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I.

A.

LNTRODUCTION

Purpcse

In November 1981 primary to secondary side leaks were discovered
in both T™I-l Cnce Through Steam Generators (0TSG) . Subsequenc

detailed failure analysis showed that extensive circumferential

cracking had occurred in the OTSG tubes. This safety evaluation
describes the results of the failure analysis, the evaluation of
the methods of repair, and the cperational, safety and environ=-

mental impact of operating the repaired generators.

Background

TMI-1 is a 776 MWe pressurized water reactor having two verci-
cal, straigl.t tube and shell once=through-steam generators
(OTSGs). Each OTSG comtains 15,531 Inconel=400 tubes, 0.625 in.
0D, .034 in. wall, 56 fec. 2-3/8 in. long, rolled and sealed-
welded into 14 in. thick carbon steel tube sheets at the top and
bottom of the OTSGs. (See figure I.1)

The plant was shut down early ia 1979 for refueling and has
remained in the cold shutdown conditicn since the TMI-2 accident
at the direction of the NRC. In anticipation of bringing the
unit critical and returning to service, hot functional tests
were performed in August-September 1981 and did not indicate any
problems with the OTSGs. However, in November 1981, during
pressurization for additional tests, primary to secondary leaks
were detected in the OTSGs.

As soon as GPU Nuclear Corporation realized the extent of damage
to the TMI-1 steam generators in early December, 1981, a dedi-
cated OTSG task organization was established to coordinate :he
repairs of the steam generators. The structure of this task
organization is shown on Figure I-2. The scope of the task
organization included determining the cause of damage to the
steam generacors, defining the status of the steam generators in
terms of what type of damage and at what locations, evaluating
the numerous repair options and implementing the one chosen,
evaluating the effect of the repair on both OTSG and plant per
formance, and establishing whether or not additiomal TMI-1 com=
ponents had been damaged by the aggressive anvironment which was
apparently created in the once-through steam generators. An
internal safety evaluation was performed which included these
areas. Throughout the entire OTSG repair program, GPU Nuclear
Corporation made every effort to obtain the advice and counsel
of experts throughout the utility, manufacturing, and research
communities. As ca- be seen by reviewing the task organization
on Figure I-2, the organizations and companies involved in de-
fining the status of the steam generators and assisting in their
repair cover a broad range of expertise.
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c.

In order to provide added assurance that the T™I-1 OTSG repair
was conducted in a prudent, safe and technically correct manner,
an independent third party review was established made up of
experts from throughout the utility and research industries.
This independent third party reported directly to the Vice=
President of Technical Functions and was tasked to provide an
independent and objective safety evaluation of the failure anal-
ysis program, eddy current examination program, OTSG performance
evaluation, OTSG repair criteria, and the overall OTSG repair
program. The advice and recommendations provided by this third
party review have proven very beneficial. Their participation
provides added assurance that the OTSG repair activities both
confom to the NRC rules and regulations governing the operation
of T™MI-l and assurance that the adequacy of the steam generator
repair program allows safe operation of the T™I~-l auclear unit.

Steam Generator Repair Program

The aoproach taken to restore the Steam Generators o service
as to evaluate the condition of each tube with eddy current
techn.ques developed specifically for the gecmetrvy of this
corrosion mechanism. Following ECT the status of esach tube was
evaluated and one of the available repair methods was chosen.

Figure I-3 summarizes the disposition of all the tubes in the
TMI-1 Steam Generators after repairs .ave been completed. This
figure indicates the four methods of dispesition, the basis for
selecting those methods and some other concerns that were con-
sidered and resolved in selecting those methods.

The first category includes the tubes removed from service prior
to the repair. These are tubes that have been previocusly :
plugged due to indications of defects from ECT inspecrions from
previocus operating cycles. Alsc included im this Ca.280TY are
those tubes which had sections removed from che steam generator
for metallurgical examination and those tubes which indicated
leakage during the initial tests after damage was discovered.

The second catagory is the primary repair method for the steam
generators. This repair method for the ™I-1 0TSGs involves
expanding and resealing the existing tube walls within the upper
tubesheet at points below where the cracking of the tubes oc~-
curred. The expansion closes the gap between the tubes and the
tubesheet. The expansion is done kinetically using explosives
(detonating cord) encased in a polyethylene iasert (see Figure
I=4). The insert transmits the explosive energy to the tube
wall causing an interference pressure between the tube and the
tubesheet.

The tube expansion repair method is feasible because of the
specific nature and location of the cracking in the T™I~l Steam
Generator tubes. The majority of the cracking is located in the
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FIGURE I-5

TMI-1 Steam Generator
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upper ends of the tubes of the two gemerators, at or near the
upper 1 in. to 1.5 in. where the 56 ft. long tubes were
mechanically rolled and then seal walded to the tube sheet
cladding (see figure I-5). The combination of rolled joint and
seal weld held the tubes tightly in place within the tubesheets.

At T™MI-1 both 17 in. and 22 in. long expansions will be utilized
depending on the axial location (within the upper tubesheet) of
the lowest defect. The expansion lemgth is chosen to provide
the minimum length necessary between the lowest defect and the
bottom of the expansion to serve as the new pressure boundary.
This expansion length corresponds to eight inches above the
lower face of the upper tubesheet (US+8). This length provides
the dividing line between those tubes with defects which could
be repaired by expansion and those that would be removed from
service. For the T™I-l OTSG geometry and materials, a & ia.
long joint below the lowest defect has been shown to provide
adequate leak tightness and load carrying capability and is the
basis for the joint qualification program. All tubes that
remain in service will be kinetically expanded irrespective of
whether or not a defect has been detected. (see Figure I-6),

The third category includes those tubes which cannot be repaired
5y expansion due to unacceptable defects in the region below
eight inches above the lower face of the upper tube sheet.

These tubes will be removed from service by plugging.

The final category are those tubes with ECT indizations that are
less than 40% through wall. Since analysis indicates that these
tubes will not fail by mechanical, thermal and accident loads,
they are being left in service to provide characterization of
these indications after they have been exposed to operation.
Leaving this category in service provides information in future
ECT inspections of the stability of these indications.

Safetv Evaluation Logic

To determine if the plant could be safely returned to service, a
program was initiated to define all the significant effects of
operation of the steam generators after exposure to tha damage
mechanism and after the steam generators were repaired. The
main product of this program was a logic diagram which defined
the major areas that needed to be addressed and also defined the
detailed tests, inspections and analyses which were performed to
support each of these areas. A condensed version of this logic
diagram is presented in Figure I-7. This diagram lists the ma jor
areas that were considered and references the sections of this
report which descri.e the resulcs which support the conclusion
that the TMI-l Steam Generators can be operated safely. The
rasults of these programs demonstrate the following:

(1) The failure mechanism is understood well enough to define
the root cause of the steam generator damage;

-3 e



FIGURE I-6
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Other compenents in the RCS and supporting safety systems
were not visibly damaged by the failure mechanism;

The plant can be operated such that this failure mechanisw
is arrusted and will not recur;

The Steam Generators can be repaired and operated within
the design basis;

The plant can be operated with some tube leakage without
adversely impacting the environment.

The remainder of this section provides a brief synopsis of the
entire report with emphasis on the logic used to determine that
the plant can be safely operated with repaired steam generacors.

Report Summary

¢

A detailed faiiure analysis was performed including (1) review
of the OTSGs fabrication history, (2) iination of metal-
lurgical examinations of tubes pulled OTSG (3) review
of the OTSG operating plant chemisery ) (&) dina-
tion of OTSG tube stress analyses, and

failure scenario. This failure scenarioc, which provides a
reasonable match between plant conditions and the mechanism
which caused the tube cracks, concludes that sulfur contamina=
tiom in the presence of sensitized tubing material at the
oxygenated, cold conditions existing after hot functional tests
led to the observed intergranular stress assisted corvosion.
Section II summarizes the failure analysis.

An inspection of additional RCS components which included non-
destructive testing was performed to determine if other com~
sonents sustained similar damage to that found in the OTSG.
Emphasis was placed on materials which were susceptible to
attack in componments which fulfilled critical functioms. o
damage was found. An inspection of RCS supporting systems has
also been conducted. Details can be found in Section IIL.E.

As shown in Section IV, paths for chemical ion into the
RCS and administrative coutrols on chemicals wer xamined in an
effort to prevent future chemical comtaminaticu of the RCS.
Additional periodic chemical analyses will be performed during
plant operation and some administrative limirs for chemical
concentrations have been changed. A sulfur conversion and
removal process to clean the surfaces of the Resactor Coolant
System has also been conductead.




To determine that the OTSG is operable in accordance with the
sriginal design basis, the OTSG was analyzed in two sections:
the repaired portion and the unrepaired portion. In the re=-
paired region, both the expansiom repair and tube plugging were
considered. For the expansion repair the important character—
istics were the load carrying capability and leak tightness of
the new joint. A 6 in. expansion was qualified as the design
basis load carrying joint using mechanical and corrosion tests.
Details of this program are summarized in Section V. In addi-
tion to the qualification program, a process monitoring program
was set up to oversee the expansion process.

Plugging repair is summarized in Section VII. B&W Welded Plugs,
B&W explcsive plugs and Westinghouse rolled plugs were quali=-
fied. Analysis verified that adjacent expansions would have no
detrimental effect on existing plugs, and analyses documented in
Section VIII show that the system will not be adversely affected
by either the number or distribution of plugged tubes for
normal, accident and transient performance.

In the unrepaired region of the OTSG, various tests ar< analyses
*

iiscussed in Section IX have shown that:

Corrosion tests indicate that the zracking mechanism has
been arrested and does not reactivate in low sulfur water
chemistry. If rapid cracking should reactivate due to an
unknown mechanism at operating temperatures or during
heatup and cooldown cycles, it is anticipated that th
precritical testing sequence would allow sufficient time
for defects to propagate through wall to a size that would
allow leakage to be detected. Therefore the precritical
leakage monitoring during the hot testing will detect crack
propagation.

Analysis has demonstrated that cracks below a minimum range
of length and through wall thickness will not propagate
mechanically. Analyses included calculating a minimum size
below which a crack will not become unstable dve to plastic
tearing or ligament necking during a main steam line break
(MSLB). This range of crack sizes is detectable by the ECT
inspection system that was used to inspect the steam
generators.

Any defects in the detectable range that are undetected
during the 1007 ECT inspection because of 2quipment or an-
alyst error will be exercised during the test program. ILf
they are 1002 through wall and of a size to propagate to
failure under loading, tr-y will be detected by leakage
monitoring programs.




Ptk

Soth an ECT flaw growth program which monitored a sample of
tubes for new defect indications and corrosion testing on actuai
defective TMI tubes in the present primary coolant chemistry
showed that the damage mechanism had been arresced.

To determine if all unacceptable defects were detected by ECT
and these defects not detected would not propagate to failure,
an extensive ECT calibration program was devised and the small-
est size defect which could be consistently detected by ECT was
determined. Comparison of field ECT results to metallurgical
examination of tube samples removed from below roll transition
in the TMI Steam Generators showed a ome to one correlation
between actual and ECT predicred defacts. Stress analysis
showed that cracks of the size that could propagate to failure
5y combinations of mechanical loads were within the ECT detect~
ability limits. Local IGA one to two grains deep was examined
during the metallurgical examinatior. program and there was no
indication that this effect was related to the failure mechanism.
A precritical testing program has been designed that will pro=-
vide confirmation of the adequacy of the OT3G recair and OTSC

operability, The program tests for leakage in the repaired
region using secondary to primary drip and nitrogen hubble
tests, and a primary to secondary operational leak tesc. Ia the
unrepaired region, axial stresses will be placed on the OTSG
tubes from normal and accelerated cooldown transisnts. The
accelerated cooldown will be at a rate larger than the normal
cooldown rate based an past operating experience but will be
within the cooldown rate limitations of the axistin Technical
Specifications. A period of hot operation is included which
will allow time for defects on the threshold of propagation to
propagate or leak. Leakage calculations indicate that leakage
from tubes with mechanically unaccentable through wall cracks
will be detectable during the test period.

Operation with a primary to secondary leak at
goal of 1 Ib/hr. and at a more conservative = of 6 gal/h

has been evaluated. These leakage rates have en found £o pose
no threat to the health and safety of the public and allow zhe
plant to operate within existiang Appendix I Technical
Specifications. Details can bde found in Section XI.

he repair design
r.

at
5

This report concludes that ™I Unit 1 can operate with the re=-
' aad

paired OTSGs without undue risk to the health and safety of the
pubiic.
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FAILURE ANALYSIS 3

Three Mile Island Unit 1 was in cold shutdown from March 1379
until September 1981. In September 1981 hot functional testing
was performed. The plant was returned to cold shutdown for some
final modifications prior to startup. The plant was pressurized
to about 40 psig in November 1981 and small leaks from primary
to secondary side were detected in the tubes of the once through
steam generators (OTSG's).

A detailed failure analysis was performed to determine the root
cause of the steam generator damage. This analysis included a
review of the steam generator operationmal history, a metal-
lurgical and corrosion test program, a review of OTSG stresses
and fabrication history, and the development of a failure
scenario. In addition, the degree of damage both in the OTSG's
ani the remainder of the RCS was investigated.

Oparational Historv

The time of the OTSG tube failures may be Sracketed bSased on
operational comsiderations. During HFT on September 4, 1981 the
leak rate of the RCS at full pressure was measured and found to
be within specification at .5 gpm. On November 21, 1981 wich
the RCS at about 40 psi, leakage through the OTSG ~ubes was
observed. '

A review of operational history of the T™MI-l steam generators
was performed for the period April, 1979, through November, 1381
to determine whether instances of chemical contamination cr
excessive tube stress could be identified as the cause of the
tube failures. A detailed descripcion of OTSG operating history
is found in Reference 2 and Reference 22.

The operational history of the TMI-1 OTSG's reveals that the
tubes were not subjected to excessive stress, and generally, the
reactor coolant system chemistry remained within specificatiuns
for the period extending from April 1979 through November 1931.
Certain operational events did, however, have a significant
impact on the chemical enviromment of the OTSG tubes. There
were five identifiable instances of probable intrusion of
chemical contaminants into the Reactor Coolant System (RCS). Ia
March 1979 oil was introduced intc the Reactor Coolant Bleed
tanks probably by overflowing the miscellaneous Waste Storage
Tank chrough the vent header. Some oil may subsequencly have
found its way into the RCS. Tube surface analysis has shown
that carbon was present on the surface ian the form of carbonate
and hydrocarbons.



In October 1979 sulfuric acid was injected into the Reactor
Coolant Makeup System. Although attempts were made to prevent
the acid from reaching the RCS, chemistry results indicate some
contami~ nation of the RCS occurred (see Reference 22). 1In July
1980, May 1981 and September 1981, & surveillance test was
performed which may have allowed sodium thiosulfate from the
Reactor Building Spray System to find its way iato the RCS.
Sodium thiosulfate at levels of 4=5 ppm as thiosulfate is
considered to be the most likely contaminant. The iomic species
from the first contamination incident in July 1980 were removed
from the bulk liquid by demineralization im August 1980. The
ionic species from the second contamination incident in May 1981
appear to have been only partly removed by processing through a
resin water precoat filter in Augusc 1981. A 1-2 ppm thiosul-
fate residual could have still been present at the start of
September 1981. Additional sodium thiosulfate in the RCS may
have resulted from injections of Borated Water Storage Tank
(BWST) contents during cooldown from hot functiomil testing.
This water had been previously mixed with water from the Reactor
Building Spray piping. The quantity of thiosulfate was not
sufficient to be detectable by conductivizy.

Significant to the localizaticn of the attack was the history of
the water level on the primary side of the 0TSG. Following the
hot functional testing in September 1981, water level was
promptly lowered on September 8, 1981 then slowly raised over
the rest of the month. This allowed a drying then rewetting of
the tubes in the upper portion of the steam generator, causing
chemical concentration in that regionm.

Oxygen introduction is also believed to have played a role in
the damage mechanism. There were three occasions when oxygen
was introduced into the system. The water from the BWST
injected during high pressure injection and lowe pressure
testing was probably saturated with oxvgen to approximately

8 ppm. %hen the water level was lowered, the OTSG primary side
was vented to the waste gas system. The maximum oxygen
specification in that system is 2%. Thus, oxygen was available
at the liquid surface while the liquid level was being lowered.
The RCS was vented to atmosphere through a CRDM vent on October
7, 1981 and remained open until filling in November when the
leaks were discovered.

Metallurgical Test Program

After identification of the leaking OTSG tubes by nitrogen
bubble testing, it was decided that in order to determine the
cause of failure, jube samples would need to be removed from the
st2am generators for analysis. The initial selection of tube
samples was made after eddy-current testing had been commenced
and the choices were made based on maximizing the number of
defect indications in each tube and providing an adequate sample
of eddy-current signals for eddy-current qualification.



Four tubes were initially selected from the "3" generator. One
tube was a known leaker from the bubble rest results, the other
three tubes contained eddy-current indications of greater than
802 through wall penetration.

After the initial samples had been removed, it was confirmed
that eddy-current signal anomalies were showing up at the roll
transition region. In order to determine the disposition of
these tubes, additional tube samples were selected for removal
which contained these eddy-current signals. This time, fifteen
(15) tubes were removed from the "A" gemerator.

A third set of tube samples were removed which ‘ncluded & tubes
from the "B" generator and 4 tubes from the "A" generator.
These samples were taken :to obtain some low level defects from
deep in the steam generator, to sample tubes from specific
areas, and obtain tube ends to be characterized (in previous
samples the tube ends had been removed during pilling).

l. Analvsis Jrogram

A multi-task program was conducted to provide information
related to the steam generator tube damage problem. This
program contained the following analyses/examinations:

a. Visual Examination

b. Eddy=Current Examination

¢. Radiography

d. Sectioning and 3ending

e. Scanning Electron Microscopy (SEM) and Znergy Dispersive
X-Ray Analysis (EDAX)

€. Auger Electron Spectroscopy (AES)

8. Electron Spectroscopy for Chemical Analysis (ESCA)’

h. Sodium Azide Spot Test

i. Metallography-Microstructural Analysis

j+» Scanning Transmission Electron Microscopy (STEM),
Electrokinetic Potentiostatic Rcac:xvac.cn \‘?R) and
Huey Testing

k. Residual Stress and Plastic Scrazn

1. Tension Testing.

m. Hardness Testing.

n. « Dimensional Measurements.

2. Tast Program Results/Conclusions

The detailed test results are presented in Reference 2. The
following summarizes those results and sets forth some con-
clusions.

a. The tubing has failed due to intergranular stress as-
sisted cracking. The intergranular morphology has been



b.

£.

confirmed by Metallography and Electron Microscopy.
This has led in many cases to through wall penetrations
and circumferentially oriented cracks. Ia all cases,
cracks have initiated on the primary side surface.

Microstructural evaluation of the tubing from numerous
locarions, has indicated that the structure is repre-
sentative of that normally expected for steam generator
tubing. Tests have concluded that the material is in a
sensitized condition and hence is expected to be suscep~
tible to intergranular attack in oxidizing acids.

Trantmission Electron Microscopy has also confirmed that
no secondary mode of failure is associated with the
intergranular corrosion, that is, no evidence of any low
or high cycle fatigue was observed on these fracture
surfaces.

The consistent circumferential orientatiom of the cracks
below the weld heat affected zone, indicates that an
axia. stress is part of the cracking mechanism.

Residual stresses in the roll alone were not responsible
for the cracking. Therefore, the fact that the cracks
occurred when the tube was under a higher applied axial
tension stress rather than hoop stress, confirms that
the cracks formed ‘during cooldown or cold shutdown. -

Axial cracks have been observed at the top end of the
tubes near the seal weld. Some of these cracks pene~
trate l00% chrough the wall but they do not penetrate
the weld metal. The axial orientation in this case is
expected based on the residual stress distribution in
the area of the seal weld. :

Auger analysis of surface films on fracture surfaces and
on the I.D. surface of the tubing indicates that sulfur
is present up to levels of eight atomic percent. The
sulfur concentrations along the I.D. surface of the
tubing down to the 9th tube support plate, are generally
uniform with perhaps a slightly decreasing level lower
in the tube sample. The form of sulfur is believed to
b2 either in the form of nickel sulfide (Nij33), or

some other reduced form of sulfur. The reduced sulfur
form generated from the contaminating species is
directly responsible for the cracking mechanism.

Auger analysis also showed that carbon was present at
levels from 50-90 atomic percent on firs and second
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round tubes, but a maximum of 50% on third round tubes.
Tt is thus inferred that the extensive carbon contamina~
tion on the first and second round tubes was the result
of contamination either during or immediately after tube
removal.

In addition to sulfur and carbon, the Auger and ESCA
analysis have shown the presence of anickel, chromium,
oxygen and normal trace quantities of fission products
on the fracture surface. -

8. In conjunction with the cracking, there has also been
intergranular corrosion observed. These "islands" of
IGA are not always associated with cracking and in
general are associated with I.D. deposits. IGA found at
crack locations tend to penetrate deeper than the ap-
proximately 1.5 to 3 mils of penetration typical of the
IGA "islands." Most savere cracking in general rel.tes
to more severe intergranular corrosion.

h. In 39 out of 42 cases to date, cracks which have been
examined either by metallography or by bend testing have
shown the defects to be l00% through wall. The re-

maining three cases exhibited penetrations of 66, 70 and
70%.

Corrosion Tast Program

A corrosion test program was put into place and addressed the
areas of crack arrest, corrosive species and verification of the
corrosion scenario. The corrosion testing program is addressed
in detail in Section III of this report.

The following conclusions can Ye drawn from corrosicn tests
which relate to the failure scenario.

b.

Thiosulfate can produce cracking similar to that cbserved in
the steam generator tubing.

In the absence of thiosulfate no cracking has been producad
in the laboratory in primary water chcnxs:ry.

Tubing removed from the steam generators appears to have a
lower thiosulfate concentration threshold for cracking than
an equivalent archive tube which has been sensitized.

Tubing thermal history is a key parameter in establishing
material susceptibility. A threshold level of sensitization
must exist. Data suggests higher mill annealing tempera-
tures favor cracking in sulfur contaminated primary water.

= 11 =



D.

Crack initiation and growth rate are temperature dependent.
For susceptible material, crack initiating time will be
decreased and crack growth increased by raising temperature
up to 170°F.

An oxidizing potential is required for cracking to occur.
In the absence of oxygen, cracking has not been observed i
the laboratory. :

Crack growth rates appear to be very rapid and can be as
high as 1 mm/day. Lab specimens have exhibited partial
through wall penetratiom in areas of lower stress.

Damage Scenario

The conditions aneeded for Intergranular Stress Assisted Cracking
were evaluated and compared to the conditions in the TMI

OTSG's. Based on stress analysis, fabrication history, the
timing of the cracking, metallurgical and corrosion tasting and
observed features of the cracking phenomena, a failure sceaario
was proposed.

1.

