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SUBJECT: "REVIEW OF INDUSTRY EFFORTS TO MANAGE PRESSURIZED
WATER REACTOR FEEDWATER NOZZLE, PIPING, AND FEEDRING
CRACKING AND WALL THINNING,” NUREG/CR-6456
(INEL 96/0089)

Attached for your information and use is & copy of the report, “Review of Industry Efforts
to Manage Pressurized Water Reactor Feedwater Nozzle, Piping, and Feedring Cracking and
Wall Thinning,” NUREG/CR-6456. The study objective was to provide a comprehensive
overview document discussing pressurized-water reactor (PWR) feedwater nozzle, piping,
and feedring cracking and wall thinning; safety aspects; and industry actions taken to
manage these issues. The report should be useful in identifying, assessing, and evaluating
program options to manage these issues. The time frame spans from initial discovery of
feedwater nozzle cracking in 1979 through 1996.

The review and assessment effort covers relevant fieid experience with PWR feedwater
systems, the factors causing the damage, design modifications, operating procedure
changes, augmented inspection programs, and repair and replacement activities carried out
because of the degradation that occurred. The effort focused on the feedwater system
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adjacent to the feedwater nozzle where fatigue cracking and wall thinning had been
reported. This includes the main and auxiliary feedwater piping adjacent to the feedwater
nozzle, and the therma. sleeve, feedring, and J-tubes. The principal areas reviewed were
(1) feedwater system design, (2) safety significance of feedwater line rupture, (3) fatigue
cracking experience. (4) flow-accelerated corrosion-induced wall thinning experience,

(5) steam generator water hammer damage experience, (6) degradation mechanisms,

(7) inservice inspection methods, and (8) miiigation, monitoring, and replacement activities.

This effort emphasized understanding the technical aspects for each area in order to assess
the impact on managing (establish confidence that limits for safe operation are maintained)
degradation of these components. In this context, the study ccncentrates on causes,
mechanisms, conditions (temperature, pressure, environment, etc.), inspections,
procedures, and corrective actions from the perspective of capability to assess a specific
aspect such as crack characterization. Thus, the report is directed toward determining
whether current technology is sufficient to “manage the problem”.

The operating experience review addressed feedwater nozzle cracking caused by thermal
fatigue; flow-acceleraced corrosion wall thinning of carbon steel J-tubes, feedrings, and
thermal sleeves in top-feed steam generators, and auxiliary feedwater lines in preheat
steam generators; and water hammer damage in both types of steam generators.
Feedwater nozzle cracking was detected in 18 PWRs from 1979 through 1983. These
were found as a result of IE Bulletin 79-13, "Cracking in Feedwater System Piping,” 1979.
There was approximately one event per year from 1983 until bulletin closure in 1991. The
nozzle cracking event frequency increased to six per year for 1992 and 1993 but no
additional events were detected from then through 1996. It appears that licensee action
has been sufficient to minimize flow-accelerated wall thinning in J-tubes and auxiliary
feedwater lines and while wall thinning in feedrings and thermal sleeves was not addressed
by specific action, there was evidence of visual inspection and repair when needed.
Similarly, it appears that licensees have taken sufficient action, primarily design
modifications and operating procedure changes, to minimize water hammer events. There
were 28 events reported during the 1970s, 6 during the 1980s, and none after that.

The 1achnical findings as a whole indicate that appropriate analysis, inspection, monitoring,
mitigation (i~.ciuding operational procedures), and replacement techniques have been
developed so that thermal fatigue and flow-accelerated corrosion damage to feedwater
nozzles, piping, and feedrings can be managed effectively. This simply means the tools are
available to manage. “Yowever, this managing process requires detailed knowledge about
component and system design, construction, and materials; cognizance of operating
procedures (especially the potential for extended operation at startup or hot standby with
automatic auxiliary feedwater control); in-depth understanding of factors that cause
thermal fatigue and flow-accelerated corrosion; and adequate training in the use of
predictive analysis methods and advanced inspection techniques. The staff at several PWR
plants have been proactive in managing this type of damage.
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An overview observation from the study is that plant specific aspects control both the
degree of susceptibility and the appropriate solution scheme to "manage the problem”.
Therefore, plant specific solutions would be anticipated as the rule rather than a generic

program,

The Office of Nuclear Reactor Regulation and Office of Nuclear Regulatory Research
provided review comments on drafts of this report. In addition, comments were received
from technical experts who provided information during plant visits or information in the
technical literature. The organizations included were the Tennessee Valley Authority,
Southern California Edison, Pacific Gas and Electric, Westinghouse Electric, and Electric
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UNITED STATES

NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 208680001

TO ALL RECIPIENTS:

SUBJECT: "REVIEW OF INDUSTRY EFFORTS TO MANAGE PRESSURIZED WATER
REACTOR FEEDWATER MNOZZLE, PIPING, AND FEEDRING CRACKING AND
WALL THINNING,” NUREG/CR-6466 (INEL 96/0088)

Attached for your information and use is a copy of the report, “Review of Industry Efforts
to Manage Pressurized Water Reactor Feedwater Nozzle, Piping, and Feedring Cracking and
Wall Thinning,” NUREG/CR-6456. The study cbjective was to provide a comprehensive
overview document discussing pressurized-water reactor (PWR) feedwater nozzle, piping,
and feedring cracking and wall thinning; safety aspects; and industry actions taken to
manage these issues. The report should be useful in identifying, assessing, and evaluating
program options to manage these issues. The time frame spans from initial discovery of
teedwater nozzle cracking in 1978 through 1996.

The review and assessment effort covers relevant field experience with PWR feedwater
systems, the factors causing the damage, design modifications, operating procedure
changes, augmented inspection programs, and repair and replacement activities carried out
because of the degradation that occurred. The effort focused on the feedwater system
adjacent to the feadwater nozzie where fatigue cracking and wall thinning had been
reported. This includes the main and auxiliary feedwater piping adjacent to the feedwater
nozzle, and the thermal sleeve, feedring, and J-tubes. Tha principal areas reviewed were
(1) feedwater system design, (2) safety significance of teedwater line rupture, (3) fatigue
cracking experience, (4) flow-accelerated corrosion-induced wall thinning exparience,

(5) steam generator water hammer damage experience, (6) degradation mechanisms,

(7) inservice inspection methods, and (8) mitigation, monitoring, and replacement activities.

This effort emphasized understanding the technical aspects for each area in order 10 assess
the impact on managing (establish confidence that limits for safe operation are maintained)
degradation of these components. In this context, the study concentrates on causes,
mechanisms, conditions (temperature, pressure, environment, etc.), inspections,
procedures, and corrective actions from the perspective of capability to assess a specific
aspect such as crack characterization. Thus, the report is directed toward determining
whether current technology is sufficient to "manage the problem”.

