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ABSTRACT

This reponpresents anassessmentof theaging (time-dependentdegradation) of selected major
lightwaterreactorcomponents and structures. Thestressors,possibledegradationsitesand mecha-
nisms, potential failure modes, and current inservice inspection requirements are discussed for
eleven major light water reactor components: reactor coolant pumps, pressurized water reactor.
(PWR) pressurizers,PWR pressurizer surge and spray lines,PWR reactorcoolant system charging
and safety injection nozzles,PWR feedwaterlines,PWR control rod drive mechanisms and reactor
internals,boiling waterreactor(BWR) containments, BWR feedwaterandmain steam lines,BWR
control rod drive mechanisms and reactor internals, electrical cables and connections, and emer-
gency diesel generators. Unresolved technical issues related to understanding and managing the
aging of these major components are identified.;
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EXECUTIVE SUMMARY

As part of its responsibilities toprotect the health and
safety of the public, the United States Nuclear
Regulatory Commission (USNRC) is concerned about
the aging of the major components, structures, and
safety systems in nuclear power plants. Therefore, the
USNRC Office of Nuclear Regulatory Research is
sponsoring a Nuclear Plant Aging Research (NPAR)
program at several national laboratories, including the
Idaho National Engineering Laboratory. One of the
NPAR program tasks is to understand the aging of the
major light water reactor structures and components
and identify the unresolved technical issues associated
with this aging. This task will also assess different
methods of managing this aging. These methods in-
clude inspection, surveillance, and monitoring tech-
niques for the detection, sizing, and trending of any
degradation, and maintenance techniques to mitigate
the damage. Emphasis has been placed on integrating,
evaluating, and updating current technical information
about the relevant degradation mechanisms and operat-
ing experience.

The light water reactor structures and components to
be evaluated were selected and prioritized according to
their relevance to plant safety; the prioritization was
discussed in the first volume of this report. The stres-
sors,possibledegradationsitesandmechanisms, poten-
tial failure modes, and inservice inspection methods for
seven majorcomponents were also discussed in the first
volume: (a) boiling water reactor (BWR) and pressur-
ized water reactor (PWR) pressure vessels, (b) PWR
containments and basemats, (c) PWR reactor coolant
piping, (d) PWR steam generators, (e) BWR recircula-
tion piping, and (e) reactor pressure vessel supports.
The unresolved technical issues related to aging of
these components were also identified. The remaining
eleven major components are discussed in this volume
(Volume 2) of the report: (a) reactor coolant pumps,
(b) PWR pressurizers, (c) PWR pressurizer surge and
spray lines, (d) PWR reactor coolant system charging
and safety injection nozzles, (e) PWR feedwater piping
and nozzles, (f) PWR control rod drive mechanisms
and reactor internals, (g) BWR containments, (h) BWR
feedwater and main steam line piping, (i) BWR control
rod drive mechanisms and reactor internals, A) cables
and connectors, and (k) emergency diesel generators.
Unresolved technical issues related to the aging of these
components are identified. Countermeasures, that is,
mitigation, repair and replacement methods, which will
minimize orprevent aging related failures in two major
components, the PWR steam generator tubes and the
BWR recirculation piping, are also discussed. A draft

of this reportwas published inJune 1988. The editors of
the report have since revised several chapters and incor-
porated relevant technical information that became
available after publication of the draft and, therefore,
take full responsibility for the material presented in this
document.

Light Water Reactor Coolant
Pumps

The LWR cast stainless steel reactor coolant pump
bodies are susceptible to thermal aging and fatigue
damage. Thermal aging results in a slow loss ofmateri-
al toughness over extended periods of time and is in-
fluenced by coolant temperature and ferrite content and
its distribution in the microstructure. Pump body fa-
tigue damage is caused by the system operating tran-
sients, pump vibrations (possibly) and high residual
stresses introduced by welding or heat treatment, but
damage is expected to be quite small. The pump shafts
are also susceptible to high-cycle mechanical and ther-
mal fatigue damage, and shaft damage (fatigue cracks)
and failure have occurred. Some PWR pump body clo-
sure studs have been damaged by borated primary cool-
ant leakage, which caused corrosion-wastage of the
bolts. The potential modes of failure of the pump body
are through-wall leakage of the primary coolant or un-
stable ductile tearing. Failure of attachment welds may
result in broken pieces of pump internals that may be
carried over to the reactor pressure vessel and damage
vessel internals and core components.

The inservice inspection requirements include sur-
face and volumetric examination of fabrication welds
and were originally developed forTypelpumps which
have high residual stresses at the welds. However, these
requirements may not be practical or meaningful for
Tyrpe C and E pumps, having different geometric con-
figurations, fabrication that includes complex welds,
and heat treatment that introduces residual stresses
throughout the pump body. (Type E and Type F pumps
are used in PWR plants, and Type C pumps are used in
BWR plants.) The actual degree of thermal-aging em-
brittlement of the pump body should be monitored to
define the lower-bound toughness levels; advanced ul-
trasonic testing methods are recommended to detect
cracks in the pump shaft, andcracks andcorrosionwast-
age in the closure studs; and recommended gasket
maintenance practices should be followed to prevent
leakage of borated coolant.
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PWR Pressurizers,

Fatigue is a pervasive degfadation mechanism
throughout PWR pressurizers. Low-cycle fatigue
damage is caused by plant heatup and cooldown cycles,
plant unloading and loading'at power, step load in-
creasesanddecreases,reactortrips, hydrotests, etc. The
surge line nozzle and thermal sleeve arc particularly af-,
fected by the insurge of relatively cooler hotleg coolant
and the outsurgeof hotpressurizerfluid associated with
power changes. The spray line head, nozzle, and ther-
mal sleeve are susceptible to fatigue damage caused by
the subcooled spray actuations associated with power
changes. The pressurizer walls may be susceptible to
both the low-cycle fatigue damage caused by the plant
operational transients and high-cycle thermal fatigue
caused by impactof the subcooled spray on thepressur-
izer walls, sloshing of the liquid at the steam-water in-
terface, and water level changes caused by insurges,
outsurges, and heater actuations. The key fatigue deg-
radation sites are calculated to have high usage factors
and include the pressurizer walls near the usual steam-
water interface, the spray head, and the spray and surge.
line nozzles. The cast stainless steel spray heads are
also susceptible to thermal aging (embrittlernent) and
erosion.

-TIohehatersheaths and sleeves and instrumentnozzle
sleeves are susceptible to intergranular stress corrosion
cracking. Pressurizer manway bolts can be and have
been damaged by leaking primary coolant, which
causes stress corrosion cracking. Leakage of borated
coolant can also cause corrosion and wastage of the
nearby carbon steel base metal. Potential failures in-.,
elude ductile tearing and through-wall cracks leading
to leakage of the primary coolant (pressurizer wall near
the usual steam-water interface and surge or spray line
nozzles), excessive wear and cracking of the spray
heads, heater sheath and sleeve cracks, instrument
nozzle sleeve cracks, and manway cover leakage.

The inservice'inspection requirements include sur-
face and volumetric examination of the welds. The fre.
quencyof thepressurizernozzleweld inspections needs
to be incrieased, and nondestructive examinations and
loose part monitoring that can assess the condition of
the thermal sleeves are needed. Monitoring of the ther-
mal andpressuretransientsand refined fatigue analysis
are needed. 'Appropriate monitoring techniques that
will detect any borated coolant leakage at the heater or
instrumentnozzle sleeves and theresultingcorrosionof
the base metal should be implemented.

PWR Pressurizer Surge and
Spray Lines and Nozzles

The PWR pressurizer surge and spray lines are also
very susceptible to both low- and high-cycle fatigue
damage. Low-cycle fatigue is caused by the same rela-
tively severe temperature and pressure changes asso-
ciated with plant operational transients (heatups,
cooldowns, trips, leak tests, etc.) that cause fatigue
damage in other parts of a PWR primary system. The
surge lines are also subjected to (and designed for) tens
of thousands of relatively severe temperature changes
[up to600C (1100IF) resulting from the insurges and out-
surges caused by relatively small power loadings and
unloadings. However, the surge lines are also subjected
to stratified flows, especially during reactor heatup and
cooldown when thetemperature differencebetween the
pressurizer and the hot leg coolants is large [a tempera-
ture difference as high as 1 800C (3250F) has been mea-
sured] and during certain plant operating modes that
introduce low or stagnant flow conditions in the surge
lines. Stratified flows introduce high-frequency ther-
malstripingloadsneartheinterfacebetween thehotand
cold fluids that are capable of initiating a fatigue crack
on the pipe inside surface. In addition, stratified flows
introduce through-wall bending stresses that are capa-
ble of both initiating and propagating fatigue cracks.
Stratified flows have caused large deflections of some
surge lines, and in at least one case, inelastic deforma-
don of the pipe. The horizontal portion of the surge line
piping, the highly stressed elbows, and the surge nozzle
on the pressurizer are all likely to suffer high fatigue
damage. Low or stagnant flow conditions in the surge
line piping may also result in a local slug of relatively
cool liquid, the movement of which will impose ther-
mal shock stresses and additional fatigue loads on the
piping. The surge lines in somePWRs arermadeof cast
stainlesssteelandarealsosusceptibletodamagecaused

- by thermal embrittlement. Stratified flows and alter-
nating steam and water flows have also occurred in
PWR spray lines during some plant operations. Tem-
perature changes of up to 3001C (-5300F) are possible,
which can cause extreme thermal shock loadings and
flow stratifications in the horizontal portions of the
spray lines.

The potential failure mode (for both the surge and
spray lines) is a through-wall crack leading to leakage
of the coolant. Preliminary analysis indicates that a
surgelinesubjected tostradfiedflows willleakbeforeit
will rupture. However, the leak-before-break concept
'may not be applicable to smalldiameter spray lines
subjected to thermal stratification. A break in either a
surge or spray line would be an unisolatable breach in
theprimrarycoolantpressureboun'daryand could create
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a severe thermal hydraulic transient. There have been
no PWR pressurizer surge or spray line failures to date.
Nevertheless, the fatigue damage resulting from strati-
fied flows, thermal striping and thermal shocks (caused
by the movement of a slug of locally cooled water), and
the thermal aging were not considered in the original
design calculations. The estimated fatigue usage fac-
tors are near the ASME Code limit, and failures may yet
occur. Clearly, the coolant temperatures, pressures,
flow rates, and pipe wall temperatures should be moni-
tored and recorded so as to facilitate better estimates of
the low-cycle fatigue damage to both the surge and
spray line base metal and welds. The high-cycle fa-
tiguebehaviorof thermally aged caststainless steel pip-
ing also needs to be evaluated. The ASME Code
inservice inspection requirements include surface and
volumetricexaminationsof weldsbutdo notincludein-
spectionofthebasemetal. Morefrequentexaminations
of the nozzle welds, inspection of highly stressed el-
bows, and nondestructive examinations of the thermal
sleevesarerecommended. Theuseofacoustic monitor-
ing to detect fatigue crack growth in the base metal
should be evaluated. The potential for thennal stratifi-
cation in the surge line can be reduced by decreasing the
temperature difference between the pressurizer and hot
leg coolants during heatups. Fatigue damage to the
spray line caused by stratified flows can be mitigatedby
maintaining full flow at all times and by changing the
piping layout to eliminate horizontal runs.

PWR Reactor Coolant System
Charging and Safety Injection
Nozzles

The PWR coolant system charging and safety injec-
tion nozzles are also susceptible to fatigue damage.
Again, low-cycle fatigue is caused by the same temper-
ature and system pressure changes associated with plant
operational transients that cause fatigue damage in oth-
er parts of a PWR primary system. In addition, the
charging nozzles are subjected to a relatively severe and
complex thermal transient each time there is a loss-of-
charging event (loss of letdown flow, loss of charging
pumps, coolant volume control system isolation, etc.).
Each loss-of-charging event results in an approximate
850C (I 851F) nozzle temperature change followed by a
severe thermal shock upon resumption of the charging
flow. The safety injection nozzles are also susceptible
to additional fatigue damage caused by thermal shock
loads during a safety injection system actuation [the
cold leg fluid ata temperatureofabout29 01C (5551F) is
replaced by 500 C (120'F.) injection tank water]. Also,
local areas of stratified flow may develop in the safety

injection system piping and nozzles (caused by stagna-
tion and valve leakage) which result in thermally in-
duced bending stresses and thermal striping. Again,
stratified flows can cause significant temperature dif-
ferences between the top and bottom portions of a pipe
or nozzle and large bending moments. Flow-induced
vibrations can also affect the fatigue life of these
nozzles. Some of these stressors (especially the pres-
enceof stratified flows) were not fully considered in the
original design fatigue calculations but have caused
through-wall fatigue cracks. These thermal transients
should be monitored so as to facilitate better estimates
of the fatigue damage to both the base metal and welds.
The potential failure modes are loss of nozzle protec-
tion caused by thermal sleeve cracking, and through-
wall cracks leading to leakage of the coolant. The
inservice inspection requirements include surface and
volumetric examinations of the welds. More frequent
examinations of the nozzle welds and inservice inspec-
tions of the highly stressed regions of the base metal are
recommended. Loose part monitoring may be used to
assess the integrity of the thermal sleeves. On-line
techniques to monitor any leakage from faulty or de-
graded valves need to be developed.

PWR Feedwater Piping and
Nozzles

Pressurized waterreactorcarbon steel feedwaterpip-
ing is susceptible to erosion-corrosion and fatigue
damage. The key degradation sites subjected to
erosion-corrosion damage are on the piping inside sur-
faces near elbows, fittings, and geometric
discontinuities. The main factors that influence the
erosion-corrosion damage of carbon steel piping are
local flow velocity; oxygen content, pH level, and im-
purities in the feedwater, coolant temperature; and pip-
ing material alloying elements. Erosion-corrosion of
carbon steel piping caused by single-phase, subcooled
flow is called flow-assisted corrosion. If the feedwater
pressure is close to the saturation pressure, cavitation
can also causecrosion-corrosion damage. The erosion-
corrosion damage can be very localized, and non-
destructive inspection methods that ensure detection of
minimum wall thickness arebeing developed. Thesites
subject to fatigue damage are the feedwater nozzles,
horizontal portions of the piping, and the piping inside
surface adjacent to the mixing layers in the stratified
flows. Stressors thatcause fatigue damage include stra-
tified flows, thermal shocks, flow-induced vibrations,
and water hammers. The steam generator feedwater
nozzles are susceptible to fatigue damage caused by
(a) thermal shocks associated with the introduction of
relatively cold feedwater (from the auxiliary feedwatcr
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system orwhen thefeedwatcrpipingissteam filled) and
(b) stratified flows.

The potential failure modes for the PWR feedwater
piping are catastrophic failure caused by wall thinning
and through-wall fatigue cracks leading to leakage.'
ASMECodeinservice inspection requirements include
surface and volumetric examinations of welds in
Class 2 piping, that is, piping within containment
However, there are no formal ASME orUSNRC inser-t
vice inspection requirements for the balance-of-plant
piping, that is, feedwater piping outside the contain-
ment. (The NRC has asked the utilities to inspect their
feedwater piping because of the recent pipe failure at
the Surry plant.) New inspection methods using
radiography and ultrasonic testing techniques, which
are able to measure pipe wall thinning caused by
erosion-corrosion, have been developed: Use of on-
line monitoring methods to determine erosion-
corrosion damage needs to be evaluated because of the
significantuncertaintyregarding theerosion-corrosion
rates. A higherpH level (9.2) and reduced impurities in:
the feedwater will help mitigate erosion-corrosion
damage. Alternate piping materials with higher chro--
mium content, modified piping layouts, and stainless
steel coatings can also significantly reduce erosion-
corrosion damage.;

PWR Control Rod Drive
Mechanisms and Reactor.
Internals

The PWR control rod drive mechanism (CRDM)
housingsand theirwelds, and the couplingsbetween the
control rod assemblies and the CRDMs are susceptible
to low-cycle fatigue damage caused by plant heatups
and cooldowns. However, typical fatigue usage factors
for CRDM components are low. Some of the housings
are fabricated from cast stainless steel and, therefore,
are susceptible to thermal aging. The degree of thermal

-aging is influenced by coolant temperature, and ferrite
content and its distribution in the microstructure. The
latchings and unlatchings that occur daring normal op- -

eration cause mechanical wear of the CRDM internal:
components. The potential failure! modes for the

e CRDMs are cracks in the CRDM housing welds leading
to a leakage of primary coolant and mechanical binding
of the latch assembly causing a stuck rod. The leakage
of borated coolant can cause corrosion of the low alloy
steel base metal.. Adequate monitoring techniques are.
needed to detectboric acid leakage before it causes sig-
nificant corrosion. The inservice inspection require-
ments include volumetric and surface examinations of

10% of theperipheral CRDM housing welds (the interi-
or welds are inaccessible and, therefore, exempt). Life
tests for the latch assemblies and the electrical insula-
tion are needed. Techniques formeasuringthecumula-
tive length of lead screw travel or counting the number
of latch steps should be developed to aid in the CRDM
replacement decision.

The thimble tubes, the high-strength steel bolts used
on the reactor internals, the thermal shield, and the core
barrel are subject to high-cycle fatigue damage caused
by flow-induced vibrations. High-cycle fatigue curves
for high-strength steel bolting materials need to be de-
veloped. Thehigh-strength fastenersarealsosubjectto
stress corrosion cracking and stress relaxation caused
by neutron irradiation. Other degradation mechanisms
acting on the reactor internals are irradiation and ther-
mal embrittlement, wear, and fretting. A research pro-
gram is needed to determine the combined effects of
radiation and temperature, which cause embrittlement
of the austenite and ferrite phases, respectively, in the
cast stainless steel components. Potential (and actual)
reactor internals failure modes include leakage from a
thinned thimble tube (a breach in the primary pressure
boundary), broken bolts, loose parts, and fuel damage
from baffle jetting. The inservice inspection require-
ments include visual examinations of the accessible
surfaces of the reactor internals. Vibration monitoring
programs to detect degraded or broken reactorinternals
should be established. Bolting and pin materials with
extended lifetimes should be developed, possibly
through the use of improved Alloy X-750, Alloy 718,
and Alloy A-286 heat treatments.

Countermeasures for PWR
Steam Generator Tube Failures

-Theprimary sideofsomePWRsteam generatortub-
-ing is susceptible to primary water stress corrosion
cracking (PWSCC); Combustion Engineering and
Babcock & Wilcox units are much more tolerant than
most Westinghouse units. High yield strength tubing
[>380 MPa (55 ksi)] processed using low mill anneal-
ing temperatures is more susceptible to PWSCC than
'lower strength tubing processed using higher annealing
temperatures. High residual stresses caused by tube
straightening, bending, or expansion processes, and
tube denting also make tubing more susceptible to
PWSCC. Shot and rotopeening of tubing inside sur-
faces in the tube sheet area, and thermal stress relief of
thetubinginRows 1 and2,havebeenusedtoreducethe
residual stresses and mitigate thePWSCC damage. Re-
duction of primary water temperature and hydrogen
contentincreasesresistancetoPWSCC. Thebenefits of
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increasedpHviahigherlithium concentration orthe use
of enriched boron is still under evaluation.

Significant depletion of chromium at the grain
boundaries of Alloy 600 makes the secondary side of
the PWR steam generator tubing susceptible to damage
by IGSCC and intergranular attack (IGA). Thermally
treated Inconel 690 used in new steam generators has an
optimum microstructure, which includes intergranular
carbides and no chromium depletion at the grain bound-
aries, and, therefore, resists both PWSCC on the prima-
ry side and IGSCC/IGA on the secondary side. The
major countermeasures for mitigating IGSCC/IGA
damage are strict control of the secondary water chem-
istry, use of chemical additives to neutralize crevice
alkalinity, tube rolling to eliminate crevices, sludge
lancing, and effective crevice flushing. A remotely op-
erated sludge lancing and inspection process is being
developed for removing sludge thoroughly from all
sides of the tubes and inspecting tube bundle conditions
as the work progresses. Condensate polishers remove
impurities from the secondary water and provide de-
fense againstfaulted waterchemistry conditions. How-
ever, proper design and operation of polishers are
critical to avoid release of resins or regeneration chemi-
cals (NAOH or H2S04) into the secondary coolant.

Other degradation mechanisms that may affect the
secondary side of the tubes include pitting, denting,
wastage, high-cycle fatigue, fretting, and erosion-
corrosion. Leak-tight condensers and control of the
chlorides, copper, and oxygen in the secondary coolant
will minimize thepotential forpitting and denting. This
can be accomplished by the use of titanium or stainless
steel condenser tubes, elimination of copper alloys
from the feed trains, and the use of stainless steel sup-
portplates. Alivolatiletreatmentwaterchemistrymiti-
gates wastage damage experienced with phosphate
water chemistry but lacks significant buffering to neu-
tralize crevice alkalinity. A smaller gap size between
theantivibration barsand the tubes, andareducedrecir-
culation flow will mitigate high-cycle fatigue damage
in certain steam generator designs.

Various nondestructive evaluation techniques can
detect and size relatively large flaws in the tubes but
cannot conclusively identify degradation mechanisms.
Efforts are needed to quantify the flaw growth rates to
determine safety margins during operation.

Sleeves and nickel plating may be used to cover de-
fects in the tube sheet or tube-support plate regions.
The field performance of the various sleeve designs
should be monitored because the use of sleeves can in-
troduce residual stresses that cannot be measured, may

present difficulties for future inspections, may form
crevices on the primary side, and can introduce geomet-
ric stress raisers. Nickel plating has several advantages
over sleeving. It generates very low residual stresses
and can be applied anywhere in the straight part of the
tube. An ultrasonic inspection method has been devel-
oped to examine nickel-plated regions.

Plugging is commonly used when unacceptable
flaws are detected in regions away from the tube sheet.
Plugs are also used on Rows 1 and 2 as a preventive
measure. PWSCC may damage the plugs if low-mill
annealing temperatures are used during heat treatment.
If PWSCC causes a plug failure, the fragments of the
failed plug may puncture the tube. Plugs can be re-
moved for future repairs, if needed.

BWR Containments

Twenty-six domestic BWR plants have metal con-
tainments; ten plants have concrete containments. Cor-
rosion is the major degradation mechanism for the
metal containments. BWR environments are very hu-
mid. Therefore, the interior surfaces of the drywells are
susceptible to general corrosion when the coatings are
deteriorated, and the embedded shell regions of the dry-
wells are susceptible to pitting and crevice corrosion
when the caulked joints at the concrete-metal interface
are degraded. The interior surfaces of the pressure sup-
pression chambers are susceptible to general attack and
pitting when the coatings are deteriorated; corrosion
caused by differential aeration, that is, a gradient in the
amount of dissolved oxygen near the waterline; and mi-
crobially influenced corrosion below the waterline. In
one plant, the overall corrosion rate on the inside sur-
face of the torus wall was found to be more than double
the expected rate of 0.041 mm/year (0.0016 injyear)
because of the deteriorated coating. The exterior sur-
faces of the Mark I and II drywells are also susceptible
to general corrosion when the surface coatings are dete-
riorated; pitting and crevice corrosion when wet andde-
graded fill material is present in the gap between the
shield wall and drywell; and pitting, crevice and micro-
bially influenced corrosion when the gaps are notsealed
and leaking coolantkeeps the sand in the pocketnear the
drywell base wet. An average local corrosion rate of
0.43 to 0.51 mm/year (0.017 to 0.020 injyear) was de-
tected in one plant at the exterior surface of the Mark I
dryweUl near the sand pocket.

The stainless steel bellows are susceptible to inter-
granular stress corrosion cracking in the heat-affected
zones and transgranular stress corrosion cracking in the
cold-rolled portions. The high-energy piping penetra-
tions, vent lines, bellows, and the sites of geometric
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discontinuities are subject to low 7 cycle fatigue damage
from cyclic thermal loadings caused by operating tran
sients, pressure tests, and safety relief valve discharge
tests.

The potential failure modes are leakage of radioac
tive gases and loss of structural integrity. The best pro
tection against corrosion is periodic inspection of thi
coatings, and if found deteriorated, recoating with X
zinc-rich material. The inservice inspection require
leakage testing and visual examination. The suppres
sionchambermustbe drained orunderwater inspection
techniques must be employed to examine the sub
merged surfaces. The exterior surfaces of the Mark
and II drywells are not accessible for visual inspection
Therefore, thickness measurements of the drywell shel
at selected sites are needed to assess corrosion damage
Cathodic protection and zinc-rich coatings will hell
mitigate corrosion of metal containments. A sealant a
the concrete-metal interface should be maintained v
prevent moisture from entering the embedded shell re
gion.

All BWR concrete containments, except the twi
Mark III containments, are completely enclosed in X
reactor building that protects them from the degradinj
effects of harsh external environments. However, inter
nal chemical reactions can also cause cracking and spa]
ling of the concrete. The reinforcing steel is susceptible
to rapid corrosion caused by harsh environments whei
the cracks in the concrete are opened sufficiently and b:
stray electrical currents which may be present in olde
plants. Thereinforcing steel and metal lincrare suscep
tible to fatigue damage caused by cyclic thermal loads
pressure tests, and safety relief valve tests. The metu
liner is also susceptible to corrosion caused by the hu
mid internal environment. The posttensioning syster
anchors and tendon wires are susceptible to hydrogei
embrittlement and corrosion caused by the high tensil
preloads and trapped water and moisture. Informatioi
on the long-term degradation of reinforcing steel i
needed. A comprehensive inscrvice inspection pro
gram is needed to identify and quantify any concret
containment degradation.

the horizontal portions of the piping systems are strati-
fied flows, thermal shocks, mechanical shocks caused

;e by water or steam hammers, and flow-induced vibra-
tions. Test results show that the BWR environments
cause fatigue crack initiation in carbon steel piping at
far fewer cycles than that predicted using the in-air test
data on which the ASME Code fatigue design curves
are based. However, use of hydrogen water chemistry

a will reduce the oxygen level in the feedwater, which is
s likely to reduce fatigue crack growth rates in carbon
; steel piping. Therefore, corrosion fatigue data for car-
n bon steel piping are needed to estimate both low- and
> - high-cycle fatigue damage. On-line monitoring to as-
I sess low-cycle fatigue damage is recommended.

The major stressors causing erosion-corrosion dam-
P age by oxide dissolution are local flow velocity; coolant

temperature, pH level, and oxygen content; and piping
°layout and material composition. An additional stres-

'-sor essential for the erosion-corrosion of the steam
lines is steam quality; no damage has been observed in
systems carrying dry steam. The key degradation sites

, for local erosion-corrosion damage are near elbows,
a fittings, welds, and other geometric discontinuities. In
g addition, uniform erosion-corrosion, called tiger strip-
r- ing, has been found in straight sections of the main
1- steam lines. Droplet impact wear also causes erosion-
le: corrosion damagein the main steam linepiping. Signif-
n icanterosion-corrosion damage to thefeedwaterpiping
y is less likely in a BWR plant than in aPWR plant be-
r cause of the high oxygen contentintheBWR feedwater.
- However, BWR plants with hydrogen water chemistry

1s . may be more susceptible to erosion-corrosion damage.
t Therefore, a baseline inspection of the piping wall
-~ ' thickness prior to implementing hydrogen water chem-

istry, and periodic inspections thereafter, should beper-
n formed to determine the crosion-orrosion rates.
e vAlternate piping, materials with higher chromium

* content, modified piping layouts, and stainless steel
coatings can significantly reduce erosion-corrosion

Le ~ damage.,.

- i { . Thepotential failuremodes are through-wall fatigue
BWR Feedwater and Main cracks:lcading to leakage, and catastrophic failure

Steam Line Piping - caused by wall thinning. Again, the inservice inspec-
", - ,.tion requirements include surface and volumetric ex-

aminationsof ClassI pipingwelds,thatis,theweldson
Thleboiling waterreactorcarbonsteelfeedwaterand the piping within the containment New inspection

main steam line piping systems are susceptible to fa- - methods using radiography and ultrasonic testing tech-
tigue and erosion-corrosion damage. The major stres-' niques are being developed to measure pipe wall thin-
sorscausingfatiguedamagetothefeedwaternozzleand fning caused by erosion-corrosion.
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BWR CRDMs and Reactor
Internals

The BWR CRDM pressure housings are subjected to
low-cycle fatigue loads during heatups, cooldowns,
and scrams. Stub tubes were employed between the
pressure housings and the reactor pressure vessel lower
heads of plants designed before 1974. The stub tube
welds have sensitized material in the heat-affected
zones and high residual stresses and, therefore, are sus-
ceptible to IGSCC. The diaphragms in the solenoid-
operated valves become brittle over lime and break up.
The potential failure modes are cracks in the CRDM
housing welds leading to leakage. Broken diaphragm
pieces mayblock the vent ports in the scram valves, and
plant safety may be compromised. The inservice in-
spection requirements include volumetric and surface
examination of the 10% of the peripheral CRDMhous-
ing welds. It is difficult to inspect the stub tube welds,
and advanced inspection methods are needed to assess
their integrity. Use of hydrogen water chemistry signif-
icantly reduces the level of oxygen in the BWR coolant
and mitigates the damage caused by IGSCC. A pro-
gram for periodic inspection of the CRDM internals for
excessive wear damage is also needed.

Several BWR reactor internals, for example, jet
pumps, feedwater spargers, fasteners, and the core
plate, have highlystressedmaterialswith chromium de-
pleted grain boundiries, crevices, or cold work, and are
susceptible to IGSCC. The heat-affected zones of the
attachmentwelds of the reactor internals to the pressure
vessel are also susceptible to IGSCC, and IGSCC
cracks may propagate into the pressure vessel base
metal. The top guide structure and core shroud are ex-
posed to relatively high fast neutron fluences and are
susceptible to irradiation-assisted stress corrosion
cracking (IASCC), which may occur at relatively low
stresses. The jet pumps and feedwater spargers are sus-
ceptible to high-cycle fatigue caused by flow-induced
vibrations. Cast stainless steel components such as orif-
iced fuel support pieces may experience both thermal
and irradiation embrittlement. The inservice inspection
requires visual inspection of the reactor internals that
are accessible. However, these methods are not ade-
quate to detect flaws in the reactor internals and in the
attachmentwelds; remote inspection tools are needed to
detect IGSCC and IASCC cracks at these sites. Use of
hydrogen water chemistry can mitigate the IGSCC
damage, but its effect on IASCC is not fully understood.
Fatigue crack initiation and growth rate data from spec-
imens tested in a BWR environment with hydrogen wa-
ter chemistry are needed to better estimate the
high-cycle fatigue damage to the feedwater spargers

andjetpumps. High-cycle fatigue data are also needed
for the high-strength materials such as Alloy X-750.
The potential failure modes are cracks in the reactor in-
ternals leading to loss of fuel geometry, loose parts, or
loss of adequate core flow.

Countermeasures for BWR
Recirculation Piping Failures

IGSCC is the major degradation mechanism which
effects the BWR recirculation piping. IGSCC general-
ly occurs at susceptible sites with either chromium-
depleted grain boundaries caused by weld or furnace
sensitization, crevices, or cold work, when high tensile
stresses are present. Three stress improvement meth-
ods (induction heating stress improvement, mechanical
stress improvement, and heat sink welding techniques)
introduce high residual compressive stresses on the
pipe inside surface and mitigate the initiation of
IGSCC. Hydrogen water chemistry and strict impurity
control in the BWR coolant make the BWR operating
environment less corrosive and help suppress IGSCC
crack initiation and growth. Hydrogen waterchemistry
can reduce the coolant oxygen level to values below
20 ppb, and strict impurity control techniques can re-
duce the coolant conductivity to values below
0.2 IjS/cm.