Intergranular Stress Assisted Crackiag (IGSAC)

The occurrence of stress assisted cracking requires that
three conditions be satisfied simultaneously:

o a sufficiently high tensile scress
® a susceptible material microstructure
@ an aggressive environment

The information presented in Reference 2 relating to those
three factors is summarized below.

a. Tensile Stress

Since the cracks are oriented circumferentially in zhe
tubes below the weld heat affected zone, the sum of the
operating and residual stresses in the axial direction
was greater than that in the hoop direction. Axial
tensile stresses are of principal interest. Very lictle
tensile styess is required to crack Incomel that is this
susceptible in the presence of reduced forms of sulfur.
However, the higher the tensile stress the more rapid
the crack propagation and the more cracks that actually
occur.



The stress analysis results suggests that the cracking
must have occurred during cooldown or during cold shut-
down because the axial tensile stresses are largest
during this time. The analysis also indicates that the
seal weld heat atfected zone and the roll transition
regions would be particularly prome to cracking due to
locally high axial tensile stresses which are possible
in that region. More cracking occurred in the periphery
than in the center of the tube bundle because the axial
stresses at and below the roll are generally larger at
the periphery than in the center of the tube bundle.

Susceptible Mat.rial Microstructure

There is no indication that tube material, fabrication
or installation in the OTSG's was in any way extra-
ordinary. The “eat treatment of the whole OTSG fol-
lowing assembly puts the tubing into service in the mill
annealed plus stress relieved condition which is ex=
pected to be heivily sensitized (i.e., low grain
Soundary chromium content less than 10%) thus making it
more vulnerable to IGSAC . Metallurgical examination
has confirmed that the expected microstructure is
rresent.

A large number of heats of Inconel 600 are present in
the OTSG's which differ in composition and which may
have responded differently to the stress relieving heat
treatment. The degree of susceptibility as a function
of the tubing heat number could not be established.

Aggressive Eavironment

As previously stated in Sectionm II.A, the results indi-
cate that sulfur was present in the primary system water
and three possible sources of sulfur have been idenci-
fied from the OTSG chemistry history.

L1f SO4 and S703 were introduced to the primary

water as the OTSG operating and chemistry histories
suggest, they would be expected to persist as long as
the water was at room temperature even if the oxygen
content of the water was reduced by hvdrazine additions.
However, hydrogenating and heating the water to perform
a hot functional test would be expected to result in the
generation of §7, possibly accompanied by S and other
intermediate species. Subsequent cooling to room
temperature and oxygenating following the hot functionmal
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tests -apidly oxidize S to S and could also result

in the sppeurance of significant concentrations of other
species of higher oxidation states. Although it is not
possible to predict either the identities or the concen-
trations of the sulfur species present following the hot
functional test, it is clear that this transient is
likely to have greatly affected the aggressiveness of
the environment with regard to low temperature sulfur
ind «d attack of the OTSG tubing.

Propose- .lure Scenario

This following scenario is consistent with all the observed
features of the cracking phenomenon, the timing of the
cracking and the results of the metallurgical examinations
and corrosion tests.

b.

d.

During layup the orimary system was contaminated with
sulfur by the accidental introduction of sulfuric acid,
sodium thiosulfate, and possibly a sulfur-containing
oil. The amount of sulfur present mavy have reached
several ppm, but the contaminated water was not aggres—
sive enough to crack mill annealed plus stress relieved
Alloy 600. The corrosion tests confirm that cracking
would not have been expected to occur at this stage.

The temperature and oxidation potential transient as-
sociated with the hot functional test resulted in a
change in the types and concentrations of sulfur species
present in the primary water. Further changes occurred
when thiosulfate-contaminated oxygenated water was in-
jected during the tests of the HPI and L?T systems.

When the water level in the OTSG's was lowered following
the hot functional test, high concentrations of aggres-
sive metastable sulfur species developed in the drv-out
region at the top of the generators due to the combined
effects of solution concentration by evaporation and the
comparatively high availability of oxygen. Changes ia
the sulfur species in the more dilute bulk sclution
proceeded more slowly resulting in lower concentrations
of aggressive sulfur species.

Sulfur-induced IGSAC of the Alloy 670 tubing occurred
rapidly in the dry-out zone with preferential attack at
high stress locations in the most highly sensitized
tubes. Cracking occurred to a lesser extent lower in
the generator. Statistically this would be expected

- 14 =



because the bulk solution was less aggressive than the
environment seen by tubes in the dry out zome. Cracks
would occur in areas low in the generator which were
slightly more susceptible to IGSAC due to surface film
anomalies or residual stress ancmalies.

e. Cracking terminated either becau:es continued chemistry
changes resulted in the formation of less aggressive
sulfur species or because the enviroument in the dry=-out
region was diluted by the slowly-rising bulk solution.
By the time the water level was dropped again, the
chemical state of the sulfur in the primary water was
sufficiently different from its state immediately aftar
the hot functional tests to prevent a recurrence of
steps C and D in the new dry-out zone.

£. Cracking was discovered when the 0TSG's were pressurized.

Distribution of Damage

To evaluate the extent of the damage, an eddy current testing
(ECT) program was devised to examine the O0TSG's. Ia addition,
an inspection of other components in the reactor coolant svstem
(RCS) and supporting systems was corducted to determine if
damage similar to that found in the OTSG's was evident.

1.

OTSG Eddv=Current Examinations

Special eddy current techniques were developed and an ex-
tensive testing program was established to provide an ac-
curate description of actual OTSG tube cracking (Reference
20). In-situ eddy=-current results exhibit tube wall defect
indications at varied densities distributed both axially and
radially in both OTSG 'A' and 'B' tube bundles. The
majority of the defect indications were in the upper tube=-
sheet (UTS) region and particularly confined in the tube
roll transition zome. After an absolute probe inspection of
the roll transition and mechanically expanded area of
approximately 18,000 tubes, ECT indications were being
reported with such frequency that it was decided to affect a
kinetic expansion for all tubes in both tube bundles.
Further ECT data was not interpreted above elevation US+lé
inches due to the decision to repair the top 17 inches of
all the tubes. Figure II-l gives the number of tubes with
defects by elevation in each generator. Radial distribution
of tubes (as shown in Figure II-2 and II-3) with defect
indications requiring plugging in both 'A' and 'B' OTSG
shows a hi~her percentage in the periphery with the defect
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2.

rate decreasing as you move toward the center of the
bundle. Defects indicated below the upper tubesheet are
located toward the periphery in the l6th span and were
random below the 16th span. References 20 and 63 give a
detailed description of ECT results.

Tube End Damage

Ia the fall of 1982, corrosion and cracking problems were
identified in the steam generator tube ends, where they
extend above the seal weld and upper tube shccc. The tube
end damage was evident with metallurgical analysis of tube
ends removed from the generators with the last 10-tube
sample. After kinetic expansion, danagc was visible, The
typical crack above the seal weld is a combination of both
axial and circumferential crnckxng, the pattern depending on
stress due to weld shrinkage in the heat affected zone of
the seal weld, and on other factors. 1.;allurgxcal avidence
shows that the weld material arrested the cracks in all
samples, although some cracks extend through the tubing
material behind the weld to the tubing below. The force of
kinetic expansion removed parts of some tube :zops where a
circumferential crack was located in conjunc:ion with verti=
cal cracks. Other tube tops were bulged cu where vertical
cracks were through wall but circumferencial cracks were xn
regions with ductile material remaining.

In order to further define the problem, GPUNC removed tube
end pieces from the tops of approxxua:cly L2 tubes and con=-
ducted a nncallurgxcal examination in order to define what,
if any, ductility remained. The evidence from this examina~
tion indicated that about 1/3 of those pieces removed were
intargranularly cracked on all sides (both circumferencially
and axially).

Evaluation of the metallurgical evidence indicated that the
weld material arrested the cracks in all cases noted. (Ref.
57). Additional dye penetrant tests were conducted on seal
welds in the upper tubesheet to further confirm that the
welds and the heat affected zone between the tube seal weld
and the tubesheet claddxn; were not cracked. The absence of
cracking as noted in these dye penetrant checks provides
assurance that the seal welds themselves and che upper tube-
sheet cladding were not cracked. Similar examinations of
the lower tubesheet welds and tube ends also showed no
damage.

-



With the damaged areas defined, GPUNC evaluated the poten~-
tial for loose pieces from the tube ends both above the seal
weld and in the area behind the weld where vertical and
circumferential cracks existed. This evaluation is docu-
mented separately in Reference 55. It was concluded that
tubing below or behind the seal weld was unlikely to be
degraded to the point of loosening under the low loading in
these areas. However, tubing above the seal weld was con-
sidered to have potential to break loose. Thus, the deci-
sion was made to remove all tube ends above the seal weld by
milling.

RCS _Ii spection

The sulfur induced attack on the OTSG tube prompted an in-
spection of other elements of the Reactor Coolant System, to
determine if other components sustained similar damage. An
inspection plan was developed based on a review of the
materials involved and the accessibility of the materials
within the system. Representative items in the Reactor
Coolant System that were most likely tc have suffered attack
were selected for examination. The items chosen represented
the most susceptible materials and reflected environmental
and stress concerns. ’

Materials located in either of three environmental condi=
tions were evaluated.

a. Primary coolant-air interface where most of the defacts
occurred in the OTSG.

b. Dry areas since the last refueling, but which have been
previously wet.

¢. Wet areas, covered by primary coolant.

Since the known attack had occurred in the OTSG on stress~
relieved Inconel 600 tubing material (PWHT) which was under
stress in the cold shutdown condition, this same and other
similar conditions were, therefore, to be suspected in other
parts of the RCS. In additiom, attention was given to cther
materials which are known to be susceptible to IGSAC. Other
than the OTSG tube preload stress, areas of concern with
raspect to stress included bolting that has a steady load
due to torqueing, residual stresses induced by welding, and
force-fit items.



The plan included tests of sufficient diversity to reflect
the different materials, stresses, and environments that are
present in the RCS. The premise for this logic is that
generic material groups will behave similarly. Therefore, |
heat-to~heat varistions were not considered unless evidence

of intergranular attack and stress assisted cracking existed.

The inspection plan was developed to also account for criti=-
cal functions of the RCS items. The function of the pres-
ture boundary, core support, and fuel integrity received the
most emphasis. This was to determine the general counditicn
of the system and, of course, because they are the most
directly safety~related.

The non-destructive examination methods used were; ultra=-
sonic, liquid penetrant, eddy current, radiography, visual,
and wipe sampling. Other examinations included functional
check on equipment and destructive metallurgical examina-
tions, both at the TMI-l site and at B&W Researzh Laboratory
at Lynchburg. The selection of examinations was governed by
factors relating to the type of material, geometry of
material, location and accessibility, and radiolegical con-
trol limitations. The following is a summary of mechods
used and example materials examined by each method.

Ultrasonic Examination Method = this inspection included the
pressurizer spray nozzle safe end, CRDM motor tube exten-
sions, make up piping nozzles, plenum lifting lug bolts,
plenum cover to plenum cylinder bolts, pressurizer surge
gozzle, core barrel bolts and lcw pressure injectionm pipe
welds.

The ultrasonic method used to examine bolts of the TMI-1
core barrel assembly had the capability of detecting indi-
cations having a depth of 20 percent of the diameter of the
bolts. This sensitivity is considered sufficient primarily
because a large number of bolts were examined at TMI-1 and
no evidence of intergranular attack or IGSAC was found. For
axample, 96 of the core barrel assembly Inconel X750 bolts
were UT inspected; if intergranular attack or IGSAC had
occurred, it is likely to have been detected in this exten-
sive sample.

Radiographic Examination Method = This methed is a volu=
metric type of examination that produces a visual image of
the test specimen. For this reason, zhis method was chosen
to validate the structural integrity of tlie thermal sleeves
for the safe end nozzles. The pressurizer spray nozzle and
the three make up nozzles were located in a coolant/gas
interface and the coolant dry area respectively.
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Liquid Penetrant Examination - Special consideration was
given to the welds of the secondary oversheath to assembly
cversheath of the incore detectors. Items examined by this
method were: Upper OTSG Inconel (tube sheet) and stainless
steel weld cladding and the incore detectors closure and
sheath, incore detector the dry region portion make up noz-
zle, lower OTSG cladding surface and incore detector por=
tions from the wet regiocms.

Eddy Current Examination Method = The ID surfaces of the RV
vent valve thermocouple and the CRDM nozzle were the areas
of special concerns which required this method of velumetric
and surface examination. Both components are located in the
area basically dry of coolant.

V.sual Examination Method =~ Concern for the fuel integrity
was the major reason for incorporating these inspections.
The areas of interest were submerged by the reactor coolant;
the top of core control components, the baffle plata region
and the annulus between CSA and RV. Areas of similir condi-
tions, even though they were dry of reactor ccolant, were
the plenum assembly and the vent valve assembly.

Wipe Sampling Method - This method was performed prior to
non-destructive eximination other than visual. The samples
were chemically analyzed to determine the concentration of
any aggressive species.

The results of the inspections and tests which involved over
a thousand selected components, indicated that there was no
evidence of a problem similar to that seen on the OTSG
tubes. The functionmal tests all indicated that the tested
assemblies were operational. The destructive examinations
revealed that even om a microscopic level, no evidence of
intergranular attack could be found. Therefore we conclude
that based on this Inspection & Test Plan, the materials in
the Reactor Coolant System are re-certified for continued
safe operation. The details of this inspection are reported
in Refarence 21.

Supporting Svstems Inspection

An IGSCC problem was originally detected in the Spent Fuel
System in 1979, and a three year inspection program was
esctablished which was specific to Spent Fuel, Decay Heat and
Building Spray Systems. As of June 25, 1982 all required
volumetric examinations of the first cycle on the IGSCC
schec..e were completed and no discrepancies were noted. As



of August 5, 1982, visual examinations were completed for
Decay Heat and Building Spray with no additiomal indications
identified. The plotting and trending of the known indi-
cations did not revea' evidence of growth. In March 1982,
eracks which were attributed to IGSCC were found in the
Waste Gas System.

In October 1982 and February 1983, examinations of PORVs
which had been removed from service also showed damage
attributed to sulfur intrusions. Damage to the PORV
internals can be characterized as general corrosion and
pitting rather than IGSCC. Valve internals affected were
made of martensitic stainless steels and inconel. The
corrosion apppeared to result from physical/gaseous
transport of sulfur species. As 2 result of these findings,
additional supporting systems inspections have been
conducted, including inspection of the pressurizer, and a
program was implumented to identify sulfur concentrations in
plant fluids and on the surfaces of system components.
Results are documeited in Reference 64 and were reported in
response to LERs 8.-02, 32-l1, and 83-03. Some minor
corrosion and surface pitting were identified, but no
additional significant damage was found. Damaged componernts
have been repaired or replaced, and the pressurizer has been
_cleaned by hydrolazing.




III.

CORROSION TEST PROGRAM

A.

Introduction

An extensive corrosion testing program was initiated in December
of 1981 to support the steam generator repair program. The pro-
gram in several phases was designed to accomplish the following:
(1) Determine the conditions under which the corrosion mechanism
occurred and how it could be arrested, (2) Verify the proposed
corrosion scenario to provide assurance that the mechanism was
understood (3) Determine whether tubing that has been
kinetically expanded would be more susceptible to corrosion in
service than other tubing and (4) verify that cleaning using

. hydrogen peroxide will not cause corrosion. The following

sections describe the results of this program.
Corrosion Mechanism Determination Tests

In December 1981, analysis of tube samples removed from the
TMI-1 "B" Steam Generator identified the corrosion mechanism as
stress assisted intergranular cracking. Cracking was circum=
ferentially oriented and initiated from the primary side surface
of the tubing. Analysis of the circumstances which led up to
failure indicated that through wall pemetration of cracks oc~
curred sometime after the hot functional test sequence and prior
to the pressurizing of the unit in November of 1981. 1In view of
this fact, a concern existed that the corrosion mechanism might
still be active.

A corrosion test program was immediately put into place to
ascertain whether or not significant corrosion was still
occurring. The first of these tests was iniciated ia February
of 1982. In this test, sensitized samples of 304 stainless
steel and Inconel 500 were immersed in primary coolant removed
from the decay heat loop. This coolant was analyzed and found
to contain 330 ppb sulfate. Specimens utilized in this test
were bent strip specimens spring loaded to apoly comstant loads
near the yield point of the material. Tests were conducted for
two week periods at 100°F. Specimens were examined
periodically for evidence of cracking an ultimately examined
metallurgically to assess if any cracking had taken place. The
result of this test indicated that the current environment in
the primary circuit of the steam generators was not sufficiently
aggressive to initiate cracks.

The next concern was whether or not existing incipient defects
would, in fact, propagate under the envirommenzal conditions
vhich currently exist in the unit. To thi. end, an actual tube
sample removed from the OTSC with a known eddy curreat defect
determined to be a crack greater than 90% through wall was
tested in primary coolant removed from the decay heat loop.
This would have been a similar solution to that used in the
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initial screening test. This test consisted of filling the tube
specimen with the decay heat solution on the internal surfaces,
then axially loading the specimen to 1100 lbs. at a test
temperature of 100°F. However, prior to putting the primary
coolant int> the tube, the sample was also tested with load in
dry air as well as air of high humidity. In neither case were
any cracks observed. After all testing was completed, the
specimen was examined metallurgically to look for signs of
growth. There was no cbvious extension of the intergranular
cracks and no evidence of additional attack in the area of this
crack. It thus appeared that crack growth was also arrested and
no further tube degradation was expected. This was confirmed by
the eddy current examination performed on the 100 tube sample
throughout the next several months. No evidence of any growth
of known defects or detection of new defects was observed from
December 1981 to the termination of program ia July 1982.

In March of 1982 after this initiil testing had been compleced,
indicating that cracks were neither propagating nor initiacing,
4 program was initiated which would define the environmental
conditions necessary to produce the type of intergranular
corrosion cbserved in the TMI tube samples.

A number of tests utilizing stressed bent strip specimens were
bagun at the 3&W Alliance Research Laboratory (Reference 27).
These tests utilized anodic polarization to accelerate the
cracking process and help to define electrochemical potemcial
regimes for this cracking to occur. Solutions of voric acid
containing various concentrations of thiosulfate contaminant
were tested. Those tests showed that thiosulfate at levels in
excess of 5 ppm would cause cracking in seasitized archive tubes
provided the degree of sensitization was sufficienc. It was
also determined that an oxidizing potential in the presence of a
reduced sulfur fo. was required for this cracking.

Specimens made from actual T™I tube samples removed from the
steam generator were tested. These samples appeared to be more
sensitive to the cracking phenomena since they cracked at
thiosulfate concentrations as low as 1| ppm. This is believed to
be due to either a difference in degree of sensitization of
material removed from the generator or due to the effects of
previous exposure of these samples to the thiocsulfate
contaminant in the primary system.

Samples were also tested in clean borated water during this
phase of the corrosion program. It was found that in all cases,
even wvhen polarized in the cracking potential range, that in the
absence of thiosulfate, specimens would not crack. Crackii, was
observed at open circuit potential in an air saturated eviron~
ment in thiosulfate contaminated solutions. However, if the



solution was deaerated and an inert cover gas utilized, cracking
was not observed in any specimens. Based on the results of
approximately 60 tests it appears that thiosulfate or reduced
metastable sulfur can produce and is a necessary requisite for
the cracking observed. Additional results indicated that time
to failure decreased as thiosulfate concentration was increased
and also as temperature was increased up to 1709F,

During this same time period testing was also being conducted at
Brookhaven National Laboratories for the NRC. These tests were
constant extention rate tests (CERT) utilizing solution annealed
and sensitized Inconel 600 test specimens. The purposes of
these tests were to define the minimum thiosulfate concentration
required for cracking as well as to establish the effect of
temperature and Lithium Hydroxide concentration on cracking
susceptibility. The results of these tests indicated the
cracking in the absence of Lithium could be expected in highly
sensitized material at thiosuliate levels on the order of 70
ppb. However, in the presence of Lithium it was found that
cracking would not be experienced on sensitized materials
provided the ratic of lithium to sulfur remained greater than or
equal co 10. Alcthough additional tests are being planned o
expand on the knowledge and understanding of the influence of
lithium on inhibiting cracking, this data has been utilized in
preparing new administrative chemistry guidelines for TMI~-l
operation. The lower limit on lithium has been raised such that
at a concentration of 100 ppb sulfate the above lithium o
sulfur ratio is equalled or exceeded.

3rookhaven also conducted a serias of tests to establish tha
influence of temperature on crack growth rate. Results of their
tests indicated that approximately L70°20F produced the maximum
cracking velocity.

At this phase the evaluation had established thac:

o Cracks in the OTSG were not currently propagating
Cracking in non-reduced sulfur contaminated environment was
not anticipated
The corrosion appeared to be a low temperature phenomencn
Oxidizing conditions were required for cracking
A highly sensitized microstructure was required
Lithium hydroxide could possibly be an inhibitor of crack
initiation or propagation.

From a metallurgical and corrosion viewpoint it therefore ap~
pears that a repair process is feasible, that the tubing was not
damaged to the point where it no longer was serviceable; rather
it exhibited properties of material which are typical for any
currently operating generator.




C.

Corrusion Scenario Verification Tests

During the summer of 1982, testing was conducted at Oak Ridge
Natiomal Laboratories in an attempt to verify the proposed
scenario. As defined in the failure analysis, it was believed
that corrosion occurred during the cooldown phase after hot
funccional testing, a period in which oxygen was introduced into
the primary system as well as lowering of the water level in the
OTSG's. It was felt that the lowering of the water level
allowed reduced sulfur species to concentrate in the region
above the water line and in the presence of oxygen caused
cracking.

Although it would not be possible to totally duplicate the cor—
rosion scenario, an attempt was made to establish test para-
meters which were a close approximation to a hot functional test
sequence. (Ref. 24) This included chemistries similar to that
which existed at the time of the hot functional test as well as
Cemperature cycles, plus 2xposure of test specimens in vapor as
well as liquid phase. In addition, in order to account for any
influence L

of tube surface films on the cracking mechanism, all cest
specimens were actual tube samples removed from the T™I scteam
generators. This allowed an assessment of whether oxidizing/
reducing conditions in the steam generators could change surface
films and form metastable sulfur compounds which could lead to
intergranular corrosion. Autoclaves were set up to test sulfur
contaminated borated water solutions with 1 ppm and 5 ppm
thiocsulfate and 30 ppm sulfate. This latter test assessed if
oxidized forms of sulfur of themselves would be aggressive. The
test sequence allowed for examination of specimens aftar an
initial exposure at 170°F, 1In all cases, no cracking was .
observed at that phase.

