes with significant indications had bobbin coil amplitudes
of 2.8 and 9.9 volts, indicated depths of 82% and 86% and through wall crack

-

lengths of 0.18 and 0.15 inch, respectively. Laboratory tests showed lio significant
leakage (a few drops indistinguishable from test system leakage) at normal
operating conditions. These tubes had very low SLB leak rates of <0.2 Vhr (~1
gpd).

o Two of the five Farley tubes at 1.44 and 7.2 volts with bobbin co;lindicated depths
of 68% and 83% had actual crack depths of 78% and 100% (0.02" through wall
crack length), respectively. The tube with the 1.44 volt indication was leak tested
with no leakage at normal operating and SLB conditions. It can be inferred from the
crack morphology that the tube with the 7.2 volt Indication would not have
measurable leakage even at SLB conditions,

o Free span burst pressures for the Farley pulled tubes exceeded 5900 psi and thus
exceed Reg. Guide 1.121 guidelines for 3 times normal operating pressure
differentials (4380 psi) on a temperature and minimum property adjusted basis.

"

|- o A total of 14 TSP intersections from 8 tubes have been examined for TSP
! degradation. The tube pulls occurred between 1985 and 1991 None of the tube

1 2-3
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exam results show significant IGA involv9 ment with ODSCC being the dominant
degradation mechanism, These results show that IGA has not been an active
corrosion mechanism at TSPs in the Farley SGs and the six year trer:d indicates that
significant IG A is not expected ir future operation.

.

'Pgd. Tubas from other SGs
.

o in adddion to the 8 tubes pulled from Farley, the overall pulled tube data base
includes 21 pulled tubes with 57 tube to TSP Intersections that have both NDE and
destructive examination results. The bobbin collindications for these tubes range
from 0.1 to 3.8 volts with destructive examination depths up to 981 One tube
with a 1.9 volt Indication had a through wall crack,0.01"long. None of these tubes
would be expected to leak even at SLB mnditions and all would have free span burst
pressures that satisfy Reg. Guide 1.121 acceptance criteria.

o These pulled tubes support no leakage at normal operating or S' B conditions at
voltages up to 3.6 volts, independent of depth, while the Farley tubes indicate no
measurable operating leakage up to about 10 volts and very low leakage at SLB
mnditions above 2.8 volts.

o Overall, the pulled tube data show inultiple, segmented axial cracks with short
. lengths for the deepest penetrations. Through wall cracks have been identified in 4
tubes but the associated crack lengths are short (<0.18*) and have no measurable
leakage at normal operating conditions.

o Pulled tube examination results have been reviewed from 5 plants with more,

signliicant IGA involvenient than found at the Farley SGs. These results indicate that
the degradation develops as lGA + SCC particularly when msximum IGA depths -

greater than about 25% are found. A large number (>100) of axial cracks around
the tube circumference are commonly found in these tubet The maximum depth of
IGA is typically 1/3 to 1/2 of the SCC depth. Patches of cellular IGA / SCC formed by

,

combined axial and circumferential orientatica of microcracks are frequently found
in pulled tube examinations.

o Comparisons of corrosion morphology between tubes have been made
semi-quantitavely using comparisons of cracking density, extent of IGA associated -
with the major cracks and extent (depth, width) of IGA invohtement.

Ooeratino Plant Exonrience

o To date, only 3 tubes in operating SGs have been identified as probable tube leakers
attributable to OOSCC at TSPs. No leakers for ODSCC at TSPs have been identified in
domestic plants. The occurrences were in European plants. These leaking tubes had
bobbin coilindicated depths exceeding 75% and voltage amplitudes of 7.7,13 and
39 volts. Plant leak rates associated with these tubes cannot be quantified as other
tubes with PWSCC contributed to the total plant leak rates of 63 and 140 gpd
associated with ODCOC leakers.

.

.
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o Bobbin coliinspection results from domestic and European units for tubes with no
identifiabic leakage nave been collected to support selection of plugging limits for no
expected operating leakage. These data include Indications exceeding 10 volts
amplitede and generally support negligible leakage for ODSCC at TSPs,,

o Based on voltage versus actual depth trends from pulled tubes, Indications with IGA
.E and IGNSCC show comparable or higher voltage levels than obtained for SCC with

minor IGA. These data support adequate detectability for lGA and IGA / SCC-

,

degradation using bobbin coilinspections.

o inspection results from French units provide growth trends at BOC (beginning of
. cycle) amplitudes higher than those obtalned from domestic units. The French data
indicate that percent voltage growth is essentially independent of BOC voltage
amplitude. Farley data, which are at lower BOC amplitudos, show a trend toward
decreasing percent voltage growth with increasing amplitude. For conservatism,
percent voltage growth is assumed to be independent of amplitude to develop the tube
plugging limits.

Farlev Ooeratino Exoerlence for ODSCC at TSPs

o- Results from prior inspections at Farley Units 1 and 2 were evaluated to develop
growth rates for both voltage amplitudes and indicated depths. This assessment

_

Indicates that she ODSCC laitiated pr!ct to 1986. Improvements to secondary
chemistry Lod sludge management have led to progressively decreasing growth rates
since 1987.

)o AverPg9 growth rates over the last operating cycle in Farley 1 were 0.23 volt and
6% depth. For Farley 2, growth rates were 0.1 voit and <3% depth. Conservative.

voltage growth rates over the last operating cycles were 37% for Farley-1 and
29% for Farley-2.-

.

o The eddy current review shows low levels of tube denting in Unit 1 and negligible
tube denting in Unit 2. Conting pregiossion has been negligble in both units for at

,

. least the last three operating c/ dss.- TSP corrosion.' indicating hard magnetite in
the crevices, was found by oddy current examination at most tube to TSP

~ intersections in Unit-1 and to a lesser extent in Unit 2.

TSP Dkolacement Under SLB Lons

o The potential for TSP displacement under SLB loading conditions has been evaluated j
- for open crevices, for small gaps and for corroded TSP conditions of incipient<

= denting which leads to contact forces between the tube and the hard magnetite in the
crevices. These evaluations were performed to assess the potential for unmvering
of the ODSCC under SLB conditions.

,

o With the corroded TSP conditions of the Farley Unit-1 SGs, the maximum St.B loads
on the TSPs are less than the forces resulting from tube to TSP contact pressures.

'

_ To support this'conclusloa, pull tests were performed to determine the force
required to pull the tube from incipient denting and dented crevice conditions.

,
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These pull forces per TSP Intersection ranged from [ 19 pounds for incipient
denting up to [ _ ]9 pounds for less than 1 mit dents. These resu ts show that the
ODSCC at TSPs in Farley Unit 1 SGs will continue to be enveloped by the TSPs even
under accident conditions and thus preclude the potential for tube rupture. A
comparable evaluation was not performed for Farley Unit 2 SGs as the plugging

-

criteria are based upon free span ODSCC under accident conditions.
|,

o Analyses for TSP displacements with crevice gaps in an SLB event were performed
using .inite element, dynamic time history analysis methods. Conservative analysis
assumptions, such as no friction which ignores the TSP to wedge to wrapper contact
forces, lead to overestimates of the TSP displacements. Given these assumptions,
analyses for open, as manufactured crevices, indicate potential displacements
yleiding plastic deformation of some TSPs. For these results, it could not be assured
that the TSPs would envelope the ODSCC at the times of increasing primary to
secondary pressure differentials in an SLB event. Rather than pursuing analytical
refinements of these models, the analyses were performed to reflect the crevice
conditions of TSP corrosion as found by eddy current inspection. As noted above, the
incipient denting and dented conditions at TSP intersections prevent TSP
displacement under SLB conditions. TSP displacement analyses for varying crevice
gaps show that even if the TSP corrosion resulted in up to [ ]9 mil gaps at the mot.i
limiting plate, the TSP displacements would not uncover the ODSCC. !

Etecaration of Craded Soecimens

o Samples cracked due to ODSCC in model boilers with simulated TSP intersections
have been found to produce crack morphologies and leak rates typical of field
experience. This method of sample preparation is used for development of the tube -
plugging limits. -

Samples prepared in doped steam were found to yield relatively open cracks, with
'

o
less prototypic crack morphology and voltage amplitudes as well as
non prototypically high leak rates due to the high hoop stresses applied to crack
these specimens within reasonable test periods. These samples have only been
applied for tests with dented TSP Intersections to demonstrate the influence of
dented crevices on leak rates.

o Fatigue induced crack specimens have also been used to evalgate the influence of
dented crevices on leak rates. Fatigue cracks were used based upon the capability to
closely control through wall crack lengths and the reasonably predictable and
relatively high leak rates associated with fatigue cracks.

Non-Destructive Examinations (NDE)

o Bobbin coil measurements of laboratory prepared uniform IGA specimens show
voltage amplitudes exceeding 1-2 volts for ~30% IGA depth. These results support
the field data trends indicating IGA and IGA / SCC detectability at comparable voltage
levels to that found for SCC. .

2- 6
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The NDE program applied to laboratory specimens included sensitivity wmparisonst o

for probes manufactured by two vendors. The probe vendor has been found to have
no impact on the NCE results based on using 400 kHz for voltage calibration and a
400!100 kHz mix for analysis. However, each of the probes can have different

t' frequency response characteristics. This effect can be minimized by cal;brating
each of the frequencies individually or calibrating the planned mix channel. The
latter has been recomrnended for implementation in the Farley SG Inspections..

Probe centering uncertainty has been found to be <5% for "new", unworn probes
bar,ed on results of EC tests performed in a horizontal position (crientation) of a
specimen with EDM notches (notches at tne bottom or iop).

1

The bobbin coil voltage response for magnetite packed crevices is essentially theo

same as found for open crevices. The results show a 5% increase in response with
the magnetite present and a scatter of about 10%. Thus the presence of magnetite
does not significantly influence the bobbin coil voltage measurements.

o An example typical of field experience for which the environment (residual TSP,
small dent responses) can mask or distort the indication response was found in one
test specimen. When the amplitude response grew from 0.3 to 0.7 volts after leak
testing and handling, the indication could be readily detected. These small
responses, which are masked by environmental factors in operating SGs (as shown
by pulled tube results) do not impact the servicaability of the SG, as the indications
are small compared to the plugging limits of this report.

Voltage calibratiols for different ASME standards were compared against theo

laboratory standa"d used in this program. Variations up to 18% were identified.
Pending incorporation of a voltage verification requirement in ASME standard
certifications, an ASME standard calibrated against the laboratory standard will be,

utilized in Farley SG inspections for consistent voltage normali:ation.

Bobbin coil probe wear sensitivity tests were performed by varying the diameter of
- o

the probe centering devices to determine changes in voltage and depth responses
against a 4 hole standard. The test results indicate that probe wear typhal of field
inspections leads to voltage variations of [ ja between the 4 holes staggered
around the tube circumference. To limit uncertainties associated with probe wear,
a four staggered hole standard will be implemented in Farley SG inspections.
Pending additional field exporience with the probe wear standard, the NDE
uncertainty for probe wear has been increased to 15% for the data acquisition |
guidolines, if voltage amplitudes between a new probe and later measurements for
any of the 4 holes differ by more than [ ]a, the probe will be replaced.

Eddy current analyst variability for bobbin coil voltage measurements waso

evaluated by comparing Farley 1 and Farley 2 measurements between two
analysts. The voltage difference between analysts was found to be about 10% at
90% cumulative probability. When this uncertainty is combined with the probe
wear uncertainty, an NDE uncertainty of 16% at 90% cumulative probability is
obtained for application to establishing the tube plugging voltage limit.,

.
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o The variables affecting the voltage / burst correlation can be split into NDE
uncertainties and burst correlation uncertainties. The NDE uncertainty represents
the repeatabl!!ty of a voltage measurement and is dominated by probe contering
variations as a result of probe wear. Minimizing the uncertalnty on repeatability ,

of voltage measurements reduces the spread or uncertainty la the burst correlation.
The remaining voltage measurement uncertainties contribute to the burst pressure
correlation uncertainty and influence plugging limits through use of the lower 95% '

confidence level on the voltage! burst correlation to establish the voltage plugging
limits.

Leak Rate and Tubo Barst Testino

o Leak rates at normal operating and SLB conditions have been measured for 33 model
boller specimens with voltag;'evels as high as 137 volts. Overall, the model bolk
data inc0cate that [ ]9 vo:t indications are required for significant (>10 gpd)
operating leakage.

o Burst pressure tests were performed for 31 model boiler specimens and 29
intersections from 13 pulled tubes. The model boiler and pulled tube burst
pressure measurements were combined to develop a correlation of burst pressure
versus bobbin coll voltage. This correlation was reduced for operating
temperatures and minimum mr.terial properties to determine the voltage amplitude
that satisfies the R.G.1.121 structura! guidelines for burst capability of 3 times
normal operating pressure differentials. The results evaluated at the lower 95%
prediction laterval define a [ }a volt amplitude for the structurcilimit on tube
burst margins. The burst correlation indicates that a [ 19 volt ODSCC crack
would meet an SLB burst pressure requireme.at of 2650 psi at the lower 95%
confidence level. -

o Available burst data for laboratory uniform IGA specimens and pulled tubes with
,

IGA / SCC are enveloped by the voltage / burst correlation dominated bv ODSCC data.

o The model bolln: and pulled tube leak rate measurements have been applied to define
a correlation of SLB leak rate to bobbin coil voltage. This correlatior' including
defined uncertainty levels is used in calculate potential SLB leakage for tubes
returned to service foll: wing an outage.

o Leak rates for the 3 model boller tubes tested with magnetite packed crevices that
showed some leakage had increased leak rates attor the magnetite was removed from
the crevice.

o Leak rates were also measured for 11 tubes with incipient denting and dented
conditions, average dent sizes less than 1 mil and includira through wall fatigue
cracks up to 0.7 inch long. Only [ ]O of these dented tuoes leaked at normal
operating or SLB conditions even though open crevice leakage for the 0.7 inch
fatigue cracks would exceed 1000 gpd. The [

]9 at normal operating and SLB conditions, respectively, had a 0.5 .

inch long fatigue crack and an average dent size of <0.2 mils.

2-8
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Pull tests were perfo:med to determine the force required to pull tubos from TSPso '

with incipient denting and dented crevices. The forces required to initiate tube
displacement exceeded [ ]9 pounds for tubes with minor denting (> 0.3 mil. 6 '

voit dent signals), For the tubes with less denting, pull forces of [ ]Qoounds,

were required.

Specimen Destructke Eraminations.

Destructive examinations of the model boiler specimen. show crack morphologieso

typical of the pulled tube experience. Destructive exsminations were performed on
model boMer specimens following burst testing to characterize the cracks associated
with typical voltage levels and leak rates,

o Destructiva examination of a laboratory induced dent specimen has shown mrrosion
product layers that are relatively dense and leakage paths that are highly tortuous
which is consistent with the negligible leakage found for dented tube conditions.

SLB Tube Burst ProbabHity

o The Monte Carlo model used to calculate distributions of ECC voltages for the SLB
leakage analysis is also used to calculate the probability of tube burst at SLB
conditions. Applying the Monte Carlo model to the last Farley.2 inspection results
given in Figure 5 5 yields a SLB tube burst probability of 3x10 5 Msea on a 3.6
volt tube repair limit.

Tube Pluacina Cr!12Il2

The pulled tube and model boiler leak rate and burst data togelner with field leakageo,

experience and field inspection results have been used to relate bobbin coil voltage
to tube integrity to define tube piogging limits,

The burst pressure versus voltage correlation defines a voltage of [ la volts foro

the structurallimit to meet R.G.1.121 burst margins. The voltage structurallimit
is reduced by conservative allowances of 20% for NDE uncertainties and 50% for

- crack growth to obtain a tube plugging limit of 3.6 volts,

o An SLB leakage model ls defined for demonstrating that projected SLB leakage from
tubes left in service is less than the allowable 55 gpm per steam generator. The
SLB leakage modelis a probabilistic model that combines an inspection determined
distribution for voltage indications, voltage growth rate distributions, eddy current
uncertainties and a leak rate versus voltage formulation to obtain the projected
cumulative EOC SLB teak rate for a!lindications left in service. if the plugging
criteria and SLB leakage model are applied to the last Farley 2 inspection results,
the projected SLB leakage for the end of the next cycle would be a maximum of 0.4
gpm per steam generator (at the 90% cumulative probab!!ity level).

o RPC inspection for indications above 1.5 volts is required to establish that the more
'

significant indicathns are ODSCC. The 1.5 volt threshold for RPC inspection

.
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provides a threshold value below which non-ODSCC indications would be acceptable
for continued operation and SLB leaEage is expected to be negligible,

o An operating leakage limit of 150 gpd has been established to provide for detection .

of a regue crack which could lesk at much higher SLB leak rates than used in the
criteria lim".s. The 150 gpd limit permits detection of a through wall crack of
about [ la Inch for nominalleak raies and about [ ja inch for lower 95% *

confidence levelleak rates,

o To enhznce consistency of the field EC inspection guidelinst, with the data base used
to develop the plugging limits, the Farley inspections willinclude: use of an ASME
standard calibrated against the laboratory s%r:dard; use of a staggered 4 hole
standard to assess probe wear effects and normalization of voltages to 6.4 volts for
400/100 kHz (support plate -- Mix.1) on the four 100% ASME holes.

.

=
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3.0 REGULATORYREQUIREMENTS

3.1_ General Design Criteria

'

The two parameter eddy current criteria, which establishes a basis for removing tubes
from service experiencing outside dian:eter stress corrosion cracking (SCO) occurring

' at tube' support plate elevation intorsections in the Farley (Units 1 and 2) steam,

_ generators, have been developed to ensure compliance with the applicable General Design ,

Cdteria of Appendix A of Part 50 of Title 10 of the Code of Federal Regulations
(10CFR50). The GDCs considered are: 2,4,14,15,31, and 32 and are summarlzed
below,

faDC 2. Deslan Basis for Protect;on Anninst Natural Phenom 2Da, requires that
structures, systems and components important to safety be designed to withstand the
effects of earthquakes in combinations with the effects of design basis loadings without
loss of safety function.

GDC 4. Environments, and Missfie Deslon Bases. requires that structures, systems, and
components important to safety are designed to accommodate the effects of and to be
compatiole with the environmental condition 3 associated with normal operation,
maintenance, testing, and postulated accident condition loadings, including

-loss of-coolant accidents.

GDC 14. Reactorfoolant Pressure Boundary. requires the reactor coolant pressure
boundary to be designed, fabricated, erected, and tested so as to have an extremely low
probability of abnormalleakage, cf rapidly propagating to fallure, and of gross rupture.

GDC 15 Reactor Coolant System Deslan. requires the ibactor coolant system and,

associated auxiliary, control, and protection systems to be designed with sufficient
margin to assure the design margins of the reactor coolant pressure boundary ere not

- exceeded durino any condition of normal operation, including anticipated operating
occurrecces.

GDC 31. Fracture Prevention of the Reactor Coolant Pressure Bounderv. requires that
the reactor coolant pressure boundary shall be designed with sufficient margin to ensure
that when stressed under operating, maintenance, testing, and postulated accident
condition loadings, the boundary behaves in a nonbrittle manner and the probability of a
rapidly propagating fracture is minimized.

GDC 32. Insoection of the Reactor' Coolant Pressure Boundarv. requires that components
that are part of the reactor coolant pressure boundary be designed to permit periodic
inspection and testing of critical areas to assess their structural art:! leaktight Integrity.

General Design Criteria 2 and 4 are considered in Section 3.3 below where the potential
for steam generator tube collapse during the combined effects of LOCA + SSE loadings are
addressed for the Farley steam generators.

.

*
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3.2 Regulatory Guide 1.121

Bankoround

.

R.G.1.121," Bases for Plugaing Degraded PWR Steam Generator Tubes" issued for
comment in August of 1976, describes a method acceptable 10 tne NRC staff for meeting
GDCs 14,15,31 and 32 by reducing the probability and consequences of steam -

generator tube rupture through determining the limiting safe conditions of degradation
of steam generator tubing, beyond which tubes with unacceptable cracking, as
established by inservice inspoetion, should be removed from service by plugging. The
recommended plugging criteria for the tube support plate elevation Ob SCC occurring in
the Farley steam generators may result in tubes with both partial through waP and
through-wall (non-leaking) cracks being retumed to service. in the limiting case, the
presence of a through wall crack alone is not reason enough to remove a tube from
service. The regulatory basis for leaving through-wall cracks in service in the Farley
(Units 1 and 2) steam generators is provided bdow.

Steam geneotor " tube fatture"is defined by the NRC within RG 1.83 as the fd
penetration of the primary pressure boundary with subsecuent leakace. Co9t. stent with
this definition, upon the implementation of the tube plugging Criteria of th!s rt' cit,
known leaking tubes will be remcved from service from the Farby steam generators.
Steam generator tube bundle leak tightness will be re-establis led by conducting 100%
inspection of the S/G tubes. The tube plugging criteria of thi.' report are established
such that operational leakage is not anticipated.

The NRC defines steam generator tube rupture within RG 1.121 as any perforation of the
tube pressure boundary accompanied by a flow of fluid either from the primary to
secondary side of the steam generator or vice versa, depending on the differential -

pressure condition. As stated within the regulatory guide, the rupture of a number of
single tube wall barriers between primary and secondary fluid has safety mnsequences
only if the resulting fluid flow exceeds an acceptable amount and rate.

Consistent with the philosophy of the NRC's definition of tube rupture, during testimony
by the NRC staff (on March 24,1976) to provide information to the ASLB on the plans
for measures to reasonably assure steam generator tube integrity under operating
conditions including off nominal and accident condition loadings at the Farley plants, the
following definition of loss of steam generator tube integrity was provided. Loss of steam
generator tube integrity means loss of " leakage integrity" Loss of * leakage integrity" is
defined as the degree of degradation by a through-wall crack penetration of a tube wall
membrane that can udversely affect the margin of safety leading to " tube failure", burst,
or collapse during normal operation and in the event of postulated accidents. Acceptable
service in terms of tube integrity limits the allowable primary to secondary leakage
rate during normal operating conditions, and assures that the consequences of postulated
accidents would be well within the guidelines of 10CFR100. In order to assure steam
generator tube integrity is not reduced below a level acceptable for adequate margins of
safety, the NRC staff position focused on specific criteria for limiting conditions of
operation. These include:

,

1. Secondary Water Monitoring
2. Primary-to Secondary tube leakage -

3-2
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3. Steam Generator Tube Surveillance
4. Steam Generator Tube Pb;gging Criteria

e

Tubes with through-wall cracks wlil maintain *lt .kage integrity" and are acceptable for
''

continued operation if the extent of cracking can be shown to meet the following RG
1.121 criteria:-

<

,.

1. _ Tubes are demonstrated to maintain a factor of safety of 3 against failure for bursting
-_ under nortnal operating pressure differential.

. 2. Tubes are domonstrated to maintain adequate margin against tube failure under
postulated accident cond.tlon loadings (combined with tne effects of SSE loadings) and the
loadings required to initiate propagation of the largest longitudinal crack resulting in
tube rupture. All hydrodynamic and flow induced forces are w be considered in the-

analysis to determine acceptable tube wall penetration of cracking.
.-

3. A primary to-secondary leakage limit under normal operating conditions is set in,

i~
the plant technical specifications which is less than the leakage rate determined
theoretically or experimentally from the largest single permissible longitudinal crack.4

This action would ensure orderly plant shutdown and allow sufficient time for remedial
action (s) If the crack size increases beyond the permissible limit during service.

|

The two parameter support plate elevation plugging criteria discussed in this report aret

shown to meet all of the necessary acceptance criteria.

3.3 Steam Generator Tube Deformation Discussion

In addressing the combined effects o; the LOCA and SSE loadings (ac required by GDC 2)
'

on the steam generator component. [
.

:

.

}a,

This issue has been addressed for the Farley (Units 1 and 2) steam generators through
the appfiration of loak before break principles to the primary loop piping. Alabama
Power Company has performed a detailed leak before break analysis for Farley Units 1
and 2. Based on the results, it is concluded that the leak-oefore-break methodology (as

*

permitted by GDC 4) is applicable to the Farley reactor coolant system primary loops
and, thus, the probability of breaks in the primary loop piping is sufficiently low that
they need not be considered in the structural design basis of the plant. Excluding areaks,

,
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in the RCS primary bops, the LOCA loads from the large branch lines breaks were also
asseesed and found to be of insufficient magnitude to result in steam generator tubo
collapse. Utilizing results from recent tests and analysis programs (discussed more
fully in section 11.2), it has also been shown that there will not be any tubes that -

,

untjergo permanent deformation where the change in diameter exceeds 0.025 inch.
- Although specific leakage data is not available, it is judged that deformations of this
magnitude will ret lead to significant tube leakage.- On this basis there will not be any

|
-

tubes that need to be excluded from the APC for reasons of dolormation resulting from i

combined LOCA + SSE loading.

1

|

.

!

!
~

:
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4.0 PULLED TUBE CXAMINATIONS

4.1 Introduction

'

The following provides summary information regarding OD originated corrosion et
support plate crevice reglons of Alloy 600 tubing pulled from steam generators at
Farley and other plants. The data is presented in support of the development of attemate.

plugging criteria. First, pulled tube data from the Farley power plants are reviewed. !
followed by data from other plants.

!

The type of intergranular corrosion with regard to crack morphology and density I
_ (number, length, depth) of cracks can influence the structuralintegrity of the tube and !
the eddy current response of the indications. For support of tube plugging criteria, the
emphasis for destructive examination is placed upon characterizmg the morphology .
(SCO, IGA involvement), the number of concks, and charactertzstion of the largest crack

!
networks with regard to length, depth and r6rnalning ligaments between cracks. These

|
,

crack details support interpretation of structurd parameters such as leak rates and
,

| burst pressure, and of eddy current parameters wch as measured voltagu, depth and !
crack lengths with the goal of improving structural and eddy current evaluations of tube

|
degradation. In selective cases, such as the 1990 Farley-2 pulled tubes the pulled tube |
evaluations included leak rate and burst pressure measurements for further support of j
the integrity and plugging limit evaluations.

4.1.1 Definitions of OD Corrosion Degradation Observud at Support Plate
{*

Crevice Locations

Be' ore the support plate region corrosion degradation can be adequately described, some
key corrosion morphology terms need to be defineo. Intergranular corrosion morphology,

can vary from IGA to SCC to cx)mbinations of the two. IGA (Intergranular Attack) is
defined as a three dimensional corrosion degradation which uccurs along grain
boundaries. The radial dimension has a relatively constant value when viewed from
different axial and circumferential coordinates. IGA can occur in isolated patches or as
crtensive networks which may encompass the entire circumferential dimension within
the concentrating crevice. Figure 4-1 providos a sketch of these IGA morphologies. As
defined by Westinghouse, the width of the corrosion should be equal to or greater than
the depth of the corrosion for the degradation to be classified as IGA. The growth of IGA is
relatively stress independent. IGSCC (Intergranular Stress Corrosion Cracking) is
defined as a two-dimensional corrosion degradation of grain boundaries that is strongly
stress dependent. IGSCC is typlcally observed in the axial-mdia! plane in steam
generator tubing, but can occur in the circumferent ' ' radial plane or in combinations
of the two planes. The IGSCC can occur as a sing;o two dimensional crack, or it can occur
with branches coming off the main plane. Figure 4-2 provides a sketch of these IGSCC
morphologies. Both of the IGSCC variations can occur with minor to major components

- of IGA. The IGA component can occur simply as an tGA base with SCC protruding through
tne IGA base or the SCC plane may have a semi three dimensional characteristic. Figure
4-3 provides a sketch of some of the morphologies possible with combinations of |GSQ
and IGA. Based on laboratory corrosion tests, it is believed that the late., GCC*

protrusions with significant IGA aspects, grow at rates sirnilar to that of SCC, as opposed
to the slower rates usgelly associated with IGA. When IGSCC and IGA are both present,
the IGSCC w!Il penetrate throughwall first and provide the leak path.-

41
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To provide a semi-quantitative way of characteriting the amount of IGA associated with a
given crack, the depth of the crack is divided by the width of the IGA r.s measured at the
mid-depth of the crack, creating a ratio DM. Three arbitrary D,W categories were
created: minor (DM greater than 20) (all or most PWSCC would be included in this .

category if it were being considered in this analysish moderate (D,W between 3 and
20); and significant (DM less than 3) where for a given crack with a DM of 1 or less,
the morphology is that of patch IGA. *

The density of cracking can vary from one single large crack (usually a macrocrack
composed of many microcracks which nucleated along a line that has only a very small
width and which then grew together by intertranular corrosion) to hundreds of very
sho 1 microcracks that may have partia!!y linked together to form dozens of larger
macrocracks. Note that in cases where a very high density of cracks are presont
(usually axial cracks) and where these cracks also have significant IGA components,
then the outer surface of the tube (crack origin surface) can form regions with effective
three dimensionalIGA. Axla! deformations of the tube may then cause circumferential
openings on he outer surface of the tube within the three dimensional network of IGA;
there networks are sometimes mistakenly referred to as circumferential crad<s. The
axlat cracks, however, will stal be the deeper and the dominant degradation, as
compared to IGA.

Recognizing all of the gradations between IGA and IGSCC can be difficult. In addition to
observing patch IGA, cellular IGA / SCC has recently been recognized. In cellular
IGNSCC, the cell walls have IGSCC to IGA characteris .cs while the interiors of the cells
have nondegraded metal. The cells are usually equiaxial and are typically 25 to 50 mils
in diameter. The call walls (with intergranular rrrosion) are typics!!y 3 to 10 grains
(1 to 4 mils) thick. The thickness and shape of ine cell walls do not change substantially
with radial depth. Visual examinations or limi.ed combinations of axial and transverse -

metalbgraphy will not readily distinguirh cellular IGNSCC from extensive and closely
spaced axial IGSCC witn circumferential ledges linking axla! microcracks, especially if
modcrate to significant IGA components exist in association witt ,he cracking. Radial

- meta'!ography is required to definitively recognize cellular IGA / SCC. Cellular IGA / SCC
can cover relatively large regions of a support plate crevice (a large fraction of a tube
quadrant within the crevice region). Figure 4-4 shows an example of cellular IGA / SCC
from Plant L

A given support plate region can have intergranular corrosion that ranges from IGA
through individual IGSCC without IGA components.

As described in Sections 4.2 and 4.3, the Fariey SG tubes examined show dominantly SCC
crack networks v.ith IGA components that vary from minor toiln one case, significant.
The larger eddy current indications for the 1990 pulled tubes are princ! pally related to
the singie, large macrocrack found for these tubes.

4.1.2 Through Wall SCC at Support Plate Crevice Locations

The following presents OD intergranolar corrosion data at support plate latersection .

locations on steam generator tubes which have experienced through wall corrosion. The
latest results for the 1090 examination of through wall cracks at the support plate
locations at Farley Unit 2, however, are presented in Section 4.2. ~

| 42
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Farlov Unit 2. 6 team Generator C. Hot Leo Tube R31 C46. Sunnort Plate 1

OD origin, axially oriented, intergranular stress corrosion cracks were observed
' confined entirely within the firi. support crevice region on hot leg tube R31 C46,_ ' '

removed in 1986 from Steam Generator C of Farley Unit 2, Destructive examination

;,7
' was confined to half of the tube circumference (the half with a s!ngle axlal NDE

indication). The main crack, oci..,2 .f at least four microcracks which grew
_

together, was 0.52 inch long and was through wall for approximately 0.02 inch The
morphology of the Individual microcracks was branched SCC with moderate IGA
componer ts to the SCO. Figure 4 5 shows a sketch of SEM fractographic results of the
main crack (only the mid to upper poriton of the crack was examined) and a sketch of the
overall crack distribution observed within the support plate crevice region. Figure 4-6

,

shows a sketch of the crack distribution (a composite of two transverse metallographic
; sections) and depth as viewed by metallography as well as a micrograph of a crack
showing the crack morphology. In addition to the main macrocrack, (which included a

-46% deep axial crack next to the main crack), two smaller axial cracks were observed
at other circumterential positions on the half circumference section examined.

Field eddy current probe inspection (in April 19861ust prior to the tube pull) of the
first support plate crevios region produced a 6.2 voit,81% deep indication in the
400/100 kHz differential m!x data. Vo!! age renormalization to the calibralian
standards of this report yields 7.2 volts for this indication.

Plant B-1. Steam Generator C. Hot Leo Tube R4-C61. Sunnort Plato 5

OD origin, axially orientated, intergranular stress corrosion cracks were observed
_

confined enthely within the fifth support plate crevice region on th_e hot leg side of tube
R4 C61 from Steam Generator C of Plant B 1. Six axial macrocracks were observed..

= around the circumference. The largest of these was examined by SEM fractography
without any metallography. The macrocrack was 0.4 inch long and through wall for
0.01 inch. However, the crack was nearly (effectively) through wall for 0.1 inch. _The

--

macrocrack was composed of seven individual microcracks that had mostly grown -
together by intergranular corrosion (the sep9 rating ledges had intergranular features
that ranged from 40 to 90% of the length of the ledges). Since no metallography was
performed on the axlai cracks, it is not possible to definitively describe line axial crack
morphology at this location.' At the eighth support plate region _ of the same tube,,

metallography showed that the morphology was that of SCC with a crack depth to IGA
1 width ratio (D/W) of 15.1 Figure 4-7 summarizes the crack distnbution and
morphology data for the fifth support plate crevice region.,

in addition to the OD origin axial macrocracks observed at the fifth support plate region,,

'

five local areas had circumferential intergranular corrosion. The maximum penetration >

observed for the circumferential cracking was 46% through wall. The morphology of
the circumferential cracking was more that of IGA patches than of SCC, Figure 4 8
providos micrographs of relevant cracks showing the morphology of axial and
circumferontial cracks. As stated above, the axial cracks had a morphology of IGSCC

.. : with a moderate D/W ratio oi 15 while the circumferential cracking had a morphology*'

; more like that of IGA, with a D/W ratio of 1.

=
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Field eddy current bobbin probe inspection (in Junt t 989, just prior to the tubo pull) I

of the fifth support plate esey;ce region produced a 1.9 volt,74% deep indication in the
550/100 kHz differentlat mix.

.

4.2 Farley Unit 21990 Tube Pull Results at TSP Locations
.

Hot leg tubes R4 C73 and R21 C22 were pulled from Steam Gonorator B and hot 100
tube R38 C46 was pulled fiom Steam Generator C. The sectbns pulled included the
rrst support plate region from cach tube. Laboratory NDE, leak and burst testing, ande

destructive examinations were performod. The following summarizes the data obtainod
at the first support plate region of each tubo.

NDElc1ED2
l

Laboratory eddy current testing was performed using 0.720 inch diameter bobbin and
|

RPC probos. RPC results showed a main axialindication within the support plato 1

cruvice region of tube R4 C73. The length of the signal was 0.44 inch and the depth was
estimated as 77 to 82% deep based on an ASME drillud hole standard. In addition to the
main signal, a less intense RPC signal was observed parallel to the main axial signal
approximately 20 to 30' away. Tube R21 C22 produced a cingle axialindication within
hs first support plate erevice reglon. The 0.6 inch long RPC signal was estimated to be
76 to 81% deep. Tube R38-C46 had a 90% doop RPC signal that us 0.4 inches long.

,

Note tilat this tube was olongated during the tubo pull. As c. consequence of the roduced OD.

dimension, e 0.69 inch diameter RPC probo was used.

Laboratory bobbin probe examination of tubos R4 073 and R21 C22 was performed *

Using two 0.720 inch diameter bobbin probes. One was a brand new Echoram probe with
very stiff spacers (it was difficult to insert the probe into the tube). The other was a

.

slightly used (in terms of length of tubing previously examined) SFRM 20 toc probe in
which the spacers were less stiff (probe insertion into the tubes was easy), The probes
were pulled mechanically through the tubes at speeds similar to those used in the field;
however, unlike the field situation, the tubes were oxamined V.3 the Wbes positioned
horizontally, in addithn, multiple passes were made with M#t prDM vith the specimon
being rotated between each pass to vary the position of 5 5 eract ,nvNtion. Table 4.1
presents the results. An indication was observed within td vppert re to crevice
locations. Depth estimates were similar for both of the suppo*1 Oldte crevice (cgions
and for both of the probes. A rango of 86 to 91% deep covereu uridepth estimates, b
voltage varied noticeably depending on the probe us9d and the orientation of the
cpeelmen, with the stiffer Echoram probe producing the smaller voltage variation. For
tube R4 C73, the Echoram probe voltage variation ranged from 3.6 to 4.3 volts. For
tube R21 C22, the Echoram probe voltage variation ranged from 9.6 to 11.6 volts,

n :
While tube R38 C46 was reduced in diameter during the tube pull, tho Zotec 0.72 inch
diameter bobbin probe could still be used for the laboratory examination. However,it
passed through the deformed tube with difficulty. Consequently, the et,timates of depth .

and voltage are not judged to be reliable. The field boobin test produced a 1.4 volt signal -
with an Indicated depth of 68%. This is considered more reliable than the latnratory

.

44
,

__. . . _ _ . .- _ _ - . . - . _. . ... .



_ _ - _ _ _ _ _ _ - - _ - _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

result of 4.8 volts and 90% depth. Since the tube pull opened crack nctworks whle':
{

were readily vhlble, the larger laboratorv voituge is not surprising.

Double wall radiography was performed use.g four rotations. No crack indications woro
'

observed on tube R21 C22 but a single axlal crack like indtation was observed within
the first support plate region of tube R4 073. The faint Indication, located near O*, was
0.3 inch long and was located entirely within the support plate crevice region. These.

romults imply that any deep corrosica cracM present on the two pullod tubos from
S/G B are very tight. OD measurements of the pulled tubes from S/G D showed that the
average diameter of both tubes was 0.8755 inch with a 0.001 inct 3vality. No
noticeable tube deformation occurred during tube pulling to opon any corrosion cracks.
Tube R38 C46 from S/G C was noticeably reduced in diameter. The tube had an averago
OD of 0.830 inch within the TSP crevico region. Radicgraphy of tube R38 C40 showed
three main locations of crack networks within the TSP crevice region. The crack
networks contain both axlal and circumforentialindications. The circumferential eracks
were widn, as would be expected for a tubo which experienced olongation duilng the tube
pull.

Ultrasonic testing was also performed on the support plate specimens. A 0.4 inch long |
axlalindication was observed nur 330' on tubo R21 C22 within the support plate
crevice region. On tube R4 073 a 0.25 inch axlat indication was observed near 30'
within the support plate crovice region. A shoner and faintor axialindication was also
observed near 70'. On tube R38 C46 three patches of indications were noted, one near
20', one near 230', and one near 340'. All were located within the TSP crevice region.

Lenk and Burst Testina

Following NDE charactnrization, the three first support plate tubo sections were leak.

and burst tested. The leak tests were performed in two parts. The specimens were first.

tested under simulated normal operating conditions. At a tost temperaturer of 610' F, the
primary side of the specimen was connected by insulated pressure tubing to an autoclave

-

maintained at a pressure of 2250 psl by bottled nitrogen gas. The specimen was located
in a second autoclave maintained at 610' F and a pressure of 750 psl, resulting in a
differential pressure of 1500 psl. The 750 psl pressure in the second autoclave was
maintained by a back prossure regulator (BPR) connected to the autoclave by pressure
tubing. Any water vapor passing through the BPR was then passed through cooling coils
immersed in ice water. The amount of condonsed water u as measured as a function of
time. Fntlowing the initialleak testing, a simutated steam lino break (SLE) leak test
was performed using the same system. For the SLB test, the primary pressuro was
increased to 3050 psi and the secondary side pressure was decreased to 400 psi for a
pressure difforentialof 2650 psl.

Leak test data are presented in Trble 4.2. Results fromihe SLB test are considorod

tellable. The measured SLB leak rates were [
]Q and no leakage for tube R38-C46. Those e

values are considorably below the maximum leak rate capability of the systom,
estimated to be approximately 2 thr based on a test with the test specimen removed.

'

' Results tor the normal oporating conditions are considered to be loss accurato. The

observed leak rate for tubo R4 C73 was [
JO for tube R21 C22. No leakage was observed for tube R38 046. These.
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rates include any overflows from the BPR. Leakage through the DPR was encountered,
especially with the testing of tube R21 C22. The BPR may havt, entributed to the
entire amount of leakage observed' for the normal oporating conditlun test. While this
amount of overfiow from the BPR is smatt in comparison to the SLB test leak iates,11 is .

very large in comparison to potentialloak rates from the normal operating conditions
test. Consequently, the normal operating condition leak iate at the lower end of potential
leak rates for those specimens should be considered zoro. The upper value presented, at -

least for tube R21 C22, probably includes significant contributions from the BPR.

Room temperature burst tests were performed on the two spccimens following leak
testing. The specimens woro pressurized with water at a pressurization rate of
approximately 1000 psPsoc. Tygon tubing in'ernal bladders were insorted into the
specimens to permit testing with thelt through wall corrosion cracks. No support plate
restraints were placed on the specimens. Uonsequently, the burst pressures moasured
may be somewhat lower thaq would be observed with the prosonce of a support plate.

The first support plate region of tube R4 C73 burst at [ )0 psi, the first suppon
plate region of tube R21 C22 burst at [ }9 psi, and the first support plate region
of tube R38-C46 burst at [ ]9 psi. Table 4.2 presents this data as weil as other
burst data characterizing the specimens.

ChnradorL*otion of the Corretion Cracks

Figure 4 9 shows a sketch of the SEM fractographic observations on the burst fracture
face of the first support plate region of tubo R4 C73. Within the center of the burst
opening, a 0.42 inch long OD origin macrocrack was observed. The macroctack was
located at an orientation" of 20' and was ent: rely confined to within the support plate
crevice region, it had only intorgranular corrosion features. The mac ocrack was -

composed of four microcracks, all of which had joined together by intergranular
corrosion. The crack was through wall for 0.18 inch. A parallel axial macrocrack was
observed near 40', it was 0.46 inch long and up to 69% through wall in addition,

'

numerous short axla! cracks were observed at various locations within thu crevice
region. The dopth of those short cracks ranged from minor penetrations to 34% deep
cracks. Figure 4 9 also provides a sketch estimating the crack distribution within the
support pts.to crevice legion as well as a description of the cradt morphology of the main

Prior to initiation of "le leak tests, the specimen fittings were tested to verify that*

they were leak tight. Thc fittings were tested by pressurizing the spo0lmens with
500 to 600 psi air and holding the specimcns and their fittings under water. No
fitting leaks were observed. The R4-C73 specimen was observed to leak air bubbles
at the location of the support plate at a pressure of 500 pel air. The R21 C22
specimen did not leak air bubbles at a pressure of 600 psl. Consequently, it is
believed reasonable that the normal operating leak rato for tube R21 C22 should be
lower than that for tubo R6C73. This would also be consistent with the SLB leak
rost'lts. .

in the orientation system used,0* faces the steam generator divider plate and 90'is"

c'ockwise of O' when looking in the primary flow (up) direction. ~

40
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macrocrack. Figure 410 provides a sketch of the Crack distribution and dep!h within
the centor of the support plato crevice region as dolormined by metallography. The
main crack morphology was that of SCC with moderato IGA components (DM = 4). The
width of IGA surrounding the SCC is estimated to be approximately 0.012 inch, except at,

the OD surface whero the width was larger. Other cracks tended to have less IGA
components. Figuro 411 provides micrographs shoMng both the main crack
morphology as well as the craA morphology of one of the lessor cracks. The morphology.

of the lattor crack, which has been opened wido by tube deformation, is more that of
IGSCC (DM = $2).

Figure 412 shows a sketch of the SEM fractographic observsttions on the burst fracture
face of the first support plate region of tube R21 C22. Within the centor of the burst
opening, a 0.50 inch long OD orig,In macrocra$ was observod. The macrocrack was
located at an orientation of 330' and was entirely confined to within the support plate
crevice region. The corrosion crad had onFy Intergranular features. The macrocrack
was composed of four microcrado. Three of the microcracks wc e jolnod by '

intorgranular corrosion, while the top most microcrad was still separated from the
others by metal. The macrocrack was throug". wall for approximately 0.15 inch. Figure
412 also provides a description of the crack morphology. The etack morphology was
that of SCC with significant IGA components. The width of IGA surrounding the SCC is
estimated to be approximately 0.030 Inch (DM = 1.7). One additional crack was lator
observed on the specimen by metallographic examination. Figure 413 providos a
sketch of the crai distribution and depth observed by metallography. Figure 414
provides micrographs of the cracks. As can bo observed, the secondary crack
morphology had loss 6: IGA components (DM = 19 to 37). '

Figure 415 shows a sketch of tae SEM fractographic observations on the burst fracture
inoe of the first support plate region of tube R38 C46. A 0.37 inch long, OD origin,.

axial macrocrack was observed. The intergranular crack was up to 78% through wall
and was contained within the support plate crevice reglon. The macrocrack was

-

composed of numerous microeracks which had an unusual spatial distribution. They had
orientations which ranged from axial to circumferential conorating a spider like crack
distribution, it is believed that this local network nad a cellu'ar IGA / SCC morphology
similar to that on tube R16 074 from Plant L presented in Figure 4 4. Three other
crevice locations had less deep but significant intergranular crack distributions. Their
locations are also shown in Figure 415. Figure 416 shows the crad distribution and
depth as determined by transverse metallographic examinations. Figure 417 shows
photomicrographs of cracks in transvorse sections obtained from within the crovice
region. The cracks are opened wide by tube deformation. The morphology of the cracks
is that of IGSCC with minor to moderate IGA components (DM = 14 to CS).

4.3 Other Farley Pulled Tube Examination Results at TSP Locations

Prior to 1990, Westinghouse examined a total of *0 hot leg support plate intersection
locatiens on steam generator tubing removed from Farley Unit 2. In 1985 the first
threo hot 100 support plate regions of tubo R34 C44 from Steam Generator A wero
destructively examined, in 1986 the first support plate region of tube R31046 from,

the hot leg side of Steam Generatar C was destructively examined as described in Section
4.1. In 1989 the first three support plato regions of tubos R16 C50 and R16-C53.

47
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from the hot leg side of Steam Generator C were destructively examined. Of these 10
support plate locations,6 were found to havo OD origire intergranular corrosion, in
addition, Westinghouse examined in 1990 a support plate region on a tube removed from
Farley Unit 1. This support plate region also had OD origin intergranular corrosion.

.

The following describes the extent and morphology of the degradation found.

Farlev Unit 2.1985 Ersminntloa -

The first three support plate regions of hot leg tube R34 044 from Steam Generator A l

were destructively examined to determine the origin of residual eddy current signals left |
at the location of the support plates after frequoney mixing to eliminate the support j

plate signal. No corrosion degradation was found by destructive examination at the throo !
support plate locations.

Farlov Unit 2.1986 ErnminatioD
1

The first support plate region of hot log tube R31 C46 from Steam Generator C was
destructively examined. A 6.16 volt. 81% deep eday cunent signal was detected in the
field bobbin probe examination using a 400/100 kHz frequency mix. Renormalization
to the standard used in this report yielded 7.2 volts. Destructive examination found a
0.5 inch long macrocrack that extended from 0.1 inch above the support plate bottom
edge location to 0.2 inch below the top edgo location. The crack averaged 80 to 90%
through wall with local area penetrating 100% through wall, with a length of 0.02 inch.
The macrocrack was composed of a number of axially orientated microcracks which had
grown to;, ether by corrosion. The Intergranular cracking was of OD origin and a number
of shallow cracks existed parallel and nearby to the major macrocrar*. The morphology
of the cracking was predominately SCC, but moderato IGA componor ts (0/W - 3.2) were
also present. *

Farlev_ Unit 2.1989 Examinatim1
.

Two hot leg steam generator tubes from Farley Unit 2, Steam Generator C were examined
to determine the origin of residual eddy current signals at support plate locations. The
Jestructive examination included the support plate crevice regions 13 from tubes
R16 C50 and R16-C53.

All six support plate intersections had residual type eddy current signals. The second
support plato region of both tubes was chosen for more detalleJ examination Following
removal of both ID and OD deposits by honing, abraslon, and lator by chemical cleaning,
the eddy current examination was repeated. No algnificant change was observed in the
eddy current signals indicating that the residuals were not related to surface deposits.

Destructive examination of tube R16 C50 found OD origin intergranular corrosion
within the first and second support plate regions. No corrosion degradation was found
within tho third cupport plate crevice region. The first support plato region had only an
isolated region of mino" OD origin,intergranular, axial SCC. The maximum dopth of SCC
was 0.007 inch. The second support plate region from tube R16 CSO had experienced
some negligible (no wall thickness change measurable) OD general corrosion with some -
intergranutar penetratior,4. While most of the tube OD cracking within the TSP crevice
regions had these features, at one location the intergranular corrosion was somewhat ~
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ocoper though still regarded as minor. At this location,0.2 inch below the support plate
top edge, the penetrations formed two short parallel axlal cracks,0.06 inch long and up
to 0.0015 inch deep. Consequently, all three support plate regions of tubs R16 C50 had
no, or only very minor,IGSCC degradation. Figure 418 shows a micrograph of the~

largest crack found, that Ethin the first support plate crevice region. The morphology
is that of |GSCC with only minor to moderato IGA components.

.

Destructive examination of tube R16 C53 found OD origin intergranular corrosion
within all three support plate regions. The first support plate reglen of tube R16 C53
had numerous OD origin, intergranular, axial stress corrosion crr.ks, but the depth of
cracking was shallow (0.0055 inch maximum depth). At the second support plate of
tube R16 C53, axlat intergranular stress corrosion cracking was found on the tube OD
concontrated near the support plate top edge and to a losser er.tont near the support plato
bottom odge. There woro dozens of very ticht siross corrosion cracks located

t

discontinuousty around the circumference, but located within all four quadrants of the
tube. The maximum depth of penetration was 0.011 inch (22%). The third support
plate region also had numerous but relativoty shallow OD origin. Intergranular, axlal
SCC. The maximum depth of degradation was 0.0005 inch. Consequently, the only
support plate rocion of tube R16-C53 with Cx)frosion degradation of any potentially
noticeable (by oddy current) depth was the second support plate region where the
maximum depth was 0.011 inch (22% through wall). The morphology of these cracks
ranged from that of IGSCC (Figure 419) to that of IGSCC with significant IGA
components (Figure 4 20).

