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L EXECUTIVE SUMMARY

Prior to the Unit 1 fourth retueiing outage, axial free span cracks in steam generator (SG) wbes were
detected in PVNCS Unit 2 during its fourth refueling outage These axial cracks, located in the upper
bundie, were found 1o be the cause of the tube rupture which forced shuidown of Unit 2. Due to the
complex vanety of causal factors which could be transporntable between the three PVNGS units, the Unit
1 SG inspection program was specifically designed 1o identify this degradation mechanism. Eddy current
testing (ECT) in Unit 1 by both bobbin coil probe and motorized rotating pancake ccil (MRPC) probe
found no evidence of axial cracks in the upper bundie area which had been identified both by anaiysis
and inspection in Unit 2.

However, the inservice eddy current inspection of the Unit 1 steam generators did identify circumferential
cracking at the top of the tubesheet expansion transition region of SG 11 and SG 12. This cracking was
identified with an MRPC probe and characterized as both outside diameter {(OD) and inside diameter (ID)
intiated. Ultrasonic testing (UT) methods were used on selected tubes to verify the ECT determination
of their nature. In situ pressure testing was used to verify Reguiatory Guide (RG) 1.121 compliance.

in addition to the circumferential cracks, ECT inspection also identified 17 axial cracks at the tubesheet
{primarily in underexpanded tubes) and 111 single volumetric indications (SVIs). The axial cracks in
underexpanded tubes is a well understood phenomenon associated with crevices between the outer tube
wall and the tubesheet when tubes are either not expanded or partially expanded. SVis can be attributed
1o either manufacturing flaws such as burnishing marks or corrosion/wear mechanisms. They may
indicate the presence of intergranular attack or pitting. The presence of six SVI's in the arc regions may
indicate IGA in this area, but does not show the accelerated IGSCC axial cracking phenomenon observed
in Unit 2

The circumierential cracking mechanisms at work n Unit 1 are primary water stress corrosion cracking
(PWSCC) and outside diameter stress corrosion cracking (ODSCC). PWSCC of Alloy 600 reguires the
simultaneous conditions of stress, a susceptibie material, and a suitable environment (including
temperature). Additionally, the degradation is a function of time. Cracking is typically interganular. In
PWR SGs, high temperature primary water can cause PWSCC of Alioy 600 at locations of high residual
tensile stress. These areas of Alloy 600 PWSCC susceptibility are commonily located in the tubing at the
top of the tube sheet, where there is a short transition section between tubing that has been expanded
within the tube sheet and the remainder of the tube

There is a known temperature effect on SCC in Alloy 600 tubing. At temperatures above approximately
500°F, PWSCC can occur in less time at constant stress ievels. Failure rates as a functicn of temperature
can be expressed by an Arrhenius relationship. Since PWSC 7 is highly dependent on material properties,
residual stress, and fluid temperature, preventative measures ae limited to reduction in RCS temperatures
(T.;) and stress relieving the expansion zone. Tube sleeving is a potential repair mechanism.
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Some corrective actions for ODSCC were previously implemented in Unit 1 and may have had a beneficial
impact on ODSCC in the upper bundile. These included molar ratio control, elevated secondary system
pH {to reduce iron transport), and eievated hydrazine concentration. As a result of ODSCC freespan
cracking in the upper bundie of Unit 2 SGs, enhanced leakage monitoring and response procedures were
developed for all units. Implementation of boric acid treatment s scheduled for the stanup following the
current outage (U1R4). in response to the circumferential cracking in Unit 1, sludge lancing was
performed in Unit 1. Finally, all tubes in Unit 1 with circumferential cracks will be removed from service
by plugging.

The probability and consequences of an accident previously evaluated is not increased as a result of the
circumferential cracking in Unit 1. In situ pressure 1ests were conducted to verify the margins of safety
specified in RG 1.121 were maintained. The observed crack sizes indicate RG 1.121 limits were not
exceeded in one cycle of operation. Therefore, there are no special restrictions placed on the Unit 1
inspection interval,
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PROBLEM DESCRIPTION AND SAFETY ASSESSMENT

Two corrosion mechanisms are addressed in this reporn: susceptibiiity of PVNGS Unit 1 SGs to free span
axial cracking (similar to that which occurred in PYNGS Unit 2) and the discovery of circumferential iID and
0D cracks at the top of the hot leg tubesheets of both SGs in Unit 1.

A

Free Span Cracking Transportability

The free span cracking phenomenon was first observed in PVNGS Unit 2 during the ECT
inspections conducted in the Spring of 1943 during the fourth refueling outage (U2R4). This
mechanism resulted in the rupture of a tube during power operation at the end of Cycle 4. This
evert and the subsequent analysis is discussed in depth in the *Unit 2 Steam Generator Tube
Rupture Analysis Report* submitted to the NRC staff as enclosure (2) to William Conway's letter
102-02569-WFC/JRP dated July 18, 1993, Briefly, the report conciuded that free span axial cracks
had occurred in the upper bundie of the 8Gs in Unit 2 as a result of Intergranular Stress
Corrosion Cracking (IGSCC) initiatea at the outer diameter due to a combination of contributing
factors inciuding: tube-1o-tube crevice formation, ridge deposits, increased sulfate levels probably
due 10 a resin intrusion and mildly caustic crevice ped. Additional factors which played a part in
some of the tubes analyzed included substandard microstructure and coid working from
manufacturing scratches.

The complex synergistic effect of these causal factors did not allow the task force to conclude the
relative weights of these factors and lead to the concern that the corrosion mechanism might be
transpornabile to Units 1 and 3. The scope of ECT inspection for U1R4 was adjusted to ensure
that if the phenomenon was at work in a manner similar to Unit 2 it would be discovered.
However, neither bobbin nor MRPC ECT methods have discovered any free span axial cracking
in the Unit 1 steam generators. Slight freespan corrosion damage may be present on a small
number of tubes in the form of volumetric indications i Unit 1. The lack of free spar axial cracks
is attributed to differences in chemical environments between the Units. Unit 1 is different from
Unit 2 for the foliowing reasons: there 18 no evidence of resin intrusion into the Unit 1 SGs, Unit
1 molar ratio control was successful in reducing crevice pH earlier in plant life than Unit 2, and
Unit 1 has had more power reductions and trips over its life than Unit 2 which would promote the
wetting and flushing of deposit areas minimizing the hideout of contaminant species. Factors
which were present in Unit 1 include tube bowing, deposits high in the tube bundie and
manufacturing burnish marks  The lack of axial cracks in Unit 1 indicates that the causal factors
observed in Unit 1 alone have not produced the accelerated cracking observed in Unit 2.

Although no axial cracks were observed in Unit 1, it is understood that this phenomenon could
occur if the proper combination of causal factors are permitted to deveiop. In order to prevent
that from occurring a multi-tier approach to mitigation has been developed. This approach is set
forth in the section entitied *Operating Plan.*

The free span cracking phenomenon has no safety impact on Unit 1. Based on the failure 10
observe any upper bundle axial cracking in Unit 1 it is concluded that the acceierated free span
cracking phenomenon is not at work in Unit 1. The implementation of preventive/mitigating
actions (see *Operating Plan) further ensure that accelerated cracking will not inttiate in Unit 1.
The multiple rupture of steam generator tubes during 2 main steam line break (MSLB) accident
was analyzed as pant of the Unit 2 restart effort (see Reference 13) and has predicted dose
consequences well within 10CFR100 limits.
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Circumferential Cracking

The circumferertial cracking pheromenon was first observed in PVNGS Unit 1 during the ECT
inspactions conducted dunng the current refueiing outage (U1R4). This issue is reported for the
first time in this document.

The cwrcumierential cracks observed in Unit 1 occurred at the hot leg 1op of tubesheet initiating
from both the inside (PWSCC) and outside (ODSCC) of tubes (as determined by ECT). Both
corrosion mechanisms have been observed throughout the industry, and do not represent new
corrosion mechanisms. The PWSCC is primarily addressed by reducion of primary coolant
temperature to take advantage of the temperature dependence shown by SCC rates. Secondary
side ODSCC is addressed by changes in chemical environment as well as benefiting from
temperature reduction. Many of the actions which prevent free span axial cracking have a similar
effect on circumferential cracking at the tubeshee. Additional actions taken or planned 10
address circumferential cracking are:

« Sludge lancing was conducted in both Unit 1 SGs 10 remove the sludge pile where
corroding species can concentrate and attack the tube outer surizce,

« Tubes with circumferential cracks will be plugged and staked to reimiove all cracked tubes
from service. Sleeving, which requires Technical Specifications changes, may be used
in the future to repair circumferentially cracked tubes .

The conditions observed in Unit 1 that contribute to circumierential cracking are present in all
three units, however no factors have been identified that could lead to more aggressive corrosion
in any one unit. Analyses for Unit 1 determined that the RG 1.121 requirements are being met.
Therefore, although transportabiiity of the circumiferential cracking phenomenon from Unit 1 to
Units 2 and 3 is possibie it is not considered to be a significant issue.