The specimens were then put back into the autoclave and the
temperature was raised to 500°F. Subsequently during the cool
down to ambient phase, air was introduced into the svstem when
the temperature reached 212°F, The specimens were then -aken
down to l30°F at which time they were held for several days.
Examinations of specimens removed after the hot functional
sequence showed no cracking for the | ppm thiosulfate solution
and no cracking for the 30 ppm sodium sulfate solution.
However, cracking was observed on specimens in the liquid phase
of the 5 ppm thiosulfate test. No cracking was observed in the
vapor phase of any test. This indicated that a threshold
concentration of thiosulfate may be required for cracking to
occur. What is not known, however, is whether the cracking
occurred during heat up or cool down for this particular
sequence. It may logically be assumed that cracking occurred
during the heatup phase as tests conducted have thus far shown
cracking does not occur at elevated temperatures. In addicion,
testing conducted in the 1 ppm thiosulfate and the 30 ppm
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sodium sulfate indicates that a threshold level of available
reduced sulfur i:; necessary and that sulfur in the surface film
of itself is not sufficient to produce intergranular cracking.

Repaired Tubing Corrosion Tests (Propriecary)

This corrosion ¢ ta base, supported the conclusion that an ef-
fective repair could be made. The choice of explosive expansion
appeared to be the most techmically feasible soluticn, however,
with the expansion process came a new geometry which would have
a transition from the expanded portiom to the unexpanded portion
of the tube which was not stress relieved. Aa accelerated short
term test was conducted to assess the impact of this tramsition
on the tube susceptibility to corrosion (Refarence 29).

Two tests were conducted to study this patticular question. One
test was a 10T sodium hydroxide electrochemical test which was
known to produce cracking in highly strassed roll transition
regions and the second was an acceleraced test in thiosulfate
contaminated boric acid. Specimens consisted of Ianconel single
tube/tubesheet mockups with an actusl expanded joint. The
caustic test had previously been correlated with long term
testing results, with approximatelv 8 1/2 yvears of service time
corresponding to approximately 5 days of testing under acceler—
ated exposure conditions. Test results shoved no evidence of
cracking. :

The second test was conducted using a boric acid solution con-
taining 1 ppm of thiosulfate and 1 ppm chloride. This level of
thiosulfate was utilized because it was shown to produce
cracking in highly stressed specimens of actual ™I tube
samples. It was therefore felt thac if the residual stresses
vere sufficiently high, that cracking could be expected in this
environment. The chlorides were added to provide an additionmal
accelerating effect. Tests were conducted at 170°F. 1If no
cracking was observed in a specimen tested at L70°F, the sample
was retested at 350°F. Testing was conducted on ten single
tube/tubesheet mockups that had been expanded using 19 gr/f: and
14 gr/ft double expansion plus various com binations of Ilmmunol
treatment and H307 cleaning. A complete description of test
specimen configuration is given in Reference 29. These tests
have shown no evidence‘*of stress corrosion in the expanded
region or in other regions either at 170°F or at 550°F.

EZven though all short term tests were done under accelerated

conditions, it was still felt that a certain time dependency may
be required for corrosion to initiate. Long term tests were
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developed to address this time dependent parameter (Refer-
ence 3). These tests have been scheduled to lead the actual
performance of the gemerator and thus provide additiomal iasight

as to the expected performance of the tubes. The long term

corrosion testing program was developed to assess performance of

the tubing both in the unexpanded regions of the generator and \
tubing at the new expanded transition region. The test is

designed to run for approximacely 13 mouths of operating time

and to lead actual operation of the generator by a minimum of

one month. As presently scheduled, lead testing will probably

preceed operation of the gemerator by a minimum of & months.

These tests will be conducted under simulated overational para-
meters which will include load cycling as well as thermal
eyeling. Chemistry will simulate that expected under normal
reactor operations. This will include decreasing boron levels
as well as decreasing lithium levels throughout the test period.
Test samples will be made from actual TMI stear: generator

tubes. Samples will be utilized both with known eddy current
defects as well as without known eddy current aefects. A mini=
sum of 4 different heats of material will Dde utilized with
samples from various elevations within the generator.

In the lead test, samples will be 6 inch full section tubes as
well as 1.D. stressed C-rings. This test is incended to
evaluate cond.tions in the span below the UTS. The repair test
will utilize single tube/tubesheet mockups with an expanded
region in the middle of the tubesheet area. This test is in-
rended to evaluate conditions on the new joint and the transi-
tion. Load cycling will subject samples to axial loads of 3500
to 1100 1bs. The 1100 lb. load will be in conjunction with all
cool downs from 600°F to ambient. Tests will also include
phases where oxygen will be introduced into the system at low .
temperatures as might be experienced during ncrmal generator
shutdown conditions. Chemistry comtrol will include vacuum
deaeration, addition of hydrazine, and hydrogen over—pressure.
It is believed that this will closely simulace the reducing
conditions that would be expected during normal generator opera”
tiomns.

Samples in the lead test loops include both defective and non~
defective tubing in order to assess both the initiation and
propagation phases of intergranular stress assiscted cracking.
Tubes will be eddy current tested utilizing the .540" standard
differential probe as well as a single coil absolute probe. The
size and eddy current signature of the currently known defective
tubes will be monitored and any changes in crack shape or eddy
current siy 1l will be closely watched. During the lead test,
the tubes will be examined at the end of each test cycle (ap-
proximately every other month) and assessments will be made as
to crack initiationm or growth at each phase. In addition, at
the end of each test cycle C-rings will be removed and destruc+
tively evaluated by metallography to assess the initiation of
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any incergranular attack. Through this lead test program, an
assessment can be made regarding plant operation in the unlikely
event that crack initiatiom or propagation is cbserved.

To date, two lead test loops have been sub jected to the not
functional test .pd three operating cycle simulations.
Potential sulfur contamination in solution was simulacted using
sulfate in one loop and thiosulfate in the second loop. Tube
specimens used were taken from unexpanded TMI-l tubing. One
loop used samples which were precoated with immunol. 3Both
six=inch sec~ tions and C-rings have been ixamined. No changes
in preexisting eddy current indications wers detected, and no
intergranular attack was observed. The test loops are
continuing through the remainder of the operating cycle
simulations.,

A third lead test loop simulated the hydrogen peroxide cleaning
proces., then continued through the hot functional cests and the
first operating cycle simulation. Sulfur in solution is
sulfate. All tube specimens used in this loop are six=-inch
sectiors of actual ™I tubing which have Yeen [mmunol coated and
subjected to expansion process debris. Additional specimens
which are representative of reactor csolant system materials
have also been included in this loop. No intergranular attack
fas been observed. The test loop is continuing through the
remainder of the operscing cycle simulations.

The repair test loop, which uses single tube/tubesheet wmock~-
ups, is being tested in a similar manner. The test sequence
completed included the H307 cleaning cycle, hot functionals

and the first operating cyele. All tubes were immunol precocated
prior to expansion. After each test cycle, these tubes will
also be eddy current tested on a periodic basis to monitor for
new atcack. No known defects were included into the repair test
specimens. No intergranular attack has been cbserved. The
repair test loop is now undergoing the second operating cyele
simulation.

The long term corrosion test program will provide a means for
making a comprehensive assessment of tube performance in actual
generator operation over long periods of time.

Conclusions
s 2008

Looking back at what has been learned about the TMI O0TSG tube
corrosion mechanism some conclusions can be drawr. Tast results
show that an active reduced sulfur species is required for low
Cemperature damage to t* Inconel 600 tubes. In the absence of
this active species no crack initiation or propagation has been
observed. Therefore, in the presence of clean borated water
during normal




operation, one does not expect ¢racking. If for some unforeseen
circumstance cracking would occur by reduced sulfur after return
to operation, it would most undoubtedly occur whem the system is
open Lo air at low temperatures. Cracking at elevated tempera-
tures under deserated conditions will be governmed by those
mechanisms and parameters which could affect any operating
generator in the industry. To further address the low
temperature concerm regarding the oxidation of reduced sulfur
species in the tube surface film, lithium levels will be
administratively contrslled at highe~ concentrations than
previously specified. Therefore, in the event there is
formation of metastable sulfur species during an oxydizing
transient lithiuam will be present to act as an inhibitor.




PREVENTION OF RECURRENCE

Iv.

AL

Introduction
t—— L O

Steps have been taken to

could not be reintroduced into the RCS and cause additional
Prevention of direct injection of contaminants will be
accomplished by administrative controls.
sodium thiosulfate tank had been removed.
have been made to include an analysis for sulfur, a conductivie:

damage.

consistency check which will indicate the need for reanalysis of

samples, and an increase
specification due to its
In addition, to preclude

ensure that an aggressive environment

In addition, the
Chemistry changes

in the lithium concentration
inhibiting effect on crack .nitiation.
reactivation of the sulfur which in the |

OTSG and RCS, a chemical cleaning program was conducted o i
oxidize and remove as much sulfur as possible from tne RCS.
This section discusses the steps Caken to prevent recurrence.

Prevention of Future Chemica! Contamination

Direct injection of foreign chemicals into the RCS durin
periods of operation is essentially limited to those substances
which are placed into the Lithium Hydroxide Mix Tank or the
Soric Acid Mix Tank. Injection through the reac~ror
bleed tanks during startup must also be considered. The
probability of injection of a foreign chemical into the RCS from
these tanks is dependent upon the administrative controls which
are exercised over additions to the tanks.

coolant

When the RCS is cold and depressurized, additiomal paths
introduction of foreign chemicals exisc. A path from the
Caustic Mix Tank to the suction of the Cecay Heat Pumps 13 cne | .
potential mechanism, and contaminants from the Borated Water e
Storage Tank and its associated pLping sysiems is another. Since g
the sodium thiosulfate has been eliminated from the plant, and
the line to the thiosulface tank cut, sodium hydroxide is the
contaminant which could Ye introduced via either of the de-
scribed pathways. In the even: rhat very dilute caustic did
reach the tubes, damage would not Ye expezted since increase in
pH is toward a more bYenign conditiom. Introduction of other
chemicals is preveuted through administrative controls.

for

Administrative controls which are in effsct include (1) clear

labeling of tanks in che Chemical Addition Room, (2) locking f
open the breakers to pumps CA-P=2,3, & 4 and placing them under i
the acdministrative control of the Locked Valve and Component

List and (3) review of applicable procedures to insure that
adequate guidance is provided.
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Since the range of chemicals which could be injected if adminis-
trative controls were to fail is wide, specific chemical analy-
ses to detect the presence of the full range are not practical.
Howaver, because of its potentially deleterious effect on the
OTSG tubes sulfur (as sulfate) will be sampled daily in the

RCS. The other parameters which prove mostC useful in detecting
ingress of un- wanted chemical species are pH and conductivity.
These para~ meters vary with lithium hydroxide and boric acid
concentrations with possible conductivity values ranging from a
lov 0" approx. 2 micromhos/cm to a high of nearly 20
sicromhos/cm and pH values from 4.6 to 8.5, depending upon
operating conditions. Detectiom of inadvertent addicions
depends upon change. in either or bdoth of these parameters which
do not correspond to known additions, dilutions or treatment toO
the system. A consistency check on conductivity will be
performed five times per week Lo confirm that the conductivity
reading is consistent with the pH, boric acid, lithium
hydroxide, and ionic species concentrations being measured.
Specific analyses based upon the conditions under which the
changes take place can then further define conditions.

The increased administrativae controls, removal of the sodium
thiosulfate tank and increased sampiing requirements will ensure
prevention or quick detection of unwanted chemic l contaminatior
of the RCS.

Changes in Operating Chemistry

Administrative primarv water chemistry limiCs were implementced
to prevent recurrence of the damage mechanism. This included an
inerease in the lower concentration limit for lithium dus to its
inhibiting effect on crack initiation and propagationm, and an
analysis for sulfur (as sulfate). A consistency check of pH and
conductivity will be implemented. The check will improve our
ability to detect the presence of potentially harmful ionic
species. Table IV-l shows the changes in the Primary Water
Chemistry Administrative Limits.

The imi lithium concentration was increased from
3 done because lithium may have
inhibiting e k initiation and propagation.

Chloride was changed to meel rv d 3&W Water Chemistry
Guidelines.
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3. Sulfur (reported as sulfate) was added to the Adminiscracive
Limits because of its deleterious effects on crack initia=
tion and growth in Alloy 600.

4, Because sodium becomes easily activated and is an important
contributor to total activity in the RCS, it will be moni-
tored.

Cleanup of Sulfur from RCS

To preclude corrosion by sulfur contaminants already in the RCS,
GPUNC conducted a chemical cleaning program to remove sulfur.
Testing of a steam generator tube showed that near the outer
surface of the oxide film, sulfur was predominantly present as
sulfate. Further into the surface film, metal sulfides pre=
dominated.

The cleaning process was selected to chemically convert the
metal sulfides on the steam generatot tubing into soluble sul-
fates. In general, the process used in the plant was as follows:

* The RCS, Makeup and Purification System, and the Decay Heat
Removal Systems were in use.

Nitrogen added to the prersurizer vapor space was used to
increase system pressure to approximately 307 psig

Main coolant pumps were operated and cooling water flow
through the Decay Heat Removal heat exchangers was «Zjusted
30 that the entire system operated at approximacely 130°F *
S,.

When cleaning was initiated, the zoolant contained a boric
acid concentration between 1800 and 2300 ppm boron and
lithium concentration of 1.8 - 2.2 ppm.

Concentrated ammonium hydroxide ( 30 wt %) was added :o
increase the reactor coolant pH to 8.0 - 8.5,

® 3 wt % Hydrogen Peroxide was added to the RCS from the 4%
boric acid mix tank via the core flood tank fill line and
the pressure test connection on RCP "B" to establish a
residual concentration in the range of 13 - 25 ppm. Since
the peroxide decomposes, continuous additions were made as
needed throughout the cleaning process to keep the peroxide
in specification.
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The cleaning solution was continuously circulated. Cleaning
took approximately 2-3 weeks. Termination ¢f the cleaning
process at 400 hours was based on developmental test results.

The RCS sulfur cleanup behavior closely followed earlier
laboratory simulations, with RCS sulfate concentration
reaching a plateau at the end of 400 hours.

Sulfate concentration after 400 hours was 0.4 ppm. The
total sulfate picked up in the coolant was 0.33 lbs.

Both the dissolved sulfate and the ammonia added were
removed from solution by ion exchange resin in the normal
purification systems.

A comprehensive test program was performed to determine the
effectiveness of the cleaniig process, and to verify that the
conditions of cleaning would not introduce a corrosive environ=
ment. The program and results are discussed in a separate
safecy evaluation. Hydroge: peroxide appears to be effective in
removing sulfur from both tubing surfaces and from inside
crevices. Based on testing, 400 hours of exposure to the
hydrogen peroxide solution is expected to have removed up to

80% of the sulfur which was present in deposits in the 0TSGs.

Conclusions

GPUNC has implemented corrective actions in four areas in order
to prevent recurrence of OTSG corrosion. The sodium thiosulfate
tank has been removed from service to prevent additiomal in-
advertent introductions of sulfur, and chemical cleaning was
conducted to remove existing sulfur. Stricter administracive
controls have been placed on introduction of other potential
chemical contaminants. Stricter controls have also been placed
on 3CS chemistry to maintain a non-corrosive environment. These
actions are expected to prevent contamination and corrosion by
sulfur and by other chemicals.
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KINETIC EXPANSION REPAIR DESCRIPTION SUMMARY

Description of Process and Geometrv

A.

1.

Introduction

TMI-1l OTSG tube examinations have revealed a large number of
tubes with defects within the upper tubesheet. A defect is
defined as any eddy current indication interpreced as
greater than 40% through wall. The limits of eddy current
detectability are defined in Section IX. The repair
approach is to establish a new primary system pressure
boundary below these defects. A kinetic expansion of the
tube within the cubesheet was used to effect this repair.
All tubes which were not plugged were kinetically expanded
irrespective of whether or not they have a defect, and
irrespective of whether they were to be plugged following
expansion. This repair provides a losd carrying and
essentially leak-tight joint belew known defects. The
following sections summarize the repair program. Details
can be found in Reference 1 and Reference 23.

Rinetic Tube Exvansion (Proprietarv)

The process steps which are involved with this repair have
the objective of providing a new pressure boundary below
known defects through kinetic (explosive) expansion of ctne
tube within the tubesheet. Extensive testing by Foster
Wheeler has indicated that the most effective kinetic ex-
pansion technique for this repair is to use a 19 gr/ft ini-
tial shot followed by a second shot at 14 gr/ft. The chc-ge
is provided by a detonating cord held in plice by a plastic
insert. An elecrrical charge sets off a cap igniting the
transfer cord which in turn fires a beoster secting off the
detonating cord.

Preliminary testing has determined that a 5" long expansion
below the lownst defect will provide the desired load carry-
ing margins. The expansion serving as the new pressure
boundary is the bottom six-inches of a 17 inch expansion
extending through the crucked area to the top of the upper
tube sheet. Thus all tubes for which the lowest defect is
at 11" or above have been provided with a new six-inch
joint. Tubes with defects lower than l1" will be considered
individually. Those with the lowest defect between 11" and
16" will be expanded using a 22" expansion. Those with
defects lower than 16" below the top of the upper tubesheet
will be taken o.. of service.
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The T™MI~-1 OTSG repair process is as follows.

Step Description
1 Flush the secondary siue tube to uprer

tubesheet crevice.

- S Heat crevice to drive out moisture
(vaporize water).

3 Precoat tubes with Immunol

4 Kinetically expand tubes

5 Clean debris from kinetic expansion
6 Mill tube ends

7 Flush OTSG

3 Plug necessary tubes

9. Clean OTSG with felc plugs.

3. Design Bises of Rineci~ Joint

The new joint comprises a kinetic expansion of eituer 17 or 22
inches which begins just below the upper tubesheet top surface
in the area of the original shop roll expansion. The kinetic
expansion will be the pressure boundary and structural actach-
ment of the tube to the tubesheet.

The original OTSC design basis is summarized in Reference 1.
The following is a sumary of design basis for the new
kinetically expanded joint.

1. The repaired tube shall sustain the maximum design basis
axial tensile load of 3140 1b. from the genmeric 177 FA MSL3
accident analysis. Since this is a thermally induced load,
satisfying this criteria requires no relative movement (slip=-
page) between the expanded area and the tubesheet at the
axial strain corresponding to . is load (abouz .0016 in/im).

2. Thermal/Pressure Cvcles

The initial design life objective for the tube kinetic ex~-
pansion is 5 years.

Sufficient cyclic testing and/or analysis will be performed
during the qualification program to satisfy this objective.
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A design life of 35 years has been established as a goal.
Additional qualification testing has been performed which
consisted of leak tasting of specimens which had experienced
cycling equivalent to a 15 year life. Specimens used were
separate from those used to initially qualify the repair for
a 5 year life. Assessment of the joint for the full 35 year
design life will be performed when data om actual steam
generator performance is available to supplement the results
of the 5 year and 15 year test programs.

Tube Preload

The design objective stated in the original steam generator
equipment specification for TMI-l OTSGs was that the tubes
not be in comnression when cold.

The repaired tube tensile preload shall not be changed by
more than - 30 1bf at ambient temparature. This design
objective is intended to assure that tube preload tension is
maintained so that the vibrational characteristics of the
tube will be unchanged for a preloud change of this
magnitude.

Residual Stresses

O1e design objective is to minimize tensile stress in che
transition region between :he expanded and unexpanded
portions of the tube. Analysis shows that an abrupt transi-
tion results in higher residual stresses an” larger scress
concentrations. A transition length between 1/3" and 1/4"
has been established as a gzoal.

An objective of maintaining additional residual tensile
stresses (both circumferential and axial) resulting from
kinetic expansion in the transition less than 45% of the .2%
offset yield stress at room temperature has Yeen esczablished.

Heat Transfer Requirements

No credit is taken for heat transfer within the tubesheec.

Pressure Boundary Leakage

The original design basis for steam generacor tube leakage

was to provide generators with no detectable leaks at ship-
ment and to control leakage to an acceptable operating level
by monitoring and repair over the 40 year life of the plant.

The kinetically expanded joints used for repair of the TMI-1

steam generators are designed to be essentially leak tighe.
The expansion is designed to provide a seal below potential
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c.

leak paths in all tubes to be repaired. Tubes with
unacceptable leakage as indicated by the precritical drip
and nitrogen bubble tests (see Appendix A) may be roll
expanded above the lower 6" to attempt to seal the leakage.
If this is unsuccessful the tube will be plugged and/or
stabilized if necessary.

For plant operation, primary-to-secondary steam gemerator
leakage limits will continue to be set by the Technical
Specification limit of 1 gpm. However, in order to control
the amount of waste that requires processing, a design goal
of 1 lb/hr projected otal leakage from both generators has
Yeen set for the qualificacion program. Bubble testing can
distinguish a leak that is of the magnitude of 0.l galloms
per day. An engineering evaluation of bubble test resulcts
as they relate to expected leakage will be conducted in
order to determine what tubes require plugging. Statistical
analysis will be applied to the verification test results.

Qualification Program

A series of mechanical tests and ‘chemical and corrosiom tests
were performed to qualify the kinetic expansion, and the kinectic
expansion nrocess to meet the design goals of producing a joint
capable of carrying required loads, providing a leak.tight seal,
minimizing rr.sidual scress, and tube preload changes. A series
of prelirirary tests was conducted to establish the optimum
parameters for a kinefic expansion process that will yield
acceptable joints with low residual stresses. Additional tests
were conducted on a full size steam gzenerator at B2&W's Mt.
Vernon Works. A more detailed description of the tests and
results can be found in Reference 23.

1. Mechanical Tests
z. Preliminary Leak and Axial Load Tests (Proprietary)

Kinetic expansions were tested to determine the maximum
axial load which could cause the expansiom to slip.
After a set of expansion parameters were postulated,
leak rate and axial load tests were performed to deter=-
mine whether the expansion would still appear adequate
for a corroded tubesheet, after thermal and pressure
cycling, and after adjacent tubes have been expanded.

The following acceptance goals were applied.

(1) Water leak at a pressure differemtial of 1275 psig
(Primary to Secondary) 3.3 x 107 1b/hr per tube.

- 137 =



(2) Pullout load comsistently above 3140 lb per tube.

(3) Margia in pullout loads and leak rate to account for
possible deterioration of joint integrity from
thermal cycling and for statistical analysis.

(4) Minimize expansion length.

(5) Minimize longitudinal strain induced in the tube by
the expansion process.

(6) Minimize in-plane deformation of the expanded tube
block hole and adjacent holes.

A 6" expansion using a 19 grain/ft insert followed
by a 14 gr/ft insert gave acceptable preliminary
results. Pullout loads for high and low strength
tubing with the expansion as a functios of the
number of after—-hits on uncorroded blocks showed
pullout loads consistently in the 4000 to 5000 1b
range for up to 4 after hits. Pullout load results
for expaasion on corroded blocks using corroded high
and low yield tubing were consistently in the 4500
to 5500 1b range.

The ef{fects of thermal and pressure cycling om
pullout load were minimal.

Leak and Axial Load Qualification Tests (Proprietary)

These tests predicted the leak tightness and confirmed
the axial load carrying capability of the chosen expan-
sion technique, and showed what effect kinetic expansion
will have on adjacent repaired tubes and determined the
effect of re-expanding previously expanded tubes.