The 1989 pulled tubes were removed pinnarily to determine the cause of oddy current
support plate residual signals. Laboratory oddy current testing showed that the residual
eddy current signals were not caused by surfaco deposite. Destructive examination also
Showed that the residual signals were not caused by corrosion degradation, even though.

minor OD origin SCC was prescr:t at five of the six support plate locations. For tube >

R16 C50 the deepest support plate region SCC was 0.007 inch while for tube R16 C53
the deepest crack was 0.011 inch. For the other support plMe locations with cracks, the
deopost cracks wore 0.0015,0.0055, and 0.0065 inch.

Farlev Un!t 1.1989 Pulled Titbe Examinatbn

The first support plate crevice region of hot leg tube R20 C26 from Steam Gonorator C
of Farley Unh I was da:,tructively examined. Dozens of short, OD origin, inter 0ranular,
axial stress corrosion cracks existed within the crovice region and just above the
crevice region. Most of these cracks were found within two 30' wide axlat bands on
opposite sides of tho tube. The band located at 255 to 285' extended from the supp01
plate bottom edge to just above the support plate top edge. The deepest crack in this band
penetrated E?% through wall and was located approximately 0.2 inch below the top edge.
The second band occurred between 75 and 105* with the cracking extending from the
bottom edge to approximately 0.275 inch above the support plate top edge. Within the
crevice region, the deepest crack in the second band of cracks occurred near the support
plate top edge. This crack was 42% through wall. Above the top edge, the depth of
cracking cocreased rapidly. At 0.13 inch above the top edge, the deepest crack was 10%
through wall. With respect to the length of individual cracks, they were typically much
less than 0.1 inch long. Where individual cracks ht.d grown together, cracks up to 0.13
inch long were found. Figure 4 21 sketches the crack distribution found within the
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first support plate crevice region and also provides crack depth data. Figuros 4 22 and
4 23 provide phyomicrographs cf typical cracks as observed in transverse
rnetalbgraphic sections that have been deformed to open cracks. The morphology is that
of IGSCO with minor to moderate IGA components (D/W - 17 to 28). Figure 4 24 .

shows similar transverse micrographs, but ones in which not all cracks were cpened
during the tube deformation.

.

Field eddy current inspection (bobbin probe) of the first support plate region rovested
(by initialinterpretation) no corrosion degradation. Later analysis suggested a very
low voltage (0.2 volts) indication signal, partially hidden betwoon larger voltage dont
signals. Laboratory tnbbin probe inspection produceu similar results, with an
Indication voltage of 0.4 volts within the overall 7 voit dont signal. The phase ang!e of
the indication component, within the overall tient signal, suggested a 61% deep
Indication. RPC testing revealed n any indications confined to within the crevice region.

4.4 IGA and Corrosion Morphology at Support Plato Crevice Locations

A revlow of availablo Westinghouse tube pull data was made for the purpose of comparing
corrosion morphology in various plants and for determining the extent of IG A (in
contrast to the IGSCC previously discussed in Soctions 4.12,4.2. and 4.3) present at
support plate crevice locations on steam generator tubing. This review also included
recent data from Plant L tube R12 C8 from Steam Generator D. Due to its special
interest, the Plant L tube will be discussed first in detall.

4.4.1 IGA and Corrosion Morpholgy at Support Plate Crevico Locations at Plant L

Corrosion Deoradation at the First Succort P!nte Realon of Tuba R12 CB *

A summary of corrosion observations at the first support plate region of plugged tube
.

R12 C8 is as follows. Within the first support plate crevice region of tube R12 C8,
very high densities of axially onented IGSCC microcracks were observed. Corrosion was
not observed outside of the crevice region. The micrceracks had moderate !GA
components associated with them. A good description of the microcracks would be that of
IGA fingers, with the depth of the cracks typically being 6 to 18 timos the width of the
IGA associated with the crack. The microcracks were less than 0.05 inch long, in axial
extent. The density of support plate region cracking was significantly highor than that
observed for most other domestic power plants. For a given elevation, crack densities of
three to five hundred individual microcracks could be extrapolated to exist around the
circumference based on metallographic and SEM fractograph8C data if the maximum local
crkck density observed extended completoly around the circumference. (For tubes
examir.ed by Westinghouse at support plate regions, crack densities of 1 to 24 are most
typically ooserved. The highest, support plato region, crack density previously
observed in tube examinations by Westinghouse was 20 to 100 at Plant D 2. It has been
reported that tips crack densities of approximately 300 cracks over the circumference
of a support p' ate region have rJso buen observed in some EdF steam generators.)
Because of ti e very high dedles of cracks and the IGA associated with the cracks, local .

regions somatimes formed effectivo patches of IGA. (Alternatively, thu IGA patches may
have farmed independently of the IGSCC.) The depth of those IGA patches was typically
half that of the the maximum deptt of cracking penetrating through the IGA patch. Thei
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largest circumferential longth of continuous lGA observed by metallography was 0.05
inch, or approximately 7 degrees, with a maximum depth of 33%. The maximum depth
of IGSCC in the same general region was approximately 85S Figuro 4 25 providos
supporting metallographic data.

,

Another atpect of the very high density of axially orientated microcracks, was ths
formation of larger axial macrocracks. (Before this aspect can be considered, further,

i

detrJs regarding the dutructive examination nued to be ment oned. The first stpport
plate re(,lon was inhily separated circumferentially near the conter of the crevice
region by applying a tensile force axially to the tube. The fracture would have ooeurred
where the volumotric corrosion degradation was deepost. SEM fractography of the
separation showed intorgranular corroclon greator than 10% doop over 310 degroos of
the circumforence. Tablo 4.3 presents comp!ste depth data for the corrosion front, it is
belloved that the corrosion front was composed of a large number of axially orientated
cracks that frequently had Interconnecting IGA components.' The deepest region of
cnrrosion was 80 to 92*/. deep, via IGSCC, over approximately 20 degroos of the
circumference.) Above this local region with the doopost corrosion, the tubing was
deformed to open any axialcrack networks. Many were revealod. One of the doopor
looking ones was broken apart and SEM fractography was performed. A fairly uniform
crack front was observed from the support plate crovice contor to the supoort plate
crevice top. The front ranged from 41 to 55% through wall, with an average depth of
48%. Severallodges were observed in the fractograph where it is belloved that
Individual, axially orlonted, microcracks had joined together to form the macrocrack.
Below the support plate center, only metallography was performed. Transverse
metallography (Figure 4 25) revealed the morphology of the axial cracking and IGA in
the form of IGSCC with moderate IGA components and IGA patches at the bases of the
IGSCO. Axlat metallography was performed from the bottom edge of the crevice to the
conter of the crevice region, through a region with corrosion. A fakly uniform.

corrosion front, approximately 50% through wall, was observed that is almilar to that
revealed by SEM fractography above the center of the crevice. From this data it is
concluded that axla! macrocrack networks existed from the bottom edge of the s Jpport
plate crevice region to the top edge, with the crack fronts having a fairly uniform depth.

Corrosion Deoradathn at the Second Suonort Plate Realen of Tube R12-08

Metallographic data available from the second support plate crevice region of tubo -
R12 C8 indicated the presence of approximately 50 axial penotrations around the
circumforence. Tha morphology of the penetrations was that of narrow IGA fingers. The
maximum deptt, of cracking observed was approximately 48% throughwall. In addition
to cracking, patch IGA was a!so present. ABB (CE) renservatively calculated that the
i.taximum depth of the intermittently distributed, patch type IGA was 27% throughwall.
Their conservative definitbn of IGA (corrosion greater than 5 grains wide on a glvon
crack) produced results that were judged not to be direct'y relevant to a structural
integrity analysis. Their definition of patch-type IGA would include corrosion that

' *
Altemativety, cellular IGA / SCC rnay have been present in this region, it could
have produced similar SEM fractographic amd metallographic (both axial and
transverse) results..
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would behave as axial cracks rather than as lGA patches that would behave as tubing with
either a thinned wall or localized p!!tir g. Consequently, the data was reexamined using a
definition of IGA judged more relevant to a structuralintegrity analysis. IGA was
identified where corrosbn assoc!:ted with two or more separate cracks Intersected or, .

attematively, where the corrosion associated with one crack or area (if no cracking was
present) had a D/W (depth to width totio) of one or less.

.

Using this definition, patch IGA was identified at two locations around the circumference
at one elevallon within the c evice region and at four beations at a second crevice
ek vstion. /dl pa'?. IGA, that was 10% or more deep, was associated with isolated
regions that were very smallin circumferential extent. The maximum depths and their
correspondlnc circumferential extents were 11% deep and 1 degree in width for the
first elevation an112% deep and 1 degree in width for the second elevation. The widest
IGA patch was 21 degrees (6% of the circumference) with a maximum depth of 6%. For
the examined elevatictv,, the largest total circumferential involvement (summation of
the widths of the IGA patches) was 22 degrees (6% of the circumference).

From a structurt.f integrity viewpoint, since the IGA patches in the crevice reglen were
isolated from each other and few in number, it is believed that the IGA patches act more
like a limited number of pits rather than tubing which has experienced general thinning.

Corrosion Doormdntion ni the Third Suonori Plate Roolon of Tube R12-CB

After burst testing of the third support plate crevice region (burst occurred at 10,500
psi), visual asamination revealed numerous, axially oriented, corrosion openings
adjacent to the main burst opening. Most of the corrosion appeared to be shallow. SEM >

fractography performed on the burst opening showed intergranular corrosion existing
from the bottom to the top edge of the crevice region. Large ledges were trocluently +

observed between axially orientated microcracks

Transverse metallography showed approximately 85 axlal cracks around the
*

,

circumference with a morphology of axialIGSCC with moderate IGA aspects. The
mar.imum depth of corrosion was 55%. In addition to cracking, patch IG A was also
precent. ABB (CE) conservatively calculated that the maximum depth of the :

hiermittently d!stributed, patch type IGA was 33% throughwail, Again, the data was
'

reexamined using the definition of IGA judged to be more relevant to a structural
,

integrity analysis Patch IGA was identified at seven locations around the circumference
at a mid support plate crevice region elevation. All patch IGA, that was 10% or more
deep, was associated with isolated regions that were very smallin circumferential
extent. The maximum depths and their corresponding circumferential extents were
21% deep and 0.5 degree in width,10% deep and 0.3 degree wide,14% deep and 0.3
degree wide,14% deep and 0.8 degree wide and 17% and 6 degrees wide, in addition, a
numbo. of metallographie grinds were made at the location of the 17% deep and 6 degree
wide IGA patch. Patch IGA was found in two of the three grinds at this location. These IGA
patches were 10% otrop and 2 degrees wide and 8% deep and 1.5 degrees wide. For the
mid crevice region elevation, the totalcircumferentiallnvolvement (summation of the
widtns of the IGA patches) was 10 degrees (3% of the circumference).

.

.
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From a structuralintegrity viewpoint, sinco the IGA patches in the crevico region woro
isolated from each other and few in number,it is bolleved that the IGA patchris act more

.

like a limited number of pits rather than tubing which has orporlenced gonoral thinning,
*

"

Corrosion Decrgdgn,dDiher Tubes from the Second Tube Full OnmnMan at Plant L

Preliminary destructka examination of the first, socx>nd, and third support plate,

regions of tube R20 C70 has produced the following resu1s. All threu regions had
slmitar corrosion degradation. Axially oriented 1GSC0 with only rancr to moderato IGA
components was present without effectNe surface IGA (interm;ttent minor surface IGA, ;

i to 2 grains deep, was occadenally present). The absence of the effectbo surf ace IGA is
in contrast to the results for fuad R12 C8 At a mld.suppod plate elevation,2 to 3,5,
and 4 cracks were found distributed around the circumforence for the first, second and
third support plato reg!ons, respectkoly. The prosonce of such a small tambor of
cracks is typical of support plate cracking at many power plants arid Is in great contrast
to the results for tube R12.C8 from Plant L The burst strengths for the three regions
were 10,400 psi,9000 psi, and 10,400 psi, rospectively. SEM fractcgraphy of the
burst faces showed IGSCC macrocracks, confined to the crevice regions, that wore 0.29,
0.62 and 0.45 inch long, ter.pectively, These macro.: racks were composed of
microcracks that 'aere separated by ligaments witn dimple rupture fractures. The
numbers of such microcracks were 1,12, and 6, respectNely, for the first, second and
third support plato crevice regions.* The maximum spacing between microcrack lodges
with tonslio overload leaturos was 0.29,0.2C and 0.14 inch, respectively. The
maximum depth of IGSCC observed was 74%,74%, and 70% respectNoly.

Preliminary destructbo exmination of the first, second, and third support plate
regions c,f tube R30 064 has produced the following resulis All three regions had
similar corrosion degradatlan Axially oriented IGSCC with only minor to modera;e IGA,

cc.nponents was present without offective surface IGA (intermittent minor surfaco IGA,
1 to 2 grains oeep, was ocx:astenally present). The absence of the offectbo surf ace IGA is
again in cor, twt to the results for tube R12 C8 and is similar to the rotuits for tubo-

R29-070. At a rcild support plate elevation,29,85, and 00 cracks were Iound
distributed around the circumlaance br the first, second and third support plate
regions, respectYely. The presence of tnis moderate number of cracks is also typical of
support plate cracking ct many power plants and is in oo; *ast to the results for tubo
R12 C8 from Pitnt L at least for the fin,t support pire region. The burst strengths
for the three regions were 10,500 pi,8800 psi, and 10,200 psl, respectively, SEM
frcctooraphy of the burst faces showed IGSCC macrocracks, confined to the crevict;
regions, that were 0.74 (0.53)",0.61 and 0.45 inch long, respectively. These |

._

-*
Other ligaments or lodges whh intergrar.ular features were also present, in the
case of the first support plate region, even though only predominently
intergranular ligaments were observed (i.e., r.no microcrack - one macrocrack),
three microcracks were effectively prosent due to the profile of the scallop shapnd

|, crack front.
|

| AB3 repccied the crack tongth greatly increased during the burst test during the
"

! - burst tes: and that a corrected longth would be 0.53 inch.
|

4. t 3
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macrocracks were composed of microcracks that were separated by ligaments with
dimple rupture fracturos. The numbers of such microcracks were 12,6, and 6
respectbely, for the first, second and third support olate crevice regions.' The
maximum r. pacing between microcrack lodges with tensile overload features was 0.175, . ,

0.28 and 0.12 inch, respectively. The maximum depth of IGSCC observed was 55%
62% and 49%, respectively.

.

Corrosion Dearadatbn on Tubet_R15 074. R20 C68 and R8 068 from S'G D nnd
Tuben RB-C89 cnd R12 070 from S!G C. from the Third Tube Pull Camoabn at Plant L

The first, second and third support plain regions of each of these tubes (except for the
second suppoit plate region of tube R12 C70) have boon burst tested and SEM
fractography has been performed on the axlally oriented burst fracture faces. All
crevice regions had predominantly axlallGSCO. In addition, nino of the fifteen support
plate crevice regions may havo had local areas within the crevice region with some
cellular IGNSCC. The third and fourth pages of Table 4.4 (which includes summary
corrosion morphology data from many plants which will be discussed in more detall in
Section 4.4.3) provide further details. The probability of cellular IGNSCC existing is
indicated by the choice of the adjectives definitely, probably, and possibly. The single
definite observation is based on radial metallography. The other observations are based
on visual observations and standard transverse and longitudinal metallography Pages 3
and 4 of Table 4.4 also provide details of the crack densities of those 15 crevice regions
from Plant L (all had moderato to low crack densities), as well as details of the extent of
IGA associated with the major cracks (most had only minor IGA cornponents) and the
extent of OD IGA (only three of the fifteen crevices had IGA, allin the form of a few
isolated IGA patches). The lengths ann depths of the burst fractures facos and the burst
pressures ne provided in Tablo 4.5.

.

Furthor, details are presented for the first support plate crevice region on tube
R16 074 where cellular IGA / SCC was confirmed. SEM fractography on the burst
opening found numerous axially orlonted, OD region, intergranular rnicrocracks, up to
69% deep, ignoring shallow and isolated cracks near the support plate edges, the main
macrocrack was 0.56 inches long and averaged 48% deep. Transverso metallography
through the center of the crevice revealed 44 axlally oriented intergranular cracks,
with minor IGA components. The maximurr, local depth of cracking was approximately
40% Negligible uniform lGA (typically 1 to 2 grains deep) was found on most of the OD
(and ID) surface. Several small patches of |GA (maximum depth of 19%) were also
observed.

Axial metallography revealed what looked like patch IGA that was up to 52% deep, that
was confined to the lower centra! region of the support plate crevice. (This corrosion
was later shown to be cellular IGA /SCO.) In the reg |0n near this zone where visual

-

Other li aments or lodges with intergranular features were also present. In the
*

0

case of the first support D! ate region, even though only predomirmtly" .

intergranular ligaments were observed (i.e., one microcrack - oae macrocrack),
three microcracks were effectively present due to the profile of the wellop shaped

| crack front.

4 14
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observations revealed a complex mixture of axid and circumferential cracking, in one
quadrant of the crevice, radial metallography was performed on a 0.5 x 0.5 inch section
of tubing that had been flattened. Cellular IGNSCC was found on one third of the section.
Figures 4 26 and 4 27 show the rad!al metallography obtained at various radial depths.*
Later grinding operations performed on this radial sectiun showed that only axial cracks
existed at a depth of approximately 69% At present,it is believed that the cellular
IGNSCC was mostly contained in this region and probably was not the dominant,

morphology at the burst fracture. This data lk highlighted since similar corrosion
morphologies may exist at the first support plate region of tube R12 C8.

Summarv of Plant L Decradation

All three support pinta regions of Plant L plugged tube R12 C8 had multiple axialIGSCC
macrocrack networks from the bottom to the top edge of the crevice. The first support
plate reglon had the deepest cracking,92% through wall. For the second and third
support plate regions, the maximum crack depths were 48 and 55%, respectively. In
addition, effective IGA patches were observed. In the case of the first support plate
crevice location, the IGA patches occurred in regions with the highest crack densities.
The depths of the IGA patches were typically half that of the associated axial cracking.
For the second and third support plate regions, limited data was directly available
regarding the IGA patches, but it was reported by CE that the maximum depths of IGA for
these two support plate regions were 27% and 334 respectively. The twenty-one
support plate regions from the other seven pulled Plant L tubes had corrosion more
typleal of other plants: a small to mod 9 tate number of axialIGSCC, minor to modrsrate
IGA components to the cracking, and little or no separate IGA (patch IGA). While the
IGSCC on these tubes had IGA components, the appearance was more that of stress
corrosion cracking than that of ICA !!ngers as waJ observed at the first support plate
rulon o' tube R12 C8 Finally, cellular IGNSCC was locally observed at the first.

support plate crevice region of tube R16 C74. Cellular IGNSCC may have also been
present, and even played a major rcil, in the corrosion degrsdaticn at the first suppor1

-

plate region of tube R12 C8, Non confirmed cellular IGNSCC was also suspected in
local areas of the crevice regions of another eignt of the total 24 crevico regions
examined.

4.4.2 Cellular IGNSCC at Plant E 4

EdF steam generator tubes at support plate crevice regions at Plant E-4 have developed
cellular IGNSCO. The cellular IGNSCC is localized in the crevice region such that most

; of the crevice region is free of corrosion The second page of Table 4.4 presents
summary curroslon morphology data available from five crevice regions. The crevlw
reg!ons had moderate crack densities, moderate IGA components associated with
individual major cracks, and no significant IGA independent cracking. Burst tests
conducted produced the expected axial opening through complex mixtures of axial,
circumferential and oblique cracks. For the more strongly affected areas, while the
cracking remained multi-directional, there was a predominance of axial cracking.
Figures 4 28 and 4 29 provide radial secton photomicrographs through two of the
more strongly affected arcas showing cellular IGNSCC at Plant E.4.

.

O
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|

L4.3 Compar:eorwf Plant L Support Plate Corrosion to Support Plate Corrosion
at Other Plants

it is difficult to corapare corrosion morphology from one plot to another since the ,

visual, rnelattegraphic and SEM fractographl0 data are frequ6ntly not comparable and
seldom provide a complete description. It is especially difficult if the person doing the
comparir,on has not directly worked with the raw data since it will not be known if the '

reported data repretents typcial or the more spectacular and extreme data. With these
caveats, the following prc.;ents a corrosion comparison in which the raw data, not just
the reported data, were all stu$ed ih the same person.

To compare support plate corrosion morphobgy, three ways of data characterization
were utilized. All three neod to be considered to characterize the corrosion. The first
measures cracking density. Since most cracking within support plates is axialin
nature, cracking density is usually measured from a transverse motstlographic section.
If a complete section is available, the cracking density ct tha glvoit elevation can be
directly measured, if only a partial t.ection is available, an estimate by extrapolation
can be made. Cracking densities were arbitrarily dNided into three dens ty categories:
low (1 to 24 cracks); moderat9 (25 to 100 cracks); and I,igh (greater than 100
cracks). Note that since mos' axial cracking is composed of short microcracks, usually
less than 0.05 inches long, a racking density of say 25 at a given elevation would
mrrespond to several hundred microcracks within a support plate regbn. Tne second
way of characterizing the data invoked mea:,Uring the amount of IGA associated with a
gNen crack. To do this the depth of the crad was divided by the width of the IGA as
mcatured at the mid-depth et the crcck, creating a ratio DAY Again, three crbitrary
D/W categories were created: minor (DAY v 20) (all or most PWSCC would be included
in this category if it were being considered in this analysis); moderate (DAV 3 to 20);
and significant (DAY < 3) where for a given crack with a D/W of 1 or ler,s, the *

morphology approaches that of patch IGA. Tho third way of characterizing the data
involied considering the exteni of IGA present on the tne tube, but only the !GA not
obviously associated with a single crack was cons:dered. Consequently, IGA Independent
of cracking is measured and IGA associated with tne intersclion of more than one crack is
measured. The measurement of |GA arbitrarily diWded the circumferential extent of IGA
into three categories: negligible (IGA < 5% deep): moderate (IG A 5 to 10% deep)! and
significant (IGA greater than 10% deep).

Table 4.4 presents a corrosion morphology compart:;on of Plant L support plate region
data, similar data from other plants examined by Westinghouse, and data from
laboratory corrosion tests conducted in model b; 3. With respect to cracking density
at support plate locations, it is obvious that the craming dcasities at Plant L for the
first support plate region of tube R12-Ce are consideraoly higher than experienced at
other plants examined by Westinghouse. However, similar cracking densities of several
hundred cracks at a gWen support plate elevation are bs!;eved to exist in some EdF plants
in Europe and in some plants in Japan. The cracking densities for the other support
plate regions of tubes from Plant L are more typical of cther power plar,ts with low to
moderate crack densities. With respect to the amount of IGA associated with the axial
IGSCC, the Plant L data are similar to thoso at most other plants; moderate IGA
components are found in association with the axialIGSCC. With respect to IGA that is
present to a signifcant extent (i.e., excluding isolated IGA patches), only Plant L (tube
R12 C8 cnly) and Plant M 2, among the plants examlaed by Westin;, house, were found

4 1e
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I

to have significant IGA (greater than 10% through wall), it is belloved in the case of
Plant L that the formation of |GA in the form >f IGA patches is a result of the high

,

uncking densities and IGA aspects associated with the individual cracks, Where the
cracks are particularly close together, IGA patches form at the base of the cracks where

'

the width of the IGA is greatest, in the case of Plant M 2, the typicallGA morphology
was tnat of uniform IGA as is 3hown in the lower two photomicrographr in Figure 4 30.
The top photomicrograph in Figure 4 30 ois9 shows uniform IGA but v 7 some axial.

BGSCC appearing through the unifonn IGA.

While not examinect by Westinghouse, the following presents data regard!ng Plant J 1
and Plant N.1. Figure 4 31 and 4 32 show photomicrographs from the first and
second support plate regions of tube R8 C74 of steam generator 2 cf European Plant
J-1. The intorgranular corrosion appears to bo very similar to that at Plant L Table
4.4 presents qualitativo morphological data. While there is a slightly lower crack
densfly, the extent of IGA associated with Individual cracks is similar (moderate DAY
tatlos), the extent and depth of |GA is similar and the origin of the IGA also appears to be
that of closely spaced axisl IGSCO intoracting near the surfaco to form local IGA patches,
it is also interesting that the maximum depth of IGA compared to the depth of IGSCO is
simTar, typically one third to one half of the IGSCC depth. The data from the support
plato _ regions at Plar i N 1 was not in a form where firm conclusbns regarding
corrosion morphology could be made. Table 4.4 also presents an attempt to force
conclusions from the data available to Westinghouse. Avoraging the data from the throo

.

sitpport plate regions, it is concluded that a corrosion morphology similar to Plant L |
(tube A12 C8) and Plant J 1 exists at Plant N.1.

.

4
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Table 4.1
.

Laboratory Eddy Current Data for tubes Removed from Farley Unit 2

Results at Bottom TSP Location for All Tuben *

,

Examination Tube R4 C73 Tube R21 C22 Tubo R33;.Cf3

RPC Exam Atlalindication with Ar|alindication: 0.5 Axialindication
faint parallelindication inch long,76-81% 0.4 inch long,
20 to 30 degrees away; doop. 90% deep.
0.44 inch icng,
77 82% deep.

Bobbin Exam

Echoram Indication 86-88% deep; indication 86 87% Use field data
. Probe voltage rangoo from 3.6 deep; voltage ranged only: 1.4 volts,

to 4.3 volts depending on from 9.6 to 11.6 68% deep.
Specimen orientation. volts depending on

specimen orientation.

Zetec iridication 86 91% deep; indication 86 90%
Probe voltage ranged from 2.6 deep;voltsge ranged

to 5.0 volts depending on from 7.7 to 14.2 *

specimen orientation, volts depending on
specinaen orlentation.

_

i

i

e
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Table 4.2
.

Leak and Burst Data for Tubes Removed from Farley Unit 2 '

Results at Hottom TSP Location for AllTubes.

Test Tube R4.Q23 Tube R21022 Tubo R38.C4fi_

Leak Test

Operating Leak Rate 0 0.3 ml/hr 0 a7 mL'hr * No Leak
(delta P = 1500 psi)

Steam Uno Dreak Rate 174 mt'hr 108 ml/hr No Leak
(della P = 2650 psi)

Burst Test

Burst Pressure [ )g
(psig)

Burst Ductility 5.6 6.8 7.6
(% detta D)

*

Burst Opening Length 0.459 0.784 0.881
(inches)

. .

Burst Opening Width 0.135 (OD), 0.210 (OD), 0.167
(inches) 0.100 (ID) 0.148 (ID)

*
Pmblems with bad pressure regulator increaseo the measured lo3k rate.

,

.

4

'
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Table 4.3
.

Depth of Cortosion Observed on Circumferential Fracture Face
from Center of the Fitct Support Plate Crevice Re0 on forl

Plant L Tube R12 C8 *

|

Circamferentlaf Location Maximum Deoth of Penetrat!cn
(degrees) (%)

0 62
10 90
20 92
00 78
40 52
50 60
60- 52
70 40
80 18t-

90 60
100 48 ,

110 48 |

120 56
130 60 |
140 58
150 60 *

160 56
170 44
180 56-,

190 2
200 14
210 10

,

220 18
230 8

1 240 14
250 14
260- 16
270 14
280 44
290 40
300- 44
310 18
320 18
330 0
340 16
350 0

.
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fastt 4.4

Comerison of intergrent.ar Corrosion Morphotogy et 54 port Piete Regions on S/G ftbig ord laterstory spec 6sems

Crocktrig Density (as peesured Estent of IGA Associated witn Estet of CD ICA (sot Otwiosty *

Date Source or Estiested for One Plane}* the Meier ?rece , Atsociated with e Sim te Croc2)
Lev stoderate Nigh

(1-24 (25 - 100 (Greater seirer maderate Sirificant mestigible markrete 53ysificant

Cracks) Jrects) thei 100) (D/W** >20) (Ulv 3 to 20) (DN <3) ( M 0==c) (5 te 10% O*ep) (*10% 0 r?

fortey 2

R31-C46 SP1 -4 3.2 0

es-C73 SP1 -8 4.2 0
R21-C22 $P1 -2 TJ 0
m38-C66 sP1 -10 14 28 0 tpoesit>te

cet tut ee ,

IGA /!CC in a

tocet erae) ,

Pt ent 3 1 [
s4 C61 SP1 (29) 4 25 0 ;

e4-C61 SP2 (5m) -15 (for 15 (for 2% ocap
,

estet) esiet). -1 Inte= wit- ?

-5 cire. (for Cire. tently eratsid

CrscEs} Creens) eircue8erenee

R4 C&1-SP5 (12W) -4 (Cl*c. 1-2 0 (Possi*.t e
Cracks) cet tul ee !

ICA/SC; 6n e

tacet area)

Plant a-2
e6-CS7 SP1 (2M) 16 15 0

26-C67 SP3 (8N) 23 ?5 4% dem
interwittently

I eroteuf cire.
R&-C67 5P5 (11m) 6 no Date ao onee

$

............. ,

* 56W east swport ptete cracking is remosed c8 short esist microcreens, typicet ty 0.02 to 0.05 irth torg for a 50% **p crack, e
microcrocking density of 25 could te associated with we than severet borded individmet microcrects within e suport plet* crevice r*gie.

:

.

** D4epth of SCC es eretured freen the (D surface esclusive of any surf ace ICA. W'Jidth cf IGA CW to the SCC es wasured at the end punt o'
. the SCC.
I

r
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TASLE &.4 (Cont iraset ien)

Cracking Density (se Meesured tutent of IGA Associeted with Esse of 00 IGA tuot otpriously

Date $ourte or Est fested for one Ptene)* the mejor Crects AssocleM with e $5ngle Crack)

. tow mwierste Righ

(1 24 (25 - 100 (prester mira,r moderete significent 3segligiMe ne& rete signi f * cont
'

Crocks) Crocks) than 1001 tD/va* >20) 1DN 3 to 20) (D/w <3) (41 Dem) 15 to 10% Dm) t>tet Dee)

Plant 0-1
a21-C31 SP1 3 5 PossiMe smelt

IGA patches?

R15-C33 SP1 Bere? 41 m . for

T1 et circ.

R17-C33 $P1 0 to 5 Ine*'*mte Batt C

Plant C-2
RT C33 SP1 90 4-8 0

RF-C38 SP2 42 15 0'

RT-C33 SP3 23 24 II & 9
l interinit-

tentty
,

artard cir-

cumfeccice,

'

a11-C25 SP3 -50 14 9

Plant E 4
a19-C35 SP2 -106 9.5 -c Centuter IGA /

SCC present

a19-C35 SP3 -79 no Date 4 Cettuter tGA/
SCC preset

919 C35 sP6 -103 so Date -4 Cettutor IGA /
3CC present

942-C49 SP2 42 3 to 12 -a Cettutor IGA /
SCC prescit

af-C67 $P3 43 & II &T IGA, Cellular ICA/

Intermittmtly SCC preeent

ecotru$ cire.

[ ..............

! Since most eM plate crecting is camposed of short salet microcreens,. typ6retty 0.02 te 0.05 6 nth long for e 50% &m tract, e*

! microcrecting *ewity of 25 could te essacleted with scre then owet hur=: ired ind+ idet e*creevects within e swsrt ptete crevice r,sien.v

| ** D49th of SCC es W from the GP surf ace eactuatwo of any surf ace IEJt. Winfts of IGA ce to the SCC es wegured at the eid point of
the SCC.

,
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f astE 4,4 (tanctamtleet)

Cracking Density (as Peesured Extent cf IGA Associet=1 with f etent of CD tGA (eM Obviountyn

Dete source or Estineted f or t>e Pire>* t v m ier Cracts Associated eitS e Simie Cemet)e

tou 8bderet, a6igri

i (1 26 (25 100 (Greeter minne maderate Sigm f f cont M tig M e se + rete sign 4 ficent
'

trocks) Cred el_ tr m 100) te n** +20) (DN 3 to 27) te n a31 t 51 Der) (1to X.Das) t*1 1 De=r).

Plant t
st2 C8 SP1 -400 6-18 (Possib8e 210' er sp

,

(272-506) cestutee IGAf Center, less
SCC) stum ord betou

2 Con ee (seer

table 4.2), mes
,

"depth 633 by
met et t ogr et*y

812-C8 SP2 50 m derate (,1c IMeneite= 41yo

gartitative destributed,
'date ovellebte) pet s IGA (6%

ef tiec.), ens.

+ pth 121.
,

5

a12-CS SP3 25 stoderate (no tetermitternly

g entitative d es te f bJted,

data eveitable) P 4c' IGA (3% !

ef Sirc.), see. I

depts 211.

!229-C7D SP1 23 35 4
i

i
R29 C70 SP2 5 17 -c i

,

$29 C70 SP3 & 26 to 50 -c
,

I
a i
4 -

Sirce mest sagrort ptete crocking is cascosed of short emiet microcracks, typicetty 0.02 to 0.05 tech * ens for e SCE daap crack, e i
*

siceatredseg earuity of 25 could be associeted wit +i etre the severet hardred IMieMat cicrwreds withln e ==cport ytete crevice res ori.s

** Ogh of S'I es measured frtue the tD surf ace eactusive of any surf ace IGA, i>68'dth cf ICJt tw to the SCC se apesured et the unid point of
the SCC.
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TAett 4.4 (Cartiruetten)

Crack 5ng Deutty (as secosured Estent of IGA AssociNed eith Estent of CD tr.A teot Obviously

Este source ce Est6mejgd for One Plane 1* the asier Cracts Associated with e stemte Crat)
_

tow M rete Nigh

(1-26 (25 - 100 tGreater Nirme stederate Sigreificant segligible ma+ rete Sirificant
Crocks) Ce,ct s) thart 100) (D/ W *20) (D/W 3 to 20) JDfW +3L (*5% Om) (5 to 10% Dm) (vict De-4

Plant t (M.)

R30 C64 SP1 29 16 -0 Cettutor IGA /
SCC possisty

present t4 etty

l

m30-C64 GP2 85 9 -0

|
|

830 C64 SP3 30 11 -0

R16-CT& $81 31 32 A 8.w patches
of IGA present,

see. +gth 191-

Cet*. uter ICA/
SCC definitely
present lacelly

R16-CT4 $P2 62 20 A few patc M

ef IGA, 17%
sea. +Mh.

e16-CT& SP3 43 21 Es

?

R20-C56 SP1 60 4 to 28 -0 tet luise IGA /
KC probabay

prewne ' aces ty
|

|220-C6C *,P2 27 21 ^2

I R20-ta6 SP3 34 36 -0 Cet l'.sier ICA/
| SCC possib4y
-

,,
prewnt toce41y

........ . . .

Simre anst set ptete crecting le ersmoted of short esist eiercersets, typiestly 0.02 to 0.05 erwh terug for a 50% +-p crac6, e*

microctor. king +rusity of 25 could te estaciated e.ith mere tkm sneret hwui ed irdividet micwrecks with6n a s.synet ptete crevice egeon.
** D4ept% cf SCC es seesured from the CD surf ace enctust e of n surf ace IGA. M 6*fth of IGA c e aret to the SCC as sine mred at the med poi 9t cf
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T ABLE 4.4 (Cetieustion)

-

Cracting Deesity (es Measured - 7.ierv* ef IGA ASswie'ed with f atent e# M 1GA (sot Obw6camly

| Role S e te cr Esti*ete jd N Planr2+ the mejor Crocks Associetad with a Sinate Crott)
u maserete Nigh,

(1-26 (25 - 100 (Greater minor m d rete Siydficant mest6sible senderete sirvificaneo

Crocks) Crockt them 100) CD/W** 320) te/V 3 t2 29) _.(D/W ~3) ( G 0==r) f5 to 1ct 0,*ej (*1c5 pe.e)

Plant L (Cet.)
RS-C66 $P1 41 27 -0 Cet tut or tGA/

SCC W P
present Eccet!y

,

R8-C66 SP2 8 8 -4 Cettutor IGA /
SCC prohnbty

present ierstLy

a3 C66 SP3 2 16 -0

t5-C69 SP1 66 60 -C Cettuter 1 W
SC possibly

present locetty

RS C69 SP2 67 32 Inte esttent Cettute- I W .
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present.*101 present tace 4ty
. eme. +p*h
1,
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SCC W y

pre tocelly
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j SCC passib4y

; present lacs!Iy
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| * Sirre sett owt plete crocking is ctoposed of short emiet microcrerte. typicoltw 0.02 to 0.05 trrh tone for a 3Cl o.cp crect. e
microctecting chrontty of 25 could be essociated witti sore than severet htrusred idviemt microcrects Mthive o swt olete crevice reg'ws.,
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Crack.g Density (es Messured Estent of tGA Associated with Estent of (D ICA (40t Ctwiously

o ieir Cracks AssocietM with e Sicuate Crock)Cete Sourte or. Estiseted f r One Piem>* the r

tou aladerate Nigh

(1-24 (25 - 100 (Greeter minor wxterate signi ficent segligible m srate significent

Crects) Croc6s) the 100) (DAl** >??) (CA s to 20) (D/W *3) (<5% pe=e) ($ to 10% po (ste %)

|

Plant m Z
229-C4(TL 571 0 (-53 ff 1 ff crack > 300' mi f one

Is defined es f rJ; uses,IGA frets

are defined being present &pth 26%

es cracks
with L/W

f 1)
i
|
'

Plant C-2
R26-C56 SP1 (28) 36 2 13 2', mes. epth

5%

1

Ptent P-1 I

R16-C60 SP1 82 eirer to 0 |

sederate, 6

to 25 D/V

R16 C60 SP2 55 11 to IT A few tGa
patches et tE
cfock tacetfans
sma. & pth 31%

R11-C48 SP1 39 10 to 20 -O

R11-C43 SP3 56 11 IM erst IGA
patches, sea. &p*S
9% less than 20%
of ciremser**we

5 t etsport plate cracking is cropnad of short seiet elcrocrects, typicelly 0.02 to 0.05 inch en for e SC% **p crerk, e
microcrocking &nsity of 25 could be associated .Jth more than swet hur*ed indivi&et es rotrecks ithin e swinort piete crevice region.c

** D=cepth of SCC es senswed from the (D swfece enctusive of any surf ace IGA. W*Widh ef IGA ctpvarent to the SCC es awacd et the mid-pMM ef
the F. .
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1 AStf 4.4 (Contirmation)

4 tracking Density tes miessured fat et of ICA Associated with Entent of CD IGA (not otn6amly
Date Source or Estimated for Ore stoneJ* the dsiw Creds associated with e Simte Crock)

Lou N derste Nipe

(1-24 (25 - 100 (Greater seirer m ete significent segligible m derate si elficant
leecks) Cracks)_ then 100) (PN** >20) (D/W 3 to 20) (DN <3L t<5% cm) (5 to 1ct oe e) >101 D w )

i
Plant J-1

(6-CT4 SP1 13 41 14-20 -200*, rum.
*pth -401.

L8-C74 SP2 31 76 10 15 -m', mes.
* pth -201.

Flent N-
L59-C95 SP1 2340 4 (=isteedirg 45', ass.

retto for tNee civyth 201.
cracks, should,

be ter1per value)
L59-C95 SP2 0 (no erocha 45', sw.

Just 1GA) d=pth 131.
(120-C12 SP3 3 34 (net occw- it *.p

ste since intermit-
cotelned from tently

wwtched erard cir-
specis m) cunference

Laboratory tests

571-1 1 -5G 0
543 4 5 40 0
536 1 2 60 0
543-4 13 14 0
525-1 4 14 0
533-3 10 11 40 0
SL-Fu-11 10 11 0

!
. ...........

4 * Sirce most sigport plate crecting is ccuposed of short enlet sicrocroc6s, twpically 0.02 to 0.05 frrh tons for e SC1 +ep crack, e
microcracking +rsity of 25 could be associated with more then severet Ar**d treftwidtel microcrocks within e savnrt piste crevice reg'en.

** D4erth of SCC es seesured from the (D surface enciusive Of evr surf ace ICA. W-Width of IGA congenent to the SCC es spesured at the mid point of
the SCC.

I
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Table 4.5
.

Summary Data on Tubes Burst from
Third Tube Pull Campaign at P! ant L

.

Intergranular
Macrocrack

Burst Len0th On Maximum Avorago
i ,e/ TSP Prensure Burst Face Depth D. cath

(psi) (inch) (%) (%)

R8 C66 TSP 1 7500 0.83 98 58

RB C66 TSP 2 8750 0.88 75 44

R8-C66 TSP 3 10600 0.50 53 32

R8C69 TSP 1 5900 0.92 98 72

R8 C69 TSP 2 7700 1.00* 88 57

R8-C69 TSP 3 9700 0.49 60 51

R12 070 TSP t 7100 0.92 98 68 -

R12 C70 TSP 2 9500 0.85' 63 43
.

R16 C74 TSP 1 8600 0.56 70 58

R16 C74 TSP 2 9500 0.30 62 38

R16 C74 TSP 3 10400 0.25 51 33

J-C(- 'SP1 8150 0.60 80 45

R20-C66 TSP 2 8750 0.68 58 47

R20 C66 TSP 3 9300 0.60 58 44

,

.

*
Direct measurement shows that the pro burst longth does not exceed 0.75 inch.

.
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w

Patch and uniform IGA morphology as observed in a
transverse tube section. (A similar observation vould be~

made from a longitudinal section.)4
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f - tube ID

Branch SCC

,

/
/

Simple SCC

transverse section
schematic

.

tube 00' r

-- - tube 10

t

longitudinal section
schematic

.

Figure 4-2 Schematic of simple IGSCC and branch IGSCC. Note that
branch and simple IGSCC are not distinguishable from a
longitudinal metallographic section. From a longitudinal
section, they also look similar to IGA (See Figure 4.31
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tube OD

IGA with IGA
IGA with IGSCC/lGA fingers
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fingers
(D/W>10)
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transverse section
schematic :

.

'

? tube 00
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,..

tube ID

longitudinal section
schematic

Figure 4-3 Schematic of IGA with IGSCC fingers and IGA with IGA'

fingers. Note that neither of the above variations can be
distinguished from a longitudinal section.
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Sketch of Burst Crack

Macrocrack Length = 0.52 inch

Throughwall Length = 0.02 inch

Number of Microcracks . at least 3

Morphology = IGSCC with moderate IGA components

.

0.75 inches - SP top-

)-

J
N f)

h

0,0 inches - SP bottom-
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Sketch of Cract Distribution

.

Figure 4 - 5. Summary of crack distribution and morphology observed on the first support
-

plate crevice region of tube R31-C46, Farley Unit 2.
_
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Figure 4 - 6. Secondary crack distribution and a photomicrograph of one of the cracks in a -

transverse metallographic section of the first support plate crevice region
of tube R31-C46. The crack morphology is that of !GSCC with moderate IGA
components
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Sketch of Burst Crack,

,

Macrocrack Length = 0.4 inch
i
i

Throughwall Length = 0.01 inch

Number of Microcracks - 7 (all 1:gaments have predominantly
intergranular features)

Morphology = .lGSCC with some IGA aspects (circumferential cracking
has more IGA characteristics)

,

I

4

0.75 inches - - SP top

.'
| 2): j[ ]

' /J

0.0 inches - SP bottom-

180 27000 00 900 1800

Sketch of Crack Distribution

.

Figure 4 - 7. Description of OD origin corrosion at the fifth support plate crevice region of
-

tube R4-CC1. Plant B-1
,
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Sketch of Burst Crack

Macrocrack Length = 0.42 inches

Throughwall length = 0.18 inches --
,

Number of Microcracks . 4 (all ligaments with intergranular
features)

Morphology = Intergranular SCC with some IGA characteristits 4

(width of IGA 0.012 inches)
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Figure 4 - 9. Description of OD origin corrosion at the first support plate crevice
- region of tube R4-C79
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Figure 4 - 11. Top photomicrograph is from a transverse section through one half of the main
i burst crack. The crack morphology is that of IGSCC with some IGA
l characteristic;(width of IGA is 0.006 inch on one side of the crack). Bottom

,

micrograph is from a transverse section through a typical crack located near
the burst crack. The morphology is that of IGSCC with only minor IGA
characteristics. (Note: crack is opened wide by tube deformation).
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h lqh of Burst Crack

Macrocrack length = 0.50 inches

Throughwall 1.ength = 0.15 inches

Number of Microcracks = 4 (two ligaments with intergranular
features, one with ductile overload features)-

Morphology = Intergranular SCC with significant IGA
-characteristics (width of IGA 0.030 inches)
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Sketch ,cf Crack Distribution

t:igure 4 12. Desc-iption of OD origin corrosion at the first support plate crevice
region of tube R21-C22.
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Figure 4 - 13. Sketch of crack distribution and depth within the first support plate crevice
region in tube R21-C22,-
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Figure 4 - 14. Top micrographs are from a transverse section through one half of the main |

burst crack. The morphology is that of IGSCC with significant IGA

characteristics (width of IGA is 0.015 inch on one side of the crack). Bottom j-

micrograph is from a transverse section through the only other crack found i

in the crevice region. Its morphology is more that of IGSCC. (Note: crack has
been opened wide by tube deformation).
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Figuro 4 - 15. Description of OD origin corrosion at the first support plate crevice
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region of tube R38-C46.
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! of the section was not specified.
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depth of the section was not specified.
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5.0 FARLEY EDDY CURRENT INSPECTION RESULTS

5.1 Farley Unito, March 1991 Inspection
*

The schedultd program of EC inspections porformod at Farley Urit.1 in the 10th
refueling outago included fu:!)ongth bobbin probing of 100% of the availab!9 lubos.
Supplemental inspection was performed with rotating pancake 0011 (RPC) probes to.

characterize distorted indications identified at the TSP elevations. A summary of the
Inspection results is given in Table 5.1.

The TSP bobbin EC indications woro observed randomly across the tube bundle with SG A
having 194, SG B 135 and SG C 219. The bobbin indications were further
characterized using RPC probes;if the data revealed crack tube behavior, then the tube
was removed from tervice by plugging.

The total tubo plugging during the outage was 265, with 97 boing plugged for ODSCC >

indications at the support plates,43 for indications at the top of the tuborhool,76 for
PWSCC in the WEXTEX region, and 49 for U bond PWSCC.

In a manner similar to Unit 2 (soo Section 5.2 below), prior oddy curront data (1988
and 1989 inspections) were reviewed to assess the progrossion oi ODSCC Indications at
the TSPa. The results of this re evaluation show that the rato of progrossion of ODSCO at
the support plates is very slow. During this to ovaluation, percent through wall
estimates woro made for tho distorted indications. Over the last two operating cycles,

| the averago grow'hs in indicated through wall ponotration were 5% in 1988 89 (with a
t

standard deviation of 16%) and 6% in 1989 91 (with a standard dovlation of 24%);
see Figure 5 3.

.

Histograms depleting the distribution of signal amplitudes for distorted indications for
each SG are given in Figure 5-11 Figure 5 2 illustrates the oxial distribution of the
TSP Indications. The dependence of voltage change on observed amplitude is displayed in
Figure 512 for the data recorded in both the 1989 and 1991 inspections. Voltage;

growth rate data are discussed in section 5.3.

It may be noted that the growth ratos during the last two cycles have been very small,
both in depth of wall penetration and in bobbin coil amplitude. This is attributable to the
improved secondary system chemistry operation during the recent cycles. It it believed
that Oi) SCC initiated as a consequence of the choralstry excursions which occurred during
the 1965 86 cycle. Inhibiting offects of boric acid treatment and the improved
secondary side chemistry control have resulted in low nucloation rato .nd reduced
progression of ODSCO. This is reflected in the very small growth rato of ODSCC observed
at the TSP Intersections.

5.2 Farley Unit 2, October 1990 Inspection

The Cycle 7 refueling outage provided the last Farley Unit 2 steam generator inspection~

In October,1990. Bobbin probo EC testing was porformod fulllength on 100% of the
tubos in service; all TSP indi::ations greater than 40% in estimated depth of wall
penetration as well as all distoaod indications of any amplitude were subjected to MRPC.

,
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testing to assist in charactorizing the extent and nature of the copradation. Tubes found
to exhlblt degradation suggative of ODSCC were plugged; this resulted in plugging 244
tubes 30 in SG A,64 in SG B and 150 in SG C. Estimation of the growth in tube wall I

penetrations during Cyclo 7 yielded 0.6% for SG A,2.3% for SG B and 3.6% for SG C.
.

The compot,ite changes for tne three SG's combined was 3.3* in phase angle and -2.8%
depth of tube willincrease for the last cycle, based on evaluation of 327 signals. Only

'

14 of the 327 indications reported for Farley 2 excoeded 1.75 volts in amplitude. -

f

Along with the Farley 1 data, Table 5.2 displays a breakdown of the EC indications '

reported for the Fartoy 2 SG TSPs in the October 1990 Inspection it is noted that all

Indications 240% as well as almost all the distorted indications (200 of 210) were ,

reported on the hot leg side of the tubo bundle. Though 248 of the 308 hot leg indications
reprobed with the MRPO were verified to exhibit signs of dogradation, the bobbino

amplitudo of these signals was below 1.75 volts for at least 94% of them. Figure 5 4
tummarizes the axlat distribution of the TSP Indications.

Figure 5 5 disp!sys the voltage levels recorded for all TSP Indications in Farley 2. A
discussion of voltage growth is given in Section 3.3.

In order to provide a definitivo understanding of the Farley 2 historical context "

concerning TSP ODSCO, a re evaluation of the prior EC tape records has been performed
beginning with each !ndication reported in the 10/90 inspection, working hack in time
for these indications while adding in the previously plugged tubes and their prior tapes;
all these records were analyzod using the EC interpretation guidolines employed in the
field in 10/90, so that a normalized or rationallJed data brse could be constructed.
Growth rptes, more correctly change ratos, were developed over four operating cycles

,

from 1985 L 1990. The phase angle changes for the four cycles are displayed in Figure
5 0, from which 11 can be seen that only a slight negative shift in average phase angle *

has occurred since 1985. For conservatism, summing only the negative average phase
shifts since 1985 yleids .7.4* over four cycles, or approximately 6% total growth in

,

equivalent depth of tube wall penetration over that four cycle. 5 year time period,

it must be recognized that these changes reflect the behavior of tubes which in large par 1
were affected by the inhibiting effeds of boric acid treatment after 1986. The tubes
plugged in 1986 were those that exhibited an enhanced sensitivity to caustic attack,
resulting in EC Indications greator than the plugging limit. However, a second
population of tubes was also affected. The data obtained during the reevaluation
demonstrate that the rate of progression of the EC signals is very slow. Further, the
statistics suggest that the nucleation rate in the prosence of boric acid is very small, in
short, the tube plugging observed can be attributed to a fixed pnpulation.