Ths operating experience review addressed feedwater nozzle cracking caused by thermal
fatigue; flow-ascelerated corrosion wall thinning of carbon steel J-tubes, feedrings, and
thermal sleeves in top-feed steam generators, snd auxiliary feedwater lines in preheat
steam generators; and water hammer damage in hoth types of steam generators.
Feedwater nozzle cracking was detected in 18 PWRs ‘rom 1979 through 1983. These
were found as a result of |E Bulletin 79-13, "Cracking in Feedwater System Piping,” 1878,



There was approximately one avent per year from 1983 until bulletin closure in 1891, The
nozzle cracking event frequency increased to six per year fo. 1992 and 1993 but no
additional events were detected from then through 1996. It appears that licensee action
has been sufficient to minimize flow-accelerated wall thinning in J-tubes and auxiliary
feedwater lines and while wall thinning in feedrings and thermal sleeves was not addressed
by specific action, there was evidence of visual inspection and repair when needed.
Similarly, it appears that licensces have taken sufficient action primarily design
modifications and operating procedure changes, to minimize water hammer events. There
were 28 events reported d.iring the 1970s, 6 during the 1980s, and none after that,

Ihe technical findings as a \ "ole indicate that appropriaie analysis, inspéction, monitoring,
mitigation (including operatior il proceduras), and replacement technigues have been
developed so that thermal fatigue and flow-acceierated corrosion damage to feedwater
nozzies, piping, and feedrings can be managed effectively. This simply means the tools are
available to manage. However, thiy managing process requires detailed knowledge about
component and system design, construction, and materials; cognizance of operating
procedures (especially the potential for extended operation at startup or hot standby with
automatic auxiliary feedwater control); in-depth understanding of factors that cause
thermal fat'gue and flow-accelerated corrosion; and eaequate training in the use of
predictive analysis methods and advanced inspectior technicues. The staff at several PWR
piants have been proactive in managing this type of uamage.

An overview observation from the study is that plant specific aspects control both the
degree of susceptibility and the appropriate solution scheme to "manage the probiem".

Therefore, plant specific solutions would be anticipated as the rule rather than a generic
program,

The Office of Nuclear Reactor Regulation and Office of Nuclear Regulatory Research
provided review comments on drafts of this report. In addition, comments were received
from technical experts who provided information during plant visits or information in the
technical literature. The organizations included were the Tennessee Valley Authority,
Southern California Edison, Pacific Gas and Electric, Westinghouse Electric, and Electric
Power Research Institute.
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ABSTRACT

This report presents our review of the nuclear industry efforts to manage thermal fatigue, flow-accelerated
corrosion, and water hammer damage to pressurized water reactor (PWR) feedwater nozzles, ptping, and
fredrings. The review includes an evaluation of design modifications, operating procedure changes,
augmented inspection and monitoring programs, and mitigation, repair and replacement activities. Four
specific actions were taken to perform the evaluation: (a) review of field cxperience to identify trends of
operating events, (b) review of related technical literature, (c) visits to three PWR plants and a PWR vendor,
and (d) solicitation of information from eight other countries.

The characteristics and safety implications of the damage caused by flow stratification-induced thermal
fatigue are different than those caused by flow-accelerated corrosion. Thermal fatigue cracking has generally
occurred in a relatively local, safety-related portion of the feedwater piping inside the containment, whereas
wall-thinning caused by flow-accelerated corrosion has typically occurred, with few exceptions, in the non-
safety-related balance of plant piping outside the containment. Field experience has shown that through-wall
thermal fatigue cracks in the feedwater nozzles and piping have leaked and provided warning, whereas a
component damaged by flow-accelerated corrosion loses its strength and can fail catastrophically without
warning during normal operation.

The factors causing thermal fatigue and flow-accelerated corrosion are well understood. Inservice
inspection techniques are available for reliable detection and accurate sizing of thermal fatigue cracks. Cost-
effective radiographic techniques for measuring wall thinning are being developed. Modifications in the plant
operating procedures and the feedwater system designs have been made to mitigate thermal fatigue damage.
Optimized water chemistry has been developed for mitigating flow-accelerated corrosion damage to both
single- and two-phase portions of the PWR secondary systems. Corrosion resistant materials are used to
replace the carbon steel components damaged by flow-accelerated corrosion.

Our assessment of field experience is that the USNRC licensees have apparently taken sufficient action
to minimize the feedwater nozzle cracking caused by thermal fatigue and the wall thinning of J-tubes and
feedwater piping. However, we did not find specific industry actions to minimize the wali-thinning in
feedrings and thermal sleeves, but we found visual inspection being performed and repair when needed.

Our assessment of field experience also indicates that the USNRC licensees have taken sufficient action
to minimize steam generator water hammer in both top-feed and preheat steam generators. However, we have
not evaluated the industry efforts to minimize multiple check valve failures that have allowed backflow of
steam from a steam generator and have played a major role in several steam generator water hammer events.

A major finding of this review is that aualysis, inspection, monitoring, mitigation, and replacement
techniques have been developed for managing thermal fatigue and fiow-accelerated corrosion damage to
feedwater nozzles, piping, and feedrings. Adequate training and appropriate applications of these techniques
would ensure effective management of this damage. Several PWR plant operators have been proactive in
managing this damage.

Job Code E8238 - Specialized Technical Assistance
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EXECUTIVE SUMMARY

Pressurized water reactor (PWR) feedwater noz-
zles, piping, and feedrings have experienced
cracking and wall thinning during operation. The
cracking was caused by thermal fatigue resulting
from flow stratification, and the wall thinning was
caused by flow-accelerated corrosion.' In re-
sponse, the USNRC issued Bulletin 79-13 Crack-
ing in Feedwater System Piping (Revisions 0, 1, 2)
in 1979 and Bulletin 87-01 Thinning of Pipe Walls
in Nuclear Power Plants in 1987, requesting the
nuclear plant operators in the United States
(USNRC licensees) inspect susceptible regions of
their feedwater systems and take other specific
actions. NRC Bulletin 79-13 addressed the fatigue
cracking problem, and NRC Bulletin 87-01 ad-
dressed the wall-thinning problem. The USNRC
licensees performed the inspections requested by
the bulletins, made appropriate repairs and replace-
ments, and established corrective programs to
manage the cracking and wall thinning issues.
USNRC Bulletin 79-13 was closed in 1991,

The objective of this study was to evaluate the
effectiveness of industry efforts to manage thermal
fatigue, flow-accelerated corrosion, and water
hammer damage in feedwater piping. Four
specific actions were taken to accomplish the
objective: (a) review of field experience to identify
trends of operating events, (b) review of related
technical literature, (¢) visits to three PWR plants
where fatigue cracking occurred since the closure
of Bulletin 79-13 and a PWR vendor; and (d)
solicitation of information from eight other
countries.