Hydrogen water chemistry and strict impurity con-
trol have shown a generally beneficial or benign effect
on most of the BWR structural materials, such as Alloy
X-750, Alloy 600, carbon steel, and Zircaloy 2. How-
ever, the general corrosion and material removal rates
of the carbon steel and low-alloy steel components sub-
jected to hydrogen water chemistry are significantly
higher, until a stable corrosion film is established and
localized damage caused by erosion-corrosion may
continue to be higherthan normal afterextended opera-
tion. Therefore, a long-term evaluation of the erosion-
corrosion of BWR carbon steel feedwater and main
steam lines subjected to hydrogen water chemistry is
recommended.

Weld overlay reinforcement has been the most wide-
ly used technique to repair recirculation piping. How-
ever, it is difficult to perform inservice inspections and
detect and size the IGSCC cracks under weld overlay
material. Improved ultrasonic methods have recently
been developed to inspect piping under weld overlays
for IGSCC cracks. These methods have been success-
ful in detecting deep cracks in the original piping under
the overlays. Stress improvement methods may be used
to inhibit propagation of short cracks not exceeding
30% of the wall thickness. A higher inservice inspec-
tion frequency and larger inservice inspection sample
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sizes are required for repaired&V`elds. Mechanical
clamping devices have been designed to retard IGSCC
crack growth and to prevent pipe breaks. These devices
can be readily removed for inspection of the welds.

Type 308L weld metal has been found very resistant
to IGSCC in aBWRenvironmentandis used toprovide

-a protective cladding on the piping inside surface.
Types 304NG, 316NG, and 347NG are resistant to
IGSCC in normal BWR environments and may be used.
as alternative materials for BWR piping. Hydrogen.
water chemistry and strict impurity control also miti-
gates transgranular stress corrosion cracking in
Types 304NG and 316NG stainless steels. Solution
-heat treatment eliminates weld sensitization and the re-
sidual stresses produced during fabrication, and has
been used to mitigate IGSCC in the replaced piping.

BWR and PWR Cables and
Connections

Containmentcable systems (cables and connections)
consist ofa wide variety ofproprietary polymer compo-
nents and designs. The cable systems are exposed to
thermal, radiation, moisture, chemical, and physical
stressors, all with the potential for causing aging degra-
dation. Thereisgenerallyinsufficientcontainmentam-
bient and hot-spot radiation and temperature data to
accurately calculate the aging of cables and connec-
tions; therefore, monitoring of temperatures and
radiation levels at cable system hot spots is recom-
mended. Themostlikelycausesofcommon-causefail-
ures are (a) degradation caused by embrittlement and
cracking followed bymoisturediffusion into thecables;
(b) moisture migration into the connections; (c) electri-
cal leakage currents; (d) deformation/creep of connec-
tion insulations and jackets that compromise the seals;
and (e) surface contamination and condensation on
bare terminals. Methods for in situ monitoring of aging
effects areunderdevelopmentbutarepresentlyineffec-
tive for judging component aging either relative to the
samples that were preaged for the original environmen-
tal qualification (EQ) tests orrelative to current suscep-
tibility to the modes of failure noted above. There are
few maintenance needs for cable systems because they
are passive. Periodic inspections at terminations and
other access points can be helpful in detecting signs of
degradation.

The cables in nuclear containments must perform
properly under the harsh environments postulated for
design-basis accidents (DBAs). The demonstration of
operability through DBAs and for a qualified life was
made in EQ programs where a specified 40-year life

was targeted. 2'rhe technical practices and documenta-
tion required and used for'EQ have evolved over the
years,so the basis forany presentlife assessmentvaries
according to the time of the constructidon or operating
permit of the plant. During this same period, research
and experience have raised issues regarding the
technical validity of the accelerated aging practices and
certain other test or circuit performance aspects of past
EQ programs. Therefore, the predictability of highly
aged cable systems subjected to severeDBA conditions
may be uncertain and the potential for common-cause
failures is an important safety consideration.

Reanalysis of the original qualification preaging
data, using any conservatisms between the specified
and the actual operating environments, may be per-
formed for life assessment of cable systems. However,
the reanalysis should address all new qualification
issues, such as synergisticintcractionsbetween thermal
and radiation stressors, dose rate effects, and oxygen
diffusion effects. Accelerated preaging and requalifi-
cation testing of small samples removed from cable sys-
tems in an operating plant (hot spots) may also be used
for life assessmenL

Emergency Diesel Generators

The primary emergency diesel generator compo-
nents that experience aging-related reliability prob-
lems are (a) the governor; (b) the fueloil injector
pumps, nozzles, and high-pressure piping; (c) the tur-
bocharger; (d) various starting system components; and
(e) other instruments and controls. Together, these con-
stitute the sites of over 55% of all aging-related EDG
failures; the governoralone is thelocus of some 12% of
failures. The major stressors include (a) vibration
(obviously inherent with such reciprocating engines);
(b) fatigue and other adverse operating conditions;
(c) poordesign and application,and lowmanufacturing
quality-, (d) dust, humidity, and other environmental ad-
versities; (ce) poor maintenance and operation; and
(f) deterioration of various working fluids, such as
moisture in the compressed air, and contaminated fuel
and lubricating oils. However, the most severe stressor
is the fast-starVfast-load emergency operation re-
quired of each unit, and-even more so-the associated
testing regimen currently required by NRC Regulatory
Guide 1.108. Most plant technical specifications for
emergencies (such as forloss of offsitepowerora loss-
of-coolant accident) require EDG start and synchroni-
zation in 10 to 12 seconds and full loading, if needed,
within 30 to 60 seconds; and Regulatory Guide 1.108
requires simulation of these events on at least a monthly
basis.

xi



Some of the more common degradation mechanisms
are (a) corrosion or dust coating of electrical contacts;
(b) bindingofclose-fittingparts, foravariety ofcauses;
(c) plugging of strainers, filters, and small fuel open-
ings; (d) high-cyclemetal fatigue; (e) simpleoverstress
and fracture; (f) erosion and cavitation; and (g) loosen-
ing or fracture of fasteners.

Recent research and investigation make it evident
that compliance with such emergency operation and
testing policies greatly aggravates the relatively few re-
liability problems inherent in the complex of mechani-
cal/electrical components themselves. A change in the
policies, particularly those related to testing, could have
significantly beneficial results. Various studies recom-
mend such changes, calling for less rapid acceleration
and loading in both testing and emergency conditions,
insofar as possible. Recent reevaluation of emergency
power requirements appears to indicate that in all or
most plants the current fast-start regimen is unneces-
sarily rigorous.

Instead of the stress-inducing fast-start testing,
EDG operational condition and readiness would be
monitored from data obtained during lengthened
monthly test operations (using slower starts) and
trended to detect adverse changes in equipment in its
operation. Such would also enhance efforts at preven-
tive maintenance and significantly increase operator
awareness of the operational characteristics of the units.
Maintenance precepts would be reliability-centered,
and predictive and preventive in nature.

Other mitigating activities of merit include enhanced
operation and maintenance programs, of which better
training and more operational experience are key as-
pects; a shift from present rather prescriptive mainte-
nance programs toward preventive maintenance
predicted on trended observations; actions to reduce or
control vibrations and otheradversesiteparameters; re-
search on particularly troublesome components, such
as governors, instruments and controls, and turbochar-
gers to reduce their susceptibility to failures; and provi-
sions for enhanced prelubrication on starts.
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RESIDUAL LIFE ASSESSMENT OF MAJOR LIGHT
WATER REACTOR COMPONENTS-OVERVIEW

:-VOLUME 2

1. INTRODUCTION

There are currently 112 commercial nuclear power
plants licensed to operate in the United States. The
oldest operating plant is Yankee Rowe, which has been
in operation for 29 years. There are 50 other plants that

-have had an operating license for more than 15 years.
Several time-dependent degradation mechanisms not
accounted for in the original design have caused fail-
ures and raised questions about the continued safety
and viability of older nuclear power plants and, in par-
ticular, about the integrity of the primary coolant pres-
sure boundary and the containment. Examples of re-
cent aging-related problems include a pressurized
water reactor (PWR) steam generator tube rupture
caused by high-cycle fatigue, significant wall thinning
of boiling water reactor (BWR) metal containments
caused by corrosion, catastrophic failure of a "non-
nuclear" portion of a PWR feedwater line caused by
erosion-corrosion, and a ihrough-wall 'rack in a
safety injection pipe between the nozzle and the first
check valve caused by thermal fatigue.

The problems associated with understanding and
managing aging degradation have become a major fo-
cus of ongoing research spiinsored by ihe United States
Nuclear Regulatory Commission (USNRC). An im-
portant part of the USNRC research effort is the
Nuclear Plant Aging Research (NPAR) Program being
conducted at several national laboratories, including
the Idaho National Engineering Laboratory (INEL).1
One of the NPAR Program tasks at the INEL is to
develop the appropriate technical criteria for the
USNRC to assess the residual life -of the'major light
water reactor (LWR) components and structures.
These assessments will help the USNRC identify and
resolve safety issues associated with LWR aging deg-
radation and develop policies and guidelines for mak-
ing operating plant license rene'wal decisions. A five-
step approach is being pursued to accomplish this task.

1. Identify and prioritize the major reactor com-
ponents according to their relevance to plant
safety.

2. Identify for each component, degradation
sites, mechanisms, and stressors; identify

potential failure modes; and then evaluate
current inservice inspection methods.

3. Assess advanced inspection, surveillance,
and monitoring methods that can be used to
detect, quantify, and trend aging degradation.
Evaluate current and emerging mitigating
methods to reduce aging damage.

4. Develop LWR structure and component re-
. sidual life assessment procedures.

5. Support the development of technical criteria
' ' " ' ,for license renewal.

The term aging is used in this report to describe the
cumulative time-dependent degradation of a compo-
nent, structure, or system, which, if unmitigated, may
result in loss of function and impairment of safety.
Tlme-dependent damage or aging can be caused by
one or several different mechanisms active within a
component, structure, or material, and,' if not recog-
nized and properly managed, may result in some type
of failure or impairment of function. Aging or degra-
dation mechanisms are often the result of interactions
between design, materials, operational strcssors, and
environment, and may result in loss of fracture tough-
ness, strength, and fatigue resistance. Poor design, im-
proper material selection, or inadequate maintenance
practices can accelerate the degradation. An identifi-
cation and understanding of the design, materials,
stressors, environment, and aging mechanisms will as-
sisttheUSNRC in evaluating the current and advanced
inspection, surveillance, and monitoring methods now
being used (or proposed for use) to detect aging dam-
age. Understanding these factors will also help the
USNRC evaluate current and emerging techniques for
mitigating aging damage.

ThisNPARProgran taskisconcernedwith integrat-
ing, evaluating, and updating current technical infor-
mation on relevant major component degradation
mechanisms and nondestructive examination (NDE)
methods. All available sources of information are used
to accomplish this task. The sources of information in-
clude technical reports issued by the USNRC, the
Electric Power Research Institute (EPRI), various
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reactor vendors and utilities, the Department of Energy,
and various national laboratories; technical seminars;
workshops and conferences; meetings of the American
Society of Mechanical Engineers (ASME); and techni-
cal journals. Results from ongoing research and devel-
opment programs of the Department of Energy's
national laboratories have also been reviewed. Similar
results from the utilities and nuclear steam supply
system vendors have been useful. Inspection and
Enforcement (I&E) Bulletins, Notices and Generic
Letters, and the Nuclear Power Experience database
regularly summarize commercial power plant experi-
ences and provide a valuable resource for this task. Dis-
cussions with technical experts are, in some cases, the
only available source of information on some subjects.

In recent years, the nuclear industry has initiated a
major effort aimed at extending the life of existing
reactors.3 An important part of this overall industry ef-
fort consists of pilot studies at Surry 1 and Monticello.
In many cases, the results from these pilot studies are
similar to the NPAR results presented in this report.
However, the primary objective of the industry pilot
studies is to develop a technical basis for LWR license
renewal (that is, to assess the feasibility of safe opera-
tion during an extended life without undue economic
consequences); whereas, the main motivation for this
NPAR task is to assess and mitigate aging damage in
major LWR components during both the current and
any renewed license periods. In addition, whereas the
pilot studies address the aging of a particular type of
pressurized water reactor (PWR) and boiling water
reactor (BWR) plant, this NPAR task report attempts
to address all types of PWR and BWR plants.

In addition to (and in support of) the industry pilot
studies, EPRI has had a number of LWR component
aging research programs, which are summarized in
Appendix A (provided by EPRI). The material in Ap-
pcndix A delineates the extent to which industry is ad-
dressing many of the aging issues and potential inade-
quacies identified in this report and elsewhere.

This report provides, in two volumes, a qualitative
understanding of the aging degradation mechanisms
active in major LWR components and represents com-
pletion of the first two steps listed above, and partial
completion of the third step.' The results published in

a. The conclusions and recommendations presented
in this report represent the views of the authors and the
editors, not necessarily those of the USNRC.

this report will be periodically updated and reevalu-
ated as new aging-related data become available. Vol-
ume 1 of this report presents the major components
critical to nuclear power plant safety during normal
and off-normal operation, during design-basis
accidents such as a hypothetical large-break
loss-of-coolant accident or the design-basis earth-
quake, or during a severe accident. 3 The selected
PWR and BWR components are listed in Table 1.1.
Volume 1 also presents aging-related data, including
degradation sites, stressors and environment, degrada-
tion mechanisms, potential failure modes, and current
inservice inspection methods for seven major compo-
nents: PWR reactor pressure vessels, PWR contain-
ment and basemrat, PWR coolant piping and safe ends,
PWR steam generators, LWR pressure vessel supports,
BWR reactor pressure vessels, and BWR recirculation
piping. Volume 1 also discusses the current NDE and
life assessment methods and briefly summarizes the
emerging methods in this field. The aging-related data
for the remaining major components are presented in
Volume 2.

Table 1.1 Selected major PWR and BWR
components

Major PWR Components

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Reactor Pressure Vessel
Containment and basemat
Reactor coolant piping, safe ends, and nozzles
Stearn generators
Reactor coolant pump body
Pressurizer, and surge and spray lines
Control rod drive mechanisms
Cables and connectors
Emergency diesel generators
Reactor pressure vessel internals
Reactor pressure vessel supports
Feedwater lines and nozzles

Maior BWR Components

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Containment and basemat
Reactor pressure vessel
Recirculation piping and safe ends
Main steam and feedwater lines
Recirculation pump body
Control rod drive mechanisms
Cables and connectors
Emergency diesel generators
Reactor pressure vessel internals
Reactor pressure vessel supports
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The work completed to date has identified
unresolved technical issues related to operation of the
major components. Resolution of these issues will en-
sure continued safe operation of the components, in-
cluding operation for any renewed license period. The
results presented in this report have provided input to
the USNRC Technical Integration Review Group for
Aging and Life Extension (TIRGALEX) and has
helped that group identify and prioritize aging/life ex-
tension (LEX) issues and recommend actions to re-
solve the issues. The work has also identified the need
for several modifications in the current codes and stan-
dards, and for the development of new codes and stan-
dards, to account for aging of major light water reactor
components.

The issues related to codes and standards are being
addressed by the American Society of Mechanical
Engineers (ASME) Section XI Special Working Group
on Plant Life Extension, and by the Nuclear
Management and Resources Council/Nuclear Utility
Plant Life Extension (NUMARC/NLJPLEX) Working
Group that works with the Board of Nuclear Codes and
Standards (BNCS) Steering Committee on Nuclear
Plant Life Extension (PLEX). There are several other
Codes and Standards committees that provide guid-
ance on Plant Life Extension: ASME Section XI
Working Group on Operating Plant Criteria, ASME
Nuclear Operation and Maintenance Committee Task
Group on Plant Life Extension, Institute of Electrical
and Electronics (IEEE) Working Group 3.4 on life ex-
tension of class IE equipment, American Society for
Testing and Materials (ASTM) Committee E-10 on
Nuclear Technology and Applications, and the
American Concrete Institute (ACI) Committee 365 on
Service Life Prediction of Concrete Structures.

The remaining work in this NPAR task will address
issues related to managing aging damage in the major
components (Steps 3 through 5 above). This will in-
clude evaluation of the current and emerging inspec-
tion, surveillance, and monitoring methods used to de-
tect and quantify aging degradation. Emphasis will
also be placed on assessing mitigation, repair, and re-
placement techniques that can be used to counter aging
damage. The issue of sample size and frequency of in-

service inspections (so that aging damage is detected
before it exceeds the maximum allowable damage)
will be considered. Maximum allowable damage
should be deterimrined by considering the highest possi-
ble loads during off-normal transients and design-
basis accidents. The results of these evaluations will
provide a basis for the development of life-assessment
procedures for the major components, which will as-
sist the USNRC in formulation of license renewal
policy, as well as with other regulatory applications.

Volume 2 of this report is organized into three major
parts. The remaining major PWR components are dis-
cussed in Chapters 2 through 8. The remaining major
BWR components are discussed in Chapters 9 through
12. Components common to both PWRs and BWRs
are addressed in the final chapters. Each chapter (ex-
cept Chapters 8 and 12) presents a design description
ofa component, and discusses corresponding stressors,
degradation sites and mechanisms, potential failure
modes, and inservice inspection methods. Chapters 8
and 12 discuss remedies, mitigation techniques, and
repair and replacement methods.

Chapter 2 discusses the aging of PWR primary sys-
tem coolant pumps. The chapter also addresses several
issues related to the aging of BWR recirculation
pumps. Chapters 3 through 7 discuss the aging of the
PWR pressurizer, pressurizer surge and spray lines,
reactor coolant system charging and safety injection
nozzles, feedwater piping and nozzles, and control rod
drive mechanisms and internals, respectively. The
countermeasures, that is, mitigation, repair, and re-
placement methods for PWR steam generator tube
failures are evaluated in Chapter 8. Chapters 9 through
11 address the aging of the BWR containment, main
steam and feedwater lines, and control rod drive mech-
anisms and internals, respectively. Chapter 12 dis-
cusses the countermeasures for BWR recirculation
piping failures. Chapters 13 and 14 address the aging
of PWR and BWR cables and connectors, and emer-
gency diesel generators,respectively. Chapter 15 sum-
marizes the conclusions and our recommendations for
managing the aging of the major LWR components.
Appendix A presents a summary of EPRI projects re-
lated to aging of major LWR components.
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2. LIGHT WATER REACTOR COOLANT PUMPS

F R. Drahos, W L. Server, and B. F Beaudoin

The reactor coolant pumps (RCPs) are important
components in a light water reactor nuclear steam-
supply system because they circulate coolant through
the reactor such that core-heated fluid can be passed to
a turbine or intermediate heat exchanger. Heat gener-
ated from the'operation of the RCPs is also used in
controlling heatup of the plant and for increasing the
primary system coolant temperature during hydrostat-
ic pressure tests.

This chapter discusses the factors contributing to the
integrity of RCPs, and, in particular, the pump casings,
which are part of the reactor primary coolant system
pressure boundary and have been designated as a key
component for license renewal.I The RCPs also play
an important role in ensuring proper heat transfer from
the reactor core. Therefore, the integrity of the other
pump parts (shaft, impeller, motor, flywheel, closure
fasteners, etc.) is important because they affect the
operability of the pumps. The pump shaft seals are not
discussed in this chapter because they are replaced or
refurbished relatively frequently. Although this chap-
ter focuses on pressurized water-reactor (PWR)
coolant pumps, some information is presented relative
to boiling water reactor (BWR) coolant pumps
because the general design and conditions of service
are similar in both pumps.

Reactor coolant pump requirements were added to
the ASME Boiler and Pressure Vessel Code in 1971,
and subsequent design of PWRs has adhered to those
requirements. Reactor coolant pumps are also
required to meet the Class 1 requirements listed in
Subsection NB-3400 of the ASME Code. These
requirements appear in the Owner's Design Spec-
ification as required by ASME Section III,
NCA-3200. Class I requirements are original design
responsibilities and do not directly relate to aging
except that their intent must still be met for license
renewal; the-primary design concerns are minimum
wall thickness (pressure retaining), operating loads,
,connected pipe loads (including earthquake loadings),
and general erosion/corrosion.

Class 1 RCPs generally fall into one of the following
design categories:

Type E Pumps (Figure 2.1) are manufactured by
Byron Jackson Pump Division, Borg Warner Corpora-
tion and are used in both Babcock and Wilcox
Company and Combustion Engineering, Inc., nuclear
steam supply systems (NSSSs) for PWR plants. See

"the ASME Code,'Section III, Figure NB-3441.5-1.

Type F Pumps (Figure 2.2) are manufactured by

2.1 DescriptionI

neubtallsiubus % liGUt; urpativiu, rtt

Mechanical Division, and are used exclusively in
Westinghouse NSSSs'and in some Babcock and
Wilcox NSSSs for PWR plants. Type F pumps

v -manufactured by Bingham-Willamette Company are
also used in Babcock and Wilcox NSSSs for PWR
plants. See ihe ASME Code, Section III, Fig-
ure NB-3441.6(a)-l.

The RCPs consist of the pressure-retaining compo-
nents (pump body and cover, closure bolting, and
mechanical seal closure flanges) and the rotating
members (pump shaft, mechanical seal internals and
gasketing). Other rotating members are the imipeller
and the flywheel (the flywheel is not a functional part
of the RCP but controls shutdown'in case of loss of
power).

2.1.1 Geometry, Design, Vendors. Before 1971,
reactor coolant pump components were designed and
manufactured to meet the general requirements of the
1968 American Society of Mechanical Engineers
(ASME) Boiler and Pressure Vessel Code, Sec-
tion 1113. However, because of the unavailability of
specific Code requirements, the reactor coolant pump
bodies could not be Code stamped. '

' Type C Pumps (Figure 2.3) aie manufactured by
Byron Jackson and are'used primarily in General

* Electric Company NSSS BWR plants. Some Type C
: pumps manufactured by Bingham-Williamette have

''also been used in General Electric NSSSs for BWR
plants. See'the ASME Code, Section III, Fig-
ure NB-34413-2.

Type F Pumps (Figure 2.4) are manufactured by
, Combustion Engineering and Klein, Schanzlin and

Becker and are used in Combustion Engineering
NSSSs for PWR plants. See the ASME Code,
Section III, Figure NB-3441.6(a)-i,

5
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Figure 2.1. PWRTypeECoolantPump. The high
stress intensity locations are circled.

Figure 2.2. PWRTypeFCoolantPump.

The varied designs of reactor coolant pumps shown
in Figures 2.1 through 2.4 are the result of the pump
manufacturers' design philosophies (volute-type ver-
sus diffuser-based) and owners' design specification
requirements. The actual design may vary somewhat
from the ASME Section III types shown. However,
the purpose of the ASME classification system is to
provide both a pictorial and verbal description of the
basic pump body geometries. Note that Figures 2.2
and 2A show the same general type of RCP (Clpe F).
Compared to the PWR Type F design, the PWR
TypeE design shown in Figure 2.1 requires a smaller
pump (primarily because of the structural reinforce-
ment in the Type E design). Boiling water reactor
Type C coolant pumps (Figure 2.3) are smaller than
any of the PWR coolant pumps because of their lower
system pressure and lower capacity (volume of liquid
being moved) and because of the structural reinforce-
ment obtained from splitter vanes in the Type C
design; space requirements in BWR containments
have also dictated this smaller design.

A compilation of PWR nuclear plants has
been published with the NSSS vendor and RCP
manufacturer identified;3 Table 2.1 lists this informa-
tion. The pump body geometry is the major difference
in the designs supplied to the PWR and BWR NSSS
vendors. The PWR Type F RCP bodies require a
thicker pressure retaining wall, typically 100- to
200-mm (4- to 8-in.) thick. The BWR Type C and
PWR Type E RCP bodies have thinner pressure
retaining walls, typically 67- to 75-mm (2.5- to 3-in.)
thick. The Type F pump walls are thicker because the
casing walls are not structurally supported, whereas
the Types C and E pump walls are stiffened by the
integral volute and diffusers, which results in reduced
thickness requirements. The massive size of the pump
body is made necessary by the casting configurations
and by the design considerations, including the close
tolerances required by the pump internals.

In general, the RCPs used in nuclear power plants
effectively combine metallic and nonmetallic

a
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manufacturing the pump body, which results in a
thicker wall than generally required for the operating
pressure conditions. Also, there have been no pressure
retaining boundary leakage and/or cracking problems
in castings and/or casting repairs or fabrication welds.
This experience is based on nonnuclear as well as
nuclear service. However, there have been leaks,
caused by improperly maintained gaskets.

The pump designs also include the use of a thermal
barrier and/or heat exchanger to limit the reactor
coolant heat that reaches the mechanical seal cavity?
In the early Type E and C pumps, there was a mixing
of cold cooling water (forprotection of the mechanical
seal) with reactor coolant water at the top of the
thermal barrier.: The resultant turbulent mixing
condition caused cyclic thermal stresses to be induced
at the pump shaft surface. This dynamic action
typically occurred at a frequency of 1 to 25 Hz, and
fatigue cracks were initiated. The issue is discussed
below because it still may be a concern with some
RCPs.

In summary, the RCP body is a critical license
renewal component because of its pressure boundary
significance. Difficulties encountered in replacing a
pump body in a reactor coolant system (RCS) are also
important license renewal factors. Although most of
the pump internals (rotating elements, mechanical
seals, etc.), and the closure studs, pump cover gasket,
flywheel, and motor can be replaced easily, failure of
some of these components could cause apartial loss of
flow transient and, possibly, release of broken parts to
the primary system and reactor. Therefore, any license
renewal evaluation should also address these parts to
ensure better plant reliability and safety. The pump
body is the primary emphasis in this chapter, but later
discussions include some other parts of the pump.

2.1.2 Reactor Coolant Pump Body Materials
and Fabrication. The RCP bodies used in PWR and
BWR plants are made of high-quality steels and are
generally fabricated using a cast-weld process. The
specific materials and fabrication processes used in
constructing pump bodies are discussed in this section.

With one exception, all RCP bodies now in service
in theUnited States were fabricated with statically cast
austenitic stainless steel, either Grade CF-8 (compara-
ble to wrought Type 304), CF-8M (comparable to
wrought Type 316),-or CF-8A. The one exception
(which involves only three domestic plants) is the
Combustion Engineering/Klein, Schanzlin, Becker
forged carbon steel pump bodies used at Palo Verde
1,2,3-see Table 2.1. This pump body is a Type F
design (see Figure 2.4) of similar -size to

9-3045

Figure 2.3. BWR Type C Coolant Pump.

components such as gaskets, seals, bearings, lubri-
cants, and diaphragms. These components are re-
quired to maintain either an active function,' such as
r'otation, or a passive function, such'as prevention of
pressure boundary leakage. Two'concentric gaskets
normally are used to seal the interface between the
PWR coolant pump covers and bodies. A leak-off line
is installed between the gaskets to detect any leakage
of reactor coolant. Only one gasket is used in BWR
coolant pumps. Leaking reactor coolant, if not
checked, may cause corrosion of the closure studs,
which are made of low-alloy' steel. Reactor coolant
pump main closure studs are long, [for example,
740 mm'(29 in.) for Type E pumps]4 and their nominal
diameter may vary from 90 to 140 mm (3.5 to 5.5 in.).

Historicaly, the design of RCPs has relied heavily
on the accumulation of years of relatively trouble-free
service at chemical, municipal, and industrial sites. In
spite of the advances made in analytical techiiques5 .6

and computer-based calculation methods, RCPs
design for NSSS transients is conservative. This
conservatism is due in part to the cast process used in
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Because of the large pump size and the nondestruc-
tive evaluations (NDE) required by the ASME Code
for PWR and BWR plants, casting of the pump body in
one piece was replaced by a combined cast-weld
fabrication process. However, later designs of Type F
pump bodies were modified to decrease or eliminate
the number of welds as it became practical to
manufacture larger casting sections.9

Another important material parameter is the amount
of delta ferrite in the RCP two-phase alloy castings.
Although the ASME Code does not set forth delta
ferrite requirements for cast-stainless-steel pump
bodies, the Design Specifications and the pump
manufacturers have historically worked to a 5% mini-
mum [5 ferrite number (FN)1 delta ferrite level. (The
EN is approximately equivalent to the volume percent-
age of ferrite at low levels of delta ferrite.) The
nominal ferrite level is approximately 9 FN, and ferrite
levels greater than about 15 EN are avoided since they
result in excessive foundry problems during the
cooling and processing operations. Improvements in
foundry melting practices, such as argon-oxygen-
deoxidation (AOD) melting, allow for closer chemis-
try control and help to meet the 5 FN delta ferrite
requirement. All base- material repair and fabrication
welding has been performed with ferrite-controlled
(>5 FN) weld flller metal as specified by the ASME
Code (A-No. 8).

Most PWR (Type F) pump bodies were made using
electroslag welding for the fabrication welds (owing to
the circular geometry) with no postweld heat treat-
ments; a postweld heat treatment is not an ASME Code
requirement (nor is it prohibited) for stainless-steel
welds. The Combustion Engineering/Klein, Schanzlin
and Becker carbon-steel pump body requires a
postweld heat treatment because of the section thick-
ness. Without a postweld heat treatment, some high
residual stresses (close to yield strength level) may be
introduced into the heat-affected zones near the
weldments in Type F pump bodies. Fabrication welds
in all Type E (PWR) and Type C (BWR) pump bodies
are manual welds followed by full solution heat
treatment of the completed cast-weld fabrication.
This treatment eliminates the residual welding stresses
but introduces residual stresses caused by water
quenching from the solution annealing temperature
[-1038 to 11490C (1900 to 21001F)]. To minimize
changes in the machining tolerances during plant
service, one vendor has applied a low-temperature
thermal-stabilizing treatment [at approximately
3990C (7500F)] to their Type F pump bodies before
machining.

The location of fabrication welds on Type C, E, and
F pump bodies are shown on the weld maps supplied

9 0594

FIgure 2.4. PWR Type F (Klein, Schanzlin and
Becker) Coolant Pump.

cast-stainless-steel Type F pump bodies (Figure 2.2).
The internal surface of the pump body is lined with a
stainless-steel cladding deposited using a process
similar to that employed on reactor vessels.8 Thus,
corrosion and fatigue issues should not be of any more
concern than they may be in the reactor pressure
vesseL
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Table 2.1. U.S. PWRs listed by NSSS vendor with the RCP manufacturer identified3

. ~ ~ ~ ~ ~ ~ ~~~~~~~~ ~~~~~. I . . . I I

Westifihousc

Beaver Valley 1,2
Braidwood 1,2
Byron 1,2
Callaway 1,2
Catawba 1,2
Comanche Peak 1,2
Cook 1,2
Diablo Canyon 1,2
Farley 1,2
Ginna
Haddam Neck
Harii '
Indian Point 2,3
Kewaunee
McGuire 1,2
Millstone 3
North Anna 1,2
Point Beach 1,2
Prairie Island 1,2
Robinson 2
Salem 1,2
San Onofre I
Seabrook 1

* Sequoyah 1,2
South Texas 1,2.
Summer
Surryl,2
Trojan
Turkey Point 3,4
Vogtle 1,2
Watts Bar 1,2
Wolf Creek
Zion 1,2
YankeeRowe

Combustion En inceringb

Arkansas Nuclear One 2
CalvertCliffsl,2
Fort Calhoun
Maine Yankee
Millstone 2

i . Palisades
San Onofre 2,3
St.Lucie ,2
Waterford 3

Palo Verde 1,2,3c

Babcock and WI1cox

Arkansas Nuclear One Id
Crystal River 3d
DavisBessed
Oconee lo
Oconee 2,3f
Rancho Secof
Three Mile Island 1e

a. All have Westinghouse RCPs.

b. All have Byron Jackson RCPs except Palo Verde, which is Klein, Schinzlin, and Becker.

c. Klein, Schanzlin, and Becker.

d. Byron Jackson.

e. Westinghouse.`

f. Bingham-Wilamette.
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with the document packages that accompany each
pump body. The document package, in accordance
with the ASME Code, supplies the utility with all
pertinent Quality Assurance (QA) documents and also
is the information source for inservice inspection of
the fabrication, attachment, and repair weld locations.
The delta ferrite in cast stainless steel improves the
resistance to stress corrosion cracking under both the
solution annealed and sensitized conditions (compared
with wrought stainless steel). Solution annealed
material is preferred over sensitized cast stainless steel
in terms of both corrosion cracking resistance and
ductility loss. To minimize sensitization and residual
stresses in Type E and C pumps, all welding performed
after the solution heat treatment of the material is
limited to a low-heat input no greater than 19,700 J/cm
(50,000 Jin.).

