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PRESENT STATUS AND PROJECTZD FUTURE PROGRESSION OF STSAM-

CENSRATOR TURE CORROSION/DEGRADATION AT POINT

-

EEACH UNIT MO, 1, WISCONSIN

POWER COMPANY, TWO CRUEXS,

Introduction

Numerous incidents of mill-annecaled, Inconel-400 steam generator (3G)
tube corrosion/degradation have occurred at Point Beach Unit No, 1. The
most important of these are intergranular/stress corrosion eracking above
the tubesheet/plate (7135), wastage/thinning above the tubesheet, denting
in the tube support plates (75P), and intergranular/stress corrosion in
the tube~tubesheet crevices, These phenomena as they relate to Point
Beach Unit No, 1 and other operatinz steam gererators through December 23,
1980 were described and discussed in an earlier report.(‘) Tube coirrosion/

degradation during the first 9,9 years of operation resulted in the Plugging

of many tubes in both steam generators,

Since December 23, 1930, an additional 68 tubes have been plugged in
SG~-1A; 31 tubes have been plugred in SG=1B, At the present time, the per-
centage of tubes plusged in 3G-14 and SG-1R8 are, respectively, 14,4 and
13.2.(2) This represents a significant number of plugged tubes, especially

since the Nuclear Regulatory Cormission typically prefers to limit the per-
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cen’age of plugged tubes in a steam generator to about 12.(3)

In order to minimize ture corrosion-induced steam generator tubte
Plugging, Wisconsin Electric Power Company (WEPCQO) presently operates
Point Beach Unit No, 1 at about 77% of full power (thereby }wducing the hot-
leg temperature from 597 to 557 °F). The corrosion-related benefits of
operating at 77% of full power were identified in the earlier report.(1)

The benefits in this reduction in the hot-les temperature were further
emphasized when the unit was temporarily operated at 90% of full power
(i.e., with a hot-leg temperature of 575 °7F); an unacceptably large
number of tubes were subseguently plugged because of intergranular/stress
corrosion in the tube-tubesheet crevices of both steam generators,

Because it is conceivable that additional steam generator tubes will
require plugging in the future, possibly neéessitating further reductions
fron 77% of full-power operation, WEPCO has proposed to replace the two
steam generators at Point Eeach Unit No, 1.(u) In many respecis, the iodel
44F replacement steam generators are identical to the original lbdel 44
units., The replacement steam generators, however, include numerous design
improvements to preclude corrosion-related steam generator tube degradation.(5’6)
Further, the Inconel-£00 tubes in the replacerment steam generators will be
thermally treated to further mitizate the potential for corroéion. A tech-
nical description summary of the steam generator equipment replacement pro-
gram for Point Beach Unit No, 1 is included in the Appendix.<7)

The purpose of this report is to present the results of an in-depth study
regarding the present ctatus of steam generator tube corrosion/degradation
at Point PBeach Unit No, 1, Concurrently, an attempt is made to predict

future tube corrosion/degradation with and without steam generator re-
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in operating pressurizeé—water~reactor (P4R) power production systems,
These are:

1, Yastage/Thinring

2. Pitting

3. Denting

4, U-Bend Cracking

5. Intergranular/Stress Corrosion

6. Fretting

7. Fatigue

8. Erosion
Several of these phenomena, however, are of little or no concern to steam
generator operation at Point Zeach Unit No, 1, For example, erosion and
fatigue are once-through steam generator (O0T33) problems.(a) It is further
understandable that thermal fatigue of the steam generator tubes would not
be expected to be a significant problem in recirculating PWRs because of
their inherent design (i.e., the th:mal stresses/strains are inherently re-
laxed by the U-bends),

The potential for tute degradation by fretting is equally considered
to be of insiznificant concern to steam generator operation at Point Beach
Unit No, 1, This belief is supported, in part, by the observation that there
has bzen no indication of siznificant fretting danage‘to any of the tubes
in any of the operating Westinghouse lModel 44 Series steam generators, Hodel
b4-Series steam generators have operated up to 13 vears to date without
fretting- type tube degradation; there is no reason to believe that fretting
will be a problem in the future,
Based upon these and other considerations, it can be concluded that

the existingy (and the replacement) steam generators at Point Beach Unit No,

-
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t can be expected to operate until at least the year 2008 w.thout major
concern for tube degradation bty either erosion, fatigue, or frettinz, The

other Tive forms of tube degradation, however, are potential problems and

=
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deserve serious consideration,

Denting

A history of Inconel-500 tube plugging in the steam generators at Point
Beach Unit No, 1 is included in the Appendix, Examination of these data
reveals that denting has not bteen a significant problem, A total of only 11
tubes have been plugged because of dentinz; none have been plugzed since
September 1978, This is understandable because denting is basically an acid-
chloride-related phenonenon.(1'9) Jdenting is generally associated with FWR
units where the condenser-cooling waters contain appreciable amounts of
chloride (i.e.,, where sea or brackish water is used for cooling) and there
is significant ingress of ccoling water (along with dissolved oxygzen) into
the PWR secondary-side water because of condenser leakage.