The report surveys the relevant field experience
with PWR feedwater systems, assesses the factors
causing the damage, and evaluates the design

' In the United States, flow-accelerated corrosion is
commonly known as erosion-corrosion. We have used the
term flow-accelerated corrosion in this report because it
describes the degradation process causing the observed
wall thinning damage to the PWR feedwater piping. The
term flow-accelerated corrosion is now also used in France

where the term flow-assisted corrosion was used earlier

Xiii

modifications, operating procedure changes,
augmented inspection programs, and repair and
replacement activities that have been carried out
because of these problems. The effort focused on
a portion of the feedwater system adjacent to the
feedwater nozzle where fatigue cracking and wall
thinning have been reported in the field. This
portion of the feedwater system includes the main
and auxiliary feedwater piping adjacent to the
feedwater nozzle, and the thermal sleeve, feedring,
and J-tubes. The primary areas addressed in this
study are as follows: 1) feedwater system design,
2) safety significance of feedwater line ruptures, 3)
fatigue cracking experience, 4) flow-accelerated
corrosion-induced wall thinning experience, 5)
steam generator water hammer damage experience,
6) degradation mechanisms, 7) inservice nspection
methods, and 8) mitigation, monitoring, and
replacement.

Main and Auxiliary Feedwater System Designs.
Each PWR has main and auxiliary feedwater
systems, both of which are used to remove heat
from the reactor coolant system through the steam
generator tubes. The main feedwater system
provides the water required to maintain the steam
generator secondary side water level during normal
operation, whereas the auxiliary feedwater system
is used to maintain a heat sink in the steam
generators during design basis events such as a
reactor trip or a loss of offsite power. The
auxiliary feedwater system is also used in most
plants, to provide feedwater to the steam
generators during plant startup, hot standby, and
shutdown.

The main feedwater systems include multiple
trains of feedwater piping. The feedwater passes
through several feedwater heaters, pumps, common
headers, control valves, isolation valves, and check
valves, and then enters the steam generator through
the main feedwater nozzle. The main feedwater
systems are designed to handle large volumes of
water [for example, 6.8 x 10° kg/h (15 x 10° Ib/h)
at a typical 1,000 MWe unit]. The pressure and
temperature of that water increase from 2.0 to
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3.5 MPa (300 to 500 psia) and 160 to 204°C (320
to 400°F) at the discharge from the condensate
system 0 5.5 to 7.9 MPa (800 to 1150 psia) and
210 to 238°C (410 to 460°F) at the steam
generator inlet. The auxiliary feedwater source is
the condensate storage tank, which is typically at
about 38 to S0°C (100 to 120°F). (This
temperature can be lower than 38°C for plants
with the condensate storage tank located outdoors.)
The flow passes through parallel auxiliary
feedwater lines, each having an auxiliary feedwater
pump, check valves, control valves, and isolation
valves.

The thermal fatigue and flow-accelerated corrosion
in PWR feedwater systems depund, in part, on the
arrangement (design) of the system. The
arrangement of the feedwater system associated
with recirculating steam generators used in
Westinghouse and Combustion Engineering PWRs
and once-through steam generators used in
Babcock & Wilcox PWRs varies. In plants with
recirculating steam generators not equipped with
preheaters, the cold auxiliary feedwater is typically
discharged into the main feedwater line before
entering the steam generator. (However, there are
some exceptions. In at least one plant with the
recirculating steam generators that are not
equipped with preheaters, the auxiliary feedwater
1s discharged directly into the steam generators.)
This configuration introduces stratified flow in the
main feedwater line and makes it susceptible to
fatigue cracking. The main feedwater line is
connected to a nozzle located above the tube
bundle, which is in turn connected to a feedring
and J-tubes; the J-tubes distribute the feedwater in
the steam generator,

During plant startup, hot standby, and shutdown,
the typical source of feedwater to recirculating
steam generators not equipped with preheaters is
the auxiliary feedwater, main feedwater can pro-
vide the feedwater during these operations if a
plant is equipped with electrically driven main
feedwater pumps. Generally, this feedwater is
cold, but in two Westinghouse PWRs, Wolf Creek
and Callaway, a special startup system is provided
to supply heated feedwater to the steam generator
during startup, hot standby, and shutdown The
main objective of the special startup system is to
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avoid flow stratification-induced thermal fatigue
cracking of the feedwater nozzle and piping.

In plants with preheater-equipped recirculating
steam generators, the main feedwater nozzle is
located near the tubesheet on . « c~la-leg side and
the cold auxiliary feedwater is discharged directly
into the steam generator above the tube bundle. In
these plants, the main feedwater is also discharged
into the steam generators through the auxiliary
feedwater nozzle during startup (when the power
is less than about 15 to 20% of full power), which
eliminates the possibility of a condensation-in-
duced water hammer in the preheater. At the 15 to
20% power level, a very small amount of main
feedwater flow is directed through the main feed-
water nozzle, which slowly flushes the cold feed-
water from the piping downstream of the main
feedwater isolation valve and warms up the piping.
The main purpose of warming up the piping is to
prevent the cold feedwater from collapsing any
steam bubbles in the preheater section, which
could cause water hammer damage to the pre-
heater. The small amount of feedwater flow used
for flushing causes thermal stiatification in the
main feedwater nozzle and adjacent piping with a
top-to-bottom temperature difference, for example,
of about 164°C (295°F). The main feedwater
nozzles of the preheater-equipped steam generators
have been designed for these stratified flow cycles.
At full power, about 14 to 18% of the main feed-
water flow is diverted to the auxiliary feedwater
nozzle and then into the steam generator. The
purpose of splitting the flow during operation,
which was not included in the original design, was
to reduce fretting damage to the steam generator
tubes in the preheater section of some
Westinghouse-designed steam generators. How-
ever, the auxiliary feedwater piping and the pre-
heater bypass line were not designed for this high
flow during operation and, as a result, have experi-
enced significant wall thinning caused by flow-
accelerated corrosion.

In plants with once-through steam generators, the
main and auxiliary feedwater pass through separate
headers located external to the steam generator
shell. The feedwater from the headers is intro-
duced into the steam generator through several
risers which function like J-tubes in keeping the



headers full of water. This configuration does not
introduce stratified flows in the main feedwater
line

Safety Significance of Feedwater Line Rupture.
Main feedwater line rupture is a design basis
accident; its consequences include a potential for
core damage. The rupture reduces the ability to
remove heat generated by the core from the reactor
coolant system. In addition, the resulting loss of
feedwater would activate and challenge
safety-related systems to cool the reactor core
hermal fatigue has caused through-wall cracking,
but no ruptures of cracked pipes have been
reporied. However, a cracked feedwater pipe
could rupture if it were subjected to seismic or

water hammer loads The USNRC has not

acceptes *== lcak-before-break concept for PWR
feedwater lines. Flow-accelerated corrosion has
caused significant wall-thinning of main feedwater
piping and, in a few cases, it has resulted in

rupture

l'he consequences of a major feedwater line
rupture depend on the size and location of the
break and the plant operating conditions. If the
hreak occurs between the steam generator and the
first check valve on the feedwater piping,
secondary coolant from the steam generator can be
discharged through the break. The faulted steam
generator would rapidly depressurize and as a
result, the differential pressure across the faulted
steam generator tubes would increase and multiple
ruptures of degraded steam generator tubes n‘.lghl
occur. If the first check valve is outside the
containment and the break is between the
containment wall and the check valve, tube leakage
would cause release of radioactive products
through the break into the environment