The safety impact of this phenomenon is not significant in Unit 1 because the safety margins
specified in RG 1.121 were maintain2d, the use of the preventive/mitigating actions listed under
*Operating Plan® are expected to retard the circumferential cracking, and the multiple rupture of
steam generator tubes during a MSLB accident was analyzed as pan of the Unit 2 restan effort
[see Reference 13) and has predicted dose consequences weil within 10CFR100 limits.
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STEAM GENERATOR OPERATING HISTORY

Steam Generator Chemistry

Steam generator chemistry is a primary factor affecting the rate of outer diameter stress corrosion
cracking. Therefore, a review of steam generator chemistry was conducted to determine if
chemistry conditions could be identified that account for the lack of freespan axial cracks and the
occurrence of circumferential cracks

The chemistry control program at PVNGS was ornginally developed under the guidance of
Combustion Engineering (Reference 10). The program's purpose was to establish specific limits
for impurities in the 8Gs, action levels for exceeding limits, and hold points during power
ascensions 10 ensure chemistry was satisfactorily maintained. This program has been revised
and enhanced to reflect developments identified in EPRI guideiines, as well as the incorporation
of lessons learned at PVNGS and other utilities. Initially, action was taken when SG chemistry
exceeded the stated guidelines. In late 1989, an ALARA (As Low As Reasonably Achievable)
philosophy was impiemented in order to keep contaminant levels as low as practical. In an
attempt to improve the chemistry in the crevice region of the SGs, this ALARA principle was later
enhanced with *min/max* chemistry control (see Figure lli-1). Min/max objectives are to minimize
contaminant input into the 5G, maximize the return or removal of SG contaminants, and to
mitigate the corrosive environment within the SG.

Unit 1 Secondary Water Chemistry

Plant bulk water chemistry (daily operating chemistry parameters)was maintained in accordance
with plant procedures, CE Owners guidelines, and EPRI guidelines. Since initial startup, all three
units have operated with essentially identical chemical control programs (ammonia/hydrazine with
full flow condensate polishers) and the SG buik water chemistry data for Unit 1 was consistent
with Units 2 and 3 data. In January 1993 elevated hydrazine was implemented and on April 19,
1943 the use of ethanolamine (ETA) for secondary system pH control was initiated in Unit 1. The
operating parameter that best depicts the SG bulk chemistry condition is the molar ratio (the
equivalent ratio of sodium to chioride). Prior to 1993, the molar ratio trends for ail three units
indicated a chronic caustic chemistry control pattern. The concentrations of sodium in SG
blowdown, while consistently within EPRI and Combustion Engineering Owner's Group (CEOG)
specifications, were higher (on an equivalent weight basis) than chioride levels.

Despite having a common feedwater source, operational bulk water chemistry differs between
SGs within a particular unit. This difference may be due to blowdown efficiency or steaming rates,
however, operational bulk water chemistry is maintained through control of blowdown flow rates.

Prior to March 1993, operating bulk water chemistry was monitored via the hot leg blowdown
sample point. Since then, the downcomer sample point has been used 1o monitor impurity levels.
The downcomer sample impurity concentrations are approximately a factor of two times higher
than hot ieg blowdown sample concentrations (based upon recent sampling in Units 2 and 3j.
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In summary, the Unit 1 bulk water chemistry has been similar to Units 2 and 3. Recemt
modifications in condensate polisher operation have resulted in improved molar ratio control. ETA
pH control has demonstrated a positive reduction in iron transport from approximately three
pounds per SG per day to 1 pound per SG per day. Furthermore, hydrazine leveis have been
increased in an attempt 10 reduce the electrochemical potential in the SGs.

Chemistry Transients

A review of operating chemistry data, shutdown hideout return data, and sludge sample data for
Unit 1 has been conducted. This review has identified only one significant chemistry excursion.
That event, a condenser tube rupture with subseguent ionic impurity breakthrough from the
condensate polishers, occurred December 11, 1985, During this event, SG 11 pH dropped to a
low of 2.4 and SG 12 pH dropped to 2.5. The highest impurity levels recorded were:

Cation conductivity 1250 micromhos

Chioride 35 ppm
Sulfate 27 ppm
Sodium 14 ppm

The unit was shutdlown and pH was restored to normal ranges approximately 24 hours following
initiation of the event.

Condenser Leaks

A condenser tube leak assessment report from August 1992 (Reference 11) discusses
the Unit 1 condenser tube lean history since 1986. Other than the event noted above,
Unit 1 tube leaks have been sionificantly below 1 gpm, with an average of 0.07 gpm per
event. Five different events we: 2 identified between 1987 and 1989. Unit 1 has had no
tube leaks since condenser modifications were completed in May of 1989

2. Steam Generator Layup

The layup conditions were reviewed for any impact on SG tube degradation. Unit 1 had
experienced some periods when the SGs were dry and/or without a nitrogen
overpressure. Those transient layup conditions were not considered to have aggravated
the SG tube condition. SG layup conditions were evaluated by Combustion Engineering
(Reference 8).

Hideout Return Studies

Hideout return data is considered the most accurate indicator of the chemistry present within SG
crevices during operation and, as such, can provide insight into potential damage mechanisms.
A review of data obtained during shutdowns was conducted for the three PVNGS units to
determine what, if any, differences had existed between the hideout return characteristics of the
six SGs. A total of 53 shutdown data sets covering January 1987 through March 1993 were
reviewed. The complete resuits of this review are documented in Reference (1),
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This review of hideout return chemistry data analysis concludes that all three units have operaied
with caustic crevice environments. MULTEQ pH predictions for four Lnit 1 shutdowns prior 10
September 1993 were between 8.7 and 10.6 (see Table ili-1). Due to corrective actions begun
in late 1982, Unit 1 crevice chemistry now appears to be in the acidic regime (MULTEQ calculated
pH values of 1.7 and 2.8). This change in crevice chemistry will assist in the mitigation of free
span ODSCC in Unit 1.

Recent Secondary Chemistry Control Changes

PVNGS has implemented several changes to the secondary chemstry control program. The
changes have included modifications to the condensz.e demineralizer operating practices in order
to reduce the sodium source input into the SGs. The following policies were implemented:

« Improved resin separation techniques (January 1989)
« Reduction in anion regeneration frequencies (November 1990)

« Performance of a second cation resin regeneration in each regeneration cycle 10 ensure
maximum cation resin capacity is available (1992)

In addition, in 1992, an overnight soak of the regenerated anion resin charge to reduce sulfate
levels was implemented. Dedicated operators were assigned to the system 1o give greater
consistency in system operations. Finally, condensate demineralizer bypass operation is being
used successiully to reduce the moiar ratio.

Other changes were also initiated in 1992, Feedwater pH was optimized to >9.15 with full flow
condensate demineralizer operation to reduce iron transport. Secondary system air inleakage
was significantly reduced. In conjunction with the operational changes 1o reduce iron transpon,
feedwater iron specifications were reduced by 50% (to < 10 ppb). In late 1982, the feedwater
hydrazine specification was increased to > 100 ppb (from the 40-50 ppb range). This change
w 6 made 10 reduce the electrochemical potential in the SG.

Molar ratio control was also implemented in 1992, Figure lli-2 provides trend data of Unit 1 molar
ratio data back to December of 1991. The molar ratio control program is intended to maintain the
sodium to chioride ratio < 1.0. The PVNGS specification was adjusted to 0.5 to 1.2 to prevent
the development of excessive acid conditions in the SG. The success of this program is evident
in the reduced crevice pH values caiculated following the September 1993 shutdown.

Summary
Unit 1 SG chemistry has been maintained within plant and industry guidelines. Out of
specification conditions were corrected within the time perivds specified in EPRI guidelines. Prior

to 1993, Unit 1 bulk chemistry did not significantly differ frarm Units 2 and 3. All three units had
operated with caustic crevice chemistry and high levels of cortaminant return from downpowers.
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V. STEAM GENERATOR INSPECTION

The onginal scope of ECT inspection for the Unit 1 founth refueling outage consisted of the following:
« Aninspection of 100% of the tubing using the bobbin coil probe

A 20 % sampie of the top of the tube sheet (hot leg) and at the flow distribution baffie plate using
the MRPC probe

A sample inspection of the bobbin indications associated with the 08H through the first vertical
support structure with the MRPC probe

*  An MRPC inspection of approximately 1800 tubes from the 08H support through the first ventical
support, referred 10 in this repon as the "MRPC” arc, the area where aimost all of the free-span
axial incications in Unit 2 were located (see Figure V-1).

* An MRPC inspection sampile of 500 tubes from the 08H support through the first vertical support
in the remainder of the SG

« Al non-guantifiable or distorted indications detected during the bobbin coil examinations were
nspected with the MRPC probe

* Al expansion transition areas with distorted non-quantifiable signals detected during bobbin coil
examinations were inspected with the MRPC probe

*« An MRPC inspection of all No Tube Expansions (NTEs) (condition where no tube expansion
exists)

The scope of eddy current analysis was subsequently expanded 1o include:
« An MRPC inspection of 100% of the hot leg tubesheet expansion transition area

« A 20% sample of the cold leg tubesheet expansion transition zone in SG 12

The bases of the initial scope was to perform bobbin coil inspections to provide assurance that a
widespread pattern of flaws did not exist, and to perform MRPC inspections for several known issues,
These issues inclided inspection for tubesheet circumierential cracking noted elsewhere in the industry,
inspection for lower supporn axial cracks noted in previous PVNGS outages, inspection for axial cracks
in the area shown 10 be susceptible in the U2R4 outage, and inspection of a sample at high elevations
to ensure defects do not exist outside the arc regions (see Figure V-1).