Condenser-cooling water at Point Zeach Unit No, 1 contains only a
small amount of chloride (about 3 paris per million by weight, ppm)."’
Equally important, c¢-ndenser tube leakage has not bzen a serious problem
at this operating unit since the fatipue-related, condenser-tube degradation
problem was solved in the early 1970s, WEPCO also has a continuous, water-
chemistry monitoring program (i.e., cation and/or total conductivity) for
the four condenser hotwells, the feedwater, and the steam generator blow-
down. Condenser leaks can be rapidly detected and located; the affected

condenser can be isolated from the system “efore any appreciable amounts

of relatively-high quality Lake Michizan water can enter the secondary-side




water,

Basically, there is no reason %o believe that denting-related steam
generator tube dezradation will he a future problem at Point Zeach Unit |
No. 1. The existing steam generators should operate at least an additional
25 years without siznificant concern for denting,

Concern for the potential denting problem would be even further re-
duced if the steam generators were replaced, For exanple, the tube support
plates in the Model LLF steam generators will be fabricated from Type 4C5
stainless steel instead of carbon steel, Compared to carbon steecl, Type
405 stainless steel has significantly improved resistance to the chloride-

induced, occluded-cell corrosion which causes denting (Figure 1).(10’11)
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Figure 1 = Ain unusually-aggressive, simulated-occluded-cell, environment
does not cause appreciable COFYOS%?W to Type 405 stainless
steel in laboratory environments.

The possibility of having chloride-related, cccluded-cell tube corrosion

in the replacement steam generators will be further reduced by the quatre- ‘
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foil tube-paisage design for the tube support plates (Figpure 2).(5)
Improved ‘.condary-side water Ilow at the tube-~TSP interfaces will
essentlially eliminate t%e occluded cells (i.e,, prevent the localized
concentrating of chloride ions) which are required for denting,

Based upon these considerations, there should be no concern for tube
denting in the replacement steam genarators,

There should equally be no major concern regarding the stress-corrosion
cracking of the Type 40S stainless steecl tube support plates, The material
from which the T3Fs will be fabricated are delivereq to Westinghouse
Electric Corporation in the tempered-mariensite metallurgical coniition.(iz)
Any prior residual stresses introduced into the material during its pro-
duction would be e¢liminated by the 1325 to 1375 °F temperingz, Further, the
WEC quality assurance program precludes ary thermal cutt}ng or welding of
the TSPs during their manufacture, Residual stresses intr;duced into the
tube support plates during broaching of the quatrefoil openings will be
minimzl becaus of the technijue used; broachinz is accomplished at ever
decrrasing amounts of retal removal, In addition, stress-concentrating
sharp corners do not exist in the TSP £2y7 slits,

The stress-corrosion cracking of Type 405 stainless steel would be of
significant concern only if the yield strengthr of the material exceeded
about 140,000 pounds per square inch (psi), the applied/residual tensile
stresses in the material were an appreciable percentage of the yield
strength, and the alloy was exposed to an aggressive environment, The
tempered-martensite nmetallurgical structure of the tube support plates for
the replacement steam generators at Point Beach Unit No, 1 will not have
a yield strength of 160,000 psi, the in-service TSPs will not be subjected

to high tensile stresses, and the secondary-side water is not considered to

-






e R

P

to be aggressive, .he belief that stress-corrosion cracking of the Type
405 stainless steel TSPs by the secondary-side water is not a problem of
concern has apparentlv been confirmed by extensive testing at Westinzhouse

(€)

Electric Corporation,

U=Bend Cracking

Two possible stress-rclated causes are believed to be assoclated with
the primary-side~water U-bend cracking which has bteen observed in the mill-
annealed Inconel-A00 tubes of certain recirculating PWR stean generators,
One of these is denting-related tube support corrosion which causes the TSP
flow slots to "hourglass"sg) "HPourglassing" of the flow slots forces an in-
ward displacement of the legs of the tubes at these locations, When this
inward movement of the legs of the tubeé:océurs at the upper tube support
plate, it has heen shown to cause an increase in the tensile stress/strain
at the U-bend apex (i.e., through tube ovalization), This additional in-
crease in the stress/strain at the apex of the U-bend is prodably the
additional factor required to initiate the.cracking.(g)

The othep possible factor in the U-lend crackinz is residuzl tensile
stresses on the inside tube surfaces which were not elimirnated after the
bending operation by stress-reliefl annealing,

Ironically, there have been no known incidents of U-bond cracking in
any VWestinzhouse lodel 44-Scries steam generators, There should be no
major concern regarding this tube degradation phenonenon for *he existing

steam generators at Point Beach Unit No, ! during the next 25 years,

‘The potential for U-bend cracking in the replacement steam generators

for Point 3each Unit No, 1 would be further reduced by the improved denting-
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resistant quatrefoll tube-passage design and tre use of highly-corrosion-
resistant Type 405 stainless steel for the tube support plates, Further, the
U-bends associated with the innermost rows of tubes in the replacement steanm

generators will be stress-relieved after bending,

Wastape/Thinnin:

Wastage (tube thinring) of Inconel-£00 stcam generator tubtes is basically
a problem associated with PWR units which operate/operated with coordinated-
phosphate secondary-side water treatment, The cause of wastage iz leocal
concentrations of residual acid phosphates (e.g., phosphoric acid), Since
the establishment of all-volatile-treatrment (AVT) chemistry control for
the secondary-side water, both the evidence and the extent of wastage have
been diminished and no further cubstantial tube degradation due to this
mechanism is expected to occur.(g)

No significant number of steam generstor tubes have been plugged at
Point Beach Unit No, 1 since iovember 1975 because of wastage, Only 14
tubes have becn plugged since November 1975 because of either "wastage or
cracking" (see Steam Cenerator Tube Plugzing History included in the Appendix).
Regardless of whether the reason for plurzing these 14 tubes over a 7e5=
vear period was cracking above the tuktesh-ets or wastage, the number of
tubes involved is considered insiznificant; further, the damage was un-
doubtedly associated with phosphate treatment of the gecondary-side water
durinz the early years of Point Feach Unit No, 1 eperation,