Section III of the ASME Code requires that a delta
ferrite determination be performed for A-No. 8 weld
filler metal. The delta ferrite determination is
performed by either magnetic measuring instrumenta-
tion or by use of chemical analysis in conjunction with
a delta ferrite table. The minimum delta ferrite must
be 5 FN, as stated above. The use of a controlled delta
ferrite filler weld metal has helped to reduce the risk of
a depleted region of delta ferrite near a weld fusion
line; depleted ferrite may lead to susceptibility of
stress corrosion cracking. Delta ferrite determinations
for the cast-stainless steel pump casings have histori-
cally been based on chemical analysis.

2.1.3 Coolant Pump Shaft Material and Fabri-
cation. The RCP shafts are made of Type 304 or 316
stainless steel and are generally forged in one piece by
a swagging process. A full solution heat treatment is
applied by first heating the shafts while held vertically
to 11500C (21000F), then quenching them from this
temperature. Some shafts are chrome plated [plating
thickness 0.075 mm (0.003 in.)] to minimize suscepti-
bility to galling during shrink fits. The typical length of
a shaft is about 1.8 m (6 ft), and the diameteratthe upper
end near the coupling is 102 to 127 mm (4 to 5 in.),
whereas the diameter at the lower end near the impeller
is 203 mm (8 in.). The impellers are made of cast
material and bolted to the shaft in the older designs,
whereas in newer designs the impellers are welded to
the pump shafts with full penetration circumferential
welds.

2.1.4 Other Pump Component Materials. Most
of the other pump parts, including the pump cover, are
made of Type 300 stainless steels. The mechanical
seals are also generally austenitic stainless steel with a
carbide facing for rotating contact and high-purity

graphite for stationary contact 0-rings are generally
made of nitrile rubber. Thepump-to-cover gaskets are
typically made of Type 304 stainless steel flexitallic
(stainless steel- graphite asbestos material), and the
pump cover fasteners are made of low-alloy steel,
either SA540 Grade B23 or SA193 Grade B7 bolting
material.

2.2 Stressors

The normal plant operating (steady-state) and
transient stresses are important stressors to the pump
casing. Other important stressors include long-term
thermal exposures, residual stresses, and high-cycle
fatigue stresses caused by pump rotations. In the
earlier Type E and C pumps, there is hot and cold water
mixing at the thermal barrier, which can create
high-cycle (1 to 25 Hz) thermal stresses in the pump
shaft and cover components. Thus, cyclic mechanical
and thermal loading and long-term thermal exposure
of the RCP body casting are of most concern with
regard to license renewal.

2.3 Degradation Mechanisms
and Sites

Several mechanisms are discussed in this section
that tend to reduce the life of pump components in a
general sense. The most important degradation
processes are rated and summarized later.

2.3.1 Thermal Embrittlement. Cast stainless
steels, that is, Grades CF-8, CF-8M, and CF-8A, have
austenitic-ferritic microstructures and are subject to
degradation by thermal embrittlement. Thermal
embrittlement of the base metal results in a slow loss of
fracture toughness over extended periods of time and is
influencedby coolant temperature and time ofexposure
at temperature. The thermal embrittlement rate is the
highest at about 4750C (8850F), but significant
embrittlement also occurs at PWR and, to a lesser
extent, BWR operating temperatures. In addition,
thermal embrittlement is influencedby the base metal's
chemical composition, volume fraction of ferrite, and
ferrite distribution (spacing) in the microstructure. The
ferrite distribution in statically cast, thick-wall,
stainless-steel components is not uniform. The loss of
material toughness is caused by the formation of an
alpha-prime phase in the ferrite. Since only the ferrite
phase is embrittled by long-term exposure at LWR
operating temperatures, the higher the percentage of
ferrite, the greater the embrittlement. The delta ferrite
range for reactor coolant pump bodies has historically
been bounded by a 5% minimum. Generally, measured
ferrite levels average about 9% but can go up to about
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adequate, since fracture toughness after aging is still
maintained at generally acceptable values. Investiga-
tions into thermal embrittlement effects, using fracture
mechanics methods at low deformation rates (approxi-
mately five orders of magnitude lowerthan those used
in impact testing), show that the embrittlementproblem
does not seem to compromise the safety and integrity of
the reactor coolant pump body materials.'

The welds in the pump body are not very sensitive to
thermal embrittlement. Although, the initial tough-
ness of the welds in the pump body is significantly
lower than that of the unaged base metal, the ferrite
content of the welds is generally lower than that of the
base metal.' In fact,'the pump body fabrication welds,
repair welds, and field-assembly welds in several
olderplants may have had less than 5% ferrite.10'° The
ASME Code (Section 111) did not have ferrite require-
ments for austenitic stainless steel welds prior to 1971,
whereas in newer plants a'minimum of 5%'ferrite in
the weld materials is required by the Code.10 The
minimum ferrite content requirements help prevent
microfissuring in the welds.'

Laboratory tests show that the loss of toughness in
thermally aged cast stainless-steel components can be
recovered by annealing at 5500 C (10220F) for one
hour, followed by rapid cooling (quenching) to lower
temperatures.11.b The short-term annealing process
dissolves the alpha-prime phase. However, rapid
heating and cooling of the pump body is not feasible,
and slow heating and cooling to and from the
annealing temperature will cause formation of several
other phases in the ferrite, resulting in additional loss
of toughness. Therefore, annealing of aged cast
stainless-steel components is not an acceptable solu-
ion; in addition, for pumps, which have close toler-

ances, a high temperature anneal would be
unacceptable because of the potential for distortion.

2.3.2 Fatigue. Light water reactor pump bodies are
subject to thermal and mechanical fatigue damage
caused by the system operating transients and pump
vibrations. The welds in Type F pumps (such as the
electroslag welds) are susceptible to fatigue damage
because of the high residual stresses. The susceptible
sites forfadguedamagein theTypesC andEpumps are
likely to include some portion of both the base metal

a. E. Landerman, private communication,-Wesing-
house, Pittsburgh, Pennsylvania, September 1988.

b. W..J. Shack,.private communication, Argonne
National Laboratory, Chicago, August 1988.

and weld region, because of the geometric configura-
tion and complex weld design and the associated
residual stresses caused by fabrication. Figure 2.1

' shows the locations of the maximum stress intensities
in Type E puiis.9 In addition, the ferrite content in the
welds (including field assembly welds) may be low
(<3%O) in some older plants, and microfissures may be
-present. Microfissures can adversely affect the fatigue
strength of thermally embrittled pump castings.
However, RCP body fatigue damage is expected to be
quite small in the absence of microfissures because the
pump bodies have a thickness greater than that
required for structural integrity to ensure dimensional
stability for the rotating components.

If there are any flaws or defects in the cast stainless
steel pump bodies, they were introduced during
manufacture of the castings, and resulted from shrink-
age during solidification. Flaws located on the surface
of the pump bodies are subject to crack growth rates
greater than those of subsurface flaws if high stresses
-are present; the crack growth rate can be further
increased by exposure to the reactor coolant Forged
carbon steel pump bodies are also subject to increased
crack growth rates if flaws located on the surface of the
stainless steel cladding expose the base metal.

Light water reactor pump shafts are susceptible to
: high-cicle, mechanical and thermal fatigue damage

caused by alternating mechanical bending stresses and
also by the rapidly varying thermal stresses in the
thermal barrier region.c The bending stresses are
caused by any asymmetric distribution of the static

' pressure. Thesealternating bending stresses, along
with any stress raisers and high 'residual stresses at the
local welds on the shaft surface, can initiate circumfer-
ential cracks and propagate them in a plane perpendic-
ular to shaft axis. These cracks usually occur in
grooves on the shaft surface and propagate in a
transgranular manner. 13

The rapidly varying thermal stresses are caused by
the turbulent mixing of the hot reactor coolant with the

. component cooling water, which is normally at a
*temperature of about 500C (1200F). Thermal fatigue
-cracks have been found in both PWR and BWR
-(Type E and Type C) pump shafts. -The susceptible
sites are the square threads in the thermal barrier

-region and the shaft immediately adjacent to the
- threads. -The thermal stresses in the thread region are

in the hoop direction and, therefore, fatigue cracks in
the axial direction have been observed. The thermal

c. ByronJacksonPump Division,private communica-
tion, Borg Warner Corporation, 1987.
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stresses in the smooth portion of the shaft are both
axial and in the hoop direction, and the resulting
fatigue cracks have a random pattern. Thermal fatigue
cracking will be self limiting in the absence of any
mechanical loads. Mechanical bending loads cannot
propagate axial cracks, but there is a potential that an
axial crack may change its orientation and become a
circumferential crack,13 which can be propagated by
mechanical bending loads- at least one such failure has
occurred in Europe.

A coolant pump shaft at Crystal River 3 completely
failed in 1986.14,1 Thecauseof failurewas determined
to be a circumferential crack attributed to fatigue. The
crack initiated at a groove in the shaft, which acted as
a stress raiser. The same pump experienced a signifi-
cant change in vibration response in 1988 (recorded by
the shaft vibration monitoring probes).16 The most
likely cause of this change has been determined to be a
circumferential crack in approximately the same loca-
tion as the 1986 event. The contributors to this failure
appear to form a common set of conditions leading to
failure. They include (a) a shaft resonance near twice
operating speed, (b) asymmetry of the shaft, (c) radial
sideloads, and (d) reduced shaft endurance limits
caused by shrink-fitted components on the shaft. Some
causes of these conditions may be grooves, splines, and
threads on the shaft; material discontinuities under
shrink-fit components; chrome plating on the shaft
surface; poor or improper welding; loose impeller
bolts; and improper pumping loads.16 Hairline cracks
have been found in the Type F pump shafts at the Palo
Verde 1 plant. Heat-induced stress and the shaft's
chrome plating havebeen mentioned as factors causing
the cracks.17

2.3.3 Boric Acid Corrosion. PWR pump body
closure studs are susceptible to corrosion wastage
caused by primary coolant leakage across the pump
body-to-cover gasket. Corrosion wastage is a special
case of severe corrosion. Leakage and evaporation of
the boron containing primary coolant water leaves a
concentrated boric acid solution in contact with the
closure studs. Concentrated boric acid solutions
corrode ferritic steel easily. Without a concentrated
boric acid solution the ferritic steel closure stud
corrosion would be minimal. Primary coolant leakage
has caused significant corrosion damage to pump body
closure studs (it may also cause corrosion of the base
metal of carbon steel pump bodies).IS Boric acid
corrosion in one PWR plant reduced seven reactor
coolant pump studs from a nominal diameter of 90 mm
(3.5 in.) to between 25 and 37 mm (1.0 and 1.5 in.).4
The corrosion occurred in the regions of the studs
adjacent to the top surface of the lower flange. Visual

inspection revealed that the severelycorroded studs had
an hour-glass appearance. Visual inspection of closure
studs at other PWR plants has revealed that the studs in
all pump designs are susceptible toboric acid corrosion.
These problems can be controlled by monitoring the
leak-off lines and repairing the gaskets when leakage is
detected. Unfortunately, the leak-off lines have
become plugged at some plants and are not always
instrumented. Installation of instrumentation for moni-
boring the leak-off lines between the gaskets is
necessary.

The major causes of gasket leakage are poor
maintenance, minor corrosion of the stainless steel
portion of the gasket, and poor gasket spring-back. 19

Gasket leakage is usually associated with an uncleaned
(dirt and nicks) or damaged gasket seating area caused
by improper reassembly. Implementing the following
recommendations will upgrade the maintenance pro-
cedures for the closure studs and, thus, improve plant
reliability: use gaskets with improved spring-back
characteristics, control cleanliness during gasket
installation, and use proper fastener lubrication and
tensioning practices.

2.3.4 Stress Corrosion Cracking. Cast stainless
steel pump bodies and their welds have excellent
resistance to stress corrosion cracking. Generally, the
ferrite content in the welds is >5%. However, if very
low levels of ferrite are present in any of the welds
because of the filler material and weld procedures used,
those welds could be sensitized and become susceptible
to environmentally induced stress corrosion crack-
ing.20 The lTpes E and C pump bodies receive a full
solution heat treatment which reduces the sensitization
in their welds. However, any improvement provided by
solution heat treating will be limited because the
sections of the body are thick. The optimum improve-
ment will be at and near the surface, because the cooling
rate is an important factor. Repair welding performed
after the full solution heat treatment of the bodies has
generally been limited to a low-heat input, no greater
than 1970 J/mm (47.4 Btu/in.). This practice prevents
additional sensitization and also reduces residual
stresses. Thus, the susceptible sites in the Types E and
C pump bodies willbeat the welds connecting the pump
body to the reactor coolant piping, if the ferrite content
of the connecting welds is very low.

Leakage of reactor coolant across the pump body-
to-cover gasket may wet the insulation, leaching
chlorides out of the insulation. This chloride contami-
nation increases the potential for stress corrosion
cracking in the pump body. If the insulation meets
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chloride concentration acceptance criteria, the chloride
contamination will be minimized.21 !

2.4 Potential Failure Modes

Based on best information to date, the RCP body
castings are considered the most critical pump compo-
nent with regard to license renewal. The most likely
failure mode for a pump casting would be through-
wall leakage of primary coolant water. In the unlikely
event that thermal embrittlement (long-term aging)
everbecomesaproblem, unstable ductile tearing of the
pump'body during a design transient would be a
potential failure mode. The RCP body fatigue life is
usually very conservative and is not considered to be a
-limiting factor for any license renewal.

<over to the reactor pressure vessel3Z2 The recircula-
tion pump developed wild vibrations because the
failure occurred while the plant was running at 90% of
full power. -

The failure resulted from deficiencies in the
welding of a bearing housing component and it is
likely to have been caused by fatigue. The welds had
not been inspected for cracks prior to failure, even
though weld failure in a similar pump in another BWR
'plant had occurred earlier. At least 10 fragments of
broken pump were at the bottom of the reactor vessel,
and 13 more inside the jet pump. The utility plans a
thorough inspection of all the fuel rods (more than
48000 rods), and complete checkout of the entire plant
system. The recirculation pump was designed by
Byron-Jackson but fabricated and assembled by
ainnther rcnmanv. All numns with a weld desicn

The degradation of the pump closure fasteners similartothatofthefailedpumparesusceptibletothis
caused by borated water corrosion will not lead to the failure mode. 4 -:
failure of cast stainless steel pump bodies but will
cause corrosion of carbon steel pump bodies, and 2.5 Inservice Inspection and
problem must be addressed. The primary cause of
fastener wastage is poor maintenance.' Withoutr'eactor Surveillance Requirements
coolant leakage across the gasket, no significant
corrosion would occur. The pump manufacturer, the '2.5.1 Pump Body. 'Generally, at least one reactor
utilities, and the regulatory agencies are aware of the . coolant pump from the RCS is disassembled for
gasket problem and corrective actions are being taken, inspection and maintenance at the end of each inspec-
such as (a) gasketmateral changes (generally propr tion interval. Inservice inspection requirements for the
etary), (b) improvement in assembly procedures, and -: pump body include surface and volumetric examina-
(c) better housekeeping practices. No fatigue or stress tion of identified repair and fabrication welds. The cast
corrosion bolt failures have been reported. ' §'stainless steel pump bodies are difficult to inspect with

conventional ultrasonic testing methods because of the
Failure of a pump shaft will not compromise the '.:elastic anisotropy caused by the different grain struc-

integrity of the pressure boundary, but it will result in tures in the castings and because of the severe attenua-
a shutdown of the punip and a forced system outage. ton of the ultrasonic wave caused by the coarse grains
Cracks caused by thermal mixing and the resulting in the steel. Therefore, radiography is generally used
alternating thermal stresses cannot be predicted from ' forvolumetricexaminationofcast stainless steelpump
operating histories or from accumulated operating body welds. In accordance with ASME Code Section
dtime. Calculations show that axial cracks in a pump XI, any indication detected by radiography must be
'shaft will propagate slowly or may be arrested ' considered a worst-case flaw, because normal radiog-
completely.12 However, the thermal cracks could . raphy can only detect the presence of a flaw, not its
ultimately result in shaft failure, depending on design- locationorsize(aworst-castflawisasurfaceflawwith
details or if unusual operating conditions are experi- an aspect ratio of 0.5). However, triangulation radiog-
enced; at least one failure has occurred in Europe. -raphy may be used to characterize, size, and locate a

flaw.
'Failureof pump intemals, for example, shafts and

bearings, will not compromise the integrity of the'
presswebowidary,butthebroken pieces maybecarried
over to the reactor vessel and damage the vessel
internals, fuel rods, and other core components. '
Generally, such failures have resulted in a shutdown of

'thepump and a forcedsystem outage. However, in one'
recent event in a foreign BWR plant, broken pieces of
a recirculation pump internal component were carried'

The extent of the thermal embrittlement of cast
stainless steel components may be such that the critical
flaw size decreases to the size of an existing flaw, or
the critical flaw size may become too small to reliably
detect using current inservice inspection methods.
However, advanced ultrasonic testing (UT) methods
are being developed that can better detect flaws and
determine their size, orientation, and location.20Z
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These advanced UT methods will be more effective
than radiography.

The acceptance standards for the allowable length of
the surface and subsurface flaws in light water reactor
pump body welds are given in Table IWB-3518-2 of
ASME Code, Section XI; the allowable surface flaw
length is less than half the allowable subsurface flaw
lengthW6 Similar standards for allowable flaws in cast
stainless steel base metal are needed. These standards
should take into account degradation caused by
thermal embrittlement.

The inservice inspection requirements were origi-
nally developed for Type F pump bodies, which have
high residual stresses at the welds and low stresses in
the base metal. However, these requirements are also
applied to Type C and E pumps, which have geometric
configurations and stress distributions different from
that of the Type F bodies. High stress intensities are
present at both welds and base metal of Type C and E
pump bodies.

As discussed previously, a reactor coolant leak
across the pump body-to-cover gasket can make
adjacent areas of the pump body susceptible to stress
corrosion cracking. Damage to the affected area can
be detected by penetrant testing.

2.5.2 Pump Shaft. LWR coolant pumps are
generally equipped with two monitors mounted at the
top of the motor stand in a horizontal plane to detect
radial vibrations of the pump. Monitoring of pump
motor frame vibrations has been successfully used to
detect damage to the pump shaftL2.1 5 Proximity probes
have also been used for vibration monitoring to detect
circumferential cracks in the pump shaft. However,
vibration monitoring will not be able to detect axial
cracks caused by thermal fatigue.

The inspections done during shutdown should
include surface and volumetric examinations of the
pump shaft. Several utilities have used the conven-
tional UT technique to inspect pump shafts, but the
results have been inconclusive and misleading. A new
UT technique, the modified cylindrically guided wave
technique, is being developed by the Southwest
Research Institute for shaft inspection, and the initial
results of its use are promising.27' 28

2.5.3 Pump Closure Studs. ASME Section XI
requires volumetric examination of all the bolts, studs,
nuts, and bushings during each inspection interval.
However, the conventional UT volumetric examina-
tion techniques do not effectively measure stud

corrosion wastage. 29 Therefore, the ASME inservice
inspection requirements, which are currently limited to
volumetric examinations, should be revised to include
visual examinations. Removal of the insulation
covering the studs will facilitate visual examinations
to determine whether reactor water leakage has caused
corrosion of the studs. It may also be necessary to
either remove the bolt for inspection or consider a
leak-before-break analysis.19 ASME Section XI
requires examination of the flange surfaces when a
mechanical joint is disassembled. Use of the cy-
lindrically guided wave technique developed by the
Southwest Research Institute might also be consid-
ered, because it is capable of detecting both flaws and
corrosion wastage in the long studs.30

2.6 Summary, Conclusions, and
Recommendations

Table 2.2 summarizes the stressors, degradation
sites and mechanisms, and potential failure modes for
LWR primary coolant pump bodies, closure studs,
shafts, and internal welds. The conclusions and
recommendations related to aging degradation of these
components are as follows:

1. A model should be developed for estimating
the decrease in fracture toughness (thermal
embrittlement) of cast stainless steel pump
bodies as a function of coolant temperature,
time of exposure at temperature, chemical
composition, and ferrite content and its spac-
ing in the microstructure.

2. Because the ferrite distributions through
statically cast, thick-wall, stainless steel
components are not uniform, data for the
actual ferrite distributions in pump bodies are
needed. Such data will make it possible to
more accurately determine the degree of
thermal embrittlement.

3. Thermal embrittlement may be such that an
existing flaw can reach critical dimensions,
leading to failure of the body. Characteriza-
tion of any flaws would help efforts to evalu-
ate the continued structural integrity of the
pump body. Advanced ultrasonic testing
methods and radiography methods are needed
for this purpose.

4. Standards for allowable flaws in the cast stain-
less steel base metal are needed. These stan-
dards should take into account degradation
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Table 2.2. Summary of degradation processes for LWR coolantpumps

Potential
Degradation Mechanism Failure ModesRank Degradation Sites Stressors ISI Methods

1 Pump body (casting)a

2 Closure studs

3 Pump shaft

Temperature, system operating transi

Gasket leakage (borated water),
mechanical and thermal stresses

Thermal stresses (mixing of hot and
cold coolants)

Mechanical bending stresses (caused
by shaft rotations)

ien ts -Thermal embrittem ent,
fatigue

Corrosion, wastage

High cycle, mechanical
. I and thermal fatigue

Through-wall leakage,
unstable ductile tearing

Leakage, breakage

Breakage (contained
by pump body)

Surface, volumetric,
suggest surveillance
program

Surface, volumetric, visual
(including gaskets)

Surface, volumetric

BI-

4 Fabrication welds
(pump internals)

Mechanical and thermal stresses -- Fatigue I .- .Breakage (broken pieces None required
may be carried over into ;

I . reactor pressure vessel) . .

a. Wrought carbon steel pump bodies make up a very small percentage of those in the field and have not had a long enough service history to be reflected here.



caused by thermal embrittlement. ASME
Section Xl, Table IWB-3518-2, provides
similar standards for allowable planar flaws
in cast stainless steel pump body welds.

5. Annealing of aged pump bodies is not an
acceptable method for restoring material
toughness. This process causes formation of
several other phases in the ferrite, resulting in
additional loss of toughness. In addition,
annealing could distort the very close tol-
erances associated with pumps.

6. The ferrite content in the pump body welds
should be determined. Welds with low levels
of ferrite may be susceptible to stress corro-
sion cracking, especially if the body is not
subjected to a heat treatment after welding.

7. Welds in Type F pump bodies and high-stress
regions in Types C and E pump bodies may be
susceptible to fatiguedamage. Inaddition,the
presence of any microfissures in low- ferrite
(<3%) welds may adversely affect the fatigue
strength of the pump body and should be taken
into account in estimates of fatigue damage.

8. The ASME Section XI inservice weld inspec-
tion requirements were originally developed
for the Type F pump bodies, which have high
residual stresses at the welds. However, these
requirements may not be practical or mean-
ingful for Types C and E pumps. The high
stress intensity regions in Types C and E
pumps are likely to include some portion of
both the base metal and weld. Surface exami-
nation of the high stress intensity regions is
recommended.

9. Failure of the internal attachment welds may
result in broken pieces of pump internal
components carried over to the reactor pres-
sure vessel and damage of vessel internals and
core components. Weld inspection guidelines
for the various pump designs need to be
developed.

10. Leakage of borated water across LWR pri-
mary coolant pump case-to-cover gaskets
can cause corrosion of the pump closure studs
and corrosion of carbon steel pump body base
metal. Corrective actions to prevent leakage
include use of gaskets with better spring-
back characteristics, proper gasket installa-
tion and cleanliness control, and proper stud
tensioning practices. The leak-off lines be-
tween the inner and outer gaskets should be
left unplugged and be instrumented so that
leakage can be detected.

11. Volumetric examination of the closure studs,
as presently required, should be supple-
mented with visual examinations to deter-
mine whether leakage has occurred. The use
of the cylindrically guided wave technique
should be considered. Another option would
be to consider a leak-before-break analysis
to evaluate closure integrity.

12. Use of conventional ultrasonic techniques to
inspect pump shafts gives inconclusive and
misleading results. A field evaluation of the
modified cylindrically guided wave tech-
nique for shaft inspection is needed. Moni-
toring of the pump motor frame vibrations is
recommended. Such monitoring can detect a
circumferential crack in the pump shaft.
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3. PRESSURIZED WATER REACTOR PRESSURIZER

A. G. Ware

The pressurizer is a major component of each pres-
surized water reactor (PWR) reactor coolant system
(RCS) and, as its name suggests, its primary purpose is
to control system pressure. Boiling water reactors
(BWRs) do not have pressurizers. Pressurizers are
similar in some respects to the other major RCS
pressure vessels, the steam generator and the reactor.
pressure vessel, in that they are a part of the primary
coolant system pressure boundary designed and built
to the American Society of Mechanical Engineers
Boiler and Pressure Vessel Code (ASME Code). 1 A
failure can result in an unisolatable leak and boric-acid
corrosion of the base metal. However, unlike the reac-
tor pressure vessel, the pressurizer is not in a region of
high neutron fluence and, thus, is not susceptible to
brittle fracture. Also, unlike the steam generator there,
are no thin-walled heat transfer tubes that have shown
a history of corrosion and war problems. However,-
the pressurizer does have a number of design features
unique to its functional purpose that should be -
addressed as part of the license-renewal process.

Thischapter describes the factors affecting life-',
extension of the pressurizer and its subcomponents but.
does not comprehensively cover the associated pri-
mary system piping (such as the surge, spray,'drain, or-
vent lines, for which the discussions' in Chapter 5 of
Volume 12 and Chapter 4 of this volume are applica-
ble) except for the safe-end'welds, which will be
discussed. Nuclear power plant valve reliability is an
ongoing problem throughout plant life, whether for 10.
20, 40, or more years. Pressurizer relief valves have
been especially troublesome, as they have occasionally
failed to reseat properly (such as occurred in the
TMI-2 accident) and set points have drifted out of
adjustment. However, since these valves are relatively
easy to repair or remove and reinstall, compared with
overall pressurizer replacement, they are not consid-
ered a major-license renewal concern (though they are
a major plant safety concern). Therefore, the asso-
ciated valves (such as pressure relief, surge, and spray
lines) will not be discussed in this chapter.

The designs of the older vintage Babcock & Wilcox,
Combustion Engineering, and Westinghouse Electric
Company (Westinghouse) PWRs will be reviewed
in this chapter. However, pressurizer design changes
over the years have been minimal, and, thus,
the discussions in this chapter will apply to newer
pressurizers as well.

3.1 Description -

ThepressurizermaintainsRCS pressure within agiv-
en operating band, compensates for RCS volume
changes during reactor power level adjustments, and
provides a means for overpressure protection through
safety and relief valves. An elevation view of the
pressurizer with respect to other major RCS
components'is shown in Figure 3.1 for a Babcock &
WilcoxPWR,'anda schematic of thepressurizersystem
for Westinghouse four-loop plants is shown in Fig-
ure 3.2.3 Thearrangementof thepressurizerin thepri-
mary system is typical of that forplants designed by all
three PWR vendors, except that the Babcock & Wilcox
spray line is fed from only one RCS cold leg, whereas

' theCombustionEngineeringandWestinghousedesigns
are connected to two of the cold legs.;'

-'The Babcock & Wilcox 45 Combustion Engineer-
- ing,6J and Westinghouse- 9. pressurizer designs for

typical pre-1970 plants arc shown in more detail in
Figures 3.3,3A, and 3.5. Each vendor manufactured
its own pressurizers. All designs have the same basic
configuration',' that of a vertically mounted, bottom-

.,supported, tall and slender cylindrical pressure vessel
.with top and bottom heads (in most cases hemi-

spherical). .However, the standard Babcock & Wilcox
pressurizer, with a volume of 42.5 m3 (1500 ft3), is
generally smaller than that of the other two ven-
dors, 51.0 m3 (1800 ft3) for standard Westinghouse
.and Combustion Engineering'designs, though there
are exceptions; the Combustion Engineering Maine
Yankee pressurizer volume is 42.5 m3 (1500 ft3), and
the Westinghouse H. B. Robinson and Turkey Point 3
and 4 volumes are only 36.8 m3 (1300 fi?). Safety con-
cerns have been raised over the smaller pressurizers,
because their volumes cannot accommodate transients
as well as larger pressurizers.10 This is a design and
operational question, however, rather than a plant ag-
ing issue.

Although the overall pressurizer basic designs are
very similar, a number of individual variations may be
found from plant to plant. While the dimensions given
in this section are intended to be typical, they are by no
means applicable to all plants.

The vessels are made of low-alloy steel, with auste-
nitic stainless steel or NiCr-Fe cladding [typically
OA8- to 096-cm (0.19- to 0.38-in.) thick] on all sur-
faces in contact with the primary coolant. The shell is
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Figure 3.1. Babcock & Wilcox primary loop elevation diagram.3
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Pressurizer
relief tank

LN88026-15

FIgure3.2. Westinghousepressurizersystem-.

fabricated from sections of formed plate. As an
example, Combustion Engineering pressurizer shells
were manufactured from two plates that were hot
pressed to form two 180-degree cylindrical sections,
which, after heat treatment, were then longitudinally
welded together to form a complete cylindrical shell."
Babcock & Wilcox shells were made from two
180-degree sections longitudinally welded together to-.
form a cylinder or from two such cylinders with a
central girth weld.b Top and bottom hemispherical
heads were constructed by pressing either sections of
platesa or complete circular plates,' 1 by spin-ingb or
by castings The heads are welded to the cylindrical
shell at the manufacturing shop, and the complete pres-
surizer is shipped as a unit, so that the only field welds
required are for the piping connections. Stainless steel

a. J. Sodergren, private communication, Combustion
Engineering, Chattanooga, Tennessee, December 12,
1986.
b. R. Douglas, private communication, Babcock &
Wilcox, Barberton, Ohio, December 16,1986.

c. V. V. Miselis, private communication, Westing-
house, Pittsburgh, Pennsylvania, December 11, 1986.

surge and spray piping must be welded to a carbon-
steel nozzle, so a "safe end" weld is used. Safe ends
(see Figure 3.6) are transition sections that are used to
avoid welding between dissimilar materials in the
field.

Under normal operating conditions, the pressurizer
is 50 to 60% full of water that is covered by a steam
bubble. The water and steam regions are denoted in
Figures 3.3 through 3.5.

The pressurizer is supported both vertically and hor-
izontally at the bottom, in some cases by a support skirt
and in other designs by a ring girder. The vessel is also
restrained horizontally at either one or two elevations
on the exterior of the shell in order to resist design-
basis earthquake loads. These supports are weld-
ments, keys welded to the upper vessel (Combustion
Engineering), or shear lugs (Westinghouse), which
allow the pressurizer to expand radially and vertically
but resist torsional and translational movements. A
Westinghouse support arrangement is shown in
Figure 3.7.

Electrical heaters are located at the bottom of the
pressurizer vessels. They arc single-unit, sheath-type
immersion heaters,7 which protrude through the
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Figure 3.3. Babcock & Wilcox pressurizer.
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Figure 3.4. Combustion Enginecring pressurizer.
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8-0122

. Figure 3.6. Cross section of pipe showing safe-end
- weld for Combustion Engineering spray nozzle. As-

sembly shown in Figure 3.10. -

pressurizer walls and are encased by sleeves welded in
the lower'head. The heaters are typically about 25.4
mm (1 in.) in diameter and are covered by an Ni-Cr-
Fe sheath, which surrounds the heater electrical ele-
ments and insulation (for example,'rnagnesium oxide).
A diagram of the Combustion Engineering arrange-
ment is shown in Figure 3.8.' In this design, the heater
sheathes are directly in contact with the pressurizer
fluid and form a'portion of the primary pressure
boundary. Seal Welds between'the sleeve and the stain-
less steel cladding on the inside of the pressurizer wall
and between the sleeve and heater sheath complete the
remaining portions of the heater pressure boundary.
The Babcock & Wilcox arrangement is shown in
Figure 3.9.