During this inspection no axial defects were noted in the areas inspected from the 08H 10 vertical suppon
area of the steam generators. A total of 7 circumferential cracks were found at the hot leg tubesheet in
SG 11, and 76 circumferential cracks were found at the hot leg tubesheet in SG 12. These are the final
results after expanding the ECT scope. Tubesheet maps indicating the location of all circumferential
cracks are included as Figures V-2 and V-3
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Tabie V-1 summarizes the OD/ID nature of the circumferential cracks as determined by MRPC analysis.

TABLE V-1
INITIATION SITE FOR
CIRCUMFERENTIAL CRACKS

Steam Generator 11 | Steam Generator 12 |

OD initiated
ID initiated
OD & ID inttiated

Of those cracks identified as OD, all but one occurred in tubes located in the sludge pile. Figures V-4
and V-5 show the location and depth of the siudge pile in both SGs. An UT evaluation was underntaken
to compare lengths of indications found during ECT, compare whether the indic:tions were ID or OD
initiated, and to estimate the depth of the circumierential indications.

Due to the orientation of flaws in SG tubing, specifically axial and circumferential indications, it is
necessary to use varnously oriented ultrasonic transducers to disposition particular flaws. An axially
onented shear wave UT transducer is required to locate circumferentially oriented cracks. Conversely,
10 locate axial flaws it is necessary to employ a circumferentially onented shear wave transducer. For
determination of wall thickness and location of the expansion zone, a zerc degree UT transducer is used.
Aill eighteen of the tubes examined by UT were analyzed using a circ/axial shear wave probe head.
Thirteen were run with a zero degree probe head. It should aiso be noted that the UT examination with
the axially oriented transducer was used looking down.

A preliminary review of MRPC data at the hot leg tubesheet of SG 12 resulted in a selection of 17 tubes
as UT candidates for circumterential crack inspection. The selection critenia included:

« Single circumferential indications greater than one inch in circumferential length

« The summation oi multipie circumiferential indications in a2 tube is greater than 1 inch in
circumferential length.

« Top of tubeshest SVis.

The UT and ECT examination results are listed in Table V-2 (for the UT sampie). The depth of sludge in
1992 and 1983 at the tube location is also listed in the tabie.

The ID/OD comparison resulted in one tute having an indication classified as ID initiated using the UT
technigue and classified as OD using ECT analysis. With the ex>eption of that tube, the remaining ID/OD
compatisons were consistent. The majority of the ECT data length dimensions were conservative when
compared to the UT length dimensions

One additional tube (R122C101) was examined by UT at an SVi location 0.58 inches above the batwing
{as described in Section V)
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The disposition of volumetric indications at PVNGS is based upon location and defect growth. Al
volumetric indications at suppon iocations are considerod wear and are evaluated 10 the established
PVNGS piugging criteria. Freespan or tubesheet volumetric indications (SVis) are evaluated separately
by determining if a change is in eddy current signal has occurred over previous operating cycles. SVis
which have not changed are typically classified as baseline indications (BL!) or manufacturing buff marks
(MBM). Generally, BLIs are ID marks whereas MBM indications are OD marks. For volumetric indications
which are freespan and/or are at the top of the tubesheet, and are considered new or changed
indications, PVNGS elected to plug these defects regardiess of depth. Addtionally a small number of
tubes with MBM indications were preventatively plugged if the manufacturers mark could partially mask
a future indication or was associated with a deposit in the arc region. The disposition of all SVis which
were plugged in Unit 1 are summarized in Tables Viil-1 and VIil-2. Volumetric indications associated with
the arc regions are identified in Tables XI-5, XI-€, and XI-7 in the Appendices.
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ROOT CAUSE CIRCUMFERENTIAL CRACKING

Scope of Mechanism

Circumferential cracking of Unit 1 steam generator tubes at the tubesheet has been detected by
eddy current examination during the fourth refueling outage. While some axially criented
tubesheet flaws were detected, the majority are circumiferentially oriented similar to those found
at other Combustion Engineering plants. The cracks are located at the hot leg top of tubesheet
bundle, with the highest concentration of defects occurring in the low-velocity flow area near the
center of the tube sheet. In this area, commonly referred to as the “kidney bean® (see Figure VI-
1), particles present in the secondary fluid tend 1o deposit and accumulate. Ultrasonic testing has
confirmed that the circumferential cracks originate in some cases from the inside diameter, while
in other cases, from the outside diameter. The cracks are located slightly above the upper
surface of the tube sheet, in the tube-expansion transition zone. in general, the elevation of the
1D initiated cracks is slightly higher than the elevation for the OD cracks due to the stress pattern
in the expansion transition.

inside Diameter Initiated Cracks

Based on physical location and industry experience it was conciuded that the defects initiating
on the inside diameter are PWSCC. This position is supponed by a lack of any primary system
contaminant excursion events. PWSCC results from a combination of residual and applied
stresses, a susceptible mictustructure, and a suitable environmernt. Temperature is the most
critical environmental factor in PWSCC, with an increase in temperature resulting in a decrease
in the time to cracking (Reference 6 and 17). The driving force for PWSCC is therefore the
residual stresses in the tube transition zone from expanded 10 unexpanded, along with the high
primary coolant temperature

The transponability of PWSCC from unit to unit, based solely upon operating primary temperature,
would indicate all three units would expect to experience PWSCC in the same time frame.
Studies by Aptech Engineering and EPRI (see Figure Vi-2 derived from EPRI NP-7198-S), based
upon cumulative operating time, predict the onset of PASCC after approximately four cycles of
operation. Other factors may, however, influence the initiation of PWSCC. The more sensitive the
material is to PWSCC and the higher the tube temperature due to the isolating effects of siudge
deposits, the more rapidly the cracking appears. Thus, the worst-case tubes would experience
PWSCC earlier than the majority of the tubes.

Flow differences which may lead to differences in sludge characteristics, such as deposit
chemistry and sludge depth and extent, can vary greatly from one steam generator to the next.
The effect of different flow and sludge charactenistics can have an effect on the insulating
properties of the tubing and on the rate of PWSCC.

Based upon the potential differences in tubing microstructure, fiow, sludge characteristics and
residual siresses, a direct correlation of PWSCC at Unit 1 cannot be readily assumed with Unit
2 or Unit 3. These factors can account for the fact that Unit 1 has demonstrated this corrosion
mechamism at this time.
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QOutside Diameter Initiated Cracks

While the degree of PWSCC s limited to the effects of stress, material microstructure and
temperature, the mechanisms contributing to outside diameter circumferential cracking can be
more compiex. The additional contributing factors for OD cracking, as observed throughout the
industry, include chemical aggravators such as caustic or acidic conditions, accelerators such as
lead, copper and sulfur species, electrochemical potential, and the ingress of contaminants such
as oxygen and polisher resins,

Circumferential and axial outside diameter cracks at the top of the tubesheet were observed at
Palo Verde Unit 1. As is the case for the tubes exhibiting PWSCC, the circumferential defects are
predominantly located within the hot leg kidney bean area, with the cracks originating within the
tube expansion transition zone near the top of the tubesheet. The axial cracks were
predominantly located in tubes with incomplete or nonexistent tubesheet expansion. The axial
orientation of these defects would be expected since the residual stresses of a roll transition are
not present and only applied hoop stresses define the stress field,

A review of operating chemistry data, shutdown hideout return chemistry data and sludge sample
data has been conducted. This review of Unit 1 chemistry has identified only one significant
chemistry excursion. That event, a condenser tube rupture occurred in December of 1985. SG
pH values dropped below 3 and chioride, sulfate, and sodium values peaked at 35 ppm, 27 ppm,
and 14 ppm respectively. The plant was shutdown and pH was restored to normal values within
24 hours. The other units have not experienced a condenser tube rupture which resuited in
significantly degraded chemistry conditions.

Due to the short duration of this excursion it is uniikely that this single event would account for
the presence of OD cracks in Unit 1. It is more likely that the defects are siow in initiation and
growth until sufficient attack has occurred to be detectable by eddy current. Based upon a
historical review of operating chemistry data and hideout return chemistry data, the maost likely
contributor to the IGSCC is caustic crevice chemistry. During periods of full flow condensate
polishing (1985 through the beginning of 1983), Palo Verde secondary water has been found to
be alkaline-forming with concentration of caustic species in fiow restricted areas such as steam
generator crevices and under the sludge pile. The free caustic formed when feedwater
concentrates at the superheated tube wall can corrode the Alloy 600 tubes. The degree of
cracking is a function of all the contributing factors outlined above.

Note that analysis of Unit 2 pulied tube sampies with flow distribution plate (01H) axial cracks
were examined during the summer of 1993. The results confirmed classic caustic OD initiated
IGSCC in the lower region of the tube bundie

With respect to hideout return chemistry data, all three units have operated with similar chemical
environments, MULTEQ pH predictichs have averaged between 10.20 and 10.35 in all three units
during 1991 and 1992. Prior to 1991 a formal hideout return program was not in place however,
peak concentrations of sodium, chioride and suffate indicate similar operating conditions. Due
to corrective actions begun in late 1992, Unit 1 and 3 appear 10 be operating with crevice
chemistry which is near neutral or acidic. MULTEQ analysis provides pH values less than 3.0 in
Unit 1 (September 1983 shutdown) and less than 5 in Unit 3 (September 1993 downpower). Unit
2 crevice pH conditions are being evaluated. Based upon past cperating and shutdown
chemistry at all three units, the possibility exists for caustic induced IGSCC in all Palo Verde units.
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A comparison of sludge samples obtained from Unit 1 during the third refueling outage and the
current refueling outage (U1R4) has not shown a likely contributor to IGSCC. Lead concentrations
were below the levels typically observed at other utilities which have identified lead as a
contributor to CDSCC. Bugey 2 and 3 have sludge lead levels over 500 ppm (Reference 18).
Copper levels are well below those observed at other CE facilities with ODSCC (over 50,000 ppm
at ANO 2 and over 100,000 ppm at SONGS 2). Sodium, sulfur and chioride levels are considered
low. However these species are volatile and therefore the sludge analysis may not be
represenative of operating chemistry.