Seven blocks were thermally cycled as follows:
38 cycles 70°F to S10°F co 70°F

One block was then exposed to a series of load
cycles. These were:

100cycles 780 lbs. compression to 1110 lbs. temsion

180 cycles 635 lbs. compression to 175 lbs. tension
6000 cycles 510 lbs. compression to 125 lbs. compressiocn
Cycles selected correspond to the 5 years qualification
period.
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The majority of leak and slip load qualification
testing was performed at room temperature with the
exception of one block loaded at 330°F and one block
leak tested at 400°F.

Acceptance criteria required that a statistical evalua-
tion of the results show a 99T confidence level that 99%
of all tubes expanded would have a pullout load greater
than 3140 lbs. A mean leakage rate goal of less than
3.2 x 1073 lbs/hr/tube was desired.

Results indicate that thermal cycling tends to decrease
pullout load, however thermally cycled blucks pulled at
70°F gave a 99T confidence level that 99% of the tube
expanded will have pullout loads in excess of 4170 1b.
One block which was pull tested at 330°F gave 99/99
statistical confidence that pullout load sould be in
excess of 3590 lbs. The goal of 99% confidence thac 99%
of the tubes have pullout above 3140 1b is easily mec.
In addition, an expansion pull test perfo-med on a full
scale generator at Mt. Vernon showed a load carrying
capability of at least 3600 pounds.

Leak rate results after thermal cycéing equivalent to 5 vears
vary from 1.18 x10™% to 187.4 x 10™® lbm/hr/tube. The
average tube leakage was considered to be one-tenth of the
total test block leakage in each case. Statistics indicate
a 99% confidence that 997 of the normally expanded tubes
will have leakage rates no greater then 132.4 x 109
lbm/hr/tube. While this rate exceeds the design objective
of 3.2 x 103 lbm/hr/tube, it is still & very low leak

rate. Results of leak rates after axial loading are found
in feference 23, If every tube in both OTSGs leaked at this
maximum rate the cumulative leak rate would still be less
than one-~hundredth of the Technizal Specificaticns limit of
1.0 gpm. The leak rate of the one block showed an increase
between 10°F and 400°F (62 of the total range of leak rates)
leading to the conclusion that the leak rate for a tube at
operating temperatures would differ only slightly from what
it would be at room temperature.

Leak rate results after thermal and load cycling equivalent
to 15 years vary from 31 x 10~% lbm/hr/tudbe to 68 x 1079
ibm/hr/tube. This l5-year test data is comparable to the
S=year test data with no indication of joint leakage
increasing due to thermal and load cycling.




¢. Residual Stress Testing (Proprietary)

(1)

(2)

(3

Praliminary Transition Geometric Limitations

This cest delermined the expansion parameters which
would lead to 1 tramsition that would minimize the
transition residual stress and stress concentration
factor. 1t was concluded that a transition leagth
between .125 and .25 inch would be a goal, with a
minimum acceptable transition length of .l inch. A
number of insert shapes were evaluated t- determine
which provided a smooth transitionm.

A 30 degree taper on the end of the polyethylene
insert was found to provide the optimum tramsitionm.

Residual Stress Measurements

The actual residual stress was measured in special
test blocks using X-ray d ffraction and strain gage
te:hniques to determine post-kinetic expansion tube
stresses in the transition area at the bottom of the
expansion and at a second poin: near the middle of
the expansion. Both hard rolled and kinetically
expanded tubes werc examined using high and low
yield strength materials. :

The goul for this test was that the additional resi-
dual stress in the tuve resulting from kinetic ex-
pansion would not exceed 45% of yield strength.

Results are reported in Reference 23.
Cumparison of Yinetic and Roller Exvansion

Sample Inconel 600 tubes were expanded by rolling
and kinetic processes in or’ar to compare the re-
sulting hardness and microstructure.

Both processes increase the hardness, with the
roller expansion showing a greater hardmess (100 co
103 Ry equivalent) than the kiretic expansion (92
to 93 Rg). The roller expansion tends to harden
the inner surface more than the outer, while the
kinetic expansion is slightly harder at the ocuter
surface. Prior to expansion the tube was signi-
ficanrly harder on the outer surface. Since the
hardening effect in the mechanically expanded tube
is more pronounced and less uniform than in the
kinetically expanded tube, the kinetic expansion may
be expected to be less susceptible to stress-
corrosicn cracking than mechanical expansionm.
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(4) Corrosion Testing of Transitions

Accelerated stress corrosion cracking tests were
performed on expanded tube/tubesheet mockups. The
mockups were tested in 10Z sodium hydroxide (NaOH)
at comstant potential and destructively examined for
stress corrosion cracking (SCC) due to residual
stresses from the repair expansion process. The
results were compared to existing data om tubes that
have been stress relieved after expanding. Two tast
coufigurations were used; the first was an Inconel
600 tube kinetically expanded in the tubesheet, the
second was an Iaconel 600 tube kinetically expanded
plus a hard roll in the expanded region.

Test results show no evidence of cracking.
Induced Strain Tests (Proprietary)

Tests were performed to determine the effects of the
expansion on the tube-to-tubesheet welds, and the tube
length, and to determine the strain stored in the ex-
pansion. A design goal of changing the preload by less
than + 30 1lbs due to elongation was applied.

Results show that kinetic expansion has a minimal efface
on the overall lomgitudinal tube strain and as-fabri-
cated preload. Iaduced strain measurements taken before
and after expansion indicated maximum longitudinal
strain values of less than .04 percent. This relates to
a reduction in tube preload of about 16 pounds, which is
considerably less than the 30 pound design limit.

In some cases, prior to expansion, the degradation of
the tube in the area of the ssal weld allowed the tube
to slip down, relieving all or part of the preload.
These tubes were then expanded.

These tubes have been evaluated to determine the
potential effects of loss of preload, and are discussed
in Section VI-E.

Ligament Distortion (Propriatary)

The effects of explosive expansion on the tubesheet
ligament were determined. The dimensions of adjacent
holes in the tubesheet were measured before and after
the expans’In and compared.

Results show that only a minimal effect was noted in the
diameter of adjacent holes due to tube expansion using
charges between 25/14 and 14/14.
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Full scale testing in a steam renerator at Mt. Vernon
using strain gages and profilometry showed no degreda-
tion of the tubesheet ligaments.

Based on the mechanical qualification tests it can be con-
cluded that the kinetic expansion joint will meet the five
year design life objective. The repaired tube will sustain
the maximum design besis axial load of 3140 lbs., residual
stresses will be minimized, tube preload will not change
more than + 30 1bf, and leakage will be much less than tech-
nical specificacion limits.

Chemical and Corrosion Testing

" a. Residue Test (Proprietary)

The amount and type of explosive residue that shoulc be
expected to remain in the steam generator after all tube
repairs are completed was determined. A satisfaccory
cleaning method to reduce contaminants to acceptable
primary system water chemistry levels was identifiea.

Results show that the chemical composition and amounts
of the residue are acceptable. The use of ordinance
transfer cord minimizes the amount of debris. in the
upper head. :

Techniques for cleanup of the tubes after kinetic ex-
pansion will include felt plug wiping on the inside of
the tubes and water flushing the top surface of the
upper tubesheet, tubes and the inside of the upper
head. To enhance the water flushing, all primary side
surfaces exposed to kinetic expansion residue will be
coated with a film of water soluble Immunol X-236.

b. Crack Change Tests (Proprietary)

The effect of kinetic expansion on existing cracks was
determined.

Explosive expansion using 25 gr/ft cord was found to
fause no damage to the base metal, although existing
cracks were found to be slightly separated so as to
become more visible.

Double expansions using 19/14 were done on several
samples from TMI-l steam genmerator and on sulfur induced
laboratory grown IGSAC cr..ks that were less than
through wall. Neither through wall nor less than
through wall cracks propagate circumferentially or
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through wall. They are however slightly widened to
become more visible. There is no evidence of any
ductile tearing of tube material.

¢. Effects on Residual Sulfur

Testing was performed to assess what happens to the
sulfur on the surface of steam generator tubes (i.e.
driven into the base metal) after kinetic expansion.

It was determined that the sulfur concentration on the
tube I.D. in the srea of the kinetic expansion does not
change, that it is not driven further into the base
metal, and that the expansion does not significantly
alter the grain boundary structure in a way that would
trap sulfur.

Revair Testing

The in-process inspection and monitoring program was designed to
verify that the in-generacor expansions are similar to those
obtained in the qualification program. Actual OTSG expansion
profilometry and ECT results were compared to test program data
to verify that the expansions are similar. Data obtained from
TMI-1 was also compared statistically to test program data. .The
program consisted of video surveillance, profilometry measure-
ments, and eddy current (ECT) examinations.

Video surveillance of operations during the expansion process
were conducted where practical to verify that proper procedures
were followed and that the correct tubes were expanded or
examined. Random out-of-generator expansions were also con~
ducted to verify that expansion inserts had not chonged since
the qualification program.

Verification sampling was performed on the tubes expanded by the
initial charge strength in the first three lots ia each OTSC and
consisted of ECT and profilometry. ECT using an 8xl probe was
performed on almost 100Z of the tubes expanded in the first lot
in both OTSG's. Profilometry was performed on expanded tubes
selected at random from the first three lots.

Ia addition to verification sampling, random diameter and depth
checks sampling were done following initial expansion. The
sampling plan can be found in Reference 19.

Results are presented below of both the exparsion lergth in=-
spection program and the program to verify that each tube was
expinded as required.




l. Results of the Expansion Length Inspection Program

OQut-of=-generator expansions indicated that the process
expansion inserts and detonating materials performed as
those used in the qualification program. Profilometry and
diameter and depth gauge checks showed that the in-generator
expansions were within the range of variation of the quali-
fication program expansions. In additionm, eddy current
examination using the absolute (8xl) probe was conducted for
the first lot of kinetically expanded tubes in boch steam
generators. The 8x1 absolute probe has been chosen for this
in-process monitoriang in the newly expanded area because the
coining process of the expansion creates so much background
noise that the .540" standard differential probe is not
useful following kinetic expansion. The 8x1 absolute probe
provides 360° coverage. A judgement concerning defect arc
length can be made depending on how many coils of the 8xl
probe detect an indication. Laboratory testing has shown
that a 1 coil indication can have an arc length of 5° to
40°, a 2 coil indication has an arc length up to 85°, and a
3 coil indication has an arc length up to 130°. Although
the 8xl absolute probe can be used to quantify the circum—
ferential extent of a particular indicatiom, it cannot be
used to accurately determine the percent thru-wall of the
indication. The scope of the examination included 151 tubes
in OTSG B and 284 tubes in OTSG A. The eddy current data
was analyzed from the top of the 6" qualification length for
kinetic expansion down through the bottom of the upper tube-
sheet. As a result of this data evaluation, 9 tubes in OTSG
B and 6 tubes in OTSG A were reported as having indications
which had not previously been detected by the .540" 0D
high=gain standard differential probe.

These new 8xl ECT indications were evaluated to determine
their significance. The evaluaticy included 1) Fiberscope
examination of selected tube are:s wher: .ndications were
detecced, 2) Comparison of the size of any visual indica-
tions to the ZCT semsitivity curves, and 3) Laboratory
metallographic and ECT examination of known cracks which had
been expanded. The following was concluded from this
evaluation:

L. The only visual evidence seen which correlates with the
ZCT indications is small pits and a mechanical scratch.

2. Laboratory expansion of known cracks confirms no growth
(no ductile tearing) and indicates no change in 8xl ECT
signal from known cracks.
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3. 1f some of these ECT indications are from small cracks
which were previously below the .540 ECT sensitivity
within the upper tubesheet (UTS), their geometry is so
small that the reliability of the new joint is not
affected.

4, The most probable reason for these new indications is
that the 8xl probe is more sensitive than the .540 probe
within the UTS. The 8xl probe appears to be sensitive
enough to respond to pits which are so small they are of
no consequence.

Section IX documents extensive work done to evaluate the
maximum size crack which can be left in service for the life
of the plant and not cause tube failure under normal or
accident tube loadings. Acceptable circumferential extent
vs. throughwall depth curves for various loading and
analysis conditions in the free span are shown in Figure
IX.2. The .pit indications found in the area of the joiat
are smaller than the crack size leading to failure by any
mechanical means in the free span. These curves are con-
servative for indications in the joint siance loads imposed
on the tubes are transmitted to the tubesheet in the area of
the expansion. Loads on tubing in the area of the defects
will be equal to or less than those analyzed for the free-
span. Leakage through any small Jefects which are 100% -
throughwall is also expected to be less than or equal to
similar cracks in the freespan. Unacceptable leakage will
be identified during precritical testing and the tube will
be either plugged or repaired. For these reasons, it is
concluded thar small pits or undetected cracks in the quali=-
fied area do not affect the reliability of the new joint.

It is expected that additional indications will be identi-
fied during the baseline 8xl eddy current examination of the
expanded region to be conducted following the kinetic expan-
sion. These indications will be evaluatea to confirm that
they are acceptable, and will be left in service and re-
exazmined during the 90 day ECT program.

Identification and Expansior. of Misfires (Proprietary)

Inderts which did not fire were generally easily identi-
fiable because they remained in the tube. However, during
the 19 grain/foot expansions several misfired candles were
ejected from the tubesheet. The locations of these were
found using a diameter gage to determine which tube in that
sequence was not expanded. Because there is no measurable
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change in tube diameter caused by the addition of a 14
grain/foot expansion this technique could not be employed
during the second round of expansions in the event of an
unidentified misfire. The cause of ejected misfires was
thcught to be a whipping action of the ordinance transfer
cords in which sufficient kinetic energy was imparted to the
cords by the rising candles to pull a misfired candle from
the tube. Devices were made to lock the transfer cords to
the tubesheet in order to prevent the occurrence of

" jumpers."”

In spite of precautions taken, "jumpers" occurred in several
separate instances. In these initances the tubes of the
previous sequence were reexpanded with 14 grain/foot devices
to assure that the "jumpers” had received 14 grain/foot
expansions. This was done in such a manner that no tubes
ever received more than 4 after hits (the maximum number
presently technically justified for normal tubes). However,
during one expansion sequence in the "3" generator a mis-
fired candle was discovered under some shielding. The
sequence to which that candle belonged could not be identi-
fied and the misfire loc lon could not be defined more
precisely than one of thy first 7000 tubes done in that
generator.

The concern for a singly expanded tube is that, potentially,
being unable to carry sufficient axial load, the tube would
fail, slip downward and lock. Therefore, an evaluation was
performed to determine the likelihood of slippage during
operation, and the potential consequences if the singly
expanded tube were plugged, stabilized or left in service.

A statistical evaluation of available data for single 20
grain/foot expansions from pre-yualification testing showed
a 99/97.5 confidence interval that no slippage would occur
under normal or accident loading. While the data used is
for 8" expansions and for expansions receiving many less
after hits than a typical singly expanded tube would receive
in the generator, the resulting high confidence is fal:t to
be indicazive of what would be expected if a test program
using more correct configurations were performed. Actual
pullout strength will be dependent on the location and size
of cracks in the singly expanded tube. Leakage data for
tubes with one expansion is available from the preliminary
qualification program for a defect free length of 8". For
this length, leakage is expected to be sufficient to be
identified during precritical testiag. Similarly, leakage
will be greater the shorter the defect free length. In
addition, the tight annulus between the tube aud tubesheet
will provide a substantial restriction to any leakage.
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In the event that the single expanded tube will remain in
service, then slip under transient or accident conditionms,
effects of slippage were evaluated. Assuming a minimum 6"
leak length and a worst case 0.001" radial anaulus, the lea
rate past the expansion would be about 0.25 gpm or ome
quarter of the Technical Specification limit. This annulus
size is considered to be conservative because any actual
leak path past the expansion is expected to be a discrete
path such as a scratch. A leaking tube would be located by
conventional means and would be plugged and, if necessary,
stabilized.

Of the approximately 7000 tubes which could have been the
single expansion site, only about 100 were to be plugged.
Slippage of a plugged tube could not be idencified due to
leakage. Thus if the tube slipped and locked, it could bow
or be dynamically unstable in cross flow areas and cause

wear damage to adjacent tubes. Approximately half of the
plugged tudes will be stabilized, which should prevent wear
damage. TChe remainder are in areas of minimal cross flow,

so dynamic instability should not be a problem. Even if the

single expanded tube were one of these, and it slipped

enough to bow under operating conditions, a relatively small

point load against the neighboring tubes or tubesheet could
force a node at the point of contact and prevent wearing.

Based on these evaluations, it was concluded that the like-

lihood was small that a single tube expanded only once would

be located in an area which mijht result in prohlems, and

would then slip with loading. Therefore, no further actions

were taken.

Post Repair Testing

Following repair, testing will be performed to verify the
acceptability of the joints. Post Repair tests include:

L. 150 psig bubble test. Upper tubesheet plugs, tubing and
expansions leak tast.

2. 150 psig drip test. Lower tubesheet plugs, tubing and
expansions leak test.

3. Hot OTSG Testing
Hot OTSG testing will include transiencs that will place

operating loads on the new joint. These transients will
include:
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a. normal cooldown

b. accelerated cooldown

¢. normal cooldown using modified
tube rupture emergency prccedure

Leakage will be monitored before, during, and after the
transients. A 1400 psid opera-ional leak test will also be
conducted. A more detailed explanation of the testing
programs can be found in Appendix A.

The cold testing described in items 1 and 2 above has been
completed. The results are discussed in Appendix A. Based
on the drip and bubble tests, and investigative ECT inspec-
tion, GPUN concluded the following. With the possible
exception of four tubes which bubbled only slightly znd were
not investigated further during stopper testing or by ECT,
all leakage was found to come from below the top of the
qualification length of the kinetic expansion joint. No
joints were found to leak.

Conclusions

3ased on a qualification program, the kinetic joint meets or
exceeds the design bases of the original joint, ilacluding the
following factors:

a. Load=-carrying capability.
b. Tube preload. ;
¢. Minimization of residual stresses.

Leakage is projected to be less than one-one hundradth 2f the
technical specification limit of | gpm. Kinetic expansion in
the upper tubesheet is a safe and reliable method of repair for
all tubes that will remain in service in the T™I-l steam genera-
tors. The tube joints will remain structurally sound and essen-
tially leak-tight during all design conditions over at least a
five year period.
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EFFECTS OF EXPANSION REPAIR

The possible effects of the kinetic expansion process with respect
to introduction of chemical impurities, the effect on the OTSG
structure, the effect on tubesheet corrosion characteristics and the
effect on existing plugs have been evaluated.

A.

Possible Introduction of Chemical Impurities

The specification for OTSG tube repair addresses the issue of
impurities in the system. It specifies that the inside of the
steam generator will not be exposed to materials containing more
than 250 ppm sulfur and 250 ppm total chiorides and fluorides,
and specified detectable amounts of low melting point metals.
Required deviations will be addressed on a case basis. A
material comtrol program with quality controls was required for
confirmation that material is not introduced inside the steam
generator without assurance that its constitueuts are known and
acceptable was implemented.

The large majoriiy of the debris was demonstrated (testing in
mozkups and a full-scale OTSG) to be particulate matter. The
large particulate debris was removed by manually picking up
pieces by hand, and by vacuuming in both the lower and upper
heads. Particulate debris in the tubes was removed by forciag
felt plugs thuough each tube. : -

In addition to the easily removed particulate debris, laboratory
tests showed a thin layer of material was deposited on the ex~-
posed OTSG surfaces. This film consists primarily of carbon,
identified as polypropylene. The amounts of contaminants, sul=
fur and other elements, in this layer are low (traces only). Ia
order to minimize the poteatial for the film interfering with a
subsequent sulfur removal treatment, steps were taken to
minimize film thickness. The OTSG surfaces were coated prior 22
expansion with a substance which, when flushed with water,
reduced the film thickness significancly.

This residual film is not uniform over the length of the tubes,
being thickest nearest the expansion. The results of tests show
a remaining layer, after flushing, which averages 50 Angstroms
thick over the length of the tube. A similar condition should
exist at the cop of the tubesheet surfaces and the inner sur-
faces in the dome of the upper head.

As a worst csse, it may be assumed that the 50 A film on the

31,000 tubes welts as the reactor coolant approaches operating
temperature. The polypropyler~ is not soluble in hot water, but
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the high velocity coolant through the tubes could entrain par-
ticles as they soften and lose film tension on the tube sur-
face. The turbulant reactor coolant flow would carry these
minute droplets of molten plastic throughout the reactor coolant
system as a very dilute emulsion of about 0.44 ppm polypro-
pylene. The demineralizers and filters in the letdown system
would gradually remove this slight impurity from the reactor
coolant. Industry experience shows that there may be a tendency
for the mol.en droplets to collect in relatively stagnant areas
of the reactor coolant system. The reactor head would be the
most likely area of concentration, and during cooldow: the poly=
propylene may solidify as a film on the under side of the dome.
In the unliiely event that the total volume of plastic were =o
separate out in the head area, the CRDM lead screws would col~-
lect a negligible amount of residue.

‘Should ther» be a reactor cooldown, any molten droplets re-

maining in che coolant would tend to solidify as a film om the
coolest surface available. Both the letdown and decay heat
systems will be cooling portions of the reactor coolant and the
polypropyleue would redeposit as a thin film on the letdown and
decay heat cooler tubes. The hot surfaces in the core are the
least likely places for the plastic to solidify. There is no
reasonable assumption which would indicate the half cup volume
of plastic film could cause a problem before it is removed from
the system.

Possible Effects on QTSG Structure

It has been postulated that the kinetic expansion may, because
of the large number of tubes involved, have significant effacts
on the steam generator as a structure as well as on the indi-
vidual tubes.

For individual expansion, evaluation of the tubesheet ligaments
has shown no significant effects of expansion. I: was poscu-
lated that with multiple kinetic exransions there could be a
shock wave reinforcement such that the sequence of explosions or
the length of the prima cord should be controlled to insure that
the tubesheet is not overstressed. The concern was that the
shock wave may travel at about the speed of sound through the
material, and if adjacent tubes exploded in a manner such that
their shock wave reinforces shock waves from other tubes, there
could be a condition where the tubesheet is overstressed.

Testing was performed in the steam generator at Mt. Vernom using
strain gages av.i an accelerometer to demonstrate that the coin-
cident expleosic. * of the maximum number of tubes .o be expanded
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at any one time was acceptable. This was done by exploding 132
charges in the longest row in the genmerztor. A marimum stress
intensity of 95,000 psi at 800HZ was obtained at the strain gage
closest to the expanded row. This compares to & static yield
strength of 70,000 psi for the tubesheet material. Since the
yield strength of steel increases markedly at high strain rates
(up to twice static yield) and that no residual strain was
measured on the strain gauges following expansion it is con-
cluded that no plastic deformation occurred. The maximum stress
intensity recorded for the weld between the tubesheet and shell
was less than 10,000 psi. The strain gauge on the tube recorded
very low values indicating that no significant excitation of the
tube bundle occurred. A fatigue analysis has been performed and
the tubesheet at the periphery was found to be limiting. The
analysis was conservative in that it assumes that the principal
stresses occur simultaneously and cthat all blasts yielded the
same peak value. The other strain guage locations clearly show
that the stress diminishes as the distance from the expansiocn
increases. The results was a maximum fatigue usage of .l2.