5.3 Voltage Growth Rates for Farley SGs

This section summarizes the evaluation of voltage growth rates, including historical
trends, for Farley Units 1 and 2. The growth rato data are utilized in Section 12 to
develop the tube plugging limits.

.

Table 5.4 shows the historical data on voltage growth por cycle for both Far'ey units.
Percent growth ratos are given as the increase in voltage amplitude over an operating -
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cyclo relatNe to the beginning of cycle ampiltude. Average growth is given as the direct
average of all data and as the conservative average obtained by setting measuisd negative
growth changes to zero in defining the average. Also shown are the number of indications
contributing tu the averages and the average voltage amplitudos for allindications. The

'

standard deviations are also gNon as an Indicator of voltage variability. However, as !
noted below, the gruwth distributions are not representativo of a normal distribution n

i

that cumulatNe probability distributions are provided for analysos such as SLB leakago,

projections that incorpolato growth rato unce rtainties.

Figures 510 and 511 show scatter plots of percent growth versus the DOC (boginning
of cyclo) amplitudes for the last two cporating cycles. Both units show a decrease in
porcent growth with incicating amplitudo with the weighted averagos, shown as solid
linos, tonding toward negatWe values at 800 amplitudos atovo about 0.75 volt %
negative growth values typically result from changes in calibration standards als
analysis guidelines recognizing that no major offort was applied to achieve consistoney
in voltage ovaluations. Negativo growth can be assumod to represent zero growth for
dolormining average growth. This is conservativo sinco the randoin, nogative
fluctuations are 6gnored while positivo fluctuations aro :Jialnod in computing averages.

1

The scatter in growth values is much larger at low amplituaos as expected since thoso
amplitudes are near the detection threshold where measutomont accuracy is loss '

rollable than for larger indications.

The data so show a few growth values considerably above the overall trend. Most of
,

these occur at low BOC amplitudes where modest growth can siphcantly increase
amplitudes and enhance detectability. Sinco a relatively large number of indications ato
included in the database, the frequency of the out!!ars in grow'h can be considoted to be
representative of the population and conservative when extra;mNnd to growth trends at

. higher voltage levels such as for statistical SLB loak rato ansyu Figuros 512 and
513 thow histograms and cumu'ativo probab!!ity curvos developed from the data of
Figurn 5 t0 and 511. Figuros 514 and 515 show the cumulative growth

'

probabety expressed as growth per ETPY and as growth por cycle, respectNely.
Figures 514 and 515 are appropriate for SLB leakage and burst analyses as discussed
in Section 12.4, Growth per EFPY ls appropriate if cycle longths change, v&o growth
per cycle can be applied if cycle lengths are not varied as is common at Farley. As can be
toen in Figuro 5-15, the growth trends do not follow a normal distribution at the largo
AVs. For this reason, cumulative distributions such as Figure 515 are used for the
SLB analyses required by the Section 12 repair critoria. Use of sancard deviations to
project growth to EOC conditions would be non conservative compared to the actual
cumulative probability distrit,utions. For example, more than four standard dovlations

are required to schleve the large AV talls of the actual distributions of Figure 5-15.

The larger growths of Figure 515 tond to occur for BOC voltages loss than about 1.3
volts. The trend for larger growth at tow voltages can be soon in Figures 511 and
512. Upon implementation of the repair criteria of this report including voltago
calibration standards, the voltage growth rates for SLB analysos would be based upon the
larger population of the largest 200 BOC volta 00s or tno 800 voltages within abnut 1.5
votts of the tubo plugging voltago limit..,

Figure 516 shows the historical average growth rate trends for the Farley units.
*

Shown are the overall averago of all data as well as averagos for < 0.75 and > 0.75 volt

S.3
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BOC amplitudes. The data show the strong trend for reduced pen,ent growth at higher -

amplitudes. For conservatism in establishing the plugging criteria, the overall average
growth rates are used to project growth at higher amplitudes in Section 12 to develop
the voltage based tube plugging limits. Section 6.7 compares voltage growth trends

,

from other available plant data with the Farley data.
, ,

.

5.4 Denting and TSP Corrosion Review

The condition of the Farley steam generator tube support platos with respect to the
incidence of denting has previously been regarded as in the minor, nearly negligible,
category. However, during invest!gations of the condition of the R20 C26 tube at the *

first hot leg TSP (tube sample from Farley.1 taken in October 1989), the difficulty in
identifying the presence of the 62% ODSCC found in the laboratory from the field EC
Inspection was attributed in part to interference from dents. Since the int!uence of TSP
corrosien and denting in limiting displacement of the TSP's during accident conditions
may be substantlaf, a review of selected portions of the Farley steam generator tube
bundles was undertakun.

Hot leg support plate elovations in all SG's exhibit only small numbers of tube '

deformation (dent) signals, but examination of the T iP signals at low frequency (10
kHz) shows positive effects of corrosion product buhJup in the TSP annuld this effect is
attributed to magnetite formatbn which accompanies the inciplent stage of denting.
Dent related corrosion as defined in NRC Bulletin 88 02 was evaluated for tubes in
regions not close to the stay rods. The cold log portions of the tube bundle show less
influence of the presence of TSP corrosion, due to the reduced corrosion /3tes associated
with lower tube temperatures. For example, Figure 5 7 summarizes the results of the
EC review for Faney.1 in the cold legs of the longest tubes of each steam generator. *

Table 6.3 displays the data for all regions of SG.A. ,

Thus the existence of TSP corrosion in the Farley.1 steam generators is confirmed. An
evaluation of TSP oorrosion was also performed for the Farley 2 SG-A as given in Tabte '

E.4. TSP corrosion hs4 been confirmed for this SG and it can reasonably be assumed that
the other SGs in Unit 2 also have similar TSP corrosion. '

5.5 RPC Data

Although TSP /ODSCC Indications detected by the bobbin coli tend to exhibit complex
lissajous patterns in the Farley steam generators, chuacterization of the degradation at
these loca! ions with the rotating pancake coli probe (RPC) often clarifies thc dimensions
and distribution of the major crack features. A selection of four (4) such RPC
characterizations from each unit are provided in Figures 5-8 and 5 9, For Farley 1
the figure exhibits the data for the pulled tube (SG-C: R20 C26) and the tubes plugged
for TSP /CDSCC in November 1989, SG B: R12 03 and SG B: R31 C50; similarfy the
Farley 2 examples include two tubes pulled in November 1990 SG B: R4 C73 and
SG B: R21 C22 as well as two with luge bobbin signal voltages plugged during the sama

,

,

outage (SG'C: R38 C65 and SG-C: R40-043).

.
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Table 5.1

Summary of EC Indications in Last inspecticn of Farley SGs
.

SG - A __ SG B - SG C
; & CL & R liL CL

UNIT 1 (MARCH 1991)
Bobbin Slonals
<20% Depth 0 0 0 1 0 0
20 29% 0 0 0 2 0- 1

30 39% O O O O O 1
'

40 49% 0 0 0 0 0 0
50 59% 2 0 2 0 0 0
60 69% 2 0 1 0 1 0
70 79 % 2 0 2 0 1 0
80 89 % 4 0 0 0 0 0
90 100% 0 0 0 0 0 0
Distorted i V, 0 126 0 208 0

- RPC Results
Dogradation VoriNou 'e 0 24 0 20 0

Tubes Plugged for
ODSCC Indication % 24 1S

UNIT 2 (OCTOBER 1990)
Bobbin Slonala
<20% Depth 0 2 2 4 1 0

"

20 20% 7 2 0 2 1 1

30 39% 3 2 5 0 4 1

40 49% 1 0 1 0 6 0
50 59 % 1 0 4 0 11 0
60 69% 1 0 8 0 17 0
70-70 % 4 0 9 0 23 0
80 89 % 1 0 4 0 8 0
90 100% 0 0 0 0 0 0
Distorted 40 0 54 2 114 0

RPC Results
indications Probod 48 0 81 2 179 0
Degradation Verified 31 0 66 0 151 0

Tubes Plugged for
ODSCC Indication 29 64 147

.

G
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Table 5.2

TSP Corrosion Evaluation -

Farley.1 Steam Generator A
October 1983

.

H!C

Brsbn l.ca. L9P1 IEP_2 ISP2 ISPA ISE5 IEP_fi ISPl

| Hot | Tubes Examined 49 49 49 49 49 49 59
Porlphery | Log | % Corroded Crevico 100 100 100 100 100 100 100
Perpendicular |
to Tubelane | Cold | Tubes Examined 98 70 70 70 70 70 70

i Leg | % Corroded Crevice 10.2 24.3 11.4 40.0 81.4 97.1 91.4

Periphery | Hot | Tubes Examined 63 63 63 63 63 63 63
at High | Leg 1 % Corrodod Crovice 77.8 83.3 97.2 100 100 100 100
Columns |
Parallel | Cold | Tubes Examined 50 50 50 50 50 60 50
to Tubelane ! Log l % Corroded Crevico 77.8 86.1 100 100 100 100 100

Periphory | Hot | Tubos Examined 36 36 36 36 36 36 36
at Low | Log 1 % Corroded Crevico 80.9 82.5 92.1 100 100 100 100
Columns |
Parallel | Cold i Tubos Examined 36 36 36 36 36 36 36
to Tubelane | Leg | % Corroded Crovice 28.0 66 94 100 100 100 100

.
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1ab e 5.3

,7 TSP Corrosion Evaluatien '

Farley.2 Steam Generator A
,

October 1990

H/C ;

Reabn . Lea. L9El ISE2 ISE3 ISEA ISE5 ISE6 ISE2

| Hot | Tubos Examined 20 20 20 37 60 102 150 !
Porlphory | Log j % Corrodod crovico 90 95 95 100 95 80.2 94
Perpondicular |
to Tubelane J Cold | Tubos Examined 20 20 20 37 82 90 150 ,

| Leg | % Corroded Crovice 75 95 95 86.5 72 81.8 90.7

Periphery | Both | Tubes Examined 34 35 36 151 151 163 103
at High | Legs | % Corroded Crevico 79.4 88.6 88.9 96.7 98.7 99.4 89.6
Columns |
Parallel |
to Tubolane j i

i

Poriphery | Both | Tubes Examined 37 37 37 66 139 138 143
at Low | Logs | % Corroded Crevico 70.3 62.2 59.5 82.5 94.6 93.9 97.3
Columns I

Parallel |
*.

to Tubelane |

.

[

9

*
.
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Table 5.4

Voltage Growth Per Cycle for Farley Units 1 and 2 (1)
'.

Number of Average % Growth / Cycle % a 0 Growth' Cycle.

Unh / cvrJa in+ cations yc!Lue Ayrman Std.DE Ayctaan S11DE -

Farley 1 Cycles

1985 to 1986 123 * 0.45 45% 72 % 50% 67%
1986 to 1988 274 0.48 59 % 82 % C4% 77%
1988 to 1989 431 0.62 30% 68% 43% 61 %
1989 to 1991

Untire voltage range 499 0.70 33 % Si% 37% 46%
VBOC < 0.75 volt 306 0.51 48% 54 % 50% 51 %

VBOC a 0.75 vols 193 1.01 8% 33 % 17% 24 %

Average over last 3 cycles 40% 60*/. 40% 61 %

Farley 2 Cycles

1986 to 1987 291 0.55 24 % 72 % 38% 60%
1987 to 1989 316 0.59 34 % 79% 45% 70%
1989 to 1991

Entire voltage range 326 0.74 15% 68 % 29% $8% .

VBOC < 0.75 voll 207 0.52 30% 74 % 40% 66%

VBOC a 0.75 volt 119 1.04 13 % 45% 10% 32%
.

Average over last 3 cycles 24 % 74 % 37% 63 %

tL121

1. Voltage growth percycle determined as (VEOC VBOC)/ VBOC
,

2. Growth per cycle obtained by conservatively setting voltage chango (VEOC VBOC)
to zero it measured change is negative.

.

*
.
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Figuro 51

Distorted Indication Signat Amplitudos in Farley.1 S/Gs (Maren 1991).

,

J. M. FARLEY UNIT 1 4/91 INSPECTION
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Figure 5 2,

:

1

I
Axlal Distribution of Disterted Indication Signals in Farley 1 S/Gs (March 1991)
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Figure 5 3 |

Average Growth in Depth for Farley 1 S/Gs Over Last 2 Cicloc- !,
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Figure 5 4

Axial Distribution of TSP Indications in Farley 2 S/Gs (October 1990)
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i Figure 5 5
!
! Distribut 'i of TSP ino! cation Amplitudes in Farley 2 S/Gs (Octobos 1990)
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Figure 5 6

Support Plato indication Progrostion in Farley 2 SGs
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Figuro 5 7 |
:

Cold Leg TSP Corrosion Assessment in Farley-1 i
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Figuro 5 8

Farley 1 RPC Characterization (f 6vomber 1989)
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figuru 5 9

Farley 2 RPC Characterization (November 1990)
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Figuro S 10

Scatter Plot of Voltage Growth in Farley 1 for Last Two Cycles
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Figure 511

Scatter Plot of Voltago Growth in Farley 2 !ar Last Two Cycles
.
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Figuto 512

Histograrn end Curnulative Probability of Voltage Growth in Fatiey 1 for Last Two Cycles
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Figuro 513

Histogram and CumulaWo Probability of Voltage Growth in Farley 2 for Last Two Cycles
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Figure 514

Cumulative Probability of Voltage Growth per EFPY for Farley Units 1 and 2
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Figure 515

Cumulative Probability of Voltage Growth per Cycle for Farley Units 1 and 2
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Figure 516

Historical Average Voltage Growth Trends in Farley SGs '.
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6.0 FIELD EXPERIENCE SUMMARY: Pulled Tubo, Plant Leakage ano inspection Data

This section identifies the field experience data from operating' SGs that are utilized in
the development of tube plugging criteria for ODSCC at TSPs. The field data utillrod.

*

Include pulled tubo examination results, occurrences of tubo leakage for OT/SCO
Indications at cupport plates and field inspection results for relatively large r +,

; indications with no ident.:lable leakage.

6.1 Util!zation of Field Data in Tube Plugging Critoria

Operating SG experience represents the preferred source of data for the plugging
criteria. ~ Where the available operating cata are insufficient to fully defino plugging
criteria, data developed from laboratory induced ODSCC specimens were used to
supplement the field data base. Table 6.1 summarizes the utilization of field and
laboratory data to develop the tube plugging criterla. The field data utilized for the
plugging critoria are identified in this report section. Sections 7 to 11 describo the
development of the laboratory data. The field and laboratory data are combined in

- Sections 9 and 12 to develop the tube plugging limits.

The overall approach to the tube plugging critoria is based upon establishing that R.G.
1.121 guidelinos are satisfied it is conservativety assumed that the tube to TSP
crevices are open and that the TSPs are displaced under accident conditions such that the
ODSCC generated within the TSPs becomes free span degradation under accident
cond41ons. Urzler these assumptions, preventing excessive leakage and tube burst under
SLB conditions is required for plant safety. Tubo rupturo under normal oporating

. conditions is pwnted by the constraint provided by tho drilled hole TSPs with small
tube to TSP charances (typically - 16 rnli diametral clearance for open crevices). For
the plugging criteria, however, the R.G.1.121 criteria for burst me gins of 3 timese

normat operating pressure differentials are applied to define the structural4

requirements against tube rupture.
,

~

in addition to providing margins against tube burst, it is necessary to limit SLB leakage
to acceptable levels based on FSAR evaluations for radiological consequences under
accident conditions. Thus SLB laakage models are required for the plugghg critoria in
addition to tube burst data.

Based on the above considerations and the plugging critoria objective of relating tube
Integrity to NDE measurements, the primary data requirements for the plugging critoria
are the correlation of burst pressure capability and SLB taak rates with bobbin coll
voltage. For plant or>erational considerations, it is desirable to minimize the potential
for operating leakage to avoid forced outages. Thus an additional objectivo is to relate

.

bobbin coil voltage to operating leakage. The field data of this section Indicate very low '

leakage potential for ODSCC at TSds even at vohage amplitudes much higher than the
plugging limits.

Within the above overall approach, field data are utilized as follows:,

.

I \

e
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A Pulled Tube Data |

The test results for pulted tubes ht!ving had leak rato and burst losts performed, such as
the three Farley 2 tubes, are used directly in supporting the plugging limits. If '.
metallographic data on the crack morphology is availablo but leak / burst tests were not
performed, the crack depths and lengths were evaluated to assess the potential for
leakago and te er.imate burst pressure margins. However, only tubes with measured

,

i i

burst pressur;, are used in the voltagoturst pressure correlation. The pulled tubo data
baso is diss assed in Section 6.2.

:
B. Plant Leakage Experience for ODSCC at TSPs

Domestic and intomational data for oporating leakage within Westinghouse plants wes
revlewed for identification of loakers attributable to ODSCC at TSPs. No occurrences of
identifiable leakage due to ODSCC Lt TSPs were found in domostic units. Three
occurrences were identified in European units. The latter data (S00 6.3 below) together

,

with fiekiinspection data are used to assess tha potential for operating leakage at
plugging limits that meet tubo burst and SLD leakage requirements.

C Fiold Inspection Data for Tubes With No identified Loakage

!! is 1,hown in Section 9 that tubes with voltago levels up to about 6 7 volts meet the
requirements for burst pressure margins under free span burst conditions. Thorofore
field inspection data for indications above and below this voltage levet, and with no
identified oporating leakage, can be used to assess the potential for significant operating
leakage.

,

The field data base for items A, B and C are doicribed in the following sections.
'.

6.2 Pulled Tube Data Base *

The available pulled tube data base for ODSCC at TSPs in hestinghouse SGs includos 29
pulled tubes for which 62 tube to TSP Intersections have both NDE and destructive
examination results. This group includes four tubes from Farley 2 and one tube from
Farley 1 with one intersection destructively examined for each pulled tube. None of the

| 29 pulled tubes have boon reported as leakers during plant operation. The crack
morphologies were reviewod for 14 tubes with TSP int 6rsections having no loakage or
burst test measurements. This revie.v Indicates that no leakage would be expected for
these tubes even under SLB conditions and that the burst pressures would exceed 3 times
normat operating conditions. The field eddy current data for all pulled tubes were
reviewed for voltage normalization consistent with the standard adopted (soo Sections
5.6,8) for the plugging criteria development. Indications for 3/4 inch diameter tubing
were normalized to 4.0 volts in the 550 kHz channel and evaluated for trie 550/100 kHz
mix.

Table 6.2 provides the leak rate and burst pressure data for the 14 pulled tubes (30
.

intersections) for whbh these tests were performed. The extensive pt: led tube data
from Plant L were reevaluated to the eddy current data analysis guidelines of of Appendix

.

A of this report. This reevaluation is described in Appendix B. The leak rate and burst '

G2 i
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tests were conservatively perfort.1od as troo span (without collars) tests. Also shown in
the table are the ostimated 106 tales and burst pressuto based upon the actual crack
morphology fo, Farley 2 tubo H31C40 with the 7.2 volt Indication. Tbe 1990
Farley 2 tube loukago losis showed ( |Q of loakage at norrnal operating,

*

conditions but those low values cannot be clearly separated from test system leakago.
The measured SLB leak ratos aro [ 10. The pul'od tubos in Tablo

; 6.2, with up to 10 voit indications, all show burst pressures for the test conditbns
(room temperature, ts bullt material poportles) in excess of 4380 psi,3 timos the
normal operating pressuto differential (adjusted for temperatmo, the 311mos normal
oporating prossure difforontial equivalent is $250 psi).

The pulled tubo NDE data are shown in Figuro 01 as bobbin coil voltago versus indicated
depth. All pulled tubo results at normal operating pressuro differential represent no
leakago conditions while two smatlloakers at SLB conditions woro found from Farley 2.
Figure 6 2 shows tho same data plotted as voltago versus actual depth from destructivo
examination.

Correlations of the bobbin coil phase angte based depth ostimatos with the maximum
depths from destructivo examinations havo shown an uncertainty of 15% for the depth
indications. The pulled tubos have typcally shown one dominant axial crack network
with multiple, small cracks around the tubo circumference. With multiple, largo axlal
crack networks around the tubo circumference, the bobbin coil depth uncortainty can bo
largeir than 15%.

Figure 6-2 shows that below 2.8 volts the maximum depths are dominantly loss than
80% with a few Indications up to 98% depth. An occasional, very short,100% through
wallindication, such as the 1.9 volt Indication, could potentially occur at those low
voltago lovels although the pulled tubo examination results indicato that the associated,

crack longth can be expected to be too short for any measurable leakage at normal+

operating or SLB conditions. The smallest voltage found for a through wall crack in the
*

curront pulled tubo data base in 1.9 volts for 3/4 inch diamotor tubo R4C61 as noted in
Tablo 6.2. Figure 6 3 shows the field bobbin and RPC data for this indcation.

,

Between 3 and 10 volts, the limited pull 9d tubo data indicato the potential for through
wall cracks with negligible leakago at normal oporcing conditions and very smallloaks
at SLB conditions.

6.3 Operating Plant Leakago Data for ODSCC at TSPs

Table 6.3 summarlzos the available information on three suspected tubo laaks
attributable to ODSCC at TSPs in oporating SGs. These leakers occurred in European
plants with two of the suspected leakers occurring at one plant in the same operating
cycle. In the latter case, five tubos including the two with indications et TSPs woro
suspected of contribl* % the operating leakage. Leakago for the two indications at
TSPs was obtaine# crescoino leak test es no dripping was detected at 500 psi,

secondary sido pr v e.
.

'

For the Plant B 1 leakago indication, other tubos also contributed to the approximately*

63 gpd totalloak rato. Helium leak tests identified other tubos leaking due to PWSCC

63
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indications. Using relative helium leak rates as a guide, it was judged that the leak rate
for the ODSCC indication was less than in gpet

These leakage events indicate that lirOed leakage can occur for indications above about *
,

7.7 volts. No leakagu at Farley 1 or 2 has been found that could be attributable to ODSCC
at TSPs.

6.4 Plant inspection Data for Tubes with No idertified Leakage

Additionhl guidance on the voltage levels at which significent opera!!ng leakage might bo
expected can be obtained from plant Npection results for tubes with large indications
but no identified tube leakage, inspf. A n results from 8 units were reviewed to identify
indications above about 1 volt with no suspected leakage. Data from this review are
shown in Figure 6-4. These data show a large number of indications below 6 volts and a
few larger indications that can be associated with no leakage conditions. This is
exnsistent with the pu!!ed tube results of Figure 6-1. The overall Farley data support
no operating leakage below about 10 volts even though the Farley pulled tubes indicate
short, through wall crack penetrations.

6.5 RPC Data Considerations

Examples of HPC indications for tha Farley SGs were given in Section 5. Although the
pulled tube data of Section 4 show multiple small cracks in addition to the dominant one
or two cracks, the smaller cracks are typical;y too short and shallow to be detected. The
higher voltage cracks found in Farley SGs tend to be single, do.r.inant cracks although a
second crack network can sometimes be found. *

RPC inspections are required above 1.5 volts (See Section 12) to support the continued
,

presence of ODSCC as the dominant degradation mechanism. In addition, the data obtained
would support further development of SLB leakage models which may utilize leakage
correlated with RPC parameters. The RPC inspection results can be optically applied to
verify the presence of the bobbin collindication.

6.6 Voltage Renormalization for Alternate Calibrations

To increase the supporting data base, it is desirable to b9 able to renormalize ava:lable
data to the calibration values used in this report. When 400/100 kHz mix or 400 kHz
data normalized to an ASME standard are ava!!able, the renormalization is a straight
forward ratio of the calibration voltage values. However, when different frequencies are
used, the normalization ratio is pnase angle or depth dependent and this normalization
has bru evaluated as described below. g*

For data on 3'4 inch diamete dubing, voltage renormalization nas been obtained by
applying a normalization of 4.0 volts for the ASME 20% holes in the 550 kHz channel

-

and evaluated using 550/100 kHz mix. Westinghouse, under EPRI sponsorship,is
.

further rivaluating attemate voltage normalizations for 3/4 inch tubing to compare with
,

the nortc.alization adopted in this report for 7/8 inch tubing. Comparisons of resoonses

6-4
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to drilled holes and EDM slots us well as burst mrrolations will be applied to adopt a 3/4
inch tubing voltage normalization for use in altomate plugging crlieria. Until this study
is complete,3/4 inch tubing tests are not used in the voltage / burst correlation for 7/8

,. inch tubing applied for Farlay.

The voltage normalizations applicable to the calibrations used in this report are:

ASME 4-hole,100% doop,0.03310.001 inch dia. - 6.4 volts at 400/100 kHz
ASME 4 hole,20% deep,0.18710.003 inch dia. - 2.75 volts at 400/100 kHz
ACME 4 hote,20% deep,0.18710.003 inch dia. - 4.00 volts at e00 kHz

,

The through wall hole with tighter than ASME hole t(1erances has b( m v.4 ted as the
primary voltage normalization for application of the voltago plugging lima ihe
through wall holos result in lower influence of manufacturing tolerances on the voltage
calibration than patilal depth holos. Calibration at the 400/100 kHz mix used for fata
evaluation is re(ommended to m!nimize potential uncertainties from normalization at
other than the eueluation frequency. The above calibrations can be applied to normalize
most of the domt.stic inspection results for 7/8 inch tubing.

In France and Belgium, a 240 kHz differentialinspection is most commonly applied.
Voltage renormalization was evaluated by fabricating the French and Belgian standards
and comparing their procedure with that of this report. Results of this s'udy are given
in Table 6.4. The U.S. to French voltage ratio was further ovaluated using an
Intercontrole probe commonly used by EdF and applying this probo as well as a domestic
probe to the calibration standard and to several model boiler specimens with ODSCC. The

. results of this evaluation are given in Figuro 6 5. These results show a mnsistent ratio
(within ~10%) for both probes and between calibration standards (solid symbols) and
modof boiler specimens with ODSCC In Figure 6 5, phase angles of 30* and 100*.

norrespond to 100% and 20% ASME hole depths, respectively.
*

,

*

Given Table M and Figure 6 5, most bobbin coil voltage measurements can be
renormalizeo to the calibration applied in this report.

6.7 Comparisons With ?.uropean Plant inspection Results

The pulled tube data described in Section 6.2 and the field inspection results of Section -
6.4 were obtained from domestic and European plants that apply essentially the same
voltage calibration standards and comparable frequency mixes for indications at TSPs.

' The operating experience data base can be increased substantially by including plant data
from French and Bo!glan plants. However, these plants utilizo different voltage
calibrations and frequencies for TSP Indications. To mmpare the domestic plant data
with these European data, the voltage ratios of Figure 6-5 (as a function of phase angle)
have been . pplied. However, any conversion factor involves some uncertainties as
indicatedIr Figure 6-5 because it depends on the varying crack responses to different
frequencies, as well a.1 procedural / environmental conditions. Recognizing uncertainties,_

in the voltage conversion factors, comparisons with the European data are particularly
'

valuable for the following comparisons:

,
,
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o Trends in indications and growth with time for equivalent voltages higher than
available in domestic plants which have applied 40% depth criteria for tube
plugging. None of the European data at higher equivalent voltages have had
identifiable operating leakage so those data substantially increase the high voltage

,

data base supporting negligible leakage for ODSCC et TSPs.

o Percentage growth in voltage from European plants can be used te assesa growth rate i '

trends for equivalent voltages much higher than that available in domesth plants.

1

For these comparisons between domestic and European experience, the domestic data for
Farley 2 and Plant F are compared with French and Belgian data.

)

D!stribution of Indications

Data for ODSCC at TSPs for French Unit H 1, SG 1 are available for four successive
inspections with no tube plugging as shown in Figure 6 6. The upper figure shows the
number of indicationt ~.* Es voltage amplitude while the lower figure shows the {
percentage distribution of indications within each outage. Without tube p'ugging to j
eliminate the larger indications, the distrib.aion becomes more heavily weighted at the |
larger indications with increasing operating time.

European data is currently available for French Units H 1 and J 1 and Belgian Unit I

K.1. It is useful to compare the percentage voltage disulbutions for these units with |
the Farley-2 data and another domestic unit, Plant F. This is shown in Figure 6 7. The ;

lower figure is scaled to include all available data while the reduced scale of the upper
figure ls included to emphasize the small voltage range of the U.S. data co;npared to the
European data. Plant J 1 was excluded from the upper figure since breakdown of the
data into small ranges was not available. It may be noted that over 97% of the domestic *

data Calls below 0.5 volts when normalized to the French procedure and none of this *

domestic plant data fatts above 1 volt. The French and Belglan cata, on the other hand,
,

extends above 3 volts.

Overall, it is seen that the U.S. plants w!!h 40% depth plugging !!m!!s are operating
with voltage amplitudes notably lower than that in European un!!s.

The European units of Figure 6-7 with higher equivalent voltages have operated with no
identifiable operating leakage. This result indicates that operating leakage due to ODSCC
at TSPs is erpected to be insignificant. This is supported by the fact that only 3 cases of
small opereg leakage, as shown in Tab'o 6.3, have been identified to date.

French fulled Tube Onta

Fourteen tubes have been removed from French units with destructive examination
results currently available, Figure 64 shows the crack morphology for a tube with a
0.7 volt f-3.7 U.S. volts) indication. The tube exams indicate many axial cracks of
cornpa; + a aspth around the tube circumference. The cracks are dominantly ODSCC .

with somewhat more IGA participation than seen in most domestic pulled tube data such
as the Farley data. The multiple crack networks would be expected to increase bobbin

_

colhdage compared to one or only a few deep cracks as typical of the domestic data.
.

.

66
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6.8 Comparisons of Voltage Response for ODSCC and IGNSCC

Figure 6 9 shows the available pulled tube data plotted as bobbin coil voltage versus.
.*'

maximum depth from destructive examination. The French and Belgian (Plant E) data
are included in the figure as well as the Farley data. Solid symbols represent tubes with

; crack morphologier 'oported to include IGA / SCC, Cpen symbols are reported to be ODSCC
with minor IGA. The Plant L data include both IGA / SCC and ODSCC ciack morphologies as
shown by tho solid and open symbols. The separation of ODSCC and IGNSCC is
judgemental for many Plant L tubes as minor IGA / SCC is present in a number o
indications. The Plant L indications identified as including IGA / SCC have voltage
amp!!tudes toward the higher range of the data compared to ODSCC indications.

The French and Belgian data with IGA / SCC and multiple cracks show the trend toward
higher voltage amplitudes associated with these crack morphologies, The pulled tube
from plant M had IGA up to 26% deep with an amplitude of 1.8 volts which is high
compared to indicat'ons princloally ODSCC at comparable depths. Three pulled tuben
from Plant N with egg crate supports are also shown in Figure 6 6. The two indications
with IGA also support IGA rosponse at voltage levels comparable to or higher than that
for equivalent depth ODSCC with min; r IGA.

The ODSCC crack morphologles often show short microcracks separated by uncorroded
ligaments. The maximum depths of a short microcrack In the overall macrocrack or
crack network are commonly deeper than the average crack depths which tend to
dominate tube burst capability. This combination of deep microcracks in shallower
average macrocrack depths leads to a variation in maximun depth at a given voltage
amplitude. Voltage arnplitudes therefore are not a function of maximum crack depths but
rather an indicator of crack face area (length, average depth, ligaments)..

.

Overall, the available pulled tube results show that IGA / SCC c'ack morphologies tend to
:*

have as high or higher voltage amplitudes than associated with ODSCC morphologies at
equivalent depths._ Detectability of IGA / SCC at TSP Intersections can be expected to be
enhanced compared to ODSCC at equivalent depths. This trel.d is supported by the
domestic data as well as the European data which show greater IGA / SCC involvement than
the domestic data.

6.9 Growth Pate Trends

Of particulc interest to establishing the plugging limits of this report is voltage growth
'

rate as a function of the voltage amplitude. Current domestic plugging limits resu!! in
little data on growth rates in tne range of voltage amplitudes being evaluated for the

. plugging limits of this report. The larger voltage amplitudes of the European data
provide guidance on growth rate progression. Figure 610 shows growth rate data for
Plant H 1 both as voltage amplitude and percentage growth as a function of voltage
amptitude. The data of Figure 6-10 tend to indicato percentage growth rates are not a.,

strong function of absolute voltage amplitude. As generally expected, the spread in the
'

data at low amplitudes is gmater than for larger voltages due to the greater influence of
voltage uncertainties and measurement repeatability at low amplitudes,,

6-7
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Figures 6-11 and 612 compare the percentage growth rates per cycle between
domestic plants Farley 1, Farley-2 and Plant F with that for Plant H 1. Figure 611 I
shows the individual data points while Figure 612 compares average growth rates and
standard deviations. The averages are displayed for different rangt of the initial *

.

amplitude. The first range is 0 to 0.75 volts, the second range is 0.75 to 2.5 volts and
the thhd is for initial amplitudes greater than 2.5 volts, in the case of the U.S. plants
there is very little data above 2.5 volt amplitude; hence such data is included in the ,

-

second range. The French data (Plant H 1) indicate percent growth rate nearly
independent of initial amplitude whereas the domestic units display percent growth rates
decreasing with increase in Initial amplitude.

The domestic plants dominate the gro5vth rato data of Figures 611 and 612 for low
emplitudes with the French data extending to larger amplitudes. The results indicate
that percentage growth rates are roughly comparable between domestic and European
plants, in the calculation of average growth rates, the negative growth rates (see Figure
6-11) were conservatively treated as zero growth rates, ignoring the negative giowth
rates blases the average growth by including all positive but not all negative random
fluctuatinns. Part of the apparer'lly larger number of negative voltage growth rates for
the domestic data may result from variations in calibration standards for the 20% depth
normalizatlan which may be more sensitive to fabrication tolerances than the 100%
depth normalizatioil standards employed for the Eurcpean data.

6.10 Field Data Conclusions -

The following conclusions can be drawn from the field data described above:

1. ' Burst tests performed on pulled tubes, which to date include signallevels up to 10 *

volts, show burst pressures exon lg 3 times normaloperating pressure '

differential, adjusted for operating temperature effect on material properties.
.

2. The pu!!ed tube, leak rate test results indicate the potential for low [

]9

3. Pulled tube examination results indicate that through wall cracks can potentially
occur below 10 volts but that the associated crack lengths are short with no
measurable leakage at operating conditions.

4. The smallect voftage identified for a through wall crack is 1.9 volts.

5. Leakage at operating conditions has not been identified for bobbin coil voltage below
[ )9 volts with only 1 indication of leakage below 13 volts.

6. Negligible leakage is expocted from ODSCC at TSPs based on domestic experience as -

weil as European experience with voltaga amplitudes higher than the domestic
operating experience.

.

.. .

L
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|

7. Percent growth in voltage amplitude tends to be approximately independent of voltage
amplitude for the available French data while decreasing with amplitude for the
domestic plants, including Farley. Assuming growth in voltage is independent of
amplitude appears to be very conservative for the Farley SGs..

,

To supplement the above field data to define tube plugging limits, laboratory tests were
; performed with im following areas of emphasis:

o improved definition of tube burst capability as a function of bobbin coilvoltage to
better define voltage levels that meet Reg. Guide 1.121 guidelines for buri.t

'
pressures of 3 t!mes normal operating pressure differentials.

improved resolution of leak rate potential for normal operating and SLB conditionso
above about 2 volt signal amplitudes,

Determining NDE uncertainties associated with appilcation of voltage plugging
'

o
limits,

t

G

* ?

J g

4

1.

S

9
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Table 6.1

Field and Laboratory Data Utillred for Tube Plugging Criteria Development
,

s

"
.

Tube Barst Capability: Burst Pressure vs Voltage Correlation
n Pulled Tube Data
o Model Boller Specimens

SLB Leakage Model
o Pulled Tube Data
o Model Boller Specimens
o Plant inspection Results

- ODSCC Indication Distributions
- Growth Rates

Operating Leakage Assessment
o Pulled Tube Data
o Operat:ng SG Leakage Occurrcnces
o Field Inspection Data for Tubes Without identified Leakage

- Larger (>1 volt) Indications
o Model Boller Specimens

NDE Evaluation: Specimen Characterization, inspection Sensitivity / Uncertainties .

o Model Boller Specimens
o Pulled Tube Data *

.

Influence of Tube Denting on Leakage
.

o Fatigue Specimens
o Doped Stearn Specimens

Effects of SLB Loads on TSP Displacement
o Pull Tests on Laboratory Donted Specimens
o Thermal-Hydraulic and Structural Analyses

.

.
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"

~ _ .
Table 6.2 -

Pulled Tube Leak Rate and Burst Pressure Measurements '

Bot $1n Coll RPC Destructive Fram Leak Rateflhr) Burst
*

, , . .

' d-
_

ISE - YQB1(4)Dath Yds Mar Deoth Lenath)(1) NormalOner. .SL[1, hmElaut Rowlool - .

(in ) WO-- .

-g, ,

J :
,

L

,

i.

a

-..
4

c. . .

-..

4

.

4

:e

:

-

-
-

Notes:
-.- 1, _ Crack network length for burst crack with through wall Orack length given in parentheses.-

; The Plant L data is preliminary pending final mrrections for deformation caused by burst....

t 2. Negligible leak rate evaluated as no leakage for this report,j .; 13. Measurements were not made and values are estimated based upon crack morphology -
obtained from destructive examination.

'

1- =4. All voltages normalized to the recommended values of this report. '

j 5. Field measurement using 550/100 kHz mix for 0.75 inch diameter tubing.
6. Determined by applying a factor of 1/3 to the 300 kHz voltages reported in field analysis.

.

_
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Table 6.3

Field Experience: Suspected Tube Leakage for ODSCC AT TSPs(1)

*
.

Bebbin Coil

Elant inenection 2 011s Depth Commerus
- -0

.

.

.

.

-
_

Notes:
1 Field experience noted is for nominal 0.750' OD tubing with 0.043" wall thickness. No

data are known to be available for it:bes with 0.875* OD.

2 Reponed voltages were adjusted (values given lo parentheses) to the normalization in this
report of P. 75 volts for 20% ASME flaw and 400/100 kHz mix. The adjustment factor
was developed based on voltage ratios measured between a metric calibration standard as
used to obtain the original data and the reference ASME standard of this report. This
adjustment provides an order of magnitude conversion to make these data roughly
comparable to other data in this report. However, any conversion factor is disputablo

~

because it depends on the procedural / environmental conditions and thus may vary from
case to case.

, ,
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Table 6.4

Comparisons cf Voltage Amp!!!udes Between U.S..ASME and European Standards
:

U. S, ASME Standard French Belgian U.S.
; 4 -hole. 4. hole. 4 hole

1mm 1.25 mm 33 mil
dia. dia, dia.

Support holes holes holes
Channal 20 % AQ% ng% EQ% 100% ElaL9 100.% 100% 102 %

U.S. Callbrellon Procedure Q
400/100 mix 2.75 2.8 5.3 5.6 8.7 <0.0 10.7 18.96 6.4
400 kHz 4.0 3.5 5.5 5.5 7.8 8.2 9.8 17.19 5.4

_

240 kHz 6.3 S.4 7.9 7.3 9.5 17.4 12.4* 21.15" 7.6
200 kHz 5.9 4.9 7.1 6.3 8.0 17.5 10.9 18.0B -

t 00 kHz 5.9 2.8 3.6 3.1 3.8 14.5 5.4 8.5 5.2

French Calibration Procedure
240 kHz 0.66 0.56 0.82 0.76 0.99 1.8 1.3 *
200 kHz 0.69 0.58 0.84 0.74 0.95 2.09 1.3
400/100 mix 0.33 0.34 0.04 0.67 1.04 - 0.1 1.3

Belgian Calibration Procedure
240 kHz 0.59 0.51 0.74 0.68 0.90 1.64 2.0",

200 kHz 0.62 0.53 0.76 0.67 0.85 1.87 2.0
400/100 mix 0.29 0.29 0.55 0.59 C.91 -0.1 2.0.

400 kHz 0.46 0.41 0.63 0.63 0.91 0.95 2.0

.

O U.S. procedure involves setting up the signal for 20% ASME holes a14 volts for 400 kHz
.

differential channel or 2.75 volts for 400/100 kHz differential mix and then using the
"Save/ Store" functions of the Zetec DDA 4 software for carrying over the calibration to
all other channels.

*
When using the U.S. calibration procedures, the French 4. hole standard gives 12.4 volts
at 240 kHz and 10.7 volts with the 400/100 kHz mix. It is 1,3 volts for the French
calibration. Thus U.S. values et 240 kHz/ French values at 240 kHz equals -9.5. U.S.
values at 400/100 mix / French values at 240 kHz equals -8.2.

"
When using the U.S. calibration procedures, the Belglan 4 hole standard gives 21.15
volts at 240 kHz and 18.96 volts with the 400/100 kHz mix. It is 2.0 voits for the
Belgian calibration. Thus U.S values at 240 kHz/ Belgian values at 240 kHz equals

| ~10.75. U.S. values at 400/100 kHz mix / Belgian values at 240 kHz equals -9.5. For |,

- general data comparisons, Belgian and French data can be reasonably compared without
adjustments or by multiplying the Belgian data by ~0.9 to obtain French volts.

',
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Figure 6-1

Pulled Tubo Data: Bobbin Coll Voltage and Indicated Depth g
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Figuro G-2

Pulled Tube Data: Bobbin Call Voltage and Depth from Destrucilvo Exam
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Figure 6 3

Field Bobbin Coil and RPC Traces fe 3/4 inch Tube .
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Figure 6-4
*

Floid Inspection Data for Tubos Without Operating Leakage
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FiguP 6 6

Distributic' of TSP Indications for Plant H-1 (1986 to 1990)
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Figure 6-7

Comparison of Voltaga indications at TSPs Between U.S. and European Plants
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Figure 6-8

L Crack Morphology for Pulled Tube from French S/P
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Figure G-10

TSP Indicaticn Voltage Growth Rates for Plant H 1
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7.0 LABORATORY SPECIMEN PREPARATON

'

7.1 Model Boller Specimens

The Forest Hills Single Tube Model Boller test facility consists of thirtten pressure
vessels in which a forced flow primary system transfem heat to a natural circulation

; secondary system. Test specimens are placed around the heat trysler tube to simulate
i

steam generator tube support p!ates. One to six tu'oe suppott pla'e crevice assemblies |
are typically included in a given test. A schematic of the test faelkty is presanted in |

Figure 71, and typical thermal and hydraulic specifications are p'esented in Table 7.1. I

As indicated in the table, these specifications are representative of those in a
pressurized water reactor steam generator.

Four series of Single Tube Model Boiler tests have been performed to provide test pieces
having through wall cracks for subsequent nondestruc'ive cxamination, leak rate

;
measurements, and destructive examination. The first serlus consisted of 15 archive '

crevice assemblies which were produced in previous Westinghouse funded testing; tho
second and third series each consisted o'- 't crevice assemblies, while the fourth
series consisted of 45 crevice assemblies. the crevices in the third and fourth series
were spec!fied so as to produce crack networks having lower bobbin probe voltages.

Series 1 Tests; A summary of the archive test pieces is presented in Table 7.2. The test
ple:es are listed by their tube designation and their location on the tube. The sludge type
refers to the manner in which sludge was placed in the tube support plate crevices.
Chemically consolidated sludge is formed by baking a mixture of sodium hydroxide,
sodlum silicate and sodium phosphate with the sludgel mechanically consolidated sludge.

is formed by hydraulically pressing the sludge into es tube support plate, drl!!ing a
hole in the sludge, and sliding the tube through the hole; the fritted design uses an

'*

'

inconel sinter at each end of the crevice to hold the sludge in place. The test containing
an eccentrically mounted tube support plate in which the sludge was removed from the
crevice was used to simulate chemical cleaning. All tests utilized simulated plant sludge,
consisting of approximately 60% magnetite,32% copper,5% copper oxide 2% nickel
oxide, and 1% chromium oxide.

The cracks were produced in what is termed the reference cracking chemistry,
mnsisting of either a 600 ppb (1X) or a 6 ppm (10X) sodium carbonate solution in the,

'

makeup tank, Because of hideout in the crevices, the boiler concentration is fypically
about 75% of the makeup tank concentration. Hydrazine and ammonia are also added to
the makeup tank for oxygen and pH control, respectively.

The tubing used for the tests was taken from Heat 2675. This heat of mill annealed Alloy
|- 600 was fabricated by Westinghouse and has been used extensively in other stress

|. corrosion cracking programs. The tubing has a 0.875 inch outside diameter.

Series 2 Tests: The initial program test pieces mnsisted of eight crevice simulants
| which were mounted on two tubes, These tests were specified to produce rapid through,

wall cracking, so fhat the 10X reference cracking chemistry was utilized. Heat 2675
~

'

was also used for these tests. One test utilized chemically consolidated simulated plant
sludge (tube 543), while the other used mechanically consolidated sludge (tube 542).,

- The sludge filled the entiro crevice volume.

>
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|
L Primary to secondary leakage was noted in the chemically consolidated tust after 10 days

of boiler operation, and in the mechanically consolidated tect after 24 days of operation.
During the subsequent nondestructive examination (NDE), inc'ications were identified
adjacent to the teflon collars used to support the tube support plates, as well as within -

the support plates. The bobbin probe voltages were found to be higher than those
typically encountered in plant eddy current examinations. As a consequence, subsequent
tests were designed to produce smaller cracks.

,

-

Series 3 Tests: Since the NDE of the archive and series 2 test pieces produced higher
voltages than are measured in steam generator tube support plate crevices, the sludge
configuration of the series 3 tests was modified to produce shorter cracks. Two tests
were specified, with each containing four test specimens. Both tests utilized chemically
consolidated sludge, y !!h the sludge occupying a 60' are and half of the 0.75 loch height
of the tube support plate crevice, As in the series 1 tests, Westinghouse heat 2675 was
used for the tubing.

Tube 557 utilized s!mulated plant sludge and was treated with the 10X reference
uncking chemistry, in order to produce accelerated SCO. Tut,e 558 utilized chromium
oxide for crevice packing and was treated with the 1X cracking chemistry. Previous
testing has found that using chromium oxide rather than simulated plant sludge promotes
IGA rather than SCC. It was believed that field experience with IGA produces lower
bobbin probe voltages than does SCC. The 1X chemistry was cpecified because it was
hypothesized that it would produce less grain boundary corrosion, and therefore lower
voltages.

Through wall cracking of tube 557 was produced after 16 days of operation. NDE of the -

tube indicated the voltages to be generally lower than in the previous tests, but still well
,

above what is typically found in the field in TSP crevices.
,

Operation of tube 558 continued with the 1X chemistry for 56 days, at which time the
specification was changed to the 10X chemistry in order to accelerate the corrosion rate.
The test was then operated for an additional 52 days, at which time a primary to
secondary leak occurred. Eddy current inspection identified a through wall crack at the
bottom tube support plate elevation, with the crack producing a 6.5 volt signal and a
69% indicated depth. The voltage is typical of field indications of through wall cracks,
while the indicated depti, is shallower than what is typicaliy found in the field.
Following inspecCon, the remaining three tubo support assemblies were retumed to
test. Testing continued for an additional 50 days, extending beyond the scheduled
program completion date.

Series a rats: This test series was undertaken after it was found that the test
specimens produced in doped steam environments exhibited high leak rates compared to
thcse found iri tests of tubes pulled from the field. The high leak rates of the specimens
produced in doped steam were attributed to the plastic deformation of the tubing required
to obtain accelerated corrosion. Consequently, the series 4 tests were intended to
produce both bobbin probe voltages and leak rates representative of those expected to be -

found in the field.
,

The series 4 tests contained 45 specimens, mounted on eight tubes. 23 of the specimens .

were fabricated from Teflon, while the remaining 22 were fabricated from carbon steel.

7-2
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Teflon collars were utif. zed because the cracks beated beneath the teflon collars ir ne
senes 2 tests typicalty produced lower bobbin probe voltages than did the cracks located
adjacent to the collars.

#

Unlike the series 2 and 3 tests, the series 4 tests used tubes supplied to Westinghouse by
the EPRI NDE Center. Tuolng Heat 96834, lot 6, was originally fabricated by another

; NSSS vendor, and is the same as was used in the doped steam testing (see Section 7.*c,.
The heat oi material was changed because the doped steam testing found that this heat
produced more accelerated cerrosion than did the Westinghouse heat.

The design of the test specimens was also modified in order to reduce the magnitude of the
eddy current voltages. These modifications ars outlined in Table 7.3. The specimens in
tes' 1 were configured to fit snugly around the tube (as did the teflon collars in the
serier 1 tests), but the height of the milars was varied between 0.25 and 0.7 inch. The
expectation is that the shorter collars should limit the length of the cra0ks which can be
produced.

The inside face of the specimens in te d 2 were machined to produce a grid pattem to
limit the crevice area between the tut 4 und the collar. Six holes were first drilled
around the periphery of the inside face of the specimen, so that the crevice would have an
approx | mate 40* arc width. Two rings were milled on the face of three of the specimens.
The rings had a width of 0.125 inch, so that the face was divided into three contact
regions, with the outer regions having a 0.125 inch width and the central region having
a 0.25 inch width. A helical pattern was machined into the face of the remaining three
specimens, with the width of the helix being 0.125 inch and the pitch of the he!ix being
0.25 inch.,

The specimens in test 3 all had a 0.75 inch height, but the diametral gap width was-

varied between a snug fit (as in test 1', a 10-mil gap, and a 20-mil gap. The gap width
-

,

was varied because previous testing has found that the gap width affects the rate and
'

location of corrosion.

Tests 4 and 5 both utilized chemically consolidated simu!ated plant sludge located
adjacent to carbon steel tube support specimens. Two sets of specimens having
thicknesses of 0.25,0.50, and 0.75 inch were used in each test. The sludge was
mnsolidated over a 40* arc wKfth within the crevice. The 0.25 inch specimens contained -
one sludge region, which occupied essentially the fu!! thickness of a specimen; the 0.5
inch spacimens contained two sludge regions, separated by a 100-mil wide band at the
center; the 0.75 inch specimens contained three sludge regions, separated by two bands.