SEE
TABLE VI-1
UNIT 1 SG SLUDGE ANALYSIS
U1R3 Flow
Distribution Plate
Lead 78 ppm 98 ppm N/A
Copper 106 ppm 1214 ppm 74 ppm
Sodium 230 ppm 22 ppm N/A ]
Chioride 30 ppm < 9 ppm N/A
Sulfur < 50 ppm as SO, < 9 ppm as SO, N/A
fron > 98% N/A N/A J

Note. All analyses conducted during U1R3 were from a flow distribution plate sample.
The U1R4 analyses were conducted on tubesheet samples with the exception of
copper which was performed on both the tubesheet and flow distribution plate

samples.

Comparing the concentration of contaminants in the sample taken from the Unit 1 tubesheet to
typical industry values, it does not appear that a specific aggravator in the siudge led to the
ODSCC observed.

An ingress of resin has been documented for Unit 2 (Reference 1) however, there is no evidence
10 suggest a significant ingress of resin has rccurred in Unit 1. A secondary side inspection in
Unit 2 identified resin beads on the SG can deck, hows, -~ a similar inspection in Unit 1 revealed
no visual evidence of resin. Therefore, it is doubtful that resin wgress contributed to the
circumferential cracking in Unit 1,

The extent to which elevated electrochemical potential (ECP) may have impacted the cracking is
an unknown at Palo Verde, as it is at most operating plants. It is likely that elevated ECP is not
a major contributor due to 1) very low ingress of oxygen historically, 2) a large excess of
hydrazine (most recently Palo Verde has complied with the 100 ppb hydrazine EPRI guideline)
and 3) and a nearly copper-free secondary system.
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Based upon the hot leg temperature, sludge characteristics, residual stresses, and chemical
environment, the presence of OD defects at the tubesheet are not unexpected. The crack growth
rates do not indicate an accelerated condition which would result in exceeding the structural limits
of RG 1.121.

Summary

The root cause effort attempted to examine the material, stress and environment in the area where
circumterential cracks were found. Metallurgical data on the cracked tubes is not available, so
it is speculative as to whether these tubes have a substandard microstructure that accounts for
early crack inttigtion, While Unit 2 metallurgical analysis showed that substandard microstructure
can occur, the correlation of crack location to sludge would indicate that microstructure is not the
driving force behind circumferential cracks. Residual stress, caused by slight overexplansion at
the top of tubesheet, can account for the pattern of ID cracks discovered. The chemical
environment in the siudge is not anomaious based upon the chemical analysis of the siudge. it
is concluried thai the high operating temperature at PVNGS is the primary root cause cortributor
with some cortribution from the presence of sludge.
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FIGURE Vvi-2
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Vil REGULATORY GUIDE 1.121 EVALUATION

NRC RG 1.121 provides the requirements for evaluating the structural integrity of degraded steam
generator tubing The requirements are designed to maintain specific margins for degraded tubing against
rupture. An evaluation must be performed to ensure that the safety margins specified by the RG are not
violated during the next operating cycle. The evaluation of the circumferential cracks at the top of the
tubesheet in the Unit 1 steam generators was performed by demonstrating that the safety margins were .
maintained over the previous operating cycle and then determining that degradation during the upcoming :
cycie should be no worse than the previous cycle,

To determine whether the required safety margins were maintained over the previous cycle, a structural |
evaluation was performed to determine the maximum crack size that would be expected to meet the 4
required safety margins. Eddy current test results were then reviewed to identify all cracks that exceeded ‘z
or approached the caiculated allowable crack size. These cracks were then examined by ultrasonic (UT) |
techniques to provide further characterization of the defects. Finally, the largest defects were in-situ

pressure tested at the pressure corresponding to the required safety margins specified in RG 1.121. All

the tubes tested passed the pressurization test, indicating that the required safety margins had been

maintained over the previous operating cycle in Unit 1.

A Structural Evaluation
1. Circumferential Cracks

fhe tube integrity with postulated circumiferential flaws was evaluated 10 the requirements
of RG 1.121. These requirements are designed to maintain specific safety margins for
degraded tubing against potential rupture during normal plant operation and postulated
accident conditions. The recommendation of RG 1.121 specify that steam generator
tubes shouid have a safety factor against failure by bursting during normal operation of
not less than 3. The specified margin for accident conditions is taken to be equal to 1.4.

Because the flaw orientation is circumferential, the principal stress affecting tube integrity
will be the axial stress resulting from the differential pressure between the primary and |
secondary side of the steam generator tubing. Therefore, the axial stress will be bounded
by the following loadings:

Normal Operating Accident (MSLB)

Primary (psia) 2250 2400
Secondary (psia) 1070 0

Differential Pressure (psia) 1180 2400
Safety Margin 3 14
Limiting Differential Pressure {psia) 3540 3360

Therefore, in order to meet the required satety margins specified in RG 1.121, the
degraded tubing must be capable of withstanding a differential pressure of 3540 psid.
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The burst condition of @ tube with a circumferential through wall flaw over some
circumferential extent was determined from a net section collapse formula developed by
Beigatom (EPRI NP-6626-SD "Belgian Approach to Steam Generator Tube Plugging for
Primary Water Stress Corrosion Cracking®) which predicts tube rupture when the local
axial stress reaches the material's flow stress and considers either an unsupported tube
or a tube with a lateral support such as wouid be provided by the flow distribution plate.
Using this correlation, the maximum allowable circumferential crack length (assuming
100% through wall over the entire circumferential extent of the crack) can be determined
as shown in Figure Vil-1. As iliustrated, based on a limiting differential pressure of 3540
psi, a crack of up to approximately 280° (or 1.6 inches based on inside diameter) would
be expected to maintain the required safety margin. This conservative approach takes
no credit for partial depth crack extent or ligaments which would be expected to be
present based on typical stress corrosion crack morphology. Figure Vi -1 also provides
burst pressure data for a tube with no lateral support and using classic net axial stress
area (axial force limit) methods.

Axial Cracks

The integrity of tubes with OD axial cracks at the tubesheet was aiso evaluated 1o the
requirements of RG 1.121. The structural analysis (Reference 1) for the Unit 2 SG tube
rupture event was used as a basis for the evaluation. A summary of the crack iength,
depth, and location is given in Tables VIl-1 and VI-2. Based on the results of the
analysis, the maximum allowabie throughwall defect is 0.787 inches in length. Where no
ECT depth call was made, the depth was assumed 10 be 100% throughwall. The longest
defect meeting this assumption was 0.66 inches in length and is bounded by the analysis.
The largest flaw with both an ECT depth and length characterization is tube R83C120 with
an 86% throughwall extent and 0.76 inches in length and is also bounded by the
structural analysis. Additionally, with one exception, the OD axial cracks found at the
tubesheat were within the confines of the tubesheet structural support and would not be
candidates for axial fishmouth ruptures based on the smali diametrical clearance {0.004
inches). The defect in tube R46C35 was located at TSH+0.15 however it was only 0.17
inches in length. Finally, a single ID initiated axial defect was found within the tubesheet
(TEH+1.51) in a tube which was expanded. The defect was 1.03 inches in length at 79%
throughwall. This defect is nat considered to exceed RG 1.121 guideiines since structural
inegrity is maintained by the tubesheet.