From this data it was concluded that the use of up tc 137
charges is acceptable and the total number of separata blasts
will not present a fatigue problem.

In addition, Foster Wheeler has kinetically expanded over :000
feedwater heaters and expanded as many as 5000 cubes in a reater
in one detonation. They report that they have never experienced
any tubesheet overstressing problems and do not believe this is
of concern since the plan is to expand only 132 tubes simul-
taneously plus any misfires from the previous row up to a total
of 137 total tubes for the T™I~-l Steam Generator repair.

The combination of Foster-Wheeler experience and the strain gage
data show the explosive expansion process to have no adverse
effect on the steam generator.

Corrosion (Proprietary)

Several concerns have been addressed relative to the sus-—
ceptidility of the repair to corresion. In tubes with through
wall cracks, a leak path for primary system water may still
exist even after kinetic expansion over the full 17 inches. The
breech exposes the carbon steel tubesheet wall to the corrosive
effects of a buffered solution of boric acid, i.e., clean
reactor coolant.

As described earlier in this report, ID tube cracking due to the

corrcsive effect of sulfur and/or sulfur containing ions has
been identified as a probable contributing cause of the T™MI-1

o8] -



steam generator problems. The first concern is therefore resi-
dual sulfur deposits in crevices above and below che repair seal
area, particularly in pockets that may have resulted from cor-
rosion of the tubesheet wall. Such deposit could cause an
attack on the Inconel tubing. Sulfur attack would be prefer—
ential to the Inconel rather than the carbon steel tubesheet. It
is presumed that the source of sulfur contamination no longer
exists and the RCS is essentially sulfur free. As in the ori-
ginal design, a crevice will exist below the seal between the QD
of the Inconel tube and the carbon steel tubesheet wall. The
crevice has been flushed to reduce soluble deposits, par—
ticularly in the crevice area below the repair seal.

Several years ago model boiler testing was performed at B&W
Alliance Research Center in support of a repair to a Florida
Power Corp., Crys:al River 3 Steam Generator. While these tests
dealt with damaged tube to tubesheet welds rather than inzer-
granular tute fractures, several conclusions applicable to the
TMI-1 repai: »rogram can be drawn. They are:

l. Iron oxide formation, probably the result of tubesheec cor—
rosim in the tube-tubesheet crevice, plugged the leak path
of &n intentionally damaged tube. Under ambient conditioms,
the (xide was less tightly packed and the leak path remained
slightly open. Unde: boiler operating conditions of high
temperature and pressure, the oxide became more tightly
packed .and appeared to further plug the leak path.

2. There was no perceptible evidence of tubeshee: hole cor-
rosion in the tubesheet bore area of the removed tube
section, (The Mark II model boiler was operated for 6,448
hours.)

The leak paths in the model boiler tests were generally larger
than those noted at TMI~l. Therefore, the self-sealing
mechanism noted above should be enhanced in the TMI-1 genera-
tors. This sealing mechanism along with the kinetic expansion
tends to severely reduce the possibility of free circulation of
reactor coolant in the upper crevice area which could produce an
aggressively corrosive environment.

Fibre optics inspection of the T™I-l generator tubesheet (video
tape is available) showed pitting of the tubesheet wall to be
very minimal reduciag the likelihood of significant pockets of
sulfur deposit being present in the crevice above the seal that
could corrosively degrade the seal repair. The packing property
of the iron oxide noted in the model boiler test also works co
limit the possibility of existence of an aggressively corrosive
envirconment due to the presence of small sulfur deposits.

- 82 =



D.

Based on the test results, tubesheet inspection and planned
crevice flushing, extensive corrosion of the tubesheet by resi-
dual sulfur deposits or reactor coolant is considered highly
unlikely.

Effects of Expansions on !xis:ins Plugs

The TMI-1 OTSG tubes have been taken ou. of service by four
different procedures:

1. Explosively welded plugs - Plugs inserted into the tube and
explosively welded in position within the tubesheet.

2. Welded plugs - Plugs welded to the tube ends or -ubesheet at
the top of the upper tubesheet.

3. Hydraulically expanded tubes sealed with a welded plug -
tubes that have been immobilized by expansion after a shors
section of the tube within the tubesheet was removed. The
tubes were then taken out of service by installing welded
plugs in the tubesheet openings.

4. Mechanically rolled plugs.

B&W has evaluated the effect the forces of the kinetic expan=
sions may have on the integrity of the first three of these
plugs and expansions and has concluded the kinetic expansions
will not affect their mechanical integrity or leak tighcness.

Tests of the kinetic expansion process in steam generator model
test blocks with conditions simulating those in the T™MI-l steam
generators show that the kinetic expansion does not produce any
permanent tubesheet ligament deformation. This leads zo the
conclusion that plugged tubes adjacent to kinetic expansions
will not be altered by changes in the tubesheet ligament, since
no permanent change is noted.

During additional tests on an actual CTSG, 3&W examined, by dye
penetrant tests, the tube-to~tubesheet welds and tubeshect
ligamenrs of the kinetically expanded tubes and the tube-to-
tubesheet welds adjacent to expanded tubes and have not seen any
degradation.

Thirdly, the extensive laboracory and field experience of 3&W
with explosive plugging tubes in operating steam generators
indicates that damage to plug .| tubes due to detonation of
explosives in adjacent tutes does not occur.
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Tests vere performed on qualificatiom blocks with rolled plugs
in place and explosive expansions of all adjacent tube loca-
tions. Leak rate and axial load tests were done to verify that
the rolled plugs continued to meet the acceptance criteria to
which they were originally qualified for use.

Lastly, a pre-operational post-kinetic expansion pressure test
of each generator was performed to verify the integrity of the
primary to secondary pressure boundary thus providing added
assurance that the plugged tubes have not degraded. All
unacceptably leaking plugs were repaired or replaced.

Relief of Preload

In some cases, prior to expansion, the degradatiom of the tube
in the area of the seal weld allowed the tube to slip down,
relieving all or part of the prelcad. The tubes were then
expanded.

GPUN examined the effects of changing prelocad with respect to
the limiting transient and accident loads on the tube.

(Ref. 60) The maximum couprvessive load under FSAR accident
conditions is a 620 lbs. load associated with a feedwater line
break. The approximately 775 lb. generic design basis
compressive load associated with a 100°F/hr heat=-up proves to be
the limiting case. We understand that 3&W generic calculations
assume a preload of not more than 100 lbs. temsion. Thus, for a
tube with no preload, 875 lbs. is the maximum compressive design
basis locad expected under normal, transient or accident
conditions. However, measurement of the zap left ac the seal
weld following relief of preload confirms up to 280 1lbs. of
preload may have been lost in some peripheral tubes ac TMI-1.
For conservatism, an evaluation was performed of the ability of
a tube to withstand 17227 lbs. of compressive load. This is a
conservatively large loaziing since actual heat-ups are conducted
at rates well below 100°F/hr and the 1025 1lb. load value is

‘considered conservative for a 100°F/hr heat-up transient.

Buckling is not expected to occur under this load. Tube bowing
is limited by the small clearances of the tube support plate
holes. Further, the applied load is secondarvy in nature; it is
caused by thermal differential expansion. As the tube begins to
bow under the loading, the magnitude of the load is reduced.
Thus, a non-preloaded tube will not be overstressed by the
transient load conditions.
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GPUN has also examined the magnitude of lateral displacement to
be expectad in a tube loaded compressively to 1025 lbs. The
magnitude of the lateral displacement it the léth span of the
tube will be the largest since that span is longest, but all of
the spans will contribute in relieving the load. Displacement
magnitude will also be dependent in part of the initial curva-
ture of the tube. Lateral displacement nominally less chan the
dimensions of the gap between tubes, even under transient
conditions, is expected as a result of the loss of preload.
However, even if tubes were to contact each other, nc problem is
expected. During a heatup transient, flow rates are very low
and the time duration is relatively short; no significant tuce
vibration or wear would be expected.

GPUN has also considered the effects of the change in preload on
the natural vibration frequency of a tube. A non-preloaded tute
is expected to have a natural frequency about 15% lower than one
preloaded. The effect of this frerquency reduction is considered
small. EPRI has reported that other operating plant steam
generators have variations in tube frequencies of as much as
about 10 to 20% within a single steam generator. In addition,
test data reported by EPRI shows that another 0TS plant now
operating has tube frequencies about 151 lower than those of the
tubes at TMI-2. 1If, as expected, the TMI-l tubes have approxi-
mately the same prelcad as those us TMI-2, then the tubes at the
other plant mentioned above have about the same fraquency as the
unloaded T™I~-1 tubes Accordingly, no problem is expected at
T™I-1l due to non=-preloaded tubes.

Based on the above described evaluations, GPUN has concluded
that the relief of preload in some of the steam generator tubes
does not render them unacceptable for continued use.

Conclusions
S I

Based on the above evaluation and testing, the kinetic expansion
process will have no adverse effect on the 0TSG structure, tube=-
sheet ccrrosion, or plugs previocusly installed. 1In addition, a
cleaning process has been used to remove the residue from the
expansion process. In conclusion, overall there are no adverse
effects from the kinetic expansion process.




VIiI.

PLUGGING REPAIR DESCRIPTION SUMMARY

A.

Introduction

Those tubes which have defects below the 16" from the primary
surface of the upper tubesheet (US) and could not be recovered
and returned to service by the above described Kinetic Expansion
repair were removed from service by plugging. A defect is
defined as any eddy current indication interpreted as greater
than or equal to 40X through wall. For conservatism, any less
than 40 I.D. indication identified during the 1982 record
examination with A large enough circumferential extent to be
detected on three or more of the e ght coils of the absolute
probe was treated as a defect for plugging purposes. The limits
of eddy current detectability are defined in Section IX. There
are a total of 279 tubes in A and 38 tubes in 3 013G that were
plugged with either Westinghouse rolled plugs or 3&W welded and
explosive .ugs prior to kinetic espansion. An additional 338
tubes in A and 199 tubes in B3 OTSG have been removed from
service by plugging since kinetic 2xpansion. 19 tubes in A and
10 tubes in 8 steam generator whic. have been cut and removed
for metallurgical examinacion were plugged with a B&W welded
tapered cap on the top and an explosive plug at the botto
tibesheet. Defective tubes in some locations were stabilized as
indicated in Table VII-1. 680 tubes were stabilized. The
turpose of tube stabilization is to minimize the risk due to
propagation of tube defects located in regions with high
potential for flow induced vibration resulting ir
circumferential tube severence and causing damage tc adjacent
tubes or creating loose parts. The lower tube end was plugged
with an explosive plug or a Westinghouse roll plug. The
following sections give an evaluation of the methods selected
for tube plugging and stabilization, and a description of the
types of plugs to be used.

Tyves of Plugs

BaW Welded Tapered Plug, Welded Cap,
Explosive Plug

B&W Welded Tapered Plug is used to plug the bare upper tube-
sheet uole for tubes where the tube end has been removed.
B&W's welded cap is used to seal the upper tube end for
those tubes which will be plugged and stabilized. Prior to
installing the weld cap, the existing tube end is machined
off leaving a portion of the tube end and the existing weld
protruding above the tubesheet surface. The weld of the
nail cap fuses with the ¢ _sting seal weld, providing the
desired pressurs boundary.




L&W Explosive Plug is used o plug LTS tube ends where B&W
plugs are used in UTS. 3Both 3&W plug cypes MK~l and MK-3
have been qualified for OTSG tube plugging and used in the
operating B&W units.

5&W standard design stabilizer rods are threaded onto the
welded cap to form a stabilizer assembly of the desired
length. The stabilizer is 2 multi-piece assembly of solid
rod made of Inconel SB~166. Joinat tightaess is maintained
by crimping the pieces together beyond the threaded sec-
tions. The segmeat length is dependent upon the tube bundle
location.

3&W welded tapered plugs, welded cap, explosive plugs and
stablizer rods have been ¢treviously qualified ses Refarences
30 threugh 35.

Westinghouse Rolled Plugs

Westinghouse plugs were designed for a primary pressure of
2500 psi anc 650°F and a secondary pressure of 1050 psi and

600°F. Cracks in the roll transition or the area of the
seal weld do not exclude the use of Westinghouse rolled plug.

The Westinghouse rolled plug is machined from bar stoek that
has received a thermal heat treatment which has been demon=
strated by laboratory testing to have inproved resistanze o
intergranular attack in caustic and polycheonic acid eavi-
ronments, compared to Ctreatments at different temperatures
and times.

The Westinghouse Roll Plug lification Program for TMI-1
- .

has been completed for a d results are docu-

mented in Westinghouse Report W

Plugging and Stabilization Criteria

“inal tube plugging and stabilization criteria were selected to
minimize the possibility of cracks propagating to a size which
could part under stress conditions, either plugged or unpiugged
tubes. Analyses pre-ented in Section IX show that the vibra-
tional effects of cru. ., f1 are not expected to contribute to
c¢rack growth in an unplugged tube. However, as a precautionary
measure, plugged tubes with defects in the area of highest cross
flow, between the 15th support plate and US+4, are stabilized.
In addition, stabilizers have been used where eddy current in=-
dicates a crack of significant size in historical defect areas,
and below the 15th support plate where I.D. .xl indications are
greater than 2 coils. Measures to monitor for crack propagation
due to flow-induced vibratiom or other means, including leakage
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monitoring (Section X) and eddy current inspection for wear
(Appendix A) are discussed separately.

The steam generator has been divided into six areas for purposes
of dispositioning tubes for plugging and stabilization. Two
areas are within the upper tube sheet: between US+8 and UsS+4,
and between US+4 and US+0, where US+) is the lower face of the
upper tubesheet. Tubes where the lowest defect is above US+8
are repaired by kinetic expansion. Tubing between the tube-
sheets has been divided into three areas: tubes between the
15th support plate and US+4, tubes between the 15th support
plate and LS-4 in the lane/wedge area, and tubes between the
15th support plate and LS-4 outside the lane/wedge area. The
last region considered was that within the lower tubesheet.
Plugging and stabilization criteria are discussed in detail in
Reference 25, and summarized below:

l. Tubes with Defect: Between US+4 and US+:"

Tubes with a defect between US+35 and US+3 may not be e
tively repaired by the 22" Kinetic Expansion.

length of 6" expansion is required to insure a
load=carrying joint to assure the 0TSG integricty

under the most adverse conditions during operation.

fore, those tubes with defects between US+4" and +3"

both kinetically expanded to 22" and plugged. Even if the
existing crack would propagate in the future and sever at
US+53", testing (Ref. 23) indicates that the expansion joint
below the severance would provide enough engagement to main-
tain the preload in the tube and carry the locads associated
with the most severe transient during normal operation.
Thus tubes with defects in this area are not expeczed to
wear adjacent tubes due t- dynmamic insctability in high
crossflow. Therefor:. it was concluded that these tubes
need not be stabilized (unless stabilization is required by
defects of greater than 3 coils Setween US+4" and US+5").

Tubes with Defects Between US+4 and US+0

Even with a 22" expansion, these tubes would not have the 3
kinetic expansion joint below the defect to maincain preload
and assure that the tube will not slip under the most severe
transient during normal operaticn (i.e., 100°F/hr. cool-
down). 1If the tube ratcheted down during cperation, th
potential exists for the tube becoming dynamically unstable
or buckle. Thersfore, after receiving a 22" expansion, a
tube with a defact in this area was plugged and stabilized
through the l4th tube suppert plate.




Tubes with Defects Between 15th Suprort Plate to US+0

For conservatism, any eddy current iandication identified
during the 1982 technical specification record inspection in
this area, regardless of type, through=wall measurement or
circumferential extent, was treated as a defect. Tubes with
defects in this area received a '7" expansion and were
stabilized to the l4th tube support plate, unless a lower
defect was located in an area requiring a longer stabilizer.

This criterion covers the high cross flow tube span in the
top of the steam generator. Even if a tube were postulated
to become severed at cthis elevation, it could not get free
and damage adjacent tubes.

Duriug the post-repair eddy current baseline inspection,
several less than 40% through wall indicdations were

ident ified in this area but not subsequently plugged or
stabilized. All of these less than 402 through wall calls
were of such low voltage and such uncertainty in phase angle
that it could not be concluded with confidence whecher they
represented intergranular attack or surfacse ancmaiies. It
was concluded that they are not of a size to warrant plug-
ging. Details of the post-repair eddy current baseline
inspection results are in Appendix A.

Tubes with Dufects from 1l5th Support Plate to LS=4 in Lane

Hedge Area

3&W plants Lave a history of corrosion and vibration prob=-
lem= in the areas of the untubed inspection lane. As a
precautionary measure, an area of potencial problems has
been defined one row on either side of the lane, widening
a weige shape as the lane nears the periphery. For tubes
this area, any I.D. eddy current indication, regardless of
type, through-wall measurement, or circumferencial extant,
was treated as a defect. These tubes receivef a 17" expan-
sion, then were plugged and stabilized through the lé4th
support plate unless other criteria required stabilization
through the defect in the lower spans.

Tubes with Defects Betw. en the 15th Support Plate and L3-4

[n the tube span between the 13th suppert plate and LS=4
outside the lane/wedge area defects were divided Lato two
groups: 1) ECT indications greater than or equal to 40%
through wall with 8xl indication gTeater than 2 coils, and
2) ECT indications greater than or equal to 407 through wall
with 8xl indication less than or equal to 2 coils.
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D.

After a 17" expansion, tubes with defects greater thanm or

equal to 40% through wall and 8xl greater than 2 coils were
stabilized through the span with the lowastc defect for that
tube. Tubes with greater than 402 through wall defects and
8xl indications on 2 coils or fewer were expanded to 17" or
22" as appropriate and plugged with the Westinghouse rolled

plug.

This criterion provides a means for determining the tube arc
length extent of a defect in order to decide if the tube
should be stabilized. The tube would be stabilized at least
within the tube span containing the ECT indication if there
is any substantial size or arc length involved in Lhe EC™
indication. If an ECT indication is seen on less than three
coils on the 8xl ECT probe it means that the arc length of
the degraded area of the tube of a maximum of abouc 0.41
inch long at the inside diameter of the tube. Because of
the "thumbnail" shape of the inside diameter cracks found at
TMI-1 this means that the average arc l.ngth of the largest
two=coil ECT crack would be about 0.26 iach. This size
crack is acceptable without stabilizing and is not expected
to propagate to failure by mechanical means during opera-
tion (Ref. 25).

This criteria for stabilizing, based on arc length as
measured by the 8¢l probe is not invoked for ECT indications
less than 40 percent through wall because such an indication
is too small to fail the tube. GZ=ven if a tube had a 360°
indication, the tube would not fail with less than 40
percent penetration (Ref. 25).

Tubes with Defects in the Lower Tubesheet Below L3-4

Tubes with pluggable defects in the lower 20" of the LTS
were removed from service using a Westinghouse rolled plug
or an explosive plug. A welded plug was used in lieu of
mechanical rolled plugs if the defect was in the rolled area.

Post Repair Testing

The following post repair tests will be performed to verify plug
integrity.

1. 150 psig bubble tes.
2. 150 psig drip test
3. 1400 psid operational leak

Details o= post repair testing cam be :ound in Appendix A. The
cold tests described as items 1 and 2 above have been com=
pleted. All plugs which were identified as leaking unacceptably
were repaired or replaced.
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E.

fonclusions

The OTSG Tube Plugging Plan has restored the pressure boundary
integrity of the steam generators by removing defective tubes
from service for those tubes which have defects below the region
available for expansion repair.

The plugs used have been previously qualified for use. Tubes
have been stabilized which have large defects in areas of high
crossflow or areas of historic problems with vibration or cor-
rosion at B&W plants. Thus plugged tubes with the highest
potential for tube severence in the future are prevented from
wearing adjacent tub.s.
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VIII.

A.

3.

COMPARISON OF TUBE PLUGGING WITH DESIGN BASIS

Introduction

This section describes the results of analyses performed :o
determine if the steam generators could be safely operated with
up to 1500 tubes plugged. The first part of this section re-
views the operational consideration of operating with tubes
removed from service for: reductionm in total flcw and margin to
departure from nucleate boiling effects of asymetric flow dis-
tribution, effects on flow coastdown rate, effects on steam
generator mass inventory and capability of natural circulation.
The second part reviews the effects of removing tubes from ser-
vice on small and large break loss of coolant accidents as well
as all rther accidents and transients analyzed in the FSAR. The
third part cc -iders the effects of plugging on moisture carry-
over. These snalyses have concluded that the margins of safety
as defined .n the Technical Specification will not be reduced by
operating the T™I-l steam generators with up o 1500 tubes re=-
moved from service.

Operational Performance

1. RC Flow Rate and Margin to Minimum DNBR

The calculated RC flow rate for all four RC pumps cperating
as a function of an equal number of tubes plugged in each
steam generator is shown in Figure VIII-l. Generally, a
reduction in tubes available for RC flow will cause the tube
bundle pressure drop to increase. Since the remainiag svs-
tem pressure losses are about four times greater than the
tube bundle pressure losses, only a slight reductiom in
total RC flow rate will results The total RC core flow for
1500 plugged tubes will be the same as the symmetric case,
i.e. 750 in each steam generator. From the figure, the
reduction in total RC flow will be from 109% of design to
108.2%, a change of 0.8%. (Reference 42)

In order to determine the impact on the existing steady
state Departure from Nucleate Boiling Ratio (DNBR) resulting
from the RCS {low reductiom at steady state, a study was
performed to determine the minimum RCS flow rate required to
maintain the existing ONB ratio for the TMI-l licensed power
level of 2535 MWc. The existing DNB steady scate ratio of
2.0123 vas determined at a conservative power level of 2568
MWt and an RCS flow rate of 106.5% of design flow.



2.

The methodology for the analysis was to calculate the hot
bundle flow by using a CHATA (Reference 36) core model which
took heat balance input from the CIPP code (Referense 37).
By using the hot bundle flow in the computer code TEMP
(Reference 33), the Minimum DNBR (MDNBR) was calculated for
the hot sub channel from the BAW-2 correlation (a cor—
relaction.

The results indicate that DNBR value of 2.0123 can be main=
tained with an RCS flow rate of 104% of design and a power
of 2535 MWt as compared with the original 106.5% flow and
2568 MWT. The minimum calculated RCS flow rate at TMI-1 has
been 109.5% of design flow. The marimum error on this value
is 1.5%. This results in a mininum available flow of 108%
of design. This will be reduced to 107.2% after the tubes
are plugged. This is substantially greater than the design
basis flow rate of 106.5% which would be required to main-
tain the design basis steady state DNBR value of 2.0123 at
2568 MWe. For the TMI-l power level of 2535 MWT, the 104%
design flow requirement to maintain the same DNBR provides
for an even greater margin. It can thus be very conser—
vatively concluded that the plant design basis flow rate
considerations will be preserved with 1500 cubes plugged.