Test 6 contained carboa steel specimens having the same range of thicknesses as in tests
4 and 5. Instead of using simulated plant sludge, howaver, the crevices remained empty,
with the specimens being held in place with porous Inconel sinters located at each end of
the crevice. This design has been used to produce accelerated intergranular corrosion in
previous tests.

'

The 10X reference cracking chemistry was specified for use in tests 1 through 6..
'

Because of concem that this specification may produ^.e excessive grain boundary
corrosion and therefore high bobbin probe voltages, two additional tests (7 and 8) were

1 specified to utilize the 1X chomistry. Test 7 utilized five Teflon specimens, wn."e test 8

73

:



-

utilized four carbon steel specimens. The specimens utilize a range of designs selected
from tests 1 through 6.

The eight tests accumulated between 96 and '328 days of operation, depending upon the -

test. Through wall cracks had been produced in five tent pieces, with a few additional
test pieces containing partial through wall cracks. The designs of the test specimens
having through wa!! cracks are presented in Table 7.4. As indicated in the table, three of 1

the through wall cracks were produced adjacent to teflon sime! ants in test 3, while the
other two through wall cracks were produced adjacent to carbon steel simulants. The
only common fearare of the crevice configurations which produced the cracks is that the
crevice length was always 3/4 inch perhaps suggesting that the shorter crevices could
not produce sufficient superheat to promote accelerated corrosion.

Series 5 Tests Two additional tests were conducted when it became apparent that
cocelerated corrosion was not being prems t in Series 4 tests. Both tests utilized tubing
from heat 2675, the same heat used in K mt three series, rather than heat 96834,
which had been used in Series 4. Test 575 contained four tube support simulants having
the same fritted design used in the Series 1 tests. The test was conducted because the test

. piece had been assembled for a previous program, but had mot been used. Since this
design was known to produce accelerated corrosion, it was hoped that the test could also
provide additional crevice assembtles having smallindications.1Nhile through wall
cracking was produced after 25 days of boiler operation, the associated eddy current
signals were on the order of 20 volts, so that no further evaluation of the crevice
assemblies was performed.

Test 576 was configured to produce small cracks, as was the intention of the Series 4
tests, while maintaining local crevice superheats in the same region as in the tests
which produced accelerated corrosic ,. The crevices contained two sludge regions; a ~

larger outer region of chromium oxide and a smaller inner region of simulated p! ant '

sludge. The expectation was that the cracking would be confmed to the inner region,
while the outer region would increase the superheat to values comparable to those in the
early tests. Two of the crevice assemblies were specified to have the simulated plant
sludge occupying the center of the top half of the chromium oxide region, while the other
two crevice assemblies were specified to have the simulated plant sludge centered in the
chromium oxide, in both cases, the inner region had a width of 0.125 inch and a height
of 0.375 inch.

The test operated for 49 days with the 1X reference cracking chemistry, plus an
additional 56 days with the 10X chemistry, when it was shut down because of a primary|

| to secondary leak. Subsequent edoy current evaluation identified indications at two
locations, as outlined below:

| Location Voltage Depth

576-2 8.41 80%
576-4 8.43 86 %

Both locations correspond to crevice configurations in which the simulated plant sludge was
'

,
centered both ax! ally and circumferentially with respect to the chromium oxide. An RPC
evaluation identified three cracks; two were in the simulated sludge, while the third was in the
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chromium oxide. These results suggest that the two region sludge configuration is a promising
means of producing smaller cracks in model boiler specimens.

s

7.2 Doped Steam Specimens )

: Axial stress corrosion cracks and crack networks were produceo in 30 miil-annealed Alloy C00 |
tubes through exposure to a doped steam environment. The steam was produced from water |- containing 30 ppm each of chloride, fluoride, sulfate and nitrate anions as salts of sodium. The j
steam pressure was 3000 psi at a temperature of 750' F. Individual specimans were elcht j
inches in length. Stressing was a:x:omplished by clamping the tube at mid bogth between two flat
steel plates, as shown in Figure 7 2. Ovmization et the tube resulted in outer fiber tensile
yloiding on the OD surface of the tube at the maximum diameter. The tube ends were sealed to
permit intomal pressurization of the tube during the autoclave exposure. The OD surface of the
c!amped tube was ex;osed to the 3000 psl doped steam environment in a one gallc,n autoclave.
Nitrogen gas was used to pressurize the inside of the tube to 4500 psi producing a differential
pressure across the tube wall of 1500 psl. The development of through wall crscking was
detected by a drop in the intemal pressure of the tube.

Tabl9 7.5 summarizes the specimens tested in the doped steam environment. Two heats of mitt
annuated Alloy 600 tubing were used. Heat 2675 and Hea! 96834L. The width of the clamp in
contact with the tube was typically 0.25 inch but larger clamp widths were also used in an
attempt to vary the crack morphology. All of the tube displacements were sufficient to cause
outer fiber yielding. These displacements ranged from 0.030 to 0.005 inch. In general, the
smaller displacernents resulted in shorter crack lengths and an increase in the test exposure
time. The eddy current voltages listed in Table 7.5 are preliminary values used to help decide
tne dispos!!!on of the tube and should not be confused with the eddy current results provided in
Section 8 for the same samples using representative field inspection procedures. The crack-

- lengths shown in Table 7.5 are from optical mer.surements on the tube OD surface obtained at low
,

'

magnification and may differ significantly from later destructive examinations. Some attempt to' '
control the length of crack initiation sites was made on the last 7 specimens listed in Table 7.5.
Selected ponions of these specimens were grit blasted. This procedure had no discemible effect
on crack initiation. Selected specimens from Table 7.5 were forwarded for full NDE examination,
leak and burst testing as described later.

7.3 Fatigue Procracked Specimens

Through wall axial fatigue precracks were developed in 12 mill annealed Alloy 600 tubes by
cyclic internal pressurization. A starter flaw was spark machined half way through the wall of
the 0.050 inch thick by 0.875 inch diameter tubing with a length of 0.25 inch. Cyclic intemaltx

! nressurization then was used to grow the crack through wall. A soft plastic bladder seal was then
inserted in the tube and cracks up to 0.70 inch in length were grown by a fatigue process. The
pressure was adjusted dunng fatiguo procracking to maintain the maximum applied stress
intensity factor below 25 ksi-Vin.. The maximum plastic blunting of the crack tip was thus
kept below 0.0003 inch. Table 7.6 lists the fatigue procracked specimens, crack lengths and,

number of cycles. The fatigue precracked samples have well characterized leak rates from
,.

previous evaluations, althougt the leak rates are large compared to those for ODSCC cracks.
These samples were used in studies of the Offect of denting at tube support plate intersections on,

|- leak rates through cracked tubes.

7-5
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7.4 Chemically Dented Tubes

Fatigue precracked tubes and tubes with stress corrosion cracks were used to simulate cracked
tubes in tube suppos, plates which are also dented. Carbon steel collars were used to simulate .

'

tube support plates. These . collars were dritied with the nominal clearance hole for 0.B75 inch
diameter tubing. The collars were then packed with magnetite using a hydraulic press. The
pressed magnetite was drilled out to a tight fit hole for insertion of a procracked tuue. The final -

configuration was e carbon rSet collar with an inside dlamotor of 0.016 inch, a pressed 0.014
inch layer of magnetite and .an the tube wall. Tho ends of these specimens were sealed and the
specimens were exposed to a 0.2 M cupric ch;oride solution in an autoclave at 572*F,

Corrosion of the carbon steel and a smaller reaction layer with the Alloy 600 tubing resulted in
corrosion products which tightly packed the tube-tube support plate crevice and led to a small
amount of denting of the tube. Table 7.7 lists the dented specimens, the eddy current dent voltage
and the average estimated radial dent size.

A section through the tube and collar of specimen Trial-1 is shown in Figure 7 3. The packed
magnetite and the corrosion products in the crevice are clearly evident. A scar'ning electron
photograph of the polished section in Figure 7 3a shows severallayers of corrusion products
along with the starting layer of packod magnetite. The EDS nickel and iron maps of Figure 7-4
show that the corrosion product adjacent to the Alloy 600 tube is enricued in nickel and some
what depleted in iron. The corrosion product adjacent to the carbon steel collar appears to have
the same iron content as the packed magnetite layer. The corrosion product layers in general
appear to ba relatively dense and any leakage path would be highly tortuous.

7.5 Crack Morphologies
,

Plugging criteria which are partially based upon eddy current characterizallon, leak rate and
'

burst strength testing of laboratory specimens depend upon a reasonable simulation of actual .

service produced cracks. The crack morphologies of service tubes, doped steam test specimens
and model boiler test specimens are presented in this section. An intergranular mode of
cracking is common to cracks produced in those three environments. Figure 7-5 illustrates this
f act with scanning electron fractographs. A further illustration of intergranular cracking is
provided by the metallographic details shown in Figure 7-6.

Stress corrosion cracking pattems on the OD of Alloy 600 tubes at tube support plate
intersections range from a few to many axial cracks distributed around the circumference of the
tube. The model boiler test specimens also show this characteristic. Figure 7 7 shows several
arrays of cracks and a larger single crack. The cracks in the doped steam specimens tend to be
either a single axial network or axial cracks 180 degrees apart. This !s due to the nature of
loading of the doped steam specimens. Clamping of the tube leads to a 180 degree symmetry of
stresses, bending across the wall thickness and outer fiber bending stresses beyond the yield
point. In model boiler specimens, as in actual tube support plate intersoctions, the stresses are
uniform around the circumference of the tube and the occurrence of single or multiple avial
cracks is controlled by the crevice conditions. The differential pressure hoop stress is .

relatively low, about 12 ksi. Hence the model boiler specimens experience essentially
,

prototypic loading while the doped steam specimens experience stresses far beyond actual
service conditions. The doped steam environment is substantially less aggressive than that .

produced in the model bolier tests and thus clamping loads are required in addition to the

7-6
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I

prestute stress to proouco cfr.cking in reasonable lengths of time, lhe high stross clamped
condition of the dopod steam specimens it,d to a h4 or degroo of ti. rough was cracking for a givenh

total adat eracA network length and hence highor leak votes at c given oddy curtont bobt.in coil
voltage. Another complicaf.ng factor is thw f act that relaxation of the through wall bonding',

Strer*N vhen *.he clamp.ag fixture is removed can lead to contact across the faces of the crack.
This cold provido an ed' curtcrit p4th and reduce the Inbbin Coil voltage retalNe to a crack

c with non contacting f acos, ab in the modei boiler spoelmens. The above considerations indicate

'
that the clamped lost condition of the Cloped st3am r,pocimens produced non prototypic stross,

corrosion cracks, particuiarly as they retain to any cort 0% tion betAeon bobbin coil voltago, leak
rato and burst streng h. Theretare, only the model boiler specimen test resuits were added to the
data base used to develop tube plugging criteria.
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Table 7.1

MODEL BOILER THERMAL AND HYDRAULIC SPECIFICATIONS s

Primary loop temperature 327'O (620'F) -

Primary loop pretsuro 13.8 MPa (2000 psi)

Primary twiler inlet temperature 324'O 13'O (610'F 15'F)

Primary twiser outlet temperature 313'C i 3*C (505'F 2 5*F)

Secondary Tsat at 5.5 MPa (800 psi) 271'O i 3*C (520'F i 5'F)

Steam oleed 8 cm3 min (continuous)/

Blowdown 1 cm3 min (8 hr/ day)/

Nominal heat flux 16.28 x 104 kcakm2 hr
2(60,000 Blu/ft hr)

-
,

4

9

e

0

m

.

6

.
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Table 7.2 |

DIRECTORY OF SINGLE TUBE MCDEL BolLER TEST SERIES 1,2, AND 3 '
.,

INITIAL LEAK |

.1L!aE. PIE.CI ELUDGE TYPE, THRU WALL TESTED: -

Series 1. Archive Test Pieces

52811 Chom. Cons. Yes tb
528 l-1 Chom. Cons. Yet, tb !
53011 Chern Cons. Yes Yos t
53012 Chem. Cons. Yos Ib
53021 Chem. Cons. Yes tb
52031 Chom. Cons. Yes ib
530-4 1 Chem. Cons. Unknown tb
53311 Mech Cons. Yes tb
53322 Moch. Cons. Yes ib
53341 Moch. Cons. Y6s Yes
53211 Frit Yes tb '

,

53221 Frit Yof, tb
5011 1 - Mech. Cons. 16 Yos
$251 1 Frit No Yes
53511 Moch. Cons. No ib
53611 Eccentric No Yu,

Series 2 Test Pieces-

.

54211 Moch Cons. Yes Yes*
54221 Teflon Sup. Yes Yes
54222 Moch. Cons. No tb
54231 Mech. Cons. No Yes
54241 Moch. Cons. Yes Yes
54311 Chem. Cons. Yes Ym
54321 Chem. Cons. Yes Ym

|- 54331 Chem. Cons. it Ycs
54332 Chem. Cons. tb Yoo
54333 Teflon Sup, tb Yes
54341 Chem. Cons, tb Yes

Series 3 Tes'. /leces

( 55711 Chem. Cons, tb Ya3
557-2-1 Chem. Cons. Ye Yes
5581 1- Chromium Oxide Ys Yes,

55821 Chromium Oxide No (b
55831 Chromlunt Oxide No tb
55841 Chromium Oxido No tb,

-
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Table 7.3
. t

SUMMARY OF SERIES 4 TEST SPECIFICATIONS

.

Col:ar No. of Thick. Crevice *
. Int .T.> % Motorial LSE's lin.) Conficuration Chemittry

i E. Tefbn 2 0.25 Snug Fit 10X
*

2 0.5 Snug Fit
2 0.75 Snug Fit

2 507/9 Teflon 3 0.75 Mach'd Rings 10X
3 0.75 Mach'd Helix

3 568/12 Totion 2 0.75 Snug Fit 10X
2 0.75 10 Mil Gap
2 0.75 20 MilGap

-4 5'/0/2 C. Steel 2 0.25 Sim. Plant 10X
2 0.5 Sim. Plant
2 0.75 Sim. Plant

5 571/4 C. Steel 2 0.25 Sim. Plant 10X .

2 0.5 Sim.Phnt
2 0.75 Sim. Plant

*
,

6 572/5 C. Steel 3 0.25 Frits, Empty 10X ,

3 0.5 Frits Empty

7 573/6 Tefbn 2 0.25 Snug Fit IX
1 0.5 Snug Fit
1 0.75 Snug Fil
1 0.75 Mach'd Rings

,

I

8 574/3 C. Steel 2 0.75 Sim. Plant 1X
!

1 U.25 Frits, Empty
1 0.75 Frits, Empty

*
Where a sludge type is listed, the sludge is chemically consolidated over a 40 to 60

_ degree arc width whhin the crevice; the machined rings are formed by dividing the tube
support plate circumferentially into six land regions, and axially into two rings having

- a 1/8 inch thickness; the machined helix is formed by dividing the tube support plate
circumfe.entially into six land regions, and axially into a helical pattam having a 1/8

|. inch thickness and a 1/4 inch pitch.
.

|
'

|
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r

i

#'

Table 7.4

; SUMMARY OF SERIES 4 TEST PIECES HAVING EDDY CURRENT GlGNALS

Collar Thick, Crovice Thru wall Leak
Igg - Iube fAnterial (10.) Confiouration Lenk- IcMed

,

3 5G81 1 Teflon 0.75 Snug Fit Yes Ym
56821 Teflon 0.75 10 Mil Gap Yes Ym
56841 Teflon 0.75 Snug fit Yes' Yes*
50851 Teflon 0 "^ 10 Mil Gap tb lb
568 6-1 Teflon 0.7'. 20 Mil Gap No ib

,

5 57111 C. Steel 0.75 Sim. Plant Yes Ym

8 574 2-1 C. Stool 0.75 Sim. Plant th tb
.57431 C Steel 0.25 Frits, Empty tb ib

57441 C. Steel 0.75 Frits, Empty Yes Ym

.

.

*

Separata cracks were identified at the top and bottom ends of the uovice.' *
Both cracks were included in the leak 16st.

.

_ _

=
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Table 7.5

Summaty of SCC Behavior in Doped Steam at 750*F s .

Specimona Alloy Clamp OD min Crack Network Bobbin Mix
Number Hoat Width Deflection TWSCC Lengths Voltage ;

'

(in) (in) thours) (in)

SL FH.1 2675 0.75 0.030 143.1 1.20 5.7
SL FH.2 2675 2.0 0.030 93.3b 2.67; 2.56 0.48; 0.27
SL FH 3 2675 0.25 0.020 169.9 0.90 0.95; 8.5; 1.1
SL FH 4 2675 0.25 0.010 261.3 0.63 7.4; 3.2
SL FH 5 2675 0.25 0.010 170.5 0.47 4.0
SL FH 6 2675 0.25 0.005 98.2 1.45 5.2; 7.5; 1.6
SL FH 7 2675 0.25 0.005 175.0 1.22 6.1 ,

SL FH 8 2675 0.25 0.005 207.80 0.27; 0.34 1.5; 0.44 '

SL FH 9 2675 0.25 0.005 118.0 0.97; 1.15 1.3; 3.9; 2.0
SL FH 10 2675 0.25 0.005 118.0 1.20; 1.10 0.69; 1.7; 1.0
SL FH 11 2675 0.25 0.005 119.9 0.50; 1.10 ?.3;5.7
SL FH 12 2675 0.25 0.005 119.9 0.57; 1.63 1.9; 0.48
SL FH 14 2675 0.25 0.005 307.8 0.67 2.2: 5.2
SL BW 1 96834L 0.75 0.030 95.1 0.72; 0.85 5.4; 1.5
SL BW 2 96834L 2.0 0.030 35.3 1.65 6.0
SL BW 3 96834L 2.0 0.020 58.0 0.78 7.4
SL BW 4 90834L 0.25 0.020 64.5 1.10; 1.44 7.5; 4.1; 4.3 *

SL BW 5 96834L 0.25 0.020 164.4c 0.37; 0.50 0.48; 0.53
SL BW 6 96834L 0.25 0.030 71.0 2.07; 2.35 8.0; 7.2
SL BW 7 96834L 0.25 0.010 9.?.8 0.72 4.2

*

SL BW 8 96834L 0.25 0.005 132.8 0.28 2.6 .

SL BW 9 96834L 0.25 0.005 334.0 0.65 4.3
SL BW 10 96834L M5 0.005 424.0 0.62; 0.17; 0.28 7.0
SL BW 11 96834L 0.25 0.005 213.0 0.34 2.2
SL BW 12 96834L 0.25 0.005 693.0d e 2.5
SL BW 13 96834L 0.25 0.005 87.0 0.63 3.23.4;7.6
SL BW 14 96834L 0.25 0,005 64.0 0.33 4.6
SL BW 15 96834L 0.25 0.005 667.0d o 1.2; 2.3
SL BW 16 96834L 0.25 0.005 500.0 0.20 4.9; 7.7; 4.6 '

SL BW 17 96834L 0.25 0.005 146,0 0.14
1.8; I1.3; 2.8SL BW.18 96834L. 0.25 0.005 366.0d e NDD

SL BW 19 96834L 0.25 0.005 480.0d e NDDI
SL BW 20 96834L 0.25 0.005 257.0d e NDDI
SL.BW 21 96834L 0.25 0.005 243.0d e NDDI

.

SL FH 13 rejected thenuse of baseline NDE indication.a.
- b . Leaked at 750*F; did not leak at room temp.; but had visible OD cracks. -

c Did not leak at 7501. Test periodically shut dowr. till OD cracks visible.
.

d Did not leak at 750*F.
e' No OD cracks visible at termination. -

f . No detactable degrcdation.
i
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Tablo 7.6

Fatigue Precracked Specimens,

? hDCddnta Rek.Lenalu Number of cycles'

FAT 1 0.500 323,700
FAT 2 0.299 06.000
FAT 3 0.300 20,100
FAT 4 0.097 1,278,000
FAT 5 0.300 22/.00
FAT.0 0.302 110,0 J0
FAT-7 0.509 410,000
FATB 0.707 710,000
FAT 9 0.513 370,000
FAT 10 0.701 726,000
FAT 11 0.499 220,000

9

Q

e

9

.

e

a
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Tablo 7.7
s ,

Summary of Dented Specimens

'.

Dent AveraDe Radial Exposure
Soedmen Vottace Dent (Inchen) Timn (hmurs)

Trial 1 24. .

FAT 1 7.39 0.00037 24
FAT 2 6.09 0.00030 24
FAT 3. 12.11 0.00061 48
FAT 4 12.0 0.00061. 58
FAT 5 =4.55 0.00023 6 !

FAT 6 0.00 . 0.0 6
FAT 7 9.43 0.00047 24
FAT 8 17.42 0.00087 48
FAT 9 3.40 0.00017 6
FAT.10 2.50 0.00012 6 '

FAT. I1 2.75 0.00014 6
BW1 14.67 0.00073 24
BW3 6.27 0.00031 24

;

BW 9 6.38 0.00032 48
BW 14 - 7.03 0.00035 48 . -

.

t

6

m

W

.

. . .

!

'
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S.0 NON DESTRUCTIVE EXAMINATION (NDE)

An extensive NDE program was implomerited to charactorize the laboratory cracked
specimens and to assess the sensitivity associated with application of the bobbin 0011,

voltogo limits for tho tube plugging cntoria.

| The test program includod losts to addross some of the variables associated with field
charactenzation of degradation as follows:

1. Bobbin probe voltage sensitivity to the longth of the cracks, depth of the cracks,
presence olligaments in the cracks and parallel cracks.

2. Multiplo probes to address probe to probe variations ut!!! zing probos from
Echoram and Zotoc.

3. Influence of tube to TSP crovice cond:llon on bobbin coil response including open
crovices, packed crovices, incipient denting and fully developed donting.

4. Bobbin probo voltage sensitivity to probo wear to establish field inspection
requirements for acceptablo NDE uncertainties.

5. Variability among calibration standards, and normaltzation of the froquency mix.

6. Use of RPC to augment bobbin probo inspections, although the RPC dya are not
considorod essontlal to the development of the plugging criteria of this report.

.

The NDE results for the laboratory specimens are utilized in lator sections to establish
the tolation of oddy current voltage response to potentialloakage and burst pressure as

*

the basis for the tube plugging critoria.
*

*

Establishing a relat!onship between the bobbW ~)ll response and tubo integrity (loakage,
burst considorations) is important to inspection planning. A iolationship helps
dolormine the importance of detecting degradation with a small amplitude. That 18, can
'emall' indications be left in service and have negligible consequences for safo operation.
Dogradation exceeding prosont plugging limits, whose bobbin coll oddy curront response
was not detected as readdy as would equivalent sizo notchos, has boon confirmod by
destructive examinations.

The morphology of the intergranular corrosion can explain the lack of an oddy curr6nt
rasponso for sma|t cracks. The observed field degradation, multipto short cracks
coupled with an intorgranular nature, allows paths for the oddy currents to pass
uninterrupted through the degradation. An appreciation for why this phenomenon can
account for the lack of an eddy current response has come from the use of liquid metal
modeling techniques. Using this technique, degradation is simulated as insorts in liquid
meta!, and degradation morphologie s that are difficult or impossible to machino can be
dasu simulated. The difference in responso betwoon 'reat" cracks and notches haver,

l' 9en modeled by varying the evntact betwoon the faces of the crack, in that work,
*

Interfacial cantact of 50% reduced the oddy current responso by a factor of S. An
example of this bohavior was found for the doped steam specimens cracked with high,

-

applied hoep stresses. Those specimens woro found to have lower voltages than uxpected

81
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for the crack sizes present in these tubes. This result is judged to be the consequence of
crack face contact as a result of removing the applied stress. Similarly, the voltage
sensitMty tests reported here show large voltage increases as ligaments between cracks
are lost. The presence of crack ligaments and partially degraded grain boundaries s

provides an explanation for the lack of eddy current respon: 'ssoc.'.ited with field
induced degradation. Further, the presenc9 of th2se ligam ' is and the low instance of

'

primary coolant leakage associated with this degradation modo suggests that there is -

residual strength associated with these ligaments. Thus, significant degradation depths
may result in less severe loss of strength than was assu:Nd in determining the plugging
limits based only on crack depth. For this reason, plugging criteria are based on voltage
responses correlhted to tube Integrity through the voltage versus burst pressure and
leakage correlations.

8.1 Voltage SensitMty to Crack Morphology

A series of eddy current tests were performed to establish voltage trends with crack
morphology to characterize voltage as a measure of tube integrity, in most cases,
machined specirNns wer9 used to simulate degradation features. This section describos
using simulated cracks and volumetric Indications. In addition, voltage measurements
for laboratory specimens and pulled tubes with IGA degradation are summarized to assess
detectability of IGA.

Vettaae SentitMtv Urina SUts in Cnocer Foll

To establish the general trends of bobbin coil voltage amplitude to crack morphology, -

sensitMty tests were performed using slits in a cylindrical copper foil to sirnulate
,

varying crack lengths, ligaments and parallel cracks around the tube circumference.
,

The copper foll was placed around a plastic tube. The various crack morphologies
simulated by the slits in the copper foil , and the associated voltage responses are shown .

In Figure 81. For each combination of simulated crams in Figure 81, the total crack
network length is equal to the TSP thickness of 0.75 inch. The vertical cuts betwen the
parallel axial cracks simulate loss d liga'nents between cracks.

The voltage trends of Figure 8-1 show that the voltage increat,es with:
o increasing crack length
o increasing number of cracks around the tube circumference, and
o Loss of ligaments between cracks.

Voltace SentitMtv Tests Usino Slots in inconel 600 Tubino

Additional information on the functional dependence of bobbin signal voltage on length and
depth of axial cracks was obtained using EDY slots in 7/8 inch OD,50 mit wall alloy
600 tubing as shown in Figure 8 2. The signal voltages for the slots represent the
upper bound for the signal voltages expected for actual cracks of similar leng'5 For the
100% deep slots, the signal voltag6 increases steeply with slot length up to about 0.5 ,

inch and continues to increase up to one inch, after which it tends to level off. For the
,

50% deep OD slots, the signal amplitude increases with slot length up to about 0.250
inch after which it levels off. The signal amplitude increases by a factor of about 50 for .

100% deep slots as the slot length increases from 0.03 inch to 1.0 inch;11 Iricreases by

02
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a factor of about 4 for the 50% deep OD slots over the same range of crack length, it may
further be noted that for longer slots, there is a greater increase in the signal voltage as
the depth increases from a shallow depth to 1004 For example, for 1/4" slcts, the

!
voltage increases by a factor of about 50 as the depth increases from 50% to 100% j,

where as for 60 mil long slot it incrosses by only a factor of 10 for the samo range of =

depth change. Voltage increases in an exponential manner with depth for a given slot
; tength. For example, the voltage for a 1/4* slot increases from about 5 velts at 80%

depth to 40 volts at 100% depth. Overall, the voltage amplitude is particularly
sensitive to deep wall penetration and crack longth; this is the desired dependonce for
voltage as a severity index for tubo integrity.

_

Figure 8 2 also shows the data los three slots with dopth varying along slot longth. The
contral 1/3 of each slot had 100% depth which tapered off to 0% at the ends. The signal
amplitudes for these slots with tapered onds are, as expectod, higher than for the
through waU 19ctangular slots when plotted against the through wall slot lengths. Figure
8 3 st.ows a plot tef percentage increase in signal amplitude above that for a uniform !

through wall slot resulting from the taoors as a function of the 100% deep portion of the
slot length. As the through wall length increases, the influence of the partial depth slot
decreases such it.at for lengths greater than about 0.25 inch, the partial oc,9th slot
length has negligible it. fluence on the voltago 3mplitude.

Figuro 8-4 shows the signal amplitudes for the axial slots obtained by using the rotating
pancake probe with a 125 mit diameter coll. This data is qualitatively similar to the
bobbin data of Figure 8 2. Figure 8 5 gives a plot of bobbin voltago vs. RPC voltage for
the slots showing a cortolation betwoon the signal amplitudos expected from the two
typos of probes, it may bo noted that for both the bobbin and the RPC probes, the,

amplitudes are dominated by the deepest part of the slots. A well defined correlation
between bobbin and RPC voltages is seen for the single slot cata.

The effect of ligament within the crack length on the eddy current signal voltage was*
studied by varying the axial distance between two 0.125 inch long 100% deep axial
slots. The results are shown in Figure 8 0. The bobbin signal voltage drops by
approximately a factor of 2 when a ligament as thin as 8 mils is placed in the rniddle of
the two slots. The bobb!n signal voltago is relatively (mensitive te any significant
increase in the spacing beyond 16 mil. RPC voltage is alrMeen to docrease with
increasing ligament size although the rate of decrease lor smallligaments is loss than
for the bobbin coll. Since the small 16 milligaments within a crack cannot be
distinguished by oddy current, the voltago increase witn loss of ligaments suppons
vc)tage as a soverity index for tubo integrity.

A variation in bobbin signal amplitude is expected in case of parallel, multiple axial
cracks, spaced around the circumference of the tube. This effect can again be studied
using EDM slots in the ALoy 600 tubing Figure 8 7 shows the effect on the signal
amplitude of varying the spacings between four through wall axial slots. The signal
amplitude increases by a factor of ebout three as the spacing between parallel slots
increaser from a few ml!s to 700 mils. Closely spaced parallel slots do not show cn*

increase in voltage above that of a singit, slot. The signalphase angle decreased by about*
10 degrees at 400 kHz for this entire range of spacing. Qualitatively, a similar result
was found for 50% doop OD axial slots.

,

.

4

83

,



_ __ _ .. . _ . _ _ - - _ _ _ . _ _ _ . _ _ _ _ _ _ _ . ___-

The positionir's of degradation near the end of the TSP can potentia!!y influence the
responses, with the prine'. pal contribution due to the mix residual that occurs at these
locations. This response is typically small compared to the voltage plugging limits so
that the amplitude of significant degradation will not be influenced by this residual. To $

demonstrate the TSP edge effects, bobbin coil measurements were made on 1/4 inch
EDM slots of 50% and 100% depth. Measurements were made for the slot at the conter
of the TSP and at the inside and outside edges of the TSP. Resulte of these measurements I

are given in Table 8.1. It is seen that the voltage values for the crack within the TSP are
essentially the same at the center and at the inside edge of the TSP, Variations in voltage
with the slot inside the TSP are <2% for both 50% and 100% deep notches, while
moving the slot outside the TSP increased voltages by 5410%. The bobbin coil
indicated depth changed by 29% as the 50% slot was moved from the center to the
outside edge of the TSP. These results support the conclusion that amplitude responses to
degradation on the order of the 34 volt plugging limits will not be significantly
impacted by the location of a crack within the TSP.

General co3clusions from this eddy current evaluation of axial slots are:

doth bobbin and RPC voltage amplitudes increase sharply with axial crack length upo

to about one inch for 100% deep slots.

The voltage increase is much smaller for partial depth OD axlal slots and voltageo

does not increase significantly with length for slots greater than about 1/4* long. '

o Signal amplitude is dominated by the 100% deep portion of the slot.
.

Bobbin coil signal voltage is a function of spatial separation between parallel axlalo

slots. Very closely spaced slots show an insignificant increase in the voltage over *
*

that of a singh slot. *

4

A correlation exists between RPC and bobbin voltages for single slots. However,o

bobbin voltages increase for parallel slots while RPC voltage can be isolated to a
single slot provided slots are adequately separated to permit resolution of each slot.

The presence of a small ligament between two axial slots reduces the signal voltage.o
,

Amplitude reponses to degrndation en the order of the voltage plugging limits are noto
significantly influenced by the localica of a crack within the TSP.

Both bobbin ar.d RPC voltage amplitudes from slots represent an upper bound foro

the voltages expected from cracks of similar length and depth.

These results demonstrate the use of the voltage nmplitude as a crack severity index for
tube integrity assessments. Voltages increase with increasing crack length, with
increasing depth particularly near through wall penetration and with loss of ligaments

| between cracks.
.

The general concept of relating voltage to burst pressure can be demonstrated by
.

combining data for voltage vs. slot length with burst pressure vs. slot length data. -

Figure 8 8 demonstrates the resulting voltage / burst correlation. Voltages for slots are,

!
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not typical of cracks but the general trend and slope are slinitar to that iater developed <

in Section 9.6 frnm burst testing of cracked tubes. As ir:luitively expected and shown
even for machined specimons, a given voltage amplitude does not defino a unique crack
morphology. Thus a spread in burst pressures for a olvon voltage is expected. This :,

spread is amommodated in the plugging criteria by using a voltagoturst correlation at
the lower 95% confid9nce band of the test data. Various crack morphologies involving
variables such as length, depth, ligaments, inultiple cracks, etc. Influence the spread of
the data and thus the resulting tube plugging limit.

#

Vettnoe SensitMtv to Votumetrie (Non Cradt Indientions

It is desirable to compare voltage amplitudos for volumetric indications to those i

associated with plugging levois for ODSCC cracks. Given defeet specific plugging
criteria for ODSCC at TSPs, these comparisons help to guide the importance of
distinguishing ODSCC from other types of degradation. The plugging criterla of this
report estab!!sh a bobbin voltage threshold above which RPC inspection is recluired to ,

facilitate identification of ODSCC from other types of degradation. These vo;tage
mmparisons provide guidance on setting the bobbin voltage threshold for RPC inspection.

Typleal bobbin coil voltage amplitudes were develeped frorn laboratory simulations of
volumetric degradation as developed below and surnmarized in Table 8.2:

Wastage: Flat rectangular shaped flaws of different depths wore machined to simulate
tube wastage: the bobbin signal amplitudes as a function of maximum CD depth
for 1/4" and 1/8'long machinad flaws are shown in Figure 8 9. In addition,
tapered flaws wore machined to simulate the tube wastago shapes observed at,

some plates. Figure 8 9 shows the bobbin signal voltage as a function of
maximum OD depth for tapered flaws.-

,

.

Fretting: Flaw shapes somewhat similar to the tapered flaws shown in Figure 8 9 are *

*
observed from fretting. Thus, the data of Figure 8 9 can be used to assess the
voltages expected from fretting,

,
.

Pitting: Figure 810 shows the bobbin signal amplitude vs diameter of machined
through wall holes simulating 100% deep pits. Pitting observed in operating
SGS occurs as multiple pits for which voltages are significantly higher as *

noted in Table 8.2. The data from ASME flat bottom holes of partial depths
may be used for estimating the signal voltagos expected from partial depth OD
pits.

.

Cold Leg Thhning: Pullod tube data from two differem plants with cold leg thinning were
reviewed and are summarized as follows. In one case, a flaw at the second TSP

, . in the cold leg with a maximum wall penetration of 48% had a bobbin
amplitude of 4 volts. Figure 811 shows a photograph of the OD surface at the
degraded location, in the second example, which was also at the second TSP in ,

the cold leg, a maximum wall penetrallon of 59% yloided a bobbin amplitude*
of 4.9 volts. Examination of the pulled tubes showed no cracks in these tubes

*
and the degradation was identified as ' cold 100 thinning."

;
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|

The data of Table 8.2 and supp>rting figures Indicate that bobbin voltages would exceed
about 2 volts, as limiting by pitting degradation, before being a ouncorn for tube
Integrity. A single pit, simulated by 30 and 60 mil through wall holes would have
voltages of about 2 and 7.5 votts, respectively. Pitting typically occurs as multiple pits s
in operating SGs with higher voltage levels as noted in Tabte 8.2. Cold leg thinning at
50% depth will yleid a bobbin amplitude of over 4 volts.

*

.

Based upon the above noted voltage levels, volumetric Indications with bobbin voltage
amplitudes exceeding about 2 volts should be inspected using RPC probes to o!d
characterization of the causative mechanism. Volumetric indications less than this
voltage amplitude would be expected to be acceptable for continued service and r.eparation
of the causative mechanism from ODSCC would not be critical to assure tube integrity.

IGA DetectabHity

Umited laboratory specimens and pulled tubes at TSP intersections with significant IGA
are currently available for assessments of detectabikty and tube integrity. Available
laboratory IGA specimens were prepared as long (4 to 6 inches), uniform IGA to assess
detectability in unexpanded regions of tubosheet crevices. Data from three domestic tube
to TSP Intersections from Plant L (R12CB), one from Pla'11 M 2 (see Section 4), and
three from non Westinghouse plant N are available. Some French data obtained fram EdF
for TSP Indications can also be assbssed. The general morphology of the French
indications is more like Plant L tube R12C8 than Farley indications.

,

Three sets of laboratory IGA specimens are available for NDE assessments. Two are
Westinghouse samples and the third represents samples prepared by Westinghouse .

. under EPRI sponsorship (EPRI NP4503). The two Westinghouse sets of specimens
represent laboratory IGA under accelerated conditions and provide uniform wail *

penetration IGA over 4 to 6 inch lengths. Bobbin coil detection for these specimens is *

shown in Figure 812. Figure 812a represents specimens prepared using sensitized
.

tubing and shows very high bobbh. coil amplitudes. Figure 812b shows bobbin coil
responses using non sensitized material. Thu non sensitized material shows much
lower amplitudes. Methods of sample preparation were refined for the EPRI prograrn to
further improve comparisons with field experience.

The EPRI specimens were prepared using a 50% caustic and 12% chromium oxide
environment at 650*F for up to 10,000 hours. Temperatures in some cases were
increased to 700 'F to accelerate the corrosion rate such that 21% penetration was
obtained in 35 days. Even under the accelerated laboratory conditions, the times to
create IGA are very long compared to preparation of ODSCC specimens. Specimens in the
range of 2 to 30% nearly uniform wall penetration were obtained in this program.
Figure 813 shows typical NDE results for 29% deep IGA. The bobbin coil differential
tests reveal the uniform IGA whereas the RPC results are not particularly revealing.
Voltage amplitudes are not available for the samples that were destructively examined.
Bobbin coli measurements of library samples were performed with the resuits given in
Table 8.3 These samples show voltage amplitudes of about 12 volts where the IGA depth
is expected to be <30% deep and are NDD where depths of a few percent are expected.

,

Deep cracks within the samples were detected with amplitudes of 4-40 volts. These
samples are more representative of field IGA than the Figure B 12 samples al. hough

.

limited pulled tube data for uniform IGA are available for direct comparisons.
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. - . .- .-- -_. .. - . - .



_ - _ - _ _ - _ - _ _ _ - _ _ _ _ _ - _ _ _ -

As described in Section 4.0, a pulled tube from Plant M 2 shows IGA with cracks up to
26% depth. This tubo had a vo!!ago amplitudo of 1.8 volts, which is high comparod to
tubos with principal'y ODSCC at comparablo depths as shown in Figure 6 9. The signal
amplitudo is comparable to the laboratory specimens of Table 8.3, although lower than

,

the specimens of Figuro 812.

Three pulled tube results from Plant N 1 with egg crato supports are also shown in.

,

Figure 6 9. These data for IGA degradation also support IGA detectability at voltage
levels comparable or highor than that for ODSCC with minor IGA.

The recent pulled tube (R12C8) Indications from Plant L were detected by pre pull
bobbin coil inspection. Table 6.2 and Figure 6 9 show the voltage and maximum depth
for the throo Plant L Indications that were found to have significant IGA involvement as
compar6.: so other pulled tubo results including Plant L data with negligiblo IGA
involvement. It is seen that the Plant L voltage levels are typ10al of the rest of the
population of pulled tubes with loss lGA involvement than the Plant L tube R12C8 crack
morphology, which shows patches of lGA with IGAfSCC cracks.

Figure 6-9 also shows voltage amplitudes for tuba 10 TSP intersoctions removed from
French units. The French data show voltage sosponses toward the high range of the data. ,

| The French crack morphology is lGA + SCO as shown in Figure 6 8. The Plant L
(R12C8), Plant M and Plant N morphologies also show IGA + SCC.

Tubo removal analysos portormed in Golgian Plant E during 1991 showed ODSCC with I
sh8| low IGA at all support plato intersections examined. Again the affected areas wore
located entirely within the TSP Intersections, mainly at mid holght. The affected,

circumference was small when shallow depths prevalfod, and reached nearly 360* In
- strongly affected intersections; at shallow depths, many inillation sitos with

multLdirectional cracking were visible;in strongly affected areas, axial cracking was-

predominant, with only shallow associated IGA. For tube R19C35 2H, the butst cracks,
developed with a loose fitting TSP collar, were axial in direction, showing 100%
intergranular depth, Soverel tube sections broko upon pull >g; the maximum corrosion
penotration was 60% in a dense array of axial cracks, with shallow IGA in some places.

Figure 4-28 illustrates the cellular morphology of the Belgian tubes and Figure B 24
shows tae EC traces collected in the field for the corresponding location prior to pulling.
The 2.27 volt signal recorded at 300 kHz, when converted to US voltage calibrat'an in
accordance with Tablo 6.4, corresponds to approximately 23 volts, well in excess of any
voltage based alternate criteria under consideration. The stated reporting threshold for
TSP ODSCC in Belgium is 0.2 volts at 300 kHz, or approximately 2 volts at U.S. voltage
calibration. Nearly all tubes plugged in the U.S. for TSP ODSCC would escape reporting
under the Belgian critosta.

It is plain that since Belgian practicos are based on the cbsence of safety implications for
ODSCC/lGA contained within the TSPs, that only the most severe degradation is plugged
ar,J most indications are not recognized. Since the Plant E tubos are pilgerod in the

*
manufacturing process, the periodic nolso in the tubing cornplicates detection of minor
degradation; thus tno relatively high report!ng threshold dovetails nicely with the S/N
limitations in the EC data.

,

-
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In summary, the conditions which went ' unreported * In the Belglan tubes were not
simple IGA, which is easily identified as the U.S. field and lab data show; rather the
voltage calibration and reporting threshold combined to create the impression that
significant cracking and associated shallow IGA, comprising the cellular degradation s

f.,bserved in the lab, had not been detectable, in the U.S. NDE calibretion system, these
are prominently visible and pose no challenga to evaluation.

'.

CNerall, the avaltable pulled tube results show comparable voltage responses relative to
maximum depth with no definable dependance on IGA involvement within the broad
scatter of the data. The laboratory uniform IGA samples show significant voltage
responses at 30% depth. The available pulled tubes with significant IGA levels show IGA
with cracks and have been found to be detectable indications.

8.2 Probe Comparisons

To address concerns that the results of the study m!;ht be limited to a specific probe,
probes from different eddy current probe vendors (Echoram and Zetec) were used. Both
probes were nominally 0.720 inch in diameter and incorporated the latest technology
for centering. The coils on each pret:s were nominally 0.06 inch wide and were spaced
by 0.06 inch initially each of the probes was used with two different sets of frequencies
duplicating typical field inspection configurations. The first set of frequencies
(configuration 1) was 400,200,100 and 10 kHz. The second (configuration ll) was
600,400,100, and 10 kHz. Review of the data indicated no significant differences in
the results from the different probes for the different frequency configurations.

'

Comparisons were made between the data obtained from prom Er and probe 21 for the
cracked tube specimens. The probes have different freq..ncy response characteristics: *

Probe 21 gives a greater response at 100 kHz while probe Er has a larger response at *

600 kHz since it is designed for higher frequency operation than the Zt probe. This
,

difference is not a significant issue and is noticeable or fy as a consequence of the way in
which the voltage calibrations have been derived. Table 8.4 gives the voltage measured
by probe 21 divided by the voltage measured by probe Er for the EDM calibration
notches. As can be observed for each frequency, the difference between the probe
responses is a constant factor for all notches. This apparent variation between the
probes can be elimhated by calibrating each of the frequencies individually rather than '

using the 400 kHz calibration factor, or by calibration at the planned mix frequoney.
The latter approach is recommended as a part of the plugging criteria of this report.

The results for the 400/100 kHz Mix channet wore fortuitous. Plots of the measured
voltage for various indications from probe 21 versus the voltage from probe Er indicate a
one to one correspondence for both amplitude and depth (Figures 814 to 816). The -
correspondence between the mix channels of the t a probes is due to the fact that the
400 kHz channelis being used both as the ' primary" mix frequency and to set the
calibration factor, if another frequency is used as the primary mix frequency (i.e.,100
kHz) the apparent mix amplitudes will differ. Table 8.5 gives the measuicment of the

,

ASME holes using a 100/400 kHz mix for the two different probes. As can be seen the _
,

results from the two probes differ by a constant multiplier. As with the individual
frequencies, this factor can easily be accommodated by using a different calibration -

procedure. *

'e 8
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The bobbin collinspections were supplomonted by two RPC examinations, also with
probes from the two eddy current probo vendors noted above. However only one set of

.

I

frequencies (400,200,100, and 10 kHz) was used for both RPC probes. The data
gathered during this phase of the program were usod primarily as a qual.tativo toolin,

assessing the extent of the degradation.

!

8.3 Influence of TSP Crevice Condition

For some specimens, the crevice betwoon support and the tube was packed with
magneilte and the sample was inspected again with the bobbin coll. Table 8.6 compares
the data from the two inspections. With the exception of sample BW.11 the amplitude of,

the rerponses from the samples changed by approxirnately 10 % Samplo BW.11 showod
a 50 % increase in amplitude When the support was removed from the sample the
degradotion response had indeed increased, Indica 1rg that the presence of magnetito in,

the crevico did not cause the increase in response, rather the process of packing the
crevice had mcchanically deformed the sample causing further loss of ligaments and a
subsequent increase in response. Additional evidence for the minimalimpact of the

. presence of magnetite in the crevice is derived from the comparison of the data from
4

corrosion samples with tight pa$ed crevices. A comparison of the samplos prior to
j support removal and after magnetite removal with the packed support ring (Rgure

'

817) in place show a 5% increese In response with the magnetite present with a
scatter of approximately 10%.

As part of the test program,6 fatigue crack and 3 doped steam corrosion crack samples
were leak tested to determine ths influence of the donted support plate crevice condition.,

Table 8.7 surrmarizes the results of the eddy current inspection of these samplos before
and after donting (noto samples FAT 1,2, and 3 had been leak testod previously)..

Denting resulted in a significant change in the amplitude of the fatigue crack eddy.

j curront respor'nes. Prior to denting, all but one of the fatigue cracks had amplitudes
'

which approached that of the through wall EDM notch (80 Vcits). After dentirtg, two of
the fabgue cracks could not be distinguishud from the response of the dents, despite the
fact that the dont response was an order of magnitude smaller than the Inl!!al fatigue
crack response. Inlllally the corrosbn cracks produced smaller responses than the
fatigue cracks. However, their responses on average, could be detected in the presence of
the dent. However, these results represent large indications in the presence of small '

dents. In field applications, small to moderato indications typically cannot be separated
from dont signals that exceed the amp!!!ude of tho indication.

The difference in the behavior of the two crack types (and further within the fatigue
'

samplos) in the presence of dent!ng is a mnsequence of tho heavier oxide coating on the
crack faces of the corrosion samples and the leak tested fatigue cracks. Under the
mmpressive loads of denting, the crack faces are forced together. The presence of the
oxides on the corrosion crack faces prevents interfacial contact and therefore results in
a minimal change in the crack response. On the other hand, the faces of a virgin fatiguo
crack, being free of oxides, come into intimate contact permitting the eddy currents to' *
flow ur. impeded across the crack, significantly reducing the response. The significant

i loss in response of the fatigue cracks demonstrates that interfacial contact does indeed
~

result in a reduced oddy current response. However, it is not expected that service-''

Induced degradation will respond to denting as have the fatigue cracks. Rathor, it is-

,
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expected that the compressive stresses from denting would not play a direct role in
providing interfacial contact such that field induced cracking would torpond as did the
doped steam samples, with little change in amplitude. However, it is recognized that
bobbin 0011 detection of cracks at dented intersections is unreliable when the degradation s ;
arnplitude is smaller than the dent amplitude.

|
,

..,
0.4 Sensitivity to Probo Wear

Eddy current test parameters can exist over which there is little systematic control and
which may vary bet.vsen tubes or along the length of a tube. The centering of the eddy
current probe as it passes the degradation poses the greatest concern of this typo. This
study has shown that probe centering can vary the 4 , ,alitude of a signal, in the worst
case, by a factor of two. The laboratory study used field probos which had excellent
centering characteristics. At the beginning of a field inspection sequence, the probe
centering characteristics would mimic those found in the laboratory. As the inspection
continues the probe is expected to wear and its centering capability to degrade. The time
frame for this to occur is unknown boccuse it is a complex function of inspection extent,

.

tube geometry, the presence of oxides, etc,

A means of assessing the probe's centering capability is through the use of an
appropriate verification stant ard as Illustrated in Figure 818. Such a standard can be

- as simple as four holes drilled in a segment of tubing. The holes are displaced axially in
different planos with each spaced 90 degrees around the circumference from its
neighbor. The amplitude ratio between the holes then determinos the degree of centering
of the probe. A standard of this type could be put in lino to provide continual .

verification of probe centoring during the incpoetion.
.

The bobbin probo centoring mechanism wears with usage. This could affect the eddy *

current signal. The effect of wear on signal voltage was evaluated using a '4 hole;
.

standard.' The four holes were 67 mits in d'ameter,100% deep,90 degrees apart -.

circumferentially, and 1.5 inches apart, axially. A 0.720 inch diameter probe
fabricated by Echoram was used for this evaluation. The centering mechanism in this
probe consists of three sets of spring loaded plastic buttons (hemispherical) 120
degrees apart and protruding approximately [ la mils from the probe body. The test
runs were made with the tubes in a vertical position. The probe pull speed was
approximately 12 inches per second. The tubos were rotated 90 degrees after each run
to provide for the randomness in the probe to tube orientation expscled in the field. For
the new probe, the scatter in the voltages obtained from the four identical holes for
repeated test runs was [ Ja,

The centering buttons of the probe wore worn by repeatedly running " 4 "obe through a
tube with an abrastve tape on the tube ID. The data from the 4 hole standard was
collected for different lovels of probo wear. At the level of probe wear represented by a
50% reduction in height of the centering plastic buttons (10, about [ ja mils), the
scatter in the voltage for the four holes was found to be within [ ja. Increasing
the probe wear beyond this level resulted in rapid deterioration of the quality of the data.