Field Experience Related to Fatigue Cracking.
FWR feedwater nozzle cracks were first discovered
at the D. C. Cook Unit 2 plant ia 1979. As a
result, the USNRC issued Bulletin 79-13
Inspections conducted in response to the Bulletin
revealed instances of cracking in 18 PWRs, 16 of
Westinghouse design and two of Combustion
Engineering design. Only the cracks found in the
two D. C. Cook Unit 2 feedwater nozzles were
through-wall cracks. Typical cracks were trans-

granular with a circumferential orentation,
initiated at the inside surface, and located at
geometric disconfinuities in the counterbore region
or at nozzle-to-pipe welds. Metallographic studies
of the cracked feedwater nozzle samples
determined that the cracking was caused by
thermal fatigue. Laboratory and field testing
indicated that the root cause of cracking was
thermal stratification between cold auxiliary
feedwater and hot steam generator secondary
coolant

Thermal fatigue cracking of feedwater piping has
generally not been reported at plants where the
auxiliary feedwater is introduced into the steam
generator shell rather than into the main feedwater
line; however, in at least one case, fatigue cracking
in an auxiliary feedwater nozzle inside radius
region has been reported. This cracking occurred
because of cold coolant leaking into the gap
between the auxiliary feedwater nozzie and its
thermal sleeve

After the inspections conducted in response to
NRC Bul'etin 79-13 were completed and licensees
had performed appropriate repairs and established
other corrective actions (approximately from 1979
through 1983), eight more PWRs experienced
feedwater nozzle cracking (trom 1983 through
1991). Most of these fatigue cracks were similar to
those discovered in the 1979 round of inspections,
but there were two notable exceptions: leakage at
Maine Yankee in 1983, and extensive cracking at
Indian Point 2 during the 1989 to 1991 period
I'he Maine Yankee cracking resulted in a leak
when a water hammer caused fracture of an already
existing fatigue crack located in the counterbore
region of the feedwater line. Fatigue cracking
occurred at several locations in the Indian Point 2
steam generators, including the pipe-to-nozzle
weld region, the feedwater nozzle bore region
under the thermal sleeve, the nozzle inner radius
section, and the heat-affected zone of the weld
between the feedwater nozzle and the steam
generator shell of two steam generators. The
cracking in the nozzle bore and blend radius was
caused by coiu feedwater leaking through a small
gap between the nozzle and the thermal sleeve. A
feedwater nozzie sealing sleeve was installed in
1991 to eliminate leakage of cold feedwater into
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the gap between the thermal sleeve and nozzle and
thus mitigate the nozzle cracking. Similar cracking
has been reported in a main feedwater nozzle in a
non-US. PWR and in an auxiliary feedwater
nozzle in a U.S. PWR, as mentioned earlier.

Cracking events in PWR feedwater nozzles have
continued to occur since the 1991 closeout of NRC
Bulletin 79-13. Leakage through a circumferential
crack was found at Sequoyah Unit | in March
1992. The crack was located at the feedwater
nozzle-to-transition piece weld region at a geomet-
ric discontinuity. Metallographic examination
revealed that significant cracking was present at
five out of eight feedwater nozzles for Units 1 and
2. Most of the major cracks were located on the
transition piece side of the weld but two of the
major cracks were located on the nozzle side of the
weld. During earlier ultrasonic inspections, there
were indications recorded at the sites of the cracks,
but they were misinterpreted as geometry effects.
All the transition pieces were replaced. A subse-
quent ultrasonic examination at Sequoyah in April
1993 revealed cracking in five of the eight replaced
transition pieces; radiographic examination was not
able to confirm any of these indications.

The root cause of the cracking at the Sequoyah
plants was attributec ‘o thermal fatigue caused by
periodic thermal stratification when cold auxiliary
feedwater was injected into the main feedwater line
and then into the steam generator during hot
standby operations. The on-off operation of the
auxiliary feedwater flow during the automatic
mode of operation produced about three cycles of
thermal stratification every hour during hot stand-
oy. After the 1993 discovery of cracks, the operat-
ing procedures were modified to reduce the time
for on-off operation of the auxiliary feedwater flow
and to minimize the fluctuations in the flow rate.
The other corrective actions included improved
inservice inspection procedures, use of enhanced
ultrasonic examination techniques, and better
training of inservice inspection personnel. In
addition, long thermal liners were installed in two
feedwater nozzles to protect the nozzle-to-transi-
tion piece weld, transition piece, and transition
piece-to-elbow weld.
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In September 1992, enhanced uitrasonic examina-
tion revealed circumferential indications in the
counterbore region of the feedwater nozzles at
Diablo Canyon Unit 1. Metallographic examina-
tions of samples removed from the counterbore
region showed *hai the ultrasonic examination
overestimated the crack size; a crack that was
identified by ultrasonic examination as 8.9-mm
(0.35-in.) deep was found to be only about one
tenth that depth. Segregates found in the material
near the crack location may have caused the incor-
rect sizing by the ultrasonic examination. The root
cause of the cracking was the same as that identi-
fied for the cracking at the Sequoyah plants. The
licensee replaced the damaged portion of piping at
all four Unit | feedwater nozzles, and the auxiliary
feedwater cycles are being monitored at both units.
Thermal sleeves and feedrings have experienced
wall thinning at these two units, as discussed later
in this summary.

Ultrasonic examination of the safe ends of the San
Onofre Unit 3 feedwater nozzles during 1993
revealed circumferential cracking. It was deter-
mined that periodic thermal stratification resulting
from the earlier on-off operation of the auxiliary
feedwater flow was the root cause of this cracking.
In 1985, the licensee modified operation of the
auxiliary reedwater flow to minimize the fluctua-
tions in the flow rate. The corrective actions
included weld repair of the cracks and use of an
augmented inservice inspection program.

Inservice inspections during 1992 and 1993 re-
vealed several unacceptable indications in the
feedwater nozzle welds for Salem Unit | and the
Haddam Neck plant. The indications were re-
moved by grinding. Circumferential cracking at
feedwater nozzle welds has been reported in
Belgian, Swiss, French and German PWRs.

Field Experience Related to Flow-Accelerated
Corrosion. Flow-accelerated corrosion has caused
significant wall thinning of the feedwater piping
outside the containment at a number of plants,
resulting in failures at several of these plants
including the failures at the Trojan plant in 1985
and Surry Unit 2 in 1986. A pressure pulse
ultimately caused a rupture of the damaged piping
at both Trojan and Surry Unit 2. There was no



leak or other warning signs indicating incipient
failure during either event. Eight workers were
burned by flashing feedwater during the Surry
accident, four of whom subsequently died. As a
resuit of the Surry accident, the USNRC issued
Bulletin 87-01 requesting all utilities with
operating nuclear power plants to inspect their
high-energy carbon steel piping.