Asvmmetric RC Loop Flow Dist-ibution

The final plugging pattern will be about 6% of the tubes in
the A Steam Generator and about 2% of the tubes in the 3
Steam Generator. In order to investigate the asymmetric
effect of the RC loop flowrates, an evaluation of an exag=-
gerated plugging pattern of 1500 tubes in one of the TMI-1
steam generators has been performed. The Loop A flowrate
will be approximately 2-1/2% smaller than Loop B. .

Field data at TMI-l during the last cycle has shown zhat the
A loop has typically about 3% more flow than the 3 loop.

The result of mure plugging in the A Steam Gencrator will
caus be a somewhat more balanced loop flow discridution.

The new flow difference is expected to be approximately 0.3%.

RC Flow Coastdown Rate

With a significant number of tubes being plugged, the resis-
tance factor for the RC flow passing through the OTSG will
be increased. This increased resistance may change the flow
distribution if ome RC pump is tripped while the other pump
in the coolant loop is maintained in operation. The com-
bined core flow during the coastdown may also be different.
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Further, the minimum margin to DNBR during a loss of flow
event is known to be dependent on pump coastdown rates. To
address these issues the following analysis was done.

A computer analysis has been conducted using the B&W code
"PUMP" (Reference J9) for the T™MI~l type reactor coolant
system's flow coastdown curves with zero and 1500 cubes
plugged in the A Steam Generator. The FSAR analyses served
as the base case for the four pump coastdown transient.
Results of the analyses with 1500 tubes plugged in one steam
generater show that the FSAR coastdown rate is still
bounding.

Figure VIII-2 summarizes the data obtained from the four
pump coastdown transient performed with the T™I~l version of
PUMP code and compares this data with the FSAR analyzed flow
coastdown. This comparison shows that the flow even with
1500 plugged tubes starts at a higher level than the flow
assumed in the FSAR analys‘s and coasts down at approxi=-
mately the same rate since the flow is at all times greater
than that assumed in the FS5AR the amiaimum margin to DNB will
not be changed.

Steam Generator Watar Inventorvy and Oneracing Level

ndication

The water inventory in the steam generator, will increase by
a4 small amount due to the decrease in average quality in the
plugped section. RETRAN-02 (Reference 43) and TRANSG
(Reference 44), which are both one dimensional transient
thermal hydraulic computer programs with slip optiom, have
been used. The inventory increase was calculated to be 5%
or less, which is less than 2000 pounds with 1500 tubes
plugged.

Total secondary side flow will increase only slightly with
decreased steam outlet temperature. This would zand to
cause a slight increase in pressure drop. This increase
will be offset by the reduction in average quality (increase
in density). The net effect should be little or no increase
in the startup level.

Capabilicy of Natural Circulation

The impact of steam generator tube plugging on the
capability of stable transition to natural circulation was
examined by using the B&W computer program AUX (Reference
49). Symmetric plugging of 1500 rtubes in each side was
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assumed to be the bounding case. Figures VIII-3 and VIII-4
compare the analysis results of 1500 tubes plugged to no
tubes plugged. At about 500 seconds afcer the reactor
coolant pumps trip, the stable natural circulation flow with
1500 tubes plugged is about 8% less thanm that with no tubes
plugged. At no time is matural circulation lost and the
reactor coolant system remains subcooled. The subcooling
margin for 1500 tubes plugged is only about 2°F less than
the case without plugging (about 90°F). Therefore these
analyses have shown that aatural circulatiom is still an
effective method for decay heat removal.

C. Accidrmt and Transient Performance

1.

1OCA Analvses

The potential effects of SG tube plugging on generic Laige
Break LOCA (LBLOCA) and Small 3reak LOCA (SBLOCA) analyses
(Reference 40) with 1500 tubes plugged has heen exawined.
With about 6% of the tubes in the A Steam Generator and
about 2% tubes in the 3 Steam Generator being plugged, the

- genmeric (2772 MWt) LOCA analyses for 3&W L77FA Lowered Loop

Plants remain valid for T™MI-l, with continued operatiom at
core pover levels up to the licensed 2535 MWt at the
existing LOCA limits. An overview of this examinatiom is
provided below.

a. SBLOCA Conzerns

The evaluation models used in the exiscing SBLOCA
analyses (Raference 40) assume equilibrium conditions
within the comtrol volumes used to model the SG secon~
dary side. For this reasonm, the localized cooling af-
fects of EFW spray on particular tubes, and the effects
on this cooling if particular tubes are deactivated,
cannot be accurately predicted with these models.

Ian the application of the revised SBLOCA evaluation
model (Reference 41), it was assumed that:

1. The percentage reduction in the number of peripheral
tubes removed from service will degrade the EFW
spray cooling heat removal capability in a 1l:1
relationship.

2. The degradatiom in heat removal capability from EFW

spray cooling translates directly to a reductiom ia
depressurization rate by a 1:1 relationship.
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In reality, these relationships are expected to be con-
servative. Siace if EFW spray impacts a deactivated
tube, it will not be heated and/or flashed immediately
but will either:

1. Be redirected onto adjacent active tubes, or;

2. Flow inward into the tube bundle, providing cooling
to active interior tubes, or;

J. Fall into the saturated steam or saturated water
region, resulting ia increased cooling within these
regions and/or an increase in the fill :ate to the
appropriate level setpoint.

A more detailed discussion of EFW spray effectiveness
and the TMI~l response to SBLOCA with plugged tubes is
given in Ref. 59.

Therefore the water is available in the ste:m generator
and will result in greater EFW spray cooling and higher
depressurization rate than predicted by the analyses.

In this evaluation (Reference 42), two break cases were
considered. The first is the worst case with respect to
peak clad temperature for a small break LOCA, identified
as approximately a 0.07 £t cold leg break. The

second, belongs to the category of breaks in which SGC
heat removal is needed to help depressurize the RCS.

The 0.01 £t break was analyzed because this was the
largest break size which would result in RCS repres-
surization.

Plugging 1500 SG tubes was used as a upper dound which
represents a deactivation of approximately 5% of ™I-l's
total tubes. Also, because substantial tube plugging
will be done in the peripheral SG tubes regions, it is
estimated that about 18% of T™I-l's total peripheral
tubes will be deactivated.

Worst Case 0.07 £’ Cold Leg Break with Oue HPI Train

For this break size, the primary system pressure
decreases below 1000 psi (approximately the secondary
side pressure) at about 300 seconds. After this time,
SG heat removal is no longer possible, and the secondary
side becomes a heat source for the primary system. Core
uncovery begins at about 1350 seconds and ends at about
1750 seconds. The maximum time that SG (and EFW spray)
cooling can be of benefit during the accident is the
first 300 seconds. This is very short when compared
with the time to begin core uncovery.
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The plugging of 1500 SG tubes will result in a reduction

of the initial RCS liquid inventory by about 200 fg3,

This results in the core being uncovered about 3 seconds

earlier and in approximately a lOF increase in peak ’
cladding temperature (to about 1100°F). This will have

minimal impact on the outcome of this accident. It

should also be noted that the generic analyses show

that, for a 0.07 £t break with 2 HPI trains. the core

does not uncover and temperature remains below 700°F.

0.01 £2? Cold Leg Break

The 0.011:2 cold leg break case was evaluated using
the revised SBLOCA model. All of the original analysis
assumptions were preserved, including a 20 minute
operator delay in initiating emergency feedwater. Two
cases were analyzed considering the effects of tube
plugging on the decrease in RCS depressurization rate
which could increase the time to initiate ESFAS and che
rate of heat transfer in the boiler condenser mode. It
was found that:

With a 1600 psig low RCS pressure ISFAS setpoint, the
0.01 £e2 case will result in ESFAS actuation regard=-
less of the reduced peripheral and intermal SG heac
removal caused by the plugging of 1500 SG tubes. Before
ESFAS actuation, ~he RCS was subcooled and either forced
or natural circulation existed. Consequently, SG heat
removal was found to take place throughout the antire 'SG
tube region, not predominantly ia the pevigheral
regions. Therefore, the SG heac removal rate is not
reduced by more than 5% during the period prior to
ESFAS, and this will delay only slightly the activation
of ESFAS.

The 0.01 £t break case will cause the RCS £o enter

che boilar-condenser (3~C) mode. In this mode, EFW |
spray cocling of the peripheral tubes is an important |
factor in the RCS depressurization. Thus, peripheral SG \
tube plugging could have a more significant effect on |
this cooling mode. The evaluation showed that, with 18%

of all peripueral tubes plugged, sufficient steam

generator EFW spray heat removal capability remains so

that the rate of RCS depressurization is reduced by only

about 123, Even with this reduction, calculations with

all other original analysis assumptions unchanged show a

minimum of five faet of coolant remains 2bovn the core

throughout the event. Since the 0.0l £t break is
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approximately the largest break which would result in
RCS repressurization, the plugging of 1500 SG tubes is
expected to have only minimal effect on SBLOCA
transients.

In summary, these small break size LOCA analysis show
that for the previously limiting case of 0.07 f:2 cold
leg break with only one HPL train availabi2, pesk clad
temperature increased by only LO°F to about 1100°7. For
the 0.01 £t cold leg break, the slight delay in ESFAS
actuation and the reduced area for EFW cooling have an
insignificant effect on the outcowe of the transient
since a minimum of five feet of coolant remains above
the core for both the plugged tube and unplugged tube
cases. Therefore the generic LOCA analyses remain valid
for TMI-l even with a small reduction in SG heat removal
caused Ly tube plugging.

LBLOCA

The important parameters for the LBLOCA which are
effected by plugging of tubes are the initial flow and
flow coastdown. The effects of the reduccion in coolant
volume associated with 1500 plugged cubes (200 fz-)

are negligible for this event. The plugging of 1500 $G
tubes at TMI-l will reduce total system flow. Howeve..
the reduced flow will scill be greater than the flowrate
used in the generic LBLOCA analyses. This, coupled with
T™I-1's lower core power (2535 MWt v3 the generic 2772
MWt) provides margin in initial conditions for TMI-1,
relative tc the generic analysis. During the early
portion of a LBLOCA transient when the reactor coolant
pumps are coasting down, the analyzed system flow rate
(see VIII.B.1.3) with additional resistance due to
plugging will be greater than assumed designed flow rate
with the case of no plugging.

The reduction of 200 £t of primary coolant vo.ume

will have little impact to the consequence of LILOCA.
Since the OTSG's are unevenly plugged with more tubes
plugged in A than B. 1If a cold leg bYreak occurs in the
A side, the reduction of RC fluid is part of that blown
out of the break, and there will be no impact to the
result at all. However, a break in the B side will
result in slightly less total fluid passing through the
core during the blowdown period. For about 11,000 fz3
total fluid loss within approximately 24 seconds, the
reduction of 200 feo will correspond to 0.4 second




2.

shorter blowdown time and thus a slightly earlier fuel
heatup between blowdown and refill. This difference is
minimal and therefore, the resulting peak cladding tem~
perature that occurs during this developed reflood stage
shouid not be changed. Also, veut flow is conserva-
tively neglected during the refill/reflooding phases of
LBLOCA analyses for the L77FA Lowered Loop plants. Tube
plugging will therefore have no impact on core flooding
rates.

FSAR Analyses of Other Transients

An assessment of the iwmpact of the plugged steam generator
tubas on the ability of the NSSS to safely respond to FSAR
transient conditions has been performed. The plant is ex-
pected to be operated with up to a total of 1500 SG tubes
plugged for both steam generators at the licensed rated
power level. Each event in the TMI~l FSAR will be addressed
in light of the expected impact of steam generator tube
olugging on assumptions used to produce the current FSAR
ralysis,

a. Uncompensated Operating Reactivity Changes

This event is core bummup related and is normally com=
pensated for by [ategrated Control System action over
the life of the fuel cycle. Steam generator plugging
will not affect the core kinetics and thus have no
impact on the event.

b, Startuo Accident/CRA Withdrawal at Power

The CRA Withdrawal from Startup conditions and at power
results in primary system overpressurization. The FSAR
prediction of RC pressure and peak thermal power is
based on the conservative assumption that all heat pro-
duced in the core remaias in the primary system, i,e.,
no steam generator heat transfer. The tube plugging
will result in a 200 £2 volume reduction of the

primary coolant ( 2%). At peak thermal power the
reactor coolant pressure increase was 118 psi in the
FSAR. With the small volume reduction and consequently
slightly higher heatup rate the peak pressure may in-
crease slightly but will remain well below the 2750 psig
limit., Therefore, the FSAR analyses remain bounding
with respect to the acceptance criteria on thermal power
and system pressure.
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d.

£.

h.

Moderator Dilution Accident

The moderator dilutiom event is a relatively slow over-
pressurization transient due to increased reactivity by
boron dilution. Change in steam generator plugging will
not affect the basic assumptions of this analysis and
tlerefore the FSAR remains bounding.

Cold Water Accident (Pump Startup)

The pump :tartup event is a small overcooling transient
due to an increase in flow from an idle loop. The
analysis performed .or Section 8.8.3 damonstrated that
the pump characteristic curves differences are negli-
gible for the unplugged and the 15CI plugged tube

cases. The reactivity change will cause a power and RCS
pressure increase. The transient will be terminated by
either the high reactor pressure trip or the power/flow
trip. The FSAR remains bounding.

Loss of Coolant Flow
See Section VIII C.1.
Stuck/Drooved Rod Event

The FSAR analysis is bounding since SG heat transfer and
RCS flow do not effect this evenct.

Loss of Electric Power

The unit will trip on loss of alectric power. With the
loss of the reactor coolant pumps, natural circulation
in the primary locp and heat removal by the emergency
feedwater system are required. The impact of tube
plugeing on the ability of natural circulation is demcr-
strated in Sectiom B.S5.

Steam Line Failure

The licensing basis for TMI~-l is the double-ended rup-
ture. This FSAR analysis is based on a very conserva~
tive prediction of SG secondary inventou.y. Operation
with plugged tubes results in a secondary inveantory
greater than operation without plugged tubes but it is
not as great as that considered for the FSAR analysis.
Secondary iaventory is one of the parameters that ceter—
r 1e the safety considerations of return to criticality,
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and reactor building pressure. The calculated water
increase with 1500 plugged tubes is less than 5%, which
will result in a maximum steam generator inventory of
42,000 lb. per steam ganerator in comtrast to the FSAR
analysis assumption using a steam generator inveatory of
55,000 1b per steam generator. It is therefora con-
cluded that the FSAR case remains bounding.

Steam Generator Tube Failure

The steam generator tube rupture accident is analyzed
assuxing a 435 gpm leak from a completely severed OTSG
tube. The RCS is depressurized and isolated at 34
minutes, at which time leakage from the RCS is assumed
to stop. The reduced RC flow as a result of the plugged
tubes is greater than the RCS flow assumed for this
cooldown rate (even the 100Z design flow is not required
to cool the RCS). Similarly, more than enough OTSG heat
transfer area is available to cool the RCS.

Offsite dose from the Tube Rupture Event will not be
affected by plugging 1500 tubes hecause neither the cime
required to isolate the OTSG nor the leak rate from the
broken tube is affected by the tube plugging.

Fuel Handling Accident

This accident is assumed to occur during outage a
refueling outage while the reactor is shut down. Change
in s.e2am generator plugging pattern has no impact to the
assumptions.

Rod Ejecticn Accident

Fast reactivity excursions are not influenced by SG heat
removal. The event is an adiabacic heatup. The FSAR
analysis remains bounding.

Maximum Hvpothetical Accident

The analysis assumed that a given amount of radio~
activity has been released following core exposure and
studied the effectiveness of the building spray system
and Engineering Safeguard systems leakage un to the
environment. The steam generators are not related to
the scenario and thus have no impact on the conclusion.




Q.

Waste Gas Tank Rupture

The Waste Gas Tank is located in the Auxiliary Building
and the analy is of its rupture is not related to the
steam generator's function. The event is thus un-
affectead.

Loss of Main Feedwater/Feedwater Line Break

A loss of feedwater accident is an event resulting ia
primary system heatup, increased pressurizer level and
pressure, and reactor trip either by anticipatory func~
tion (loss of main feedwater pumps) or high RCS pres-
sure. The long term cooling relies on emergency feed=-
water heat removal through the steam generators. With
the plugging of 1500 tubes in the steam generators, the
intitial heatup rate will be slightly faster. However,
the anticipatory trip om high pressure will shut the
reactor down and reduce the heat input to its decay heat
level regardless of the minor difference in heactup

rate. CEmergency feedwater has the flow capability of
removing decay heat up Zo about 7 percent pcwer. This
is greater than the decay heat at any time after shut-
down. In the SBLOCA analysis using the revised LOCA
model it was demonstrated that lhieat transfer rate is not
significantly changed with the amount of plugged tubes.
Therefore the FSAR analysis of the loss of feedwater
accident remains valid.

Steam Generator Overfill

Steam generator overfill was analyzed as a part of the
TMI-1 Restart Report, (Reference 50). This analysis
identif{ied that it takes at least 10 to 17 minutes for
auxiliary feedwater to overfill to the top of the steam
generator's shroud. Operators are instructed to isolate
the feedwater flow path as soon as the OTSG water level
reaches 82.5% on the operating range (high level alarm)
and to trip or throttle feedwater pumps if the level
reaches 90%.

The impact of up to 1500 plugged tubes in one steam
generator will be about 5% inventory increase at about
the same level indication. This has been shown in
Section 8.4, This implies a reduction of the over
£illing time by about 60 to 100 secornds. The time for
the operator to respond to the high level alarm will be
shortened. Moreover since there . still sufficient
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time and unambiguous symptoms available for the opera-
tors, their 'rompt response is expected and thus the
overfill would be corrected. Ia addition, a stress
analysis has been performed on the consequences of
flooding the TMI Unit 1 Main Steam line. The resulcs of
deadweight internmal pressure and thermal expansion
analysis show that the main steam piping can withstand
these affects. Therefore operating the steam generators
with 1500 plugged tubes will not present a safety con-
cern with respect to steam generator overfill.

Moisture Carrv-over Considerations

- Evaluations were performed to determine whether the plugging

pa.tern would allow moisture to be carried up with the steam,
causing potential for erosion of components or steam lines.
Calculations of steam conditions at the entrance to the turbine
show approximately 33°F of superheat, indicating no moisture
problems in the bulk steam. Evaluations were also done, to
determine the potential for local effezts in areas of high
plugging before mixing equalizes temperature. Calculations
include multidimensional thermal hydraulic simulation of the
OTSG with plugged tubes using the THEDA II Code. Results indi-
cate that moisture carryover from the clustered plugging of
tubes should not be a problem. The effects of the aspirator
bleed ports and the geometric design of the 15th tube support
plate (outermost holes are not broached) work together to sub~
stantially reduce moisture carryover. An ISI program will be
implemented to further assure the integrity of peripheral tubes
and downstream compcnents and piping. Peripheral tubes in areas
of high plugging are included in the post-repair eddy current
program. A supplemental ISI program of steam system fictings
will be implemented. Both programs are described in Appendix A.

Conclusions

Evaluation has shown that up to 1500 plugged tubes per steam
generator have no adverse effects on performance of the steam
generators. The reductions in flow and heat transfer are not
large enough to affect the licensing basis analyses for
transients or accidents. In addition, moisture carryover is not
expected to cause erosion problems, but monitoring of the sceam
system fittings will identify erosion should it occur.




IX. UNREPAIRED PORTION OF TUBES

Reference 2 and Sections IV through VI of this report discusses
tubes in the area of the kinetic expansion, plugged tubes and how
they meet the design basis. This section discusses how tubes in the
remainder of the staam generator meet the design basis. The
rationale for resuming operation with the existing steam generator
tubing is based on these facts: .

l. Corrosion tests indicate that the cracking mechanism has
been arrested and will not reactivate in low sulfur primary
coolant water chemistry. If the cracking does reactivate
due to an unknown mechanism at operating temperatures or
during heatup and cooldown cycles, it is anticipated that
the precritical testing sequence would allow sufficient time
for defects to propagate through wall to a size that would
allow leakage to be detected.

2. .Analyses have demonstrated that cracks below a minimum range
of length and through wall thickness will not propagate to
failure by combinations of flow induced vibration, thermal
cycles, and mechanical loading. Analyses have also cal-
culated a minimum size below which a crack will not become
unstable due to plastic tearing or ligament necking during a
MSLB. The range of crack sizes above this was detectable by
the ECT inspection program that was used to inspect the
steam generators, and were removed or plugged.

3. Aay through wall defects that are large enough to propagate
unstably and are not picked up during the 100% ECT inspec~
tion because of equipment or analyst error will be detacted
by leakage monitoring programs during the test program.

A. New Damage Not Occurring

The following paragraphs address the subject of new damage not
occurring in the steam generators. Short term corrosion testing
program has provided evidence that the crack mechanism is ar=-
rested and the long term corrosion tests will act as an antici-
patory program for crack initiation. An eddy current flaw
growth program has shown that cracks are not initiating or pro=
pagating. Defect indications which are less than 40% through
wall and less than 90° in circumferential extent will be left in
service and monitored for crack propagation. The precritical
testing program will detect reinitiation of a rapid attack
through leakage monitoring. A slcwer mechanism will be detected
at the scheduled eddy current examinations or by the leakage
mounitoring program.
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The corrosion testing program results are described in Section
III. Tests om actual and archive Steam Cenerator tubing to date
have established:

(a) Cracking will not cccur unless an active reduced species of
sulfur is present and cracks in SG tubing wili not propagate
in the present chemical environment; ,

(b) Sulfur induced cracking requires am oxidizing potential
which does not exist under normal hot operating conditions;

(e) Lichium hydroxide is an effective inhibitor of the cracking
mechanism.

Tubing which has undergone the repair and chemical cleaning
grocess has also been tested. Accelerated tests performed on
shis tubing under severe chemical environments has not produced
any cracking. To provide assurance that the mechanism has 2o
long term time dependency, a long term corrosion test program
has been initiated to provide an anticipatory assessment of tuve
performance under actual steam generator operating conditioms.
This program will lead plant operatiom and will run for approxi-
mately one year.