,

The results of the tests are shown in Figure 819. The 50% reduction in height of the
'

centering buttons appears to envelope typical field wear between probe changeouts
,

! -
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during an inspection. Thus an allowance of [ la uncertainty for probe wear is
consistent with current field experience.

The remaining concerns over probe cantoring are the impact of tube to tube variations in'

diameter and ovality, Neither of these are anticipated to be major cources of variability.

.
'

8.5 Eddy Current inspection and Analysis Practicos

s o lay the foundation for field application of the results of the tests, the data collection
and analysis procedures were made as close to those used in the field as possible, while |

conducted under laboratory cond'tions. A formal procedure for Instrument calibration,
;

data acquisition and anclysis was developed. Tho key potnt to note from the procedure is i

that the analysis of the Mbbin coil data was conducted from a 400/100 kHz mix data
channel. The mix war al tabiiched by eliminating the response from the support ring on
the calibration tube. The voltage for all channels was calculated from the conversion

,

factor found by setting the response of the 20% ASME calibration holes at 400 kHz to 4 '

volts (save/ store mode). This corresponds to setting the 400/100 kHz mix chcnnel
vohage of the 20% holes to 2.75 volts or to 6.4 volta for the four.100% hole standard.
A similar p.ocedure, in which the 400 kHz response of a throur)h wall EDM notch was
set to 20 volts and the voltage of a!! other channels establishod using the Save/ Store
mode, was used to calibrate the RPC probos.

Because each calib.ation standard is potentially unlque, a system to assure mnsistency
of the data must be established. Currently, the field data is tied to the calibration tube
used during an inspection and the correlation between that standard and all others used in-

,

the industry is through the certification provided by the manufacturer of the standard.
Typleally, the rnntrolled parameters of the standards al9 the depth of t's calibration.

holes and wh3ther the phase response of the machined holm is within sceptable-

to!erance. The amplitudes of the hole responses are not controlled parameters. Small
*

changes in tube dimensions, hole placement and other subtleties can cause variations in
the hole response and therefore systematic offsets in the rneasured degradation response
with tespect to the data obtained in this study. An examination of a limited number of
field standards has found a variation in the 20% hole response as large as 18% above
that of the standard used in the laboratory work.

Evaluations of alternate practices for voltage normalization have found minimum
uncertainties between standards when the 4 in-plane hole standards are utilized. This
eliminates the depth variation between standards and limits voltage variations to
principally the hole olameter to|eranec Consequently, the recommended voltage
riormalization is 6.4 volts for the 4 hole (0.033" dia.) ASME standard For further
limitation en the uncertainly, the ASME allowable hole tolerance of 0.003"is reduced to
0.001*.

8.6 Attemate Inspection Methods: Rotating Pancak, Coll (RPC)
.

(* The primary objective of this program was to arrivo at inspection and plugging cQeria
i- based upon the bobbin coilinspection. However supplemental RPC data was also acquired
L '. from the test samples. This data sese.1 two objectives:(1) to establish a data base that

8 11
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!

:

if needed could be used to augment the bobbin colt data in establishing tube plugging ;

criteria, and (2) to gather information that might be used as additional support for the !

current practice of using RPC data as the final arbiter for determining tube plugging.

It is believed that combinatbns of deposits aM other spurious conditions can result in i
bobbin ooit responses that have degradation like characteristics. To minimtre plugging
tubes with such responses, the philosophy of using the bobbin coil as a screening tool and i,'

the RPC as a confirmatory tool has developed. For the samplos that were leak checked,
Indications were present in both the bobbin and RPC data. Table 8.8 contains a
comparison of the bobbin coil and RPC results respectively for the leak tested model
boiler samples, it is noted that the samples with the largest bobbin responses generally

,

had large multiple RPC rs ponses. It can be noted that specimen 5684 had a crack
,

i

length greater than ths 0.75 inch TSP thickness. In this case, the crack extended below
the Tf ? Into a teflon spacer used to support the TSP in the test. Figure 8 20 shows

,

!

examples of RPC traces for typleal model boller specimens at 6.5,12.7. 26.5, and 67.7 i
volts (bobbin coll). It can be seen that for bobbin coil voltages above about 25 volts,
multiple axlat cracks of cor arable amp!!!udes are found. Specimen 543 2 (67.7
volts) shows closely spaceo, long axial cracks with large RPC amplitudes.

An example of an apparently spurious bobbin response, similar to those observed in
pulled tubes, was identified in the model boiler tests (model boiler 568). During
interim inspections these samples displayed the characteristic of having bobbin coll
Indications without showing discrete RPC indications. The bobbin 0011 mix response had
amplitudes on the order of one volt, with depths based upon phase measurements on the
order of 80% through wall. However, the phase of the indications did not change as a .

fur ction of frequency consistent with the of the calibration tubes. Rather, as the
frequency was decreased the phase remained essentially constant such that the apparent *

- depth of the indication decreased. RPC Inspection in the helicoli scan mode did not '

confirm 80% flaws and gave a response Indicating a band of materist withi

electromagnetic properties different from that of the remaining portion of the tube but
,

with no discrate indications. When the pancake probe was pulled axially through the
band, a response was obtained which behaved similar to the bobbin coli response. That
is, as the inspection frequency is decreased the apparent depths of the indications-
appeared shallower. The underlytrig mechanism which causes this shift in the tubing's
electromagnetic properties has not been identified. Ultimately the samples showed both,

significant bobbin coil responses and discrete RPC Indications. Po;t-burst examination
of the samples showed no apparent degradation apart from that identified in the RPC

.

'

csults. This example tends to lend support for the RPC probe as an arbiter of bobbin '

coil indications for identifying discrete crack responses and to avoid plugging of
undegraded tubes with electromagnetic property changes.

8.7 Field Cor:siderations

Proper 'mplementation of the tube plugging criteria depends on consistent data.

,

acquisition betwsen the field and the laboratory. Although field NDE procedums were
utilized in the laboratory, the tes' progiam yielded the following modifications to the

,

i-

! field eddy current procedures which are necessary to assure proper control of the
.

I uncertainties in the data acquisition: *
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1. The 4 hole ASME (Section XI, Article IV 3220) standard with 0.033 inch diameter
holes spaced 90' apa't in a single plano should be used for field voltage
normalizations However, hole diameter tolerance must be .t0.001 inch rather
than the ASME value of 0.003 inch.,

?, An additional standare should be used in line with the ASME standard to limit the
> effect of probe wear (probe centering) on the field data. Use of this standard

indicates when data uncortainties due to probe wear become greater than acceptable
for the tube plugging criteria, requiring use of a new probe.

3. The calibration should be normalized to 6.4 V for the 400/100 kHz mix channel for
the 100% 4 hole ASME standard to eliminate the uncertainties introduced by depth
uncertainties in the standards and by calibration to 4 V for the 400 kHz channel and
carrying over the conversion factor for the mix channels.

4. The NLE GM rquis!! ion and analysis guidelac% of Appendix A should be
implemenied to enhance consistency and repeatability of the inspection data.

8.8 Eddy Current Uncortainties for Tube Plugging Crh (

in most prior evaluations, SG NDE uncertainty is determined as the differenr.e between
bobbin coil indicated depth versus actual depth f. 0m destructive tube examinations.
This is not the case for voltage monsurements such that the NDE uncertainties for voltage
do not have such e unique interpretation. For voltage plugging criteria based upon

. voltage versu', burst pressure correlations, the NDE voltage " uncertainties" affect both
the voltage measurement and the spread or uncenalnty in the byta pressurc
mnelation. The goal for the voltage measurements is to minimize the uncertainty on*

repeating a measurement so that the uncertainty on the burst correlation is reduced to-

the extent practical. The remainir.g voltage measurement uncertaintles end up as part of
,

the burst correlation uncertainty. For example, assume that a number of perfectly
identical samples we.e prepared such that burst pressures would be identical. If voltage
measurements were then made with different probe diameters, calibration standards,
open crevices, packed crevices, mpper deposits in crevices, etc., the voltage
measurement variability would then result in a spread in the voltage versus burst
correlation. Clearly the goalis to minimize the burst correlation uncertainty (lower
95% confidence limit used for plugging criteria) by controlling the voltage variability.
The voltage measurement procedures must be consistent between laboratory and field
~lmplementation to apply the laboratory specimen NDE/ burst data for developing
plugging limits inclusion of field voltage measurements for tubes puiled prior to
implementating the procedures to improve measurement repeatability tend to increase
the spread in the burst correlation. The NDE voltage uncertainty is def:ned as the
uncertainty in voltage repeatability ernphasizing differences between the laboratory and
the field measurements.

As applied for t% plugging limit development, the variables affecting the burst;

correlation are split into NDE uncertLinties for determining vc!tage and burst
'

correlation urcertainties as given in Table 8.9. The potential contributors to the NDE
ropeatability uncertainty are probe centering (principally probe wear), calibration

! standards, probe design differences, eody current analysis variability and eddy current
,

-
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systert variability. Eddy current system variability results from noise due to
instrumentation and cabling. This contributor is on the order of 01 V tad can be ignored
when combined with the probe wear uncertainty for applications to plugging limus
above a few volts, s

Probe design differences are eliminated by requiring that only bobbin coli probes with
0.06 inch coils and 0.06 inch spacing between col'3 be used for voltage measurements.

,

-

These values are commonly used by nearly all probe vendors. The vo'tage amplitudo is a
*

function of coil to coil spacing. For differential responses and a center to center coil
spacing of 0.12 inch, the influence of smali changes in coil spacing such as aswelated
with manufacturing tolerances is small. This sensitivity is shown in Figure 8 21.

The calibration uncertainty results frona dimer.slonal tolerances in fabricating the
standards. The effects of dimensional tolerances in SG tubing result in a spread of it -
voltage / burst correlation as the tolerances may affect both voltages and ourst pressuie
and thus are not categorized as an NDE uncertainty. The calibration standard variability
for Farley SG applications is eliminated by requiring that the field standards be
calibrated against ths laboratory standard. The differences between calibration
correction factors have been minimiztd by normahing voltages to a four through wall
hole ASME standard rather than the 20% depth holes. Voltage sensitivity to
manufacturing tolerances for the through wall holes is expected to be smaller than fourert
for 20% depth holes.

The probe centering uncertainty 10 limited by requiring probe replacement if individual
hole voltages for an axially staggered, four through wall hole wear standard vary by
niore than a probe wear allowance between the initial or new probe values and -

subsequent measurements. Thus this uncertainty is limited by field data collection
requ!.7ments, The probe wear allowance includes voltage repeatability uncertainties *

(found to be - 5% as shown in Figure 819) for a new probe and a wear allowance for *

additional repeatability variation. For the Farley data acquisition reqdrements, the
,

probe wear allowance represents the principal NDE voltage uncertainty. Pending
additional field experience with the probe wear t;undard, the expected 10% NDE
uncertainty for probe wear has been increased to a 15% limit for the EC guidelines of
Appendix A. From Figure B 19, the standard deviation on probe wear is about 10%. At
90*/. cumulative probability, which is applied for the NDE uncertainty in establishing
the Farley SG repair limits, the probe wear uncertaint/ would be about 13%. Probe
replacement is required by Appendix A at a 15% voltage change using the probe wear
standard.

Table 8.9 identifies variables which led to spread or uncertainties in the voltage / burst
correlation. Crack morphology variations are the principal contributor to spread in the .
burst correlation. Voltage amplitude does not define a unique crack ma phology but
rather a rangs of morphologies and asseclated burst pressures with the empirical
relationship established by the voltage / burst correlation. The correlation relates the EC
tensitivity and burst pressures to the degradation morphology. To date, emphasis in
developing the burst correlation has been placed on axial ODSCC with crack branching

.

and limit:d IGA which represents the Farley SGs and many other plants based upon pulled
,

tube examinations. Assessments of increased IGA involvement will be performed as data
bemme available. The history of crack morphology for Farley pulNd tubes shows

.

limited IGA involvement such that the model bc!!er generated ODSCC specimens are '

8-14

. _ - _ _ _ _ _ - - _ - _ .



__ _ _ - _ _ , _
_ __. _

representative of Farley SG tube degradation. Currently aval:able data for increased IGA
involvement Indicates that the current burst correlation tends to envelopo IGA and
IGA / SCC modes of degradation, Section 0.1 shows comparable voltage responses, Section
9.8 includes available Plant L data with IGA /SCO in the burst correlation and Section 9.9'

shows that burst results for IGA specimens are consistent with th6 burst correlation.

,. Data analysis guid61nes for voltage amplitudes 1re given in Appendix A to minimize the
human factor variability in Interpreting signal amplitudes. Some uncertainty will
remain and becomes reflected in the spread of the voltage / burst correlation. For
conservatism, the oddy current analyst variability is also included in the NDE voltage
uncertainty. However, this issue is less significant for appilcation of the voltage
plugging limits thart for 40% depth limits, for whrh Indications are evabat3d at or
near the detection threshold such that many of the indications have a poor signal to noise
ratio. Under these circumstances,it is expected that the numan factor plays a greater
role in determining the accuraJy ot the inspection. Tne voltage limits move the
amplitude of concorn for tube plugging to generally higher signal to noise ratios so that
human factors and details of interpretation guidelines become loss significant.

To assess analyst variability on vo!! age measurements, an assessment was performed by
comparing vohage measurements from two analysts evaluating Farley 1 and Farley 2
Indications at TSP Intersections. The Appendix A guidelines were provided to both
analysts who independently evaluated the same indications for voltage amplitudes. The
differences in artplitudes betwoon the two analysts wore then evaluated as a function of a
lower cutoff voltage. Table 8.10 summarizes the analyst variability evaluated at the
90% cumulative probability of the difference in voltage measurements. Examples of

! distributions for the voltage differences betwoon analysts are shown in Figuros 842,

and 8 23 for Farley 1 and Farley 2. The mean difference between analysts is
approximately zero. The percentage difference from the mean is essentia!!y independenta

of the lower cutoff vohage The cumulative probab;lity of the measurement differences-

is used as NDE uncertainty since the distributions are not reorosentative of a normal
*

distribution. From Table 8.10, the eddy current analyst variability at 90% cumulative
probability is about 10%.

As noted in Table 8 9, the use of field voltage measurements for pulled tubes obtained
y prior to implementing the present voltage calibration requirements contributes to tha

spread or uncertainty in the burst correlation. Uncertainties associated with field
crevico conditions, like the human factors, are more significant at the low amp!!tudes
near detection thresholds than at the voltage plugging limits. This has been the
experience in Farley SGs where distoned indications have been primarily low amplitude
indications. Again, the larger amplitudes near voltage plugging limr:s provide more
reliable quantification of the indications than associated with current experience with
depth limits for tube plugging.

An uncertainty in the burst correlation that adds some measure of conservatism to the
corrolation is the effect of tube pull forcos on crack morphology and potential reduction
in burst pressures. Although not a major concem for axialindications, ellects of the

*

tube pull such as loss of ligaments can occur. Since pre pull field voltage amplitudes
a rather than post pull values are used in the burst correlation, the pull force effects add

j conservatism. Post pull voltages tire commonly higher than pre pull values.

.
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Based on the above, the contributions to the NDE uncertainty at 90% cumulative
probability are 13% for probe wear and 10% for analyst variability. These
contributors can be considered independent variables and combined as root-mean-square
(RMS) to ob'ain the net NDE uncertainty of 16%. This value is applied in Section 12 to s
develop the tube plugging voltage limit. For probabilistic SLB leak rate and tube burst
evaluations, as required for the tube plugging criteria of Section 12, a distribution for
the NDE uncertainty is required. The 16% uncertainty at 90% probability can be %

approximately equh/alenced to 1.3 standard deviations to obtain a standard deviation of
about 12%. The probe wear uncertainty is bounded at 15% by the probe replacement
requirement. Thus an upper bound on the total NDE uncertainty distribution is
estimated at about 25% representing the RMS of 15% for probe wear and 20% for
analyst variabilJty. The distribution for the NDE uncertainty is then represented by a
standard deviation of 12% w!!h a distilbution cutoff at 25%

Overall, the NDE uncertainty reflects measurement repeatability sad is dominated by
probe wear allowances which can be limited to 10-15% by field implomontation of a
probe wear standard. Burst correlation uncertainties are dominated by crack
morphology variations which are accounted for by application at the lower 95%
uncertainty on the burst cx>rrelation for tube plugging !imits.

8.9 Conclusions

1. The use of probes from Echoram or Zetec has negligible influence on the data
acquisition for the tube plugging criteria.

2. For indications with amplitudes greater than 2 volts the presence of the tube
.

support causes only small changes in indication response for the ODSCC specimens. *

,

'

3. Small indications, where thek amplitude approaches the size of the mix residual,
,

can be influenced by the presence of the support.

4. The eddy curront response is essent' ally unaffected for a packed tube to tube
support plate crevice as compared to an open crevice.

5. Large amplitude cracks which are likely to have oxide coating on the crack surfaces
remain detectable by eddy current in the presence of minor denting. Small
amplitude cracks and cracks wth clean cmck surfaces (i.e., fatigue generated
cracks) may be masked by the dont signal for dented intersections.

6. Probe centering characteristics, related to probe wear, can contribute to the '

tincertainty of the eddy current signal. This uncertainty was found by probe wear
test simulat.ons to be about [- ja to envelope typical field probe replacements.
Probe wear influence on the s!gnal uncertainty can be controlled by the use of an
appropriate wear standard. The staggered 4-hole standard will be applied at Farley -
to limit the voltage amplitude uncertainties from probe went to [ ]a for
the 720 mil diameter probe.

.

,

7. Use of a reference ASME standard for voltage calibration and calibration of the
,

400/100 kHz rnix channel are recommended for application of the tube plugging *

-8 16
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criteria. Calibration at the mix frequency is recommended to minimize effects of
variations in frequency response between probes.

, - 8. NDE uncertale I contributa to the spread or uncertainty in the voltage vs. burst
pressure correlation and tend to lower the structuraliimit for tube burst wh!ch is
based on the lower 95% confidence interval. The use of reference calibration

; standards, frequency mixes, etc. are directed toward minimizing the NDE
uncertainties associated with voltage measurement repeatability. Other NDE
mnsiderations remain as part of the burst correlation uncertainty although the
principal variable in the burst uncertainty is crack morphology differences.

9. The NDE voltage uncertainty can be represented by a standard deviation of 12% with
a distribution cutoff at 25% or 16% at a 90% cumulative probability.

.
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Table 8.1

Effect of Flaw Location on Bobbin Coll Measurements * s

*
.

50% Deep Slot 100% Deep Slot
Finw Loention Voitace Depth VD11222 DRD!b

1. Slot centered in TSP 0.?4 43 % 47.4 100%

2. Slot extending from 0.95 72 % 48.1 100 %
TSP edge inside TSP

3. Sbt extending from 1.07 36% 49.3 99 %
TSP edge outside of TSP

4. Slot without a TSP 1.07 49% 48.7 99%

,

* Measurements for 0.25 inch long EDM slot in 0.75 inch diameter tubing. *

.

9

e
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Table 8.2

Typical Voltage Amplitude for Volumetric Type s of Dagradation,

7 Tvos of Degradation Voltage Eramoles Comments

Wastage
o Charactorized by machined ~4.5-7,5 volts Data of Figure 8-8

rectangu,ar flaws @60% depth (1)

Fretting
o Characterized by machined. -10 volts Data of Figure 8 8

tapered flaws @60% depth (1)

Pitting e

o Single drillec hole ~7,5 volts for 60 mil Data of Figure 8 9
simulation dia.,100% deep

-S.3 volts for 109 mil Data o, Tablo 6.4
dia.,60% deep
~2 volts for 30 mil Data of Figure 8 9
dia.,100% deep

, '

o Multiple pits -2 volts multiple Pulled tube example
indications for multiple

*
pits up to 60 mils in
diameter and 64% deep,

_

<

Note 1. Typical limiting depths for continued service al!cwing 10% for EC uncertainty
and about 5% for growth between inspections.

.

e

O

8-19

_ _ _ _ -- .__ - - _ _ ___ _ _ _ _ . _ _ - _ -_ _ _ _ _ _ _ _ _ _ _ - - - - - - _ - - _ _ - - - - - _ - _ - - - - - - - - - - - - - - - - - --



_ _ - - . . ,. . _ __ _ . . _ - . - . __ _ ._- .~.-. _ _

!-

Table 8.3

Bobbin Coll Dolectability of EPRIIGA Samples * ,

Differential B. C. Absolute B. C -

" ' D DD .YDllS Depth Comments

.. U

.

.

.

L _

_

*

Voltage measurements represent th9 peak at the start or end of the IGA. Peak to -
peak differential voltages would be about twice the single peak values for
comparisons with the absolute voltages and for comparisons or correlations with
ODSCC degradation at TSPs.

.

:
,
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Table 8.4

#

Comparison of the EDM Notch Amp!!tude Response of Probe ZT ar>d Probe ER
(Ratio Probe 2'/Probo ER)

i

Notch Mix
Dep1h 400 kHZ 200 kHz 100 kHz 400/100 kHz

100 % 1.07 1.70 1.94 1.01
80 % 0.98 1.67 1.93 0.94
60 % 1.05 1.67 1.90 0.94
40 % 1:04 1.70 1.87 0.91 __-.

Tabic 8.5

Comparison of ASME Holo Amplitutis Response of Probe IT and Probe ER
(Ratio Probe ZTl Probe ER)

.

Response Ratio'

Hole Death t 00/400 kHz Lilx
*

'

100 % 1.58
80 % 1.54
60 % 1.55 _

40 % 1.53

.

O

e

8-21

I

__ _ - _ . - - . -- - - __ - - - _ - _ - - _ . - _ - - - - _ _ - - _ _ _ _ - _ - _ - _ _ _ _ - . - - - - -



_. - . - . . . .-

Table 8.6

Comparison of Tight (Magnetite Packed) and Open Crevices s

for Probe ZT and Probe ER
(Ratle Tight /Open)

4

Samp!e 400/100 kHz Mix
Probo Zt Probe Er

BW-8 - 1.05 1.08
BW 10 1.01 1.03
BW-11 1.51' 1.54'
BW 14 0.95 0.97
BW 17 0.96 0.94
BW 12 0.91 0.93

*
Caused by process of packing the crevice as verified by comparing the pre packed
response with the tube response after removal of the magnetite packing.

Table 8.7

Influence of Denting on Indication Response

400/100 Mix Amolitude
Sample Before Dentino McLataliD2 . Dent Size

volts volts volts
,

.

Fatigue
.

FAT-1 61.5 18.6 7.39
FAT 2 14.6 5.42 6.09
FAT 3 bfT 2.39 12.1
FAT 4 59.0 NDO 12.08
FAT-7 NT 1.24 9.43
FAT-8 69.0 NDD 17.4

Doped Steam

BW1 8.9 18.0 14.7
BW.3 12.5 3.97 6.27
BW-9 4.21 4.9 6.36

NT No Test
.

NDD No Detectable Degradation
*
.
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Table 8.8

Laboratory Specimen NDE Summary (1)
#

Sample Probe Flaw . Flaw (4) Flaw (4) No. of
Number lym Amolitudg.fyl Phase (*) Deoth (%) Lenothfini Paws

' . * _9
. 500 1. Bobbin

RPC
500 1(3) Bobbin

RPC

509 2 Bobbin
,

RPC

509 3 Bobbin
RPC

510-1 Bobbin
RPC

525 1 Bobbin
RPC

525 1(3) Robbin
PPC

528-1 Bobbin
*

RPC
.

528-2 Bobbin,

RPC

530 1 Bobbin
RPC

i- 532-1 Bobbin
!' RPC
:

532-2 Bobbin
RPC

- a

(1) As received Specimers, Prior to Leak Test. Data are average results for
Echoram EE-720-FsbM UF and Zetec A 720-ULC(775) Bobbin Probes and

| Echoram EB 720-2XSRPC and Zetec 720-MRPC Pancake Probes.
|, (2) Specimen had multiple axialindications.
'

(3) Second NDE after initial leak testing.
*

(4) RPC depth is for the deepest crack and length for tne total crack network.

'.

8 23



. _ .--__. __ ._ . _

Table 8.8 (ccntinued)

Laboratory Specimen NDE Summary (1) -

Sample Probe Flaw Flaw (4) Flaw (4) No. of
Number .Iyyag gplitude ($ Phase M Death (%) Lenathfin3 flawa

'
-

~

533-4 Bobbin ~

RPC
533 4(3) Bobbin .

RPC

535 1 Bobbin
RFC

536-1 Bobbin
RFC

542-1 Bobbin
RPC

542 2 Bobbin
RPC

542-3 Bobbin
RPC

.

542-4 Bobbin '

RPC
542 4(3) Bobbin

'

RPC

543-1- Bobbin
RPC

543-1(3) Bobbin
RPC

543-2 Bobbin
RPC

543-2(3) Bobbin
RPC

J
, -

(1) As receNed Specimens, Prior to Leak Test. Data are average results for

Echoram EE 720-FsbM UF and Zetec A-720-ULC(775) Bobbin Probes and
Echoram EB 720 2XSRPC and Zetec 720-MRPC Pancake Probes.

(2) Specimen had multiple axialindications.
.

(3) Second NDE after inillalleak testing.
.

(4) RPC depth is for the deepest crack and length for the total crack network. *
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Table 8.8 -(continued)

' Laboratory Specimen NDE Summaryb),

Sample Probe Flaw Flaw (4) Flaw!4) No. of
* &gtet Iype Amolitude (V) Phase (*) Death (%) 1 engthJtnj Flaws,

~

543 3 Bobbin
'"

'

RPC

543-4 Bobbin
RPC

543 4(3) . Bobbin
RPC

555 1 Bobbin
RPC

' 55 3 Bobbin
'

RPC

557 1 Bobbin
RPC

- 557 2 Bobbin
RPC

,

'

557-4 Bobbin
RPC.

558-1 Bobbin
RPC

568 1 Bobbin
RPC

568-2 Bobbin
RPC

568-4 Bobbin
RPC

568 6 Bobbin
RPC

.

(1) As received Specimens, Prior to Leak Test. Data are average results for,

Echoram EE 720-FsbM-UF and Zetec A-720 ULC(775) Bobbin Probes and
Echoram EB 720-2XSRPC and Zetec 720 MRPC PancaM Probes..

~

(4) RPC depth it 'or the deepest crack and length for the total crack network.

8-25
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i

Table 8.8 (continued) i

Laboratory Specimen NDE Summary (1)

Sample Probe Flaw Flaw (4) Flaw (4) No. of i

Number h~ Amolitude (V) Phase (') Deoth(%) Lenathfin.) ElaW1
~

571 1 Bobbin .

~

RPC

574-4 Bobbin
RPC

5761 Bobbin
RPC

576 4 Bobbin
RFC

-
-

(1) As received Specimens, Prior to Leak Test. Data are average results for
Echoram EE 720-FsbM UF and Zetec A 720-ULC(775) Bobbin Probes and
Echoram EB 720-2XSRPC and Zetec 720 MRPC Pancake Probes.

(4) RPC depth is for the deepest crack and length for the total crack network.

.

%

4

:
,

8 26
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Table 8.9

Variables influencing NDE Voltage and Burst Correlation Uncertainttes,

NDE Voltage Uncertainties (Voltage Repeatability)
.

~

o Probe centering: probe diameter and wear considerations (1)
o Calibration standards: dimensional tolerances (2)

Probe design differences (3)o
o Human factors affecting voltage repeatability that are not adequately

controlled by data analysis guidelines

Burst Correlation Uncertainties

Crack morphology (length, depth, ligaments, multiple cracks GA involvement)o

variability for same voltage amplitude
o Tubing dimensional toierance w'
o Variations in field crevice conditions (open. packed, deposits, TSP corrosion,

small dents, etc.)(5)

Effects of tube pull forces on crack morphology and associated burst pressuier(6)o
o Utilization of voltage measuromonts for pulled tubes obtained prior to

implementing voltage measurement standt.ds of this report (7)
:

U2123:
,

1. Minimized in the fielo during APC implementation by use of a 4-hole probe wear
standard.-

*

.

2. The influence of dimensional tolerances of the calibration standards on voltage'

normalization is eliminated by calibrating the field standards to the laboratory
reference standard.

3. Uncenainty minimized by specifying coil to coil spacing (coil centers are separated by
120 ml!s).

4. The influence of tubing dimensional tolerances as they affect burst pressure are
inherently included in the spread of burst pressures from pulled tubes and
laboratory specimens.

5. The influence of field crevice conditions as they affect burst pressure are inherently
included in the spread of burst pressures from pulled tubes,

6. Results as pre-pull field measured voltages rather than post-pull voltages are used in
burst correlation.

*

_ 7. The use of field voltage measurements for pulled tubes obtained prior to implementing
|' the voltage calibration requirements contributes to the spread or uncertainty contained
|, in the burst correlation.

~

8-27
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Table 8.10

EC Analyst Variability for Farley SG Bobbin Voltage s

Vo!! age Mean 90% Cumulativa 90% Cumulative
'

-

Rango ,W$g Probabi!tv IVolts) Probnb!!ity (%)

Unit 1

>0.00 1.15 0.15 13 %
>0.78 1.31 0.13 9.9%
>1.00 1,42 0.16 11 %
>125 1.60 0.20 12%
>1.50 1.82 0.19 10%

Unit 2

>0.0 0.91 0.08 8.8%
>0.75 1.14 0.10 8.8%
>1.00 1.37 0.13 0.5%
>1.25 1.58 0.21 13.3 %
>? E0 1.90 0.13 6.6%

.

*

.

O

e

O

'

:
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Figuro 81

Voltage Sensitivity to Crack Network Morphology,
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Figure 8 2

Bobbin Coil Voltage Degndence on Slot length and Depth
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Figure 8 3=

- Bobbin Coll Voltage Increase due to Tapers at Ends of Through Wall Axlat Slots
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Figure 8 4

RPC Voltage Dependence on Slot Length and Depth-
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Figure 8 5

Correlation of Bobbin Coll to RPC Voltage
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Figure 8 6

Voltage Dependence on Ugament Size Between Axial Slots
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Figure 8 7

Bobbin Coil Voltage Dependence on Circumferential Spacing Between Axial Slots
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Figure 8- 8

Burst Pressure vs. Voltage for EDM Slots -,
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Figure 8 9

Typical Bobbin Coil Voltage vs Depth for Simulated Volumetric Tube Degradation
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. Figure 8 10 '
,

Bobbin Coll Voltage Dependence on Diameter of Through Wall Holes
s

.

- .

,1000.
_

' '
- - Q720 NCH DIAMETER BOSBN COL AT 40CV100 kHz

. -
;

.

- - -

u) L100: - n
r - : .
:J _

o : .

.>- -

t
-

a
: -

-. .

a .

H -->
-10:i-

.

.

a.: : a ,

-

:y
- :

.

4 .

- --z --

5: - .

:m. - :s-
- o --
co

1:. s,'

*
. .

.

.

.e

cg- .

.

0.10;
, -, ,. ,

-

L. O.05 0.1~ 0.15 'O.2
'

- 0.25
HOLE DIAMETER,LINCH-

.

e

)

6 '

4

8 38~

_ __: _ _ ___ ____ - _ ______ _ _ . _ _ - _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _



. - . - . _ - . - - - . . . . ._ . . . - . ~ . _ . . _ . . . - . . . . - - . . . _ -.- - - - - - . . - - . - . . _._. .. ..

,

,

Figure 8 11

; Photograph of the CD Surface of a Pulled Tube With Cold Leg Thinning
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Figure 8 14

Voltage Comparison of Indications Found With Two Eddy Current Probes
(400/100 kHz Mix) .

PROBE i VOLTAGE VERSUS PROBE 2 VOLTAGE . ,

.

- '
I 3 3 5 3

.

4-
.W

/

O
go.

.-
.

..

\n !
t-
.J !
O
>

40- -g --

e
aC
H .

'

>
.

w 30- -
--

a /O
K f

s
0.

go. /.
..

/
/

O'
/go. j.

..

9

A A 4 4 A A
a

o 2.

'

PROBE 2 VOLTAGE, VOLTS '

|

8 42
|

|

. . , __ - -- -



_ _ _ . - . .. . _ - . _ - .-. .. . _- _ - - - . - -- .-- .. _. _._

1

I

Figure 8 15
!

|

Comparison of 400/100 kHz Mix Amplitude RespMse from Two Probes (Model Boller Sampie)
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Figure 8 16

Comparison of 400/100 kHz Mix Phase Response (crm Two Probes (Model Boller Sample)
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Figuro 8 17
'

Cornparison of Tight nnd Open Crevice Indication Response
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Figure 8 18

Probe Wear Calibration Standard
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Figure 810

Bobbin Coll Amplitudo Dependence on Probe Wear,
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Figure 8 20 j

RPC Traces of Typical Model Bollet Specimens
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Figuro 8 21

Signal Amplitude (Arbitrary Units) vs. Contor to Center Coll Spacing.
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Figure 8 22. Examples of Analyst Variability for Farley.1 Voltage Measurements
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Figuro B 23. Examples of AnaYst Variability for farley-2 Vollage Mear.urements
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Figure 8 24

Field EC Tiacos for Third TSP Crevice Region of Belgian Tubo R19C35
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9.0 LEAK AND BURST TESTO

S.1 Objectives

*
The objective of the leuk rate terts is to determine the relationship betwcen eddy current
characteristics and the 19ak iates of tubes with stress corrosion cracks. Leak rates at

| normal operating pressure differentials and under steam line break conditions are both
of interest, since leakage limits are imposed under both circumstances. The SLB leak
rate data are used to develop a formulation between leak rate and bobbin coil voltage.

Crevice condition is another important factor. Tightly packed or dented crevices are
expected to significantly Impede leakage through cracked tubes. Since denting is read;Iy
detectable by non destructive means while crevice gaps cannot be roaolly assessed, the
emphasis is placed upon open crevices and dented crevices as the limiting cases.

Given the assumption that significant support plate displacements cannot be excluded
under accident conditions, burst tests of tubes with stress corrosion cracks are
conducted in the free span condition and burst pressure is correlated with bobbin coil
voltage. This burst pressure correlation is then applied to determine the voltage
amplitude that satisfies the guidelines of Reg. Guide 1.121 for tube burst margins.

9.2 Leak Test Procedure

Leak testing of cracked tubes is accomplished as follows. The ends of the tube are plug
weldsd. One end has a fitiing for a supply of lithiated (2 ppm LI), borated (1200 ppm,

B) and hydrogenated (1 psla) water to the tube inner diameter. The specimen is placed
in an autoclave and brought to a temperature of 616fF and a pressure of 2250 psi. The

-

pressure on the outer diameter is brought to 1000 psi. A back pressure regulator on-

the secondary sido maintains the 1000 psi pressure. /sny leakage from the primary side
*

of the tube tends to incresse the secondary pressure because of the superheated
conditions. The back pressure regulator then opens, the fluid is released, condensed,
collected and measured as a function of time. This provides the measured leak rate. The
cooling coil is located prior to the back pressure regulator to prevent overheating and to
provide good pressure control. Typicalloakage duration is one hour unless leak rate is
excessive and overheating of the back pressure regulator occurs. Pressure is controlled
on the primary side of the tube by continuous pumpirg against another back pressure
regulator set ai 2250 psl. The bypass fluid from this regu|stor is returned to the
makeup tank.

To simulate steam line break conditions the primary pressure is increasou ' 00 psi
by a simpie adjustment of the back pressure regulator and secondary side is vented
within of)e to three minutes to a pressure of 350 psl. The pressure differential across
the tube is thus 2650 psl. Temperature fluctuations settle c'at M several trinutes and
the leakage test period lasts for approximately 30 minutes.

.

*

4
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9.3 Lesk Yest Results

A summary of leak test results is provided in Table 9.1. The first series 01 leak rate
tests were conducted at the normal operating pressure differential. Some of the model ,

boiler s;melmens had tightly packed crev10es as a result of corrosion product bulldup.
These specimens were tested as is. Fonowing this first series of leak rate tests, the
welded end plugs were cut from the leak specimens. Because of the crack location and '.
short length of some specimens additloaalleak rate terting could not be performed.
Speelmens with tight collars were subjected to extensive eddy current testing. This
required removal of the tight collars. Hence all repeat testing of the first series nf test
specimens was performed under open crevice conditions. Repeat testing led to higher
leak rates olther as a consequence of the test itself, handling or forceful removal of tight
collers. Only in one case did a non leaker beoon.e converted into a leaker as a result of
totesting. This case,533-4,is one of forcefut removal of a tight collar.

The steam line break conditions increased the leak rates by about a factor of three
compared to normal operating conditions. More variation in this factor can be expeuted.
Prolonged leak rate testing under oporating conditions is expected to lead to lower rates.
The increase in the leak rate upon transition to accident conditior.s then becomes more
variable.

From Table 9.1, light crevices are seen to be sometimes of benefit in reducing leak
rates. Specimen 542-4 had a very high eddy current voltage and a low leak rate of
[ 19, while specimnn 543 2 had a high voltage and a leak rate of
[ 10. The four o: hor tight crevice specimens were non leakers. Three of
these remained non leakers after removal of the tight collars. Damage during removal
cl the tight collar is suspected as the reason the fourth non leaker became a leaker.
Tl;,ht crevices can be of benefit in reduelng leak rate but cannot be relied upon. Furiher,

'

pending future developments, edd current techniques have not been shown to be able to/
'

confidently dist!nguish between open and tight crevices although the presence of
,

magnetite can often be detected in the crevice.

Eddy current inspection techniques are very sensitive to denting at tube support plate
intersections. Dents of a fraction of a mil are easily detectable. Specimens with large
through wall cracks which were then dented to less than one mil have not !eaked
significantly either at operating pressure or under steam line bret.k conditions. A tight
through wall fatigue crack 0.50 inch in length will leak at more than the typical toch
spec limit of 0.35 opm. From Table 9.1 !!13 evident that a small dont has turned such a

crackod tube into a non-leaker. [

]Q.

9.4 Burst Test Procedure

Burst tests were conducted using an alt driven differential piston water pump at room
,

temperature. Pressure was recorded as a function of time on an X,Y p! otter. Sealing
was accomplished by use of a soft plastic bladder. Burst tests of tubes with stress

,

corrosion cracks were done in the free span condition. No foil reenforcement of the
seating bladdert was used since the crack location which was to dominate the burst *

92

,
- - -- _ _ - - - - _



- -__ _ _ - _____ - _-- - -__

|

behavior was not always rsadily apparent. Some of the maximum openings developed
during burst testing were not sufficient to causo extensivo crack tearing and thus
represent lower bounds to the burst pressures. The openings wore largo oncugh in all
cases to lead to largo leakago.

,

9.5 Burst Test Results.

,

Burst test results are summarlzed in Table 9.1. Figure 91 lilustratos a plot of burst
pressuro versus bobbin coll voltage for specimens from model boiler and pulled tubt'
tests which are considered reasonably representative of it e range of field observa!L ns
of ODSCC of tubes at tube support plate intersections. Note that some of the burst data
points are lower bound estimatos sinco extensivo crack tearing did not develop. In these
casas the crack openings were large enough to cause largo leakago events in service.
From Figure 9-1 it is seen that burst pressures romain abovo about [5000 psi oven for
voltage up to 30 volts)Q. As discussed later, reavanable limits on bobbin coil voltago can
assuro maintenance of required burst pressure margins with respect to both operating
and accident prossure differentials.

9.6 Correlation of Burst Pressure with Bobbin Coil Voltago

As noted in an earlier section, a broad interpretation of the physical signifcance of the
voltage of an eddy current bobbin coliindication is that the voltage reflects the volume of
material over which oddy currents are porturbed by the geometrical configuration

, producing the indication. Honce, there is a very broad range of different goometries
which can produce the same voltage Indication. In the caso of ODSCC in the tube support
plato crovices of steam generator tubes, the bobtJn coll indication voltago reflects the-

volume of material whero eddy curronts are porturbed by cracking. Obviously at s glvon.

indication voltage any one of a broad range of crack morpho;ogies can be present. From
'

past exponience with pulled tubes it is known that cracking patterns are typically
confined to the crevice iegion and thus rostricted in length. Additionally, the typical
cracking pattern consists of an array of essentially axial cracks. Thus, at a glvon
Indication voltage one of many crack patterns can be present but there are observed
restrictions in those patterns. Other restrictions to cracking patterns, within perhaps
rather wido limits, are expected from the operation of a given SCC cracking inochanism.
Just as crack morphologies are many valuod but bounded at a glvon indication voltage,
burst pressures will be consequently many valued but bounded.

The burst data of Table 9.1 (model boilor samples) and of Tablo 6.2 (pulled 7/8 inch
tubes) provido a total of 60 data points that have been used to develop a correlation
between bobbin coil voltage and burst pressure. The data used in the correlation for
7/8 inch tubing are as follows:

Bobbin Burst
Volts Pressuro

} (V) (ksi)
~

~g
;

_

93

!
|

___ -



-r4hk ' 4 u- G4 AvowJ=A. ~5 &W.L. n 44 ---e *+4 LA-L -~2 +e~-Mos <w- A* 5 A 25&~A4 2 L-LA-4 b OM->>-4 -oA- "<5-"+~4^--*a

h

i

Bobbin Burst,

Volts Pressure
(V) (ksi)

1

.een
m

.

t

+

P

e

t

4

4

i

P

9

* -
k

I: ,

e

<uumm -
esse

'I

94

7

e - c -w..e- _ r ~- - _-.- 3 -- -.w.,--ww= +-.- w -,y+,-- ..--,r-- - -e= -,--. .m. . -e -e- ,*' ,e t



- _ - _ _ _ _ _ _ _ - _ - _ - - _ _ - _ - - _ _ _ - _ - _ - _ _ - - - _ -

j Bobbin Burst
Volts Pressure
(V) (ksi)

' -
g

;

- .-

An higher order regression analysis of this data has been performed providing an
equation for the mean curve using a second order polynomial equation. The oquation for
burst pressure (BP) as a function of volts (v) obtained is:

I 1S

The coefficient of correlation for this regression fit is 0.90 and the error of the BP
estimate is 1.014. A 95% prediction intervalis estab!ishod using tho expression:

I 1S
.

where,
.

[

]S

Since the burst tests were pefomled at room temperature conditions, the 95%,

prediction interval curve was factored by the LTL-to. room temperature strength,

property ratio of 0.857, the Lower Tolerance Limit ;LTL) strength properties of Alloy
600,7/8 x 0.050 inch, mill annealed tubing at 650 'F divided by the strength at room.

*

temperature of the tubing material tested. The strength properties utilized are the sum

95
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of the yielfl and ultimate strengths. The LTL strength (yleid + ultimat9) of the tubing
material at 650*F is 126.0 ksi and the room temperature strength of the material tested
is W7.0 ksi gking a ratio of 0.857.

.

The curves and data points are plotted in Figure 9 2. The 95% prediction interval,
LTL, is used to establish the voltage corresponding to the burst pressure capability

"

required of three times normal operation pressure differential (4380 psl),3AP. The .

36P voltage at the 95% prediction intervalis [ Ja. The vottage corresponding to
steam line break (SLB) pressure (2650 psi) is [ ja. It should be noted that the
burst capabilities developed conservatively assume no potential benefit of interaction
with the tube support plate.

A probabilistic analysis ($1milar to Section 11.4) has been performed using Monte
Carlo techniques for the Parley 2 voltage distributions (Figure 5 5) including
Indication vol! ages < 3.6 volts at BOC to determine the probability of burst during a
postulated SLB. Accounting for EC uncertainty and growth rate,100,000 cases were
run to obtain the lowest burst pressurs for oach BOC distribution. A probability of
3x10 5 of having burst capability <2650 psi (SLB) was determined for the worst SG.
This compares favorably with NUREG-0844, which Indicates a required probability of
less than 2.5r10 2 or single tube ruptures.f

9.7 Corre!ation of Leak Rates with Bobbin Coll Voltage

The distribution of crack morphologies at a given indication voltage gNos rise to an
'

associated distribution of burst pressures. Since some of these crack morphologles may
involve through wall cracking, a distribution of leak rates will be also associated with -

each indication voltage level. The expected totalleak rate from a given population of eddy .

current indication voltages can be determined in a statistical fashion from a knowledge of
the distribution of possible leak rates at each voltage level. This is accomplished by *

performing a prooabl!!stic analysis for SLB canditions as described in section 11.4. The
basis for the probabilistic analysis is the correlation of leak rates at SLB conditions to
bobbin coll voltage. The correlation is established utilizing linear regression analysis of
the logarithms of the corresponding leak rates and voltages thereby establishing a
leakage rate model of the form:

[ ]o

where,

(

)*
Prediction intervals for leakage rate at a given voltage are then established to statistically

'

define the range of potentialleakage rates. *

;
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The SLB leakage rato data listed below from Table 6.2 for pulled tubes and Table 9.1 for model
boller samples are ustd to establish the correlations for 7/8-inch tubing:

Dobbin Volts M Leak Rate 00h)
,

0
-- -

.'

.

.

.

- _.

Linear regression analysis of the logarithms of this data results in the following mean
leakage rate correlation:

\ 10

The coefficient of rx>rrelation for this regression fit is 0.77 and the error of the estimato.

is 1.465. A prediction intervalis established using the expression:.

- ( )0
'
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1

i

.

where,

|

[ .'
.\*

|

}U

Figure 9 3 is a plot of the SLB leakage rate cc+rrelation versus bobbin voltage showing
the data, the linear regression fit and 195% confidence prediction intervals. Since a fit
using logarithms of voltage and leakage is re||uired to obtain the correlation, the zero
leakers were input with a leak rate of 0.0001 liters per hour, three orders of
magnitude below the lowest measured leak rate. This is judged to be sufficiently low to
maximize the slope of the curve providing conservative predictions of leakage rate in the
higher voltage range, in addition, only the zero leakage tubes with 90% or greater
through wall penetration are included, again, maximizing the slope of the curve. Plant L
data taken at room temperature were added to the data base since CRACKFLO analysis of
leakage through axml cracks indicatos a very small difference between hot conditions and
room temperature for the same crack lengths.

At suffielently low voltages the degree of through wall cracking will not be sufficient to
lead to measurable leakage. There will be a threshold voltage below which laakage is not

,

expected. [From the model boiler specimen leak rate data of this section and the pulled
tube test data of Section 6, the threshold voltage for leakage at a normal operating *

conditions is somewhere between 6.5 and 2.3 volts. Consideration of field experience a

argues for a threshold closer to the 6.5 volt value as discussed in Section 12. In Section
12.411 is shown that SLB leakage below about 3.2 volts is negligible and 3.2 volts can be

,

applied as an acceptable EOC threshold for SLB leakage analysos. This corresponds to
about 2.0 volts at BOC as the leakage threshold applied for SLB analysos. The indicated
thresholds to date point to the conservative nature of the regression analysis.)9

Section 12 discusses the application of burst pressure and leakage correlations in the
. formulation of plugging criteria. The subsections above show that burst pressure
margins can be maintained by limiting maximum allowable bobbin voltage indications
and that any associated leak rates with a given population of voltage indications can be
appropriately determined.

.

9.8 Burst Testing of IGA Specimens

Three sets of laboratory IGA specimens were utilized for NDE measurements and burst
testing. Two are Westinghouse samples and the third represents samples prepared by

- Westinghouse under EPRI sponsorship (EPRI N ' 5503). The two Westinghouse sets of *

specimens represent laboratory IGA under accelerated conditions and provide uniform *

wall penetration IGA over 4 to 6 inch lengths. Figure B-12 shows bobbin coil voltage
amplitudos for these specimens. The IGA specimens from Figure 812b with depths of -

,
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9% 36% and 52% in non sensitized,7/8 inch OD tubing were burst tested to compare
the voltage vs burst characteristics of IGA to that of the available data base of Figure
9 2. In addition, a 3/4 inch diameter, sensitized spoolmen of Figure 812a with 58%
deep uniform lGA was burst tested. These specimens had IGA from one end of the tube to

,,,

the other and hence differential bobbin coil measurerrients could not be made. As noted in
Figure 812, the bobbin amplitudes were measured in the absolute mode, it is expected
that for uniform stop change in depth, the peak to peak differential voltages would be ao

*

factor of 1 to 2 higher than the absolute voltages which are typleal of single peak
amptitudes. Thus using the absolute amplitudes of the specimens appears to be a

,

conservatNe representation of the differential amplitudes. However, due to the j
associated uncertalnty on the voltage Dmplitudes, the burst results for these specimens

!
are provided for information only and are not included in the voltage / burst correlation |

| used to establish tube repalt limits. ! '

The EPRI specimens were prepared using a 50% caustic and 12% chromium oxide
i

environment at 650'F for up to 10,000 hours. Temperatures in some cases were !
increased to 700'F to accelerate the corrosion rate such that 21% penetration was

'

obtained in 35 days. Even under the acreterated (aboratory conditions, the times to
create IGA are very long compared to preparation of ODSCC specimens. Specimens in the
range of 2 to 30% nearly uniform wall penetration were obtained in this program. !

Bobbin coll measurements of library samples were performed with the results given in
Table 8.3. These samples show voltage amplitudes of about 12 volts where the IGA
depth is expected to be < 30% deep and are NDD where depths of a few percent are
expected. Deep cracks within the samples were detected with amplitudes of 4-40 volts.

Destructive examination of Sample 13 found that the 40 volt crack (See Table 8.3) was,

0.86 inch long arid 0.42 inches through wall with no significant IGA at the crack
location. Sample 14 was cut and the 9 voit crack was found to be 1.32 inch long and

'

approximately 90% deep with no significant IGA. The 4 voit crack was isolated to obtain-

a burst specimen. NDE performed on the isolated specimen identified a 1.0 voit bobbin,

indication. This sample burst at 8,315 psi. Destructive examination identified a 0.38
inch crack partial through wall wl h 80% maximum depth. This sample had cellular
IGA / SCC in a patch about 0.4" by 0.4* at the crack location. The IGA / SCC ranged in depth
from 10 to 20%.