Single Volumetric Indications
The RG 1.121 structural requirements for volumetric indications are based on wall thinning
analysis perdormed by ABB-CE for wear type defects. A 83% throughwall extent has been

justified by this analysis (Reference 20). The deepest SV! sized by bobbin ECT analysis
was 59% throughwall and therefore is bounded by the structural analysis.
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ECT and UT Results

The MRPC eddy current probe was used 10 size and characterize the indications. Due to the
difficulty in obtaining a reliable depth call with MRPC, only circumferential extents (lengths) were
assigned to each defect. Conservative guidelines for determining the circumferential extent were
used to ensure the cracks were not undersized. Since depth calls were not made, all cracks were
conservatively assumed 10 be 100% through wall over the entire circumferential extent of the flaw.
This very conservative assumption allows direct comparison with the allowable crack size
determined in section VILA. The comparison identified 3 tubes which potentially exceeded or
approached the allowable crack size of 1.6 inches. These indications were subsequently
examined by UT to further characterize the defect and to obtain a measure of the crack depths.
Additionally, all tubes with crrcumferential indications greater than 1 inch or multiple indications
with the sum of the indications greater than 1 inch were examined by UT to obtain
characterization of all larger cracks and to provide a comparison between MRPC and UT results.
Other tubes with smaller indications were also examined for further characterization. Based on
this criteria, the following tubes with circumferential indications were inspected

Table ViI-3
SG 12 Tubes Examined by UT
Row/Col MRPC Length (in) Max UT Depth {%)
54/76 2.01 100
54/73 1.8* 100
54/71 1.67 100
35/60 1. 31* 100
48/79 1.33 70
23/56 1.32 40
23/60 0.09 90
25/60 1.22 75
47/62 1.16 50
43/68 045 50
62/75 1.12* 30
64/75 03 60
49/76 0.5 20
53/76 0.32 50
80/77 0.57 75
51/78 0.41 N/A
65/84 1.01* 20

* Indicates summation of multipie indications at the same axial location. Some tubes
exhibit both ID and OD indicatiuns. The indications do not occur at the same axial
location, therefore are not summed together
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TABLE ViI-1

TUBESHEET AXIAL CRACKS, SG 11

Row | Column Location Pecert | Call | Length
Through {inches)
wall
49 10 TSH-1.36 N/Q MAJ 0.51
54 1 TSH-0.76 52% MAI 0.48
62 21 TSH-0.70 59% MAI
27 78 TSH-0.65 58% SAl
33 B4 TSH+1.51 79% SAl
30 163 TSH-0.20 N/Q SAl
56 181 TSH-0.99 N/Q

TSH-1.15
46 35 TSH+0.15 N/Q SAl 0.17
87 72 TSH-0.83 86% MAl 0.53
87 74 TSH-0.67 N/Q MAI 028 |
28 11 TSH+0.50 N/Q SAl 0.25
93 112 TSH-0.52 N/Q MAI 0.36 J
89 116 TSH-0.58 N/Q SAl 0.19
118 43 TSH-0.96 86% MAI C.76
a3 126 TSH-056 N/Q MAI 047
123 111 TSH-0.74 N/Q SAl 0.35
56 181 TSH-098 N/Q SAl 0.66
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Burst Pressure at Temperature (PSI)

FIGURE Vii-1

Circumferential Flaw Size Evaluation
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Boric acid treatment: The unit will implement a boric acid treatment program. The
purpose of boric acid treatment is 10 replace conaminants removed from tubesheet
crevices during the siudge lance and to buffe, these crevices.

D. Primary to Secondary Leak Rate Monitoring Program

(%]

SG biowdown radiation monitors: The sensitivity of the SG blowdown radiation moniiors
was improved by selecting the downcomer (instead of the hot ieg blowdown) as the
monitoring point. This sample point has greater sensitivity to leakage activity.

Condenser vacuum exhaust monitor: The alert setpoints for the condenser vacuum
exhaust monitor was decreased 10 a level four imes above background readings. This
new setpoint provides earlier alarms for plant operators during tube leak events.

Procedure for determining primary to secondary tube leak rate: The preferred hierarchy
of leak rate calculation methods has been revised 1o use noble gas grab sample from the
condenser vacuum exhaust for the most accurate leak rate determination. lodine in the
SG bulk water may be utilized if the leak is so small noble gasses are not detected in the
condenser vacuum exhaust grab sample. The tritium method should be used in the
absence of other radionuclides.

Leak rate administration action plan: The leakage moenitoring frequency will be increased
on an increasing leak rate. A formal evaluation for continued operation wiil be conducted
when a 10 gpd leak rate increases by more than 50% in a 24 hour period, or a stable leak
rate of 25 gpd is reached. At 50 gpd, the Shift Supervisor initiates an orderly piant
shutdown, then informs piant management.

Modifications are currently underway to install N-16 monitors in Unit 1.
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TABLE YIHI-1: STEAM GENERATOR 1-1 PLUGGING LIST (continued)
# | Row | Commn | Elevation | ECTUN%) | ECTO2(%) Conunent Crack Extent PLUG DESIGN STAKE LENGTH
et * SR——— : B R R
14 i a0 -1 VS2.091 49% 29%; Vorucal Strap wear N/A B&W Rolted on HI, & CL
125 64 ] VSSeatn SVI/DEY NDD SVI with deposit (nota | N/A B&W Rolled on HL & CL
j ndge deposit)
16 50 75 TSH 015 SCT( SLG PWSCC 044" or 78" B&W Rolled on HL & CL | 48" ATTACHED AT HL
1?7 2 & = 4 TSH 065 SAI/S8% NTE Axial indication in mbe | 1007 B&W Rolled on HL & CL.
not fully expanded in
wbesheot (NTE), Defect
contmmned within
tuhesheet
% 52 L] TSH 015 MCT SLG PWSCC 00 " or 187 B&W Rolled on ML & CL | 48" ATTACHED AT HL
19 52 &1 TSH 0.23 SCTaD) SLG PWSCC 0R6" or 148" B&W Rolled on Hi, & CL | 48" ATTACHED AT HL
20 155 LE 1 BWI .10 SO 2% Batwing Wrapper B N/A B&W Rolled on HL & CL
Wiear
2 52 83 1 TsH ook SCHOD) SLG Shudge pite ODSCC 0417 s 637 B&W Rolled on HL & CL. | 48" ATTACHED AT HL
22 16 R | awiam SViPDP NDD Several volumetnc indi- | N/A B&W Rolled on HL & CL
catsoris all with slight
ridge deposit mdication
a3 K4 TEH +1 51 SAIT9% NDD 1D dofect found within 1A B&W Rolled on HL & CL
utshesst
24 36 X7 BWI 41 %6 LPh <205 Stay Cvhinder Batwang NIA B&W Rolied on HL & CL. | 17 ATTACHED AT HL
Wear, 'er PYNGS crite:
i defects are plugged st
» X%
23 156 &7 BW1 +1 % 0% <20 % Batwing Wrapper Bar N/A R&W Rolled on HL & €L
Wear
26 149 k8 ORH «12.0 SVi/rDP NDD Several volumeine mds. | N/A BR&W Rolled on HL & CL
w37TR2 (4 cations all wath slight
- seperate i ndge deposit mdication
i capons)
SR SV

L R e e e

LSS S _Sea———_m—me




TABLE VII- 1: STEAM GENERATOR 1-1 PLUGGING LIST (continued)

1 TsH o0m

ECTO3(%}

SLG/DTI

PWSCC 1991 distoried

signal may have heen
precursor

Crack Extent

034" or 597

PLUG DESIGN

B&W Rolled on HL & CL

STAKE LENGTH

48" ATTACHED AT HIL

BW! - 192

<20%

Stay Cylinder Baiwing
Wear

NiA

B&W Relled on HL & CL

ARTATTACHED AT HL

2

158

0C «1.50

PLIGS

NDD

PLP wiih wear

N/A

H&W Rolled on HL & CL

| 85 5"ATTACHED AT CL

s

157

01C 41,53

PLP

NDD

Tube does not exhibit
wear bt will be

removed from service
por Sundy 02 MS A72

N/A

B&W Rolled on HL & CL

85 S"ATTACHED AT CL

L3

159

MC 1 64

PLIRS%

NDD

Associated with

RISRCYT

N/A

BAW Rolled on HE & CL

R5.S"ATTACHED AT CL

100

BW1 1,82

21%

<20

Batwing Stay Cyvlinder
Wear

N/A

R&EW Rolled on HiL & €L

IR4" ATTACHED AT HL

L&

Hd

BWI1 .1.96

8%

« 200

Ratwing Stay Cylinder
Weae

N/A

B&W Roiled on Hi. & CL

1797 ATTACHED AT ML

4

BW1 227

23%:

NDD

Batwing Sty Cvimder
Wear

N/A

H&W Rolled on HL & CL

31767 ATTACHED AT HL

35

BW1 204

28%

NDD

Ratwing Stay Cylinder
Wear

R&AW Rolled on HL & CL

3T ATTACHED AT HL

i

15

BWi .1.94

254

NDiD

Stay Cylinder Barwang
Wear No Stake i=
recuired per Staking
Candeline

NIA

B&W Rolled on HL & CL

37

iS58

M 332

SVIADR

SV based on
ReRoview

Considered Buff Mark
Preventatve Plugged
based on severity of sig
nal to prevent future
detectainlity problems

N/a

R&W Rolled on HL & CL

o

BW2 184

A

41%

27%

Batwing Wrapper Bar
Wear

N/A

H&W Rolied on HL & CL

gy odeg
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TABLE VHI-1: STEAM GENERATOR -1 PLUGGING LIST (continued)

Aemmm——LL --|--|
-

13

VSS #1712

Velumetric indication
associated with a

deposit. Deposit not a
linear type ndge deposit

PLUG DESIGN

B&W Rolled on HL & €.