Based, in part, uoon the rigorous tubesheet and erevice c¢leaning pro-
grams which WEZPCO personnel have conducted since the conversion to &ll-volatile

secondary-side water treatment in September 1974, there is no reason to



believe that future wasiage will be a serious problem in the existing
steam generators, This bélief is supported bty the resultc of extensive
'
eddy-current testins (ECT): there has been no indication that significant
~

additional wastage has oc&urr:d"in recent years.(z)

With regards to the replacerent stean gererators, the cecondary-side
water chemistry will not involve caustic=-producing phosphates., It is in-

conceivible that tube wastage would occur providing reasonable attention is

given to control of the secondary-side water chemistry,

Pitting

Only three recirculatinz-type PWRs have apparently experienced any
significant pitting attack on the outside surfaces of the steam generator

(13)

tubes, A cold-leg phenomenon, pitting sgould be of concern only if it
is anticipated that there will be appreciable ingress ol chloride and oxygen=-
containing, condenser-cooling water into the secondary circuit as a result
of condenser leakage.(1u) Reportedly, pitting can possibly be facilitated
by the presence of sludge and scale containing copper or copper oxide(s).(15)
The results of research by Hickling and Wieling''®) provide significant
insight regarding the possibility of Inconel-600 pitting attack taking place
in an operating steam generator, Eased upon pitting potential/voltage data,
it was shown that Inconel-£00 mizht pit over the 300 to 480 °F range
providing the secondary-side water contained rmore than one ppn oxygen in
conjunction with a chloride-ion concentration of about 20 ppm,
Since the chemical composition of the secondary-side water (i.e., the

condensate, the makeup, and the feedwater) at Point 2each Unit No, 1

are continuously monitored, especially with respect to condenser-cooling
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water inleakapge, the sufficiently aggressive conditions required for
pitting should never exist, The inleakage would bte detected and its cause
corrected long before the conditicns apparenily required for pitting
were created, Further, time 1s reguired for pits to initiate and subseguently
propagate, The times required for pit initiation are normally reported in
units of days or longer.

Concern for steam generator tube pitting at Point Beach Unit lo, 1
can be further minimized by avpreciating that lake lichigan water typically
containg only about 3 ppm chloricde, One-hundred percent Lake iMAchipan water
wouid have to be concentrated by a factor of about six before it reached
20 ppm chloride; according to Fickling and Wielinz's data, this concentrated
lake Michigan water might pit Inconel-500 if the waler alco contained about
one ppm dissolved oxygen, With rezards to an operating steam generator, one
ppm dissolved oxygen in the secondary-side water would exceed the "free-world's

supply." The dissolved oxygen content of the feedwater at Point Beach Unit

No. 1 is typically less than § parts per billion by weight (ppb).

Based upon these considerations, it can be concluded that pitting
should not occur on the outside surfaces of the Inconel-£00 steam generator
tubes at Point Eeach Unit No, 1, The unit should bte capable of operating at
least an additional 25 vears without concern for Inconel-600 pitting attack,

either with or without steam generator replacement,

Intersranular/Strass Corrasion

Two, perhaps similar or even identical, intergranular/stress corrosion
phenomena have bcen observed in PJR, mill-annealed, Inconel-500 steam gen-

erator tubes, These are intergranular/stress corrosion above the tubesheet
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and interzranular/streés corrosion in the deep tube-tubesheet crevices
which cxist in certain older steam generators. Both phenomena are un-
doubtedly caustic related and associated with units which operated orig-
inally with phosphate treatment of the secondary-side water.(1’3”5)

Intergranular/stress corrosicn of steam generator tubes above the tube~
sheet at Point Beach Unit No., 1 is of no major concern at the present time
because the deep piles of caustic-containing sludge on the tubesheets have
been eliminated by the rigorecus sludze cleaning/lancing programs conducted
by WEPCO personrel since Ssptembder 1974, Further, deep sludge piles will
not form in the future tecanse condenser-cooling water inleakage into the
secondary-sic : water has been significantly reduced, Sludge-producing
phosphates are not used to "correct" inleakage, Inlezkage is corrected
at its source (i,e,, even small amounts of inleakage are readily detected
by the continuous chemistry-monitoring system and the cause such as a
leaking condenser tube is corrected before any deleterious amounts of
Lake Michigan water enter the secondary-side water),

Intergranular/stress corrosion of steam generator tubes above the
tubesheet should not be a limiting factor in achieving an additional 25
years of operation at Point Zeach Unit No, 1 regar. 'rss of the decision to
replace or not to replace the steam generators,

Intergranular/stress corrosion of steam generator tubes in the 0.007-

inch wide, 19-inch deep crevice which exists at each tube-tubesheet intersection

apparently can be controlled by maintaining the hot-leg temperature at a
value which does not excecd about 557 °F (i.e., the hot=leg temverature
associated with the present 77: of full-power operation), It is obvious that

intergranular/stress corrosion is stronzly temperature dependent; raising

PEP I ——
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the hot-leg tenperatuxv‘ln Julv 1981 only 18 °F (i.e., to 575 °F) at Point
Beach Unit YNo, 1 subsequently required an unacceptably large number of
steam generator tubes to be plugred about eizht months later (see Stean
Generator Tube Flugging Mistory included in the Appendix).