There has also been evidence of damage caused by
flow-accelerated corrosion in the safety-related
portion of the feedwater piping inside the contain-
ment. However, in one instance, it was later found
that certain damage was not caused by flow-accel-
erated corrosion. In 1987, it was initially reported
that flow-accelerated corrosion caused significant
wall thinning in the horizontal and vertical portions
of the feedwater piping inside the containment at
the Trojan plant. These portions of the piping
were not considered susceptible to flow-acceler-
ated corrosion damage and not included in the
inspection program because they were at least
seven pipe diameters away from an elbow or any
other fittings that could cause turbulence. How-
ever, after further analysis the plant operator
determined that the damage to these horizontal and
vertical portions of the piping was minor and
judged not caused by flow-accelerated corrosion
but was rather tio~ an initial manufacturing
detect. No other util,  has reported flow-acceler-
ated corrosion damage in straight piping away
from discontinuities. Further inspection of -1 the
high-energy carbon steel piping at Trojan revealed
v.all thinning at about 30 additional sites, 10 of
which were in the safety-related portion of the
feedwater system (portion of the system inside the
containment), whereas the remaining sites were in
the nonsafety-related piping. Failure analysis
indicated that flow-accelerated corrosion caused
the wall thinning at these additional sites. Failure
analysis also indicated that cavitation caused by
severe flow conditions at the pump discharge
elbows also contributed to the wali thinning at the
sites in the nonsafety-related piping.

Flow-accelerated corrosion induced wall thinning
has resulted in sevecal feedwater piping ruptures at
non-U.S. plarts. In 1990, a feedwater pipe at
Loviisa Unit | ruptured when the plant was
operating at full power. The failure location was
immediately downstream of a flowmeter flange.

XVi

Three reasons have been reported for the Loviisa
wall thinning: (1) neutral water chemistry (cold
pH = 7) with low dissolved oxygen, (2) a
geometric discontinuity introduced by a flow
orifice that produced high flow velocities, and (3)
the low-alloy content of the piping material.
Nonradioactive water and steam released from the
ruptured pipe caused significant damage to nearby
cables and small piping, but no important functions
were lost.

Generally, the auxiliary feedwater «ystem is in
standby during normal operation and, therefore,
not susceptible to flow-accelerated corrosion
damage. However, for some Westinghouse
recirculating steam generators equipped with pre-
heaters, a small portion of the main feedwater flow
is diverted through the auxiliary feedwater line
during normal operation to reduce fretting damage
to the steam generator tubes in the preheater
region. This diversion of main feedwater has
resulted in significant wall thinning of the auxiliary
feedwater piping in some of those Westinghouse
plants. If this piping had ruptured, the break
would not have been isolable and would have
resulted in the steam generator coolant being
released outside the containment.

The carbon steel J-tubes and feedrings in the top-
feed recirculating steam generators have also
experienced significant wall thinning caused by
flow-accelerated corrosion. Wall thinning and
through-wall penetration of the original carbon
steel J-tubes were reported in the late 1970s; and
they were replaced with stainless steel or Alloy 600
J-tubes. However, the joint design between the
new J-tubes and the feedring introduced geometric
discontinuities on the inside surface of the feed-
ring. The resulting turbulence has caused wall
thinning of the feedrings at the Diablo Canyon,
Surry, and North Anna plants.

Thinning of thermal sleeves has been reported at
the Salem Unit 1, Diablo Canyon Units | and 2,
Prairie Island, Trojan, San Onofre, and Arkansas
Nuclear One Unit 2 plants. The damage mecha-
nism was flow-accelerated corrosion. The result-
ing increased gap between the feedwater nozzle
and the thermal sleeve permits increased bypass
leakage of the colder feedwater into the hot steam
generator coolant present near the nozzle blend
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radius region. Such bypass leakage caused crack-
ing of the nozzle at the Indian Point 2 plant.
Monitoring of the nozzle wall temperatures can aid
in detecting leakage taking place because of thin-
ning of the thermal sleeves. The repair at the
Diablo Canyon plant included installation of a
forging that protects the leading edge of the ther-
mal sleeve from flow-accelerated corrosion and
protects the nozzle from fatigue damage. Installa-
tion of a thermal liner at D. C. Cook, Sequoyah,
Beaver Valley and other PWR plants also provide
similar protection to the thermal sleeve and the
nozzle.

Field Experience Related to Steam Generator
Water Hammer. The portions of the main and
auxiliary feedwater piping adjacent to main and
auxiliary feedwater nozzles have been damaged by
steam generator water hammer, which is caused by
the collapse of a steam bubble. The sequence of
events leading to steam generator water hammer is
as follows: (a) when a feedring with bottom-
discharge holes is uncovered, the upper portion of
the drained feedring and the horizontal length of
the adjacent feedwater piping is filled with steam;
(b) the auxiliary feedwater flow, which is resumed
shortly, enters the horizontal length of the piping
and flows under the steam blanket; (c) if the flow
rate is high, the resuiting turbulence seals off a
pocket of steam and forms a slug of cold water; (d)
the trapped steam condenses rapidly and, as a
result, the slug accelerates into the void, and (e)
finally the slug traveling with a high velocity
impacts an incoming water column and a pressure
pulse is produced. The magnitude of the pressure
pulse depends on the slug velocity, which is
determined by the distance (horizontal length of
the adjacent piping) it has traveled.

About 37 steam generator water hammer events
associated with the main and auxiliary feedwater
lines of 17 top-feed generators have been reported.
Five of these events occurred prior to commercial
operation, whereas the others occurred afterward.
The data show that the reported occurrences of
steam generator water hammer events dramatically
decreasd after 1979; 28 events occurred during
the 1970s, whereas only 6 occurred during the
1980s. A few steam generator water hammer
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events associated with the auxiliary feedwater line
have also been reported.

Water hammer damage was typically limited to the
plant piping support system. However, in a few
cases water hammer events have resulted in
significant damage to the steam generator internals,
including cracked feedrings and expanded thermal
sleeves, and cracking and bulging of the main
feedwater line. The most damaging event was at
Indian Point Unit 2 in 1973, which resulted in a
180-degree circumferential through-wall crack in
a 460-mm (18-in.) diameter main feedwater line at
the containment penetration. To preclude the
recurrence of water hammer events, the feedring
was modified to prevent rapid draining by
plugging the sparging holes and installing J-tubes
on the top of the ring. In addition, the elevation of
the long horizontal run of feedwater piping outside
the steam generator was lowered about 0.4 m (16
in.) to prevent the water in this horizontal run from
draining into the steam generator whenever the
water level in the steam generator dropped below
the feedring.

In 1983, a water halnmer occurred at the Maine
Yankee plant about 15 minutes after the reactor
tripped from full power. The water hammer
caused rupture of a main feedwater line near the
steam generator feedwater nozzle where a
preexisting fatigue crack caused by flow
stratification was most likely present. Each steam
generator feedring was later modified by closing
offall 76 bottom-mounted, 25-mm (1 -in.) diameter
nozzies and instaliing 28 top-mounted, 90-mm
(3.5-in.) diameter elbows. Other preventive
actions included removing stress raisers from the
pipe inside surface and modifying operations
instruction and guidance to reduce the probability
of thermal cycling and steam generator water
hammer events.