; Figure 9 4 shows the IGA burst results added to the best fit and 95% confidence bands of
data of Figure 9 2, From Figure 9-4,it is seen that the IGA specimen burst pressures
are near or above the mean fit to the Figure 9 2 data even though the IGA specimens are
degraded over 4 inches compared to the 0.75 inch TSP thickness which controls the
indication lengths for the data points of Figure 9 2. These results Indicate that the
burst pressure correlation of Figure 9 2 represents a lower bound for uniferm or
generalIGA tube degradation in general, this result is expected at least for IGA depths
up to about 65%. The voltage amplitude for uniform IGA is expected to be as high or
higher than for a single axiallGSCC indication of the same depth due to the grea:er
volumetric involvement of the IGA. Burst test results for unNorm thinning of 0.75 inch j
length show higher burst pressures than for :: 0.75 inch long single crack of the same

'

depth for depths up to about 65% while cracks have higher burst pressures above ~65%
depth. Thus the higher burst pressures for uniform IGA together with equal or higher

~

voltage amplitudes would yield the Figure 9-4 results showing IGA burst pressures at or,

above the ODSCC results.-

99
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The IGA burt,t test results show that uniform lGA behaves effectively as uniform thinning
of a tube. That is, the burst pressures of uniform IGA correlate well with results
obtained for uniform wall thinning. For local IGA patches of limited circumferential
involvement, the burst pressures would be expected to approach that of a crack. Thut 2n .
IGA patch combined with an SCO emanating deeper than the IGA patch, as commonly found
in pulled tubes, would be expected to reflect burst properties associated with the crack
abne. This is shown for the EPRI specimen 14 which had cellular IGNSCC up to 20% *

,

depth. Similarly, the bobbin coil voltage responses are expected to be comparable. The
results for tna Plant L tube R12-C8 of Table 6.2 reflect this effect. The maximum IGA
patch depth was about 30% for this tube in the region c1 the maximum 55% crack depth.
The voltage amplitude was 1.30 volts with a burst pressure of 10,500 psi. This data
point lies just above the mean fit to the data of Figure 9 2. Overall, the results for IGA
and IGNSCC types of degradation are enveloped by the burst pressure correlation of
Figure 9 2.
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Figure 9 3

SLB Leak Rate Correlation With Bobbin Voltage '
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Figure 9 4

Burst Pressure Correlation Witti Bobbin Voltage .,
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10.0 SPECIMEN DESTRUCTIVE EXAMINATIONS

10.1 Objectivo,

The objective of this task is to charactorize the 5120, shape, and morphology of ino
f laboratory created corrosion in Alloy 600 tubo specimens which have been testod for

leak rate and burst pressuto. The crack morphology is also to be compared generally to
the potrosion morphc ,)gy observed in tubos pulled from operating steam generators. A
summary of the results 15 presented in this section. From information in Section 9, one
can compare the leak rato and burst pressure data to the actual size of the crack oroning
and relate oddy current voltage to crack aggregate size and corrosion morphology.

10.2 Examination Methods

Examination methods included visual examinations, macrophotography, light mif roscopy
and'or GEM (scanning electron m|croscopy) examinaties, SEM fractography, and
rnotallography. A total of savon model boiler test specirnens and one doped steam
specimon were solocted for destructive examinations. Six of those woro examined
following leak and burst testing (all mudel boiler speelmons), one follow;ng leak testing
but without burst testing being performed, and one (the doped steam specimon) with
neither leak nor burst testing being performed. The six model boiler specimens were
543-4,5251,533 4,5361,5581, and 571 1. The leak and burst data for these "

specimens are given in Tablo 0.1 which also lists the oddy current (bobbin coll) test
results. The two cpecimens without burst test data were 533 3 (model bollor
specimon) and SL FH 11 (dopod steam specimen).

.

The specimens were initially examined visually and with a low power microscope. The
-

burst oponing and visible cracks around the circumference of the tube within the tube,

support plate intersection were photographod and tholt location in relallon to the burst
crack noted. The major burst crack was then opened for fractographic observations
including crack surface morphology, crack longth, and crack depth using SEM. One
metallographic cross section containing the majority of secondary cracks within the tubo
support plate region was selected 6r each tubo specimon. The location of the cracks
within this metallographic cross section was noted, the cracks measured as to tholt
depth and a crack was photographed to show the typical crack morphology. Note that the
one metallographic section through each specimen will provido the secondary crack
distribution at that location. Secondary cracks at other elevations would not be recorded
cnless the burst test happened to open the secondary cracks sufficiently for visual
examinatlun to record their location.

!
|

10.3 Results
:

Tube 543.-f
,

*

Visual examination was performod on the secondary cracks adjacent to the main burst
opening. The short secondary cracks were orientated axially, inclined, and in some,

instances circumferentially.-

10 1
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Fractography of tne bust crack showed that the environmental cracks were
intergranular and typical of stress corrosion cracking (SCO). The macrocrack was 0.52
inch long and did not ponetrate the ID wall although it wea at many locations up to 98%
through wall. The rtacrocrack was composed of at least six microcracks, all of which had *

Joined together by intergranular SCC. A metallographic cross section through many of
the secondary cracks ooserved on the circumference within the tube support plate
Intersoction revealed five cracks with depths ranging fre m 45 to 98% through wMt. A

,

.

ske:cn of the location of these cracks relative to the burst fracture is shown in Figure
101. A typical crack morphology of a secondary crails shown in this figure. A
sumniary of the observed OD origin secondary crackr and mcrphology of the main crack
are shown in Figure 10 2.

Iube 525-1

The burst crack was relatively short (0.16 inch long,) but deep,95% through wall. The
secondary cracks were all short and axially orientrned. A summary of the shape,
morphology and distribution of cracks found in Tuos 5251 is presented in Figures
10 3 and 10-4.

Tube 533-4

A network of axial and circumferential secondary cracks was observed near the burst
crack. The axially orientated burst crack was composed of at least five microcracks
which joined to forrn the macrocrack Ledger, separating these microcracks showed
partially ductlic features (shear dimples) whifo the crack face was entirely
;ntergranular. The OD origin major crack was 0.*14 inch long and penetrated the ID wall
for a length of 0.14 inch. The secondary crack distribution found in the m9tallographic

.

cross section is shown in Figure 10 5, anc' *a summary of the cracks observed in the
support plate region of the tube is presented in Figure 10-6.

.

Tube 5361
v

Many secondary cracks were observed clustered around the burst opening. Other larger
seco'idary cracks were found at a location 95 and 145 degrees from the burst opening.
The main burst crack aM the largest of the secondary cracks located at 95 degrees were
opened and oxamined by SEM, in both cases the OD or' gin cracking morphology was
in\9rgranular and typit f of SCC. The burst crack was 0.4 inch long and 90% through
wall. Tht. maciccrack consisted of at least five microcracks which joined to form the
macroc,ack. Toe aargere secondary crek was 0.3 inch long and 95% through wall. It
was hiso fermec' by sesoral microccxks. A metallographic cross section through the
remainlnc piece of the tube r* the support plate intersection showed two intergranular
OD origin stress cormsion cracke (Fbre 10 7). The largar of these two crt.cks was
40% through wall. A summary of crack observations on Tube 536-t is shown in Figure
10-8.

Iube 558-1

'

The mnjor our3t crack origYated from a clucter of smaller secondary cracks which -

hinnd in an irregular pattem to form the macrocrack. Visual examinations of the .

remainirs] tuae support plate region indicated that no other secondary cracks exisnd. '

10-2
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The opened fracture face of the burst crack revealed more clehrly the irregular cracking
pattem of this major crack caused by the joining of the widely separated microcracks.
The macrocrack showed at least five major lodges which separated six microcracks. The
features of the OD origin macrocrack wers intergranular. The crack was 0.4 inch long
and it penetrated the ID wall for approximately 0.32 inch. A summary of the crack
observations is shown in Figure 10-9. No metallography was done on this tube since so

-y secondary cracks away from the burst opening were observed.
|

Tube 571-1

The burst crack may have consisted of one major axial crack whose length was 0.44
inch. No obvious separation of the macrocrack into different microcracks was found
within the burst crack, attematively there were hints of four microcracks which
nuc|eated in almost identical planes. The OD origin crack penetrated the wall for a length
of 0.36 inch it was entirely inteigranular and typical of stress corrosion cracking,,

based on examination of the fractographic details. No other secondary cracks were
observed along the circu'nferea.cc cf the 'Ae. A meta!!cgraph!c cross section through
the center of the support plate region f ou & .ecendary cracking. A summary o' crack
observations Is shown in Fig ;re 101'

. Tube. 'i23;.2

The collars of this r .odel boiler specimen were removed. Several small axial cracks
were observed at ine support intersections. One was haated under the Teflon collar and a
few were located under ihe top steel collar. The crack within the Teflon collar
intersection was opened and examined by SEM. The macrocrack face exhibited,

intergranular features with some ductile 16aring on a ligament separating two
* - microcracks. The macrocrack was 0.27 inch long and was composed of four

microcracks. The OD origin crack penetrated the ID wall for a length of 0.17 inch. A-

metallographic cross sectbn through the center of the Teflon collar intersection
,_

reve&d numerous smallintergranular stress corrosion cracks. The location (on the
tube) and depth of these cracks is shown in Figure 10-11, together with one
micrograph. A metallographic cross section thfough some of the cracks within the steol
collar intersection revealed the crack distribution shown in Figure 1012. The
characterization of the through wall crack found under the Teflon collar and the crack
distribution around the tube within the Teflon support is shown in Figure 10-13.

Tube SL-FH 1_1_

Doped steam specimen SL FN 11 developed a large number of OD o 1 gin cracks. The
largest agglomeration of these cracks was opened fee fractographie aminations and
cross sectiona! cuis made above (A) and below (B) the opened secs.,.4 of the macrocrack
for mo'allographic examinations. The opened section of the tube showed an intergranular
macr urack,0.37 inch long. The ligaments separating the 4 microcracks of the
macrocrack had only intergranular features. The crack penetrated the ID wall for a
length of 0.23 inch. The cross sectional cuts made through planes A and B produced the
crack distributions and typical crack morphologies depicted in Figures 10-14 and'

10-15. A summary of the crack observations made at this location is shown in Figure*

10 16.
,

4
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A longer but more shallow crack network was found on the opposite side of the tube from
the crack described above. The crack network was opened and examinod
fractographically. The macrocrack was 0.46 inch long and was composed of at least
three microcracks. It penetrated the ID walilocally for a luath of only 0.03 inch. The .

crack morphology was intergranular with some ductile features at ligament locations. A
summary sketch of the crack profile and character is shown in Figure 10-17.

,

.

10.3.1 Additional Results

Results for specimens completed since WCAP 12871 was originally issued are
presented below.

Tube 5282

A grouping of many small, OD origin, axial cracks, interconnected by ligaments and by
ci:Cumferential extensions, formed the curvnd major buist opening shown in Figure
1018. Other small axial cracks with circumferentiallnvolvement were observed in
other areas of the simulated tube support plate crevice region. Fractographic
observations of the major burst opening revealed that the corrosion crack consirted of at
least six microcracks with intergranular ligaments. These ligaments often ran 8n the
circumferential direction. The combined length of the microcracks that formed the
macrocrack was 0.67 inch, Through wall cracking extended for 0.50 inch. The

- morphology of the macrocrack was IGSCC w|th no to negligible IGA components, as shown
in Figure 1019. Circumferential,intergranular extension of the axial crack can be
observed in this figure.- Transvar 'istallography through the center of the crevice
region revealed the crack distributun shown by a sketch in Figure 10-20. An example -

of the morphology of one of the secondary OD cracks is also shown in this figure; the
morphology is again that of IGSCC with negligible IGA aspectr. A summary of the major

,

crack shape and corrosion morphology and the distnbution of OD cracks obse.vod with|n '

the crevice region of tube 528 2 is shown in Figure 10-21.
.

Tube 532-1

A large number of long and short, OD origin, axial cracks were observed in the simulated
tube support plate crevice region of tube 5321, many of which were through wall.
Figures 10-22 and 10-23 show photographs of the burst tube and convey the extensive
cracking around the tube within the crevice regbn. A grouping of small axial cracks
combinod to form two of the burst crack openings which were examined in som9 detall.
The longer of the two was 0.70 inch tong and was formed from five microcracks
interconnected with ledges having intergranular features. The length through wall was
0.52 inch. The crack morphology was lGSCO. Cracks seen on a metallographic cross
section through the center of the crevice are depicted in a sketch in Figure 10-24
together with two micrographs showing typical crack morphologies of secondary cracks.
A summary of the major burst crack and its morphology together with a distribution of
cracks seen the crevice region is shown in Figure 10-25.

Tube 531-2 *

OD origin cracking within the simulated tube support plate crevice region of tube
.

532-2 can be seen in the post-burst test photographs of the tube in Figures 10-26 and -

10 4
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10-27. Many of the axial cracks were through wall. A group of many through wall
microcracks fr rmed the weakest area in the tube where the main burst fracture
occurred. F .ctography of this macrocrack showed at least six microcracks combined to
form the n., n burst fracture. The totallength of the macrocrack was 0.75 inch and it'

was through wall for 0.58 inch. While most ligament features were intergranular,
occasional areas had ductile features, Indicating ht the ligaments had not completely
Intercennected by intergranular corrosion. The coi ;slon crack morphology of the main-

*

burst crack was that of IGSCC A rnetallographic c.ess section through the conf;r of the
crJvice region revealed many cracks shown by a skutch in Faure 10-28. Typical crack
morphologies are also shown in photomicrog aphs for twc secondary cracks in this
figure. A summary of the main burst crack description, morphology, and crack
distribution are given in Figure 10-29.

Tube 535-1

The burst opening in tube 535-1 formed from a cluster of small axial OD origin cracks.
Numerous secondary, but small, microcracks wera observed around the circumference,

within the crevice regbn. Fractography of the burst crack showed that it was composed
of three microcracks which joined together by intergranula! wrrosion to form the
macrocrack. The morphology of the macrocrack was lGSCC with negligible IGA aspects.
The macrocrack was relatively short (0.28 inch in length) and penetrated through wall
for 0.11 inch. A metallographic cross section through the center of the crevice showed
numerous secondary cracks, some of which had negligit% to minor IGA aspects. The
distribution of cracks from the cross section is shown in Figure 1040 along with a
photomicrograph of a secondary crack. A summary of the of burst crack description and
of the overall crack distribution is given in Figure 10-31.,

Tube 555 3*

.

The most degraded area in tWe 555-3 was confined to one location within the crevice
*

region, the location where the burst opening occurred. The crack distribution was
complex in this region, with numerous parallel axial cracks with short circumferential
branches. All cracks were of OD origin. Fractography showed the major macrocrack to
be composed of two or three microcracks which joined in an irregular pattem to form
the burst crack, The connecting ledges showed ductile fracture features, while the
individual microcracks had inteigranular features. The macrocrack was 0.75 inch long
with a through walllength of 0.42 inch Metallography of a tubs cross section through
the region with the highest crack density showed a morphology of IGSCC with some IGA or
SCC branch characteristics near the main fracture. A photography of the burst opening
and a photomicrograph of the fracture face at the burst opening is shown in Figure
10-32. Other crack details are summarized in Figures 10-33 and 10 34.

Tube 576 2

Only one, OD origin, single axial crack was observed after burst testing of tube 576-2.
Fractography showed the crack to be 0.30 inch long and it was through wall for 0.22

'

inch. The macrocrack appeared to be composed of a single microcrack and its
morphology wcs that of IGSCC. A metallographic cross section through the center of the

'

crevice region found no secondary cracks around the circumference. Crack details and, ,

|- crack morphology data are shown in Figures 10-35 and 10-36.
i

lo 5
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Tube 576-4

Tube 576-4 also burst with a single crack. Fractography showed the crack to b9 0.60
inch long and it was through wall for 0.43 inch. The OD origin intergranular .

macrocrack was composed of three axial microcracks joined together by ligaments w|th
intergranular features. Visual examination showed a few small axial cracks nearby the
burst crack. The morphology of the burst crack was lGSCC with negligible IGA aspects. *

.

A metallographic section cut through the center of the crevice found only the burst
crack. Crack detalls and crack morphology data are shown in Figures 10-37 and
10-38,

10.4 Comparison with Pulled Tube Crack Morphology and Conclusions

Section 4.0 of this report describes the crack morphology observed on tubes pulled from
operating steam generators. Most of the support plate cracking was OD origin,
intergranular stress corrrssion cracking that was axially orientated. Most cracks had
minimal IGA features in addition to the overall stress corrosion features. Even when the
IGA was present in significant amounts, it usually did not dominate over the overall SCC
morphology. Large macrocracks were composed of numerous short rnicrocracks
(typically < 0.1 inch bng) separated by ledges or ligaments, The ledges oculd have
either intergranular or dimple rupture features depending on whether or not the
microcracks had grown together during plant operation,

11 is concluded that the laboratory generated corrosion cracks described in Section 10.3
have these sama basic features. The laboratory created specimens possibly had even lets
of a tendency 19 develop IGA components to the oveiali stress corrosion crack features.

,
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Figure 10 1 Sketch of a metallographic cross section through secor.dary
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micrograph is also shown.
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Figure 10-2 Summary of crack dictribution and morphology observed on
Tube 543-4.
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Figure 10-4 Summary of crack distribution and morphology observed on
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Figure 10-9 Summary of crack distribution and morphology observed on
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Figure 10-13 - Summary of crack distribution and morpnology observed on
Tube 533-3 at the Teflon intersection.
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Figure.10-16 Summary of crack distribution and morphology observed on
Tube SL-FH-11.
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11.0 STEAM UNE BREAK (stb) AND COMBINED ACCIDENT CONSIDERATIONS

!
'

; This section gives consideration to the limiting accident opnditions and their implications
relative to tube plugging critoria applications. First, the SLB analysis methods to obtain

'
the tuoo support plate (TSP) displacement responses (motions) are described and,

i results are developed for open crovices, small gao, and dented tubo conditions.
. .

!* If the TSP displacements from normal operation positions are largo compared te tho
i crack lengths which can lead to burst during an SLB = ant, then the benefit of the TSP to

prevent tube rupture could be lost. Assuming uniform througo wall cracks (not typleal
; of ODSCO) approaching the TSP thickness, disrlacement of the TSP during the SLB ever.t

excooding apprulmately 0.75 inch would exposo sufficient longth of the crack with the
possibility that burst margins would not be met. TSP displacements woro evaluated
using non. linear, dynamic timo history analyses to assess the potential for crack

i exposure, assuming an open crevice.

The mitigating offects of TSP corrosion and the denting on these tubo support plato
motions and associated stresses are pantified based on test results. Then, the evaluation
focuses on the constraint against TSP rWolacement provided by corroded, packed
crevicer (gap closuro).

| A combinod accident condition evaluation is completed and an allowabtr SLB leakage is
determined, Allowable leakages during an SLB ovent are ovveloped fo, *rley p! ant

[ basud upon radiological analyses associated with tho delormination of acceptablo primary
to secondary sido leakage during accidont conditions. An examplo calculation of a

-

probabilistic onMysin of potential end of cyclo SLB leakago is presented dor Farley.2,

based on the 1990 insmetion results for comparison to the allowable value.

4

11.1 Tube Support Plate Loads and Responses During Steam Line Break
,

Tubo support plate deflection wD! occur during a postulated cleam line break as a res'ft
of the loads generateo by the blowdown transten!. These loads were determined for a
typicat 51 Series steam generator using the TRANFLO vode. This is a network flow based

-

codo which models the hydrau"c characteristics of the steam geno ator intomals. Code
output gives pressures and support plate pressure drops as a function of time for the
simulated sieam line break transient.

4

The inillal condition for the simulated steam line break transient it no load with the
water lovel at the top tube support plate. These conditions lead, conservatively, to the
highest tube support plate loads for the transient. The water level assumption is more
severe than required by the licensing bases as describod in the following section.
Additionally, the steam line flow area is assumed to be limited by a flow restdctor. The
bas;s for this assumption is also detallod in the following section. The resulting primary
and secondary pressuror, are shown on Figure 11 1 and the tube support plate pressure

- drops are shown in Figures t 12 and 113.
*

,

The licensing bases for two key assumptions used in the determination of the expected-
3

deflection of tho steam generator tube support platos are provided below. These
: analyses assumptions are: the pipe break area used in determining blowdown loads and

,

11 1

- . . - - , - . , _ - . - - . - - - . . . . - - - , .- _ . . -. _ - . . - . . . - - -



_ _ .- ._ _ . - _ _-._.____.____.._____________.m _ _.

corresponding stresses on the steam generator intomats during a postulated steam line
break event is limited to the size of the effective flow area of the restrictor; and the -

steam generator water level at the beginning of the event is conservatively assumed to be
at the top TSP.

.,

Relative to expected blowdown loads, the design bases for the main steam lins flow
restrictors (whether integral to the steam generators or part of the main steam hne) *

include, among other criteria, the f:' lowing:
,

1. Plant protection in the event of a steam line rupture, in such an event, the flow
restrictor reduces steam flow from the break, which then reducss the cooling rate of
the primary system.

2. The flow restrictor must maintain its Integrity in the event of a double ended break
of the main steam line immediately downstream of the flow restrictor.

Although not explicitly mentioned in the design bases, the reduced steam gsnerator
blowdown rates / loads discussed in (1) above result in reduced stresses developed in the
internal steam generator components, particularly the tubos and tube support plates,
compared to other scenarios.

The 1"niting radiological consequence as a result of a secondary system piping failu:0 is
during the steam release from a postulated main steam line break outsido of containment.
The activity from the affected steam generator containing tubes with potential through
wall cracks (and hence potential primary to secondary leakage pathways) as a reruit of
the implementation of steam generator tube plugging critoria is released directly io the

,

environmmt. The unaffected steam generators are assumed to continually discharge
steam anc Ntrained activity via the safety and relief valves up to when the initiation of '

the i1HR syswm can be acoomplished. *

As noted in (1) and (2) above, it is expected that the flow restrictor would remain
'

functional during a postulated main steam line break event. Therefore, any rupture of
tho steam line downstream of the flow restrictor and outside of containment with a break
area greater than the effective aren of the flow restrictor would be limited to
radiological consequences from a break size oquivalent to the effective area of the
restrletor. Plants such as Farley with integral steam generator flow restrictors already
take credit within FSAR accident analyses for the presence of the flow restrictor and its
ability to limit the effects of such a break on core heat flux and reactor coolant system
temperature and pressure, steam generator blowdown loads, and radiological
consequences as a result of the presence of a direct release path to the environment.

Relative to expected steam generator water level at the beginning of the transient, the
accident analyses assume a condition worse than a no load condition at time zero for a
postulated steam line break event. Therefore, it is very conservative to utilize steam
generator water lovel at the uppermost tube support plate in establishing the effects of
the blowdown loads on the steam generator internals, including the tubes ard support
plates. *

. ,

*
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i

11.1.1
.

TSP / Tubo Relative Displacements for Opon Crovices Under SLB Loadings

The purpose of this subsection is to describe how the analysos to obtain the relative
motions between the tubes anr4 tube support plates under SLB loadings are perforrned.

'
These relative motions are required to dctormine the potential crack length uno0vered
during the SLB event if relative motion can occur (as in the non donted case).

.

'

Sifuctural Modelina and Methods
:

The analytical models to which the (above) loadings are applied, the mothuds of obtaining
tha taalythat solutions, and the results obtained from ptr!orming the analyses (both
intal static and many dynarnic timo history solutions) are presented below.

Two completely diff erent models were used to obthM a final set of TSP displacement
solutions during an SLB. First, a conservatire solutk.n was obtained us!ng a global
(multiple plate) modol Based on this solutloa it was determir4ed that: 1) the degree of
refinement in the plata superelements Ms not fine enough in the globel model to
eliminate potential solution inaccuracies due to numerically incompatibla cliffnesses
(Iow stiffness from the plate and very large stiffnoss essociated with the local rstation of
a large number (-BO) of tubos), and,2) the stay rods remain clastic during response to
the SLB loadings.

Based on the observations from the global model solution (above) a 1/8 symmetric
single plate model was developed. Individual plate solutions for each of the seven Serlos
51 TSPs wer9 obtalnod. This model considers only 16 tubes at any nodo. Solutions from
thh model, obtained with the samo loadings as input to the global model, and individual
plate superetoments with stay rod boundary condltions based on the global model
solution, provide the bates for the plate dirplacements reported below.

For the global model, the stifiness and mass representations of all the linear components
'

of the structural system comprised of nie tuboeheet, tubes, tube support plates, and
interconnecting structures are required for the SLB timo history analysis. These
required representations are estabiished through the usa of a finite element model
utilizing superelements (or substructures) to defino approorlate mass and stiffness
matrices for each linear component. Due to the support sfstom for the tubo support
plates (TSPs), it is necessary to include the mass and stiffness of the tubesheet, channel
head, lower shell, all seven TSPs, and the tie rods and spacer pipes. In order to account
for possible interaction (nonlinear gap closures) between the TSPs and the tubes due to
denting, or due to TSP locai rotations, tube superelements are also incluoed in the
analysis. The Westinghouse proprietary general purpose finite element program,
WECAN,is used in developing the linear superelements to represent those components in
the analytical models.

The TSPs are supported vertically using a central tio rod' spacer group and four outer
tie rod' spacer groups located around and near the edge of the plate. The tio rods have a
nut on the upper side of the top TSP. Around the outside of the tie rods are spacers which
are located between each of the support plates and between the bottom TSP and the-

tubesheet. For the contral tie rod and spacer groups the spacers are welded to each of-

the TSPJ with the exception of the spacer between the tubesheet and first TSP which is
: nut welded to the tubesheet. For the spacers located at the periphery of the TSPs, there

11 3
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is no rigid link between the spacer and the support platos. The lack cf a rigid link
between the spacers and TSPs results in a nonhnear system. In order to treat this
nonlinearity, the contral spacer between the tubesheet and first TSP, and all the outer
spacers, are incorporated explicitly in it',e dynamic analysis.

The ovt all finite element global modells shown in Figuro 114, with an enlarged view
of the tubesheet region shown in Figure 115. For the contral tia tod and spacer, the ',
area and moment of inertia are specified as one fourth of the properties for the full
gnometry.

As rhown Iri Figure 115, four tube representations are includod in the model. These
four tubes are used to generate superelements which can be incorporated at different
locations in the dynamic model to be representative of tubos anywhere in the bundle.
Four separate tubes are needed due to the different displacement boundary condillons at
the p! ate contor, along the symmetry boundaries (one for olther side), and for intemal
plato regions. A summary of the different superelements generated for this analysis ic
provided in Table 11,1.

Relathre to the generic nature of this analysis, one of the design vallations betwoon the
various Series 51 steam generators is the method of tube expansion insid9 the tubesheet.
in some plants, a Nil depth WEXTEX expansion with a partial hard rofils used, while
other plants have partial hard roll or full depth hard roll. The expansion process
effects the stiffness of the tubesheet, es well as the silifness of the tubes between the,

tubesheet and first TSP, Farley Un:11 has WEXTEX expansions and Unit 2 has hard
toll expansions. For this analysis, it is conservativo to consider the case where the
tubes are unexpanded inside the tubesheot, as th!s results in somowhat higher plate .

n4otions due to the decreased tube stiffness. This affects severat input parameters, one of
which is the modeling of the tubos. in preparing the model, the plato representing the

,

tubosheet is located at the base of the plate (rather than at the tubesheet centerline), and ~

, the tub t span between this plate and the TSP. In the case where the tubes are considered
.

'

to be unexpanded, the freo axiallength of the tubes runs from the base of the tubosheet to
the first TSP. Because the tubesheet is 21" thick, this can significantly affect the
stiffness of the tubes, in order to properly model the tube stiffness, the proporties
specified for the tubes are modified to account for the length vanation. Finally, in order
to account for the entire bundle, the tubes are separated into thirty one separete
groups, w!th the number of tubos in each group based on a rallo of the plate area covered
by ech group to the total plate area.

The material prop 9rties for the analysis are takon from the 1968 edition of the ASME
Code, which was deformined to be the applicable code edition for the majority of plants
with Series 51 steam generators. Since temperature dependent properties cannot be
used in superelements, the properties are specified at the average temperature during
the transient, approximately 530*F. The material properties for the tubosheet and tube

I support plates are modified to account for the tube penetrations and flow holes, in the
caso of the TSPs, the density is further modified to account Mr the added mass of the|

secondary side fluid. In setting I p the superelements for sub:,squent dynamic analyses, it
is necessary to define dynamic degrees of freedom. The degrecs of freedom are of *

primary importance for Interconnecting structures and adequately defining modo shapes ~

for the tubesheet and each of the TSPs. The locations of the nodes specified as dynamic
j degrees of freedom are shown in Figure 11-6.

,

*
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The displacement boundary conditions for tho various superelements consist primarily
of prescribing symmetry conditions along the 'X' and 'Y' axes for each of the
components. Vertical constraint is provided at channel head nodes corresponding to the i

approximate location of the support pads.
r

Anotication of Prenturo loadino

The 1:iLB pressure loads will act on the tubesheet and each of the TSPs. To accommodate-

this, load vectors are prescribed using reference loads of 1 psl, later, these vectors are
scaled to the actual time history (transient) loading conditions as defined in Section
11.1 for the dynamic analysis.

The loads are opplied to each component in separate load vectors to allow for individual
,

component scaling. Tne transient pressures summarized in Section 11.1 are relative to
the control volume for the thermal hydraulic analysis. The area over which the
hydraulic pressure acts corresponds to the area inside the wrapper minus the tube area.
These pressures must be scaled based on a ratio of the plate area in the structural medel
to the control volume area in the hydraulic fnodel.

| WERWOLF Computer Procram andjo'utbn Canabl!ities

The global model superelements discussed previously, which sopresent each of the linear
structural componentu of the Series 51 SG tubes, tubesheet and tube support plates
physical system, provide the appropriate mass and stiffness matrices necessary to
obtain both the required static and dynamic global model solutions.

'

These superelement properties are appropriately coupled together in the nonlinear
solver program WERWOLF. Additional required model capabilities to simulate important

4

physical effects are a:so implemented in WERWOLF. For these APC SLB analyses, the.

additional capabilities include: gap elements to simulate geometric nonlinearities; tube
l- ' bending stiffness; potential for plastic!!y in the tie rods; a procedure to obtain the

nonlinear static solution; and a procedure to obtain the dynamic (time history)
displacement soletion. More detall with respect to each of these capabilities follows. li
is noted that each of those capabilities are available for use in both the global and local
models.;

The gap elements (geometric nonlinearit!cs) are used to represent the closure of plates
I on tubes by way of local plate rotational deformatiens due to bending. The curvature
| Induced by the bending win eventually cause the plato to contact the tubes

| simultaneously at both the upper and lower surfaces of the plate. Once one of the above
'

described gaps close in this manner, the bending stiffness associated with the local tube
wall deformations will act to oppose further (local) plate rotational motion.

,

Potential for plasticity response (material nonlinearities) due to large deformations is
modeled in the tie rods.

An iterative procedure to obtain the nonlinear static solution is used. This static.

solution is then used to define the initial condtions for the global model dynamic.

analysis.

11- 5
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|

i

A speclat fast procedure which integrates the differential equation of motion to obtain the '

(dynamic) time-history displacement solution (dynamic analysis) is utilized in these
analysos.

The local model requires onl( tube (local) rotational stiffness and plate superolements.
Here, the plate is assumod to have 45 degreo symmetry. Effects from all other
structures are reflected in the displacements of the stay rods which are obtained from *

the global model and applied to the local (single pla!O) rnodel as boundary conditions.
,

There is no friction modeled either before or after gap closuro. The required lovel of
solution accuracy is obtained by che:: king for gap closure on a single tube level and
integrating theso stiffness effects on a 16 tube level. For comparisons, it is noted that
the global model uses M tube clusters so that the relative stiffnessos are in the ratio of
80/16 - 5.

Retofts for Oc9n Crevice Conditions '

The giebal model solution shows that the tie rods remain elastic.

.

The local model time history nonlinear solutions provide tho basis for the following
observations:

- -g

i

.

~

| The above analyses utilize conservative assumptions. One such particularly
maservative assumption concerns the wedge supports for the TSPs. In manufacturing,
the wodges are forced into the TSP-to wrapper gap with welding of the TSP to the ,

l

wedges. However, neither the wedge installation forces nor the weld slzo were measured
during assembly and have been ignorod in the above analysem. This permits the TSPs (in
the model) to displace vertically at the edges with no constraints. Tubo to TSP friction
has also been ignored. In addition, local stiffening of the plates along the tubelane and at
the periphery where flow holes are not present were also ignored. All these assumptions
lead to conservative TSP displacements. Rather than pursue refinements in the

g analytical models, analyses were performtJ that reflect the corroded TSP conditions
Identified by eddy current evaluations for the Farley Unit 1 steam generators. These

,

conditions are typicalof operating units v.ith carbon steel TSP 3. Analyses reflecting
,

small crevice gaps and tube to-magnetite contact forces are described in Sections
11.1.2 and 11.1.3 below. *
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11.1.2 Ettocts of Gap Size on Tube Support Plate Response

The purpose of this subsection is to establish the effects that oorreston buildup and'or
incipiont denting would have on TSP retoonse to the SLB loadings.

,,

For this paramotuc study, a series of time history solutions were obtained using the
local model for the sovonth TSP only. Each of these individual solutions was obtained in-

the samo manner as was the initial solution which provided motions and stressoa (soo
*

previous subsecticas) using the nominal tubo / support plate gap value of 16 mils.
Howevor,in each succeeding annlysis, the gap was reduced (made smaller) by one ml!
(1/1000th of an inch).

Results are shown on Figure 117. For the nominal gap caso (16 mils), the maximum
dynamic motion [ la. From the paramotric study
results,it was determined that when the gaps becomo smaller, the bonding of the plate
starts to be restricted due to multiplo gap closures. At each gap closure point (in
space), the tubo involved becomes activo in the stiffnoss matrix and works to impedo
(Jtther (local) plato rotation (in time). This newly introduced tube walllocal
deformation stiffness is much great' than the tube bending stiffness and, thus,
significantly reduces the plate benc.,,g deformation relative to the caso of plate bonding
without tube Interactions. [

ja,

From the han'ytical results above, it is soon that corrosion bulldup and'or incipient
denting would act to significantly resitkt plato deformations during an SLB Further,
those rostricted deformations would ceuse them to remain elastic and, hence, to
generally return to their original positions following removal of the SLB loadings.

11.1.3 Bases for TSP Motion Constraints During S'.B

'

From the Farley ECT database, it is clear that tubo cracks are situated within tho length
(thickness) of the tube support plates at the ECT conditloas. ECT data are obtained at
cold temperature cor4tions.

Steam generator tube denting (due to TSP corrosion) and cracking initiato and progress
at high temperature (normal operation) conditions. At those conditions the tube la
longthoned by pressure and temperaturo effects when compared to the TSP systom and
stayrods. Since the tubes and plates are in an equilibrium situation and the causes of
cracking occur at the tubo / plate intersections, it is clear that the cracks are also
situated within the platos at normal oporation conditions (high temperatures),

it follows from the facts Vesented in the above two paragraphs that cracks both are
created and must remain insido the TSPs during the complete plant operc'ing cycle, it
also follows that any loads due to differential thermal expansion of the Id.fes, plates, and
stayrods structural system, which are generated during the operating cycle, are in fact
supported by the combination of tube / support plate interaction loadings comprised of
denting, incipient denting and friction effects, each giving rise to cumulative plato / tube-

relativo axial motion constraints. Further, and perhaps more Insportantly, plate-

,
rotational constraints, which form a backup resistance to plate displacements, are

.
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provided by the corrosion deposits and tubes themselves (see the SLB analyses of Section
11.1.2, abovo).

These rotational constraints duo to corrosion and the tubos work to ensure that existing .

tube cracks would remain situated within the plates in the unlikely evont of an SLB.
.

Finally, it is noted that these cumulative integrated plate displacement constraint forces,
even without thoso due to rotational constraints, typically would quickly sum to *

magnitudes greater than 2 (dynamic impulse loading factor) times the SLB loads on the
,

plates. This ht demonstrated in the following subsection.
.

11.1.4 Demonstration of Corrosion Induced TSP Motion Constraints

The purpose of this subsection is to show, on the basis of interpretations of field ECT
data, that the vertical reaction forces generated by corroded and/or dented tube / TSP
irpersectionfo will, by themselves (i.e., without friction or plate bending effects), quito
readily intograte to values sufficient to counteract the SLB leading and, thus, constrain
the TSPs to zero displacements relative to the tubes during and after a postulated SLB.

The above concept is demonstrated nume.-ically in Tablo 11.2 whore the minimum
number of tubes required to support SLB quarter plate (quadrant) dynamic loadings are
calculated for use as a criterion for each of the pla'en. TJP quadrants are considered
(rather than the entire plate) because that is the spacing of the stay rods and, thorofore.

|
the mode of the relevant disp!acements under SLB loads. Note that the tubes oo'isidered '

in the region of concem are chosen specifically because their poultion in the tube bundle
will ensure that tbcy have the highest loaded tube / plate intersections under SLB
loadings.

The third colurnn of Table 11.2 is obtained as the peak SLB load (on a plate and at any
time) divided by 4 to obtain the quarter plate load, and then multiplied by 2 as a
dynamle load factor. Note that the reaction load per dented / corroded intersection is
taken as the minimum measured value from a test program performed to measure both

,

breakaway and slidir.g force values essociated with a significant number of laboratory
.'

generated tube / TSP intersection corrosion samples. These samples included specimens '

both with denting and with incipient denting.
,

Column 4 gives the equ!valMt static loading divided by the minimum single intersection '

(tube) reaction load capabDity. This is rounded up to the next nearest integer in column
5 to provide the criteria sought.

.

Results from the ECT interpretations from Farley Unit 1. SGs A, B and C, for each
quadrant and each of the seven TSPs, were compared to the critoria of Table 11.2. From
these comparisons, and based on a rather large number of Individual intersection ECT
Interpretations, it was confirmed that the number of intersections with corrosion
and'or denting in the appropriato regions of the various quadrants of each of the plates
in each of the SGs exceeds the required number (the criteria of Tab'e 11.2)in the vast
majority of cases. For those few cases where this is not confirmed a simple :,

extrapolation of the percentage of affected tubes actually obtalnod over the region where
,

support is most effective In constraining TSP motions shows that there is an extremely *

smal! orobability that further interpretations would not produce the deficit number of
affected tubes. ~

- ,
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Based on the abou described results it is judgod that the capability of resisting SLB
loadings in Unit 1 by means of axlat tube tcstiaints arising from corrosion related
effects only is fully expected.

i

11.2 Combined Accident Considerations
.

This section deals with combined accidont condition loadings in terms of tubo deformation
*

and the effects on tubo burst pressure. The most limiting sectdent conditions relative to
these concerns are selsmic (SSE) plus loss of coolant accident (LOCA) for tubo
deformation, and SSE plus steamline/feedline break (SLB/FLB) for tube burst. Details
of the analysis methods usod in calculating tube stresses and tubo support plate loads for
these loading conditions are also provided.

,

11.2.1 SSE Analysis

Solsmic (SSE) loads are developed as a result of the motion of the ground durinD an ,

earthquako. A seismic analysis specific to Series 51 steam generators has been
completed. Response spoetta that umbrella a number of plants with Series 51 steam
generators, including the Farley Plant, have been used to obtain tube support plate
(TSP) loads and the displacement timo history response of the tube bundle. A nonlinear
time.hlstory antitysis is used to account for the effects of radial gaps botween the
secondary shell and the TSPs, and between the wrapper and shell.

,

The seismic excitation defined for the steam generators is in the form of accoloration
i responso spectra at the steam generator supports in order to perform the non-linear*

timo history analysis, it is necessary to convert the response spectrum input into
acceleration time history input. Acceleration time histories for the nonlinear analysis

-

are synthesized from El Centro Earthquake motions, using a frequency.

ruppression/ raising technique, such that each resulting spectrum closely enyslopos the
*

corresponding specified spectrum. The three orthogonal components of the earthquake
are then applied simultaneously at each support to perform the analysis.

The selsmic analys!s is performed using the WECAN computer program. The
mathomatical model consists of three dimensionallumped mass, beam, and pipe
elements as well as gonoral matrix input to represent the piping and support stiffnessos.
In the nonlinear analysis, the TS&!shell, and wrapper /shell interactions are
represented by a concentric spnng gap dynamic element, using impact damping to
account fer energy dissipation at these locations.

The rnthematica4 modol which is used is shown in Figure 118. The tube bundle
i straight leg region on both the hot and cold log sides of the bundle is modeled by two

equivalent beams. The U bond region, however,is modeled as fivo equivalent tubes of
different bend radil, each equivalent tube representing a group of steam generator tubes.
In addition, a single tube representing the outermost tube row is also modaled.
Continulfy between thc p, alght leg and U bond tubes, as well as between the U-bend
tubes themselves, is accomplished through appropriato nodal couplings. Note that the-

_ five equivalent tube grot,ps are extended down two support plates before the single tube.

representation begins. This allows dissipation of tube responso differences due to the
: variation in U bend stiffnesses.

11 9
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For reasons that will be discussed later, tube deformation calculations are performed for
three TSP groupings, TSP 1, TSP 2 6, and TSP 7. The highest seismically induced TSP
forces are 82 kips for TSP 1,102 kips for TSP 2-6, and 78 kips for TSP 7.

'11.2.2 LOCA Analysis

LOCA loads are developed as a result of transient flow, and temperature and pressure '

fluctuations following a pcstulated main coolant pipe break. For the Farley analysls,
,

LOCA loads are developed for five different pipe break locations. These include three
primary pipe breaks and two minor pipe breaks. The primary pipe break locations
include the steam generator intel and outlet lines, and the reactor coolant pomp outlet
line, while the minor pipe breaks include the pressurizer surge line and the
accumulator line. As a result of a LOCA event, the steam generator tubing is subjected to
the following loads:

1) Primary fluid rarefaction wave loads.

2) Steam generater shaking loads due to the coolant loop motion.

3) External hydrostatic pressure loads as the primary side blows down to
atmospheric pressure.

4) Bending stresses resulting from bow of the tubesheet due to the
secondary to primary oressure differential.

5) Bend:ng of the tube due to diflarential thermal expansion between the tubesheet
and first tube support plate following the drop in primary fluid temperature.

,

6) Axially induced loads resulting from differential thermal expansion between the ~

tubes and tie rods / spacers due to the tube being tight in the first TSP. and the
.

reduction in primary fluid temperature. (Based on tvallable data, the majority
of intersections are considered to be tight. Because the majority of the
intersections are tight, the TSP wil! respond with the tubes, and the resulting
loads on the tubes are judged to be small for this loading.)

Loading mechanisms 3) through 5) above are not an issue since they are a non-cyclic
loading condition and will not resu!t in crack growth, and'or result in a compressive
twmbrane loading on the tube that is beneficiat in terms of negating cyclic bending
stresses that could result in crack growth.

11.2.2.1 LOCA Rarefaction Wave AttrJysis

The principal tube loading during a LOCA is caused by the rarefaction wave in the
primary f!uld. This wave initiates at the postulated break location and travels around
the tube U-bends. A differential pressure is created across the two legs of the tube
which causes an in-plane horizontal motion of the U-bend. This differential pressure,
in tum, induces significant lateralloads on the tubes. *

The pressure-time histories to be input in the structural analysis a'e obtained from
transient thermal hydraulic (T/H) analyses using the MULTIFLEX computer code. A

.

-
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break opening time of 1.0 msoc to full flow area (that is, instantaneous double ended
rupture)is assumed to obtain conserva4ve hydraulle loads. A plot of the tube model for
a typical T/H model for determining LOCA pressure limo histories for the tubos is shown
in Figuro 119. Pressure time histories are determined for three tubo radil, identified,t
as the minirnum, modium, and maximum radius tubos. For the structural evaluation,

-

the pressures of concern occur at the hot and mld leg U bond tangent points. Plots of the
hot to-cold log pressure drops for the limiting major and minor pipo breaks, the steam.

generator inlet break and the accumulator lino break, are provided in Figuros 11 10+

and 11 11, respectively, for ca.h of the three tubos considered. These results show
that significantly higher pressure drops occur for the primary pipe break than for the
minor pipo break.

For the rarefaction wavo induced i 4, the predominant motion of the U bonds is in
the plane of the U bend. Thus, the Inoividual tubo motions are not coupled by the
ariti vibration bars. Also, only the U bord region is su)Jected to high bending loads.
Thorofore, the structural analysis is perfurmod using single tube models limited to the
U bond and the straight 100 region over the top two TSPs. The LOCA rarefaction pressure
wave imposes a timo varying loading condition on the tL bes. The tubes are eva'uated
using the limo history analysis capability of the WECAN computer program. The
structural tube model consists of three-dime.;sional bean elements. The mass inortia is
input as effective material density and includes the weigh; of the tubo as well as the
weight of the primary flM insido the tube, and the hydrod namic mass offects of the/

secondary fluid. The geometry cf the three tube models used for the LOCA analysis ara
shown in Figure 11 12, wP.h the nodo numbers identified.

TL account for the varying nature of the tubo / TSP interface with increasing tube*
deflection, three si:s of boundary conditions are considered. For the first case, the tubo
is assumed to be laterally supported at the top TSP, but is free to rotato. This is-

designated as tho *centinuous' condition, in reference to the fact that the finite e19 ment-

model for this case models the tube down to the somnd TSP location. As the tube is
'

loaded, it moves latetally and rotates within the TSP. After a finite amount of rotailon,
the tube will become wedged within the TSP and will no longer be able to rotale. The
second set of boundary conditions, therefore, considers the tube to be fixed at the top TSP
location, and is referred to as the ' fixed" case. Conhnued tube load;ng causes the tubo to
yloid in bending at the top TSP and eventually a plastic hinge develops. This represents
the third set of boundar/ conditions, and is referred to as the * pinned" caso.

Using the pressure time histories from the T/H analyses,lateralloads are calculated for
each tube length at each time point and the dynamic response of the tube is calculated.
The analysis shows the continuous set of boundary conditions to give the largest TSP
loads for the minimum and medium tubes. Fct the maximum radius tube, the fixed
mndition is found to be most representative due to its increased flexibility and higher
tubo rotations at the top TSP. Each of the dynamic solutions results in a force time
history acting on the TSP. These time histories show that the peak responses do not
occur at the same timo during the transient. For the Farley analysis, however,it is
assumed that the maximum reaction forces occur simultaneously. Using the results for
these three tubes, a TSP load orresponding to the overall bundio is then calculated.-

.

Summaries of the resulting TSP forces for the inlet break and the accumulator line
: break are shown in Table 113. Based on the plots shown, a bi-linear representation is
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assumed for the peak amplitudes as a function of tube radius. Summaries of the overall
TSP forces are provided in Tables 114 and 115 for the top TSP for the inlet and
Accumulator line breaks, respectively. Note that for tube rows 1 6, the peak response
is assumed to be constant and equal to the Row 6 tosponse. Shown in Figure 11 1315

.

the distribution of TSP load for the inlet break for the top TSP. A summary of the
resulting TSP loads for each of the breaks for the top TSP and for the TSP below the top
TSP is provided in Tablu 116. '.
11.2.2.L LOCA Shakinc Loads

Concurrent with the rarefaction wave loading during a LOCA, the tube bundle is subjected
to additional bending loads due to the shaking of the steam generator caused by the break
hydraulics and reactor coolant loop motion. However, the reso, ting tube stresses from
this motion are small compared to those due to the rarefaction wave induced motion.

To obtain the.LOCA induced hydraulic forcing functions, a dynamic blowdown analysis is
performed to obtain the system hydraulic forcing functions assuming an instantaneous
(1.0 msee break opening time) double ended guillotine break. The hydraulic forcing
functions are then applied, along with the displacement time blstory of the reactor
pressure vessel (obtained from a separate reactor vessel blowdown analysis), to a
system structural model, which includes the steam generator, the reactor coolant pump
and the primary piping. This analysis yloids the time history displacements of the steam
generator at its upper lateral and lower support nodes. These time history
displacements formulate the forcing functions for obtaining the tube stresses due to LOCA
shaking of the steam generator.

Past experience has shown that LOCA shaking loads are small when compared to LOCA
rarefaction loads. For this analysis, these loads are obtained from the results of a prior
analysis for a Model D steam generator. To evaluate the steam generator response to *

LOCA shaking loads, the WECAN computer code is used along with the seismic analysis
.

model, discussed previously. The steam generator suppor1 elements are remnved,
however, because the LOCA system model accounts for thelt influence on the steam
generator response

input to the WECAN modells in the form of acceleration time histories at the
tube /tubesheet interface. These accelerations are obtained by differentiation of the
system model displacemem time histories at this location. Acceleration time histories
for all six degreos of freedom are used. The resulting LOCA shaking loads used for the
Farley analysis are 17.1 kips for TSP 16 and 15.5 kips for TSP 7 for the large break
LOCA, and 7.75 kips for all TSP _ for the minor breaks. The small break loads are scaled
from the large break loads based on a comparison of support displacements from system
analyses for the two types of breaks.

11.2.3 Combined Plate Loads

In calculating a combined TSP load, the LOCA rarefaction and LOCA shaking loads are
combined directly, while the LOCA and SSE loads are combined using the square root of

,

the sum of the squares. The overall TSP load is transferred to the steam generator shellI * '

through wedge groups located at discrete locations around the plate circumference.
.

.
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For the Series 51 steam gencrators, there are six wedge groups located every 60*
around the plato circumference (soa Figuro 11 14). The distribution of load among
wedge groups is approximated as a cosins function among those groups reacting the load,
wnich corresponds to half the wedge groups. Except fu the bottom TSP, the wedge,,
groups for each of the TSPs are located at tho same angular location as for the top TSP.
Thus,if TSP deformation occurs at the lower Nates, the same tubes are affected is forg

- the top TSP. For the top TSP, however, the wor go groups have a 10 inch width,j a
*

compared to a 6 inch width for the other plstes. This larger wedge group width
distribtles the load over a larger portion of the plato, resulting in loss plato and tube
deforrnahn for a glvon load lovel. For the bottom TSP, the wodge group width is 6
inches, and the wodge groups are rotated 36' rotativo to the other TSPs. The
distribution of loao among the various wedge groups for the LOCA load, which can only act
in the plane of the U bond,is shown in Figuro 11 15 for TSP 2 7. Although, the wodges

,

are rotated for TSP 1, the rotations aro such that the same load factors result. For
3

so:smic loads, v!hich can bavo a random orientation, the maximum wedge ioad is 'S3 of
the maximum TSP load.

mmarios of the resulting TSP and wodge loads for the inlet and Accumulator line
soaks are provided in Tables 117 and 118, respectivety.