Since WEPCO's ( as well as others) vigorous attempts to completely
remove the ag;ressive (caustic) species from the deep, narrow erevice have
not been successful, the stezm generator operation at Point Zeach Unit No.
1 is destined/limited %o a hot=leg maximum temperature of about 557 °F
unless the steam pensrators are replaced, Zven at a hot=leg temnerature
of 557 °F there is no complete assurance that unacceptable intergranular/
stress corrosion will not develop within the next 25 years = = although
the resulis of recent ECT could be interpreted to suggest that it may not,
Rasically, there are too little long~tern data and too many variables to
accurately predict the life expectancy for the existing steam generator
tubes with rezards to intercranular/stress corrosion in the crevices,

The only practical solution to the deep~crevice problem and its
inherent interzranular/stress corrosicn susceptibility is to eliminate the
erevices, Tris will be acconplished in the replacement stean generators by
hydraulically expandinz the tubes over the entire tubesheet lenzth, This
design change, and others such as flow-distribution baffles above the tube-
sheet which will direct any secondary-side sludge/scale to an improved
blowdown (see Replacement Steam Generator Zquiprent Technical Descrintion
included in the Appendix), in conjunction with the installation of thermally-
treatﬁd Inconel-500 tubss should eliminate the possibility of any caustice-

i

1nduc‘:*.d, intergranular/stress corrosion in the replacement steam generators,

The t:nefits of thermally-treated Inconel-400 steam gensrator tubes deserve
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secial consideration and are presented in the followinz section of this
report, Briefly, it will be shown that thermally-treated Inconel-600
steam generator tubes heve a predictad life expectansy of at least 28
years even 1f they are exposed to an aggressive caustic-containing en-

vironment,

Bencficial Sffects of Therally-Treated
Inconel-4C0

The results of rescarch reported to the technical conunity in 1973

provided significant insizht re;ardinz the beneficial effects of thermally

treating Inconel-éoo.(16) Ariefly, Blanchet and his co-workers observed a
reversal in the usual sensitizin;
of Inconel-£00 exposed to high-temperature deaerated water, Crackin: did
not occur in material which had been heat treated to precipitate carbidas

at the grain boundaries whereas high-temperature annealing (i.e,, mill

annealing) lead to cracking in the same laboratory environments, Subsequently,

considerable research was conducted to more completely understand this

metallurgical phenom:na and how it might be used advantageously in mitizating

intergranular/stress corrosion of Inconel-500 steam penerator tubes in
- (17'22)
pressurized-water reactors,
Domian and his co-investigators(17) conducted experiments wherein
highly-stressed U-tend specimens of Inconel-500 were exposed to £50 °7,
ammonia-hydrazine-treated (AVT), circulating, high-purity water for over

18,000 hours, The results of this research revealed:

1. Intergranular/stress corrosion of Inconel-500 can occur when the
grain boundaries are free of carbides,

2, Cracking is predominant in material annealed at temperatures

‘above 1600 °7, Crack frenuency increases with increasing grain size,

g effect in the intergranular/stress corrosion
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hersal treatmentc which produce grain bound-

e
-
‘.

3. Crackinz is reduced by ¢
ary carbide precipitation,

k, Cracking did not occur in 18,000 hours lor raterial which had been
therrally treated at 1400 angd 1500 “7,

5. There was no metallographic evidence of zrain bougiany carbide
precipitation after 13,000 hours exposure at 450 "3,

6. A long incubation period (greater than 13,000 hours) is required
for cracking to initiate in highlv-stressed material,

Later, Airey's research provided further evidence that thermally-

trecated Inconel-%00 would be advantageous for P4R steam penerator tube

applications, {18-20)

In part, Airey reported the following:

1. For specimens stressed in tension at 50,000 psi and exposed to
deaerated, 107 sodium hydroxide (caustic soda) solutions at 600 °F,
Inconel-500 which had been thermally treated in the 1200 to 1300 °F
range had suderior resistance to infergranular/stress corrosion
compared to milleannzaled material.z17)

2, Maximum resistance to causticeinduced intergranular/stress corrosion
is associated with Inconel-500 which has .a 3emicontinuous, grain
boundary carbide precipitate (Figure 3).(‘8

3. For plastically-deformed C-rinz specimens exposed to deaerated, 1073
sodiw: hydroxide solutions at 600 °F, thermally-trcated (15 hours at
1300 °?) Inconel=%00 has resistance to intergranular/stress corrosion
which can be as much as ten times (or more) greate t;an that
exhibited by the mill-annealed product. (Figure 4), (20

4, For specimens stressed in tension at values up to 40,000 psi and
exposed te deaerated, 10 sodium hvdroxide solutions at 600 °7F
for 4,000 hours, the cracks in thermally-treated (15 hours at
1300 °7) Inconel-A00 had propagated only one or twe grain depths
into the allov whereas relat‘va}y deep cracks existed in the mill-
annealed product (Fisure 5).120

5. For thermally-treated (15 hours at 1300 °7) Inconel-400 specimens
stressed in tension at 17,000 to 30,000 psi and exposed to deaerated,
107 sodiun hvdroxide solutions at 600 ®7, the crack propazation rate
for interzranular/strass corrosicn is so slow that it cannot be
meaningfully reasured, For mill-annealed specinmens stressed at
20,000 psi and exposed to the sane environment, the crack pro=-
pagation rate is aporoximately 0,050 inch per year (Figure 6).(20)

The early work showing the beneficial effects of thermally treating
Inconel-500 has been verified by others.(z’) Testing in high-purity water

-
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cordition (i,e,, mill-annealed and thermally treated) for Inconel-

200 exposed to deaerated, 106 sodium hydroxide solutions at
00 "F,

:
” containing controlled amounts of dissolved oxygen (0,05 and 8 ppm) at 593
’ ®7, De and Chesal reported:

1

( ‘ 1. Highly-stressed, mill-annealed material was cracked intergranularly
aw after 1,600 hours of exposure,
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2, Highly-stressed, thermally-treated (24 hours at 1100 "F) Inconel-
600 did not experience interpranular/stress corrosion durins the
1,600-hour expusure,
3. The beneficial effects of the thermal treatment can be attributed
to a semicontiruwous-type precipitate in the grain boundaries of the
neonel«-500,
The relevance of the 1973-1381 research to the steam generater tube
degradation concern can be appreciated from the 1983 results of Airey and
Pement who investigated Inconel-600 tube specimens which had been removed

(22)

from the hot legs of two opsrating steam generators, They concluded
that the most likely aggressive species which causes intergranular/stress
corrosion in operatinz steam generator tubes is caustic,

(16-21) (23)

Analyses of these and other data reveal that mill-annealed

Inconel-A00 can be expected to experience intergramnular/stress corrosisn
in high-purity wéter. high-purity water containing ammonia and hydrazine,
and high-purity water containing sodium hydroxide, providing the environ-
ments are sufficiently hot and the specimens are highly-stressed in tension,
It can also be seen that highly-stressed but thermally-treated Inconel-500
has significantly improved resistance to intergranular/stress corrosion in
these elevated-temnerature envirenments,

The relative improvement in the intergranular/stress corrosion
resistance of thermally-treated Inconel-£00 is evident from the data
presented in Figures 5 and £, Assurdng thermally-treated Inconsl-400 is
stressed in tens.on at 20,000 »si and continuously exposed to deaerated,
104 sodium hydrexide sclution at £00 °7, the cracks would be expected to
propagate no more than one or two grain diameters/depths into the alloy
(i.e,, about 0,002 inch) in 8,000 hours, For comparison, thke cracks in

mill-annealed Inconel-%00 exposea to the came tensile stress and environ-

g
|L
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;(T' rental conditions would be expected to propagate over 0,030 inch in the same
l .
| time period, Fased upon this comparison, thersally-treated Inconel-£00 has

intergranular/stress corrosion resistance which is at least 10 times that

of mill-znnealed material,
Since the Point Peach Unit lo, 1 steam renerators opcrated approx-

imately seven years before any mill-annezled tubes were pluzged tecause of

R RN,

intergranular/stress cerrosion in the tube-tubesheet crevices, the data

| by Airey suggest that thermally-trecated Incon21-500 tubes in the replacesent

steam generators could have a life expectancy of 70 years at full-pouer

operation (i.e,, 2 hot lez temperature of 597 °F) without concern for inter-

granula 3/stress corrosion, Although a 70-year life expectancy for

thermally-treated Inconel-édb tubes mav appear to be overly optimistie, it

. rmust be remembered that it was assumed that the tubes will be exposed to

-<: relatively-concentrated sodium hydroxide sclution for the entire tinme

period and the cracks do in fact propagate beyond one or two grain depths,
Assuning a safety factor of 2,5 for thermally-trcated Inconel-£00

stressed in tensiocn at 20,000 psi and continuously expecsed to deaerated,

10% sodium hydroxide solulion at 400 °F, the life expectancy for the tubes

in 2 recirculating PJR steam generator would be approximately 28 years at

full-sower operation with regards to intergranular/stress corrosion degradation,

Secondary-Side Water Chenmistry
at Point Eeach Unit No, 1

|

|

; It is well established that secondary-side water chemistry monitoring/

| centrol is at least a major factor in mitigating unacceptable steam generator

i (;, tube corrosion/degradation, Personnel at both the Electric Power Research

24)

Institute (EPRI)( and WEPCO(Z) fully appreciate this, For example,
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WZPCO Chemistry Standing Order No, CS0-8 establishes operational and action
levels for the feedwater at Point Eeach Unit No, 1.(25) Basically, this
standing order sets the feedwater pH ranpe at 9,2 to 9,3; the ammonia
concentration (as SHB) range at 0,50 to 0.70 ppm; and the total conductivity range
at 4,2 to 5.2 micromhos/CnB; the feedwater is to contain a minimum hydrazire
concentration of 7 ppb, The standing order provides positive direction
if any of these limits are exceeded, In addition, WZIPCO has (since about
1978) a secondarv-side water chemistry monitoring program which is designed
to mitigate steam generator tube cerrosion/degradation and other system
corrosion.(zé) It is understood that the existing secondary-side water chem=-
istry monitorinz program will be refired in the near future, especially if
the steam generators are replaced.(z)

Exactlv how well WEPCO personnel have controlled the feedwater chom-
istry at Point Beach Unit No. 1 can be seen by examining the data in
Figures 7 and 8 which are reproductions of actual WEPCO logs for 1983,
Excluding the to-be-expected transient conditions, the feedwater during
1983 contained less than 5 ppb (the lower limit of the detection equirment )
dissolved oxygen, 7 to 12 ppb residual hydrazine, and 0.5 to 0,7 ppm
ammonia; it had a pH of 9,2 to 9.4 and a conductivity of 4,2 to 5.4 micro-
mhos/cma. Examination of the 1982 data revezled that the feedwater normally
contained less than 5 ppb dissolved oxygen, 0.5 to 0.7 ppm ammonia, and 7 to
15 ppb hydrazine; it had a pH of 9.2 to 9,3 and a conductivity of 4,2 to 5.2
micronhos/cmS. Similar fecdwater data ranges are available for the 1978-1981
time period,

WEPCC personnel have maintained reasonably good centrol of the AVT

secondary-side water chemistry, Secondary-side water chemiétry control
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WZPCO Chemistry Standing Order No, C50-8 establishes operationzl and actien
levels for the feedwater at Point Beach Unit Ro, 1.(25) Basically, this

standing order sets the feedwater pH range at 9.2 to 9.3; the ammonia

concentration (as HHB) range at 0,50 to 0,70 ppm: and the total conduetivity range