In 1985, a severe water hammer occurred at San
Onofre Unit 1. The events leading to water ham-
mer included loss of power to a main feedwater
pump while another one remained energized;
failures of multiple check valves that allowed back
flow of high-pressure feedwater which ruptured a
condenser tube; drainage of the feedwater through



a ruptured condenser tube; and filling of a long,
horizonta! portion of the main feedwater line with
steam from the steam generator. Water hammer
occurred when the auxiliary feedwater flow was
established and the isolation valves and flow
control valves were closed. As a result, the
254-mm (10-in.) diameter pipe inside the contain-
ment was distorted from its original configuration,
pipe supports were damaged, and a 2-m (80-in.)
long crack was developed. The corrective actions
included replacing faulty and damaged check
valves, implementing logic which closes the flow-
control valves upon a loss of main feedwater, and
installing redundant check valves in the feed water

piping.

Theprehwnz_...gmmorswmnm«zxpoctedto
experience water hammer events because the
lessons learned from the experience with the water
hammer events associated with the top-feed steam
generators were incorporated in the preheat steam
generator designs. However, a water hammer
occurred in the auxiliary feedwater line of a
preheat steam generator at KRSKO, a two-loop
Westinghouse plant in the former Yugoslavia,
during preoperational testing of the auxiliary
feedwater line. The water hammer was caused by
a steam bubble collapse in an auxiliary feedwater
line during a hot functional test in July 1981. The
horizontal portion of the line where the water
hammer occurred was about 50 ft below the
auxiliary feedwater nozzle. Damage was mainly
limit.d to inside the containment: ihe piping was
shifted and bulged about 6 mm (0.25 in.) near the
secondary wall (the probable location of water slug
impact), and the pipe hangers were damaged. The
piping movement was negligible in the
intermediate building, but paint on the auxiliary
feedwater piping was blistered back to the motor-
driven auxiliary feedwater pumps. The sequence
of events that led to ine KRSKO water hammer are
not well understood. However, the observed paint
damage implies that significant back leakage of
steam from the steam generator through the
auxiliary feedwater line must have taken place, and
several check valves in the auxiliary feedwater
lines must have leaked.

X1X

Degradation Mechanisms. The characteristics
of the damage caused by thermal fatigue are
different from those caused by flow-accelerated
corrosion. Thermal fatigue cracking generally
occurs in a relatively local, safety-related portion of
the feedwater piping inside the containment,
whereas wall-thinning caused by flow-accelerated
corrosion typically occurs, with few exceptions, in
the non-safety related balance-of-plant piping
outside the containment. A through-wall crack
caused by thermal fatigue will generally leak
before the component ruptures. However, during
an unlikely event resulting in a large overload, a
pipe with fatigue cracks might fail catastrophically
with no prior leakage. A component damaged by
flow-accelerated corrosion loses its strength and
can fail under normal operating pressure; a large
fitting or pipe might fail catastrophically without
warning.

Sites susceptible to thermal fatigue cracking have
only been found in those horizontal portions of the
piping and nozzles where stratified flows and
coolant leakage, respectively, are present; these
locations are generally well identified. Sites
susceptible to flow-accelerated corrosion are found
throughout the feedwater system where the fluid
velocities are high and very low-alloy content
piping materials are present. These sites are
difficult to identify without predictive analysis.

Three different phenomena have caused thermal
fatigue damage to PWR feedwater piping: local
thermal stratification and thermal striping caused
by the flow stratification, and turbulent mixing
caused by the bypass leakage through the gap
between the thermal sleeve and feedwater nozzle.
The most severe fatigue cracking is caused by local
thermal stratification. Factors causing high
stresses during thermal stratification are the
temperature difference between the hot steam
generator coolant and the cold auxiliary feedwater,
and geometric discontinuities on the inside surface
of the feedwater piping. The stress distributions
resulting from thermal stratification are complex
because of the feedwater nozzle and elbow end
constraint effects and because of the geometric
discontinuities at the inside surface of the piping.
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I'he temperature distrioution in # pipe wail caused
by thermal stratification is plant-snecific, because
in addition 10 the differential tempe -ature between
the hot and cold stratified fluids and the flow rate
it depends on the piping configuratior . Therefore,
the results from certain laboratory tests or from
some plants may not be directiy applicable to
anothe, piont

I'hermal striping wske< place when high relative
velocities between the hot and cold coolants are
present and, as a resuli, the gradient Richardson
number 1s small (for example, less than 0.25). The
gradient Richardson number is the ratio of the
density gradient and horizontal velocity gradient
across the thickness of the interface layer between
the hot and cold coolants. Stresses produced by
thermal striping can initiate cracks on the inside
surface but do not cause any significant crack
propagation through the thickness, because
through-thickness stresses attenuate rapidly. It
appears that thermal striping might have contrib-
uted to imitiation of some fatigue cracks found in
the feedwater piping. As discussed above, bypass
leakage through the gap between the thermal
sleeve and feedwater nozzle has caused fatigue
cracking in the nczzle bore, nozzle inside radius
and steam generator she.l. It is not known whether
such crack:: g is a coramon occurrence. Thermal
cyching ¢u.ld cause cracking in the auxiliary
feedwater piping where it connects to the main
feedwater line. However, such cracking has not

been reported

rlow-accelerated corrosion of carbon steel
feedwater piping occurs through dissolution of a
porous oxide layer of magnetite present on the
inside surface of piping and simultaneous
formation of a new oxide layer at the metal-oxide
intertace, a process that reduces the piping wall
thickness over time. Tl.e kinetics of metal removal
by an oxide dissolutior process are linear (that is,
the corrosion rate is constant in time). The wali
thinning rates observed in the field are essentially
constant when the influencing factors do not vary
Severely corroded large-diameter piping surfaces
produced by single-phase flow-accelerated
corrosion are characterized by overlapping
horseshoe pits that give an orange peel appearance
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Laboratory test results and data from operating
plants have identified several factors that affect
flow-accelerated corrosion rates, these factors may
be divided in three groups: (a) hydrodynamic
variables — fluid velocity, pipe roughness, and
flow path geometry defined by piping configura-
tion, (b) metallurgical variables — weight percent
of chromium, molybdenum and copper in the steel
and (¢) environmental variables — coolant temper-
ature and water chemistry including dissolved
oxygen, pH, and the amine used for pH control