A}

17

120

TSH 042

S¥1OD)

NDD

0D Volumetrnic mdica
ton found @ Tubesheet
My be SUC precursor

B&W Rolled on HL & CL

48" ATTACHED AT HL

£ 31

13

044 +16.5]

sVt

NDD

OD Volumetric indws
ton winch dppears w0
have changed slightly
from Jast inspecion

B&W Rolled on HIL, & CL

i34

VSt el i

42%

21%

Vernical Strap Wear

N/A

B&W Kolled on HL & €1

43

138

BW] 4285

POPSVI

NDD

Volumetric mdication
(Buft Mark) Since ind:
cation 18 associated with
POP tube will be pree
veniatively plugged
based on Umt T ‘essons
leamed

N/A

B&W Roiled on HE. & CL

44

- 136

149

TSC +1 .38

PLIM6S

NDD

PELP sath wear PLP
TOMO » hh'ﬂng FONAR
Therefore nos take 15
regpured

N/A

B&W Rolled om HL & €L

15

30

161

TSH 020

SAVETL/NBI

NDD

Small axial indweation
ot seen with bobhyn

Found by 1005 TSH
MRPC nspecuon

LR L

RAW Kolled on HL & CL

12

169

TSH 0.24

SCTIOD,)

NDD

ODSCC

031" or 477

B&W Rolled on HL & CL

487 ATTTACHED TO HL

V§3 080

41%

3%

Vertical Strap Wear

N/A

B& W Roiled on ML & CL

169
1S

O7TH +16.10

SVHDEP!
30%

2%

SVI with Deposit (not
ridge deposit)

N/A

R&W Rolled on 41 & CL




i g 1R [ S — . e —m

TABLE VIII-1: STEAM GENERATOR 1-1 PLUGGING LIST (continued)

Crack Extent PLUG DESIGN STAKE LENGTH
{1scos1 | pp NDD Associated with PLP at | N/A B&W Rolled on HL & CL | 48" ATTACHED AT CL
R79C1 76
e | Tse s PLISAS, PLP PLP with wear N/A B&W Rolled o HL & CL | 48" ATTACHED AT CL
1 NA NA NA Preventative + Plug’ NA B&W Rolled on HL & CL | 188" ATTACHED TO CL
2 I NA NA NA Preveniatively Plug’ NA B&W Rolled on HL & CL | 188" ATTACHED TO CL
51 56 18! 1 TSH 09 SALOD) NTE Asal indweation i wbe BAW Rolied on HL & CL
not fully eapanded n
tithesheet (NTE). Defect
: contatned wihin
L tubeshest
54 2 | 183 NA NA NA Preventatively Plug’ NA B&W Rolted on HL & CL | 1887 ATTACHED TO CL
S fia |na NA NA Preventatively Plug' NA B&W Rolled on HL & CL | 188" ATTACHED TO CL
6 T 1838 NA NA NA Prevematively Plug’ NA B&W Rolled on HL & C1L | 188" ATTACHED TO CL

PO Ty

8y odeg

of the tubes without removal of the patch plates.

Note 10 These tubes will be preventatively plugged and cold leg staked due to the high wear rate region (Cold Leg Cormer) and the inaccessibility
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TABLE VIII-2: STEAM GENERATOR 1-2 PLUGGING LIST (continued)

Elevauon ECTO %) ECT92(%) Crack Extent PLUG DESIGN STAKE LENGTH
TSH 050 Axnl mdicaton wn wbe B&W Rolled on HL & CL | 360" ATTACHED AT HL
- not fully expanded in (Preventatively Staked for
: tuhesheet (NTE) Stay Cyl Bat Wing Wear)
13 91 12 TSH 036 MAUNTE NTE Axuf indications inwbe | 36" R&W Rolled on HL & CL | 48" ATTACHED AT HL
not fully expanded m
tubeshest (NTE)
114 148 115 BW1 +1.72 SVINOQUPDP | NDD Single Volumetric Indi Hs” B&W Rolled on HL & CL. | NONFE
caton associated with
PDP and BOW
115 80 its TSH 0,58 SAINTE/ NTE Axial indication i tuhe 19" B&W Rolled on HL & €1 NUNE
‘ Nt noi fully expanded m
tubesheet (NTE)
16 2 17 MK oox SVYEODVDSE NDD OD Valumetnic inchica- N/A BAW Rolled on HL & CL NONE
uon st FDP
117 o) i ny BW! #15.25 | Svi N Are SV N/A B&W Rolled on HL & CL | NONE
118 93 120 TSH 096 MAUNTE NTE Axial inchcanons i tube 6" B&W Rolled on HL & CL. | 48" ATTACHED AT HL
(NEY Y ot tully expanded m
whosheet (NTE)
110 110 121 BW1 &1 ¥ SVESIS) NDD Are Simgle Volumetne N/A B&EW Rolled on HL & O | NONE
POEYROW Indication associated
with PDP and BOW
120 93 126 TSH 056 MAINTE/ NTE Axaal inchoanons inbe | 47 B&W Rolled on HL & CL | 487 ATTACHED AT HL
N not Tully expanded m
whesheet (NTE)
izl 10 132 BW] «271 L NDD Arc SVI N/A BEW Kolled on HL & CL | NONE
122 73 160 V85 +1.05 a53% 1% Vertical Sirap Wear N/A B&W Rolled on HL & CL | NONE
123 il 160 TSH 0.72 SAUNTE/ NTE Axial indication in tube | 287 B&W Rolled on HL & CL | NONE
NI not felly expanded
nthesheet INTE)
: e 1 )
i24 1 174 02C 097 215 NDD Cold Leg Corner Wear N/A B&W Ralled on HL & CL | 188" ATTACHED AT CL

e e
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N N aE i E T T N N T rw==Tumms

R ECTO2(%) STAKE LENGTH
Iy , " Cold Leg Coter Weas B&W Rofled on HL & CL. | 188" ATTACHED AT CL
6 1 0 Jocor | ne NDD Cold Leg Comer Wear | N/A B&W Rolled on HL & CL | 188" ATTACHED AT CL
127 1 e | ‘ _ L NA NA NA Preventatively Plug' NA B&W Rofied on HL & C1. | 1887 ATTACHED TO CL
128 7. 184 03C +1.00 205 NDD Cord Leg Comer Wear | N/A B&W Rolied on HL & CL | 188" ATTACHED AT CL
R Y s | Tscw2r | swr NDD OD Volumeric Indica | N/A B&W Rolled on HL & CL | 188" ATTACHED AT CL
AT von at Tubesheet
123 b3 186 0w 006 | 2% NDD Cowd Leg Comer West | NJA B&W Rolledon HL & CL | 188" ATTACHED AT (L
{31 a lﬁ 020+ 1! V% NDD Cold Leg Comer Wear N/A B&W Roiled on HL & CL | 1887 ATTACHED AT CL

Note 1: These tubes will be preventatively plugged and cold leg staked due to the high wear rate region (Cold Leg Comer) and the inaccessibility
of the tubes without removal of the pawch plates,
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« Specifies monitoring and mitigating actions in case a tube rupture should ocour
« Analyzes the impact of a tube rupture to confirm that the consequences do not exceed 10CFR100
limits.

it is by this defense in depth approach that APS concludes operation of Unit 1 for a full fuel cycie would
not constitute a safety concern,
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XIl.

APPENDICES

industry Review

A review of Industry Events on INPO's Nuclear Network was performed to identify other Nuclear
Utilities with circumferential cracking in the tubesheet expansion transition region. Among the
Combustion Engineering units to identify this phenomenon are Arkansas Nuclear One Unit 2
(ANO 2), Maine Yankee, Millstone 2, San Onofre 2, and St. Lucie 1. These units were contacted
by PVNGS to discuss the cause of their circumferential cracking, and the corrective actions
initiated 1o reduce the potential for the reoccurrence of this cracking and to extend steam

generator iife.

%

Arkansas Nuclear One 2

ANO 2 has experienced OD-initiated circumierential cracking at the hot leg “explansion®
(expiosive expansion) transition region. These cracks are primarily located in the *kidney
bean® area and are believed to be temperature-related. A review of chemistry data failed
to dentify any singuiar event that could account for these defects. Sulfates and lead
nave been identified in siudge samples from the steam generators. ANO believes that
early poor chemistry control led to acid sulfate attack of the Alloy 600 tubing, causing
IGSCC. The susceptibility of Alloy 600 to stress corrosion cracking, high residual stress
in the transition region of the tube, the buildup of siudge containing a known activating
agent at the transition region, and high hot leg temperatures have been determined to
be the contributing factors to this cracking. Corrective actions taken to mitigate this
cracking include boric acid treatment, the use of morpholine 10 increase secondary pH,
sludge lancing, and the reduction of hot leg temperature from 607°F to 599°F,

Maine Yankee

Maine Yankee has experienced ID-initiated circumferential cracking at the hot leg
explansion transition region. This cracking has been characterized as PWSCC. The
buildup of sludge, high hot leg temperatures, high residual stress at the transition region,
and the susceptibility of Alloy 600 tubing are believed to be the contributing factors to the
cracking. The sludge buildup is believed to act as an insulator, increasing the
temperature of the affected tubes. Corrective actions include siudge lancing, reduction
of the hot leg temperature from 602°F 10 599°F, removal of copper-bearing feedwater
heaters, and the use of morpholine to increase secondary pH in an effort to reduce
sludge buiidup.
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B. Steam Generator Description

S Design Data and Performance Parameters

Each Palo Verde Unit utilizes two SGs which are vertical tube and shell heat exchangers
approximately 68 feet in height with a steam drum diameter of 20 feet. The Palo Verde
steam generators were designed and fabricated by Combustion Engineering, and are
currently the only operating units of this design (System80). The steam generator |
arrangement is shown in Figure XII-1.

The steam generators are designed to transfer 3817 MWt from the reactor coolant system
to the secondary system, producing approximately 17.2 x 10° LBM/HR of 1070 psia
saturated steam when provided with 450°F feedwater. Moisture separators and steam
dryers in the shell side of the steam generator limit the moisture content of the steam to
0 25% wt during normal operation at full power.