3

at 4,2 to 5.2 micromhes/en”’; the fecdwater is te contain 2 minimum hydrazine
concentration of 7 ppt., The standing order provides positive direction

if any of these limits are exceaded, In addition, WZPCO has (since about
1978) a secondarv-side water chemistry monitoring program which is designed
to mitigate steam generator tube cerrosion/degradation and othur system
corrcsion.(zs) It is understood that the existing secondary-side water chem-
istry monitoring pregram will be refined in the near future, especially if
the steam generators are replaced.(z)

Exactly how well VZPCC personnel have controlled the feedwater cheme
istry at Point Beach Unit Yo, 1 can be seen by examining the data in
Figures 7 and 8 which are reproductions of actual WEPCO legs for 1483,
Excluding the to-be-expected transient conditions, the feedwater during
1983 contained less than 5 ppb (the lower limit of the detection eguipment)
dissolved oxygen, 7 to 12 ppb residual hyvdrazine, and 0,5 to 0.7 ppm
ammonia; it had 2 p¥ of 9.2 to 9.4 and a conductivity of 4,2 to 5.4 micro-

mhos/cmj. Examination of the 1982 data revealed that the feed#ater normally

-contaired less than 5 ppb dissolved oxygen, 0.5 to 0.7 ppm ammonia, and 7 to

15 ppb hydrazine; it had a pH of 9,2 to 9.3 and a conductivity of 4,2 te 5.2
micromhos/cmB. Similar fecdwater data ranges are available for the 1978-1981
time period.

WEPCO personnel have maintained reasonably good control of the AVT

secondary-cide water chemistry, Secondary-side water chemistry control
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‘( . has undoubtedly been sorowhat handicapped by the phosphate residues which
still exist in the system and 2 lack of continuous monitoring sites,

Very likely, further improvements in the water chemistry monitoring prozram
(e.g., additional continuous monitoring at locations throughout the cecondary-

side of the system) will be established if the stean generators are replaced,

R R RO R R NIRRT

Anticipated Tube Plurrine and Associated Power-
Qutput *eductions ror the ixisting Steam Gen=
erators at roint Feach Unit Lo, 1

Zxamination of the Steam Cenerator Tube Plugging Fistory for Point
Beach Unit No, 1 (sse Appendix) reveals that the only anticipated, corrosion-
related reason for the future plurging of tubes in the existing steam
generators would be intergranular/stress corrosion in the tubs-tubeshest
crevices, The other corrosion-related tute depradation phenomena
have been effectively mitigated (figure 9). Analysis of the intergranular/
stress corrosion (crevice) data in Figure G between February 1980 and QOct-
ober 1982 provides the only means a. the present time of predicting future
tube plugging at Point 3each Unit lo, 1, assuming a linear extrapolation of
these data on a semilogarithmic plot and allowing a correction factor for the
temporary operation at a hot-leg temperature ol 575 °#, it can be roughly
estimated that an additional 8¢ to 85 tubés will require plugging durine the
next 2,5 years of operation (i,e., between June 1983 and December 1985); poss-
ibly another 110 to 120 tubes will require plusging between December 1985
and December 1990, It must be emphasized‘that these predictions are based upon
continued operation at 777 of full power with a hot-ler temperature of
5517 °F.
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Figure 9 - History of Steam Generator Tube Plugging at Point Zeach Unit
No. 1. Only intergranular/stress corrosion in the tube-tubesheet
crevices is a problem of major concern at the present time,
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The need to furthér reduce the power output (i.e., from 7737 of full
power) at Point Beach Unit No, 1 because of additional stezm generator
tube pluzging cannot be accurately estimated, Based upon expericnce, it
is reasonable to assume that (after a ressonably large nusber of tubes have
already bcen plugeed) there will be a 0.5 to 0,7 ? rrduction puwer output
for each additional one parcent of tubes plug;ged.1 Based upon this hypothesis,
the power output by December 1985 could bte reduced to about 757 of the
full-power rating; by December 1990, the unit could te opsrating at about

737 of ithe full power rating,

Hecessity for 3eplacing Truivnent at Point
Beach Unit No, 1 Otker Than the 3team Gene
erators

Deterioration of the 90Cu-10ili (Copper Alloy 70800) tube interiors in
the No, 4 fcedwater heaters by general corrosion (undoubtedly ammonia re-
lated) has resulted in a larpge number of tubes being Plugzed in these units
at Point Beach Unit No, 1.(2’27) The tube plugging has resulted in higher
water velocities in the reraining tubes and erosion-corrosion damage,
Similar deterioration has not been observed in the other feedwater heaters
(accordinz to the results of recent tube wall thickness measurements).(z)
Very likely, the No, 4 feedwater heater corrosion is a major source of the
copper contamination which is occasionally observed in the secondary-side
water/sludre,