All PWR plants in *he United States use the
CHECWORKS coac ior its predecessor code
CHECMATE) for estimating flow-: »lerated
corrosion rates. This code has cap. s for
estimating parameters (such as local water
chemistry and flow rate) that affect corrosion rates,
and for predicting corrnsion rates and helping to
select inspection locations. This computer code
was developed by the Electric Power Research
Institute and is based on laboratory data from
France, England, and Germany, and a set of U.S
plant data. The code has been validated using
another set of U.S. plant data, different from the
one used to develop the model. The comy arison
between the predicted results and measurements
show that the code predicts flow-accelerated
corrosion rates within £50%. The main sources of
uncertainties are associated with the original
thickness and thickness profile of the piping
components, trace amounts of alloy content in the
piping material, actual number of hours of
operation, plant chemistry history, and
discontinuities on the inside surface of the piping

Inservice Inspection. Conventional amplitude
based ultrasonic testing (UT) techniques can detect
fatigue cracks in ferritic steel piping but have a
very poor sizing capability for these cracks. This
18 illustrated by the round robin UT inspections of
thermal fatigue cracks in clad, ferritic steel piping
conducted in 1981 by the Pacific Northwest
Laboratory. Enhanced UT techniques such as tip
diffraction techniques can accurately size the depth
of the fatigue cracks. Creeping wave and related
mode conversion techniques are also used to detect
and qualtatively size fatigue cracks. Radiographic
examinations are not adequate for detecting tight
thermal fatigue cracks but can detect the cracks




that are open and filled with corrosion products
Use of an imaging technique such as Synthetic-
Aperture Focusing Techmque for Ultrasonic
l'esting (SAFT-UT) can provide accurate s.zing of
a crack

I'he phased array technique is used for inservice
ims»ection of components such as feedwater
noz.les which have a complex geometry, and have
very limited access and clearance. Computer
modeling can help in determining the best position
and angle for a given probe for inspecting a crack
of given size and orientation, located in the nozzle

inside radius region

serimination of reflectors, such as geometny

ts, inclusions, and crack tips, i1s essential for

sble detection and accurate sizing of fatigue

racks. UUse of more than one inspection technique

can provide more reliable sizing of the cracks

Impletnentation of the mandatory Appendix VIII,

Performance Demonstrations for Ultrason::

Examination Systems, of ASME Section X1 will

improve the reliability of detection and the
accuracy of sizing of thermal fatigue cracks

Risk-based criteria for selection of inspection sites
Are also being Jt‘»Ll“Pt‘d Use of these criteria
would result in the inspection of locations such as

winterbores that are susceptible to thermal fatigue
cracking, these locations have often been missed

by the current ASME Code selection criteria

f conventional radiographic testing for
thickness measurements is limited to small
diameter piping, inspection of large-diameter
piping requires longer exXposure umes rc‘\uhmg in
mgher costs and increased personnel exposure

¢ main advantage of radiography 1s that it does
ot require removal of the insulation Use of

Imless radiography with phosphor plates is being
evaluated in the field. This technique 1s expected
to dramatically reduce the -xposure dose and
significantly reduce the nspection time and

personne safety  concerns associated with

performing radiography within a plant

Manual UT is the most commonly used inspection
method for the detection and trending of changes

n the wall thickness because of 1ts accuracy and

relatively low cost. A properly conducted UT
examination can estimate the pipe wall thickness to
within 5% of the actual value. Industry practice is
to overlay a grid on the pipe wall and then spot
measure the thickness at each grid location

The computer code CHECWORKS (or the earlier
CHECMATE) discussed above is used by all U.S
PWR utilities for heiping to select inservice
inspection locations in feedwater piping. Some
utilities perform inspections at additional locations
based on industry experience or because of the
uncertainties associated with several input
parameters to the code

Mitigation, Monitoring, and Replacement. |se
of continuous auxiliary feedwater flow rather than
intermittent flow significantly reduces the thermal
fatigue damage to feedwater piping. Several
utilities have implemented continuous flow
operation by making physical modifications to the
feedwater system and changes in the operating
procedures. Also, some plants use heated main
feedwater during plant startup and hot standby
conditions to mitigate the thermal fatigue damage
in the feedwater nozzle region

I'vo design changes that reduce the thermal
stresses produced by stratified flows include a

redesign of the counterbore to reduce the stress
raiser, and installation of a thermal liner to protect
the counterbore and other susceptible sites fron
thermal fatigue damage. Several design changes
have been made by Framatome and Siemens/KW1

to reduce or eliminate the occurrence of flow
stratification. These changes include, for example
installation of an antistratification device that
breaks down the stratification by mixing the hot
and cold coolants, and incorporation of an upward
bend in the piping connecting the thermal sleeve t

the feedring inside the steam generator. This anti-
siphon configuration prevents backflow from the
steam generator

Use of a fatigue monitoring system can assist in
detecting the presence of thermal stratification and
in predicting temperature distributions and flow
rates so that the fatigue usage can be estimated
more accurately
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Low-alloy steels Mo steel (SA-
334 (srade P ' ’ teel (SA 11&
Grade P22), a itic sta steel, and Alloy
600 are used to replace | existing carbon steel
piping when excessive wall thinning caused by
flow-accelerated ¢ I'he presence
f 0.1 wt% or more ¢ vides protection

against {

Fhe optimum pH 1n the PWR secondary steam
water system 1s generally achieved by the addition
of reagents such as ammonia, morpholine, and
ethanolamine in the demineralized water. These
amines are nd neretore, mamntain a
hghtly allkkaline ingle-phase and
phase regin f the s¢ iry system, which
luces the flow-accelerated corrosion in the entire
mainly a compro

rrosion of piping

teel and copper

wed for pH control in

pper alloy materals

however, the cold ['H

up to 9.7, to avoid

Morpholine s
with copper

i condensers
of 881092,
lishers An
¢ present
Hcates that
in ;.1!!‘)71"

IOWer

Several design modifications and operational
procedure changes made to the feedwater systems
in the 1970s and 1980s appear to be adequate for
preventing water hammer in the top-feed steam
generators, no water hammer events have been
reported recently l'he holes in the bottom
discharge feedring were plugged, and J-tubes or
discharge elbows were installed on the top uf the
feedring lhis modification prevents rapid
draining of the feedring when it is uncovered. In
addition, the length of the horizontal run of
teedwater piping was reduced to less than 2 44 m
(8 ft) so that the magnitude of the pressure pulse
resulting from the water hammer is sufficiently
reduced. In some new steam generators, the
thermal sleeve is welded to the feedwater pipe to

stop the drainage through the gap between the

sleeve and the nozzle in the event the feedring is
uncovered l'he operating procedure change
required prompt resumption of feedwater flow int
the steam generator to minimize the amount of
steam that enters the feedring and piping
However, the feedwater flow rate must be limited
to about 570 Vmin (150 gpm) so that a slug of cold

water does not form

Findings. Our assessment of field experience
related to PWR feedwater nozzle cracking is that
the USNRC licensees have apparently taker
sufficient actions to minimize the feedwater nozzle

cracking caused by thermal fatigue. As a result of

the examinations conducted in response u dulletin

'9-13, feedwater nozzle ?d’w:;‘.xi Cracking was

detected in 18 PWRs during 1979 to 1983. Then

there was about one fatigue cracking event per vear
the bulietin closure

frequenc it feedwater nozzle

increased to six per

But since then throug

identihied anvy additional

event

Our assessment of hield expenence related 1o flow

acceierated corrosion damage shows four compo

nents in the portion of the teedwater piping withir

the scope of this report that have experienced

sigmbicant wall thinnir carbon steel J-tubes

teedrings, and therma the top-feed




steam generators, and auxiliary feedwater lines in
the preheat steam generators. The USNRC licens-
ees have taken sufficient action to minimize the
wa!" “*inning in J-tubes and auxiliary feedwater
lines. However, we did not find specific industry
actions to minimize the wall thinning in feedrings
and thermal sleeves, but we found visual inspec-
tion being performed and repair when needed