There are from 50 to 120 heaters in each pressurizer,
withoverl000kW (ashigh as 1800kWin some plants)
of total electrical heater capacity.4 .56.7hS 9 Redundancy
has been included so that a given number of heaters, va-
rying from plant to plant, can be inoperative'at one time
with plant operation continuing at an allowable reserve
safety margin. A prescribed number of heaters are
wired to the auxiliary power supply so that in the event
of a loss of station power, pressure control of the RCS
can still be maintained. In the Babcock & Wilcox de-
sign, the heaters are oriented horizontally (see Fig-
ure' 3.3), while in the Combustion Engineering and
Westinghouse designs (Figures 3A and 3.5) they are
positioned vertically. Each heater can be separately
removed for maintenance and replacement'and is indi-
-vidually restrained to prevent high amplitude
vibrations.

Coolant surges into and out of the pressurizer, called
"insurges" and "outsurges," respectively, are caused
by reactor power transients and occur through the
surge-line nozzle located at the bottom of the

FIgure 3.7. Westinghouse pressurizer support
arrangement. "

pressurizer. The flow path is from the hot leg of one of
the RCS loops through the surge line [typically 254 to
355 mm (10 to 14 in.) in diameter] and then into
the pressurizer (see Figures 3.1 and 3.2). When
overall primary system cooling takes place, such as
during reductions in load, the volume of water in
the RCS decreases. The most severe case occurs dur-
ing a scram from full power. This causes some water
to leave the pressurizer (outsurge), reducing the densi-
ty of the steam bubble and thus lowering the pressure.
The pressure decrease is'somiewhat compensated for
when water at the steam-water interface flashes to
steam, thereby causing an increase in the pressure,
although not enough to recover full operating pressure.
When the pressure drops below a prescribed set point

. (specified in the Final Safety Analysis Reports),
- the heatersareautomaticallyenergized,addingheatto

,the remaining water at the bottom of the pressurizer.
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One of the design considerations for the pressurizer
is that the heaters should not become uncovered during
an outsurge of primary coolant. Uncovered heaters
can burn out, and when the number of operable heaters
drops below a prescribed minimum, the plant must be
shut down for heater repair or replacement Smaller
pressurizers are somewhat more likely to be emptied
than larger ones; for instance, a loss of power to the
integrated control system inadvertently uncovered the
heaters in the relatively small Rancho Seco pressur-
izer.12 Although there was no reported damage to the
heaters during this transient, in another event the
Rancho Seco plant operators allowed the pressurizer
heaters to become uncovered during a plant heatup,
and thirty-three of the thirty-nine 2.74-m- (9-ft-)
long tubes in the uppermost of the three heater bundles
burned ouL13.14

A screen at the surge line nozzle and baffles in the
lower section of the Westinghouse pressurizer prevent
cold insurge water from flowing directly to the steam-
water interface (which might thermally shock the
vessel wall) and assists both thermal and chemical
mixing. A diffuser is located at the outlet of the surge-
line nozzle in the Babcock & Wilcox design for
the same purposes. The surge lines are designed to
withstand the thermal stresses resulting from surges of
relatively hotter and colder water that may occur
during operation. 6 .9

There are thermal sleeves in both the surge and
spray lines protecting the welds between the nozzles
and the pressurizer upperand lower heads. Figure 3.10
shows the spray line thermal sleeve arrangement for
the Combustion Engineering pressurizer. The thermal
sleeve is expanded into a recess in the nozzle. The pur-
pose of the thermal sleeves [2.5- to 5.1-mm (0.1- to
0.2-in.) wall thickness] is to reduce the thermal shock
loadings to the nozzle inside wall and heel surfaces.
This is possible because the temperature of the stag-
nant coolant between the thermal sleeve and the spray
nozzle is almost constant along the length of the weld
zone and is shielded from extreme changes in coolant
temperatures by the thermal sleeve. The thermal
sleeve-to-nozzle joints may be subjected to such ther-
mal gradients, but these joints are not under internal
pressure stress as is the pipe wall. Also, the sleeve is
more flexible than the thicker pipe wall so the thermal
bending stresses are not as great. However, the
nozzle-to- piping weld could be subject to relatively
high thermal stresses if the thermal sleeve happened to
fail. Failed pressurizer thermal sleeves cannot enter
the pressurizer because of the spray head and surge line
diffuser. There is no reverse flow in the spray line that
would allow a broken thermal sleeve to be carried into
the RCS cold leg, but it is possible that a broken surge

Sleeve-to- '
heater
weld

? ~~~72552

Figure 3.8. Combustion Engineering heater
arrangement.

This water expands, contracts the steam bubble, and
the pressure is returned to the operating range. When
the pressure has been increased sufficiently, the heaters
are automatically deenergized by a control system.
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Detail shown

4r-1 / in Figure 3.6
4r1

fog forms in the steam region as some of the steam
condenses from the increased pressure." The spray
system, which is fed from one (for Babcock&Wilcox,
see Figure 3.1) or two (for Combustion Engineering
and Westinghouse three-loop and four-loop plants,
see Figure 3.2) of the RCS cold legs, is automatically
activated when pressure increases above a predeter-
mined set point. The relatively cooler water [2851C
(5450F) versus 3430C (6500F) saturation temperatures
is sprayed into the saturated steam bubble, thereby
condensing some of the steam in the upper portion of
the pressurizer, which lowers RCS pressure. Maxi-
mum spray flow rates range from 0.023 to 0.057 m3/s
(370 to 900 gpm), depending on the particular plant.

A small continuous flow [6.3 x 10-5 to 1.3 x
104 m3 s (I to 2 gpm)]4 .5 .6 .7.8.9 is provided through a
manual bypass throttle valve around the power-
operated spray valves to ensure that the pressurizer
liquid is chemically homogeneous with the coolantand
to prevent excessive heating of the spray nozzle and
excessive cooling of the spray piping. Note from
Figure 3.1 that the spray line is a small [typically 63.5
to 101.6 mm (2-1/2 to 4 in.) in diameter] piping
system suspended in the reactor containment. Were
there no flow in the line, heat losses to the reactor con-
tainment [which may be at an ambient temperature of
<650C (150 0F)] would cause considerable cooling in
the line. If water from the cold leg at a temperature of
2851C (5450F) were to be suddenly introduced into a
much cooler spray line, high thermal stresses would be
imposed on the pipe wall. The small continuous flow
is designed to prevent this type of thermal shock. The
thermal sleeve on the pressurizer spray connection is
designed to withstand thermal stresses resulting from
the introduction of the relatively cold 2851C (5450F)
spray water into the pressurizer, whose temperature is
that of the saturated steam, about 3451C (6501F).

Figure 3.10. Combustion Engineering spray
nozzle configuration.

line thermal sleeve could be swept into the hot leg dur-
ing an outsurge, depending on the design. The spray
and surge line thermal sleeves at the Westinghouse
Trojan plant are welded on the upstream end over a
45-degree arc. Also, the sleeves themselves are of a
larger diameter than the nozzle safe ends, thus prevent-
ing movement away from the pressurizer' This is
also true for the Combustion Engineering design.

The temperature of the RCS water rises when reac-
torpower increases, expanding its volume and causing
an insurge into the pressurizer. The steam bubble is
compressed, increasing its density and pressure, and a

A schematic of the upper section of a Westinghouse
pressurizer, including the spray head (made of cast
stainless steel), isshown in Figure 3.11. Stainless steel
was chosen for its excellent resistance to erosion/
corrosion. The spray heads in Babcock & Wilcox
pressurizers (Figure 3.12) were either bought as sparg-
er nozzles or fabricated in-house of wrought stainless
steel material.b Some authors use the term spray

a. P. Griffith, private communication, MIT,
Cambridge, Massachusetts, December 17,1986.

b. Royal Douglas, private communication, Babcock
& Wilcox, Barberton, Ohio, December 16, 1986.
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Upper head of vessel, 410-mm (16-in.) opening. The cover is held to the
vessel by 16 (20 in the Combustion'Engineering
design) 33- to 48-mm (1.3- to 1.875-in.) AISI
4340 studs. This is important from a license renewal
perspective because it allows repair or replacement of
pressurizer internal subcomponents. There are also
-numerous minor penetrations for sensing lines,
pressure relief lines, sampling lines, vent and drain
lines, etc.

r insert assembly / \ \ .. '. ;
- -n~efl assembly \ * Typicalmaterialsofconstruction (forlocationsrele-

vant in understanding the overall license renewal
-a \ - - -- issues associated with degradation under prolonged

exposure to time, temperature, and chemicals) are
listed in Table 3.1, from representative older vintage

Wesinghouse pressurizer spray head plants of each of the three PWR vendors.Figure 3.11.
arrangement.

3.2 Stressors_--

Locking dip .".

The transients that occur during plant heatups, cool-
-; : .-downs, hydrotests, leak tests, power adjustments, and

.abnormal and infrequent events (for example,reactor
\,scrams and turbine trips) cause degradation of the

pressurizer subcomponents. Typical numbers for these
sprar Mobte 1 * .:transients (as well as postulated seismic events) used

in the design and analysis of a Westinghouse plant are
listed in Table 3.2. (The number of Westinghouse

- t. r design-basis transients is somewhat different from
those listed in Table 4.1 for Combustion Engineering
plants.) These types of stressors, which can cause

;- --*fatigue damage to the materials of construction, have
been disuiised in Sections'3.2 and 5.2 of Reference 2.

One of the most severe transient cycles is the
plant heatup-cooldown event. The vessel environ-

- ment changes during the course of several hours
ante ' from a cool [200C (700F)], unpressurized state to

- - a hot [3450C (6500F)] condition at a pressure of
rangement. 15.5 MPa (2250 psig), resulting in circumferential

' ' and axial bending stresses in the vessel wall. In a
plant hydrotest, the temperature is raised only to about

ver, in this '2050C (4000 F),but the pressure is raised to 21.55 Ma
clusivelyto (3125 psi), which is 25% higher than the design
Ys into the :pressure. Plant leak tests are perfonned at full operat-
be used to 'ingpressure and atthe corrmsponding minimnu allow-
pressurizer able temperature specified in the plant technical speci-
at the other fications. Insurges and outsurges can cause 330C
th the RCS (60'F) changes in the coolanit temperature during load

increases and decreases up to 10%1; and in a few sec-
onds can cause as high as 601C (1 100F) changes during

;sure vessel plant loading, unloading, and trip (see footnotes a and
ection and b forTable 4.1). These changes in coolant temperature
i(27 in.) in cause significant fatigue damage, especially at the
covering a surge-line nozzle.

Figure 3.12. Babcock&WVlcoxsprayan

nozzle to refer to the spray head. Howe,
chapter the term spray head will be used exc
denote the location where the RCS sprat
pressurizer, and the term spray nozzle wili
denote the juncture of the spray line and the:
head, as shown in Figure 3.1 1. The nozzle;
end of the spray line where it connects wii
cold leg is also called a spray nozzle.

Each pressurizer contains a standard pres
manway penetration at the top for inspi
maintenance. A cover is typically 690 mmr
diameter and 14.6 mm (0.575 in.) thick,
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Table 3.1. Materials of construction at important pressurizer locations in representative older plants

Rancho Seco4 (Babcock & Wilcox)

Subcomponent Material

Shell and heads
Cladding
Forgings
Spray and surge nozzles
Spray and surge lines
Heater sleeves

Spray head
Manway studs

SA-516, Grade 70
Types 308 and 308L or 309 stainless steel
SA-508-64, Class 1
Carbon steel, stainless steel cladding
Type 316 stainless steel (both lines)
Type 304 stainless steel (drawn tubing) or carbon steel tubing

with stainless steel clad
Type 304 stainless steel (forged)
SA-320, Grade L43

Maine Yankee 6 (Combustion Engineering)

Subcomponent

Shell
Cladding
Spray and surge nozzle

safe ends
Spray and surge nozzles
Spray and surge lines
Heater sheathes
Spray head
Manway studs

Material

SA-533, Grade B (Class 1)
Types 308 and 309 stainless steel and Alloy 600a
Alloy 600

Carbon steel, stainless steel clad
Type 316 stainless steel (both lines)
Alloy 600
Alloy 600
SA-540 Grade B24

Diablo Canyon Unit 18 (Westinghouse)

Subcomponent Material

Shell
Heads
Cladding
Spray and surge nozzle

forgings
Spray and surge nozzle

weld ends
Spray and surge lines
Heater sleeves
Spray head
Manway studs

SA-533, Grade A (Class 1)
SA-216, Grde WCC
Type 308 and 309 stainless steel
SA-508

SA-182, Type F316

Types 316 (pipe) and CFL8M (fittings) stainless steel (both lines)
SA-213, Type 316 stainless steel
Cast stainless steel
SA-193, Grade B7

a. Alloy 600 cladding surrounds penetrations.

30



Table 3.2. Type and number of transients used in the design of Westinghouse plants
.:~~~~~~~~~~~~~~~~~~~~~~~~~~ - . . .....

Transient

Low-Cycle Events2

Plantheatupat lOO0 Flh
Plant cooldown at 1000F/h
Plant unloading at 5% full power/minute
Plant loading at 5% full power/minute
Step load increase of 10% full power
Step load decrease of 10% full power
Reactor trip from full power
-: Hydrotest to 3125 psi, 400F
Operating basis earthquake (OBE)
Leak Test

' High Cycle Events2

Normal plant variation (100 psi and 10°F)

Other Normal Events8

Spray actuation
Heater actuation
Sloshing of liquid volume

' Design Events for
40-Year Lifetime

. 500
* 500

' 15000
15000
2000

- ' 2000
' ,. 400

10
200
60

;ilo

Information unavailable
Information unavailable
Information unavailable

1 . . . .

I a. 'Includes actuations initiated by low-cycle transients. ' ' ' I '

Also included in Table 3.2 (in the category of "Other
Normal Events') are spray and heater actuation and
sloshing temperature transients. It is assumed in the:
design analyses that there is one spray actuation and
-one surge associated with each related transient.9

Actually, the exact numbers of these events are not
precisely known, nor has the existence and magnitude
of liquid sloshing on the vessel walls been confirmed.

-Griffith has reported that there was no sloshing in his
experiments with a small simulated pressurizer:.
(the effects of the transients were viewed through.,
Plexiglass windows in his experimental model).8 He
also stated that the pressurizer is rarely in a state of
thermal-hydraulic equilibrium and that conditions are

-'constantly changing within the boundaries. (HisW
experiments are discussed in more detail below.)

The normal actuation of coolant spray to reduce
pressure introduces subcooled water from the RCS
cold legs [2851C (5450F)] through the outlet of a spray>

a. P. Griffith, private communication, MIT,
Cambridge, Massachusetts, December 17, 1986.

system that is surrounded by 3430C (6500F) saturated
steam. This causes thermal stresses and fatigue
damage to the spray heads, nozzles, and nozzle thermal
sleeves. The cast stainless steel spray heads are also
subject to thermal aging (embrittlement) and the spray
heads can be eroded16 because of the high [0.024- to
0.057-m3/s (375- to 900-g)m) maximum] 4>56.7.89
spray flow. Conceptually, the heat-affected zones
tHAZs) of the safe end welds in the spray nozzles
andadjacent areas of the stainless steel cladding may
be susceptible'to damage by intergranular stress corro-
sion cracking (lGSCC), but there is no evidence to date
that this type of attack can occur in a PWR. 17

The thermal-hydraulic phenomena in the pressur-
izer can sometimes become complicated because both
the liquid and vapor phases are subject to perturbations

'caused by the subcooled spray, heaterfactivations, and
relief/safety valve actuations. Although the liquid and
vapor exchange mass and energy, they need not be in

' thermodynamic equilibrium; furthermore, 'significant
stratification within the liquid pool at the bottom of the
pressurizer may take place. A sophisticated analytical
model that included the effects of the condensation
coefficient, subcooled spray, heaters, and boundary
conditions of various typical transients was developed
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in an EPRI project.18 Predicted results (pressures,
temperatures, water level, etc.) were compared with
actual pressurizer behavior during an insurge, an
outsurge, spray actuation, and heater actuation. The
model predictions were generally in good agreement
with the measured data; however, they were sensitive
to the assumed value of the condensation rate coeffi-
cient, which determines how quickly the steam phase
is converted to liquid and consequently the time for the
pressure to be lowered during an insurge.

Analyses and experiments designed to more fully
understand the thermodynamics and heat transfer
within PWR pressurizers during transients are de-
scribed in References 19, 20, and 21. Griffith's ex-
periments with a small-scale, low-pressure pressuriz-
er19 during an insurge showed that (a) significant
condensation occurred on the walls [inner diameter
(ID) of the shell], which is cooler than the steam
bubble, (b) axial conduction in the walls was negligi-
ble, (c) there was very little radial temperature varia-
tion in the liquid, and (d) the stratified liquid layers
were very stable. In similar scaled experiments? 0 the
interface heat transfer coefficients between the liquid
and steam regions were studied. These coefficients
were significantly affected by the presence of noncon-
densable gases at the interface. Since the spargers at
the bottom of pressurizers are generally unique from
plant to plant, Griffith believes there is considerable
uncertainty in characterizing the heat exchange during
transients,' especially for the smaller pressurizers with
shallower pools. The results of his experiments, giv-
ing time-temperature variations for the vessel wall and
pool in 25 separate transients, could provide bench-
marks for comparisons of analytical and experimental
studies to validate pressurizer thermal-hydraulic pre-
diction models. Studies using a pressurizer system
computer code called PRSZR21 show that a detailed
surge-line model and multivolume representation of
the pressurizer interior (particularly the liquid region)
agree better with plant transient data than do coarser
models.

Fluctuations in water level during transients could
cause a considerable number of thermal stress cycles in
the pressurizer shell. A circumferential weld located
in this region on a pressurizer (for example, the central
weld in Figure 3.5), would be subjected to thermal fa-
tigue over its entire 360-degree length. This case
would be worse than for a longitudinal (vertical) weld,

a. P. Griffith, private communication, MIT,
Cambridge, Massachusetts, December 17, 1986.

for which only a few degrees around the shell would be
weld metal, and the remainder of the circumference
would be plate material, though the pressure stresses
on the longitudinal weld are twice as high as those on
the circumferential weld.

Other stressors are differential thermal movement
(causing rubbing of the immersion heater sheathes),
internal pressure within the vessel, steam leakage
through bolted joints, and prolonged exposure to
chemical and thermal conditions, which can potential-
ly lead to degradation. The latter includes thermal em-
brittlement of the cast stainless steel spray heads, plat-
ing out of chemicals on the immersion heaters creating
local hot spots, and chemically assisted IGSCC of the
heater sleeve welds and the stainless steel in the HAZs
of the nozzle safe end field welds under tensile stress
(although to date there has been no evidence of IGSCC
in pressurizer safe-end welds). Shop welds such as
those between pressurizer shell sections are postweld
heat treated to reduce residual stresses. Steam leakage
that interacts with lubricants used to assemble manway
bolted joints can degrade the bolts.17 .22

High residual stresses in the heater sheath walls can
promote stress corrosion cracking. Corrosion, mois-
ture ingress, insulation breakdown, and localized hot
spots may lead to eventual heater burnout and sleeve
failure. Since the heater elements have limited per-
formance lifetimes and individual heaters are easy to
replace, they are relatively unimportant from a license
renewal point of view; however, loss of the pressure
boundary at heater sheath locations is a technical safe-
ty issue associated with the residual life assessment of
pressurizers. Water leaking through a degraded heater
sleeve or sheath may not only short-out the heater ele-
ment, but if a second failure location develops, the
leakage can continue past the heater cavity to the reac-
tor containment space, resulting in a primary-to-
containment leak. Also, the boric acid in the leaking
coolant may cause corrosion damage to the carbon
steel base metal. Some heaters have an internal high-
pressure seal to prevent leakage to the containment>

Design seismic events are also stressors, particular-
ly to the pressurizer supports. However, for most
plants it is not likely that these will contribute very
much to fatigue usage or aging because the probability
of significant earthquake stresses over the plant life-
time is low.

3.3 Degradation Sites

The spray and surge nozzles are subject to high fa-
tigue usage induced by changes in reactor power and
plant heatup and cooldown cycles. IGSCC in the
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HAZs of the nozzle safe end welds is also possible, al-
though, as stated above, there has been no evidence of
IGSCC in the heat-affected zones of the pressurizer
welds.16 Fatigue problems with nozzle-thermal
sleeve assemblies have been identified in Babcock &
Wilcox and Westinghouse designed reactors.15 23 Al-
though these were associated with the safety injection
systems, damage may also be occurring in the pressur-
izer system but at a slower rate. Spray heads may be
degraded by erosion and thermal aging.

The cylindrical portion of the pressurizer vessel can
undergo fatigue usage' 6 caused by (a) heatups and
cooldowns, (b) variations in water level caused by in-
surges and outsurges, and (c) the effects of the sub-
cooled spray water contacting the upper shell. The
shell is very important from a license renewal stand-
point, since a crack in the vessel wall must be repaired
and might even require replacement of the entire ves-
sel. The heads experience less fatigue usage. Immer-
sion heater sheaths in Combustion Engineering plants
(and possibly other plants) may be susceptible to stress
corrosion cracking when high residual stresses are
present. For example, stress corrosion cracking of a
heater sheath at the Arkansas Nuclear One Unit 2 plant
resulted in a pressurizer leak in April 1987. Stress cor-
rosion cracks in the heater sheath exposed the electric
insulation within the sheath to the pressurizer coolant,
which caused expansion of the insulation, axial cracks
in the penetration sleeve and sleeve weld, and finally
leakage of pressurizer coolant into the containment.
(This event is discussed in somewhat more detail in
Section 3.4.2.) The only other instance of a pressuriz-
er leak in the United States was at the Calvert Cliffs
Unit 2 plant in May 1989, where twenty-two of
120 heater penetrations were found to be leaking.242 5

In addition, a pressure/level instrument penetration on
the pressurizer upper head was also found to be leak-
ing. The root cause for the Calvert Cliffs pressurizer
leaks is notyetknown.;

3.4 Degradation Mechanisms

3.4.1 Metal iFatigue. The metal fatigue discussion
in this section is divided into two parts: high- and
low-cycle fatigue. Low-cycle, high-stress fatigue is
the most worrisome to designers and accounts for
practically all of the fatigue usage in design calcula-
tions. Figure 3.13 shows the ASME Code Section III
fatigue curve for carbon and low-alloy steels, plotted
as the alternating stress intensity (S.) ata location ver-
sus the number of cycles to failure (N) at this stress.

IThe curves were based on uniaxial strain cycling data
obtained from specimens tested in air in which the im-
posed strain amplitude (half-range) was multiplied by
the elastic modulus to convert the strain values into
stress units. A least-squares best-fit approximation to
the experimental data was applied to the logarithms of
the stress values. Then the curves were adjusted where
necessary to account for the maximum effect of
applied mean stress. This adjustment can be seen for

K the high-strength curve (solid line) above 104 cycles.
Finally, the design stress intensity curves were deter-
mined by applying a reduction factor of 2 on stress or
20 on cycles, whichever was more conservative at the

- point on the curve.

The fatigue usage for the various transient combina-
itions is determined by first calculating the peak stress
intensity range for each combination and determining
the allowable number of cycles from a curve, such as

* Figure 3.13. The stress intensity value of one-half the
range, representing the alternating stress intensity, ad-
justed for the effect of elastic modulus, is used in read-
ing the curve. The allowable stress cycles are divided
into the design cycles (such as shown in Table 3.2) to

| determine the fatigue usage for this group of cycles.
The cumulative fatigue usage for all transients is the
sum of the individual usages. By Miner's rule, if the

'cumulative fatigue usage is <1.00, then the acceptance
-criterion is met.

Immersion heater sheaths can also potentially expe-
rience mechanical wear and thinning caused by rub- For many metals, including steels, the fatigue curve
bing action of their supports at their interfaces, which . flattens at a given number of cycles (106 to 0I cycles
are induced by. thermal growth.16 Electrical failures . is generally considered typical for steels). The stress at
have occurred in the heaters themselves. ; . this point is called the fatigue limit. If the alternating

' stress for a particular event does not exceed the fatigue
When steam leaks through a gasket in a PWR, it can; limit, the member will not fail in high-cycle fatigue;

react with lubricants that were used to assemble the, that is, the number of allowable cycles at this stress is
-bolted joint. This has led to corrosion and subsequent: infinite. This concept is based on materials tested in
failures of some mariway closure bolts17 22 and could air, however, and the existence of a fatigue limit in the
potentially cause boric acid corrosion damage to the presence of corrosion-assisted fatigue has not been
low-alloy steel head. Coolant leaks through failed, proven.11 Thus, an approach where the S-N curve has
pressurizer heater sleeve welds have also resulted in a shallow slope (for example,' -0.05) beyond
boric acid corrosion of the low-alloy steel head. 105 cycles is being considered and is more reasonable
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Figure 3.13. Design fatigue curve for carbon and low-alloy steels.1

to use for long-life fatigue assessment than assuming a
fatigue limit where no fatigue usage is accumulated
below some stress amplitude.

Low-Cycle Fatigue. The degradation mecha-
nism that is pervasive throughout the pressurizer sub-
components is low-cycle thermal fatigue. Although all
of the designs have included thermal sleeves and a spray
bypass flow to minimize thermal gradients in the metal
during operational transients, several locations will still
experience relatively high fatigue usage, as discussed
above. This may be both an actual problem and an anal-
ysis problem. Conservative thermal models of the two-
phase thermal mixing within the vessel, andworst-case
thermal gradient assumptions within vessel and nozzle
walls were generally used in the original design and
analysis of the pressurizers. An example of one such as-
sumption is that the interior wall "skin" temperature is
at the colder incoming fluid temperature [for example,
2850C (545 0F)] while the remainder of the wall is at the
saturated steam temperature of the vapor bubble
[3431C (6501F)]. A preliminary analysis using these
assumptions was often completed for the anticipated
cycles expected for a 40-year plant lifetime. If the fa-
tigue usage was <1.00, (even though it may be as high
as 0.99), no further analysis was performed. However,
should the fatigue usage prove to be >1.00, then further
refinements were made on the thermal/stress models to

reduce the conservatism in the calculations at locations
of high fatigue.

The fatigue usage factors calculated for a 40-year
life for the Westinghouse Surry 1 pressurizer are listed
in Table 3.3.16 While these fatigue usage factors are
not exactly representative of all other designs, the
spray and surge line nozzles on Babcock & Wilcox
plant" and Combustion Engineering plant1 pressuriz-
ers also have high calculated cumulative fatigue
usages. Therefore, the vessel lifetime cannot be
extended very much past 40 years without exceeding
the ASME Code fatigue limits unless significant
reductions in fatigue usage can be calculated. Refined
analyses may or may not be sufficient to reduce the
fatigue usage to a satisfactory level for license
renewal. The Pressure Vessel Research Committee
has a program under way to evaluate fatigue criteria
for life assessment of shell structures. 26

a. G. J. Vames, private communication, B&W,
Lynchburg, Virginia, October 17. 1986.

b. E. A. Siegel, private communication, Combustion
Engineering, Windsor, Connecticut, December 12,
1986.
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Table 3.3. Pressurizer fatigue isage factors for
40.year design life 6 -

Cumulative
Location Usage Factor

of the highest calculated cumulative fatigue usage fac-
tors in the RCS.b Duke Power Company has adopted
the Allowable Transient Cycles Program offered by
Babcock & Wilcox, which includes a transient logging
program for critical components such as the surge-and
'spray-line nozzles? 7

surge nozzle U-949
Seismic lug 0947 The designranalyses used tojustify the40-yearbrig-
Uppershell '092 ifial plant lifetime were based on the ASME Code fa-
Spray nozzle 0.821 'ftigue curves for materials tested in air. However, cor-
Lower head 0.20 'osion-assist"d fatigue may occur at various degraded

" ' Heater well 0.13 'sites (that is, if the base metal is exposed to primary
coolant) subjected to stresses less than predicted by the
ASME Code fatigue curves. Weld locations where

Although the upper shell has the third highest usage crevices orfstress concentrations may occur are partic-
factor listed in Table 3.3, it is very important in that, ularly susceptible; thus, this issue also needs to be ad-
fatigue cracking in this area would require repair or ' dressed, and guidifnce '(see Section 3.4.3 of
replacementof theentirepressurizer, whereas the surge '' Reference 2) on long-tenn fatigue would beappropri-
line -nozzle and seismic lug would be much easier to ate for inclusion into Secti6n XI of the ASME Code.78

repair or replace. The Combustion Engineering pres- The' International Cyclic Crack Growth Rate (ICCGR)
surizer supports (the attachment welds for the support 'Group has been established to exchange information
skirts) are also subject to high usage factors caused by and coordinate r-6search' findings on this problem.
thermal gradients between the vessel and the supports. 'Forty-six papers were presented at the Second Interna-
AlargepartoftheusagefortheseismiclugintheWest-*' "tional Atomic Energy Agency Specialists' Meeting
inghouse design is attributable to a very conservative onSubcritical Crack Growth? 9 and relevant exper-
estimation of its thermal interaction with the shell. imental data on environmentally assisted fatigue are

' ' ' -- '- ' 'included in the EPRI Database on Environmentally
'There is considerable uncertainty in the current tran- Assisted Cracking atBattelle Memorial InstituteO0 An

sient analyses'of PWR pressurizers, 'and more approach thatis certainlyapplicablein determining the
realistic thermal-hydraulic mixing models need to be 'component lifetime is to assess not only crack initia-
developed. Along with impr6ved thermal-hydraulic ' tion but also crack giowth '-
'models, more accurate calculations of the through- '

wall temperature gradients might be used as part of the High-Cycle Thermal Fatigue. The lifetime ef-
justification to extend vessel life.- Using more refined -'fects of the' high'-cycle thermal fatigue that may be
models, it might be possible to demonstrate that the causedbythesubcooledsprayiimpactonthepressurizer
extent of thermal mixing of the fluid and the heat 'walls; the sloshing of theliquid atthe steam-waterin-
transfer within the metal is greater than previously terface; and liquid level changes resulting from insur-
assumed, and revised wall temperatures may result in ges, outaurges, and heater actuations need to be eva-
lower thermal stresses and low-cycle fatigue usage. luated. These high-cycle fatigue events could cause
On the other hand, it is possible that the new models initiationofcracksthatcouldlaterbepropagatedbythe
could predict somewhat more severe thermal gradients ' 'high-stress,'low-cycl fatigue events. Corrosion fa-
than the present models predict. ' tigue could also result in crack growth where the clad-

' ' ' : - ~ -' ' ' ; ding has been breached since it is not known'whethera
The actual number of transients such as spray and "fatigue limit exists in' the presence of this degradation

heater actuations, important to determining the true -mechariism. Onepossiblelocationsusceptibletohigh-
fatigue usage at key locations, is unknown. Estimates "cycle fatigue is in the-wall of the vessel shell near the
wereusedforplantdesignppurposes. Cataloging actual:i 'usual steam-water interface. Although to date there has
cycles and time-temperature histories of each event:' been no evidence of high-cycle fatigue degradation at
during operations to date will also be useful in estab . '.'..this oranyotherlocation, this issue should beevaluated
lishing a more realistic fatigue usage. 'Nuclear steam ' during any residual life assessment.
supply vendors are already encouraging utilities to es-
tablish mJ6nitoring systems to catalog the number of -3A4.2 Intergranular Stress Corrosion Crack-
'actual traisients'to which components are subjected. ' Ing. Pressurizers are fabricated as a unit in the shop
For example, Combustion Engineering has provided to and shipped to the plant where the piping is field-
its utility clients a system to monitor transients, partic- welded to the pressurizer unit. Surge- and spray-
ularly for spray actuation, since the spray line has one nozzle stainless steel safe ends sensitized during the
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original field-welding may be susceptible to
IGSCC.16 IGSCC has been a significant problem in
the heat-affected zones of the BWR austenitic stain-
less steels (304, 304L, and 316 base metal) piping and
safe ends. However, IGSCC generally requires the
presence of three factors: a high level of tensile stress
(applied or residual), material that is sensitive to at-
tack, and the presence of a corrosive anion. Examples
of such anions are oxygen, chlorides, fluorides, sul-
fates, and other sulfur ions. The first two factors ap-
pear as an inherent result of the normal welding pro-
cess used for assembling piping systems in currently
operating reactors. The PWR RCSs have a hydrogen
overpressure maintained as an oxygen scavenger
during power operation. As a result, the primary pres-
sure boundary piping of PWRs have generally not been
found to be affected by IGSCC.32 In a 1971 topical
report, 33 Westinghouse presented a rationale why
IGSCC should not be a problem in PWR primary
systems. A few areas of concern were identified where
a lack of venting could cause exposure of sensitized
stainless steels. These "dead leg" locations include the
surge line (between the thermal sleeve and nozzle) and
safety valves. However, Westinghouse does not
believe that any problems will occur in these areas.33

A leak in the Arkansas Nuclear One Unit 2
(Combustion Engineering) pressurizer heaters was at-
tributed to stress corrosion cracking.34 The heaters
were constructed using Alloy 600 Ni-Cr-Fe sheaths
surrounding internal heater conductor wires and resis-
tance heating coils. Compacted magnesium oxide
(MgO) was used as an insulator between the Alloy 600
sheaths and the heating elements. Apparently, a swag-
ing process was used to reduce the diameter of the
heaters during fabrication, simultaneously compress-
ing the MgO to an acceptable density and creating high
residual stresses in the Alloy 600 sheath. The material
was not annealed after the swaging process. The high
residual stresses made the sheathes susceptible to
stress corrosion cracking, which penetrated the sheath
wall, allowing water to enter the internal portion of the
heater and contact the MgO insulation. MgO exhibits
a high affinity for water and can expand to 2 or 3 times
its original volume when hydrated. This expansion
produced swelling and eventual rupture of the heater
sheathes. The rupture produced significant damage to
the heater sleeves and sleeve-to-clad welds (see Fig-
ure 3.8), leading to a second failure location that al-
lowed water to pass between the sleeve and vessel wall
and eventually to the containment. This problem ap-
pears to have been associated with a particular vendor
and manufacturing technique, and the replacement
heaters made by the General Electric Company do not
appear to have this problem. However, twenty-two of

the 120 penetrations where the heater sleeves enter the
bottom of the Calvert Cliffs Unit 2 pressurizer were re-
cently found to be leaking.24 S tress corrosion cracking
is suspected. Combustion Engineering units have also
experienced IGSCC problems at partial penetration
welded instrument nozzles. These problems have been
limited to one particular heat of Alloy 600 material
having a high, but within specification, hardness; and
the affected welds have been repaired.35

Although other problems with IGSCC in pressur-
izers have not been encountered to date, which has
been attributed to careful attention to primary coolant
water chemistry in PWRs,16 the USNRC warns
against the unwarranted conclusion that IGSCC will
never occur.32 Therefore, continued surveillance
should be exercised by nondestructive testing through-
out the plant lifetime to guard against this potential
failure mechanism. Sensitized stainless steel has been
reported in nozzle safe ends16 and pressurizer safety
valve nozzles.36 Further discussions on IGSCC may
be found in Sections 5.3.3 and 104A of Reference 2.