I

11.2.4 Tube Deformation
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11.2.5 Effect on Burst Pressure (SSE + FLB/SLB)

S5ce the tube support plates provide laterai support to tube deformation that may occur
'

. during postulated accident conditions, tube bonding stress is induced at tne TSP '

intersections. This bending stress is distribuiad around the circumference of the tube
cross section, tension on one side and compression on the other side, and is oriented in '

11 - 1 4
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i

the axel (along the tube axis) direction. Axlal cracks distributed around the
circumterencc will therefore either exp9rience tensio 1 stress that tends to closu the
crack or compressive stress that tends to open the crack. The compressive stress has
the potential then to reduce the burst capability of the cracked tube due to the crack,
opening.

a_
_

,

.

a

|

4

=.

~

. ;-
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~ 11.3 Albwable Leak Rate for Accident Conditions

i A calculation has been completed to determine the maximum permist.ible steam
generator primary to secondary leak rate during a steam line break for the Farley Unit

- 1 and 2 steam generators. Based on a 30 rem thyroid dose at the site boundary, a leak
rate of 55 gpm is determined to be the upper limit for allowah'e primary to secondary
leakage in the ruptured loop.- Each SG in the intact loops is assumed to have primary to
secondary leakage of 150 gpa, which is the maximum value defined by the proposed

. technical specification. The leakage in the faulted loop may be distributcd among
j tubesheet and support plate locations as shown in Figuro 11-19,

Thirty rem was selected as the thyroid dose acceptance critMa based on the guidance of-
L - Standard Review Plan (NUREG-0800) Se;Jon 15.1.5, Appei. dix A. Only the release of

iodina and the resulting thyroid dose was considered in the leak rate deterrnination.
Whole-body doses due to noble gas immersion have been determined, in other

''

evaluations, to be considerably less limiting than the corresponding thyroid doses. The
-

'

salient assumptions used in the evaluation are those presented in FSAR Section 15.4.2,

|- 11 15
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with the exception of the lodine parillion coefficient assumed for the steam generator in
the ruptured loop (1.0 versus 0.1). The salient assumptions follow:

o initial primary coo %nt lodine activity 1% fuel defects
-

initial secondary coolant activity 0.1 pCi/gm of dose equivalent 1131 (Tech.
.

o

Spec. LCO)
o Steam released to the environment (0 to 2 hours)

'

from 2 SGs in inttwt loops 479,000 lb (plus primary secondary leakaM
,

-

from ruptured loop 91,000 lb + primary secondary leakage-

(the entire initial SG water mass)
lodir'e partition coefficient for primary. secondary leakage during accidento

SGs in intact loops 1.0 since leakage is assumed to be a' "e the mixture-

level

SG in ruptured loop 1.0 t Je tr., dry SO (FSAR assumes 0.1)-

o Atmospheric dispersion factor - 7.6E-4 sec/cu m
Thyroid dose conversion factor for 1 131 - 1.48E6 rem /Cl (TID-14844)o

The radioactivity released to the environment due to a main steam line break can be
separated into two distinct releases: the release of the initial lodine activity contained in
the secondary coolant and the release of primary coolant lodine activity that is
transferred by tube leakage. Based on the assumptions stated previously, the release of
the activity initially contained in the secondary coolant (3 SGs) results in a site
bounttary thyroid dose of approximately 2.4 rom. This is independent of the leak
location.

Relative to activity release due to primary to-secondary leakage, the dose contribution *

from the ruptured loop SG or from the intact loop SGs when the leaks are at a TSP is
approxima!aly 0.5 rerWs m. Because of the SG tube uncovery issue that is currently
under investigation, treament of the leakage is different depending on its locction.

.

Following a reactor trip, the mixture levelin the SG can drop below the apex of the tube -

bundle. For the SGs in the non-fai'!!ed icops, leanage that occurs in the tubesheet region
is assumed to mix with the secondary coolant (partition coefficient associated with
steaming is 0,1), while the leakage that occurs at a support plate is conservatively

' assumed to transfer directly to the environment without mixing or partitioning since the
',

| | leakage site is assumed to be above the mixturo level. Although less than 4 feet of the
|_

. bundle is expeCM to be abwe the mixture level, any leakage at a support plate is
| conservatively assumed to be unco /9ted for the duration of the accident recovery. The'

SG ln the ruptured loop is assumed to steam dry (no mixture level). Hence leakage to
this SG is assumed to :ransfer directly to tne environment regardless of the location of
the leak.

The radiological assumptions utilized in the allowable leak rate determination are more
conservative than those of of the FSAR steam line break offsite dose analysis. The s*nt

, . differences are with regard to the treatment of primary to secondary leakage and the
'

offsite dose acceptance criteria. These differences are described in detail below:

L o Ruptumd loop primary to secondary leakage
~

|
'

The allowable leak rate determination assumes that all primary ccotant leakage -

activity is released directly to the environment. The SG is assumed to steam dry. '

11 - 1 6
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I

J

Thus, there is no iodine retention or partitioning in the SG. The current FSAR
-__ _ steam line break analysis assumes a retention fa0 tor of 0.1;i.e., only 10% of the

primary coolant leakage actMty is released to the environment.

'I o intact loops primary to secondary leakage

I ~ The allowable leak rate determination assumes that all' primary coolant leakage-

'' actMty is released directly to the environment. The tube leakage sites are
assumed to be located above the mixture level. Thus, leakage activity is assumed
to nelther mix with the secondary coolant nor partition. The current FSAR steam
line break analysis assumes complete mixing of the leakage activity with the
secondary coolant. The lodino partition coefficient associated w!!h steaming is
0.1,

c Offsite dose acceptance criteria

The allowable leak rate determination is based on a slte boundary dose limit of 30
rem to the thyreld (10% of the 10 CFR 100 Ouideline). The cunent FSAR
analysis specifies an acceptance crimrla of less Inan 10 CFR 100.

I The accidents that are affected by prima 1y to secondary leakage are those that include
modeling of leal: age and secondary steam release to the environment. These accidents

| include:

o Loss of External Electrical Load and/or Turbine Trip, FSAR 15.2.7
o Loss of All AC Power to Station Auxiliaries, FSAR 15.2.9..

o Major Secondary System Pipe Rupture (SLB), FSAR 15.4.2
| o Steam Generator Tube Rupture (SGTR) FSAR 15.4.3

.

o Single Reactor Coolant Pump Locked Rotor, FSAR 15.4.4-
.

o Rupture of a Control Rod Drive Mochanism Housing (Rod Ejection), FSAR 15.4.6,

In addition to these list of accidents, there are also the following events which have
secondary side releases associated with them:

-o Uncontrolled RCCA Bank Withdrawal from a Suberitical Condition, FSAR 15.2.1
o Uncontrolled RCCA Bank Withdrawal at Power, FSAR 15.2.2

N o RCCA Misalignment, FSAR 112.3
o Partial Loss of Forced Reactor Coolant Flow, FSAR 15.2.5

; a Loss of Normal Feedwater,- FSAR 15.2.8 .

L o Accidental Depressurization.of the Main Steam System, FSAR 15.2.13
'~

o Complete Loss of Forced Reactor Coolant Flow, FSAR 15.3.4
| o' Single RCCA Bank Withdrawal at Power, FSAR 15.3.6

7 The reason thai the steam line break is generally limiting is because of the assumption
that leakage to the fault 6d steam generator is assumed to be released directly to the

|; : environment, i.e., no mixing with the secondary coolant or partitioning of activity is

|' assumed, since the steam generator in the faulted loop is subject to dayout. Depending on
| the elevation of the degradation (at the tubesheet region versus at a TSP), for other*-

|,. accidents in which there is a secondary side steam release there is justification for
mixing and lodine partitioning in the steam generators following the potential initial-

i:
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}-'

uncovery of the top of the tube bundle after the reactor trip. These factors, along with a -
smaller primary to secondary pressure differential, significantly reduce the release of.

lodine to the environment for accidents other than steam line break.

.

Ai, noted above, mixing and iodine partitioning is dependent upon the elevation of the
degradation. For the non SLB accidents in which there is a secondary side steam release,,_

there is justification for mixing and partitioning if the primary to secondary leakage is (at the tubesheet region (below SG water level). If the degradation is at a TSP, such that -~

the reactor coolant leakage could directly get into the steam space, the release path (for
radioactivity) is assumed to be direct to the environment, just as it is foi the faulteo SG
follow'nD an SLB ,

- Following the implementation of the voltage plugging criteria, tubes are not expected to
burst during SLB conditions; however, it cannot be assumed that the tubes will not leak.
SLB is the bounding accident condition for which the primarv to secondary leakage is to
be limited so as to maintain radiological consequences within ceceptable levels. Thus the
potentialleakage dur!ng an SLB should be kept below the maximum allowable value

- detennined above.

|

j' 11.4 - SLB Leakage Determination
,

A number of tube intersections with voltage signals that satisfy the proposed criteria'

will remain in service untilinspected and reevaluated at the next refueling outage. Some
. of these would have the potential for leakage under SLB conditions as leak ra'e testing
has demonstreted some potential for leakage under SLB pressures in tubes with voltage --

- signals less than 3 volts. Therefore, leak rate during SLB conditions is to be evaluated
- for the tubes remaining in service at each outage The methodology used in the evaluatic 1

.

is a probabilistic approach based on the leak rate versus voltage corralation and the *

- population of voltage signals at TSP intersections left in service. Uncertainties in
.

voltage signal, growth allowance and leak rate versus voltage are accourted for using
Monte Carlo techniques. Thus, an end of cycle voltage populallon is assessed (accountir g

4

for uncertainties) for its potential for leakage during a postulated SLB.

, _ A current distribution of number of indications versus, voltage signal will be obtained at
each outage similar to those presented in Section 5 for each steam generator for Farley 1
and 2.i Also, the most recent changa in voltage (voltage rate) between the last two e

inspections wIll be obtained on an effective full power year (EFPY) basis. The current
.

_

voltage distribution (cut off at the voltage plugging limit) is then cc.nbined wit:1 f%
voltage growth rate using Monte Carlo techniques to establish an end of cycle (EOC)
voltage distribution. Uncertainty in the voltage signals for the current inspection is

_

accounted for in a statistical manner via the Monte Carlo simulations, Finally, the EOC.

voltage distribution is _ evaluated for leak rate using Monte Carlo techniques and the leak
rate versus voltage relationship given in Section 9.7 and in Figure 9 3. This is
repeated 1000 times to er.tcolish a cumulative probability distribution of potentialleak

p rate for each SG.

L + ,

b The method described above has been applied to the Farley 2 voltage distribution in *

'

1990 for each steam generator. The methodology utilizes the following data for
.

Farley-2. *

11- 1 8
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Current.Qutace Distribution of Indications ,

Thh vJtage inspection of Figure 5 5 with a voltage cutoff of 3.6 volts defines the
distribution of indications retumed to service assuming application of the current,

t plugging criteria.

Eddy Current Uncertaints; .

,~

Section 8.8 defines the eddy current uncertainty distribution for the vo!! age amplitudes
| as 12% (one standard deviation) with an upper limit of 25% This uncertainty is | |

applied statistically (by Monte Carlo simulation) to the shove distnbution of - !

indications. I

Growth Rate

Figure 5-15 shc,ws the growth rate distribution from the last Farley 2 operatir,g cycle.
The distribution is provided as a cumulat:ve distribution function for voltage growth.

~

The Figure 515 growth rates are given as growth over the last cycle and are multiplied )
. by the ratio of the planned EFPYs for the next cycle to the EFPYs for the prior cycle. |
This growth rate distribution is randomly sampled for the Monte Carlo analysis and l
added to the current dP v 'lon with sampling for eddy current uncertainties to obtain

|
the projected end of cy% ._:stribution. Equal operating cycle lengths for prior and
projected cycles are assumed for the Farley 2 analysis results given below.

SLB Leak Rate |
|

.

The linear regression fit of Figure 9-3 is used to obtain a leak rate for a projected '

- '

voltage. A Monte Carlo selection is made at each voltage within the prediction interval
described by the statlstical parameters developed in Section 9.7, atd summed over the-

,

|' total distribution of indications to obtain the projected total laakage at SLB conditions for
.

''

each steam generator. Cumulat!ve probability is obtained based on 1000 cases.
.

A maximum expected leak rate of a single LG during a postulated SLB was determined to
. oo 0.4 gpm for Farley Unit 2 at the 90% cumulative probability level, compared to the '

55 gpm .1!!owable. Therefore, the cutoff value of 0.6 volts conservatively lirnits the|

L potential for leakage during SLB and no further rostriction would be required. {.
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Table 11.1

Summary of Component Superelements

Component Superelement
.

c-

e-

Tubesheet *

a. Perforated Region 1
.

b. Solid Outer Rim 1
-

Tube Support Platcs
a. TSP 1 2
b. TSP 2 3
c, TSP 3 4
d. TSP 4 5
c.TSPS- 6
f. TSP 6 7
g. TSP 7- 8

ChannelHead
L a. Tubesheet Jur cture 1

L bi Spherical Bowl 1

She!!.

a. Stub Barrel 1

b. Lower Shell 1 -

-

Winpu r .

.

.

Stayrod -
.

a. Central 9
b. Outer 9

Spacer
,

'a. Central- Pass 1 -

-b. Cer' al Pass 2-7 14
c. Outer Pass 1 -

d. Outer- Pass 2-7 -

_ Tubes
a. Central. Pass 1- 10
b. Central- Pass 2 7 10

.

L c "X" Axis - Pass 1 - 11
d. "X" Axis Pass 2 7 11
e. "Y" Axis - Pass 1 12
f. "Y" Axis - Pass 2-7- 12

n g. Interior - Pass 1 13
"

h. Interior - Pass 2-7 13 *

-
| *
,

| :-
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TABLE 11.2 : CRITERIA AND BASES FOR FARLEY (SS1) ECT INTERPRETATIONS

TO SUPPORT SLB EVALUATIONS.

- RA TIONAL : DnMONSTRA TE REQUIRED M|NIMUM NO. OFACi1VE INTERSECTIONS TO INDUW R&\CTION
LOAD TO PREVENT MOTION UNDER SLB LOADING.

-TO BE APPLIED TO EACH PLATE AND EACH CUADRANT.
- ACTrE (DENTED AND/OR CORRODED) 'NTERSECTIONS MUST OCCUR WITHIN SPECIFiED ''REGIOrr IN

|

| CACH PLATE QUADRANT (AT PERIPHERY OF PLATE AND MIDWAY BETWEEN STAY RODS).t
|

- MIN TEST MEASURED RX LOAD / INTERSECTION = 80lb.
|

- DYNAMIC LOAD FACTOR OF 2 USED TO ADDRESS IMPULSIVE LOAD:Nr !4ATURE OF SLB.(1) y

$ --
_ __. E

5-

b OUARTER- MIN NO TUDES REO'D TO d
PCAK SLB PIATE(OP) OP DYN LOAD _ SUPPORT QUARTER- to

"

PLATE
_

LOAD DYN LOAD (1) min RX LOAD PtATE DYN LOAD

[Ib] [ib]

1

_
-9

12
3
4
5
6
7 _

_

_ ,_
"mim -. -. -

-

__

~

-.
. ,

___
,
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TABLE 11-3

SUMMARY oF TSP FORCES - TOP TSP

DYNAMIC TIME HISTORY ANALY3ES

LOCA RAR5 FACTION PRESSURE WAVE LOADING
S

e

-a. .

.

b

9

9

>

$

.

e

'

_ a
!-
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TAaLE 11-4
SuMMAny or TOTAL TSP FORCE - top TSP

LOCA RAREFACTION PRESSURE WAVE LOADINGe
STEAM GENERATOR INLET BREAK

4

4

e eaa ,
,

=
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e

e

l-

4
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TABLE 11-5

-

SUMMARY OF TOTAL TSP FORCE - Top TSP
,

j LOCA R.tREFACTION PRESSURE WAVE LOADING .

AFCUMULATOR LINE BREAK
,

-a
- q ,

I

.

9

%

s
*

-

4

-

4

11 - 24
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TABLE 11-6
SUMMARY OF TSP FORCr;$

LOCA RAREFACTION PRESSURE WAVE LOADING2

.

4

9

"
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TABLE 11-7

SUMMARY OF WEDGE LOADS

CoMazNED LOCA + SSE LOADINGS '-

STEAH GENERATOR INLET BREAK
,

.

I

am - p
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4

4

L
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TABLE 11-8 I

SUMMARY OF WEDGE LOADS !
e- COMBINED LOCA + SSE LOADINGS

ACCUMULATOR LINE BREAK,

-
,

e-
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TABLE 11-9-

SUMMARY OF CALCULATIONS TO DETERMINE AREA

UNDER FORCE / DEFLECTION CURVE -
'

.

'

CRllSH TEST No. 2 -

a,b~

l

.

i

|

!

*

,

2

[ '

!-
.

1

i

|

|

I ''

|

:
l- ,

_.

88W4-

0

2

I

l
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TABLE 11-10
i

SUMMARY OF NUMaER OF DEFORMED TUBES
"' AS A FUNCTION OF LOAD
--i-

*
e

a,b*

,. ,s
_

^

.

.

:

A

$

)

.

6 9

9

5

4

e

lamaans '

4
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-TABLE 11 11

SUMMARY OF NUMBER OF DEFORMED IUBES AT WEDGE LOCATIONS
'

TSP 1 '

a,b.

,

,

t

.

,

.

I

! -

|
!

I.

[
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- -

~

~

,

|

|
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TABLE 11-12

SUMMARY OF NUMBER OF DEFORMED TUBES AT WEDGE LOCATIONC

TSP 2-6-

_. a,b. _
-

.

J
!

..

$

4

%

a

-

=

enamen

O

,

11 - 31
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TABLE 11-13

SUMMARY OF NUMBER OF DEFORMED TUBES AT WEDGE LOCATIDNS
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TABLE 11-14

APPLICABILITY OF TEST RESULTS

TO WEDGE LOCATIONS

-
.

s

a,b
- _

,

.

M
h

I
'

G

.'.
|

--

l-

| .

|
*

|

!

|- 11 33

|



- _-

TABLE 11-15

COMBINED BENDING AND INTERNAL PRESSURE BURST IESTS

ON TUBES WITH THROUGH WALL SLOTS '
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Figure 113
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Figure 11 4

Overall Finite Element Model
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Figure 11 - 6
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Figure 117
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TSP 7 Displacement vs Gap for SLB Loadings
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12.0 TUBE PLUGGING CRITERIA FOR ODSCC AT TSPS

- This section integrates the results obtained from the prior sections to develop the
technical basis for tube plugging criteria for ODSCO at TSPs.

12.1 General Approach to Plugging Criteria.-

The general approach taken to develop the tube plugging critoria for the Farley SVGs
includer:

1) Specifying conservative burst correlations based on free (uncovered) span ODSCC
under a cident conditions to demonstrato structuralintegrity..

2) Conservatively assuming open crevice conditions to maximize leakage potential.
i

3) Satistying the R.G.1.121 structural guidelines for tube burst margins by
establishing a conservative structurallimit on voltage amplitude that assures 3
times normal operating pressure differential for tube burst capability. :

L 4) Satisfying the FSAR requirements for allowable leakage under accident conditions by
demonstrating that the dose rate associated with potential leakage from tubes
remaining in service is a small fraction of 10 CFR 100 limits.

5) including considerations for crack growth and NDE uncertainties in both the
structural assessment and leakage analysis.

>

6) Specifying a requirement to perform 100% BC inspection for a!! hot leg TSP
Intersections and all cold leg intersections down to the lowest cold leg TSP where.

ODSCC indications have been identified.

12.2 Test and Field Data Summary

The model boiler test data supporting the plugging criteria were discussed in Sections 8
and 9. To clarify the application of the laboratory data, the laboratory burst pressure
and leak rate data used for the criteria development are given in Table 12.1. For 7 of the
first 13 spedmans of Table 12.1, leak rates were measured twice. After the initial
measurements at normal operating conditions for these specimens, the generally tight
model boiler TSP simulants were removed for supplemental testing. The subsequent
eddy current measurements generally showed increased values and preceded the SLB leak
rate and burst measurements and thus are the appropriate values for the burst and
leakage correlations. Only the second test results are included in the data base of Table
12.1.

Field data supporting the criteria are given in Table 6.2 for pulled tube burst
.. pressure / leak rate data, Table 6.3 for occurrences of operating leakage, Figure 61 for

pulled tube bobbin coil voltage and depth and Figure 6-4 for typical field inspection data
for hbes without operating leakage. The field data of Tables 6.2/6.3 and Figure 61 are,

L -

cosibined in Figure 121 with the model boiler data of Table 12.1 to show an integrated

'-
.12- 1
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'
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#

data base. Also shown in Figure 121 are the data points with leakage under SLB
conditions. Only the data of Tables 6.2 and 12.1 are used in the voltage versus burst
pressure and SLB leak rate correlations. The voltaga/ burst correlation is given in
Section 9.6. The SLB leakage correlation and analysis model are developed in Sections .

.9.7 and 11.4. These data together with the Farley growth rates given in Section 5.3 and -
the NDE uncertaintles developed in Section 8.8 define the data base used to develop the
Farley tube plugging criteria for ODSCC at TSPs. *

The actual in service leakage from ODSCC at TSP intersections has been very limited on
a world wide level. No leakage from ODSCC has been reported for U.S. plants with
nondented tubes. This experience is consistent with a 40% depth repair policy, even if
deeper defects cannot be precluded and may exist. Other countries following a policy
sim!!ar to that currently used in the Ur.ited States have reported only one leakage event.
This event occurred at a Spanish plant and resulted from a pluggable indication that was
missed during the previous outage,

in European countries with no repair criterla to prevent through wall defects at TSP
intersections, reported leakage events are low. In Belgium, no leakage has been observed
at Plant K 1 (where all 3 steam generators are known to have been affected by ODSCC
for a number of years). A 1990 leakage event reported for plant E 4 cannot be
quantitatively correlated with the two detected leakers at the TSP level because of three
leaking tubes attributed to primary water stress corrosion cracking (PWSCC) in the
expansion zones (EZ) of rol transitions. In France,11 units with ODSCC at TSP
intersections have been operating for a significant period (more than five years for at
least two units) without detectable leakage.

This insignificant in service leakage from TSP ODSCC, even when no criteria are set to
prevent through wall defects, is likely to result from a combination of the following
factors: -

o Crack morphology is such that wall penetration is not readily achieved (relatively
long cracks are prevented from leaking by a thin ligament on the ID side and, even
after penetration, the ID length remains substantially less than the OD length).
Also, unbroken lignments between the crack faces often tend to restrict the leakage

. path,

The small opening areas of through-wall cracks can get clogged easily by circulatingo
- corrosion products, impurities, or precipitates.

o_ The crevice chemistry may block the leak path, either by corrosion product ';

accumulation (leading to " packed crevices"), or by tube denting from the corroded
TSP.

While this experience indicates that leakage from TSP-ODSCC is no't an operational
concern, consideration is given in Section 12.5 to tube leck before break (LBB) to deal
with possible unanticipated leaks or cracks that might grow w' a greater than expected
rate and thus challenge the adequacy of the structural repair limit. Using the LBB -

methodology to reduce 'he probability of tube break to a negligible level also addresses
the issue of a single larp leaker (outside the predicated range) during postulated faulted

,

loads.

12 2

- - - - _ _ . _ . __ - . - - . .



_ _ _ . . . .
. . .. . . - -- --

- ---- -- - - - - - - - - - - - - - -

12.3 Tube Plugging Criterlon for Margins Against Tube Burst

The tube plugging criteria are developed to preclude free span tube burst if it is
postulated that TSP displacement would occur under accident conditions. The plugging*

limits to provide R.G.1,121 tube burst margins are developed in this section.

12.3.1 Voltage for Structural Requiremerit,

Tube burst test results are given for pulled tubes in Table 6.2 and for model boiler
specimens in Tables 9.1 aid 12.1. The combined field and laboratory burst test results
are evaluated in Section 9.6 to develop a correlation between bobbin coil voltage and
burst pressure. This correlation was adjusted to account for operating versus test
temperatures and for minimum material proporties to obtain a reference, bu.st
pressure correlation at the lower 95% confidence ;evel. The results given in Section
9.6 show that a bobbin voltage amplitude of [ ]9 volts satisfies the R.G.1.121 |
guidelines that burst pressure capability exceeds 3 times the normal operating pressure
differential across the tube. Thus the structural requirement for the tube plugging

| criteria is a limit of []Q volts for the bobbin coil amplitude.

12.3.2 Allowance for NDE Uncertainty

The allowance for NDE uncertainties was developed in Section 8.8 as a 16% uncertainty.
The 16% is app!ied at the voltage limit requiring tube plugging. To support this
uncertainty, voltage calibration standards normal! zed to the reference laboratory
standard are utilized for Farley S/G inspections applying the plugg.11 criteria of th:s
report in addition, Appendix A provides data collection and analyn guidelines to be

'

implemented upon application of the plugging criteria.

The probe wear standard of Appendix A is used to maintain probo centering capability
| within a 10% probe wear limit as described in Sections 8.4 and 8.8. Preliminary field |

experience has indicated some difficulties in applying the wear standard within the
physical constraints of the channel head with the associated limited vertical height
where bending of probe leads can influence probe centering. Pending further field
experience with the probe wear standard, the probe wear limit has been increased to
15% for the EC data acquisition guidelines of Appendix A. The total NDE uncertainty is
conservatively increased to 20% for development of the plugging limits in Section
12.3.4.

12.3.3 Allowance for Crack Growth

Voltage growth rates for the Farley S/Gs are developed in Section 5.3 and compared with
other plant data in Figure 612. Growth rates are defined in terms of percent growth
per cycle and are applied at the voltage amplitude requiring tube plugging. The Farley

. percent growth rates from historical data are shown to decrease with increasing BOC
(beginning of cycle) amplitude while data from a European plant indicates percent
growth may be essentially independent of amplitude. It is thus conservative to assume
percentage growth is independent of BCC amplitude and to use overall average growth.

from Farley operating experience for the growth rate allowance in the plugging limit'

.
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Table 5.4 summarizes voltage growth rates. For additional margin, the growth rates '

obtained by setting negative changes in measured voltages between cycles to zero is
i

applied to obtain plugging limbs. This process conservatively ignores negative
fluctuations in voltage growth while keeping positive fluctuations in the average growth

.

rate calculation. Overall, the more random positive and negative fluctuations would be
expected to average out to approximately zero in the average growth.

.

It is seen from Table 5.4 that zeroing negative growth tends to increase implied growth
rates by 5 to 13% Farley growth rates have decreased since 1987 with averages over
the last 2 cycles of 40% and 37% for Units 1 and 2. Growth rates over the last
operating cycle were 37% and 29%

To provide margin for variations in future cycles, an average growth allowance of 50%
per cycle is conservatively applied to establish tube plugging limits. Average growth
rates are considered to provide an adequate allowance for growth in satisfying R.G.1.121
structural guidollnes for buret pressure capability of three times normal operating
pressure differential. Per R.G.1.121, an allowance for NDE uncertainties is included in
developing the tube plugging I;mit from the structural requirement for tube burst as
shown below in Section 12.3.4. Allowances for growth uncertainties are addressed by
demonstrating large margins against burst at SLB conditiors as described in Section
12.4.

.

12.3.4 Tube Plugging Critorion

The structural voltage limit must be reduced by the allowances for crack growth and NDE
Uncertalnty to obtain the voltage limit for tube plugging or repair consistent with R.G.
1.121 guidelines for rnargins against tube rupture. This can be expressed as:

VRL + VNDE + VCG - VSL (12-1)
'

'

where: VRL - voltage limit for tube repair or plugging,
VNDE. NDE voltage measurement uncertainty,
Vg3 - voltage growth rate per cycle, and
Vst - voltage structurallirnit from the burst pressure

vertus BC voltage correlation.

The NDE voltage uncertainty and voltage growth rate terms are provided as a percentage
of measured BC voltage (% VNDE and %VCG). Using VRL as the marimum measured BC -

voltage to be left in service, VNDE and VCG am:

VNDE "' VRL x %VNDE/100, and

VCG- VRLx%VCG/100.

'Using these expressions for VNDE and VCG, Eq. (12-1) can be rewritten as: *

VRL- VSL (1 + %VNDE/100 + %VCG/100). (12-2)/

12 4
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Values for VSL, %VNDE and %VCG are given in Secticns 12.3.1 to 12.3.3 above and are

Vst-[ JO volts, %VNDE - 20 and %VCG - 50. Substituting these values into
'

Equation 12 2 gives
.

VRL" Vst .70 3 6 volts (12 3)/t
*

An attemats summary of the development of the tube plugging or repair voltage limit is

| given in Table 12.2. The criterion for tube plugging is that the measured bobbin co!I
|voltage exceed 3.6 volts. Th!s criterion is applied independent of the bobbin coil

Indicated crack depth.

12.4 SL'.$ Te00 Burst and Leakage Evaluation

This section describes analysis requirements for both margins against tube burst at SLB
conditions and for demonstrating acceptable SLB leakage. h Section 11.3, it was shown
that the bounding accident condition for primary to secondary leakage is the SLB event

.

and that the allowable SLB leak limit is 55 gpm.

12.4.1 Margins Against Burst at SLB Conditions

Margins against burst at SLB conditions are demonstrated by considering the through
wall crack length required for tube burst pod by a Monte Carlo analysis consifiering
cracks left in service, grcwth and the voltage burst correlation. The tubo repair limits !

developed above and shown in Table 12.2 are based upon currantly available voltage
gror'th rates at low voltage levels compared to the tube repair limits. To minimiza the
potential future impact of new growth rates on the repair limits, percentage growth

-

rates have conservatively been applied at the higher voltage levels even though current,
'

data show a decreasing percentage growth at higher voltage amphtudos. As new growth
rato data is obtained upon implementation of the repair limits of this repci1, the
potentialimplicatiens of these growth date will be assessed following each outage. The
development of repair limits in Section 12.3 and Table 12.2 will be reviewed for
acceptability of the repair limits. In addition, margins against burst at SLB conditions
will be evaluated following each outage for the distribution of indications left h service.
The burst analyssa will apply Monte Carlo analyses as described below to caculate the
probability of tube burst at SLB conditions. If the new growth data Indicatas that either
the repair limit of 3.0 volts should be revised or that the SLB burst probabi'ity
approaches or exceeds a guideline value of 2.5x10 2 or a single tube burst, thosef

retults will be reported to the NRC together with an assessment of potential revis9d tube
repair limits.

Burst pressurc versus axial crack length data from multiple sourcos are shown in
Figure 12 2 as taken from EPRI Report NP-6864 L The methods to penorm the burat
tests for the upper figure curves diffee in the techniques for applying the required
prescure for tube burst. In testing of tubes with through-wall shts [

,

) a.c

12- 5
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I

ja,c. However, recent tests in Belgium have demonstrated that for axial 1

. cracks, foil reinforcement of seals leads to the same burst pressures as in tests with
.

very high capacity pumps and no seal whatsoever. This is illustrated in Figure 12 2.
The Westinghouse and British curves do not use any scai reinforcement and lie below the
Belgian burst curve. The burst data without any soalant system falls along the buist *

curves where seal reinforcement was used. Therefore it is appropriate to remove the
;

conservatism of the Westinghouse axial crack burst curve and use the Belgian burst ;,

curve. The Belgian burst curve for 7/8 inch diameter tubing is shown in the upper plot :

of Figure 12-2. It is seen that a throughwall crack length of 0.84 inch is required for
burst at SLB conditions. The TSP height is 0.75 inch so that even a uniformly
throughwall crack equal to the length of the tsp, which is extremely unlikely, would not
burst under accident conditions.

The probability of tube burst at SLB conditions can be calcuiated by Monte Carlo methods
for the distribution of bobbin voltage indications left in service. The Monte C arlo

methods are described in Sections 9.6 and 12A.2. The BOC Indications left in service
are projected to the EOC utilizing distributions for NDE uncertainties and voltage growth
per cycle. For each EOC Monte Carlo sample of bobbin voltage, the voltage! burst
correlation is randomly sampled to obtain a burst pressure. The probability of tube
burst at SLB is obtained as the sum of samples resulting in burst pressures less than the
SLB pressure differential of 2650 psl divided by the number of times the distribution of
indications left in service is sampled.

The probability of tube burst was evaluated by Monte Carlo analyses for a BOC 3.6 volt
indication at the tube repair limit. Based on 100,000 Monte Carlo samples for the EOC
voltage, the EOC SLB burst probability por indication was obtained as 3x10-5,
Similarly,100,000 Monte Carlo samples at 2.0 ano 2.5 BOC volts resulted in no
occurrences of burst at SLB conditions. The results indcate that the probability of
burst at SLB for a distribution of indications left in service would be orlmarily
influenced by indications of about 3.0 to 3.6 volts. The Farley 2 cytubution of
indications from the last outage (Figure 5-5), if a 3.6 voit plugging limit were applied. ,

- would yield a probabl!!!y of burst at SLB of about 3x10,5J As noted above, the
probability of burst at SLB conditions will be evaluated following each outage for
indications left in service to confirm the adequacy of the tube repair limits as new
growth rate data are developed.

12.4.2 SLB Leakage Analysis

The SLB leakage limit of 55 gpm per S/G was developed in Section 11.3. It is required
that SLB leakage analysis be performed following each inspection to demonstrate that the
potential SLB leakage for tubes lett in service is less than the 55 gpm limit. Il combined
with attemate plugging criteria for tubesheet region indications, the total SLB leakage
must be evaluated against the requirements developed in Section 11.3.

,

Laboratory measurements on cracked tubes indicate no significant leakage for tubes with "

_ through wall crack lengths up to about 0.2 inch at normal operating conditions and about
0,15 inch for SLB conditions. Typical examples with SLB leakage <1 gpd include Farley
Tubes R4C73 (0.18" TW), and R21C22 (0.15" TW) and Model Boller Specimens

.

12 6
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509-3 (0.16' TW) and 5351 (0.11* TW) With OD to ID crack length ratios > 2
found for 0D300, tubes with through wall cracks and measurable leakage even in the
laboratory can be expected to hue significant voltage amplitudes. Thus a threshold
voltage value can be expected for measurable leakage.,

For normal operating conditions, the data show: a 6.5 vo't rnodel boiler specimen with
operating leakage; a field leaker at 7.7 volts; no rep ted field leakage below this 7,7,-

volt leaker including a substantial number of field indications below about 4 volts; and
. >

no measurable leakage for the Farley 2 pulled tube at 2.8 volts. Thus a reasonabla '

judgment is that tho voltage amplitude for the leakage threshold at operating conditions .

is between 2.8 and 6.5 volts. Furthermore, there is significant likelihood that tho
voltage threshold for operating plant leakage detectability would exceed 6 volts.

For SLB conditions Farley 2 tube R4C73 at 2.8 volts had a very small leak rate of 0.17
l'hr (<0.001 Opm) while pulled tubes at 1,44,1.82,2.3,2.7 and 3.83 volts, but not
through wall penetration, had no leakage. The lowest voltage frwnd for a pulled tube with
a through wall crack (0.01 inch long) was 1.9 volts (3/4 inch diameter tube) and this
tub 6 had no detectable leakage in the laboratory. Figure 12 3 shows the pulled tube and
model boiler data for SLB leakage for various bobbin voltage intervals. Data obtained
from 3/4 inch diamete' and 7/8 inch diameter model boiler specimens are included in

:
Figure 12 3, From this figure,it is seen that none of 32 specimens below 2.0 volts
have shown SLB leakage while only 1 of 8 specimens between 2.0 and 3.2 volts had any
leakage (a negligible leak rate of <0.001 gpm). Thus a voltage amplitude of 3.2 volts
appears to be a reasonable lower voltage threshold for significant SLB leakage. This
would correspond to a BOC cutoff voltage of about 2.0 volts based upon allowances at 95%
cumulative probability for NDE uncertainty (0.4 volt) and growth (0.8 volt, Figure

-

5-15). Monte Carlo analyses using 100,000 samples were run for a BOC indication of
2 volts. The EOC results showed no samples with burst pressures below the SLB

_ pressure differential of 2650, which implies a burst probability at least less than
10-5 er BOC 2 volt indication. Similarly, Monte Carlo analyses indicate that 4000p

indications at 2.0 volts would be required to obtain a leak rate of 1 gpm (much less than
the allowable limit of 55 gpm) at 90% cumulative probab'ity of the Monte Carlo
results. Thus the indications of 2.0 volts or less can be omitted from the Monte Carlo
analysis and the burst probabilities and leak rates would be dominated by the larger
indications left in service that approach the tube plugging limit. The 2.0 volt cutoff for
SLB analy30s is provided to facilitate completion of the SLB analyses during an
inspection outage to expedite finalization of tube plugging lists, Preparation and
checking of the voltage indications and completion of the analyses can be expedited by not
including the potentially large number of indications below the 2.0 volt cutoff value.

Guidelines for performing the Monte Carlo analysis include a minimum of 100,000
!

samples for each indication left in service above the voltage threshold value of 2.0 vc!!s
and voltage growth rates developed from the prior operating cycle. Voltage growth rates
are to be developed as a cumulative probability of the change in voltage per cycle or per
EFPY. Figure 515 shows examples of voltage growth d;stnbutions. The growth rate
distribution should be based on the largest BOC voltcge amplitudes approaching the tube
plugging limit to be representative of growth of the largest indications left in service..

For example, the largest 200 voltage EOC indications or all indications above about 2.0
volts (16 volts below the tube plugging limit) for tubes left in service at the beginning,

j 12- 7
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of the prior cycle can be used to develop the cumulatke distribution of growth rates.
The NDE uncertainty distribution for the Monte Carlo analysis is developed in Section
0.8.

.

For each EOC Monte Carlo sample voltage, the SLB teak rate vs. voltage correlailon is
randomly sampled to obtain a sample leak rate. The leak rates from each Monte Carlo
sample are summed to obtain a distribution of totalleak rate per SG for the indications *

left in service. The leak rate obtained at 90% cumulative probability from the Monte
Carlo generated distribution will be utlluted to compare with the 55 gpm allowable leak
limit. A 90% cumulative probability provides adaquate conservatism based on the
following considerations: the SLB leak rate correlation is based on model boiler
specimens which show higher leak rates than available pulied tube data; 4 of 13 model
boiler specimens between 5 and 9 volts (bounding EOC voltages) show no leakage; and
marginveonservatisms are included in developing the allowable SLB leak limit of 55
gpm as described in Section 11.3.

If it is found that the potential SLB leakage for degraded intersections planned to be left
| in service exceeds 65 gpm per S!G, then additional tubes would be plugged to reduce SLB |

leakage potential to below 55 gpm. As also noted in Section 11.4 applying the current
leakage model to the distribution of indications found at the last Farley outages would
yield a maximum of 0.4 gpm per S/G at SLB conditions (at the 90% cumulative
probability level) which is well below the 55 gpm limit per S!G.

12.5 Operating Leakage Limit

R.G.1.121 acceptance criteria for ostablishing operating leakage limits are based on
leak before break (LBB) consideration such that plant shutdown is initiated if the
leakage associated with the longest permissible crack is exceeded. The longest

| permissible crack is the length that provides a factor of safety of 3 against bursting atnormal operating pressure differential. As noted above, a voltage amplitude of [ ]O
volts for typical ODSCC cracks corresponds to meeting this tube burst requirament at
the lower 95% confidence level on the burst correlation. Altemate crack morphologies
could correspond to [ ]Q volts so that a unique crack length is not defined by the burst |
pressure to voltage correlation. Consequently, typical burst pressure versus through
wall crack length correlations are used below to define the " lor. gest permissible crack"
for evaluating operating leakage limits.

The CRACKFLO leakage model has been developed for single axial cracks and compared
with leak rate test results from pulled tube and laboratory specimens. Fatigue crack and
SCC leakage data have been used to compare predicted and measured leak rates as shown
in Figure 12-4. Generally good agreement is obtained between calculation and
measurement with the spread of the data being somewhat greater for SCC cracks than for

| fatigue cracks. Figure 12 5 shows normal operation leak rates including uncertainties |
as a function of crack length.

The through wall crack lengths resulting in tube burst at 3 times normal operating '

pressure differentials (4380 psi) and SLB conditions (2650 psi) are about [
ja, respectively, as shown in Figure 12 2 Nominalleakage at normal

operating conditions for these crack lengths would range from about [ ]a

12 8
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l
la would cause undue restrictions on plant

operation and result in unnecessary plant outages, radiation exposure and cost of repair,
in addition, it is not feasible to ensure LBB for all tubes by reducing the leak rate limit.

*

Crevice deposits, presence of smallligaments and irregular fracture faces can, in some
cases, reduce leak rates such that LBB cannot be ensured for aliit.bes by lowering leak
rate limbs.,

An operating leak rate of 150 gpd (-0.1 gpm) will be implemented in conjunction with
j application of the tube plugging criteda. As shown in Figure 12 5, this leakage limit

provides for detection of [
la. Thus, the 150 gpd limit provides for plant

shutdown prior to reaching critical crack lengths for SLB conditions at leak rates less
than a 95% confidence level and for 3 times normal operating pressure differentials at
less than nominal leak rates.

The tube plugging limits coupled with 100% inspection at affected TSP locations provide
the principal protection against tube rupture. The 150 gpd leakage limit provides-

further protection against tube rupture. In addition, the 150 ppd limit provides the
capability for detecting a rogue creck that might grow at much greater than expected
rates and thus provides additional protection against exceeding SLB leakage limits.

12.6 Supplemental Requirements for Implemer.tation of the Plugging Criteria

Upon implementation of the tube plugging criterion and associated limits on operating
'

SLB leakage, additiona! requirements as noted in this section are to be implemented.

A 100% bobbin coil inspection is required for all hot leg TSP intersections and for cold.

leg intersections down to at least the lowest TSP with ODSCC indications. This
requirement provides confidence that all OD3CC indications which could contribute to
SLB leakage are identified for the leak rate evaluation, if <100% inspection is
performed 5olow cold leg TSP intersections with previously identified ODSCC
indications, and indications at TSPs are identified, the Inspection must be extended to
100% of the affected TSP or the 40% depth limit for tube plugging must be applied for
allIndications.

An RPC inspection is required to establish that the principal indications can be
characterized as ODSCC. For Farley, the RPC inspection will be performed for all ODSCC
indications left in service that exceed a 1.5 volt bobbin coli amplitude. The RPC results
are to be evaluated to establish that the principalindications can be characterized as
ODSCC. As discussed in Section 8.1, bobbin colllndications <1.5 volt for degradation
other than ODSCC are not expected to impact tube integrity, for potential tube
degradation at Farley. Thus, characterization of the type of degradation above 1.5 volts
by RPC is adequate to determine appropriate plugging limits, if indications other than
ODSCC are ident:fied, these indications should be evaluated against a 40% depth
requirement for tube plugging. The >1.5 volt bobbin coil amplitude for RPC inspection.

also is below the 3.2 volt threshold below which SLB leakage is expected to be negligible
as noted in Section 12.4.2. Once an indication at a TSP is confirmed to be ODSCC,

-

reconfirmation by RPC inspection at allemate refueling outages is acceptable.

12- 9
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Branching of cracks in the circumferential direction is acceptable within the tube
plugging criterion, Circumferenilal branching has been found in pulled tubes and model
boller specimens. Examples are summarlzed in Table 12.3. These data are ineNded in
the vcitage/ burst correlation. The branching includes some IGA effects as well as SCC. .

At the higher voltages (>20 volts) summarized in Table 12.3, the effects of branching
and tearing of ligaments between axial microcracks can be seen in the orientation of the '

burst crack opening. Even for these tubes, the burst pressures are comparable to burst *

pressures for indications without circumfereritial branching. The burst tests tend to
indicate that at very high voltage levels (model boller specimens 5431,543-2 with
voltages >100 volts), the branching effects may result in reduced burst capability
campared to uniquely axial cracks. Thus voltage levels much higher than the plugging
limits of this report are required before the circumferential branching effects influence
tube integrity for ODSCC at TSPs. Thus no specialinspection techniques are required to
inspect for indications with circumferential branching.

Circumferential cracks at TSPs have only been found in one Westinghouse plant that has
significantly more and larger dents than found in the Farley SiGs. No circumferential
cracks have been found at the TSPs in the Farley SGs by olther RPC inspection (RPC) or
by pulled tube examination and none are expected based on operating experience in other
plants. The RPC Inspections required for Indications >1.5 volt are adequate to continue
to morJtor for potential occurrence of circumferential cracks. RPC resolution is
considered adequate to define separation between circumferential and axial cracks, it is
not necessary to resolve potential circumferential cracks between closely spaced axial
cracks since circumferential cracking is not anticipated at Farley. Any inillal
identihcation of circumferential cracks by RPC should be based upon a well defined
circumferentialindication as contrasted to inadequate RPC resolution. If a well defined
circumferentialIndication should be identified at the TSPs in the Farley S/Gs, guidelines
for RPC interpretation would be reviewed at that outage and consideration given to
supplemental UT Inspection for resolution of the degradation mode. Tubes with identified
circumferential indications would be plugged or repaired.

1.:.7 Summary of Tube Plugging Criteria

As developed in the sections above, the plugging critoria for ODSCC at TSPs can be
summarized as follows:

Tube Pluccina Criterion

Tubes with bobbin coilindications exceeding 3.6 volts will be plugged or repaired.

SLB Lenknoe Criterinn

Predicted SLB leak rates from tubes left in service must be less than 55 gpm for each
S/G, including considerations for NDE uncertainties and ODSCC growth rates.

Insoection Recuirements

A 100% bobbin coil inspection shall be performed for all hot leg TSP intersections and
all cold leg intersections down to the lowest cold leg TSP with ODSCC indications.

12- Io
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All tubes with bobbin coil indications >1.5 volts at TSP intersoctions shall be inspected
using RPC probos. The RPC results shall be evaluated to support ODSCC as the dominant
degradclion mechanism. Indications at TSPs confirmed to be ODSCC shall be reinspected
by RPC at ahemato refueling outages (once in two outages; for reconfirmation as ODSCC.,

Dooratino Leaksce Limits
.

Plant shutdown will be implemented if normal oporating leakage exceeds 150 ppd por
S/G. I

Exclusions from Tube Pluccino Criterion

Tubes with RPC indications not attributable to ODSCC and circumfotentialIrdcations
shall be evaluated for tubo plugging based on a 40% depth limit.

,
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Table 12.1 '

7/8 Inch Diameter Model Boller Specimens: Test Data Summary |.

Model Burst Destructive Exam. * '
Boiler Bobb:n CM APc Loak An'a d'h-) Press teneth inch

El SPE I h!11 */s.DElb h!:1 LCtrAs . IL Oc AP SLB .iP anl. Max . lumna!!'
~

1 500 1 ~

2 -509 2
3 509 3
4- $101
5- 525-1
6 528 1
7 528 2
8 532 1
9 532 2

,10 533 4
11 535 1

|' 12 5361'

l 13 542 4
' 14 543 1

15 543 2
'

16 543 4
17 555 3
18 557 1 '

.

19- 557 2
20 .557 4

. 21 558 1 *

22 568 1
| 23 568 2 ~

24- 568-4
25 588 6
26 -571 1,

27 574 4
28 576 2
29 '576-4
30 605 2
31 605 3.
32 607 3-
33 607 4 ,,,

t
- For specimens without throughwall penetration, maximum death of penetration is listod,-

- *

[.
- "

Destructive examination and review of RPC data shows that only 1 crack has a significant
response that contributes to the bobbin signal *

. Tube not burst tested due to physicallimitation of specimon.
*"

12 12
i
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Table 12.2

Tube Plugging Limits to Satisfy Structural RequiremenP,

.

hmi h nae
,

Maximum Voltage Limit to [ P Section 9.6, Figure 9 2,
Satisfy Tube Burst Burst Pressure vs. Voltage
Structural Requirement Correlation at -95%

confidence level.

Allowance for NDE 0.8 (20%)(1) Section 0.8 shows
Uncertalnty development of 16%

uncertainty at 90% cumulative
probability, Conservatively
increased to 20% to establish
plugging liriitt

.

Allowance for Crack 1.8 (50%)(1) Section 5.3, Table 5.4
Growth Between shows average growttVcycle
inspections of 37% and 29% tor Unds 1

and 2. Allowance increased
to 50% of Tube Plugging Limit

' to provide conservative margin
for variations in future cycles.

.

Tube Plu;;ging Voltage 3.6
Limit

o Acceptable Limit
to Meet Structural
Requiremont

U21ft
1. Voltage percentage allowances for NDE and growth / cycle applied to Tube

Plugging Voltago Limit of 3 3 volts.

.

6
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Table 12.3

Examples of Circumferentla' Branching for ODSCC at TSPs
,

Burst Pressure Destrudue I
'

MIgg nC.Vohgg poi!ed Tubet Eram Figuru Cifruru!gigdial,DJ1DCh102DMuD j
,

Pulled Tubes

A 2:R38C46 g 411 to 413 Numerous microcracks cf axialand i

circumferential orientalicn

A 2;R31046 41 to 4 2 Minor circumferential branching
{

B.1;R4C61 4 3 to 4-4 Short circumf erential cracks with IGA patches

! Model Boller Specimens
|
>528 2 1018 to 10 21 Burst opening includes circumf erentially

oriented ligaments

532 1 10 22 to 10 25 Burst opening includes minor circumf erential
orientation

532 2 10 20 to 10 29 frregular burst opening involving tearing of !

interconnecting ligaments !

535 1- 10 30 to 10 31 Example of minor branching within tube wall '

555 3 10 32 to 10 34 Durst involves irreg.nar pattem with turn '

connecting ledges Detween cracks.

._

|

:

i

|

.

| i

i
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Burst Pressure vs. Crack LenDth
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Figure 12 4
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Comparison Berween Predicted and Measured Leak Rates
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Appendix A

NDE Data Acquisition and Analysis Guldollnes
-

A.1 ItJTRODUCTION
l

'

This appondix documents techniques for inspection of the Farley 1 and 2 S/O tubes
related to identification of ODSCC at the tube support plato regions. ODSCC at the TSP
Intersections was first observed in 1986, when tubos woro pulled at Farley Unit 2. No
tubo leakago has boon attributed to this degradation modo in olthor Farley Unit 1 or 2

This appendm contains guidelines which provido direction in applying the ODSCC
attornato ropalt limits doscribed in this report. The proceduros for oddy curront
testing using bobbin coil and rotating pancake coil (RPC) technique, are summarized.
The procedures given apply to the bobbin coil inspection, except as explicitly noted foi
RPC inspection. The methods and techniques detailed in this appendix are requisite for
imp |omontation of the altomato repair limit and are to be incx>rporated in the applicablo
inspection and analysis procedures. The following sections defino specific axiuisition
and analysis paramotors and methods to bo used for the inspection of the steam generator
tubing.