Our assessment of field experience related to steam
generator water hammer damage indicates that the
USNRC licensees have taken sufficient action to
minimize water hammer in both top-feed and
preheat steam generators. However, we have not
valuated the industry efforts to minimize the
multiple check valve failures that have played a
major role In several steam generator water

nammer events
major technical findings are as follows

l'he characteristics of the damage caused by
thermal fatigue are different than those caused
by flow-accelerated corrosion I'hermal
fatigue cracking generally occurs n a
relatively local, safety-related portion of the
feedwater piping inside the containment,
whereas wall-thinning caused by flow-
accelerated corrosion typically occurs, with
few exceptions, in the non-safety related
balance-of-plan piping outside the

mtammment

A through-wall crack caused bv thermal fa
| generally leak long before the com

ponent ruptures. However, during an unlikely
\d, a pipe with fatigue

cally without any

onent damaged by flow

accelerated corrosion loses its strength and can fail
under normal operating pressure; a large fitting or
piping might fail catastrophically without any
warming

Sites susceptible to thermal fatigue cracking
are found in those portions of the feedwater
piping and nozzles where stratified flows and
coolant leakage, respectively, are present
these locations are generally well identified
Sites susceptible t w-accelerated corrosion
are found throughout the feedwater system and
are difficult to identify without predictive

analvsis because several factors are involved

I'he factors causing thermal fatigue and flow
accelerated ¢ ) lamage are well
understood. Ad | ultrasonic examination
techniques car bly characterize
thermal fatigue cracks Cost-eftective
radiographic techniques stimating wall
thickness are being vel as a means to

assess flow-accelerated corrosion damage

Several effective , have been
developed for mor ng tigating, and

repairing the damaj aused by thermal

he
’i‘l‘Lk”'\ and ﬂ W-AC( ieraied Osion

I'he above findings appropriate
analysis, inspection, n ring. mitigation, and
replacement techniqu devel ‘;v('d for
managing thermal fa | flow-accelerated
corrosion damage 1 eedwater nozzles, piping
and feedr ] appropriate
appiications « 1eS¢C 1€ C i ensure
effective management he damage Several

PWR i

managi
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AFW
ANSI

ASME

5T™

B&W
BWR
CANDU
CERL
CHECWORKS
C1
DA(
EPRI
FATS
HPSI
1GSC(
IS]
JAPEI(
LVD]
MFIV
MINA(
M1
NDI
NPS
NSP
NSSS
oD
OECD
PARIS
PATT
P1S(
PNI
PSli
PWR
RCS
RHR
RMS
R1
RTD
RTR
SAFT-UT
SNUPPS
SPO1
'EMP
TOFD
USAS
UUSNR(
L

ACRONYMS

auxiliary feedwater

American National Standards Institute
American Society of Mechanical Engineers
American Society for Testing and Materials
Babcock and Wilcox

boiling water reactor

Canadian Deuterium Uranium

Central Electric Research Laboratories
Chexal-Horowitz Engineering-Corrosion WORK Station
computer tomography

distance amplitude correction

Electric Power Research Institute

Focused Array Transducer System

high pressure safety injection

intergranular stress corrosion cracking
inservice inspection

Japan Power Engineering and Inspection Corporation
linear variable differential transformer

main feedwater isolation valve

miniature linear accelerator

magnetic particle testing

non-destructive examination

nominal pipe size

Northern States Power

nuclear steam supply system

outside diameter

Organization for Economic Cooperation and Development
Portable Automated Remote Inspection System
pulse arrival time techniques

Program for Inspection of Steel Components
Pacific Northwest Laboratory

preservice inspection

pressurized water reactor

reactor coolant system

residual heat removal

root mean square

radiographic testing

Rontgen Technische Dienst

real time radiography

Synthetic Aperture Focusing Technique for Ultrasonic Testing
Standard Nuclear Unit Power Plant System
Satellite Pulse Observation Technique
T'ransient ElectroMagnetic Probe

time of flight diffraction

United States of America Standard

United States Nuclear Regulatory Commission
ultrasonic testing

NUREG/CR-6456




ACKNOWLEDGMENTS

We acknowledge the significant role played by E. J. Brown of the United States Nuclear Regulatory
Commission (USNRC) in providing technical guidance and several reviews of the report. We also
acknowledge E. A. Trager and J. R. Boardman of USNRC in providing programmatic guidance

We sincerely thank the following technical experts for providing information during the plant visits and
reviewing the report: G. Wade, K. House, W. Goins, M. Lee, T. Greer, and W. C. Luawig of Tennessee
Valley Authority; the late E. Regala and S. Shaw of Southem California Edition; and P. Hirschberg,
H. J. Thailer, D. Gonzalez, L. F. Goyette, and K. J. Dalal of Pacific Gas and Electric. The authors also thank
W. Cullen, J. Houtman, W. Bamford, D. Kurek, D. Popovich, A. Thurman, and C. Hu of Westinghouse
Electric for providing technical information about the fatigue cracking in feedwater nozzles and reviewing the
repon

We sincerely thank R. E. Johnson of USNRC and P. E. MacDonald of Lockheed Martin Idaho
Technologies Company (LMITCO) for an in-depth, critical review of the entire report. We also thank
L. F. Goyette of Pacific Gas and Electric for several discussions on flow-accelerated corrosion damage to
feedwater piping

We sincerely acknowledge the following technica! experts for reviewing several sections of the report:
D. Munson, R. Carter, S. R. Gosselin and their coworkers at the Electric Power Research Institute;
K. Parczewski, M. Hartzman and D. Terao of USNRC; and J. A. Seydel, M. T. Anderson, M. B. Sattison,
J. F. Cook and W. J. Galyean of LMITCO. We would like to thank D. A. Prawdzik, W. F. Steinke, and
J. B. Hudson also of LMITCO for providing description of several special features of the feedwater system

operation. The authors w ulid like to acknowledge the efforts of S. T. Khericha in preparing parts of Section
2and 5

We sincerely acknowledge J. H. Bryce for providing the programmatic guidance and performing an
editorial review of the complete report. Our thanks to the Idaho National Engineering Laboratory technical
library staff for their prompt and courteous response to our numerous requests for technical reports and papers
Our special thanks to L. Brown for performing many searches for the documents in the Nuclear Documents
System. We also thank A J. Haroldsen and C. E. White for preparing 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>