3.4.3 Stress Corrosion Cracking of Bolts. The
USNRC has reported 44 distinct instances of bolting
degradation at nuclear plants between October 1964
and March 1982.17 The largest single cause was stress
corrosion cracking, of which at least two were attrib-
uted to lubricant-moisture interaction, which resulted
in a corrosive environment When steam leaks through
a gasket in a PWR, it can react with lubricants used to
assemble the bolted joint. Five corroded pressurizer
manway bolts were replaced at a St. Lucie plant in
1977, and two bolts of the Calvert Cliffs 2 (Combus-
tion Engineering) pressurizer manway were replaced
in 1981.22 Experiments by the Brookhaven National
Laboratory have shown that the tensile strengths of
low-alloy steel specimens with notches that simulate
threads can be reduced by a factor of three in a steam
environment when molybdenum disulfide lubricants
are present.17 This problem can be minimized by
controlling leakage, good housekeeping practices, and
reducing the preload stress in the bolts. Specific rec-
ommendations to prevent bolted-joint leaks are given
in Reference 37. EPRI is also developing recommen-
dations to prevent leakage and advanced ultrasonic
techniques to detect bolt wastage and cracks.

This type of attack has also affected other primary
system components. For example, 5 of 20 studs failed
during the March 1982 removal of the primary man-
way cover from steam generator number 2 at the
Maine Yankee (Combustion Engineering) Atomic
Power Plant. Steam generator primary manway bolt
cracking incidents attributable to molybdenum disul-
fide and the products of hydrolysis have also occurred

36



result of loss of the support structure from metal fa- wall thickness. If the leakage had continued unde-
tigue caused by thermal and seismic events. 'The cal tected, the boricacid would have caused furtherdegra-
culated efid-of-40-yar-life fatigue usage for the Sur- dation of the base metal. Therefore, it is important that
ry I seismic lug on the support 'tructure is 0.947, as 'nuclear po'wer plants use monitoring procedures that
showninTable3.3,butamorerealisticthermalanaly- ' 'will detect boric acid leakage before itcauses signifi-
sis would probably lower this nimiber considerably. ' cant degradation to the reactorcoolantpressure bound-
Failure of the pressurizer vessel would have serious ary. Boric acid corrosion is discussed further in
consequences in that a large-break loss-of-coolant ac- Section 7.4.6.
cident (LOCA) could occur. -:

- :- ---- -- ;3.6 Inservice Inspection and
Failure of the spray head would be gradual and

would degrade the ability of the pressurizer to control;:.' Surveillance Methods
pressure surges since the spray head could not spray'
uniformly. This event would not be serious since the Thepressurizer is subject toanumberof inspections
relief and safety valves provide overpressure protec- both before and at intervals during its operating life-
tion, but it would make plant pressure control more 'Atime. Ultrasonic, radiographic, and dye penetrant
difficult until the spray head was replaced and could i'methods are typically used for the fabrication
result in higher thermal stresses in the upper shell wall inspections. -
than were predicted in the design analyses if the spray
flow were streamed directly onto a single location on Inservice inspections are perfnried at periodic in-

-the shell interior. It would be relatively easy to replace * 'ervals during service in accordance with Section XI of
* the spray head. -the ASME Code328 The areas on'the pressurizer that

are currently being inspected are listed in Table 3A. In
Failure of thermal sleeves on the spray and/or surge' 'addition, system leakage tests are required at each re-

nozzles would result in increased thermal stresses on fueling outage, and one system hydrostatic test is re-
the nozzles and accelerate their rate of fatigue usage. It ' quired per inspection interval, both 'with visual inspec-
is not likely that these thermal sleeves could become - tions. Thus,- there is la good chance "that any
loose parts in the RCS or pressurizer.15 degradation pr6blemsvMill be detected before they be-

- come a major safety risk, and the condition of the pres-
Leakage of primary coolant at the manway bolts or surizer will be known as its lifetime progresses so that

'at the heate 'sleeve welds represents failure of the life extension can bebetter assessed.
primary pressure boundary and has occasionally
occurred. Failure of heater sleeve welds has the However, the twenty-two heater sleeve failures at
potential of becoming a serious problem because it is,' Calvert Cliffs Unit 2 were' a surprise, even though
possible that these sleeves could blow out and result in - visual inspection of all heater penetration welds is
an unisolatable small-break LOCA. However, the ' required during each inspection interval38 Thus, cur-
pressurizer is located above the reactor vessel, so a' ' rent inspections (locations,'frequencies, 'and tech-
leak would not uncover the core immediately. ' niques may not be completely adequate to'support li-

-- - t !-. .' -; .cense renewal and irmproved inispecti6n techniques
The leaking primary'coolant could corrode the low- may be required, both to detect and quantify metal

alloy steel base metal. The prinary effect of boric acid damage and to estimate the remaining life before fail-
leakage is wastage or general dissolution corrosion of ' ure. In' addition, the inspection locations and frequen-
the low-ally' steel.45 In one incident, the failure of a' -ciesmay need to be revis6d.''
weld between the heater sleeve and the stainless steel
cladding 'on 'the pressurizer inside wall 'caused. Asurvey ofbothexistingandnewmethodsofinser-
-1.26 x 0-7 m3/s (0.002 gpm) leakage of primary vice inspection is reported in Chapters I1 and 12 of
coolant through the 10-cm (4-in.) thick pressurizer"' Volume 1.2 The Surry 1 life extension studyl 6 rccom-
'lower 'head?. 4 The leakage, '-1.26 x 10- m3/s mends that(a)volumetric and surface examinations of
(0.002 gpm), was well below boththe techni6al speci- the sensitized safe ends of the spray and surge nozzles
fication limit of 1 gpm and the threshold value of be conducted onaregularbasis tomonitorforIGSCC,
leakage that could be detected by the plant leakage ' '(b) an on-line transient monitoring system be devel-
detection'methods.' The leak was detected by the 'ped to better understand actual fatigue loadings, and
accumulation of boric acid crystals on the floor ' (c) advanced ultrasonic inspection techniques be in-
beneath the pressurizer. ,The boric acid corrosion - ' vestigated.' The inspection technique that holds the
removed about 18% of the low-alloy steel base metal -most promise for future damage detection at all
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at Arkansas Nuclear One Unit 1 and Oconee 3 (both
Babcock & Wilcox plants).

3.4.4 Mechanical Wear. Mechanical wear of the
immersion heater sheaths is a degradation mechanism
that will also need to be evaluated using nondestructive
techniques. Of course, burnout of heater elements re-
quires periodic replacements as the heaters are not ex-
pected to serve for 40 years, but if a heater sheath
(which forms the pressure boundary between the pri-
mary coolant within the pressurizer and the heater ele-
ments, and thereby also is partof the pressure boundary
between the coolant and the exterior of the pressurizer)
is breached, an unisolatable Ieak will occur.

3.4.5 Erosion. Another mechanism of concern is
erosion of the spray head caused by the high flow rate
within the spray cone, which is the part of the spray
head that distributes the flow across the inside of the
vessel. The stationary vanes, which determine the
shape of the cone, can be rendered ineffectual with suf-
ficient erosion-caused metal removal; then it is neces-
sary to replace the spray head. There is a high proba-
bility that this operation will have to be performed for
plant life extension; however, it is not a major opera-
tion and can be accomplished through the manway at
the top of the pressurizer. If the problem is not de-
tected and repaired fairly early, however, the spray
could be directed at a single location on the shell wall,
causing high thermal stresses and high fatigue usage,
leading to a crack in the wall. No failures of spray
heads in plant operation are known at this time.

3.4.6 Thermal EmbrIttlement. Like all cast stain-
less steel primary coolant components, spray heads
that are fabricated from cast stainless steel are poten-
tially susceptible to thermal embrittlement. However,
since the spray head location is hotter than those of the
other components, such as the cast stainless steel pipe
elbows, and the rate of thermal embrittlement in-
creases with temperature, spray head degradation may
be of particular concern. On the other hand, it is easier
to change out spray heads than certain other cast stain-
less steel components.

The CF-8 and CF-8M cast stainless steels and their
welds have a ferrite phase that is susceptible to micro-
structural changes, which in turn can cause a decrease
in the overall impact and fracture-toughness proper-
ties of the alloy. The overall embrittlement depends on
the amount and distribution of the ferrite. Thermal
embrittlement has previously not been fully investi-
gated but is currently being examined by EPRI,38. 9

the USNRC,40 and a Westinghouse owners'
group.16.3 1 Although experimental work has deter-

mined that the problem exists, there are no nondestruc-
tive examination techniques suitable for in-plant
usage and that will fully reveal to what extent thermal
embrittlement has damaged the metal structure.

3.4.7 Electrical Aging. Individual heater elements
have rated lifetimes on the order of 10,000 h for 5000
temperature cycles.41 Thus, it is not uncommon to
have elements bum out during normal plant operation,
creating an open circuit in a given heater set. The
faulty element is either replaced or bypassed to make
use of other functioning elements to complete the cir-
cuit. Bypassed elements can create overvoltage condi-
tions in the other elements, which may shorten their
lifetimes.41

Insulation breakdown and increased loop resis-
tances can also be expected in aged plants. The use of
unprotected joints in heater termination boxes presents
vulnerable areas for oxidation, corrosion, and dust and
moisture contamination. 41 Since the pressurizer heat-
ers are the hottest location in the RCS, other than the
reactor core, it is postulated that chemicals from the
RCS that have an inverse solubility may plate out on
the immersion heater sheathes, which decreases the
thermal conductivity creating localized hot spots on
the elements. This mechanism also may shorten heater
life.

Heater burnout presents no serious license renewal
problems, however, because the heaters are designed
to be easily replaced. Replacement of immersion heat-
ers can be routinely performed during regularly sched-
uled maintenance shutdowns.

3.5 Potential Failure Modes

Other than associated control valves (for example,
relief, safety, and spray valves), the expected periodic
loss of individual heater element functionality for the
various reasons previously discussed and the heater
sheath/sleeve leaks in the Arkansas Nuclear One
Unit 2 and Calvert Cliffs Unit 2 plants, pressurizers
have provided years of relatively trouble free opera-
tion.42A43-44 Therefore, the potential failure modes
must be based on the likely degradation mechanisms
such as through-wall crack growth caused by metal fa-
tigue, stress corrosion cracking or manway bolts, stress
corrosion or mechanical wear of the immersion heater
sheaths, and erosion or thermal embrittlement of the
spray heads.

The failure mode for the vessel would probably be a
leak caused by a ductile failure of the metal rather than
a catastrophic break (such as would be caused by a
brittle fracture). The pressurizer could also fail as a
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Table 3.4. Inservice inspections 28 at important pressurizer locations

- , f Exteiti and Prequency

Location Method First Interval Successive Intervals

1. Shell-to-head welds

a. Circumferential Volumetric

.. I . - -
vnltimemrie- b. Longitudinal

2. Head welds

... I..

Volumetric- --
. .. . . .~~~~

a. Circumferential

b. Meridional

3.' Nozzle-4o-vessel Volumetric';
welds

4. Nozzle inside radius Volumetric
section

S. Heaterpenetration K Visual; external
welds surfaces

6. Safe-end welds

a. >NPS'4 '- Volumetric and surface

b. <NPS 4 Surface

-c. 'Socket welds Surface

7. Bolts and studs

a. >2 in. in diameter Volumetric

b. <2 in. in diameter Surface

a. NPS nominal pipe size.

Both welds 100%
of length

One ft of length at inter-
section with circum-
ferential weld
(all welds)

All welds 100% of
of length.'

All nozzles

All nozzles

All nozzles

All welds

All welds

All welds

All bolts and studs'

All bolts and studs

Both welds 100%
of length

One ft of length at intersection
with circumferential weld
(one per head)','

One weld per head

All nozzles

All nozzles

All nozzles

All welds

All welds-

All welds

All bolts and studs

All bolts and studs
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susceptible locations is the ultrasonic method. The
Westinghouse Owners Group research program on ul-
trasonic examination of dissimilar weld metals may
provide useful information. Reference 46 describes an
automated ultrasonic imaging system developed by
Combustion Engineering that apparently distinguishes
between IGSCC, weld root geometry, and counterbore
reflected signals, which may cause false crack
indications.

However, a suitable method to accurately find and
adequately characterize fatigue damage has not yet
been developed and implemented. An accepted meth-
od to determine the existence and extent of damage
from thermal embrittlement also is needed. Detailed
inspection plans with reliable nondestructive tech-
niques for all potentially degraded locations should be
developed to verify the safety of the pressurizer for
continued operation during and beyond the design life-
time of 40 years.

3.7 Summary, Conclusions,
and Recommendations

The pressurizer is a pressure vessel constructed,
and inspected at frequent intervals, according to the
ASME Code. It is not subjected to high neutron
fluence, and the RCS coolant with which its internal
surfaces are in contact is of high purity. The major
problems associated with this system have been the
safety and relief valves, which have failed to seat
properly, leaked, failed to lift, had their set points
drift, or been improperly installed, repaired, or
inspected. 42.43,44.47,48 The valve reliability question
is an ongoing operational challenge throughout plant
lifetime but is not necessarily a license-renewal issue
and has not been addressed here.

The aging degradation mechanism that is pervasive
throughout PWR pressurizers is fatigue. Low-cycle
fatigue damage is caused by plant heatup/cooldown
cycles, plant unloading and loading at power, step-
load increases and decreases, reactor trips, hydrotests,
etc. The surge-line nozzle and thermal sleeve are par-
ticularly affected by the insurge of relatively cooler
hot-leg coolant and/or outsurge of pressurizer fluid as-
sociated with power changes. The spray-line head, the
nozzle, and the thermal sleeve are very susceptible to
fatigue damage caused by the subcooled spray actua-
tions associated with power changes. The pressurizer
walls may be susceptible to both the low-cycle fatigue
damage caused by the plant operational transients and
the high-cycle thermal fatigue caused by (a) thermal
loads imposed by the subcooled spray on the pressuriz-
er walls, (b) sloshing of the liquid at the steam-water

interface, and (c) water-level changes caused by insur-
ges, outsurges, and heater actuations. The key fatigue
degradation sites are calculated to have high cumula-
tive fatigue usage factors and include the pressurizer
walls near the usual steam-water interfaces, the spray
head, the spray- and surge-line nozzles, and the ther-
mal sleeves. The cast stainless steel spray heads are
also susceptible to thermal aging (embrittlement) and
erosion. The heater sheaths and sleeves are susceptible
to wear caused by thermally induced rubbing and poss-
ibly stress corrosion cracking. Pressurizer manway
bolts can and have been damaged by leaking primary
coolant, which caused stress corrosion cracking.
Leakage of borated coolant can also cause corrosion
and wastage of the nearby low-alloy steel base metal.
Potential failures include ductile tearing and through-
wall cracks, leading to (a) leakage of the primary cool-
ant (pressurizer walls near the usual steam-water in-
terface and/or surge- or spray-line nozzles),
(b) excessive erosion and/or cracking of the spray
heads, (c) heater sheath and/or sleeve cracks, and
(d) manway cover leakage.

Other than the associated valves, at least two sub-
components can be expected to require replacement.
These are (a) the heater elements, which can be re-
placed at refueling outages on a regular basis (in fact,
the original designs facilitate ease of maintenance),
and (b) the spray head, which can be replaced by a rel-
atively minor operation. Otherwise, the pressurizer
may be a good candidate for life extension, using addi-
tional analyses and inspections as outlined below.

Critical degradation sites, stressors, degradation
mechanisms, potential failure modes, and appropriate
inservice inspection methods for pressurizers are listed
in Table 3.5.

Several supporting analyses and tests will be re-
quired to determine the residual life of the pressurizer.
Inclusion of additional requirements in the ASME
Code, Section XI,28 would be appropriate. The fol-
lowing are the recommendations for more detailed
analyses and tests:

1. Reanalysis of the fatigue life at the locations
with high fatigue usage factors will be neces-
sary, possibly with more refined thermal
models and with better definition of actual
temperatures and temperature change rates
during transient conditions. This should in-
clude better definition of the high-cycle
events, such as verifying that sloshing does or
does not occur, and realistic numbers of spray
cycles. The MIT experimental results can
probably be used to quantify the accuracy of
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pressurizer transient prediction models. The
location of critical welds, such as at the
steam-water interface, would have to be de-
termined on a case-by-case basis, depending
on the manufacturing technique.

2.. In conjunction with Item 1, there also must be
justification that the fatigue curves used in
any revised fatigue analysis are applicable to
metal exposed to a PWR environment. Cor-
rosion fatigue curves, including the high-
cycle region, should be developed. (This
item is applicable to all primary system
components.)

3. A comprehensive inspection plan to detect
cracks will be necessary (probably using cur-
rent ultrasonic test methods). A program to

,I -

P ,

Ir.

evaluate crack growth will also be necessary
for these locations where cracks are found.
Development of a technique to monitor for
cracks at-heater sleeve locations is needed.
An inspection plan to monitor spray head ero-
sion is also recommended. -

;.. I

4. Adequate monitoring techniques that will de-
tect boric acid leakage and corrosion before it
causes significant degradation of the primary
coolant pressure boundary should be
developed.

5. The cast stainless steel spray heads may be
susceptible to erosion and thermal embrittle-
ment during operation. However, this prob-
lem can be solved by replacing the degraded
spray heads.

. S.I I

d

I

-
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Table 3.5. Summary of degradation processes for pressurizers

Rank

1

Degradation Site

Vessel shell near steam-
water interface

Stressors

2 Spray line nozzle

3 Surge line nozzle

4 Heater sheathes and
sleeves

5 Manway bolts

6 Supports (keys, skirts and
shear lugs)

Thermal and mechanical stresses
caused by plant operational transients,
water level changes (due to insurges,
outsurges and heater actuations),
sloshing, subcooled spray impact and
hydrotests; PWR coolant

Thermal and mechanical stresses
caused by plant operational transients,
spray actuations and hydrotests;
PWR coolant

Thermal and mechanical stresses
caused by plant operational
transients, insurges, outsurges and
hydrotests; PWR coolant

Residual stresses, PWR coolant,
thermally induced rubbing

Steam leakage

Thermal stresses, seismic events

Degradation Mechanisms Failure Modes ISI Method

Fatigue (possibly corrosion Crack leading to leak Volumetric
assisted)

Fatigue (possibly corrosion
assisted)

Fatigue (possible corrosion
assisted)

SCC, wear

Crack leading to leak

Crack leading to leak

Crack leading to leak or
metal loss

Volumetric, surface

Volumetric, surface

Visual for external
penetration welds

Volumetric (>2 in.),
visual (<2 in.)'

Volumetric, visual

bt.

SCC Bolt breakage, leak

Fatigue Crack leading to loss of
support; overstress of
piping

Loss of thermal sleeve to
protect nozzles

Loss of spray capability

7 Thermal sleeve

8 Spray head

Flow-induced vibration, thermal
stress

Spray flow, temperature, thermal
stress caused by spray actuation

Temperature

Fatigue

Erosion, embrittlement,
fatigue

Burnout

None

None

9 Heater elements Loss of heating capability None

a. One inch = 25.4 mm.
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4. PRESSURIZED WATER REACTOR SURGE AND
SPRAY LINES AND NOZZLES

E. A. Siegel and M. H. Bakr

The pressurized water reactor (PWR) components
discussed in this chapter are the pressurizer surge and
spray lines and nozzles. Each of the components is
subject to thermal loading conditions that may result in
significant fatigue damage. In general, the components
and their potential for fatigue-related degradation are
common to the three major PWR nuclear steam supply
system designs: Combustion Engineering, Westing-
house, and Babcock & Wilcox. This chapter is based
on studies performed by Combustion Engineering.'a.bc
However, qualitative comparisons to the Westing-
house and Babcock & Wilcox PWR designs are also
included where appropriate. This chapter includes
(a) a description of the system, (b) identification of
major stressors in the system, possible degradation
mechanisms, and potential failure modes, (c) discus-
sion of current inspection methods, and (d) conclu-
sions and recommendation for extending system life.

4.1 Description

The pressurizer surge line is typically a 250- to
350-mm- (10- to 14-in.-) diameter Schedule 160
Type 316 stainless steel pipe that connects the bottom
of the pressurizer to the hot leg primary piping. The
surge tines were designed with the assumption that
coolant surges would sweep the full cross section of
the piping, but the actual flow pattern appears to be
stratified. The horizontal configuration of much of the
surge line routing and the generally low flow rates in
the system facilitates flow stratification which can
cause severe thermal loadings on both the piping and
nozzles.

a. Unpublished Combustion Engineering report,
"Generic Fatigue Damage Management," prepared for
EPRI, December 1984.

b. Unpublished Combustion Engineering report,
"Implementation of Hot Leg Surge Nozzle Evalu-
ations for Generic Fatigue Damage Management,"
prepared for EPRI, June 1986.

c. Unpublished Combustion Engineering document
NPSD-261, "Pressurizer Spray System Thermal
Fatigue Evaluation," prepared for the Combustion
Engineering Owners Group, December 1984.

The upper portion of the pressurizer main spray line
is typically a 50- to 100-mm- (2- to 4-in.-) diameter
Schedule 120 Type 316 stainless steel pipe that
connects the top of the pressurizer to one or more cold
legs in the primary piping. An auxiliary spray line is
also used in some cases, which ties into the main spray
line near the spray nozzle. The spray line may also be
exposed to severe thermal loadings because of the hon-
zontal configuration of the upper portion of the spray
line [typically 3.1- to 4.6-m (10- to 15-ft) long] and
because of the potential for stratified steam and water
flow.

As discussed in Chapter 3, the pressurizer controls
the reactor coolant system (RCS) pressure by maintain-
ing the temperature of the pressurizer liquid at the satu-
ration temperature corresponding to the desired system
pressure. Pressurizer temperature is controlled and
maintained by heaters and spray. The heaters supply
energy to heat the pressurizer liquid to the required tem-
peratureand to offset heat losses to ambience. The spray
acts to reduce pressure, should it increase during a tran-
sient, by injecting cold leg water into the steam space.

Figure 4.1 is a schematic of a portion of a typical
Combustion Engineering reactor coolant system,
which includes the pressurizer, surge line, main and
auxiliary spray lines, and charging lines. Pressure,
temperature, and level sensing locations; valves; and
bypass lines are also shown in Figure 4.1. The figure
illustrates the connection between the bottom (liquid-
rilled part) of the pressurizer and the hot leg, as well as
the basic connecting systems from the various cold leg
primary piping locations and the charging pumps,
through the pressurizer main or auxiliary spray lines,
and into the top of the pressurizer. An auxiliary spray
line from the charging system permits pressurizer
spray during plant conditions such as heatup and cool-
down when some of the reactor coolant pumps (RCPs)
are not operating and, therefore, main spray may be
unavailable.

When the steam demand from a nuclear power plant
is increased, the average reactor coolant temperature is
raised in accordance with a coolant temperature pro-
gram. Figure 4.2 illustrates a typical plant temperature
control program, where at any given steam generator
power output Tcold is the primary fluid inlet
temperature into the reactor vessel and Thor is the out-
let temperature. Tavg is the average temperature in the
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reactor core.'The expanding coolant from the reactor
coolant piping hot leg enters the bottom of the pres-
surizer through the surge line, compressing the steam
and raising the system pressur& The increase in pres-
sure is moderated by the condensation of steam during
compression and by the decrease in average liquid
temperature in the pressurizer. The pressurizer temper-
ature decreasesIas a result of the insurge of cooler
surge line water. A typical value for the normal operat-
ing pressurizer temperature at full power is 343 0C
(650F), 'with the cold and hot leg temperatures being
about 296 0C (564 0F) and 327 0C (6211F), respectively
(see Figure 4.2). Also,-the water temperature in the
surge line'may be slightly cooler than the hot leg
temperature during some flow conditions because of
the heat loss to the containment building. When the
transient pressure reaches an upper limit, the pressuriz-
er spray valves open, spraying coolant from the RCP
discharge (cold leg) into the pressurizer steam space.

-IThe relatively cold spray water condenses more of the
: steam and, therefore, limits the system pressure

increase.

When the steam demand is decreased, the pressuriz-
er heaters are used to keep the primary coolant system
pressure constant.

Figure 4.3 depicts a typical pressurizer surge line.
The surge piping typically begins in a vertical run out
of the pressurizerand then runs in a horizontal ornear-
horiz'ontal plane for most of its length. The surge line
terminates in a single surge nozzle, which is located in
one of the hot legs. The surge lines in Westinghouse

-and Babcock & Wilcox plants, as well as in some
Combustion Engineering plants, are made of wrought
stainless steel piping and are subject to the same
degradation phenomena. In theeremaining Combustion
Engineering plants, the surge line is made of cast
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Figure 4.2. Typical PWR temperature control program.

Pressurizer

stainless-steel safe end between the surge line and
nozzle. Therefore, the weld between the safe end and
nozzle is a dissimilar metal weld. A sketch of a
Combustion Engineering surge nozzle is shown in
Figure 4.4.

Two of the reactor coolant pump cold legs supply the
pressurizer spray to the spray nozzle. Automatic main
spray valves control the amount of spray as a function
of pressurizer pressure. Components of the pressurizer

pipe

LN88026-2

FIgure 4.3. Typical pressurizer surge line layout.

stainless steel (CF8M) and is subjected to the added
degradation of thermal aging. The hot leg piping mate-
rial is different for the three suppliers. The Westing-
house hot leg piping is stainless steel. The Combustion
Engineering and Babcock & Wilcox pipings are carbon
steel with stainless steel cladding, and include a

SA-105 Gr. 1I
(carbon steel)

Flgure 4.4. Typical Combustion Engineering surge
nozzle at hot leg (12 in. Schedule 160).
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spray system are sized to use the differential pressure
between the reactor coolant pump discharge and the ' '
pressurizer to pass the amount of spray required to
maintain the pressurizer steam pressure during normal

operational transients. ~~~~~~~~~~~~~Long horizontal run of pipe (4 in. SS, type 316)operational transients.

A small, continuous flow, referred to as bypass flotw,
is maintained through the spray line when all reactor Auxiliary sPray
coolant pumps are running, even when the main spray - -

valves are closed. The flow bypasses the main spray
valves as indicated in Figure 4.1, and serves to keep O . Pressurizer

the spray piping and nozzle at a constant temperature ;
in order to reduce thermal transients during main spray
usage. The bypass flow also serves to keep the chemis-
try and boric acid concentration of the pressurizer LN88026-3

water the same as that of the rest of the reactor coolant
loops.