The primary side (high pressure) of the steam generator consists of the hemispherical |
jower head, the tubesheet and the tubes. A divider plate with tongue and groove |
construction separates the head into inlet and outlet chambers. A 42-inch nozzie
provides entrance of reactor coolant into the steam generator which passes through the
heat transfer tubes and exits through two 30-inch outlet nozzies. The unit is supponed
by a skirt attached tc the bottom head. The secondary side of the steam generator |
consists of two cylindrical shelis. joined by a conical section to the steam drum. |

The steam generator is of a stayed design to support the tubesheet, and as a result, the

center of the tube bundie contains a cylindrical cavity. The stay cylinder is a hollow, '
cylindrical tube located in the center of the steam generator. The stay cylinder supponts |
the primary plenum plate, the divider plate separating the economizer and evaporator ‘
regions on the steam generator secondary side, and provides rigidity 1o the tube sheet |
to minimize tubesheet bowing. A summary of pertinent design and operating data is |
provided below: i
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STEAM GENERATOR DATA

Quantity 2
Type Ventical U-Tube
Number of Tubes per SG 11,012
Primary Side
Design Pressure 2500 psia
Design Temperature 650°F
Design Thermal Power 3817 MWt
Coolant Flow in Each Loop 82 x 10° Ibm/hr
Normal Operating Pressure 2250 psia
Normal Operating SG Inlet Temp 621.2°F
Normal Operating SG Outiet Temp 564.5F
Coolant Volume 2317 i’
Secondary Side
Design Pressure 1270 psia
Design Temperature 575°F
Normal Operating Saturated Steam

Pressure at 100% power 1070 psia
Normal Operating Steam Temp

at 100% Steam Flow per SG 553°F
100% Steam Flow per SG 8.59 x 10° Ibm/hr
Maximum Blowdown Flow 738,740 lbm/hr
Dimensions
Overall Height 817.5 inches
Steam Drum Diameter (OD) 266.5 inches
Lower Shell Diameter (OD) 189.5 inches
Dry Weight 1,428,900 pounds
Tube Diameter (OD) 0.75 inch

Steam Generator Materials

The steam generator's pressuré containing mambers are constructed of low alioy steel
{P3) The tubesheet is a 23.5 inches thick low alloy steel base, with Va inch thick Alioy 600
cladding on the primary surfaces. The tubes are made of high temperature mi'i annealed
Alloy 600 (SB-163). Alltube supports were constructed primarily from 409 ferritic stainless
steel The flow distribution plates are made from 405 ferritic stainless steel material. The
structural tiedown sections of the supports, such as the partial eggcrate scallop bars and
egqgcrate and batwing wrapper bars. were constructed from carbon steel. To minimize
tube denting, no carbon steels are in direct conact with the steam generator tubing
except for the tubesheet and the scallop bars on the partial eggerates.
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Tube Design

Each steam generator contains 11,012 tubes which are % inch OD, and have a nominal
wall thickness of 0.042 inches and an average heated iength of 57.75 feet. Tubes were
expanded into the tubesheet by a method known as explansion (explosive/expansion) for
the entire tubesheet thickness. The tube bundie is enciosed by a wrapper plate which
forms the downcomer annuius just inside the shell. The top of the wrapper serves 10
suppon the separator deck.

The tubes are arranged in rows, with all tubes in & given row having the same length. The
rows are staggered, forming a triangular pitch arrangement as is shown in Figure Xil-2.
The shornter tubes, which have 180° bends, are at the center of the tubie bundie in the first
18 rows. All subsequent rows have double 90° bends. The vacant space (4% inches)
between the tubes in the first row is called the tube lane which is open through the
vertical legs of the tube bundie. The tube lane is the boundary between the hot leg side
and the cold leg side on the secondary side of the steam generator.

internal Support Structures

The steam generator tube supporns were designed 10 provide tube bundie stability during
normal plant operation or combined seismic/accident conditions while offering minimum
restrictions to steam/water fiow in the tube bundie to prevent formation of crud and
deposit buiidup.

The steam generators were designed to ensure that critical vibration frequencies would
not occur during either normal operation or abnormal conditions. The tube
bundie/support configur tion was designed and fabricated with consideration given 10
secondary side flow induced vibrations In additior, the steam generator suppon
assemblies were designed to withstand blowdown forces resulting from the severance of
a steam nozzle.

There are four types of tube supports in the Palo Verde steam generators. Refer to Figure
Xli-3 for the location and cesignation of the tube supports.

Flow Distribution Plate (01H and 01C)

The fiow distribution plate is a 405 ferritic stainless steel plate with drilled flow
noles. Different hole sizing forces downcomer/feedwater to flow radially across the
tubesheet 1o permit fluid to pass evenly upward around the tubes in axial flow
region. Although not considered a true suppon, the hot and cold side flow
distribution plates are designated 01H and 01C respectively for eddy currem
testing purposes.
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Horizontal Eggcrate Supports (02H-08H and 02C-09C)

Horizontal eggcrate suppons are a diagonal eggcrate design. The eggcrate
design allows for the maximum flow area while providing sufficient horizontal
stabilization for the tubes to protect the bundie from mechanical or flow induced
vibration. The eggcrate supports are designated 02H through 094 and 02C
tarough 09C for tracking purposes. The top two horizontal eggcerate suppons are
partial egocrates and only suppon a portion of the tubes. The partial eggcrates
are stiffened by a carbon steel scallop bar weided onto the face of the eggcrate.

Batwings

Batwing stabilizers horizontally support the bends in the Utubes (see Figure
Xii-4). The purpose cf the batwing stabilizers was to prevent tube-to-tube contact
between columns, not designed 1o provide structural suppor for the tubes. The
batwing supports are designated EW1 (hot side) and BW2 (coid side).

Vertical Straps

ine vertical straps (VS) and their associated support grids, provide vertical
support for the tubes in the horizontal run at the upper region of the steam
generators. Tne VS3 and VS5 are gnidded from structural suppon straps that are
attached to *I' beams in the upper head. The other vertical supponts float, and are
not attached to any *I* beams. The VS corfiguration provides vertical stabilization
for the tubes (see Figure XlI-4).

Flow Paths

There are two fiow paths associated with a pressurized water reactor (PWR) steam
generator design. On the primary side (tube side) reactor coolant enters the bottom of
the steam generator through the single hot leg inlet nozzle, flows through the U-tubes,
and exits through the two cold leg outiet nozzies. A vertical divider plate and stay cylinder
saparate the inlet ana outlet plenums in the lower head.

On the secondary (shell side) flow paths (See Figure XIi-5), feedwater is injected into the
steam generator via the downcomer and the economizer flow nozzies. The guantity of
flow through each path depends on the reactor power level of the operating unit.

The feedwater ring distributes downcomer flow entering the steam generator from the
upper feedwater nozzle. It consists of 2 pipe with ten *J* tube extensions and is located
above the U-tube bundie, outside the wrapper plate Downcomer flow enters the feed ring
and is directed to the top of the moisture separator suppon piate. where it combinas with
moisture separated from the steam-water mixture, and drains to the downcomer annulus
{between the wrapper plate and the secondary side shell). The *J* tubes minimize feed
ring water hammer by minimizing the amount of water flashing to steam during shutdown
periods, Auxiliary feedwater is injected via the downcomer nozzle during emergency
conditions to prevent thermally shocking the U-tubes.
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Economizer flow enters just above the tube sheet on the cold leg side of the steam
generator. It increases steam generator efficiency by preheating incoming feedwater
before the feedwater enters the evaporator section. The economizer consists of a flow
distribution box and flow distribution plate. A divider plate separates it from the steam
generator hot leg side. Feedwater is introduced 10 the economizer distribution box
through two economizer nozzles.

The distribution box encircles the coid leg side of the tube bundie below the fiow
distribution plate. Holes machined in the distribution box uniformly admit feedwater to the
area under the distribution plate. The flow distribution plate is perforated to ensure
uniform feedwater distribution in the economizer section.

Blowdown

To minimize corrosion and solid deposit buildup, steam generator water chemistry must
be maintained within specifications. Chemistry is controlled by feedwater chemicai
addition and steam generator biowdown. Both the hot leg side and the cold leg side
{economizer) have blowdown capability. Blowdown provides the ability to remove
concertrated impurities from the steam generator, and thereby lessens the possibility of
steam generator corrasion. A normal continuous blowdown of 0.2% main steaming rate
{MSR) is maintained. Abnormal (1% MSR) and High Capacity (10% MSR) blowdown are
utilized as chemistry conditions dictate.

Steam/Moisture Separation

The steam/water mixture leaving the tube bundle area has a steam quality of
approximately 30%-60%. The steam exting the steam generators must have a steam
quality of 99.75%. To remove the required moisture, the SystemB0 steam geneiators
empioy two stages of moisture separation: centrifugal separators and steam dryers.

The first phase of moisture removal is accomplished by 184 centrifugal separators located
on the SG can deck. The SystemB0 moisture separator cans are provided with stationary
spinner blades which imparn a centrifugal motion to the steam/water mixture. The heavier
water is thrown 1o the surface of the can where it passes through holes in the separators
side. The remaining two-phase mixture flows upward to the top of the separator where
additional moisture is removed by nine (9) layers of corrugated baffles. The moisture
removed from this phase drops back into the separator region and is recirculated though
the steam generator via spillover from the can deck (see Figure XII-5).
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FIGURE XII-1
SYSTEM 80 STEAM GENERATOR
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FIGURE XII-2

SYSTEM 80 STEAM GENERATOR TUBES

TRIANGULAR PITCH CONFIGURATION
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FIGURE XII-3

CE SYSTEM 80 STEAM GENERATOR TUBE SUPPORT DIAGRAM
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FIGURE Xli-4
Palo Verde Upper Tube Bundle Supports

' Aw

(VS ST W

i= ~'. l:i

i Eek ,«‘.'