Since identification of the steam generator problem, cracks in
the generators have been monitored for growth. Eddy current
testing of ibout 100 tubes in each steam generactor was conducted
on a repeticive basis to attempt to ascertain if the inter—
granular actack me:hanism was continuing to damage the OTSC
tubing during continued dry primary side lay up conditions. The
sample selected for this monitoring assumed half tube sheet
symmetry and included tubes with no defects, tubes with a
variecy of defect indications and tubes in periphery and in-
terior areas of the bundle previously identified as high and low
defect rate areas, respectively. The method used involved a
relative comparison of the low gain .510 standard diffarencial
prcbe eddy current responses from seven repetitive examinations
of the same tube population over a period of time extending from
December 1981 through Juiy 1982. The eddy current data was
evaluated and compared with previous data for each tube to
determine if reported variances from test to test wvere relaced
to variability in the physical repeatability of analysis of
threshold-level defects or to the appearance of fresh defects
grown in the interim period between Ctests. Ia July 1982, a "new
baseline" condition was established with both the 510" sed.
gain technique and the .540 high gain technique performed com~
secutively (within 3 days of each other).
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The consistent pattern of the test comparisons indicated that
significant growth of new intergranular cracks was not detected.
Some variability in repeatability of recorded results was ob~
served, however careful review and comparison with previous data
established these as expected variances due to such things as
"probe motion" noise levels, and previous indications inad-
vertently not recorded.

The comparison of the July 1982 ,540" high gain technique data
to the July 1982 510" standard gain technique data rum 3 days
apart showed a 942 (188 of 201 tubes) agreement with a "no-
growth" result. Where 62 (13 of 201 tubes) of the tubes had
recorded greater defect indications om the ,540" high gain tech=
nique, these are established as a product of the higher sensi-
tivity of the .540 technique. This result is comsistent with
other comparisons of these two techniques. As further confir=
mation, in August 1982 about 29 tubes were selected from OTSG-1B
at-large, where reinspection with .540 high gain techniques had
revealed defect indications in addition to those previously
identified by the .510" standard gain technique. These 29 tubes
were rerun with the .510 standard gain technique and in all
cases, a comparison of the two .510 data sets revealed that the
tube's condition was unchanged.

It is also noted that these findings are not altered by the
results of the 100 inspection of both OTSG's by the .540" nwigh
gain technique (when compared to .510" data from about 6 months
earlier). No significant patterns of crack growth were apparent
in this bulk comparison of data.

Within the limits of eddy current tes: sensitivity and repeat-
ability, no new cracks were formed or developing in the 0TSG
tubing during the period from December 1981 to August 1982,

Tubes with ECT indications below US+8" of I1.D. 20-40% througn
wall and verified by the 8xl probe to be actual defects are
considered degraded tubes. Depending on their circumferential
extent, the tubes will be left in service and monitored on an
extended IST progiam. The extended ISI program will include
100% reinspection of cthe 40% and less through wall indications
48 a separate subset for three comtinuous refueling outages. [f
these eddy current examinations show no substantial growth in
the cracks, they will be left in service. Tubes showing signs
of crack propagation will be taken out of service based on
normal and accepted criteria. Lack of defect propagation will
give additicmal assurance that the mechanism is arrested in the
long term.

The degraded tubes in this group were exanined in May 1993 as

part of the post-expansion special baseline ECT inspection.
With one exceptiom, the indications were unchanged from the



August 1982 record inspection. On ome tube, the phase angle for
an 0D indication located near a tube support plate shifted such
that the previous J5% through wall indication was evaluated as
60Z. The 8xl data did not change /1 coil, 1/2 volt). The phase
change was apparently due to interference from the tube support
plate. This indication, like the other inspected, was evaluated
as unchanged. F'wever, due to the uncertaiaty in through wall
extent, the tube was plugged.

As discussed in Appendix A, the post-repair eddy current
inspection also identified several small indications not noted
as a result of the 1982 record inspection. The 1982, 540 probe
racord inspect.on tapes were re-examined, and it was determine
that most of the 1983 indications are within the 1982 tape noise
level, but can be considered identifiable given the precise
location information from the 1983 results. These indications
are considered consistent with the 1982 record inspection,
supporting the comclusion that corrosion has not reinitiated
since August 1982,

Degraded tubes identified in the 1983 post expansion
examination have been added to those previously ident
special moniroring at the 90-day and subsequen: inspections
“hanges in these indications will be evaluated o determine
greweh of the existing ECT indicatioms is occurwing.

More rapid propagation if it occurs, will he evident during th
precritical and power ascension test program described in
Appendix A. This program will subject the tubes to normal heat=
up and cooldown stresses and to ouns accelerated cooldown stress
test. These transients are expected to cause defucts to open so
that any circumferential cracks which are of a size that would
propagate unstably will be readily detectable due to leakage.
Leakage will be mouitored both during cooldown and during steady
state operations. Between each of these cooldown tasts the
plant will be maintained in a hot, pressurized comditiom to
allow time to determine if cracks have propagatad %o a through
vall extent and to allow sufficient time to detect any changes
in leakage. Cracks which opened during the cooldown transients
are expected co continue to leak during steady state operations
since plastic deformation at the cruck tips and erosion of the
¢rack surfaces result in a permanent crack opening displacement
even when loads are reduced. The test program will be completed
by a cooldown from hot conditions to cold shutdown temperatures
as a final indication of tube integrity. Leakage monitoring
will be continuous during this test.

Leaskag- wmonitoring prugrsms during the hot test perind are
adequate to detect 100X through wall cracks w'i.~'
mechanically fail during a transient or accide wition.
Adequate time for propagation due to intergran... stress
assisted cracking will be allowed during the test program.
Since




previous experience indicated that the corrosion mechanism
propagates rapidly, a lack of any significant leakage would
provide added assurance that cracks are not propagating.
Corrosion testing indicated that the mechanism will no: be
ective in high tamperature euvironments such as those that will
exist during the tes: period. Eddy current examinatiom is not
planned to be conducted at this phase of the test program since
leakage detection has higher integral sensicivity and
rnliabilicy. In additiom, gpening the steam genmerator for
inspection would expose the tubing to an unnecessary oxidizing
enviromment. Gocd engineering practice dictates that exposure
to air should be minimized.

Soth long and short term corrcsion tests provide evidence that
the crack mechanism is arrested. The flaw growth program has
shown that cracks are not propagatiang or initiating within the
steam generators. The precritical and power escalation test
program will give assurance in the short term, and in th long
term, eddy current testing, steam generator leakage monitoring,
and the long term corrosion test program will give cube in-
tegrity data and assurance that cracks are not initiating o
propagating during operation. In addition the monitorin
degraded tubes will give additional assurance that the crackia
mechanism is arrested.

An eddy current inspection was conducted of 100% of the
in-service tubes in both steam generators for the full length
below che top ten inches of the upper tube sheet. The system
that was used for this inspection was a .540 inch diameter
standard differential probe with a effective gain of approxi-
mately 50. Any high noise or otherwise difficult to intarpret
indications were resolved in conjunction with data from an eight
coil absolute probe. The selection of this system is documentad
in detail in Referenmce 20. The following summarizes the quali-
fication process which resulted in determining that this svstem
demonstrated adequate sensitivity to detect defec:s that should
be removed from service. This section discusses laboratory
calibrations, comparison of field data to metallurgical inspec=-
tions, measurement of laboratory grown cracks and comparison of
differential probe data to absolute probe data.

The eddy curvent probe systems were tested against electro-
discharge machined notch defects at the EPRI non-destructive
examination research center in Crharlotte, NC. Circumferential
machined notches of .187, .100, and .060 inches were machined on
the inside diameter of ™I archive steam generator tubing. Each
length of notch was machined to through wall depths of 20%, 40%,
60% and 80%. Minimum levels of dédtectability were determined by
comparing defect signal to a field nocise level of .3 volrs.




The results of these calibrations for a .540 inch diameter dif-
ferential probe with a gain of 60 at a frequency of 400 HZ are
shown in Figure IX-l. Cracks with geometries that fall to the
right and above the curve are detectable, those to the left and .
below are undetectable. The perfectly horizontal geometry of
the machined notch is not totally representative of the cracks
in the steam generator, but it provides the least detectable
geometry for differential eddy current probes. This geometry,
therefore, should provide a conservative estimate of defect
detectability. Details of this qualification program are con-
tained in Reference 20.

On three separate occasions tubes were removed from both staam
generators for metallurgical examination. Details of these
examinations are contained in References 3 and 4. One of the
purposes of these examinatinns was to correlate the ECT signals
with actual defect geometry. Eddy current reported thru=-wall
penetrations ranging from 40 to 95%; 39 of 42 cracks investi-
gated in the laboratory had 1007 wall penetration, and the three
cracks were observed to penetrate 66, 70 and 70% through wsll.
One possible explanation for the thru=wall discrepancy is taa:

_ the cracks may not be open in-situ. Although the Intergranular
attack penetrates the entire wall, sufficient continuity exiscs
across the grain boundaries to give a less than thru-wall eddy |

current signal. There were no cases below the roll transition

area in which a defect had not been detected by ECT. Details on

metallurgical correlations are included in Reference 20.

The particular geometry of these defects were tight circum=
ferential cracks that in most cases, were undetectable by visual
examination under microscope or even by high resolution radic—
graph. The primary means of detecting these cracks is by tube
axial sectioning and reverse bending on a 1l/4 inch mandrel zo
open up the cracks. Tubes were examined by this method noc only
in areas where defects had been detected by ECT but also in good
areas of defective tubes and in good areas of tubes taken from
low defect areas of the steam generators. In all, 24.5 feer of
tubing was examined by this method and no defects were detected
except where ECT inspection had indicated a defect. These
results increase the confidence level that the semsitivity of
the ECT inspection method is sufficient to detect all defects in
the steam generator tubing.

To compare the absolute to the .540 high gain standard diffaren-
tial (S.D.), the sample of 3232 tubes pravicusly tested by
Absolute ECT (4xl) was retasted using the .540 high gaia S.D.
technique. The sample was predominantly from the high and low
reject areas of OTSG "A". The first cor=arison using the normal
S$.D. .540 technique indicated a correlatiom of 99.5%. The
quantity of tubes that did not correlate was 16 low level in-
dications. With absolute data, it was determined that these
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indications were all one coil, suggesting that zhe circumferen-
tial extent was relatively small. In reviewing the .540 scans,
it also appeared that the 16 indications not detected were
consistently in the field of the high noise level. To better
detect these 16 indications, an I.D. frequency mixing (to remove
tube noise/chatter) was added to the S.D. .540 technique. With
the added I.D. mixing, S.D. .540 capabilities were enhanced to
100% correlation with the absolute technique as the remaining 16
indications were detected.

This comparisor establishes that the normal S.D. .540 technique
is as sensitive a method for flaw detection as the absolute.

B & W Alliance Research Center conducted a program to artifi=-
cially induce IGSAC in archive Incomel tubing. Following
exposure to thiosulfate-bearing solutions, the tube specimens
vere eddy current tested. Scanning Electron Microscopy clearly
showed the intergragular nature of the cracking and confirmed
that the laboratory induced cracks reproduced the type of
cracking and crack shape found in the service failures. For
cracks investigated by successive grinding and polishing,
measured axial extent ranged from .006 - .0l7 inches. This is
somewhat larger than that of the EDM notches used during the
previous 0.540" probe qualifications tests. This value is also
larger than the .002" minimum seen during failure analysis on
actual tubing. However, the measurements on service tubes were
usually estimaces made on SEM photos rather than metallographic
sections, and would be expected to be lower. The crack axial
extent in service and laboratory induced cracking can thus be
concluded to be comparable.

Correlation of eddy current results with metallographic observa-
tions was performed on samples with the following results.. A
summary is shown in Table IX-1l.

1. The threshold of detectability appears to be comparable
to that determined by the original qualificationm
testing. A crack, .040" x 402, was below the level
previously found detectable and was in fact not de-
tected. Cracks of .315" x 38% and 0.140" x 542 were
detectable by 0.540" probe. This is illustrated further
by plotting the points om Figure IX-1.

2. Using the GPUN ECT 2l-step screening technique, 3 samples
were tested. Four samples were dispositionmed as accep-
table and four samples were dispositioned as haviag
unacceptable defects. When confirmed by metallography
there was 100% correlation.
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From these tests it can be concluded that the detectability of
laboratory induced cracks confirms the qualification of the .540
differential probe using actual steam generator tubing as well
as EDM notches. Similar qualification programs were conducted
to determine sensitivity of the 8xl absolute probe, and to cor—
relate sensitivities of both orobes in the high noise area of
the tubesheet.

The ECT system used during the steam generator inspection has
the sensitivity to detect crack of the sizes indicated in Figure
IX-1. All defects above that size have been identified except
for a small number that may have been missed due to random
equipment or interpretation errors.

Undetected Defects

Some number of undetected defects or other tube surface
anomalies may remain in service after the repair is complated.
These defects fall into the following categories:

1) LlLocal Intergranular Attack

2) Below the detectable limits of ECT

3) Detectable by ECT but missed through random error

Specimens of actual OTSG tubing have exhibited areas of general
surface IGA one to two grains deep. This local IGA is similar
to that seen in other Inconel 500 tubes and is generally agreed
to be the result of the tube manufacturing process. A few
isolated instances of IGA from 6 to 10 grains deep have been
found; they are associated closely with visible mulciple
ceracking.

One use of the long term "lead" corrosion testing program
described in Section III will be to show that these phenomena
are not comntributors to tube failure. Specimens selected for
this test program will contain general surface ICA as well as
crack indications. IGA islands cannot be specifically included
as test specimens because its occurrence is random, and it can=
not be detected other than by destructive examination. However,
by bounding this condition with specimens containing surface IGA
and actual cracks, the influence of this condition can be
assessed especially on consideration of the fact that metallo-
graphy has shown that the most extensive IGA is in the viciaity
of major cracks. The development of IGA and/or cracks will alse
be assessed during the test program as specimens will be period-
ically removed from the test solutions and metallographically
evaluated. Both the metallurgical examination program and the
long term corrosion testing program provide assurance that the
steam generators can be operated safely with local IGA on the
tubing.
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TANLE IX-)

LABORATORY INDUCED CRACKS E/C CORRELATION

EDDY CURNENT EXAM METALLOGRAPIIC CORRELATION
PHYSICAL .510 .540 a GPUN }  CIRC.  THRU  MIN. AXIAL
SAMPLE YD  APPEARANCE  § .y, LT, ) COILs DISP.  LENGTN WALL &  Exvene
A~ 1.75  DISTORTED® 20 - op? ne2 1 -1 R 0.2% 504 L014%
A= 2.32  pIsTORTED ° 35 - op? ne? 1 - 1p R 0.1 6 .017%
B - 3.32 DISTORTED ° 20 - op <20 - op 1 -1 A 0.4"-0.5" g4 .006"
C- .76  ACCEPTABLE 20 - Ip <20 - 1 NDD A SURFACE ANOMALITY
P - 1.9 ACCEPTABLE  wpp 35 - 10 NDD A NO VISIBLE DEPECT
E- 4.0 ACCEPTABLE  NpD 65 - 1p 1 - 1p R JI15%M  3g .0065
E- 4.3 ACCEPTABLE  mpp HDD NDD A ,030 254
P - 4.8 ACCEPTABLE 85 - 1p 55 - In 1 -1 R YL 544 .012
1. R = REJECT
A = ACCEPT
2. NE = NOT EXAMINED (TUBE 1D REDUCTION BID NOT ALLOW PASSAGE OF 0.540 PROBE)
3.

HIGH GATN PARAMETER 8!"!".@1‘!’21) 0.540 SENSITIVITY

M = MULTIPLE "
It is believed the physical OD distortion on the tube has produced the

OD differential eddy current response.



In additiom to surface IGA, the existence of small cracks below
the threshold of eddy current detectability has been con~
sidered. Corrosion tests have shown that crack propagation by
chemical means is unlikely. Stress analyses were conducted to
determine whether small cracks could propagate under conditions
of mechanical loading during normal operating, transient, or
accident conditions. The evaluation performed had determined
the maximum flaw size which will remain stable under normal
operating conditions and transient loading. The acceptability
of small cracks in service is based on demonstration that eddy
current examinations have identified existing cracks of this
maximum flaw, and that the small cracks will not propagate
rapidly to this size during operatiom.

The tube loads are derived in part from a generic B3&W document
(Ref. 52), in part from measurements of the T™I~2 OTSG tubes
(Ref. 51) and in part from GPUN calculations (Ref. 61).
Recourse is made to field measurements because the steam
generator performed better than design assumptiqns predicted.
Twenty degrees more superheat is measured than predicted. The
5PUN calculations were performed to provide additional infor=
mation on how T™I-l tubes are loaded compared to generic cal-
culations, and how calculated loading varies with changes in
initial assumptions. These calculations have prrvided a range
of potential loadings for normal and transient couiitions.

The axial load on the tube during anticipated transients, such
as heat=-ups, power changes, and reactor trips, and steady-state
operation are due to:

a. Differences in tube average temperature and the average
temperature of the steam generator vessel wall,

5. By virtue of the end fixity of the tube, a longitudinal
pressure stress evolves through Poisson's effect. Pressurs
effects on the shell and tubesheet also contribute o tube
axial load.

€. A residual tube axial load component, called tube preload,
exists from fabricationm.

d. Tubesheet flexibility mitigates axial load, to a greater
extent near the OTSC vertical center—-line than near the
periphervy.

Superimposed on the steady axial load is a high cycle, flow
irduced vibration (FIV) bending load. The frequency and dis-
place~+nt magnitude of FIV was measured at T™I-2 (Ref. S51).

Potential for crack propagation was evaluated in two ways, a
fatigue fracture mechanics calculation incorporating FIV and
normal operating transients, and solid mechanics calculations of
one time transient and accident loads. These calculations were
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D.

used Co generate curves showing crack depth vs. circumferential
extent for the maximum stable crack configuratioms. The results
are shown in Figure IX-2.

QTSG Tube Failure Analvsis for Unplugged Tubes

Curve A in Figure IX-2 represents the maximum crack size found
to be stable with respect to fatigue flaw growth over a 40 year
lifetime. The fracture mechanics model uses a preexisting crack
and evaluates its propagation under high cycle and low cycle
fatigue.

During steady state operation the steam generstor could have an
axial tension of up to 500 1lb. acting on the tubes. In the
analysis, the load cycle imposed on the tubes included
mechanical and thermal factors. Low cycle, h.gh amplitude
loads were combined with high cycle flow induced vibration
(F.I.V) loading. A graphical representation of the load cycle
is shown in Figure IX-3. The analytical model, which used EPRI
fracture mechanics code BIGIF, cycled the high cycle FIV load
about 500 lbs. axial tension, the steady-state value calculated
from TMI-2 test data. The F.I.V. deflection selected
corresponds to the largest peak deflection seen at a T™I-Z
sensor during a steady state condition. This is 3 mils, peak
half-amplituce displacement. The sensor was locaded at a "lane"
tube which e:periences higher crossflow than the average tube.
The vibrational load amplitude was selected for conservatism to
be the maximum tube displacement seen under steady-state loading.

Combined with high cycle loading was the maximum tension excur=
sion represented by the 1l00°F/hr. cooldown, as calculated by 3&W
for the design basis steam generator, which imposes an axial
load of 1107 lbs. This peripheral tube axial tensile loading is
approximately equal to the maximum load calculated by GPUN for
any individual TMI~l tube duriag a normal cooldown with a
limicing tube=to-shell delta T of 70°F. The FIV and ne
cooldown comprise a load block as shown in Figure IX-3, with six
cycle tizes per vear.

Empirically derived values were used to represent FIV tube
loading. The value of R (K ainimum/K maximum) thus is
approximately equivalent to actual conditions.

The facigue calculation considered the fact that there is a
point at which small indwelling cracks have no effect on fatigue
resistance (the endurance limit). This value of the stress
iutensity, below which cracks do not propagate, is the stress
intensity threshold (delza Rpy).

A modified Paris equation was incorporated in "BIGIF" with the

feature that if cthe stiess intensity range did not exceed
threshold, no growth would occur.
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The T™I-1 calculation was performed using delta Xpy=4.0 KSI

(ia) 1/2. This value is based ou the empirical data for
loconcel 600 shown in Figure IX-4. The intercept of the
abscissa is the threshold for propagation. The relationshio has
been determined for threshold stress intensity and R values so
that data taken at different R values has been used to calculate
the appropriate threshold for TMI-l conditioms. Delta Kpy =
4.0 RST (in) 1,2 is judged a conservative value.

The evaluation has shown that the high cycle flow induced vibra=-
tion does not contribute to propagation for ID circumferential
cracks. Low cycle lcading from the startup and cooldown is the
significant contributor to stable crack growth. Curve A 'n
Figure IX-2 represents the maximum crack size which can with-
stand 40 years of heatup and cooldown cycles without reaching a
size which will propagate rapidly to a through wall defect based
on the conservative analytical assumptions made. Since this
curve is to the right and above the eddy current detectatility
curve, cracks of this size will not exist in the free span area
of the repaired steam generator.

Solid mechanics models have been used to evaluate the ability of
cracked tubing to withstand one tize transient loads. (Ref. 17
and 61) The maximum accident axial loading on the tubes is
during a main steam line break, and is defined as 1140 lbs for
peripheral tubes and 14(8 lbs for core tubes in generic

licensing documents. GPUN's TMI-l specific analyses (Ref. 61.)
indicate these values are conservatively high, and that actual
MSL3 loading would be 2500 lbs for a peripheral tube and 1000 lbs
for a core tube. These axial loads include preload, pressure
effects and tube=to-shell temperature differencials.

Figure IX-2 shows curves of the derived critical crack sizes in
through wall and circumferential extent for the various load-
ings. Ia the analysis, the fact that a flawed tube will move
laterally under the axial load is included so that the centroid
of the damaged cross section approaches the line of action of
the load through the intact tube centerline. With this model,
the induced bending moment at the flaw is reduced. Assumptions
on the tube stiffness remaining and the manner in which strain
is absorbed in the area of the crack have been selected to make
the results conservative.

Figure IX-2 shows that the maximum crack sizes for failure under
transient and accident loading is to the right and above ECT
sensitivity. Thus the probability is very small that cracks of
this size will remain in service after the completion of repairs.

The laboratory calibration results and the correlation of the

differential production probe to the absolute probe results
provide confidence that all defects above the detactable size
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will be found. However, there is a small probability that some
large cracks may not have been detected due to problems such as
high noise levels, probe lift off or chatter, or data analysis
errors. There is also a small probability that small cracks
could grow circumferencially with time. Because of these
possibilities, an evaluation was performed to determine if tube
eracks of the size that would propagate can be detected due to
leakage during the hot testing program and during subsequent
operation.

Leakage through a 100% through=wall crack of a given length is a
function of crack opening displacement (CoD). The COD of a
circumferential crack is a func.ionm of the axial loading of the
rube. As discussed above in the OTSG tube stress analysis, the
tube axial load is a functiom of several variables and may have
either tensile or compressive values. A calculation was
performed on the basis of first principles in order to establish
the tube loading under various operating conditions. This
caleulation included the effects of differential thermal growth
between shell aad tube, pressure loadings and tubesheet
deflection as well as a value for tube preload. The nominal
preload value of 280 pounds vas based on gap measurements
between parted tube surfaces as measured in the ™I~1 O0TSGs.
The minimum preload value was taken to be zero, assuming all,
preload had been relieved prior to expansion. The calculated
rasults of tube loading based on first principles correspond
:cirly :-11 with the values calculated in the generic evaluation
Ref 52).