- Figure 4.5. Typical pressurizer spray line layout.
The pressurizer spray line connects tw6 of the cold

legs to the top of the pressurizer through vertical and Thermal sleeve
horizontal pipe runs in Westinghouse and Combustion -. -

Engineering plants. But in Babcock & Wilcox plants,
the spray lineconnectstoonlyone coldleg. Asshown Bi-metallic
in Figure 4.1, the auxiliary spray line ties into the main -weld Spray pipe (3 In)
spray line. Figure 4.5 depicts a typical pressurizer''t '
spray line. The pressurizer spray lines are stainless
steel in all PWR plants. The spray piping to the safe Pressurizer ____

end welds at the spray no'zzle are dissimilar metal --
welds on all three vendor'designs. Atypical
Combustion' Engineering spray nozzle is shown in
Figure'4.6. -Safe end

4.2 Stressors and Degradation, -!3
Sites

Figure 4.6. Typical Combustion Engineering spray
4.2.1 SurgeLlne and Nozzle. The principal -''nozzle (3-in. Schedule l60).'
source of fatigue damage in the pressurizer surge' - -
piping and nozzles is the thermal stress loadings - Design calculations performed in accordance with
associated with normal plant operation. Typical ; the American Society, of Mechanical Engineers
design-basis thermal transients for Combustion '(ASME) code have demonstrated that those design-
Engineering plants (such as plant heatup and cool- basis transients result in acceptable fatigue usage dur-
down, plant leak testing, plant trips, and other plant 'ing a 40.Lyear operating life; i.e., the calculated fatigue
operational functions) are listed in Table 4.1 with their ' usage factor is less than the allowable ASME code
specified cycles. Figures 4.7 and 4.8 provide typical' value of 1.0. A typical maximum design-basis
temperature and pressure versus time curves, illus- '. cumulative fatigue factor for the surge line and nozzle
trating some of the major transients. Figure 4.7 forCombustionEngineering'plantsis .2.Thedesign-
illustrates a conservative envelope of the reactor cool. basis ,fatigue usage factor will differ for the
ant temperature and pressure profiles during a plant. 'Westinghouse and Babcock & Wilcox plants but will
leak test. Figure 4.8 illustrates the surge nozzle tem also bebelow1.0. For example, the design-basis
perature and pressure transients encountered during ''usage factor calculated for a Westinghouse surge line
typical plant heatup and cooldown events. Note that and nozzle is appro imately0.7.1 Actualfatgueusage
the transient descriptions are for fatigue evaluations : isof course, a function of plant operational data rather
only and mayjnot represent actual plant operations. than the design assumptions.
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Table 4.1. Typical design-basis thermal transients

Transient Description Specified Cycles

Plant heatup See Figures 4.2 and 4.8 500

Plant cooldown See Figures 4 2 and 4.8 500

Plant leak test See Figure 4.7 200

Normal operation steady state

Plant trip, loading, unloading

10% load increase, decrease

Normal variation up or down

T = 327.3YC (621.20F)
P = 15.51 MPa (2250 psi)

-a

__b

P = 15.51 + 0.69 MPa (2250 + 100 psi)
T = 327.3 + 11C (621.2 + 200F)

30500C

25000

106

a. From an initial temperature of 3450C (6530F), the fluid undergoes a step decrease in temperature of 61 0C
(110 0F) and remains at the new temperature for a period of time sufficient for the metal to reach equilibrium
followed by a step increase to the initial temperature. The total number of occurrences is 30,500 cycles, and it
includes 500 trips, 15,000 loadings, and 15,000 unloadings (load change >10%o). The flow and pressure associated
with this transient are 13.6 kg/s (30 lbm/s) and 15.51 MPa (2250 psia), respectively.

b. From an initial temperature of 3451C (653 0F), the fluid undergoes a step decrease in temperature of 33 0C
(601F) and remains at the new temperature for a period of time sufficient for the metal to reach equilibrium,
followed by a step increase to the initial temperature. The total number of occurrences is 25,000 cycles. The flow
and pressure associated with this transient are 13.6 kg/s (30 Ibm/s) and 15.51 MPa (2250 psia), respectively. This
transient is categorized as a normal condition.

c. This specified transient numberof 30,500 includes many planttransients thataregrouped here for convenience.

In addition to the design-basis thermal stress cycles,
other surge piping and nozzle thermal loadings have
been hypothesized, which may significantly affect the
fatigue of those components. The most important load-
ing is caused by thermal stratification. Thermal strat-
ification can occur in the horizontal sections of the
surge line when cooler, heavier water from the hot
leg flows under the warmer, lighter coolant from the
pressurizer or possibly when localized cooling (toward
containment ambient temperature) and fluid sep-
aration occurs. Thermal stratification will result in
thermally induced bending stresses which can impact
the fatigue life of the surge line and nozzle (the upper
portion of the piping is hotter than the bottom and the
pipe may deflect up or down depending on the pipe
supports when the flow is stratified). Thermal stratifi-
cation also causes a phenomenon known as "thermal
striping" which is the high cycle thermal fatigue
caused by the wavy nature of the interface between the

two stratified fluid layers. The potential for thermal
stratification is greatest during heatup and cooldown
because the difference between the pressurizer and hot
leg temperatures is largest then. The potential for
stratified flow also increases as the insurge or outsurge
flow rates decrease.

Prior to start of the reactor coolant pumps, the tem-
perature of the coolant in the hot legs is typically about
55 0C (130'F), and the temperature of the coolant in a
pressurizer with a steam bubble can be as high as the
saturation temperature (which corresponds to the mini-
mum pressure, typically 2.24 MPa (325 psi), at which
the reactor coolant pumps can be operated]. There-
fore, the difference between the coolant temperature in
the pressurizer and in the hot leg during heatup may be
as high as 180'C (3251F). The maximum temperature
difference can also be as high during reactor scram and

50



i. : . " -

&fV% -

I

VI

IL

12

0.

I-

4(

2C

I(

I I I I I .

0 I I~~~~~ I

I I I I I

+ -. ..

0. 1 2 3 4 5 6 0 1 *2 3 4 5 6

.2=rn -
vVUV

3000

c, 2500

e 2000

e 1500
IL

1000
I

Cnn

I I I I I
I -

t I

I I I V*. I ~~

I...….. . ...

I I I I I

I I i

-- -_

. . . .. . . . . .

0 1 2 3 4 5 6

Time (h)

0 1 2 3 4 5 6

P612-WHT-488 -03

Figure 4.7. Plant leak test, siimulated f6r fatigue evaluations only.

cooldown as during heatup. Several insurges to and
outsurges from the pressurizer generally take place
during heatups, cooldowns, and reactor scrams.

IThe pressurizer temperature is about 3431C (650 0F)
-during full-power operation, and the difference in
temperatures between the pressurizer and the hot leg is
about 281C (50 0F). The fl6w in the surge line is small
and equal to the bypass flow in the spray line (typically
1.5 gaVmin) and, therefore, the flow is generally strati-
fied. However, the corresponding thermal stresses will
be lower than during heatup and cooldown because the
difference in temperature between the stratified flow
layers is relatively small. - .

- :-.-..:.:, ...:;

restraints and resulting in permanent deformation of
thepipe.J1 Atanotherplant, the thermal stratification
caused displacements as great as 76 mm (3.0 in.) dur-
ing heatup and cooldown; the displacement appeared
to vary with the temperature difference between the
pressurizer and hot leg. One utility has limited the
maximum allowable temperature difference between
the pressurizer and the hot leg to about 110 0C (2000 )
to reduce fatigue damage caused by stratification.
Qualitative data from tests in France and Germany also
indicate that surge line flow stratification may occur
undercertain low-flow conditions.b -

The unexpected surge line movements and the
resulting permanent piping deformation have raised

-Thermal stratification was measured in a Babcock
& Wilcox unit in'Gerrnany, where' temperature swings -

in the surge line reached 180 0C- (3250F).2 -a. S.K.Mukherjee,"BeaverValleyUnit2Pressurizer
Four U.S. utilities have also measured significant Surge Line Stratification" 'Duquesne Light Company,
surgeline stratification. At one plant, the thermal strat- 1988.
ification caused the horizontal portion of theisurgeline
to deflect downward, contacting the pipe whip b. T. Griesbach, private communication, EPRI.
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Figure 4.8. Simulated surge nozzle transient-heatup and cooldown for fatigue evaluation only.

concerns about the validity of the original design
fatigue analyses for the surge lines. Therefore, the
USNRC has requested the licensees of operating PWR
plants to demonstrate that the pressurizer surge line
meets the latest ASME Section III requirements
(incorporating any high-cycle fatigue) for the licensed
life of the plant, considering the fatigue damage caused
by thermal stratification and thermal striping.IS

Localized surge line cooling may lead to two inter-
related types of thermal loadings. As discussed above,
a local area of stratified fluid may develop with warm-
er fluid in the upper portion of piping and cooler fluid
in the lower portion of piping. The second type of
localized thermal loading of the surge line is caused by
a slug of locally cooled water that moves through the
piping. That cooler slug may pass through the hot leg
surge line nozzle during pressurizer outsurges, and
impose thermal shock stress cycles on the nozzle as
well as the surge piping. Also, the cooler water from
the surge piping may pass through the pressurizer
surge line nozzle during a pressurizer insurge and
impose thermal shock stress cycles on that nozzle. The

severity of that stressor depends on the degree of local
cooling and the frequency of insurges and outsurges.
There are more outsurges than insurges from the use of
main spray. Whenever mainspray is used while the
pressurizer level remains constant, or decreases, there
is an outsurge. During changes in power level, there is
an equal number of outsurges and insurges as power
levels are reduced and then increased. The occurrence
of relatively cold slugs of water is based on qualitative
evaluations and has not been quantified."

Flow-induced vibration is another common stressor
that affects components such as thermal sleeves,
installed to protect the nozzle from thermal shock.
That stressor could lead to fatigue failure of the ther-
mal sleeve and the nozzle, with the possibility of the
thermal sleeve breaking loose and moving through
the piping system.

a. T. Griesbach, private communication, EPRI.
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Thermal aging of the cast-stainless steel surge lines
is determined by the temperature of the reactor pri-
mary coolant, and the ferrite content and distribution
in the microstructure. Since the temperature of the
coolant in the pressurizer is higher than that in the hot
leg, the portion of the surge line near the pressurizer
will experience a higher degree of thermal embrittle-
ment.

4.2.2 Pressurizer Spray Line and Nozzle.
Typical design-basis thermal transients forPWR spray
lines and nozzles include the same plant heatup and
cooldown, plant loading and unloading, and other
plant operational functions as discussed in the previous
section. Design analyses performed in accordance with
the ASME code have demonstrated that those design-
basis transients result in acceptable fatigue usage
during a 40-year plant life. A typical maximum
design-basis cumulative fatigue factor for the pres-
surizer spray piping and nozzle for a Combustion
Engineering plant is 0.9. The design- basis fatigue
usage factor will differ for the Westinghouse and
Babcock & Wilcox plants, but is also below 1.0.

In addition to those typical design-basis transients,
certain other thermal transients have the potential to
affect the spray line and nozzle fatigue aging. When
the pressurizer spray system was designed, it was
assumed that spray would be applied in a continuous
manner during plant cooldowns. However, in some
cases, the spray is applied in an on-off manner. On-off
use of the pressurizer spray will result in more frequent
thermal stress cycles than will result from one continu-
ous spray.

auxiliary spray is available through the charging
system. Main spray may also be available if the main
spray valves are opened. The on-off use of main or
auxiliary spray'flow during periods when no bypass
flow is available causes intermittent 'no-flow, stratified
flow, or full-flow conditions. That results in thermal
cycling and fatigue of the piping. The various stages of
spray piping flow that may occur during a plant cool-
down or heatup are depicted in Figure 4.9.

Thermal cycling may also occur without spray oper-
ation when a steam bubble is formed in the pressurizer,
and steam enters the spray piping during the plant
heatup. A thermal cycle then occurs when a sufficient
number of reactor coolant pumps (RCPs) are started to
provide the driving head for a marginal amount of
bypass flow. Another thermal cycle occurs when addi-
tional RCPs are started and provide enough driving
head for the bypass flow to fill the horizontal pipe and
eliminate the stratified flow. In summary, spray system
thermal cycling can result from cyclic or throttling use
of the main or auxiliary spray, or from altering the
number of operating RCPs without maintaining'full-
pipe flow conditions. The phenomenon of flow stratifi-
cation in the piping of the pressurizer spray system was
identified during startup testing at some PWR plants.

Alternating steam and water cycles during cyclic
system operation may subject the upper portion of the
spray piping and the spray nozzle to typical temper-
ature differentials in the range of about 40 to 3001C
-(100 to 530°F), With resultant thermal shock loadings.
These same temperature differences can exist in a top
to bottom stratified flow condition under certain low
spray flow operations. However, the pressurizer spray
?nozzle cannot be subjected to stratified flow loadings
and is, therefore, not as limiting as the upper horizontal
portion of the spray piping. The thermal shock load-
'igs can be evaluated using the classical ASME Code
'Section III methods? whereas, stratified flow loadings
produce beam-bending type behavior and require
three-dimensional modelling to evaluate. The shape of
a typical spray line subjected to stratified flow is
shown in Figure 4.10. The distribution of bending
stress in the pipe for that type of loading can be' calcu-
lated by finite element analysis and an example result
is shown in Figure 4.11. That analysis takes

.- ,into account the thermal conductivity of the piping
material.

a. Combustion Engineering Pressurizer Spray System
Thermal Fatigue Evaluation, CE NPSD-261 prepared
for the Owners Group, December 1984.

- Reactor coolant system flow and the reactor vessel
pressure drop decrease when the'first reactor coolant
pump is tripped during cooldowns. Since the pressure
drop across the reactor vessel provides the driving
head for both main and bypass sprays, bypass flow
decreases as the driving head is reduced. In fact, the
bypass flow can decrease as the pressure differential
decreases to the point that it is no longer sufficient to
maintain the uppermost horizontal section of the spray
line full of water. If the main or auxiliary spray is not
used continuously, pressurizer steam will fill the upper
cross-sectional area of the horizontal spray piping
while relatively cool water flows along the lower cross
section, thereby creating a stratified steam/water flow
condition. Further reduction of the number of operat-
ing reactor coolant pumps causes the bypass flow to
terminate and a nriLflow condition is created in the
spray piping. At this point, steam fills the spray nozzle
and piping, moving to an elevation equivalent to the
pressurizer level. Although no bypass flow is present,
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Figure 4.11. Axial stress distribution in a pipe
caused by stratified flow loading.

Case 3
No bypass flc

IY.I:1 Stratified flows, because of the through-wall nature of
.,.,.n the loading, tend to build up more gradually and lastas
_fj-~l long as the loading condition is applied. Figure 4.12

shows stress-versus-time plots for hypothetical ther-
mal shock and stratified flow loadings. The thermal
shock load can be a crack initiator, but it affects only a

Iw small portion of the wall thickness and, therefore, does
LN 88026-6 not tend to extend an existing crack. However, the stra-

tified flow load affects the entire wall thickness and,
system flow therefore, can drive or propagate an existing crack.

One additional difference between the loading cases is
their effect on the fatigue life of the component. Strati-

iermal shock fled flows produce bending moments in piping and
; the duration pipe elbows. Through-wall bending stresses have a
ock loadings more severe impact on fatigue usage than thermal
, where peak shock-type skin stresses. A spray line fatigue analysis
)ate quickly. has been performed for both types of loadings. The

Figure 4.9. Various pressurizer spray
conditions.

One major difference between the th
loading and the stratified flow loading is
of the stressed conditions. Thermal shi
tend to reflect very fast stress patterns,
stresses are reached quickly and dissil
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Figure 4.12. Stress-versus-time profile for hypo-
thetical thermal shock and stratified flow loadings for
a given temperature difference, AT.

allowable number of loading cycles required to reach a
fatigue usage factor of 1.0 has been determined at four
locations in a horizontal run of spray piping, as shown
in Figure 4.13. The results are presented in Table 42
and demonstrate the more severe effects of stratified-
flow loadings.

Vent

both together) can significantly reduce the impact of
the loadings on the fatigue life of spray lines. From an
operational standpoint, continuous rather than cyclic
use of main and auxiliary spray should be practiced
during plant cooldowns. That will minimize the total
number of thermal loading cycles applied to the spray
piping and nozzle. In addition, full pipe flow should be
maintained by using main or auxiliary spray whenever
there may be insufficient bypass flow to provide full
pipe flow. Spray piping modifications can also be
made to minimize the potential for stratified flow. A
sloped section of pipe can be employed in place of the
upper horizontal section of spray piping to help pre-
vent stratified flows. That modification has been made
at several plants to ensure sufficient fatigue life in the
spray system. For example, a 3-m- (10-ft-) long hori-
zontal section at one plant was rotated 45 degrees to
mitigate the thermal loads caused by stratified flows.

Flow-induced vibration is another common stressor
that affects components such as thermal sleeves
installed to protect the nozzle from thermal shock.
This stressor could lead to the fatigue failure of the
thermal sleeve and the possibility of the thermal sleeve
breaking loose and moving through the piping system.

4.3. Degradation Mechanisms

3 ' . -4 Fatigue is the main degradation mechanism for the
PWR surge and spray lines and nozzles. The design-

2 1 Spray line basis thermal transients listed in Table 4.1 cause both
high- and low-cycle fatigue damage. High-cycle

.- -*- -fatigue is caused by small temperature changes during
normal plant operation (106 cycles of +20 0F are
assumed for a 40-year plant life) and results in rel-

| t . -I :- - ~~~~atively little fatigue damage. Low-cycle fatigue is
caused by a combination of transientpressureand ther-

. 1 - t . - -, . Kmal stresses and is a much more damaging degradation
mechanism. -

Pressurizer . -

As discussed above, stratified flows also cause
high- and low-cycle fatigue damage to the horizon-
;tal portions of the surge and spray lines (see
Sections 6.42 and 6.4.3) but were not included in the
design basis transients.- The hot and cold fluid levels
present during stratified flow conditions are separated

-i : N88026 1 8 ~ :by an interface layer (also called mixing layer) where
turbulent mixing of the fluids occurs, and whose height
depends upon the mass flow and the differences in the

Figure 4.13. Location on the pressurizer spray line, densities of the fluids. The wavy character of the mix-
of the fatigue analysis presented in Table 42. ing layer causes rapid changes in the temperatures of

the inside surface of the adjacent piping. The magni-
One positive aspect of the evaluations is the conclu- tudes of these temperature changes depend on the

sion that either operational or piping modifications (or .-.surface heat transfer coefficient and the temperature

I . 55



Table 4.2. Pressurizer spray line fatigue analysis

Maximum Allowable Cycles8
Loading

Description

Stratified flow
AT = 175OFd
Stratified flow
AT = 300'F
Stratified flow
AT = 3600F
Stratified flow
AT = 6000F
Full flowe
AT= 115'F
Full flow
AT = 300'F
Full flow
AT = 600'F

Location 1

>10O

1,500

400

180

400,000

750

100

Location 2

4,000

170

80

25

350,000

500

90

Location 3

6,000

6,500

3,500

500

310,000

500

90

Location 4b

56,000

170,000

75,000

4,700

120,000

320

60

a. Location numbers correspond to points shown in Figure 4.13.

b Stress concentration effect resulting from vent line intersection is included.

c. Alternating stress is below the endurance limit.

d. AT is defined as the temperature difference between the spray fluid and the initial pipe and nozzle temperature.

e. Full flow implies thermal shock conditions.

difference between the hot and cold fluids. Such sur-
face temperature fluctuations are known as thermal
striping. Based on the thermal striping experiments
performed for LWR feedwater pipings and also for
liquid metal fast breeder reactor components, the
typical frequency content of the surface temperature
fluctuations is in the range of 0.1 to 10 Hz.9.10 The
temperature fluctuations rapidly attenuate with depth,
and the bulk temperature of the piping remains un-
changed. The bulk material resists the expansions and
contractions of the inside surface of the piping and that
causes thermal strains. Thus, the pipe inside surface
adjacent to the mixing layer is subject to high-cycle
fatigue damage which contributes to crack initiation.

Stratified flow causes an azimuthally varying tem-
perature distribution in the pipe wall, which produces
through-wall axial bending stresses. The magnitudes
of the stresses are determined by the top-to-bottom
temperature difference and the height and thickness of

the mixing layer. Axial compressive stresses develop
in the hot upper region of the pipe, whereas axial
tensile stresses develop in the cold lower region of the
pipe. The maximum tensile stresses are near the mix-
ing layer. A slight fluctuation in the flow rate causes
the mixing layer to rise or lower and changes the distri-
bution of the through-wall bending stresses produced
by the stratified flow. Thus, fluctuations in the strati-
fied flow cause low-cycle fatigue damage, which con-
tributes to both crack initiation and growth.

The piping inside surface near the weld is most sus-
ceptible to fatigue crack initiation because of the weld
geometry, high residual stresses, and imperfections
such as porosity and inclusions.14 If the welds are not
ground smooth and flush with the piping surface, a
surface stress concentration can cause crack initiation
at the weld toe or root. The residual stresses increase
the mean stress and, therefore, play a significant role in
low-stress, high-cycle fatigue (the fatigue life may be
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reduced by a factor of two to three). The material
properties near weld imperfections may be locally
degraded, and this degradation must also be consid-
ered. The inside surfaces of the elbow base metal are
also susceptible to fatigue cracks because the elbows
are likely to be subjected to high stresses. For exam-
ple, a through-wall fatigue crack in anelbow base
metal region subjected to flow stratification caused by
valve leakage was detected in the safety injection pipe
of one PWR.l1213 Through-wall axial bending
stresses caused by stratified flows can produce circum-
ferential cracks in'the horizontal portions of the surge
line and spray lines.; However, stratified flows have
not caused any cracks in the surge and spray lines.
Through-wall and shallower circumferential cracks in
both the base metal and the welds of PWR and BWR
feedwater piping have been '.observed '(see
Section 6.5.2).'

Procedures for a fatigue analysis of the ASME
Class 1 piping and vessel nozzles in nuclear plants are
defined by the ASME Boiler and Pressure Vessel
Code, Section III. Paragraph NB 3200 contains the
fatigue evaluation procedures for vessel nozzles, and
paragraph NB 3600 contains the Class 1 piping proce-
dures. The Section III procedures are based on classi-
cal elastic stress-strain evaluations. The cumulative
effects of non-uniform transient loadings are
accounted for by Miner's Law. That approach ac-
counts for accumulation of fatigue damage by linearly
summing fractional damage for a series of stress
ranges. The cumulative damage fraction is limited to
1.0.

As discussed above, the original Class I stress
analysis for all nuclear steam supply systems (NSSSs)
demonstrate a cumulative fatigue usage factor of less
than 1.0. However, those design-basis calculations
generally have not considered stratified flow loadings
because loads of that type were not recognized and
defined at the time of the original design. In fact, esti-
mating the fatigue damage in surge and spray lines
subject to stratified flows is difficult for two reasons:
complete characterizations of the thermal loads have
not been available and the technology to predict crack
initiation in the welds is not fully developed. -Detailed
records of stratified flow transients are not available to
properly estimate the fatigue damage. However, on-
line monitoring of the coolant temperatures, pressures,
and flow rates and pipe wall temperatures at selected
sites in the horizontal piping (along both circumferen-
tial and axial directions) could provide the data needed
to estimate the low-cycle fatigue damage. The on-line
monitoring could also identify the sites experiencing
significant low-cycle fatigue damage and, thus,

*provide guidance for the inservice inspection program.
Such on-line moniitoring of surge lines at several oper-
ating PWR plants is currently being performed. It

l should be pointed out that the on-line monitoring will
notprovide data on the thickness of the mixing layer or
the magnitudes and frequency content of the thermal
striping loads. A research program is needed to char-

* acterize the thermal striping loads.

Fatigue caused by flow-induced vibrations is anoth-
er degradation mechanism that affects nozzles pro-
tected by thermal sleeves, with the potential for the
thermal sleeve to break loose.6

' The cast stainless-steel surge lines are also subject
to thermal aging and will experience a slow reduction
in toughness at operating temperatures. Additional
information on the thermal aging of east stainless-

'steel components is given in Chapters 2 and 3.

4.4 Potential Failure Modes

The potential failure modes resulting from thermal
loads on the pressurizer surge and spray line piping and
nozzles (discussed above) include fatigue-induced
'crack initiation and propagation and through-wall
leakage. Note that crack initiation from thermal shock,
in and of itself,'does not result in through-wall leak-
age. Once a crack is initiated, there must be a loading
or stressor to cause the crack to propagate through the
entire wall thickness (see Chapter 3, Volume 1, of this
report). Loadings caused by thermal stratification can
result in propagation of cracks, whereas skin-type
loadings caused by thermal shock generally will not
cause'a surface crack to propagate. A'degraded surge
or spray line may rupture during an earthquake. A
break in a surge or spray line would be an unisolatable
breach of the primary coolant pressure boundary and
could create a severe thermal-hydraulic transient.

Leak-before-break (LBB) evaluations of typical
PWR pressurizer surge lines subjected to the loads

; associated with normal plant operation and combined
with loads from a safe shutdown earthquake, per-
frmeduinaccordance withathe NUREG 1061gVolume

-f I guidance, indicate that aNdouble-ended guillotine
pipe break is unlikely. However, the occurrence of sig-
nificant fatigue loadings in the surge and spray lines
may preclude the application of the NUREG 1061

-LBB methodology1 for these piping systems. The
criteria state that the "LBB approach should not be
considered applicable to high energy fluid system pip-
ing, or portions thereof, that operating experience has
indicated particular susceptibility to failure from the

*,effects of corrosion (e.g., intergranular stress corrosion
cracking), water hammer, or low- and high-cycle (that
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is, thermal, mechanical) fatigue." The LBB evalua-
tions for surge lines need to be modified to include
fatigue loads caused by stratified flows. Preliminary
analysis at one PWR plant indicates that the LBB
approach may still be valid for a surge line subjected to
stratified flows.8 However, the LBB approach should
not be applied to small-diameter piping such as spray
lines because it is difficult to maintain a sufficient mar-
gin between a leakage-detectable crack length and a
critical crack length.

There have been no known failures or cracks in the
pressurizer surge and spray line piping or nozzles in any
PWR. However, stratified flows and thermal striping
have caused through-wall thermal fatigue cracks in the
welds and stainless steel base metal of the safety in-
jection and residual heat removal piping. In safety
injection piping, the cracks were between the safety
injection nozzle and the first check valve. 13 ,18.19 In
residual heat removal piping, the cracks were in the
horizontal pipe section upstream of the first isolation
valve.20

An indication of a crack was discovered in a thermal
sleeve of a Westinghouse pressurizer surge nozzle.
However, later analyses showed that the design of the
nozzle at the hot leg end of the surge line is acceptable
without a thermal sleeve. The thermal sleeves and the
associated attachment welds have been removed in
some plants.21

4.5 Inservice Inspection and
Surveillance Requirements

Inservice inspection (ISI) is required by Section XI
of the ASME code. Those requirements include four
inspections at 10-year intervals during the 40-year
operating life of a nuclear plant. For piping systems, all
the weld locations (but not the base metal) where the
calculated design-basis stress intensity exceeds 2.4 Sm
(Sm is the maximum allowable stress intensity as
defined in Section III of the ASME Code) or where the
Lalculated design-basis cumulative fatigue usage fac-
tor exceeds OA must be included in the ISI program.7
All of the nozzle-to-safe end butt welds are also
included in the ISl program. The ISI examinations for
those locations consist of a 100% volumetric and
surface preservice examination of all welds, followed
by a 100% volumetric and surface examination of the
same 25% of all the butt welds during each of the
four 10-year intervals, per ASME Section XI
requirements.

As discussed above, stratified flows are likely to
cause significant fatigue damage in both the base metal
and welds in the horizontal portion of the surge line. In
addition, the base metal in the elbows at the end of the
horizontal portion is likely to experience fatigue
damage. Therefore, the inspection of the welds and
base metal in the horizontal portion of the surge line is
needed.

Current industry practices for monitoring and
recording appropriate thermal transients vary widely.
Monitoring and transient recording systems are gener-
ally based on existing in-plant instrument availability
and location. Available records of the transients caus-
ing fatigue damage are generally not sufficient to prop-
erly estimate the fatigue usage experienced by the
surge and spray lines and nozzles. On-line monitoring
of both (a) coolant temperatures, pressures and flow
rates, and (b) pipe wall temperatures at the nozzles and
at selected horizontal portions of the piping (along
both the circumferential and axial directions) during
operational transients, thermal shocks, and stratified
flows could provide the data necessary to estimate
actual low-cycle fatigue damage. Such on-line moni-
toring of surge lines at several operating PWR plants is
currently being performed in response to USNRC
Bulletin No. 88-11.15

Acoustic emission methods should also be devel-
oped for detecting fatigue crack growth in both the
base metal and welds of the surge and spray lines.
Acoustic emission methods can potentially provide
global information regarding defects in the piping and
may be capable of detecting the location and growth of
small flaws that are not detectable by other nonde-
structive testing methods. Acoustic emission should
be viewed as complementary to inservice inspection
methods, not as their replacement.

Fatigue crack detection by acoustic emission
depends upon the ability of the instrumentation to
detect the acoustic signals caused by crack growth
under reactor operating conditions, specifically in the
presence of reactor coolant flow noise. The acoustic
signal produced by crack growth consists of discrete
burst-type sounds with a duration ranging from a few
microseconds to a few milliseconds. The source of the
signal is determined from the times of signal arrival at
several different sensors installed at various locations.
However, some test results indicate that the acoustic
signal produced during tensile crack growth in
Type 304 stainless steel may not be detectable at
certainstagesofthecrackgrowth. 16 0n theotherhand,
the preliminary results from the inservice acoustic
emission monitoring of a Peach Bottom Unit 3
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recirculation-bypass line, core spray line, and i
feedwater nozzle indicate that pipe cracking can be
detected using acoustic emission techniques.17

4.6 Summary, Conclusions,
and Recommendations

A summary of the important degradation sites, stres-
sors and mechanisms, the potential failure modes, and
the currentISI methods is presented in Table 43. Eval-
uation of the pressurizer surge and spray line piping
and nozzles indicates that stratified-flow conditions
may occur and may lead to fatigue damage that can
limit the useful life of pressure boundary components.
A complete accounting of actual in-plant thermal
loadings is needed in order to accurately predict the
residual life of those components. Once the loadings
are more accurately defined, an appropriate prediction
of fatigue life can be made and an appropriate inscr-
vice inspection program can be implemented with
state-of-the-art techniques.,

The conclusions and recommendations related to
aging degradation of the pressurizer surge and spray
lines and nozzles are as follows:

1. The horizontal portions of the surge line sub-
jected to stratified flows should be analyzed
to determine whether a catastrophic rupture
rather than a leak-before-break can take
place. Stratified flows cause significant
fatigue damage to the horizontal portions of
the surge line, but were not accounted for in
the original design. Results from a recent
analysis of one PWR plant suggest that a
-surge line subjected to stratified flows will
leak before it will rupture.

2. The leak-before-break approach may not be
workable for small diameter piping such as
spray lines that also experience significant
fatigue damage caused by stratified flows.

3. More frequent inservice inspection of nozzle
welds with high fatigue usage factors is need-
ed. Some of the nozzle welds have a fatigue
usage factor as high as 0.7 resulting from
design transients alone.

4. Because stratified flows are likely to cause
fatigue damage to the base metal in the hori-

zontal sections of the surge and spray lines,
inspection of the affected regions in the base
metal needs to be included in the inservice
inspection program. Current ASME

... Section XI inservice inspection guidelines do
not require inspection of the base metal.

5. Acoustic emission techniques that reliably
can detect the growth of fatigue cracks in
both the welds and base metal of stainless
steel piping should be developed. These tech-
niques can then be used along with other non-
destructive testing methods to characterize
these cracks.

6. On-line fatigue monitoring should be used
to measure coolant temperatures, pressures,
and flow rates, and pipe wall temperatures.
These data could be used to accurately calcu-
late the accumulated low-cycle fatigue dam-
age. Detailed and accurate records of the
transients causing fatigue damage are not
available. Some plants are already measuring
these data.

7. A research program is needed to estimate the
magnitudes and frequency content of the
fluctuating loads imposed by thermal strip-

\ing. These data are needed to estimate fatigue
crack initiation times for the surge and spray
lines.

8. Smaller temperature differences between the
pressurizer and the hot leg coolant during
heatup and cooldown can reduce fatigue
damage to the surge line.

9. Plant operating procedures should specify
full flow through the spray line and contin-
uous spray during plant cooldowns. This
practice will mitigate spray line fatigue dam-
age caused by stratified flows and thermal
shock. Some plants have already revised
their operating procedures to this effect.

10. Properly sized bypass valves can provide full
flow through the spray lines during normal
operation and mitigate fatigue damage.