Replacement of the No, 4 feedwater heaters with units tubed with Type 304

stainless will eliminute both the ammonia-induced general corrosion and the

L Each of the Westinghouse llodel 44 steam generators at Point Zeach Unit

No. 1 contains 3,260 Inconel-600 tubes, _
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k{“ . high=velocity-water induced erosion corrosion,

i Very likely, the llo, 5 feedwater heaters do not exhibit general

E corrosicn becsuse they are tubed with 80Cu-201i material (Copner Alloy
\ 71000), The other feedwater heater tubes probably have not corrcded to
.
|

any appreciabtle extent becausc they operate at lower temperatures,

There is no obvious reason to replice any feedwater heaters other than

|

|

i those proposed,

| It is also known that thermal fatigue has been a problsm of concern in
2.2

I the Copper Alloy 70600 moisture separator reheater (SR) tubes.(""7) The

problem is apparently associated with temperature differentials, uneven tube

expansion/contraction, and tube binding,

Replacing the copper-nickel tubes with Type 439 stainless steel, en-

NN RSN =,

larging the tube-support holes, and reducing the tube-support spacing to

25 inches should eflectively mitizate the MSR themal-fatigue problem,

: There is no rezson to believe that the main condensers should be

retubed at the present time, Orly about 10 to 12 condenser tubes (out of a
total 24,000 condenser tubes) have been plugced each year since the fatigue-
related condenser tube problem was corrscted in the early 19705.(28) Con-
sideration should bte ziven to retubing the main condsnser only if an un-

| - anticipated, vnacceprtably larce nurber of tubes must be plugged in

future years or condenser-tube corrosion is found to be a source of deleterious
r copper ingress into the secondary-side water, ith regards to the latter, the
data at Point Zeach Unit No. 1 do not suggest that condenser-tube corrosion
is a major source of copper contamination, Furthcs, it has not been fimly
established that copper is in fact an actual factor in Inconcl-500 tube

, e corrosion/desradation,
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Necessity “or Condensate Polishing
at Point =nach Unit lo, 1

Mixed success has been achieved with condensate polishing (condensate
demineralization) at the operating units which have installed them., There is
no reason to believe that they should be routinely installed without question,
For example, there were 11 PJR units which had operated over 1,000 effective
full-powar days (ZF?Ds) that did not experience a sinrzle steam generator
tube problem/defect during 19728 and 1979; of these 647 were on AVT, 187 were
on phosphate treatment, and 181 were on AVT with condensate demineralization
for the secondary-side water treatment.(7) AVT can be a viable chemistry
control program for the secondarv-side water without condensate polishing.(7'9)
Condensate polishers are basically a desirable option for plants which
use sea or brﬁ?&}sh water for condenser cooling and/or have a high incident
rate for condeggé; inleakage, Neither of these conditions exists at Point
Beach Unit Yo, 1.~Further, there is always concern Trom resin carryover
which could possibly intrcduce an agrressive species into the secondary-side
water when condensate polishers are included in the secondary-side water system,
There is no obvious reason to install condensate polishers at Foint

Beach Unit lNlo, 1 under the present or anticinated operating conditions,
Conclusions

Based upon the results of this comprehensive, updated study of steam
generator tube degzradation/corrosion at Point Beach Unit No, 1, it can be

concluded:

1. There should be no major future concern for steam zenerator tube
corrosion/degradation by either Trettin:, fatigue, erosion, pitting,

' 4
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;(‘ denting, wastage, U-bend crackinz, or intersranular/stress corrosion
above the tubeshecet with either the existing or replacemeni stean
gcnerators.2

2. Continued operation at 7772 of full power requires that the hot-leg
temperature for the existing steam generators ncver exceads about

557 °7,

, 3« There is reason to believe that some additicnal steam gencrator

i tubes will require plusginz btecause of intergranular/stress corrosion
in the tube-tubesheet 2revices associated with the existing units,

i It is believed that future plugzing could require the existing units

to be operated at about 73 7 of the full-power ratinz by 1990.

4, There should be no sirnificant intergranular/stress cerrosion
of the thermally-treated Incorel-400 tubes in the replacement
steam generators for at least 22 years even if they were countinucusly
exposed to a hot caustic environment,

5. WEPCO personnel have established a reasonably viable secondary-side
water chemistry program, They have achieved good success in maintaining
, the chemistry linmits set for the feedwater in 1978,

6. Considerable attention has been given by WEC enzineers in the design
and materials selection for the renlacerent steam jenerators with
( rezards to mitigating the known corrosion problems, Their materials
selections is supported by data contained in the technical literature,

7. Replacing the Ho, & feedwater heaters and the MSRs should significantly
reduce the amount of ccpper ingress into the secondarv-side water, The
stainless stecls selected for use in these two systems are con-
sidered acceptable for the intended applications,.

8. The design changes proposed by the WEC ergineers should eliminate the
fatigue problem in the existing [SHs,

' 9+ There does not appear to te any obvious reason to replace the No. 5,
| Noe 3, No. 2, or No, 1 feedwater heaters at the present time,
t : Similarly, there is no reason to retube the condenser,

10, It has not been astablished that small amounts of copper in the

[ secondary-side water have an adverse effect on steam generator tube
: corrosion/degradation,
]

1

11, There is no obvious reason to install condensate polishers (con-
densate deminsralizers).

12, The improved-design replacement steam generators should have at least

generators, 1005 full-power operation for the replacement steam generators,

(; . This conclusion assumes 77% full-power operation for the existing steam
l and proper control of the secondary-side water chemistry,

-
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13.

14,

«30=

a 90 to 951 probability of achieving a minimum 2% years of operation
at full power providing the AVT secondary-side water chemistry program
is refined and rigorously controlled,

There should be no sirnificant tube plugzing in the repiacement stean
gernerators providins the AVT sccondarv-side water chemistry program is
refined and rigerously controlled,

At least minor consideration shonuld be given to stean genarator ro-
Placement in order to preclude the remote Fossibility of continued
corrosion of plugged tubes and the associated ??tsntial for foreign
object damage (70D) te nearty unplugged tubes, (13
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A welded tubelane blocking device will be installed to
limit tube bundle bypass flow. 1Its design will be such
that it shall not hamper sludge lancing.