CODs have been calculated using these tensile tube loads for the
MSL3 through wall crack sizes using an NSAC model. After
determining a conservatively small minimum crack opening
displacement, leakage through the opening was calculated. The
evaluation includes consideration of phase changes and pressure
drop as the primary fluid passes through the crack. Figure IX-5
shows the relationship of tube leakage versus crack arc length
for various tube loads which comtrol the COD. Figure IX=5 was
developed by NSAC based on a model for two phase flow through a
crack with initially saturated or subcooled fluid (Ref 66).

The greater the tube load ng, the smaller the iaitial crack size
will be to produce an eqiivalent leak rate. DSecause tube
loading is greater during cooldown than during any other normal
operation condition, 'asakage monitoring will be conducted during
cooldown. The following table (IX=2) shows the cooldown leak
rates for peripheral and core tubes through a erack of a size
that vill not propagate to the through-wall MSL3 eritical crack
size during numerous ssoldown/heatup cycles. For purposes of
this discussion, this crack is called a "precritical crack.”
figure IX=4 show: leakage through this precritical crack for the
nominal range of potential tube loadings and locations.
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Tube Location Core_
Crack Size Basis Generic ™I~-1
MSL3 Specific
MSLB
MSL3 load (1lbs) 3140 2500
Precritical
Crack Size (inches) 1.28 1.5
Cooldown Tube Load A B A B
Basis (see note below)
e e T ke
rma oldown
Cooldown Tube Load (Lbs) 150 400 150 400
Leakrace ? looldown (GPH) 8 & 11 52
w/ 140°F
Eice gut!u E«[ﬁ’
Cooldown Tube Load (Lbs) ~ 600 800 600 800
Leakrate @ cooldown (GPYH) 73 110 9% L4k

A* Tubes which have had preload relieved
B* Tubes with 280¢ nominal preload




Figure IX-6 and Table IX~2 can be used to conclude that
pre-critical cracks which may exist in the TMI~l OTSGs can be
detected by leakrate monitoring during the Hot OTSG Test
Program. Specifically, one cooldown will be conducted at
approximately a 90°F/hr rate with a tube~to-shell differential
temperature approaching 140°F. Considering the T™MI-1 specific
MSLB loads, the majority of the OTSG tubes would have leakrates
from any existing pre-critical cracks within the graphical area
represented between line 3JA and line 4A. The minimum leakracte
represented by this area is about 75 GPH which is easily
detectable.

\ny cracks growing circumferentially the pre-critical size will
be subject to cooldowns conducted in accordance with GPUNC's
normal operating guidelines (70°F shell to tube differencial
temperature Limit). The majority of the OTSG tubes would have
leakrates from any existing pre-critical cracks within the
graphical area represented between Line lA and Line 2A. The
sinimum leakrate in this case of GPU is still readily
detectable. BSecause cooldown/heatup thermal load cycling is the
only significant contributor to mechanical growth of circumfe-
rential cracks, leakage evaluation after cooldown loading is
expected to be represencative through the fnllowiang cooldown.
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The leak rate predicted for zooldowns indicated in Table IX~2
and in Figure IX=6 are above the detectable leakage shown in
Section X.

Several faccors which will increase leakage through a given size
crack were not considered in developing the evaluation above.
These include the removal of crack surface material from erosion
and grain drop-out, and the fact that existing circumferencial
eracks which have experienced a tensile axial load will retain a
residual crack opening displacement. 1f a crack was opened on
cooldown, empirical evidence (Ref. 62) indicates that plastic
deformation at the crack tip keeps the crack from closing when
the cooldown load is relieved.

The OTSG leakrate will be monitored during each plant cooldown.
High leakrates would be investigated prior to restart. 1f the
plant is restarted, operation will be subject to an
administrative limit on steady state leakage which has deen
established wich margin below the lowest leakage value in Table
IX=2. Implicit in secting this limit is reliance cn a residual
csrack opening displacement remainiag after cooldown. The
administrative leak rate limit assumes all increases in leakage
to be from one OTSG tube and has a value of 6 gph above the
baseline.

Exceeding the administrative limit will require dringing the
plant to cold shutdewn and leak testing the OTSG and repairing

any identifiable leaks. Subble tests are expected to identify
{adividual leaking tubes. Bubble tast sensitivity is approx=
imately .1 gpd/tube. Thus, any cracks in service of a size
which is or may propagate circumferentially to a critical size
will be identified.

to sddition to the steady state leakage limict, normal plant
cooldowns will be accomplished at less than 100°F/hr and limit
the OTSG shell to tube delta T to 70°F. This limit will reduce
tube stress which could be lead to mechanical crack propagation
but will still provide adequate stress on cooldown to open
pre~critical cracks to a large enough residual COD to enhance
leakage detection.

Conclusicns

Evaluations of tubing left in service have been performed to
verify that they are acceptable for use. The possibilicy for
additional corrosion occurring after return to operation has
been considered and found unlikely. Ia e¢omsidering exiscing
damage, the ability of cracked tubing to withstand steady state,
transient and accident loadiag has been examined. All cracks of




a size that could be expected to propagate under loading are
within the range of detectability by eddy current testing. 1f a
through wall circumferencial crack of critical size for growth
has been inadvertently left in service will be detectable due to
leakage during the precritical OTSG test program. Cracks bdelow
that size which grow circumferentially under cooldown/heatup
loading will also be detectable due to leakage before they reach
the cirtical size.

QPERATIONAL COWSTDERATIONS

The operational concerns of primary to secondary leakage vere
evaluated. Concerns included leakage monitorirng during normal
operations in both steaming and nonsteaming conditions, and sampling
steps o be taken when leakage is detected. Ia addition, a program
has been formulated that includes procedure review and operator

training which will provide improved operator yuidelines for dealing
with tube leakage and tube rupture events,

The operational guidelines discussed ia this section are applicable
during normal operation with lov levels of prinary to secondary
leakage. A more decailed description of these guidelines can de
found in reference 58, For primary to secondary leskage racio of %0

gpm or greater, these guidelines will bde superseded by tube rupture
guidelines as discussed in Section X.D.

Operational cuncarns can de grouped into three general areas:

L. Primary to Secondary Leakage vwhich includes leakage detection
methods, and actions required bYased on primary to secondary
leaakage.

1. Radiological concerns which include detection methods, vorker
protection measures and plant discharge limits.

J. Secondary side chemistry limics bdased on doron and Lithium zon=
centractions.,

This section summarizes the guidelines for operating with tube
leakage.

A. Erimary to Jecondary Leskage

During nommal operation the methods which will Ye used to detect
and monitor leakage are:

L. 0ffgas continuous menitor (RMA~Y)
1. Tritium samples from the condensate and primary system.

J. Offgas gradb samples
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Atsachment .

GPUN Acticrs on Confirmatory [tems

tion Page, Paragragn

8.3:3

6.3.2

6.3.2

4.3.2

39(2na) Item:
Response:
42(item 8) tam:
Resgconse:
a3(item 7) Item:
fespcrse:

43ebi(item 8) l%em:

Respcrse:

stem/Resocnse

"...8n Wcated TOR 406 confimming the mocifica-
ticns ciscussec abcve and centaining acsectasle
gocumentaticn ¢f the amalytical ‘ustifications
for these mocirications is suomitiec pricr to
restare.”

TOR 406, Rev. 2 is enclosec. Swooerting
references and procecures Nave Deen mace
available to memgers of your staff,

Reactor Coclant Pumg NPSH for Tmergenrcy
Operaticns, "The licensee snouls insure that the
copy for Contoel Room use is clear anc

legible”.

™e Controlled Ccpy of the acoroves ang formally
issuec 1202-5 Mas clear anc legible copies cof

the NPSH . A copy of the proceadure nas been
made availadle for review by memders of your staff,

$/G Isclation/Steaming Criteria, "...the -
licensee will make a for SC Lsolation
from a cose to cose rate criteria.”

™e Controllec Copy of the acprovec anc “srmally
issueg 12025 Mas cose rate rather than cose
isclaticn criteria. A copy of the procecuss has
Seen mace avallit.e fcr review Ty mempers of
your staf?,

Fressure Contrel of lsclatec 508 - "T™he Licensee
states that instuciions o7 comtrelling
gressure (N an isclateg SC are plamnes for
inclusien in 8 L1202.5", -

Although the sutject of this quote is feecing an
isclatec OTSG for pressure control, the SER
mistakenly refers to "steaming" an isolatec SC
in the sentence before the guote.
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Secticn Page. Paragraon

4.3.2 4(item 9) Item:

Respgonse:

9 ¢

_iien/Resconse

TOR 406, Rev. ZnQWrncszangm
isclated QOTSG for pressure control (see last '
item of Summary of Change, Page 9 of 74 TOR 406,
Rev. 2). It shoula be noted, however, that cue
t0 an eciting error a reference to this femm of
OTSG pressure control still exists in secticn
3.2.4 page 30 of 74, This ersor will ce
corrected with the next revision to TOR 406. s
1202-5 reflects the revised TOR 406, Rev. 2.

SG Shell to Tube Differential Temperature Limis.
"The licensee will de recuired to clarify proce-
aural action for Jelta T's in excess of L0QoF, "

™e Oelta T limit in the orocedure (s 70¢F, 1f
maLMtismwmmmos
ummtmmlmnumm
OF secured s as not to exceed 70, The
g.aima for a 10U QCelta T has teen remgvec
rom TOR 406, Rev. 2 (ses abstrace anc section
3.2.2.3 of TOR 406, Rev. 2)., It shouls be
noted, Nowever, that cue %2 an eaiting errer,
section 5.2.9 still contains the cenfusing
Secang reference %o a LOOOF limis., T™is ersor
will De corrected with the rext fevision t3 TOR
406. EP 1202-5 reflects the revisec guicance in
m m. “V. 2:

8l







Secticn Page, Paracrach
3.3 15(table) Item:
Comment :
3.3 16 (teop) Item:
Comment:
3.4,1.8 lé(bottom) Item:
Comment @
J3.6.0,¢ 17 (tep) Inem:
Comment :

Iten/Comment

Table 3.3-l.

The numters of tubes listec in the last tws
colums are approximaticns only. In some sases
more were cone in the Saseline ang will te
repeated after 50 cays. In some cases fewer
were done Cecause the population of tubes in
that category was less than shown in the table
oue to plugging cf acjacent tubes cr the tubes
locaticn in the perigcnery.

"As early as feasible in pest critical cpera-
tion, the licensee shall cenfizm the baseline
primary-to-seconcary leakage rate, anc estatlisn
the minimum increase in such leakage rate which
can reliadly e amsasured (expectec 2 De adout
.igem) . If leakage exceecs the Caseline leakage
rate by that minimum increase, the plant snall
e shut cown and leak testec",

As ciscussec In TR-0C8, GPUN nas estatlisrec .l
gem as an acministrative limit on leaxage adove
Saseline, This leakage rate (s cetec:atle.

Plannea testirg.

The secenc phase of testng is complete and
results have Seen repcorted in TR-008, Rev, 3,
Assessment of the Jcint for the full 35 year
cesign life will De performed when cata cn
actual steam generatcor performance (s avallatle
t0 supplement the results of the 5 year ang 1S
year test programs. No acciticral testing s
planneg pricr tS the startup after the first
refuelling cutage.

"Tis cojective assures that compressive lcacs
Quring cperation ang vibrational craracteristics
of tne tute will remain unchangec."

As statec in TR-CCSE, only the maintenance cf
vibraticonal charascteristics is an cojective, 3t
is also a gocal that the tubes not Ce in compres-
sicn when cala.
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Section

3.4,2.¢

3.4.2.0

2.4.2.0

AL ]
1S
L]

3.5

3.8

Page, Paraczaoh

20(3zg) tem:;
- Comment:
21(4tn) Item:
Comment :
2l(pottem) - Item:
Corment:

23(bottom) ltem:

28-29 Item:
Commert:
JO(item 2) Item:

Comment:

sem/Commant

"...the 1023 pcunds necessary to cause tute
Dﬂ'm.. ’

As discusses in TR-0C8 ang our letter of Auguss
3, tube Dowing Segins at approximately 8CQ lbs,
but locags must reanh 1025 lbs bsfcre the lateral
aisplacement cf the tubDe exceecs the nominal
sile of the space hetween tubes,

" ..1.0 ksi ind/2,»
Calculations were conme at 4.0 ksi ind/2,
Statle cracks.

This paragrach mey neec revision Sasec cn
m.cu' Ll &v. 30

"The Star? will concition the license to reguire
submittal of the extencec life cycle progoam
qualificaticn test tesults By Startup after the
fizst reqularly scheculed refueling after
restart.”

See comments for p. 16, section 3.4.l.5.
Clearup of Contaminant
Scme parameters throughcut in this secticn may

need to e upcated to reflect actual chemizal
cleaning as ciscusses in TR-008, Rev. 3.

Boron (Bezis acis) 18CC-23C0 sem

pM (ambient temperature) 8.0-8.5

H202 cencentration 43-25 pom

Temcerature 130%F « 3°F

Cover Gas N2 (par)
thium lon concentraticon 1.8-2.2

Ouraticon ¢f Treatment 4CC hrs.

—

Testing using samgles 2rior to beginning
cleaning monilcrec pesformance through SCC meos.

"All RCS pioing..were flusnes..."

ALl ACS piping with a ciameter greater than "
was flushed,

C82ux




Page, Paragrach ltem/Comment

3.6 30(item 4) I.am: "The coclant will be...mcnizcres continuously .
fer pH ang concductivity.”

" Comment: Per TR-008, as recorced in your Tatle 3.6-1,
these pamurs will Ce menitorecfMive umu
per wee's

36 31(taple) Item: Table 3.6-l.

Comment: Thers are several cifferences in Table 3.6-1
from our plans as outlineg in TR-0OO8.

Parameter Olg Limit New Limit
-— Chlorices 0.15{zecm) 0.10(pem)
Secium Nene C.1 (pam)

3.8 I3-35 ltem: Occupational Ocse Assessement.

Comment: Final manerem exposures anc final mnumsers of
tutes plugged are reccroed in TR-008, Rev, 3,

4.3.1 39(2nd) Item: "Thu cose cornsom s levels prescribes in
10CFR, Part 20..."

Comment: This dose comscmds S emergercy clan ac‘:.zn
levels.

4.3.2 4l(item 1) Item: ",..a S50-gpm leak cate critericnm...corresponas -
t3 the complete separaticn of cne tube."

Comment: A 50-gpm leak rate {s approximsrtely 10X of the
leakage from 3 corplete segaration (coucle encec
tube suptuse) of one tude. The coiteri
corresponcs Lo emergency plan actlion levels.,

3.2 48 Item: License Conditions 4 arc S,

Comment: See comments for page 1§, sec¥icn 3.3, ang
page 16, section J.4.1.5.



4. N-16 activity measurements using portable steam line monitors

5, Primary Leak Rate Calculatiom

These leakage detection methods ire summarized in Table X-1, us
well as the frequency use during operations and during cooldcwn.

RMA-5 will be the first indication of increased primary to
secondary leakage. The monitor will continuously sample the
vacuum pump exhaust from the main condenser. Upon a 1 gph ia=
crease in leakrate in 8 hours or a 6 gph increase during a
cooldown as calculated from RMA-5, offgas grab sample and an RCS
sample will be taken and the primary to secondary leak rate will
be calculated using total gas activities. The portable steam
line monitor will detect N=16 activity and will be used to
evaluate which steam generator is leaking.

Primary leak rite calculations which are done daily per
Technical Specification requirement can also identify increased
primary to secindary leakage. Since the leak rate cannot dis-
tinguish betwe.n unidentified system leakage and primary to
secondary leakage, if an unidentified increase in leak rate
sceurs, a tritium and offgas grab sample will be taken to allow
for an accurate dc;er-ination of the primary to secondary leak
rate.

Shutdown limits based on primary to secondary leakage will conm=
sist of the Technical Specification limit of L gpm and an admin~
istrative limit of 6 gph above a baseline leakage. Baseline
leakage will be determined during the precritical hot testing
program. When a steady state leakage increase of 6 gph is
reached the plant will be brought to a cold shutdown, the QTSG
will be leak tested and the leaking tubes repaired. Tube
leakage will ve tested by the bubble test method. This method
has a sensitivity of approximately .l gal/day/tube or 4x10-3
goh/tube, therefore if no leakage is detected during the bubble
test it can be assumed that no individual tube has reached the
eritical ecrack size and primary to secondary leakage may be due
to aggregate tube leakage. The baseline leak rate value will be
redetermined based on an evaluation of the OTSGC leak rate test
results and operating history after the leak test is performed.
When primary leakage reaches 6 gph greater than the new
sstablished baseline the plant will again be shutdown and leak
tescted,

When shutdown is required by steam gemerator tube leakage, the
plant should be shutdown expeditiously but in a manner to pre=
clude reactor trip and subsequent lifting of relief valves or
atmospheric dump valves. Cooldown rates will be limited by a
tube to shell delta T of 70° to reduce tube loading during
cooldown.

-90-
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c.

olo Conc

During normal operation with steam generator tube leskage,
radiological concerns arise in the following areas:

1. General and specific area radiation level

2. Turbine building sump activity (with respect to discharge to
the enviroument).

3. Powdex resia and backwash water activity.

Specific and General Area radiation limits will be determined
and will be based on preventing the turbine building from
becoming an RWP area (greater than 5 mr/hr). Limits are needed
due co the necessity for easy access into the turbine building
during operation. Routine radiation surveys will be taken in
the turbine building in the vicinity of the Powdex and Graver
System vessel and in other selected areas. These areas will de
restricted if necessary to prevent unnecessary exposure to olant
personnel. Precautions will also address secondary side system
vent and drain operations. ;

In the Powdex sump, pH and conductivity analysis will determine
if the water which has been processed by the (Ecodyne Graver)
Powdex Backwash Recovery sysctem will be returned to the T™I-I
condensate system or to the turbine building sump. Any radio=
active powdex will be dewatered in High Integrity Con=
tainers/Liners and shipped to commercial low level waste burial
sites,

<ond ide

Secondary side chemistry limictations for BSorom and Lithium will
be based on considerations of chemical introduction into the
turbine.

D n Proe Guideli or St nerator Tub

A program has been formulated for providing improved operator
guidelines for dealing with tube leakage and tube rupture
events. The guidelines cover two categories of avents. The
first category addresses tube ruptures for which subcooling
margin i{s waintained. The second category deals with tube
ruptures for which subcooling margin is not saintained and would
include various contingencies includiug multiple tube ruptures
in one or both §G's, loss of resctor coolant pumps and loss of
condenser.

-9 -



1. Contingencies for Consideration

The following is an outline of the programs for developing
guidelines for SG tube rupture.

a. Guidelines for Tube Ruptures for Which Subcooling Margin
P

1s Maintained

The program to develop guidelines for tube ruptures for
which subcooling margin is maintained will include the
following basic assumptions.



TABLE X-1
LEARAGE DETECTION METHODS SUMMARY TABLE

Method Sensitivity Frequency Special Acticns
RMA-S 0.48 gph with 3.8 uCi/ce Continuous strip When leak rate
and 20 cfm exhaust flow chart reading. calculated by

RMA-5 i1ncreased by
lgph in 8 hours,
or 6§ gph during
cooldown sample
take nff-gas grab
sample and RCS

sample
Tritium «3 gpm at .02 uCi/ml
Hy after § hours
Offgas Grab .01 gpm at 3.8 uC ./ce 24 hours Frequency increased
Sample and 20 cfm exhaust flow with known leakage

Portable When leakage is

Steam Line detected deter—

Monitor mine which
generator is
leaking

- 93 =




b.

(1) Break size small enough to maintain subcooling
margin.

(2) Ora OTSG affected.

(3) Reactor Coolant Pumps ocperating.

(4) Condenser available.

(5) Decay heat removal from the noa~affected SG.

(6) SG steamed at 95X operating range leval to assure
natural circulation.

Contingency considerations for design basis tube
ruptures include:

(1) PORY unavailable.

(2) Reactor Coolant Pumps unavailable.

(3) No condenser available.

(4) High radiation release considerations.
(5) Steam line flooding consideration.

(6) Both SG's are affected.

Guidelines for Tube Ruptures For Which Subcooling Margzin

is Not Maintained

The program to develop guidelines for tube ruptures for
which subcooling margin is not maintained will include
the following basic assumptions.

(1) Break size from one SG large encugh to cause loss of
subcooling.

(2) No reactor coolant pumps running (since subcooling
margin is lost).

(3) Condenser availadle.

(4) PORV available.

(5) Unaffected SG is steamed.

Contingency considerations include:

(1) PORV unavailable.

(2) RCS voiding keeps pressure above SG safetv valve
setpoint.

(3) Primary feed and bleed heat removal.
(a) With PORV available
(b) Without PORV available

Soth the analyses employ the RETRAN code. This code mcdels
T™I~1 and has been benchmarked from transients on both TMI-l
and ™I-2, Use of this code ensures that plant response
under various primary-to-secondary leak scenarios is under—
stood.

- O =



FIGURE X-1
‘Tube Rupture Guidelines

Primary to

Secondary

Leakage

> 50 gpm
{ R’

Manual Automatic
Shutdown Shutdown

Cooldown
Forced Natural HPI
Circulation Circulation Cooling

l ¥ |
£

Decay

Heat

Removai

New Guidance:

- muitiple tube ruptures

- ruptures in both steam generators
- HPI cooling

- Secondary water management

Improved guidance

- Minimum subcooling reduced

- RCP trip criteria

- tube to shell AT

- steam generator steaming, feeding, flooding



2.

The guidelines developed from the RLTRAN analysis for tube
ruptures are summarized below and have been used for writing
new procedures and revising old procedures. Operator
training prior to restart includes re ponse to tube rupture
events using new and revised procedures.

Guideline Summat:

The symptoms of a rube rupture define eatry conditions for
this emergency procedure. It is only used when leakage
exceeds 50 gpm. When conditions require it (as defined by
high leakage or significant offsite releases), the plant
will be shutdown and cooled a. expeditiously as possible,
and certain normal plant limits (RCP NPSH, normal tube/shell
delta T, and fuel=-in-compression limits) are waived.

a. Immediate Actiom

The tube leak in question may 1ot be large enough tO
cause a reactor trip. In such a case, the operator
begins a load reduction as rapidly as possible without
causing a reactor erip (10%/min.). Avoiding a reactor
trip prevents lifting of the OTSG safety valves.

b. Followup Actions

(1) Subcooling Maintained and Reactor Coolant Pumps
Available -

Once the load reduction is initiated or a reactor
trip has occurred, the operator has several major
goals to achieve while bringing the plant %o a cold
shutdown conditiom. First, he prevents lifeing of
the OTSG safety valves; second, isolates the af-
fected OTSG to prevent unnecessary radicactivity
releases; third, minimizes primary to secondary
leakage by minimizing primary to seccndary dif-
ferential pressure; and, fourth minimize stresses ou
the OTSG tubes by limiting t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>