A.2 DATA ACQUISITION

The Farley Units 1 and 2 steam generators utilizo 7/8" OD x 0.050* wall, Alloy 600
mill annoaled tubing. The cart >on stool suppor1 platos are designed with drilled holes.
The following guidolines are snocified for non destructivo oxamination of the tubos-

within the TSPs at Farley 1 and 2.

A.2.1 Probos

Bobbin Col! Probes

Eddy current equpment used shall bo the ERDAU (Echoram Tester), Zotoc Ml218 or
other equlpment with similar specificctions. To maximizo consistoney wl!h laboratory
data, difforontial bobbin probes with the following paramotors shall be used:

0.720' outor diameter.

two bobbin colls, each 60 m;ls long, with 6.0 mils betwoon coils (ooil
conters separated by 120 rails)
non magnetic blas, r

in addition, the prr.ibo design incorporatos contering featuros that provido for mi.) mumg
probo wobblo and offset. ;g,,

.

Rotntina PanenktCoi! Probes y
'

The coildiamotor shall bo 50.125*. The maximum probs pullir a speed shall bo .2
in/sec (or 0.4 in/ soc. for the case of 2 x RPC probo). Tho maximum rotation spood
shaii bo .300 rpm. This would result in a pitch of -40 mils.

A1
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A.2.2 Calibration Standards

D&birl Cell Standards
.

Th6 bobbin co" d : ration statidarris shall contain:

Fou,' 0.033' diameter through wall holes,90' apart in a single plane around-

ths h abe circumference; the hole diameter tolerance shall be 10.001".
One 0.109' diameter flat bottom hole,60% through from OD-

One 0.187* diameter flat bottom hole,40% through from the CD-

Four 0.187* diameter flat bottom holes,20% through from the OD, spaced-

90' apart in a single planc around the tube circumference.
A simulated support ring,0.75"long, comprised of SA 285 Grade C carbots-

steel or equivalent.
This calibration standard will need to be calibrated against the reference-

standard used for the APC laboratory v>ork.
A probe wear standard for monitoring the degradation of probe-

centering devices leading to off-center coil positioning and potential
variations in flaw amplitude responses, This standard shallinclude four
through wall holes,0.067"in diameter, spaced 90' apart around the tube
circumference with an axial spacing such that signals can be clearly
distinguished from one another (see Section A.2.3).

RPC StMdvd

The RPC standard shall contain: .

Two axlai EDM notches, located at the same axial position but 180' apart-

circumferentially, each 0.006* wide and 0.5" long, one 80% and one 100%
through wall from the OD.
Two axial EDM notches, located at the same axlal position but 180' apart-

circumferential!y, each 0.006' wide and 0.5"long, one 60% and one 40%
through wall from the OD,
A simulated support segment,270' in circumferential extent,0.75' thick,-

comprised of SA 285 Grade C carbon steel or equivalent. 4

The center to center distance between the support plate simulation and the nearest slot
shall be at least 1.25". The center to center distance between the EDM notches shall be
at least 1.0". The tolerance for the widths and depths of the notches shall be 10.001".
The tolerance for the slot lengths shall be 10.010',

A.2.3 - Application of Bobbin Coll Probe Wear Standard -

A calibration standard has been designed to monitor bobbin coil probe wear. During
steam generator examination, the bobbin coil probe is inserted into the wear monitoring
standard; the initial amplitude response from each of the four holes is determined and

| compared on an individual basis with subsequent measurements. Signal amplitudes or
'

| voltages from the individual holes compared with their previous amphtudes must
remain within 15% of each other for an acceptable probe wear condition, if this
condition is not satisfied, then the probe must be replaced if any of the last probe wear *

A2
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i

standard signal amplitudos prior to probo replacomont orcood the 15% limit, say by a
variable value, x%, then indications rnoasured since the last acceptable probe wear
measurement th*' are within x% of the plugHng limit must be to inspected with tho
new probo.,

A.2.4 Acquisition Parameters,

The following parameters apply to bobbin coli data acquisition and should be
incorporated in the applicable inspection procedures to supplomont (not necessarily

,

replaco) the par & motors normally used.

Test Frecuenden

This 19chnique requires the use of 400 kHz and 100 kHz lost frequenclos in
the differentist mode, it is recommended that the absolute modo alf.o be '

used, at test frequenclos of 100 kHz and 10 kHz. The low frequoney (10
kHz) channel should be rooordod to provide a positke means of vorifying
tube support plate edge detection for flaw location purposes,

,

RPC troquenclos should also include 400 kHZ and 100 kHz.

Dio!thino nato

A minimum bobbin coil digitizing rato of 30 samples por inch should be
unod. Combinations of probe spoods and instrumont :amplo ratos should be
chosen such that:,

Sample Rato (sampler.' soc.)
2 30 (samplor.'in.).

Probo Spoed (in/ssc.)

Smns and Rotations

Spans and rotations can be set at the discretion of the user an$or in
acoordance with applicable procedures.

Mixes |.

A bobbin coll differential mix is established with 400 kHz as the primary
frequency and 100 kHz as the secondary frequoney, and suppression of tho

:tube support plato slmulation should bo performed. This channolls also
used to assess chanDos in signal amplitude for the probe wear standard.

A.2.5 Analysis Parameters

This section discusses the methodology for establishing bobbln coil data analysis
variables such as spans, rotations, mixes, voltage scales, and calibration curves.

-

i Although indicated depth measutoment may not be required to support an altomativo *

repair limit, the methodology for establishing the calibration curves is prosented. The,
*

!
use of thoso curves is recommended for consistency in reporting and to provido

A3
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compatibility of results with .,ubs.equent inspections of the same steam generator and
for comparison with other steam generators and'or plants.

400 kH2 Differential Channel -

Rotation: The signal from the 100% through wall hole should be set to 40' (11')
with the initial signal excursion down and to the right during probe withdrawal.

Voltage Scale: The peak to peak signal amplitude of the signal from the four 20%
OD flaws should be set to 4.0 volts.

Calibration Curve: Establish a curve using incasured signal phase angles in
combination with the "as built * flaw depths for the 100%,60% and 20% flaws
on the calibration standard.

400/100 kHz Different!al Mir channel

Rotation: Set the signal from the probe motion to be horizontal with the inillal
excurslen of the 100% through wall hole signal going down and to the right during
probe withdrawal.

Voltage Scale: The pak to peak signal amplitude of the signal from the four
100% through wall flaws shallbe set to 6.4 volts. The RPC amplitude shall be set

- to 20 volts for the 0.5 inch through wall notch. '

Calibration Curve: Establish a curve using measured signal phase angles in +

oombination tvith the "as-built * flaw depths for the 100% 60% and 20% flaws
on the calibration rtandard.

A.2.6 Analysis Me'.hodology

Bobbin collindications at support plates attributable to ODSCC are quantified using the
Mix 1 (400 kHz/100kHz) data channel. This is illustrated with the example shown in
Figure A 1. The 400 kHz primary analysis channel (Channel 1), along with other
appropriate frequency channels, can be used to locate the indication of Interest within
the support plate signal. Locate largest amplitude signal representing indication in
Channel 1 or any other frequency. One then switches to Mix 1 (shown in the lower
part of the figure), establishes the perik to peak voltage and records the relative
Mix 1 channel signal amplitude. This voltage is then entered as the analysis of record
for comparison with the repair limit voltage.

A.2.7 Reporting Guidelines
i

The reporting requirements identified below are in addition to any other reporting
requirements specified by the user.

Minimum Recuirementt '

At a rninimum, flaw signals h the 400/100 mix channel at the tube
.

support plate intersections whose peak to. peak signal amplitudo exceeds

A4
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1.5 vults, requiring RPC inspoetion, mun! bo reportod. Signals, however
small, should also be reportod for historical purposos and to provido an
assessmont of the overall condition of the steam generator (s).

.

Additional Recuirements

For each reported Indication, the following information should be recorded:
+

Tube identification (row, column)
Signal amplitude (volts)
Signal phaSO anglo (degroes)
Indicated depth (%)T
Test channot (ch#)
Axial position in tube (location)
Extent of tost (extent)

i 11 is recommended that an Indicated depth be reported as much as
possible rather than some letter code. While lhlt measuromont is not
roquired to mJot the allomato topalt limit, this information might be
requirod at a lator cate and'or otherwise be used to develop onhanced
analysis techniques.

APC reporting requirements should include a minimum of: type of
degradation (axlat, circumforential or other), voltago, phase angle, crack
lengths, and location of contor of crack within the TSP. ,

,

A.3 DATAEVALUATION
.

A.3.1 Use of 400/100 Differential Mix for Extracting the Flaw Signal

in order to positively !dontify c discontinuity in the composito signal as an Indication
of a riaw in the tube wall, a simple signal processing procedure of mining the data from
the two test frequencies is used which reduces tha interforence from tha support plate
signal by about an order of magnitudo. The test frequenclos most ofion used for this
signal processing are 400 kHz and 100 kHz where 50 mil wall inconel 600 tubing is
involved. The processed data is referred to as 400/100 mlx channel data. This
proceduro may also eliminato the interforence from magnetite accumulated in the
crovices. Any of the differential data channels including the mix channel may be usod
for flaw detection (though the 100 kHz channolls subject to it. fluence from many
different effects), but the final evaluation of the signal detection, amplitude and phaso
(although a depth estimato is not required in the altomato plugging limit) will bo mado
from the 400/100 differential mix channel. Upon detection of a flaw signalin the
differential mix channels, confirmation from other channels is not required. The
voltage scale will be set from the 400/100 differential channot on the basis of 6.4
volts for the 4 holes,100% ASME standard.

.

The prosont ovaluation proceduto requires that thoto is no minimum voltage for flaw
detection purposos and that all flaw signals however small bo identified. The*

Intersections with flaw signals ;r1.5 volt will be inspected with RPC in ordor to

A5

_ _ _ _ . , - -.



.________-___-_ _____- - - - - -

|

|

confirm the presence of ODSCO, Althcugh the signal voltage is not a measure of the flaw
depth, it is an indicator of the tube burst pressure when the flaw is identified as axial
ODSCC with or without minor IGA.

. 1

The procedure using the 400/100 mix foileducing the influence of support plate and
magnefile does not eliminate the interfererce from copper, alloy property change or
dents. These are discussed below.

A.3.2 Amplitude Variability

It has been observed that voltage measurements thken off the same data by different
analysts eve,i when using identical guidelines may d0er. By observing the graphical
output produced by each analyst, it can be seen that tha dots which mark the lissajous
traces for computer amplitude calculations are sometime3 placed at different locations; j
this reflects a degree of analyst judgment within the speelf0d guidelines for

i

peak to peakvoltage measurements. Figures A 2 to A 5 Illustrate such differences.
This source of error becomes more noticeable when the data hvolves complicating ;

factors or interferences which make the process of flaw identification more difficult: '

the contrast between Farley 1 which exhibits signs of minor dentMg in the TSPs and
Farley 2 which is essentially free from corrosion. induced denting pr9sents such
circumstances,

in order to minimize the chance that bobbin flaw voltages near setpoints will not be
underestimated, e.g. the plugging limit or the RPC testing threshold, it is
recornmended that the placement of dots be done in such a manner as to @tain the
maximum voltage consistent with the lissajous figure portion which represera theg

.

flaw. Placement of the dots to effect maximum amplitude measurement is Illuttrated
~in Figure A 6. The Mix 1 lissajous trace shows the dots placed at the extremos Of the
vertical displacement to be consistent with the apparent flaw segment in the 200 t H:. *

It may be necessary to iterate the position of the dots between the identifying frequ3ncy
data (e.g. 200 kHz) and the Mix 1 data to assure proper placement of the dots. Figure
A 7 shows that initial placement in the 200 kHz channel identified only part of the
flaw segment, while Figure A * shows that a small change in the 200 kHz channel dot
placement identified more completely the flaw extent in the Mix 1 data, with -50%
change in amplitude.

11 may be difficult to determine the correct portion of the lissajous trace
corresponding to the possible flaw in the TSP. Figure A.9 presents a situation in
which identification of the correct portion of the Mix 1 lissajous as the flaw segment is
difficult because the flaw features in the 200 kHz channel or 400 kHz channel are
overwritten. By expansion of the viewing window (200 kHz, for example), the region
of averwriting is expanded and the identification of the flaw segment is made easier;
Figue A 10 confirms that the 64' portion of the trace represents the flaw segment,

it is noted that by employing these techniques, identification of flaws is improved and
that conservative amplitude measurements are promoted. The Mix 1 traces which -

result from this approach conform to the modelof TSP ODSCC which represents the
degradation as a series of microcrack segments axially integrated by the bobbin coll;
i.e., short segments of changing phase direction represent changes in average depth .

with changing axial position This procedure is to be followed for reporting voltages

A6 ^
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for the plugging criteria of this report. This procedure may not yield the maaltnum
bobbin depth call. Il maximum depth is desired for information purposes, shorter
segments of the overall crack may have to be ovaluated to obtain the maximum depth
estimate. However, the peak to peak voltages as described herein, must be reported,

even if a different segment is used for the depth call.

A.3.3 Copper interforenco*

in situations where significant copper interforence in the Oddy current data is noted,
the oddy current technique basically becomes unreliable. This results from the
unpredictability of the amount and morphology of oopper deposit on the tubos which
may be found in operating steam generators. The above observation is true both for
bobbin and RPC or any other eddy current probo. Fortunately, significant copper
interforence does not occur Iri the support plato crevico regions of Farley 1 and 2.
This is confirmed by destructive examination of the support plato intersections pulled
from Farley 1 and 2. No plated copper was found on the tubo OD within the support

.

plate crevice although some minor coppor patches outside the crevico region woro
|

sometimes observed. Copper is not a significant issue for ovaluating the support plato
intersections of the tubing of Farley #1 and #2 steam generators, if copper
interference is observed at Farley Units 1 and 2, the existing rules and procedures for
complying with the technical specification plugging limit based on depth of wall
penetration will apply.

A.3.4 - Alloy Property Changes i

This signal manifests itself as part of the support plate ' mix residual" in the.

400/100 differential channel and as an offset in the 400/100 mix absoluto channel,
it has often been confused with copper deposit as the cause. Such signals are found
often at support plate intersections of operating plants, as well as in the model bollor+

test samples, and are not necessarily indicative of tube wall degradation. Six support
plate intersections of the Farley 2 plant judged as free of tube wall degradation on the
basis of the 400/100 differential channel using the guidelinos olvon in Section A.2.5 e

and A.2.6 of this document were pulled in 1989, Examples of the bobbin coil field data
are shown in Figure A 11 to A 13. The mix residuals for these examples are betwoon
2 and 3 volts in the 400/100 differential channel and no discontinulty suggestive of a
flaw can be found in this channel. All of them have an offset in the 400/100 absolute
channel which could be confused as a possible indication. These signals persisted
without any significant change even after chemically cleaning the OD and the ID of these
tubes. The destructive examinat.lon of those intersections showod very minor or no
tube wall degradation. Thus, the overall mix residual of the 400/100 differential

channel and the offsof in the 400/100 absoluto channel themselves are not an
indication of tube wall degradation. Ono needs to examino the dotalled structure of the

' mix residua!* (as outlined in Sections A.2.5 and A.2.6) in order to assess the
possibility that a flaw signalis present in the residual composite. Such offsets in tho
absoluto channels have boon observed at the top of the tubeshoolin plants w'th partial
length roll expansions!In such casos, destructivo examination of sections pulled from
operating plants have shown no indication of tube wall degradation.*

.

:

,
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A.3.5 Dont Interference

There are essentially no corrosion induced dont signals of any significance at the
support plate intersections of Farley Unit 2. A smallpopulation of onginalcondition .

dents, mainly at the upper support plates, with voltages up to about 1015 volts, are
present; this i: typical of the at built conditbn of a typical steam generator, which
may have random local dents (* dings'), some at support plate elevations. Farley Unit
2 has a small population of corrosion induced dents, Figure A 14, at the support plate
intersections, These locations, when tested with bobbin probes, produce signals which
are a composite of the dent signal plus other contributing effects such as packed

,

magnetite, conductive deposits, alloy properly chango (artifacts) plus flaw signals if
'

present and the support pligte itself.

The 400/100 kHZ (differential) support plate suppression mix eliminates the
support plate and the magnolite signals, but the resulting processed signal may still be
a composite of the dont, artifact, and the flaw signals. These composite signals
represent voetorial combinations of the constituent effects, and as such they may not
conform to the behavior expected from simple flaw simulations as a function of test
frequency.

The average signal amplitude of the dent population in the most affected steam
generator at Farley (S/G C in Unit 1) is 3.2 volts peak to peak; very few of the dents
observod exceed 10 volts measured at the 400 kHz calibration settings. It car; be seen
that only a few hundred intersections (<1% of the tubes) exhibit TSP dents greater
than 2 vohs.

.

The effect of the dont on the detection and evaluation of a flaw signal depends on both the
relative amplitudes of the flaw and dent signals and the relative spatial relationship
between them, if the Nw is located near the center of the dent signal, interference * *

with flaw detection may become insignificant, even for relatively largo dent to flaw
signal amplitude ratios The flaw signalin a typical support plate dont in this event
occurs mid plane away from the support plate edges where the dont signal has
maximum voltage; thus the flaw in the middle section of the support late shows up as a

. discontinuity in the middle of the composite signal. Some examples of such cases in the
field data are shown in Figures A 15 to A.20 for dents with peak to.poak amplitudes '

ranging from -4 to 10 volts. The top pictures in these figures show the composite
signal voltagesl the pictures in the bottom half ive the flaw voltagos. For example,inG
Figure A 15, the dent voltage at 400 kHz is -10.3 volts and the flaw signal voltage in
the 40rV100 kHz mix channells -1.3 volts, it can be observed from these figures
that one can readily extract a flaw signal when the signai to nolso (S/N) ratio is loss
than unity. The question of S/N ratio requirements for the detection and evaluation of
the flaw signalis answered by examination of Figures A 15 to A 20. In allcases
shown, S/N is less than 1 and the flaw signal can be detected and evaluated.

The greatest challenge to flaw detection due to dont intorforenco occurs when the flaw
occurs at the peak of the dont signal. Detection of flaw signals of amplitudo Equal to or *

greater than 1.5 volts the criterion associated with confirmatory RPC testing in '

the presence of peak dont voltagos can be understood by vectorial combination of 1.5
0voit flaw signals across the range of phase angles associated with 40% (110 ) to

,0100% (40 ) throughwall penetrations with dont signals of various amplitudes, it is
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easily shown that 1.5 volt flaw signals combined with dont signals up to -13 volts (1
mit equivatont) poak to peak will yield rosultant signals with phase anglos loss that
170* within the Farley flaw reporting rangolin all cases the amptitude will exceed
1.5 volts. All such signals will be subjected to RPC testing under the Farley guidelinos,

in the normal course of events. To demonstrate this one half, the dont peak to peak
voltage (entranM or emit lobe) at 180' is combined with the 1.5 volts flaw signal at
the desired phase angle. The Farley 1 inspection data is shown in Figures A.15 to.

A 20 to permit flaw detection and evaluation for flaws situated away from the peak
dont voltages. The vector combination analysis shows that for moderate dont voltages
where flaws occur coincident with dont entrance or exit locations, flaw detection at the
1.5 volts amplitudo lovel is successful via phase discrimination of combined flaw /dont
signals from dont only signals. Supplomontalinformation t reinforce this phase
discrimination basis for flaw identification can be obtained by examination of the
200/100 kHz mix channell dont response would be lossened while the flaw responso is
increased folative to the 400/100 kHz mix. RPC testing of indications identified in
this fashion will confirm the dependability of flaw signal voltages identified in this
fashion.

A.3.6 Flaw Characterization

The RPC inspection of the intersections with bobbin coil flaw indications >1.5 volts is
recommended in order to verify the applicability of attornate repalf limit; this is
based on establishing the presence of ODSCC with minor IGA as the cause of the bobbin
Indications. Once an Indication is charactorized by RPC as ODSCC, inspection of the
indication at altomate refueling outages is acceptable.

'

The signat voltage for the RPC data ovaluation will bo based on 20 volts for the 100%
reep. 0.5' long EDM notch at all test frequencies. The nature of dogradation will be
octormined from careful examination of isometric plots of the RPC data. The presence

-

of axial ODSCC at the support plate intersections has be6n well dncumented, but the
presence of circumforential ODSCC at the support plate Intersections has boon
estabhshed by tube pullin only one plant. Thus, the examples shown in Figures A 21
to A.23 show examples of muitlpto/ single axlal ODSCC. Figuro A.24 gives an example
of circumforential ODSCC from another utility at tube support plates. The examples of
chcumferential ODSCC given here show that if the circumferentialinvolvement is
60' to 90*, one can unambiguously establish the ex4tonce of circumforential ODSCO
althouDh it may be possible to catablish this in casos of arc longths as small as 45'.

RPC resolution is considered adequate for separation between circumferential and axial
cracks. Circumferential cracking is not expected in the Farley SGs, since denting is

. small and affecting a limited number of tubos in Farley 1. Figure A 25 shows an
example of an axialindication cati for closely spaced axial cracksi Also shown is a
picture of the cracks from the destructivo examination for those tubosheet crevice
indications. The axial RPC call was based on the detected longth of the Indications. If a
well defined circumferential indication is identified at the TSPs in the Farioy SGs
(>60% circumferential extent), guidelines for RPC interpretation will be reviewed at
that outage and consideration given to a supptomontal UT inspection if necessary for.

resolution of the degradation mudo.

.

A9
,

.



A.3.7 Confinement of ODSCC/lGA Within the Support Plate Region

in order to establish that a bobbin indication is within the support plate, the
displacefnent of each end of the tJgaalls measured relative to the support plate contor. *

If this distance exceeds half the suppor1 plate axlallength (0.375*), the crack will be
considered to have progressed outside the support plate,

,
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Appendix B

Evaluation of Pulled Tubes from Plant L
0

Data from Plant L provide the most extensive pulled tube support for the voltage / burst
_ correlation of this report. The Farley pulled tubes include higher amplitude indicailons,

than Plant L Thus the data from Farley and Plant L are complementary. The eight
pulled tubes from Plant L include 24 intersections of which 23 were destructively
examined and 21 were burst. Due to the importance of the Plant L data to the
voltage / burst correlation, the field eddy current data tapes were f eevaluated by
applying the analysis guidelines of Appendix A. In addition to reanalysis of the bobbin
and RPC voltages, this reevaluation included adjustments for differences between ASME
calibration standards for Plant L and the reference laboratory standard. These results as
well as general considerations of crack morphology are described in this report.

B.1 Summary of Plant L Data

Table B.1 provides a summary of the field eddy current inspection results as well as a
summary of the destructive examination results. From the pre-pull bobbin coil data in
Table B,1, it is seen that all 24 intersections were detected by the bobbin coil inspection
of Plant L. The bobbin results represent a Phase 2 inspection that used analysis
guidelines for calling indications that are essentially the same as Appendix A. Voltage
amplitude analyses in the field inspection did not have the emphasis required by
Appendix A for application to the repair criteria of this report. For this reason, the
voltage amplitudes are roovaluated from the field data tapes in Section B.3.,

' As noted in Table B.1, the RPC analysis guidelines were progressively refined as the
inspection progressed with Revision 3 as the final guidelines. The differences between
Revision 2 and Revision 3 are that signals with a high noise to signal ratio were ca!!ed
3:1 Indications in Phase 2 while calls of sal, MAI or NOD were made for the 3:1
Indications in Phase 3. The RPC Phase 3 guidelines are generally consistent with
Appendix A in that specific calls other than 3:1 are required in Appendix A.
Interpretation of the noisy signals for indications near the threshold of detection can,
however, be subjective calls. It can be noted that the average crack depths aro < 40%
for the RPC 3:1 and NDD indications and thus these indications do not represent a
challenge to tube integrity. In addition, the bobbin voltages for the 3:1 and RPC NDD
indications are about 1 volt or less and would be acceptable for continued service by the
plugging limits of this report.

It is noted that two indications on tube R16074 were NDD by RPC while all were detected
by the bobbin inspection. These results support the use of the bobbin coil as the
principalinspection for the repair limits of this report. These pulled tube results as
well as other historical results show that, for indications near the detection threshold,
some Indications may be detected by either the bobbin or RPC probes but not both
probes. As the indications become more significant and becomo closer to the repair' *

limits of this report, the indications are detectable by both the bobbin and RPC probes.

.
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B.2 Voltage Corrections for Calibration Standards

The field voltages for Plant L d:ffer from the Appendix A guidelines both by differences
in voltage normalization to the ASME standard and by differences between the as -

manufactured field and laboratory reference ASME standards.

The Plant L field voltages were normalized to 5.0 volts at 400 KHz for the 20% ASME
holes. Appendix A requires this calibration at 4.0 volts. Thus the Plant L field voltages
need to be multiplied by a f actor of 0.8 for comparisons with the amplitudes of this
report. This difference is further addressed in the reevaluation of the field data as
described in Section B.3.

The influence of the as manufactured tolerances of the ASME standards on voltage
amplitudes was evaluated in twc ways. First, a transfer standard calibrated against the
reference laboratory standard was sent to Plant L and the Plant L ASME standards were
cross calibrated against the transfer standard and thus cross calibrated against the
reference standard. Secondly, the Plant L ASME standards were sent to the laboratory
and directly calibrated against the reference standard. The resulting calibration ratios
of the Plant L ASME standards to the reference standard provide an assessment of the
effectiveness of the transfer standard process.

The calibration ratios obtained in the field using the transfer standard are given as the
field data in Table B.2. The calibration ratios represent the average of five
measurements with the variability between measurements limited to < 4%, At 400 KHz,
the calibration ratios for both Plant L standards were obtained as 0.86. However, at the
400/100 KHz mix, standard Z 7081 showed a calibration ratio of 1.12 compared to an
cverage of about 0.86 for standard Z 7980. The calibration ratios would be expected to
be similar for the two frequencies. This difference was further evaluated by shipping the
field standards to the laboratory for further evaluation. Standard Z 7981 has a dent at
the TSP simulation which could have some influence on the evaluation,

in the laboratory, calibration ratios were developed through application of the transfer
standard and by direct comparison with the reference standard, in addition, both
Westinghouse and Zetec probes were used. The results for the laboratory developed
calibration ratios are given in Table B.2. The laboratory reruits show calibration ratios
of essentially 0.86 for Z-7980 and 0.90 for Z 7981 at 400 KHz and 0.76 for Z 7980
and 0.88 for Z-7981 at the 400/100 KHz mix. No significant differences were found
between use of the transfer or laboratory standard or between the Westinghouse and
Zetec probes. The laboratory and field results show good agreement only for Z-7980 at
400 KHz.

To assess the differences between standards, the 20% ASME hoie diameters and depths
for the laboratory,2 7980 and 2 7981 standards were accurately measured for the
20% holes. The laboratory standard had all hole diameters and depths within 0.5 mil of
the ASME dimensions (0.187" diameter,20% deep) and less than 1 mil variation in
wall thickness. Standard Z 7981 also had all dimensions within 0.5 mil of the ASME
dimensions, although on the average slightly smaller than the laboratory standard.

*

These dimensions are consistent with the calibration ratio near unity (0.96). Standard
Z 7980 had holes and depths undersized with up to 2 mils undersize for one hole. These
dimensions are consistent with the lower calibration ratio for the standard. The

B-2
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tolerances on all standards were considerably better than the three mils permitted by
the ASME Code. Both 2 7980 and 2 7981 had wall thickness variations up to about 3

-mils.
*

Based on consistency of the laboratory calibration ratios with the measured hole
dimensions, the laboratory calibration ratios are applied in this report. However, as
noted in the footnote of Table 7, three additional standards were used in the pre pull

*

inspections. Direct calibration ratios were not obtained for these standards Bobbin data
for tube R8C66 was available for both the Z 7980 and Z 6743. Bobbin voltages
evaluated for the two data sets showed an average ratio of 1.03 for 2 7980/2 6743.
This ratio was applied to obtain an estimated calibration ratio of 0.9 for 2 6743. For
standards Z-6738 and Z.7979, the calibration ratio is assumed to be 0.95.

-

B.3 Voltage Evaluation

The field bobbin coil data tapes were reevaluated using the analysis guidelines of
Appendix A. For the reevaluation, the voltage was normalized to 4.0 volts in the 400
KHz mix for the 20% ASME flaw, which is consistent with the pulled tube and model
boiler data normalization of this report. This is essentially equivalent to 4.0 volts at
400 KHz. The results of this evaluation are given as the Reevaluation Evaluated column

- of Table B.3. The laboratory evaluation results of the field bobbin tapes are shown in
Figures B.1 to B-8 for each intersection of the 8 pulled tubes. The field columns of
Tablo B.3 show the as reported field values from Table B.1 and as renormalized to 4.0
volts at 400 KHz for the 20% ASME flaw. For voltages less than about 1 volt, the
reevaluated voltages tend to be somewhat higher due to the guidelines emphasis on'

obtaining peak to peak voltages. For the 7 indications above 1 volt by both evaluations,
the differences in voltage amplitudes are small,

The reevaluated voltages were then multiplied by the calibration ratios developed above
in Section B.2 to correct for differences in ASME calibration standards. The corrected
voltages are given in the Calibration Corrected (Cal. Corr.) column of Table B.3. These
values are used for the Plant L data in the voltage / burst correlation and given in the
pulled tube data summary of Table 6.2.

The Plant L RPC voltages were also reevaluated to the calibration standards of Appendix
Ac The field RPC voltages for the axial coil of the 3 coil probe were normalized to 20
volts for the 100% ASME hole at 300 KHz. The Appendix A calibration is based on the
pancake coil normalized to 20 volts for a 0.5 inch long slot,100% deep at 400 KHz. To
obtain a renormalization factor for the field RPC voltages, field RPC data for 13
indications were reevaluated using the Appendix A calibration. The results of this
reevaluation are given in the last column of Table B.3 for tube R16C74 and lower in the
Table. The reevaluation indicates about a factor of 3 reduction in the field RPC voltages
for the Appendix A normalization. This factor of 3 reduction was then applied to estimate
the renormalized RPC voltages for the remaining tubes in Table B.3.

.

e

B-3



- -____ _

|

I
|
'

B.4 Post Pull Eddy Current Considerations

To assess the potentialinfluence of the tube pullloads on the crack morphology,
post-pull bobbin 0011 data tapes were reevaluated for selected tubes. The indications .

were reevaluated by locating the position of the TSP based on identifying bobbin signals
typical of the " Alloy Propony Change" as discussed in Section A.3.3 Once the TSP
location is identified, the bobbin data were evaluated for flaw voltages. *

The results of the pre and post pull evaluations are given in Table B.4. The data show
that, except for a few intersections, the post pull bobbin voltages are much larger than
the pre-pull voltages. As noted in Table B.4, the post pull bobbin data commonly show
clear evidence of tube deformation signals, which occurred during the tube removal
process. The deformation signals are not present in the pre pull data while the
post pull flaw signals are greatly distorted (where noted in Table B.4) by the
deformation signals. Examples of the post pull bobbin data are shown in Figures B 9
and B 10. Figure B 9 shows examples of indications influenced by tubo deformation
resulting from the tube pulling process. The large horizontal excursions of the Figure
B 9 data are typical of dent like deformation and are present in almost all post pull
data (Table B.4) and are totally absent in the pre-pull data (Figures B-1 to B 8). The
horizontal distortion of the bobbin signalis most noticable in the high frequency channel

. (400 or 600 kHz when available). In the extreme cases, the small flaw indications in
the post-pull data are difficult to identify because of the contribt. tion of th? dent like
signals (TSP 2H of R29C70, for example), in a few cases, the post pull data show
almost no evidence of tube degradation on the bobbin signal as shown for the second TSP
of RBC66 in Figure B-10. It should be noted that the presence of dent like signals
results in conservative voltage calls compared to the pre-pull data, it is Generally more
difficult to identify the pure flaw signal from the larger, more complex dont plus flow
signal.

,

Where noted in Table B.4, the deformation has led to conservative increases in the flaw
signal in these cases, the bobbin data cannot be confidently used to imply evidence of
crack opening as the cause of the increased voltages. Only the RBC69 indications and the
second TSP of R8C66 appear to have post pullindications useful for comparing with
pre-pullbobbin. The RSC69 first TSP indication shows an increased voltage while the
R8C66 Indication is unchanged. The RPC data of Table B.1 and Table B.4 should be more
useful than the bobbin data for assessing the effects of tube pulling forces as the RPC is
less sensitive to tube deformation than the bobbin probe. Except for RIOC66 and to a
lesser extent R12C70, the RPC post pull voltages of Table B.1 show significant voltage
increases compared to pre-pull data for at least one intersection per tube. The increases
in RPC voltages may be attributable to changes in crack morphology such as opening of
cracks or tearing of ligaments.

B.5 Crack Morphology Considerations

The Plant L pulled tubes cover a range of crack morphologies as described in Section 4.
Table B.5 provides a summary of the crack morphologies for the Plant L pulled tube *

Intersections for which burst pressures were obtained. For comparisons, the burst
Farley pulled tube morphologies are also summarized. While ODSCC is the principal

B4
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crack morphology for ali the Indications in Table B.5, the indications invotve varyirig
degrees of volumetric IGA and cellular SCC,

The influence of the combined ctack morphologies on the burst capability of the tubes,

can be assessed by comparing the measured burst pressures with the predicted burst
piessures obtained from burst models for single cracks simulated by EDM slots, if the

. combined crack morphologies are influential on the burst pressure, the measured burst*

pressures wou'd be lower than obtained for the single crack model. For these
comparisons, the crack lengths and average crack deptha as determined from destructive
examination are used for the predicted burst pressures. The lengths and average depths
for the Plar.t L tubes are given in Table B.1.

Cracked tubes have been evaluated based on tubes with EDM slots to various depths
(WCA%B429). The burst pressure of partial depth slots has been verified to be
predictable using the equation,

[ ja,b

I

ja,b

Figure B-11 shows the comparison between the measured burst pressures for Farley,
Plant L, and Plant P, and the calculated burst pret,sures using the single crack model.
The circles in the figure represent the burst test data on EDM slots used to formulate the,

burst model. The above slot equation was applied using the nominal tubo dimensions and
lower tolerance limit material properties as the cctual material properties are not
available for all the pulled tubes.-

The calculated burst pressures were obtained at room temperature for direct
comparison with the measured burst pressures. From Figure B 11, it is seen that the

_

measured burst pressures exceed the predicted burst pressures for a single crack equal
to the length and average depth of the pulled tube intersections. The higher measured
burst pressures are likely due to material propenies exceeding lower tolerance values
Oudged to be about 5-10% increase in burst pressure) and to presence of ligaments in
the corrosion cracis which are not accounted for in the model.

Overall, it is concluded from Figure B 11 that the combined crack morphologies of the
Farley, Plant L and Plant P tubes result in burst capability associated with the limiting
single crack in an otherwise undegraded tube. That is, the combined crack morphologies -
do not significantly reduce the burst pressure of the limiting ODSCC crack.

B.6 Assessment of Tube R8C69

The burst pressure of 5900 psi for the 1st TSP of tube R8C69 is lower than the general
trend of data for the voltage! burst correlation. Additional destruction examinations--

were performed on this tube to look for potential contributors to either a low burst
pressure or a low bobbin voltage as described in Section 4.

*

_ From Figure B-9. the 5900 ps! burst pressure is consistent with the crack length and

B-5
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average depth. Tensile tests performed on pieces of the pulled tube show material
properties above nominal such that the material condition would not lead to a reduced
burst pressure. In addition, uncorroded ligaments were found in the burst crack which
would tend to increase rather than reduce the burst pressure, Thus, the burst pressure -

is in the expected range for the crack size found by destructive examination. Thus, a
lower than expected bobbin voltage for the crack slzo is the most likely contributor to
the lower probability position of this indication on the voltage / burst correlation.

,

. Potential contributors to lower than expected voltage for this indication could include:
eddy current analysis variability in defining the voltage from the bobbin data; influence
of deposits in the crevice or on the tube surface or crack face; or small uncorroded
ligaments which could conceptually reduce the voltage amplitude but not significantly
Increase burst pressure. As shown in Table B.3 for RBC69,1st TSP, the voltage
difference between the field and Wes? ghouse analyals is only 0.17 volts which would
not significantly influence the voltage / burst correlation position for this point. The EC
signal is not particularly difficult to evaluate and the 0.17 volt difference between
analyses is primarily due to the emphasis on cal!!ng peak to peak vo!! ages in the
Westinghouse analysis.

Energy dispersive spectroscopy (EDS) analyses were performed on the crack surface
and crack face to examine for surface deposits such as copper plating which might
influonce the eddy current response. No copper was present on the crack face and only
d:screte spots of copper indicating a particulate form were found on the tube surface.
The particJlate form of cepper would not significantly influence the eddy carrent
response. No deposits were identified that would be expected to significantly influence
the voltage response. Similarly, deposits in the tube to TSP crevice, which cannot be -

specifically evaluated for the pulled tube, are not expected to substantially influence the
eddy current response. Thus there is not data to indicate that deposits influenced the
measured bobbin voltage. ~

SEM fractography was performed on all three intersections of tubes R8C69. R12C70
and R30C64 to _ quantify microcrack sizes (depth / length) and the size of uncorroded
ligaments between microcracks. Evaluations of these data were made with regard to
average microcrack length, average length between uncorroded ligaments, and
uncorroded ligament widths. Average microcrack lengths were within a factor of 2 for
all nine indications with no substantial difference between the 1st TSP of R8C69 and the
other indications. Similarly, the sum of uncorroded ligament widths for this Indication
is toward the middle of the range found for the 9 indications. Overall, no particular
features of the crack morphology were identified that could explain the low voltage
amplitude.

The post pull bobbin and RPC data of Tables B.1 and B.4 show voltage increases of about
a factor of two for the first TSP of R8C69 compared to pre pulldata. These results
would Indicate that some change to crack morphology occurred as a consequence of the
tube pulling forces, such as tearing of ligaments at the openings of tight cracks.
However, there is no way to quantify this effect. For conservatism, only pre pull
bobbin voltages are used in the voltage / burst correlation of this' report.

.

In summary, the burst pressure for the first TSP of RBC69 is consistant with the crack

B-6
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size while the bobbin voltage is lower than normally found for the associated crack size.
_No specific cause for the lower voltage amplitude has been identified other than potential
changes to crack morphology dtiring the tube pull, such as loss of ligaments,
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Table B.2. Calibration Ratios of Plant L ASME Standards to Referenco Standarct(1)

.

Laboratorv Measurements.

Plant L Field Data (2) Transfer Standard (2) Laboratory Standard I

Trotan Si stqEtir; 400/100 KHz 400 KHz 400/100 KHz 400 KHz d00'100 KHz

Z 7980 0.85 0.84 0.87(5) 0.76(5) 0.88(5) 0.78(5)

0.86 0.87(3) 0.85(6) 0.76(6) 0.84(6) 0.75(6)

Z-7981(4) 0.8o 1.12 0.96(5) 0.86(5) 0.96(5) 0.88(5)

0.96(6) 0.89(6) 0.95(6) 0.88(6)

Notes:
,

1. Calibration ratios are ratios of voltage for Trojan ASME standards to reference
laboratory standard for 20% ASME hole set to 4.0 volts at 400 KHz and 2.75 volts at.

400/100 KHz mix.

2. Plant L calibration ratios relative to laboratory standard as obtained using transfer
standard and guidelines applied for field data.

3. Repeat measurement.

4. ' Values obtained on 1/2 TSP ring due to small dont on standard TSP.

Si Values using Zetec probe (2 720 SFRM/HF).

6. Values using Westinghouse probe (EP 720-BBM).

7._ Application of Plant L standards to pulled tubes:
o 2 7980: R8C66
o 2 7981:- R8C69, R t 2C70, R29C70, R30C64 (1 H,3H)
o 2-6738: Not cross calibrated to lab. std.: R30C64 (2H)L-c o 2-6743: Not cross calibrated to lab. std.: R16C74, R20C66. RSC66
o Z-7979: Not cross calibrated to lab. std.: R12C8

e
* .
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Table B.3. Voltage Amplitudes for Piant L Pulled Tubes

Field . Bobbin Lab Reevalaution . Bobt-in RPC Voltaces
Inha ISE Renorted- Renorm.(1) Evaluated CaLCort.(2) Eield Renorm.(3) .

R12C8 1 5.17 4.14 4.03 3.83 4.35 1.45(4)

2 1.72 1.38 1.45 1.38 0.50 0.17(4) *

3 1.14 0.91 0.90 0.85 0.52 0.17(4)

R29070 1 0.31 0.25 0.67 0.64 0.16 0.05(4)

2 0.37 0.30 0.29 0.28 0.34 0.11(4)

3 0.34 0.27 0.61 0.59 0.25 0.08(4)

R30C64 1 0.62 0.50 0.70 0.67 0.15 C.05(4)

2 1.13 0.90 1.33 1.26 0.57 0.19(4)

3 1.12 0.90 1,13 1.08 0.59 0.20(4)

R16C74 1 1.12 0.90 0.96 0.86 0.66 0.24

2 0.87 0.70 0.67 0.60 NDD < 0.1 (NDD)
3 0.99 0.80 1.08 0.97 NDD < 0.1 (NDD)

R20C66 1 2.58 2.06 2.02 1.82 1.10 0.32

2 2.25 1.80 1.74 1.57 1.51 0.45

3 0.99 0.80 0.69 0.62 0.80 0.36 .

R8C66 1 3.12 2.50 2.66 2.29 2.16 0.75

2 1,66 1.33 1.49 1.28 0.56 0.2 '

3 0.5 0.40 1.03 0.88 0.18 0.07

RBC69 1 1.08 0,86 1.03 0.99 0.96 0.46

2 0.89 0.71 0.97 0.93 0.30 < 0.1(S)

3 1.13 0.90 1.08 1.04 0.25 < 0.1(5)

R12C70 1 1.34 1.07 1.24 1.19 0.40 0.33

2 0.73 0.58 0.7 0.67 0.27 < 0.1(5)

3 0.59 0.47 0.56 0.54 0.20 <0.1(5)

Notes:
1. Reported field voltages renormalized from 5.0 volts to 4.0 volts (normalization of

this report) for 20% ASME hole at 400 KHz,
2. Voltages corrected for calibration standard differences between field and reference

standard (See Table D.3)
3. Reported field RPC voltages reevaluated and renormalized from 300 KHz pancake coil

Omplitude of 20 volts for 100% ASME hole to 20 volts for 0.5 inch,100% slot at
.

400 KHz.
4. Voltages reduced by factor of 3 based on other reevaluated results given in this column.
5. Noisy signals preclude further refinement of voltages. Indications are present. -

B- 10
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Table B,4. Comparison of Pre. and Post. Pull Voltages

Pre pull Post pull
-lub9 .ISE . Yohage Voltage Comments on Post-otdLQalg,

,

Bobbin Voltaces
. +

R12C8 1 4.03 12.5 Dent influence en flaw voltage'
2 1.45 3.3 Dent influence on flaw voltage
3 0.90 7.8 Dent influence on flaw voltage

R29070 1 0.67 1.39 Dent influence on flaw voltage
2 0.29 4 84 Dent influence on flaw voltage
3 0.61 5.80 Not sure of signal

R30C64 1 0.7 2.7 Dent influence on flaw voltage
2 1.33 7.44 Dent influence on flaw voltage
3 1.13 4.5 Dent influence on flaw voltage

R16C74 1 0.96 1.6 Dent influence on flaw voltage
2 0.67 1.45 Dent influence on flaw voltage
3 1.08 4.3 Not sure of signal

R20C66 1 2.02 7.1 Dent influence on flaw voltage
2 1.74 7.7 Dent influence on flaw voltage
3 0.69 2.35 Dont influence on flaw voltage,

R8C66 1 2.66 3.4 Dont influence on flaw voltage
2 1,49 1.39 No dent influence

.

-3 1.0 0.6 Not sure of signal

R8C69 1 1.03 2.0 Dent influence on flaw voltage
2 0.97 0.9 Minor dont influence
3- 1.08 1.53 Minor dont influence

-R12C70 1 1.24 3.39 Dent influence on flaw voltage
2 0.7 1.37 Dent influence on flaw voltage
3- 0.56 0.91 Dont influence on flaw voltage

RPC Vohaces

R8066 1 0.75 1.3
2 0.2 0,8
3 0.07 0.5

R0069 1 0.46 1.6
2' <0.1 0.35-

3 <0.1 0.46

~ * Den! influences on signals are result of tube deformation during the tube pulling
process such as bending, indentations, etc.
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Table B.S. Summary of Crad Morphologies for Burst Farley and Plant L Tubes

A:Imuthal
General Crack -

lub2 ISE Descriotion Density Additional Observations on Corrosion

'

Faliev Pulled Tuben
R4073 1 E Low * Minor IGA (-12 mits) at crack face
R21C22 1 E Low Minor IGA (-30 mits) at crack face
R38C46 1 E Low Cellular or spider shaped crack

distribution in one local area

Plant L Pulled Tubes

R12C8 3 IGVSCC Moderate * Intermittent pitch IGA present
(max. 21% deep)

R29070 1 E Low
2 E Low
3 E Low

R30C64 1 E Moderate Local cellular IGA / SCC possibly
,

present
2 E Moderate
3 E Modorate

R16C74 1 E Moderate A few patches of IGA present
(19% max depth) cellular IGNSCC
locally present -

2 C Moderate A few patches IGA (17% max)
3 E Moderate

R20C66 1 E Moderate Cellular IGNSCC probably locally
present

2 E Moderate
3 E Moderate Cellular IGA / SCC possibly locally

present
R8C66 1 E Moderate Cellular IGNSCC probably loca!!y

present
2 E Moderate Cellular IGA / SCC possibly locally

present
3 E Moderate

RBC69 1 E Moderate Cellular IGA / SCC probably locally
present

2 E Moderate Intermittend patch IGA (<10% max)
Cellular IGA / SCC possibly locally
present

3 E Moderate Cellular IGA / SCC probably locally
present

R12070 1 E Moderate
3 E Moderate Cellular IGA / SCC possibly locally

'

present
* Low <25 cracks, moderate 25-100 cracks

B- 12
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Figure B 1

Laboratory Evaluation of Bobbin Data from Tube R12 C8 at TSPs 3H,2H and 1H
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Figuro B 2

Laboratory Evaluation of Bobbin Data from Tube R29 C70 at TSPs 3H. 2H and 1H
.
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Figure B 3

Laboratory Evaluation of Bobbin Data kom Tube R30 C64 at TSPs 3H,2H and 1H
.
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Figuro B 4

Laboratory Evaluation of Bobbin Data from Tube R16 C74 at TSPs 3H,2H and 1H
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Figuro B.5

Labor: story Evaluation of Bobbin Data from Tube R20 000 at TSPs 3H. 2H and 1H
.
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Figure B 6

Laboratory Evaluation of Bobbin Data trom Tube RB C66 at TSPs 3H,2H and 1H,
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Figuro D.7

Laboratory Evaluattori of Dobbin Data from Tubo RD C09 at TSPs 3H. 2H and 1H
.

.mtrrvrrrn._.irw; 5 n wwT 6w - w i

|
2- -

'! .
*m,- an,-

i

L:M. m. /.1.::."4
1-

t, . s
t 3v.

RBC09 3H- - ~ ~

.i. m o- * -ia er * - -

_i l. _l' .i ..C._ ] . i _i G, _ t. .

.

-

t Y. . 4 ,
. . . . . .. ..

s. M;: % 6t h t: a yb = d 7.r a

t

r__ .1 (y- _ . _ _ . . . . .

..=r . - = =:e |
--

?* 5. . ||
, . . . " . " .. " .r .6 e . i s .. - .

; {. j" .J ' ' J ''
,
, " " ,_g 3.- y , g. :.

-

7.- ,

,. , . -p..

.r.n rn r Tv rng . i . .~.- a e,
-

u- ,

EU k,' 1.
<

.

-

>..h.'il. _, '. 1
. . -*F. s'* s -. m - r.,1

,

R8CC97H
-

3., m . . _ _ . - i e r . -.. . .' .
o

q, : 4,.%. . . . .

n1v.1. er? .
..p ._ c..>

..

I ,.__
.

1

a.r a a r 6, a L r <.

[.
_

/
, ..g.

, ,
_,

I
: -- ===

' , 0".5.f",:. . ... -. i.....
'I ~F ., J .

. ,%. ;;;
.;

. . i :'; . . .i
.f.

. L[
A- . i . .

-i

:: ''

I -

_

_ _a_. . a

,. _,, u . . . m .y _ g - ,,g. ;. - _ _. .,, . , , _. _ y 7 .. _; .g
.

, ,

A w:' m w"
,

' , ' *
,,

l..n...us >- - .. .i i_. p .
:,

.- ..
q , {'

.__

g ... m

R8C691H
. . .. m .. . . .. .

1 ', l. . I.
> p. , y %.

l .,6.i.r mc L ard3. T a se - .

N. +
. . . . __

-.t
.

-
. . . . . .j

*d T. !. . . . . . . . .. .. .

| J J .I
j ~ h. e . :",.
1.. . !

. m' j h., .4 * b
i,.

1 , ,
-

.~ -. ~ .

B .1 9

u
_ - . _ _ , __, _ - . - _ _



e-

Figure B.8

Laboratory Evaluation of Bobb!n Data from Tube R12 C70 at TSPs 3H,2H and 1H
.
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Figure B 9

Examplos of Post. Pull Bobbin Indicahons influenced by Tubo Deforrnation,
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Figure B 10

Examples of Post Pu!I Bobbin Indications With Minimal Tubo Deformation Influence .
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Figure B 11

Comparison of Measured Burst Pressures for Farley, Plant L and Pir.nl P,

With Calculated Burst Pressures Using Single Crack Mot!al
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