LS IR I3 L9 A3 A9 LT AT *u.-.*f

A

Ve e Yel A o e e Y RS e Y Y N N N S

v &

v

SRR

o
s
2
©
m

5

VSd

(d
v

| Horizontal

Strips

- W
S a
e S

-
Sh
-

Eggcrate
Tube Supports

|

Page 72



1

v Economizer
' Feedwater Inlet
{90% 100% Powol"t

FIGURE XII-5

Secondary Fluid Flowpaths of
CE System 80 Steam Generator

Shellside
Flow Path
S

Downcomer Feedwater inlet
{10% @ 100% Power)

§ e e o o o L

. "Economizer Elevation View

2 1
7 * Tuoe Bunge
s T
-4
k4

- ———————
gLy

i
i
i
1
1
§
1
i
1
1
L]
i
i
1
i
i
i
1
1
i

L

-



Eddy Current Reports
The foliowing tables of eddy current indications are attached.

Table Xi-i
Table Xi-2
Table Xi-3
Tabile X4
Table XI-5
Table XI-6

Table XI-7

Note 1:

Note 2.

Note 3

Circumferential indications, SG 11

Circumferential indications, SG 12

Wear Indications >35%, SG 11

Wear Indications >35%, 5G 12

Single Volumetric Indications Within *Bobbin® Arc, SG 11
Single Volumetric Indications Within *“MRPC* Arc, SG 11

Single Volumetric indications Within *"MRPC* Arc, SG 12

The "MRPC" arc 1s the area of 1800 tubes inciuded in the original MRPC scope.
The *Bobbin® arc 18 a buffer region of 2000 tubes surrounding the "MRPC* arc.
The data piovided is from the 0BH through the first vertical support. See Figure
IV-5.

No axial indications were found outside the tubesheet area

There were no SVis within the *bobbin® arc of SG 12
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TAP € XI-1

77 16 H TSH-0.30 SCl 0.34
50 75 H TSH-0.15 SCi 044
52 79 H TSH-0.15 MCi oo
52 81 H TSH-0.23 SCi 0.86
52 83 H TSH-0.08 SCi 041
55 90 H TSH-0.09 SCI 0.34
12 166 H TSH-0.18 SCi 03
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l TABLE XI-2 !

CIRCUMFERENTIAL INDICATIONS, SG 12

Row Cnlumn Hot or Location ECT | Length
Cold Leg Call | (i)
22 55 H TSH+000 | SCI | 055 | ;
23 56 - TSH+011 | SCI | 132 |
23 60 - TSH002 | SCI | 099 |
25 80 H TSHO01 | SCI | 122 1
TSH+0.11 0.26 |
35 60 H TSH004 | SCt | 1.06
TSH-0.04 0.25
39 80 H TSH+000 | SCI | 090 l
137 60 H TSH029 | SCi | 068
32 61 H TSH006 | sCI | 040
34 61 H TSH003 | SCI | 038
36 61 H TSH+009 | SCI | 075
a4 61 H TSH+000 | 8Ci | 032
as 62 H TSH+016 | 8CI | 021
43 62 H TSH+011 | 8Ci | o027
47 62 - TSH001 | SCI | 1.15
30 83 . TSH003 | SCI | 048
29 64 H TSH010 | SCi | 031
53 64 H TSH002 | SCI | 060 :
28 65 H TSH+000 | SO | 029
51 66 H TSH+012 | SCI | 024 1
34 67 H TSH+006 | SC | 018
TSH+0.11 0.28
38 67 H TSH+013 | SCI | 023 1‘
a0 67 ~ TSH+006 | SO | 024 | ‘
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TABLE XI-2 (continued)

CIRCUMFERENTIAL INDICATIONS, SG 12

Column Hot or Location ECT
Cold Leg Call
68 TSH+0.09 SCl 021
68 H TSH+0.02 SCi 0.45
TSH+0.22 0.27
68 H TSH+0.18 SCi 013
70 H TSH+0.11 SCi 042
ré H TSH+0.13 SCi 0.26
71 H TSH+0.07 SCi 022
71 H TSH+0.28 SCi 0.45
i H TSH-0.04 SCi 1.67
71 H TSH-0.12 sCi 034
TSH+0.34 045
72 H TSH+023 SCi 0.33
73 TSH-0.02 SCi 0.51
TSH-0.02 0.30
TSH-0.02 0.43
TSH-0.02 0.38
73 H TSH-0.08 SCi 028
74 H TSH+0.18 SCl 0.43
74 H TSH+0.21 SCi 0.15
74 H TESH+0.16 SCi 021
75 H TSH+0.05 SCl 0.35
75 H TSH+0.14 SCi 025
48 75 H TSH-0.04 sCi 0.16
. 54 75 H TSH+0.00 MCi 2M
|“ TSH+0.23 028
' iL &6 75 H TSH+0.21 SCi 0.55
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l TABLE Xi-2 {continued) “

CIRCUMFERENTIAL INDICATIONS, SG 12

| Row | Cowmn | Hotor | Location | ECT | Length |
; Cold Leg Call (i) |

e

58 75 H TSH+0.19 | SCI 067
62 75 H TSH+0.26 sCi 094

TSH+0.26 0.28
64 75 H TSH+0.23 SCi 0.30
49 76 H TSH-0.02 SCI 0.50
53 76 H TSH-0.02 SCi 0.32

TSH+0.11 0.18
55 76 H TSH+0.01 SCi 0.79
59 76 H TSH+0.16 MCi 0.55

TSH+0.16 0.33
61 76 H TSH+0.14 SCi 0.45
36 77 H TSH+0.21 SCl 025
48 77 H TSH+0.10 SCi 0.61
58 77 H TSH+0.00 SCI v 0.58
60 77 H TSH-0.07 SCi 0.88

TSH+0.26 057
449 78 H TSH+0.04 SCi 0.76

TSH+0.18 0.35
51 78 H TSH-G.02 sCi 0.41
53 78 H TSH-0.03 SCI 0.87
63 78 H TSH+0.05 SCi 0.38
65 78 H TSH+0.15 SCi 048
69 78 H TSH-0.02 sCi 0.30
45 78 H TSH+0.02 SCi 1.33
54 79 H TSH-0.05 SCi 0.33
60 79 H TSH+0.21 SCI 0.21
57 80 H TSH+0.28 SCi 0.35
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SG 12

Location ECT
Call
TSH+0.12
82 H TSH+015 | SCI | 049 |
67 82 H TsHio14 | SCi | o7 |
48 83 H TSH+001 | SCI | 027
a7 84 H TSH+000 | SCI | 028
65 84 H TSH+0.13 | SCI | 043
TSH+0.13 0.36
TSH+0.13 022
64 85 H TSH+018 | SCI | 079
a7 86 H TSH+003 | SCI | 050
69 86 H TSHOO01 | SCI | 060
54 87 H TsHoo1 | so1 | ose |
64 87 H TSH+013 | SCI | 042
64 89 H TSH007 | SCI | 024
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TABLE XI-3

VS5+0.85

Cc
60 H V83+0.91 a7
l 155 82 H BW1+1.83 50
154 83 Cc VE7-0.84 36
156 87 H BW1+1.37 40
159 94 C VS7+1.27 37
159 96 H BW1-1.66 37
| 157 110 C VS7+0.83 37
C BW2-1.86 41
83 134 H VE3+1.00 42
76 159 H vS3+0.93 38
81 168 C VS5+0.12 36
78 169 H V83-0.92 az
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T

TABLE Xi4

WEAR INDICATIONS > 35%, SG 12

S e A Bl
4 2 C 02C-0.71 7 |
[ 73 28 . VS3+0.57 48
r 85 74 C VS5-0.84 36

159 102 C BW2+1.97 40

158 103 > BW2+1.83 43

117 106 H 09H+1.53 37

158 107 C VS7+0.74 44

154 118 c 05C-1.00 39

101 132 H BW1+272 36

84 133 - VS3-0.59 37

144 135 C 03C+0.80 38

76 141 H VS3-0.86 36

79 148 C VS5+1.03 39

71 154 H 08H-0.81 39

B4 155 H VS83-0.84 37

73 160 C VS5+1.05 45

12 189 c 05C+0.16 36
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TABLE XI-5

SINGLE VOLUMETRIC INDICATIONS

BW1+1.20

BW1+285

* Tube R97C138 is included in this table as an SVi related to arc conditions atthough the tube is
located one tube outside the “bobbin® arc.

TABLE XI-6

SINGLE VOLUMETRIC INDICATIONS
WITHIN "MRPC* ARC,

+18.73
i1 08H +21.55 10
+22.20
H 08H +23.26 t0
+28.37
H 08H +33.12 10
+37.62 L

—me =
TABLE XI-7 H

SINGLE VOLUMETRIC INDICATIONS
WITHIN *MRPC* . 5G 12

122 101 H BW1+057 Svi Yes Yes
148 1156 H BW1 405010 SV Yes No
+1.00
== ==
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