11. Replacing relatively short horizontal sections
of spray piping with sloped sections can help
prevent stratified flows.
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Table 4.3. Summary of degradation processes for pressurizer surge and spray lines and nozzles

Degradation
Rank Sites Stressors

Degradation
Mechanisms

Potential
Failure Modes ISI Methods

1 Pressurizer
Surge Line
and Nozzle

Thermal transient stress
loadings

Stratified flow stress
loadings, thermal
striping

Low- and
high-cycle
thermal
fatigue

Crack initiation and
propagation leading
to possible
through-wall leak,
pipe rupture

Piping and nozzle
welds inspected
volumetrically
at each of the
four 10-year
intervals

Thermal shock

Flow-induced
mechanical vibration

Thermal sleeve
cracking

Mechanical Thermal sleeve
fatigue cracking, crack

initiation in
nozzle

Temperature Thermal
embriltlement

Through-wall
leakage

2 Pressurizer
Spray Line
and Nozzle

Thermal transient
stress loadings

Stratified flow stress
loadings (pipe only)
thermal striping

Low- and
high-cycle
thermal
fatigue

Mechanical
fatigue

Crack initiation and
propagation leading
to possible
through-wall leak

Thermal sleeve
cracking

Piping and nozzle
welds inspected
volumetrically at
each of the four
10-year intervals

Flow-induced
mechanical vibration Thermal sleeve

cracking, crack
initiation in
nozzle
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5. PRESSURIZED WATER F
CHARGING AND SAFE

E. A. Siegel

-In addition to the pressurizer surge and spray
nozzles discussed in the previous chapter, other safety
related nozzles, namely, the charging and the safety in-
jection nozzles will be discussed in this chapter. These
nozzles and their potential for fatigue-related degrada-
tion are common to the three pressurized water reactor
(PWR) nuclear steam supply system designs and are
subject to thermal-loading conditions that may signifi-
cantly limit their fatigue life. The major system
stressors are identified and the potential degradation
mechanisms and probable failure modes are defined.
The current inspection methods are described and an
overall summary is provided with conclusions and
recommendations.

5.1 Description

5.1.1 Charging Nozzles. The charging nozzles of
the reactor coolant piping are located on the cold-leg
loops and are part of the chemical and volume control

REACTOR COOLANT SYSTEM
TY INJECTION NOZZLES

and M. H. Bakr -

system (CVCS). These nozzles are subject to a wide
range of thermal-transient loadings during various
modes of operation of the CVCS. Coolant flow (see
Figure 5.1) from the cold leg of the reactor coolant
system (RCS) passes through the tube side of the
regenerative heat exchanger for an initial temperature
reduction (inlet temperature equals cold-leg tempera-
ture). The cooled fluid is then reduced to the operating
pressure of the letdown heat exchanger by the letdown

L control valves. Finally, the flow is reduced to the oper-
ating temperature and pressure of the purification
system by the letdown heat exchanger and letdown
backpressure valve. The flow passes through a purifi-
cation filter, one of three ion exchangers, and a strainer
and is then sprayed into the volume control tank
(Var).

The charging pumps take suction from the VCT and
pump the coolant to the RMS. During normal opera-
tion, charging flow is equal to letdown flow plus

..I - .. . . .1 1
,F , I 5.. t... . ; syste scemi.

: ,Figure S.1. ,Letdovn and charging system schematic.
I .. ._; , , ,

. I .
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reactor coolant pump bleedoff flow. The charging
flow passes through the shell side of the regenerative
heat exchanger for recovery of heat from the letdown
flow before returning to the RCS cold leg via the
charging nozzles. The charging fluid is always cooler
than the reactor coolant in the cold leg. Babcock &
Wilcox plants use one nozzle per cold leg for both
makeup (charging) and safety injection. The
Babcock & Wilcox design does not use a regenerative
heat exchanger in the makeup coolant circuiLl

The charging inlet nozzles are 5-cm (2-in.) nozzles
with thermal sleeves that protect the nozzles from ther-
mal shocks. Combustion Engineering and Babcock &
Wilcox plants use carbon-steel nozzles with a dissimi-
lar metal weld to the stainless steel charging line.
Westinghouse plants use stainless steel nozzles and
connecting piping. A typical Combustion Engineering
charging nozzle is shown in Figure 5.2.a Charging
nozzles are within the reactor coolant pressure bound-
ary and their structural integrity is therefore required
for continued plant operation.

5.1.2 Safety Injection Nozzles. The safety injec-
tion system (SIS) is designed to provide core cooling
in the unlikely event of a loss-of-coolant accident
(LOCA). The cooling is intended to prevent excessive
core heatup, significant cladding-water reactions, fuel
melting, or significant alteration of the core geometry.

a. Combustion Engineering engineering report, "Im-
plementation of Charging Nozzle Evaluations for
Generic Fatigue Damage Management," prepared for
EPRI, May 1986.

The SIS is also designed to remove core energy for an
extended period of time following a LOCA. The SIS
fluid contains sufficient neutron absorber to maintain
the core subcritical following a LOCA. In addition,
the SIS functions to inject borated water into the RCS
to prevent fuel damage and to increase the shutdown
margin of the core in the unlikely event of a steam line
rupture. The system is actuated automatically upon a
low-pressure signal. T1ypical safety injection systems
operate at about 9.0 MPa (1300 psi) and 500C (1200F).

A typical Combustion Engineering safety injection
system is shown in Figure 5.3. It consists of two high-
pressure pumps, two low-pressure pumps, and four
safety injection tanks. Some other PWR plants have
dual-purpose pumps that are used for charging the RCS
with coolant during normal operation and for injecting
emergency core coolant at high pressure following an
accident.2 Automatic operation of the pumps is actu-
atedby either a low pressurizer pressure signal or a high
containment pressure signal. Flow is initiated from the
SIS tanks when the cold-leg pressure drops below the
pump shutoff head or the safety injection tank pressure.
The safety injection nozzles include thermal sleeves. A
typical Combustion Engineering safety injection
nozzle is shown in Figure 5.4.

5.2 Stressors

5.2.1 Charging Nozzles. The principal source of
stress affecting the fatigue aging of the charging
nozzles is thermal-stress loadings. Typical charging
nozzle design-basis thermal and pressure transients in-
clude plant heatup and cooldown, plant leak testing,
CVCS isolation (caused by activities or events such as
inventory balance, containment isolation, etc.), and
other CVCS and plant operating functions.

ASME Code design calculations have demonstrated
that these design-basis transients result in significant
fatigue usage during a 40-year operating life." How-
ever, the resulting fatigue usage factor is below the
ASME Code allowable of 1.0. A typical design-basis
maximum cumulative fatigue factor for the charging
nozzle is 0.78.

Under normal steady-state operating conditions, the
charging system continuously pumps makeup coolant
from the CVCS at a temperature of approximately
205'C (4000F) through the charging inlet nozzle and
into the cold-leg piping, which is normally at about

8.7364

Figure 5.2. Typical Combustion Engineering
charging nozzle (2-in. Schedule 160).
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Figure 5.3. Typical Combustion Engineering safety injection system (simplified).

Thermal sleeve
SO-168 (Inconen) by resumption of flow. This event may be caused by

loss of letdown flow, loss of charging pumps, CVCS
isolation for maintenance, or leak-check procedures.
When the charging flow stops, the charging inlet
nozzle, which is normally at about 205 0C (4000F), is
heated to the RCS cold-leg temperature of about
2900C (5500F). An idealized sketch of this heatup is
shown in Figure 5.5. At the same time, the fluid in the
charging line loses heat to the containment and gradu-
ally cools to about 500C (120 0F), as shown in Fig-
ure 5.6. When the charging flow is reinitiated, the
charging nozzle is subjected to a thermal shock as the
colder fluid in the charging line flows past the nozzle,
followed by a rapid return of the fluid to the normal
temperature of 2050C (400n7). This recovery event is
shown in Figure 5.7. This typo of severe cyclic loading
will lead to rapidly increasing fatigue usage over time.
Loss of charging is a design transient, but the frequen-
cy and severity of these transients will vary with plant
operating procedures and could be more or less severe
than assumed in the original design analysis. The tem-
perature transients depicted in Figures 5.5 to 5.7 are
predicted operating transients as opposed to design-
-basis curves.

Figure 5.4. Typical Combustion Engineering safe-
-ty injection nozzle (12-in. Schedule 160).

2900C (550°1:). The CVCS water is supplied at tem.;
peratures below 205 0C (400 0F) during transient
conditions. These conditions impose thermal-shock
loadings on the chargingnozzle that could affect its fa- -.

tigue life. The juncture between the charging nozzle'
and the cold leg is usually protected by a thermal
sleeve; therefore, the charging pipe-to-nozzle junc-
ture becomes the'most limiting location. '

Among the most severe of the charging nozzle ther- Flow-induced vibration is another common stressor
mal transients is the loss-of-charging event followed --. 'that effects components such as the thermal sleeves.
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Figure 5.7. Charging nozzle thermal transient-recovery from loss-of-charging event.

The thermal sleeves are installed to protect the charging
nozzles from thermal shock but are thiri-walled tubes
that cannot withstand high mechanical loads. This
stressor could lead to fatigue failure of the thermal
sleeve and could cause the thermal sleeve to break loose
and move through the piping system. Loss of the ther-
mal sleeves could ultimately lead to fatigue failure of
the nozzle.

5.2.2 Safety Injection Nozzles. The safety injec-
tion nozzles are normally at the cold-leg temperatures
and have no flow passing through them. However, the
safety injection nozzles are subjected to the typical
design-basis transients such as plant heatups and cool-
downs,which can cause fatigue as well as other thermal
loadings that in turn can significantly affect their fa-
tigue aging. The most damaging of these loadings are
induced by thermal-shock loads during a safety injec-
tion system actuation. During this transient, the'safety
injection system fluid undergoes a step temperature de-
crease from about 1750C (350 0F) to a potential design-
basis minimum of SOC (40 0F), followed by a step tem-
perature increase from 5 to 1750C (40 to 3500F), both
at a flow rate of up to 0.38 m2/s (6000 gpm).-

a. Combustion Engineering engineering report, "Im-
plementation of Piping Safety Injection Nozzle Evalu-

'ation for Generic Fatigue Damage Management," pre-
pared for EPRI, September 1986. -

The safety injection transients of concern also in-
clude the initiation and termination of safety injection
flow in which the initial safety injection nozzle fluid
temperature, equaling that of the cold leg, undergoes a
step decrease to the safety injection tank temperature of
about 500C (1200F) when the flow is initiated. When
the safety injection flow terminates, the nozzle fluid
temperaturerises back toapproximatelyits initial cold-
leg temperature, depending on the type and duration of
the initiating event. These transients include safety in-
jection'system actuations during both periodic system
tests and operation. This event is illustrated in
Figure 5.8.

Localized fluid cooling may take place in the hori-
zontal sections of the safety injection system piping up-
stream of the check valve because there is normally no
flow in that system.* A local area of stratified fluid may
develop with warmer fluid in the upper portion of the
'piping and cooler fluid in the lower pordon. This type
of diametrical temperature variation will result in ther-
nmally induced bending stresses, which can also impact
the fatigue life of the piping if the temperature differ-
ences are large'eniough. A thermal striping phenome-
non is associated with the stratified-flow condition and
can cause high-cycle fatigue damage to the piping in-
side surface in the vicinity of the hot- and cold-fluid
interface. No quantitative data are available for the
stratified-flow condition, a'nd plant monitoring is

!,.. -1
.;-t, :,.
., .1.
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Fatigue caused by flow-induced vibrations is
another degradation mechanism for nozzles protected
by thermal sleeves (such as the charging nozzles).
Flow-induced vibrations can cause the thermal sleeve
to break loose, which removes the protection against
thermal fatigue and cracking of the nozzle.ST

L.

120'F 1

-

Time
P912.WHT.*,I.Og

Figure 5.8. Predicted safety injection nozzle ther-
mal transient caused by safety injection system initia-
tion and termination.

required to determine actual temperature conditions.
However, qualitative data8 from testing by French utili-
ties indicate that this flow stratification phenomenon
may occur. Fatigue degradation caused by stratified
flows was not considered in the original design
analyses.

Flow-induced vibration is another common stressor
that most affects thin-wall components, such as ther-
mal sleeves, installed to protect the safety injection
nozzle from thermal shock. This stressor can lead to
fatigue failure of the weld between the thermal sleeve
and the nozzle and to. the thermal sleeve breaking loose
and moving through the piping system.3

5.3 Degradation Sites and
Mechanisms

5.3.1 Charging Nozzles. The charging nozzle
degradation mechanisms resulting from the thermal-
transient loading stressors described in Section 5.2.1
include both high-cycle and low-cycle thermal fa-
tigue. The fatigue analysis procedure for Class 1 pip-
ing and vessel nozzles in nuclear plants is defined by
Section III of the ASME Boiler and Pressure Vessel
Code. Paragraph NB 3200 contains the Class 1 piping
procedures for vessel nozzles. The Section III proce-
dures are based on classical elastic stress-strain evalu-
ations. The cumulative effects of nonuniform transient
loadings are accounted for by Miner's rule. This ap-
proach accounts for fatigue damage accumulation by
linearly summing fractional damage for a series of
stress ranges. The cumulative damage fraction is lim-
ited to unity for the ASME Code fatigue evaluations.

a. T. Griesbach, private communication, EPRI, 1987.

There have been no known failures or identified
cracks in the existing charging nozzles of Combustion
Engineering-designed plants. Some cracking has been
experienced in Babcock & Wilcox and Westinghouse
charging and/or makeup lines. 1.4 .5 In addition, a
Westinghouse unit experienced a thermal sleeve fail-
ure in a 10-cm (4-in.) coolant makeup line. It was
concluded that the failure of the sleeve and the result-
ing internal cracking of the primary coolant pipe were
both caused by thermal fatigue.6

5.3.2 Safety Injection Nozzle. The safety injec-
tion nozzle degradation mechanisms resulting from the
thermal-transient and thermal-shock loadings are also
high- and low-cycle thermal fatigue.

There have been no known safety injection nozzle
failures, but there have been reported failures of the
thermal sleeves caused by flow-induced vibration, in
addition to fatigue, caused by the thermal loadings. In
some cases, the thermal sleeves were found to have
broken loose. Additional discussion of this experience
is provided in References 1 and 6. Again, note that
several plants have experienced difficulties with ther-
mal sleeves and that these sleeves provide significant
protection to the nozzles.

A through-wall fatigue crack has recently been
found in the heat-affected zone of the elbow weld in
the 152-mm (6-in.) safety injection piping of a domes-
tie PWR plant.2 7 The crack was located downstream
of the first check valve from the nozzle, or in other
words, the crack was in that portion of the safety
injection piping that constitutes the primary pressure
boundary. The crack was on the inside surface of
the weld extending approximately 120 degrees
circumferentially around the underside of the pipe, and
about 25 mm (1 in.) of this crack was through-wall.
The crack developed slowly, and the resulting leak rate
was 2.7 L/min (0.7 gpm). This failure resulted from
high-cycle fatigue damage caused by thermal striping
and flow stratification. Field measurements of the
temperature distribution in the pipe wall indicate the
presence of stratified flow and that the circumferential
temperature difference near the weld was about 120'C
(2151F). The stratified flow was caused by leakage of
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cold coolant through a nearby faulty valve. This par-
ticular portion of the safety injection pipe had also
-been identified as being susceptible to low-cycle fa-
tiguefailure..

Valve leakage has also caused a through-wall fa-
tigue crack in the base metal of an elbow in a safety in-
jection pipe (between the first check valve and the
safety injection nozzle) of a foreign PWR plantY The
crack was 89-mm (3.5-in.) long on the inside surface
and 41-mm (1.6-in.) long on the outside surface. The
crack developed rapidly, and the resulting leak rate
was 23'/min (6 gpm). A safety valve was installed
downstream of the first check valve to mitigate the
thermal fatigue loads caused by the leaking coolant.
On-line monitoring of leakage from faulty or de-
graded valves is needed. -

Other piping connected to the primary coolant is
also susceptible to thermal fatigue damfiage because of
valve leakage. For example, leakage from the first iso-
lation valve on the 200-mm (8-in.), Type 316 stainless
steel residual heat removal line has caused a through-
wall, unisolatable crack.10 The crack was located in a
weld joint between an elbow and a horizontal pipe sec-
tion between the hot leg and the valve. A detailed dis-
cussion of thermal stratification and striping and the
associated fatigue damage to PWR surge, spray and
feedwater lines is presented in Chapters 4 and 6.

5.4 Potential Failure-Modes

The potential failure modes resulting from the ther-
mal stressors discussed above are fatigue-induced
crack initiation and propagation. Crack initiation
alone does not generally result in through-wall leak-
age. Once a crack is initiated, there must be a loading
or stressor that will cause the crack to propagate
through the entire wall thickness. Loadings such as
thermal stratification orpiping loads from plant opera-
tion can result in crack propagation, whereas skin load-
ings such as thermal shock loads or thermal striping
may cause only crack initiation.

There have been some failures of charging nozzles,
thermal sleeves, and safety injection pipe caused by
thermal fatigue and flow-induced vibrations. In some
cases, the thermal sleeves were found to have broken
loose.3 The failure in the safety injection pipe was in
the unisolatable portion of the pipe between the nozzle
and the first check valve.2 A potential failure mode for
a flawed pipe or nozzle subjected to a seismic event is
a double-ended break resulting in a small-break loss-
of-coolant accident.

5.5 -Inservice Inspection

Inservice inspection (ISI) of the charging and safety
injection nozzles is required by Section XI of the
ASME Code.,1 Four inspections spread 10-years
apart are required during the 40-year operating life of
a nuclear plant. All piping system welds where the cal-
culaied stress intensity exceeds 2.4 m' (Sm is the maxi-
mum allowable primary membrane stress intensity, as
defined in Section III of the ASME Code) or the
calculated cumulative fatigue usage factor exceeds 0.4
must be included in the'1SI program."1 All of the
nozzle-to-safe-end butt welds are also included in the
ISI program.' The ISI examinations for these locations
consist of 100% surface and volumetric preservice
examinations of all welds followed by a 100% surface
and volumetric examination of a specified sample at
each-of the'four 10-year intervals per ASME
Section Xl requirements.

The current inservice inspection methods recom-
mended by the ASME Code are not capable of detect-
ng thermal fatigue cracks.12 For example, the use of
ultrasonic testing with a 45-degree transducer and a
gain of 6 dB, as required by the ASME Section XI, was
not capable of detecting a through-wall thermal
fatigue crack in the elbow weld of a high-pressure in-
jection line. The crack was detected when the gain of
the 45-degree transducer was increased by 8 dB and
its use supplemented with a 60-degree shear wave
transducer. In another instance, an instrumentation
gain of 24 idB higher than that required by the ASME
Code was needed to detect a through-wall crack

Current inscrvice inspection requirements do not in-
clude the inspection of the base metal for fatigue
cracks. -However, regions of the base metal that are
subjected to stratified flows and thermal striping are
susceptible to fatigue cracks. For example, a through-
wall crack has been found in the elbow base metal in a
safety injection line. Through-wall cracks in the base
metal have also been found in PWR and BWR feed-
water lines subjected to stratified flows. Therefore,
the USNRC requires the inspection of high-stress
locations in both welds and base metals subject to ther-
mal striping and stratified flows.

With respect to the thermal-sleeve issue,
Westinghouse also recommended to its plant owners
that the loose parts monitoring systems be operable
and that nondestructive examinations be performed to
assess thermal sleeve conditions of affected systems,
as documented in Reference 4.

Both nozzles are included in a plant's ISI program,
but the areas chosen for inspection may not be based
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on the potential occurrence of stratified flows or other
severe thermal transients. The current industry prac-
tices in on-line monitoring and recording these ther-
mal transients vary widely. Monitoring and transient
recording systems are generally based on existing in-
plant instrument availability and location. However,
these systems are not adequate to monitor the tran-
sients caused by thermal striping and stratification.
Section 4.5 discusses the currently used on-line moni-
toring method for detecting thermal stratification in
some surge lines. Use of acoustic emission methods to
detect thermal fatigue crack growth is also discussed in
Section 4.5. Current on-line monitoring methods
should be reviewed and evaluated for their applicabili-
ty to charging and safety injection nozzles.

5.6 Summary, Conclusions,
and Recommendations

A summary of the important potential degradation
sites, stressors caused by operational transients, degra-
dation mechanisms, and potential failure modes is
presented in Table 5.1. The evaluation of the charging
nozzles and safety-injection nozzles indicates that
these nozzles are subject to fatigue damage caused by
thermal-shocks, stratified flows, and flow-induced vi-
brations. Stratified flows were not fully considered in
the original design analysis. Fatigue can limit the use-
ful life of these components.

The conclusions and recommendations related to
aging degradation of the PWR charging and safety in-
jection nozzles are as follows:

1. The charging and safety injection lines sub-
jected to stratified flows should be analyzed

to determine whether a catastrophic rupture,
rather than a leak-before-break, can take
place. Leakage from faulty valves has re-
sulted in thermal stratification and striping
loads that have caused through-wall cracks in
welds and base metal, and were not accounted
for in the original design.

2. The high-stress locations in the base metal
that are subjected to thermal striping and
stratification need to be inspected. Current
inservice inspection requirements do not in-
clude inspection of dte base metal.

3. Current inservice inspection requirements are
not adequate to detect thermal fatigue cracks,
and need to be upgraded. Acoustic emission
techniques may be used along with ultrasonic
testing methods to characterize fatigue
cracks.

4. On-line monitoring methods are needed to
detect leakage from faulty or degraded
valves. Such leakage has imposed thermal
loads on the safety injection lines, causing
through-wall cracks.

5. Appropriate methods are needed to monitor
the charging and safety injection nozzle op-
erational transients, so that the fatigue dam-
age can be accurately estimated. The nozzles
are subjected to stressors during plant opera-
tion that are considerably different and possi-
bly more significant in magnitude and fre-
quency than those considered in the original
design.
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Table 5.1. Summary of degradation processes for PWR RCS charging and safety injection nozzles

R a

Ran
Degradation 'i " . ; . -

Site Stressor
* ' Dcgradation

Mechanisms
I,.,Potential '
Failure Modes ISI Methods

1 Charging
nozzle

''bThermal-transient
stress loadings

. .,

4,

Thermal-shock
stress loadings

Flow-induced
vibration ' '

High-and Crack -
low-cycle initiation and
thermal fatigue i propagation

leading
to possible'''-
through
wall leak

High- and '' Thermal
low-cycle sleeve
'thermal fatigue cracking

Mechanical Thermal
fatigue ' sleeve

cracking,
crack

initiation
in nozzle

Piping and
nozzle welds
inspected-
volumetrically
at each of
the four 10-year
intervals

2 ' '' Safety-
injection
nozzle

* ' ' Thermal-transient
stress loadings

High-and- ' Crack
low-cycle initiation and
thermal fatigue propagation

leading
. to possible

through wall
* . ,.-) ;- e . - intervals

-..,Piping and
nozile welds
inspected
volumetrically
at each of
the four 10-year
intervals

Thermal-shock' .:
stress loadings -

Stratified-flow
stress loadings,
thermal striping

''.High- and
. low-cycle

thermal fatigue

High- and
low-cycle
thermal fatigue

-Thermal .
- sleeve' . . '

cracking

Crack
initiation and
propagation
leading
to possible
through-wall
leak

Flow-induced
mechanical
vibration

Mechanical
fatigue

Thermal sleeve
cracking,
crack

initiation
in nozzle
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6. PRESSURIZED WATER REACTOR FEEDWATER
PIPING AND NOZZLES

A.G. Ware, V. N. Shah a EA. G.Wr,1 hh, and E. A. Siegel;

The aging degradation of the feedwater piping and
nozzles in a pressurized water reactor (PWR) is
discussed in this chapter because a loss of feedwater is
an event that activates and challenges safety related
systems and because several aging related feediiiter'
piping failures have'recctiily occurred. Failure of
high-energy piping,'such as the feedwater system
piping, can also result in complex challenges to the
plant operating staff because of potential interactions -

of the high-energy steam and water with'iother
systems, such as the electrical distribution, fire protec-
tion, and security systems. Catastrophic failure of any
high-energy piping also presents a safety problem for
plant personnel.

The critical portion of the feedwater piping system
from a degradation standpoint has been in the vicinity,
and downstream, of the main feed pumps to the steam
generator feedwater inlet nozzle. Any break in the
feedwater piping system will disrupt the normal
supply of cooling water to the steam generator.
However, the size and location of the break is
important in determining the sequence of events that
will follow. Breaks outside the containment, in the
vicinity of the main feed pumps, for example, will
disrupt the feedwater flow, but the isolation check
valves downstream of the rupture will prevent drain-
age of the steam generators through the break. The
accident is countered by a rapid reactor trip and closure i
of the main steam isolation valves upon loss of
feedwater flow. This ensures that sufficient water will
remain in the steam generators to provide a heat sink
for.the reactor while the broken line is isolated and
auxiliary feedwater is established for continued decay
heat removal.

line is isolated and the auxiliary feedwater system can
be brought into operation for decay heat removal.

\ The feedwater line breaks that have occurred in
.operating PWRs are attributed to wall thinning caused
by an erosion-corrosion mechanism, and to cracking
caused bythermal fatigue from stratification. Feed-
water lines have also been damaged by vibrations and
water hammer events. Because feedwater piping is not
subject to as rigorous an inscrvice inspection program
as primary system piping, significant degradation can
occur over a period of time without detection, thereby
reducing the overall plant safety margin. If the piping
is subsequently subjected to intense mechanical load-
ings, such as pressure pulses, a severe water hammer,
or seismic events, the pipe wall may rupture.

6.1 Description

PWR main feedwater systems generally include
parallel or multiple trains of feedwater piping (usually
with a few large headers at selected points) to handle
the large volumes of feedwater, for example,
6.8 x 1 6 kg/h(15x 106 lb/h) fora typical 1100-MW
unit. A multiple-train design also provides
redundancy in the feedwater system that is beneficial
for safety reasons. The main feedwater system
receives water from the condensate system and sup-
plies it at a much higher temperature and pressure to
the steam generators. (he feedwater is pressurized by
the condensate and feed pumps, and in some plants,
feedwater booster pumps). The downstream piping
terminates at the steam generator feedwater nozzle.

Figure 6.1 presents a simplified schematic of a
The consequences of a feedwater line break inside typical Westinghouse 4-loop plant main feedwater

the containment depend upon the size of the break and' --. lsystem. This flow diagram begins downstream of the
the plant operating conditions at the time. .The results.- low-pressure feedwater heaters (not shown), at the
of a small break are similar to the events described for ,, ' X booster pumps. The flow proceeds through the sets of

- thefeedwaterlinebreakoutsidecontainment. Howev- .; intermediate feedwater heaters to the two main feed-
er, a large feedwater line break (or main steam line ..water pumps, which discharge into a common header.
break) will cause a rapid reactor coolant system, The feedwater passes through three parallel high-
cooldown (by excessive energy discharge through the pressure heaters into a common header, then branches
steam generator fed by the broken line).1 The steam into four lines to feed the steam generators through
generator inventory will be drained through the break, carbon steel feedwater nozzles. The main feedwater

- and the tubes will be uncovered. This accident is - inlet nozzle is located above the tube bundle in steam
countered byarapid trip of the reactor, andby thewater generators without a preheater, whereas in steam
inventory in the unaffected steam generators which generators with a preheater it is located near the tube
should be sufficient to provide cooling until the broken sheet on the cold leg side of the steam generator. Each
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Figure 6.1. Schematic of 4-loop Westinghouse plant feedwater system.

of these feedwater lines has its own feed control valve,
isolation valve, and check valve. Generally, an auxilia-
ry feedwater system discharge line connects with each
main feedwater line before it enters the steam genera-
tor. However, in steam generators equipped with a
preheater, the auxiliary feedwater line connects direct-
ly to the steam generator above the tube bundle. The
feedwater systems of Westinghouse 2-, 3-, and4-loop
plants and Combustion Engineering main feedwater
systems have similar designs.

A simplified schematic of a Babcock & Wilcox
main feedwater system is shown in Figure 6.2. There
are two parallel trains of fcedwater. In each, the flow
passes through low-pressure heaters, the main feed

pump, and high-pressure heaters, finally discharging
into a common header. The flow then branches into
separate lines feeding the two steam generators. Each
line has a feedwater control valve, a main stop valve,
and a check valve. The flow from the emergency feed
pumps enters the steam generators through piping not
connected to the main feedwater system.

Some PWR units have feedwater pressures much
higher than the coolant saturation pressure, whereas
other units have feedwater pressure at the suction of
the feedwater pump close to the saturation pressure.2
The operating pressure and temperature at the inlet to
the feedwater pumps at 100% load, range from 2.0 to
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Figure 6.2. Schematic of Babcock & Wilcox plant feedwater system.

3.5 MPa (300 to 500 psia) and 160 to 2040 C (320 to 25 ft/s). However, local flow velocities may be as high
4000F), respectively; at the outlet they range from 5.9 as 15 m/s (50 fW/s) or higher.
to 83 MPa (850 to l200psia) and 160 to204 0C (320 to..-
400 0F), respectively. The typical values of feedwater There is an auxiliary (or emergency) feedwater
pressure and temperature at the steam generator inlet . system that is used for backup upon loss of main
range from 5.5 to 7.9 MPa (800 to 1150 psia) and 210 feedwater, during startups and shutdowns, or when
to 2381C (410 to 460 0F). The typical bulk flow low-feed flow is required. Water is supplied from a
velocities at 100% load range from 3 to 7.6 i/s'(10 to& condensate tank, typically at 500C (120 0F), or from
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service water when this supply is exhausted. Figure 6.3
shows an auxiliary feedwater system for a 2-loop
Westinghouse plant. The feedwater flow originates at
the condensate tank, passes through three auxiliary
feedwater pumps (two motor driven and one steam
driven), and through individual check and isolation
valves for each of the three lines. Each auxiliary
feedwater line connects to the main feedwater line

between the containment penetration and the main
feedwater valves. The feedwater then passes through a
final check valve before entering the steam generator.
Sometimes these check valves are inside the contain-
ment and in other plants they are located just outside
the containment. Babcock & Wilcox plants have two
main feedwater nozzles into each steam generator and
a separate auxiliary feedwater nozzle (see Figure 6.2).3

Figure 6.3. Schematic of 2-loop Westinghouse plant auxiliary feedwater system.
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The feedwater piping is made of carbon steel,
typically SA-106 Grade B for straight portions of
pipes and A-234 Grade WPB for elbows. As an
example of the piping design, the materials'specifica-
tions and codes of construction for the St. Lucie 2 plant
are listed in Table 6.1.4 Chemical compositions of
these materials and actual compositions of specimens
taken from a ruptured feedwaterline of the Surry 2 unit'
(see Figure 6.4 for location) are listed in Table 6.2.5
All piping in the older plants was designed to ANSI
B3 1.1 standards.6 Fatigue analyses are not required by
either ANSI B31.1 or the ASME Code7 for Class 2 or,,
3 piping. Feedwater inlet nozzles to the steam genera-
tor are typically evaluated for fatigue as an ASME
Code Class 1 component, though this is not required by
the ASME Code. -- - - .: -- -

6.2 Stressors

The important stressors affecting the PWR feed-
water piping systems include the flow and coolant
conditions that promote erosion-corrosion of the
inside surfaces: flow stratifications, thermal shocks,
water hammer events, and flow- and/or rotating-
machinery-induced vibrations.

The average bulk flow velocity in the feedwater
piping is in the range of 3 to 7.6 m/s (10 to 25 ft/s).:
However, the piping layout may introduce turbulence
in the feedwater system, and the local flow velocities
in the elbows can be two to three times higher than the
bulk flow velocities. Higher local flow velocities tend
to increase erosion-corrosion rates in carbon steel

piping. Feedwater temperatures are typi6ally in the
range of 160 to 2401C (320 to 4600 F) and play an
important role in determining the erosion-corrosion
rates. The pH level of the feedwater and the oxygen
content also influence the erosion-corrosion rates.
The solubility of iron oxide [Fc 304 (magnetite)]
highly depends on pH. PWR pH levels are generally
maintained in the range of 8.8 to 9.6. The erosion-
corrosion rates of carbon steel are significantly re-
duced when the pH is above 9.2 and increase with pH
when the pH is below 92.8 PWRs usually maintain
relatively low oxygen contents in the feedwater, for
example, about 4 ppb at most plants, to minimize
steam generator tube degradation. 9 .1 0 However, higher
oxygen contents (above 20 ppb) promote the formation
of hematite (Fe203), a stronger and less soluble oxide,
and therefore less erosion-corrosion damage. Impuri-
ties in the feedwater (often resulting from condenser
in-leakage) can also contribute to the degradation of
the feedwater piping at high-velocity locations. The
feedwater at the suction of the pumps may also be
two-phase if it is near saturation, and the formation
and collapse of vapor bubbles in the. liquid near the
piping walls may cause cavitation damage within or
upstream of the feedwater pumps.