A flow distribution baffle will be placed approximacely
18-20 inches above tne tubesheet., This baffle will be
made of ferritic stainless steel (as will all of

the tube support plates). The purpose of this baffle
will be to direct the recirculation water acrocss the
tubesheet to the center of the bundle. Here any sluage

will be deposited in a limited region near the blowdown
intake. '

The tube support plates will have a broached hole
pattern using the quatrefoil design. This design has

. @ smaller pressure drop than the most current circular

hole designs.

The Inconel-600 tubes will be thermally treated. The

tube dimensions are 7/8~inch 0.D. with 50 mil wall
thickness.

Increased capacity blcowdown will be provided to enlance
maintenance of secondary side chemistry. In order to
provide this capability, an enlarged blcwdown pipe

will be provided along with an increased size blowdown
nozzle. ' ~

Tubesheet markings to improve tube identification will
be provided on the primary side of the tubesheot
indicating the locations of selected tubes. The

tenth tube in every row and column will be marked so
as to form a 10x10 array of marked tubes.

The secondary surface of the tubesheet will be

machined to aid in the accurate and uniform definition
of tubesheet thickness. ol

The height of the wrapper above the tubesheet will
be reduced to improve the flow charactevistics near
the seccndary side of the tubesheet.

Downcomer resistance plates will be eliminated to
improve the circulation ratio.

Drainage holes will be included at the location of
the primary manway openings to allow for the drainage

of primary water from that area prior to opening of
the manways.
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Date of
Outage

12/21/70
9/30/72
4/6/74
2/26/75
11/16/75
- 10/1/76
- 6/24/77
- 10/4/77
2/1/78
 $/26/78
9/20/78
- 3/1/79
8/5/79
8/2%/79
10/5/79
12/11/79
2/28/80
1/26/80
11/26/80
7/4/81
10/9/81
3/25/82
10/22/82

UNIT 1 STEAM GENERATOR

Tubes Plugged

, Thirning or Crevice Cumulative
Elapsed Time Denting _Cracking Corrosion __Other _Total _Percent
(Years) A B A B A B A B A B A B
0 - - - - - - 1(1) - 1 - <0.1 0
1.8 - - 87 91 - - 14 4(2) 102 95 3.1 2.9
3.3 - - 1 1 - - - - 103 96 3.2 2.9
4.2 - - 59 98 - - - - 162 194 5.0 6.0
4.9 . - 0 4 - - - - 168 198 5.2 6.1
5.8 - - - - - - - - 168 198 5.2 6.1
6.5 - - - ‘1 - - - - 168 199 5.2 6.1
6.9 10 - - - 1 2 - - 179 201 5.5 6.2
o I | - - - - - - 1(3) - 180 201 55 6.2
7.4 - - . - - - 1(3) - 181 201 5.5 6.2
7.7 1 - - - 4 - - 168 205 5.7 6.3
8.2 " . 3 - 1 - - 196 206 6.0 6.3
8.6 - - - - 52 45 - - 248 251 7.6 7.7
8.7 - - - - 2 - 2(4) - 252 251 7.7 7.7
8.8 - - 2 3(6) g8 61 7 3(5) 329 319 10.1 9.8
9.0 - - - - 19 15 1(7) - 349 334 10.7 10.2
9.2 - - - 1(8) 24 26 - o(®) 373 370 11.4 11.3
a.¢ - - - - 28 22 3(10) - 404 392 12.4 12.0
2.9 - - - - 3 7 - - 407 399 2.8 12.2
10.5 - - - 1(8) 2 - - 208 402 12.5 12,3
10.8 - - - - 7 - - 412111) 409 12.6 12.
11.3 - - - - 37 14 21(12) - 451 423 13.8 13.0
11.9 - - 2 4 4 4 12(13) - 469 431 14.4 13.2
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! NOTES
; {1) Plugged during manufacture.
| {2) Fourteen tubes in A were plugged due to gouging during machining for clad repair. Three tubes in B were removed for
| 2nalysis and one was plugged by mistake.
' (3) Plugged tubes were in periphery and were leaking. During the October 19282 outage, these leaks were found to be due
I to wear by loose parts.
i (4) An audit of tubesheet photographs indicated two tubes which were plugyed but previously not included in inspection
reports. :

' (5) Seven tubes in A included three with defects less than the plugging limit, two tubes which had ne indications but
I which were pulled for analysis, and two tubes plugged by mistake. Four tubes in B included three tubes with
I indications less than the plugging limit and one tube plugged Ly mistake.
_ (6) Two tubes in A and three tubes in B were plucged due to defects identified at or above the tubesheet using multi-
" fregquency eddy current techniques. These defects are attributed to thinning or cracking in prior years, based upon
I comparison with single-freguency eddy current results from previous inspections.
) (7) One tube plugged by mistake.
] {8) One tube in B was plugged due to a defect above the tubesheet which was identified using multi-frecuency technigues.
; This defect is attributed to thinning or cracking in prior years, based upon comparison with results from previous !
1 inepections. ?’
{ (9) Four tubes in B were plugged due to the possibility of beling damaged during tube pulling operations and five leaking
i tubes were plugged without identifying the defect location,
; (10) Three tubes plugged by mistake.

(11} Cre tube which was in excess of the plugging limit was repaitred by sleeving. Plugs were removed from six tubes and

the tubes were sleeved and returned to service.

(12) Two tubes were leaking and were plugged. Eddy current incspection revealed no indications. One of the tubes was
: leaking on the cold leg end from which one explosive plug was removed during the sleeving demonstration in 1981.

(13) Twelve tubes inciude eleven plugged for suspected damage [rom lcose parts in the cold leg and one sleceved tube from

which the sleeve was removed for inspection.
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