In addition to the typical design basis thermal
transient cycles (similar to those listed in Tables 3.3

-and 4.1 of Chapters 3 and 4, respectively), two thermal
transients have been identified that could potentially
affect the feedwater nozzle fatigue aging process.
These additional transients are stratified flow and

- thermal shock.

Table 6.1. Typical materials and fabrication codes for feedwater piping4 .

Piping Material Code

Feedwater piping to outermost
containment isolation valve

ASME SA-106, Grade B ASME Section 111,8 Class 2

.... I

Balance of piping

Elbows

Auxiliary feedwater:
'.discharge piping

*ASME SA-155,GradeKC-65 ANSIB31.1b
ASME SA-106, Grade B

ASTM A-234, Grade WPB-

ASME SA-106, Grade B ASME Section III, Class 2 or
, . -* :,. ,' : sClass3asapplicable

* ~., I . ;.- .-5

a. Reference 7.

b. Reference 6.
.

. . . i I

, :. ., _ .
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Figure 6.4. Schematic of 3-loop Westinghouse feedwater system, showing location of the Surry 2 pipe break.

The horizontal portions of the feedwater piping
upstream of the steam generators can be subjected to
stratified flow and relatively large temperature differ-
ences between the top and bottom portions of the pipe
when the plants are at hot standby conditions.
Additionally, relatively large temperature differences
between the top and bottom portions of the pipe can
occur during plant startup and shutdown when the
feedwater heaters are not in use, the feedwater is
relatively cold [-400C (-100WF)], and flow rates arc
low. Based on Combustion Engineering test data,

stratified flow is expected to occur when the feedwater
flow rate drops below 40,800 kg/h (90,000 lb/h). (This
value will vary depending on piping layout and system
design.) The incoming cold feedwater flows along the
bottom of the pipe, leaving the lower density hot water
[260'C (500'F)] at the top. The density of the cold
feedwater [380C (1000F)] is roughly about 993 kg/M3

(62 lb/ft3), whereas the density of the hot water [2600C
(5000F)] in the steam generator is approximately
785 kg/M3 (49 lb/ft3).1'
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Table 6.2. Typical chemical compositions of SA-106 Grade B and A-234 Grade WPB.5

SA-106 Grade B Composition Weight Percent ' - '

Chemical Requirementa'- I
:. I :. ; ,, . .

Carbon (max)
Manganese
Phosphorous (max)
Sulfur (max)
Silicon (min)
Chromium
Nickel.
Molybdenum

0.30
-0.29-1.06
0.048
0.058
0.10
NR
NR
NR

Actual Specimen b

. 0.20
0.83

<0.005 -
. .... .. 0.023

0.10
0.07
0.02
0.01

A-234 Grade WPB Composition Weight Percent ';

Chemical Requirementa

Carbon (max)
Manganese
Phosphorous (max)
Sulfur (max)
Silicon (min)
Chromium
Nickel
Molybdenum

0.30
0.29-1.06
0.05
0.058
0.10
NR
NR
NR

Actual Specimen b

0.23
0.69

; <0.005
0.013

0.22
0.07
0.01

* 0.01

a. NR = no requirement.

b. Material from ruptured elbow in Surry 2 feedwater piping.

Figure 6.5 shows an example of the flow stratifica-
tion that can occur in a PWR feedwater nozzle when
the steam generator water level is above the top of the
feed ring.'1 Figure 6.6 shows a typical Combustion
Engineering feedwater nozzle. The temperature differ-
ence between the top and bottom of the pipe (metal
temperature) can approach 2000C (4000F), 12.l3 and the
corresponding stress distribution in the piping is
comparable with a bimetallic strip when it is-heated.
Therefore, the top-to-bottom temperature differences
in the horizontal feedwater lines cause low-cycle
fatigue damage in the pipe wall as the interface level is
increased from the bottom of the pipe to the top and
returned to the bottom again. In addition, the mixing
layer at the interface of the hot and cold layers of the
feedwater is wavy, with about a 0.1-t'o L0-Hz
frequency content. Therefore, the piping material in
the vicinity of the mixing layer is subjected to
high.cycle fatigue.13 A similar condition can occur:
when the total feedwater flow decreases below the
threshold where stratified flow develops and the steam

generator water level drops below the top of the feed
ring, causing the upper part of the nozzle to fill with hot
steam instead of hot water.

Another predicted flow-initiation transient is illus-
trated in Figure 6.7. This situation can occur during a
no-feedwater-flow to full-feedwater-flow condition
with the steam generator water level initially below the
top of the feed ring. The initial temperature of the
feedwater nozzle equals the steam generator saturation
steam'temperature. Upon the flow initiation event, the
fluid in the nozzle undergoes a step decrease from the
steam temperature [typically 2950C (5600F)] to the
feedwater temperature [50 to 2380C (120 to 4600F)],
and the nozzle experiences a thermal shock. A similar
transient is illustrated in Figure 6.8 and can occur
'during a full-feedwater-flow to no-feedwater-flow
condition when the steam generator level is below the
top of the feed ring and the feedwater flow decreases to
nearly zero. This transient is practically the reverse of
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Figure 6.5. Flow stratification in PWNR feedwater nozzla.

the previous transient, and the nozzle undergoes a step
increase in temperature from feedwater temperature to
a temperature near the steam temperature.

The introduction of relatively cold [500C (120 0F)I
auxiliary feedwater during startup and shutdown will
impose a thermal shock on the feedwater piping, which
is normally at 230 0C (450'F). Thermal shocks intro-

duce skin stresses on the piping inside surface; there-
fore, the associated fatigue damage is likely to result in
crack initiation, but not necessarily crack growth.

Water hammer is a multicycle load induced by
transient pressure pulsations in the feedwater fluid. It
can result from a fast valve closure, such as a check
valve closure caused by flow reversal, or intermittent
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, to 232 operation of fecdwater regulation valves. Water slug-
ging is a single load induced by accelerating a slug of
water through the piping. Pump startup can initiate
this 'event in the feedwater lines, especially if the
discharge lines have been voided. If the slug impacts a
stationary column of water, a pressure transient will be
generated in the water. If a travelling water slug
impacts an elbow, it will introduce dynamic stresses in
the piping. Water hammers and water slugging are
usually. short-duration events, typically occurring in

ant design - less than 1 s, but with dramatic effects. Large,
, unbalanced forces can be exerted on the piping and
.:cause low-cycle fatigue damage, as well as severe

- -. damage to the pipe supports and restraints. In severe
cases, piping may also be damaged.14 Water hammer

dwater flow events can also produce mechanical overloadings on
8.7366 the feedwater nozzle.15.16 These mechanical over-

loads can lead to the failure of a nozzle already
r nozzle tran- degraded by thermal-fatigue accumulation. While all

plants have taken steps to minimize the occurrence of

, _

t! - Time (s) :
t,= time of Initiation of fee

.. ,I , _,

* Figure 6.7. Steam generator feedwatei
sient (no flow to full pipe flow).
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water hammers by installing J tubes in the steam
generator feed ring or by other modifications, water
hammer events still may occur.

Flow-induced vibration is another common stressor
that affects components such as thermal sleeves
installed to protect the feedwater nozzle from thermal
shock. This stressor can lead to the fatigue failure of
the thermal sleeve and the possibility of the thermal
sleeve breaking loose and moving through the piping
system. Flow- and pump-induced vibrations cause
high-cycle fatigue damage to the piping systems.

6.3 Degradation Sites

Erosion-corrosion and thermal fatigue are responsi-
ble for most of the aging degradation that has occurred
in PWR feedwater systems. Piping layouts are
responsible for most flow discontinuities causing
turbulence in the feedwater, and the resulting high
flow velocities play an important role in erosion-
corrosion damage. Figure 6.4 shows such a location
where erosion-corrosion caused a catastrophic rup-
ture. Unfavorable piping layouts include elbows
without turning vanes, sites with a small radius of
change in direction, and branch connections of 90 de-
grees. Sites where the distances between a change in
direction and other discontinuities are small do not
allow the turbulence to dissipate, and remain suscepti-
ble to relatively high rates of erosion-corrosion. Areas
where repairs have been made with weld metal on the
inside surface are particularly susceptible to high rates
of erosion-corrosion at the leading and trailing edges
of the weld. (Such discontinuities may be present at
the inside surface of the feed ring in the steam
generator where new J tubes are welded in place of
original J tubes previously damaged by erosion-
corrosion.)a Because the piping layouts differ from
plant to plant, specific vulnerable locations need to be
evaluated for each individual plant.

Sections of carbon steel piping have been replaced
in several power plants by stainless steel or chrome-
molybdenum alloy sections. However, the carbon
steel near the dissimilar metal welds may be suscepti-
ble to galvanic corrosion, and erosion-corrosion, if the
weld edges introduce any geometric discontinuities on
the inside surface that cause turbulence.

a. J. Hopenfield, personal communication, USNRC,
January 1988.

Stratified flow causes low- and high-cycle fatigue
damage to horizontal sections of the feedwater piping.
The weld joining the steam-generator feedwater
nozzle and the steam generator is usually protected by
a thermal sleeve; therefore, most failures occur in the
piping or at the feedwater pipe-to-nozzle weld up-
stream of the thermal sleeve. Fatigue failures and
through-wall cracks in the vicinity of the steam-
generator feedwater nozzles and thermal sleeves have
been reported at Westinghouse, Combustion
Engineering, and Babcock & Wilcox-designed
plants.17 .18. 19 Furthermore, weld cracks in the auxilia-
ry feedwater nozzle thermal sleeves have been found
in some Babcock & Wilcox plants, including those
plants characterized as originally having an external
auxiliary feedwater header. The affected plants contin-
ue to operate with periodic inspection programs20

A number of fatigue cracks have also been found in
small pipelines at most operating plants. They are
located predominantly in socket welds in the 3/4- to
2-in.-diameter pipe range. The cracks were generally
located near pumps11 and are attributed to equipment-
and flow-induced vibration. While most of these
failures have been associated with the chemical- and
volume-control system, 16% of the failures in PWRs
have been associated with the feedwater system.15

Drain lines and instrumentation lines (pressure taps)
are examples of branch lines susceptible to this type of
degradation.

6.4 Degradation Mechanisms

The main aging degradation mechanisms affecting
the PWR feedwater lines are erosion-corrosion and
low- and high-cycle thermal fatigue. Carbon steel
piping carrying single-phase fluid was not expected to
be damaged by erosion-corrosion; therefore, little
attention has been paid to this mechanism in the past.
However, the catastrophic failure of the feedwater
piping at the Surry 2 plant has generated interest in this
aging mechanism. The erosion-corrosion of carbon
steel piping carrying single-phase fluid is discussed in
Section 6.4.1. Stratified flow is the main stressor
causing thermal fatigue in feedwater piping and is
discussed in Section 6.4.2. Corrosion fatigue, cavita-
tion damage, and galvanic corrosion are discussed
later in this section.

6.4.1 Erosion-Corroslon. Erosion-corrosion is a
flow-assisted corrosion mechanism that affects carbon
steel piping carrying single-phase, subcooled feed-
water. The damage caused by crosion-corrosion is
higher than damage attributed to erosion or corrosion
alone. Feedwater piping corrodes during normal
operation, forming a thin layer of iron oxide [mostly
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magnetite (Fe3O4)] on the inside surface. This layer
protects the underlying piping 'material from the
corrosive environment; and in the absence of erosion,
limits the corrosion rate. However, if stressors causing
erosion arepresent, thelayerof iron oxide will dissolve
and the uncorroded metal surface will again be exposed
to the corrosive environment and piping corrosion will
continue. Thus, the continuousprocess of oxide growth
and dissolution leads to thinning of the pipe wall and
ultimately to a catastrophic failure when the pipe is
under pressure. Figure 6.9 presents a simple model
describing the phenomena occurring during erosion-
corrosion.;.

The factors affecting the erosion-corrosion rate
include the following-

* Piping configuration

* Feedwater temperature

* Bulk-flow velocity:

I * -pHlevel , -

* Impurities -
I : . - .. . ; 1.

Oxygen content

- Piping material. .

The piping configuration (elbows, tees, and
90-degree branch'connections) creates turbulence that
increases the local velocity of the feedwater flow, and
is a significant factor affecting the erosion-corrosion
rate. Experiments have shown that local-flow veloci-
ties in elbows can be two to three times the bulk-flow
velocities.' Geometric discontinuities on the piping
inside surface (leading and trailing edges of welds)
also create turbulence in the feedwater flow.- The
erosion-corrosion rate increases with increasing flow
velocities, though the effect is more pronounced in
two-phase flow conditionsP Therefore, inside sur-
faces should be as smooth as possible and relatively
large radius bends should be used. :0 Turbulence

A. Iron hydorxides are generated:: Fe + 2HP - Fe(OH) 2+ H2
B. !Magnetite is formed according to the Schikorr reaction:

-3Fe(OH)2 - FeJ04 + H2+ 21-1p
C. A fraction of the hydroxides formed In step B and hydrogen

generated in steps A and B diffuse along pores in the oxide
D.. Magnetite can dissolve in the pore
E. Magnetite dissolves at the oxide-water Interface
F. Water flow removes the dissolved species by a convection mass

transfer mechanism
G. Water and solid particles break off porous oxide layer by aE

mechanical erosion mechanism

., * , - ,- W t~-. z~.j$ . _ Water I

.,- ---- S-li

~~, , , . '; t ,~~~~~~Solid
n-:.4- -- 6-

* B I
~~~~IW
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Figure 6.9. Phenomena occurring during erosion-corrosion..
t . I
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The flow-assisted erosion-corrosion rates of carbon
steel piping are highly temperature and pH dependent.
Erosion-corrosion rates are greatest at about 120 to
1700C (250 to 3400F) and decrease rapidly at tem-
peratures above and below this value, as shown in
Figure 6.10 (but can still be significant at temperatures
well above or below this value if other factors are
unfavorable).23 However, other studies have identified
different temperature ranges for the peak erosion-
corrosion rates. Erosion-corrosion data for single-
phase flow conditions obtained at the Central Electric
Research Laboratories (CERL) show that the rate of
erosion-corrosion reaches a maximum at about 130 to
1350C (270 to 2800F). The reasons for the apparent
discrepancy in temperature dependence may be attrib-
uted to the variations in the trace levels of chromium
present in the material tested.23 Figure 6.11 shows the
variation of the rate of erosion-corrosion of the CERL
samples with temperature. 24 The flow rate was 227 to
983 kglh (1 to 5 gpm) through the 8.33-mm-
(0.33-in.-) diameter tube, with flow velocities of 1.2
to 5.8 m/s (4 to 19 fps) and the pH level was in the
range of 8.5 to 9.2.

1.2 3 Data set A (DH.9)

# Data set 13 (pH.-7
1.0 T Data set C (pHC9)

07 8 0.

0

Z, 0.6

E 0.'
0

0.2

0.0
0 100 200 300

Temtperature (C)

Figure 6.10. Effect of temperature on normalized
erosion-corrosion rates.23

Erosion-corrosion rates decrease by an order of
magnitude overth pHrange 8.5 to 9.5, which is typical
for feedwater systems3 3 Figure 6.12 shows the
solubility of magnetite (Fe-304) in deoxygcnated water,
which directly correlates with the erosion-corrosion
rate325 Therate is greatestwhen thepH levels are lower.
Feedwater system materials and use of ammonia or
morpholine determine the optimum pH level.2 1

Feedwater systems with copper alloy materials should
maintain a pH level in the rangeof 8.8 to 9.2 to prevent
excessive copper pickup. Systems with all steel materi-
als can maintain a pH level in the range of 9.3 to 9.6.
Ammonia is generally used for pH control in the PWR

feedwater system, and the corresponding optimum pH
level is in the range of 9.3 to 9.6. If morpholine is used
instead of arnmonia, the pH level is maintained at 9.1 to
9.2. At the time of the feedwater pipe failure at Surry
2, the system operating temperature was 1930C (3801F)
and pH levels were reportedly maintained between 8.8
and 9.2.

Poor control of secondary water chemistry and
condenser in-leakage will increase the conductivity of
the feedwater and, thus, contribute to corrosion of
feedwater piping. It will also contribute to erosion-
corrosion, especially at locations of high flow
velocities.

Erosion-corrosion rates are inversely affected by
the amount of dissolved oxygen in the feedwater, and
too low an oxygen level is harmful to carbon steel
piping. Normally, the oxygen level is kept low (about
4 ppb) in PWR secondary systems to minimize the
degradation of the steam generator tubes. However,
such a low oxygen level does not promote the
formation of a highly protective oxide film on the
carbon steel piping. Tests with neutral water at 1000C
(212°};) have shown that the erosion-corrosion rates of
carbon steel are high when the water contains less than
20 ppb oxygen, but decrease rapidly with the addition
of more oxygen. 6 The oxygen level in PWR
feedwater systems can be increased by the injection of
oxygen gas or hydrogen peroxide. In fact,oxygen feed
has significantly reduced the erosion-corrosion rates
in tests conducted in PWR environments in the United
Kingdom.24 Oxygen injection leads to the formation
of a stronger, less soluble iron oxide (hematite),
capable of reducing the erosion-corrosion rate by a
factor of 3 to 10.8 Because an increase in oxygen
content may increase the fatigue-crack-growth rate in
carbon steel piping, as well as degrade steam generator
tubes, caution is warranted prior to implementing any
changes in the secondary water chemistry.

The erosion-corrosion rate is highest in carbon steel
piping with very low levels of alloying elements. The
presence of chromium, copper, and molybdenum even
at small percentage levels, reduces the erosion-
corrosion rate significantly. 8.24 Test results show that
the erosion-corrosion rates are reduced by a factor of
100 with 2% Cr, 1% Mo, and 1% Cu as alloying
elements. Tests performed under PWR conditions
show that 12% Cr steels have excellent resistance;
2-1/4 Cr-I Mo is still better than steel containing
copper; and steel with <1% chromium has less
resistance to erosion-corrosionm4 Table 6.2 shows
that the material of the elbow that ruptured at the
Surry 2 plant had low amounts of these elements,
particularly chromium (0.07%) and molybdenum
(0.01 C/o).5
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FIgure 6.11. Flow/Temperature dependence of single-phase,e'rosion-corrosion rates.24

Erosion-corrosion damage is highly localized and 6.42 Low-Cycle Fatlgue: Low-cycle fatigue is
can vary significantly over short distances. For in- ' -causedbyplantheatupsandcooldowns,flowstratifica-
stance, only 6 mm'away from a through-wall gouge, tionwaterhammereventsandthermalshocks.Fatigue
the inside surface of the pipe may be virtually associated with the thermal expansions and contrac-
unaffected3Y This aspect of erosion-corrosion dam- tions caused by the plant heatup and cooldown cycles
age makes it difficult to develop appropriate inspection is relatively straightforward to analyze, but the fatigue
programs. Inservice inspection programs are further caused by stratified-flow conditions is somewhat more
discussed in Section 6.6. complicated. Stratified flows consist of a hot and cold

fluid separated into two layers because of their density
A stainless steel coating has been used to mitigate difference.39 Athinmixinglayerisdevelopedbetween

erosion-corrosion damage in wet steam piping in ,thehotandcoldfluidlayersasshowninFigure6.13(a).
foreign nuclear power plantsO8 A flame-spraying - T'Iheheightoftheimixinglaycrdependsprimarilyonthe

'technique is used to apply three layers of a 1pe 304 mass flowanddensityratio.Themixinglayeriswavy
stainless steel coating. The top layer of the coating and introduces high-cycle stresses in the adjacent
provides the desired resistance to erosion-corrosion. piping inside-wall surfacwlwhichpenetrateonlyashort
The bottom layer provides a sufficient mechanical distanceintothewall. Thishigh-cyclefatiguephenom-
bond to the carbon steel surface,. -The intermediate enon is also known as thermal striping and is discussed
layer provides a bond between the top and bottom. further in Section 6A.3. The stratified flow also intro-
layers. The thickness of the coating is about 0.5 mm duces thr6ugh-wall axial and circumferential bending
(0.020 in.). Field application of this coating requires stresses whose magnitudes are determined by the
a minimum dia'meter of about 600 mm -(24 in.), top-to-bottom temperature difference (TH - TC), and
whereas shop application requires a minimu' pipe height and thickness of the mixing layer.
diameter of about l00 mm'(4 in.). -The use of a
stainless steel coating on feedwater piping to mitigate Figure 6.13(b) shows the theoretical distribution of
erosion-corrfsion damage should be evaluated as a the axial bending stresses caused by a stratified flow
cost-effective alternative to replacing damaged piping *when the mixing layer is at 60 degrees from vertical.
with low-alloy or stainless steel piping. This distribution assumes a zero thickness for the
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mixing layer and is comparable to the distribution in a
bimetallic strip subjected to a uniform temperature
change. The resultant axial stresses are presented as
the sum of membrane and bending stresses. The
portion of the pipe below the mixing layer experiences
tensile axial stresses, while the portion of the pipe
above the mixing layer experiences predominantly
compressive axial stresses. The theoretical maximum
stresses are near the mixing layer.

A slight fluctuation in the flow rate causes the
mixing layer to be raised or lowered. As the feedwater
flow changes, the mixing layer cycles between the top
and bottom of the pipe and changes the distribution of
the through-wall bending stresses introduced by the
stratified flow. Thus, the stratified flow causes low-
cycle fatigue damage. Figure 6.13(c) shows the
predicted stress distributions when the mixing layer is
at 90 degrees [shown in Figure 6.13(d)],'and presents
the envelope for the distribution as a function of the
height of the mixing layer. The dashed line represents
the theoretical axial stresses and the solid line' repre-
sents the actual stresses. The actual stress distribution
accounts for the thickness of the mixing layer and the
heat transfer taking place in the piping material.

The peak pipe-inside-surface temperature variation
is always less than the peak fluid temperature

variation, because of the finite value of the heat
transfer coefficient; however, it can be relatively large
in PWR feedwater systems. Factors affecting the
temperature distribution and variation are the finite
thickness of the mixing layer,' flow-rate changes
affecting the height of the mixing layer, and the
low-amplitude, high-frequency fluctuations in the
mixing layer. Because these factors are not well-
known, the actual temperatures are'not easily calcu-
lated, and on-line monitoring methods are needed to
determine the temperature distributions on the pipe
surfaces.

The original design of the piping did not consider
the effects of stratified flows and, therefore, the fatigue
damage in PWR feedwater piping has been greater
than originally expected. Circumferential cracks in the
feedwater pipes have been found in several PWR
plants. The ASME Code design curves for carbon
steel may be used to determine the low-cycle fatigue
damage caused by stratified flows. (Additional infor-
mation on design curves is presented in Section 3A..1.)
Also, on-line fatigue monitoring systems have been
developed to more accurately assess the low-cycle
fatigue damage that is being accumulated in piping
systems. One such system has been developed by
EPRI and has undergone demonstration tests on the
San Onofre 2 (CE PWR) charging system and the
Quad Cities 2 (GE BWR) feedwater system 1.31
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Carbon steel piping materials may also be suscepti-
ble to corrosion fatigue or environmental degradation,
if they contain sulfur. (Similar detrimental effects of
sulfur in low-alloy pressure vessel steels and steam
generator shell material are well-known).16.32

ASME SA-106 Grade B and ASME'A-234 Grade
WPB specifications for carbon steel piping materials
allow up to 0.058% sulfur content. Fatigue tests were
recently conducted in a BWR environment on
Japanese piping steels similar to SA-106 Grade B but
containing less sulfur. The tests did not show any
evidence of environmental degradation. 33

6.4.3 High-Cycle Fatigue. High-cycle fatigue
degradation is caused by the wavy character of the
mixing layer in the stratified flows, flow-induced
vibrations, and rotating equipment vibrations. The
fatigue damage caused by the wavy character of the
mixing layer imposes cyclic thermal loads on the
inside surface of the piping in the vicinity of the
mixing layer. Typical frequencies of the cyclic thermal
loads range from 0.1 to 10 Hz.34 Because of the finite
value of the heat transfer coefficient at the inside pipe
surface, the peak pipe inside surface temperature
variation range is between 25 to 50% of the imposed
fluid temperature variations. The actual magnitude of
the high-cycle thermal stresses at the inside pipe
surface depends on the magnitude of the fluid tempera-
ture change, the heat transfer coefficients, the piping
layout, and the pipe material properties. These high-
cycle thermal stresses primarily affect the pipe inside
surface, and attenuate rather rapidly toward the outside
pipe surface. Therefore, the corresponding fatigue
damage contributes to crack initiation, but not crack
propagation. In fact, test results show that in the
vicinity of the mixing layer, there is'no unique
correlation between thermocouple readings at the
outside and inside pipe surface.13 Therefore, the pipe
inside surface temperatures cannotbe determined from
the on-line monitoring of the pipe outside surface
temperatures. The cracks initiated by high-cycle
fatigue can be propagated by low-cycle fatigue or
corrosion fatigue. Circumferential cracks have been
found in recent years on the inside surface of the
horizontal feedwater piping in several PWR plants.

For many metals, including steels, the fatigue curve
flattens at a given number of cycles (106 to 108 cycles
is generally considered typical for steels). The stress at
this point is called the fatigue limit. If the alternating
stress for a particular event does not exceed the fatigue
limit, it is assumed that the member will not fail in
high-cycle fatigue, that is, the number of allowable
cycles approaches infinity. The carbon steel fatigue
design curves in Section III of the ASME Code do not
extend beyond 106 at this time, and high-cycle fatigue

usage was not calculated during the original design of
the nuclear piping. The fatigue limit concept is based
on materials tested in air, however, the existence of a
fatigue limit in the presence of corrosion-assisted
fatigue has not been proven. Thus, an approach where
the design fatigue curve has a shallow slope (for
example,-0.05) beyond 106 cycles is being considered
by the ASME Code Subgroup on Fatigue Strength.
Such an approachismorereasonabletouseforlong-life
fatigue assessment than assuming a fatigue limit.

A number of mechanical and system modifications
have been identified by Westinghouse to mitigate
thermal striping and flow stratification.3 5 These
include the following:

1. Protective Liner-Several plants have in-
stalled a 406-mm ( 6-in.) diameter, 13-mm-
(1/24in.-) thick carbon steel pipe inside the
feedwater nozzle to protect the nozzle wall
from thermal stresses.

2. Heated Feedwater-Several plants have a
deaerating feedwater heater (DE:@, a large
tank that is kept hot during normal operation,
to supply makeup water. When a plant has
been shut down for a prolonged period, steam
from auxiliary boilers can be used to heat the
DFH.

3. Some plants have a separate auxiliary feed-
water nozzle to supply makeup water during
shutdown.

6.4.4 Cavitation. The feedwater pressures in some
PWR plants are close to the saturation pressure and the
piping in these plants is, therefore, susceptible to a
special form of erosion-corrosion damage called cavi-
tation damage. When the feedwater pressure is close to
the saturation pressure, bubbles of dissolved gases,
such as nitrogen, can form wherever the pressure drops
slightly. Such a pressure drop may occur in the
condensate polishers or the feedwater heaters, or
locally where the flow velocity increases because of
turbulence or component geometry. Gas bubbles then
condense or collapse when a slight pressure increase
takes place. Such pressure increases may take place in
pumps or occur locally when the flow velocity de-
creases sufficiently. Cavitation damage iscausedby the
formation and collapse of gas bubbles in a liquid near
a metal surface. Rapidly collapsing gas bubbles may
produce shockwaves with pressures as high as4l5MPa
(60,000 ps)*3 6

Cavitation and corrosion may act synergistically.
First, a gas bubble forms near or on a protective oxide
film and then the collapsing gas bubble destroys the
protective film. The newly exposed metal surface

-
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corrodes and a new oxide film forms. Once the metal
surface develops a rough point, that point will serve as
a nucleus for new bubbles. A new cavitation bubble
forms and collapses at the same spot, destroying the
newly formed protective film. The exposed metal
surface corrodes again. This synergistic process
ultimately leads to deep holes in the metal surface.
Cavitation damage can be reduced by design changes
that minimize hydrodynamic pressure changes in the
feedwater piping. Smooth finishes on the metal
surfaces are recommended because smooth surfaces do
not provide suitable sites for bubble nucleation. Also,
smooth finishes at the weld joints in the piping help
avoid high local fluid velocities. Using more corrosion
resistant materials may also reduce cavitation damage.
Piping layouts that avoid sharp bends and tees will also
reduce erosion-corrosion damage.'

6.4.5 Galvanic Corrosion0 6 Sections of carbon
steel piping in a number of PWR feedwater systems
have been replaced with stainless steel piping. Such
replacements introduce dissimilar metal welds, which
generally accelerate the corrosion of the more active
metal (the carbon steel) and reduce the attack on the
more noble metal (the stainless steel). The susceptibil-
ity to damage incurred by carbon steel piping depends
on how far apart it is from stainless steel in the galvanic
series. The conductivity of the feedwater determines
the magnitude of the electrical current flowing between
the carbon steel and the stainless steel. The feedwater
conductivity also determines the length of carbon steel
piping affected by galvanic corrosion. In quite pure or
high-resistance feedwater, the galvanic corrosion at-
tack causes a sharp groove to form near the weld.

6.5 Potential Failure Modes

As discussed in the Section 6A, two aging mecha-'
nisms, erosion-corrosion and fatigue, cause most
feedwater piping degradation. Occasionally the aging
degradation does not produce failure, but so weakens
the system and reduces the safety margin that another
event, such as a pressure pulse or a water hamrmter, is
the final cause of a rupture.

The worst failure scenario (one that has never
occurred at any plant) would be a complete rupture
near the feedwater inlet nozzle to the steam generator,
located downstream of the check valve. Some plants
have check valves on the feedwater systems inside the
containment, whereas other plants have the check
valves located just outside the containment. Such a
failure could notbe isolated from the steam generator,
and a complete blowdown of the steam generator
would result. For some break locations, and depending

on the feedwater and auxiliary feedwater system
designs, the break can be isolated and auxiliary feed
flow to the steam generator established. A less severe
case would be a leak in the feedwater line, but not a
complete pipe rupture, so that at least some feedwater
flow to the steam generator could be maintained.

6.5.1 Erosion-Corrosion Failures. Erosion-
corrosion caused the catastrophic rupture of feedwater
pipingat theTrojanplantin 198537and the Surry2plant
in 1986.38 Apressurepulse caused the ultimate rupture
of feedwater piping already significantly degraded by
erosion-corrosion at both plants. In neither case was
there a warning of incipient failure, such as a prelimi-
nary leak. Because there had been little orno inservice
inspection of the majority of feedwater system piping
at these plants, the extent of wall thinning was not
known before the ruptures occurred. (This situation is

* changing as many utilities are now inspecting their
feedwater piping.) The Trojan and Surry 2 failure
events are discussed in the next few paragraphs.

A main feedwater isolation following a turbine trip
at the Trojan plant produced a pressure pulse that
reached a maximum total pressure of approximately
6.13 MPa (875 psig) in the heater drain and feedwater
system.37 The pressure surge ruptured an eroded
368-mm- (14.5-in.-) diameter section of SA-106
Grade B carbon steel pipe in the feedwater heater drain
pump discharge piping system. A steam-water mix-
ture was released into the turbine building. The system
flow velocity was 6.1 to 7.3 m/s (20 to 24 ft/s), and the
normal operating pressure and temperature at the time
of the break were about 3.2 MPa (450 psig) and 1771C
(350TF), respectively. The ruptured portion of the
piping section had been eroded from a nominal
thickness of 9.5 to about 25 mm (0.375 to about 0.098
in.). Some of the thinning may have occurred during
rupture. One workerreceived first- and second-degree
bums from the high-temperature fluid.

A main steam isolation valve failed by closing at the
. Surry 2 plant, and the resulting increased pressure in

the steam 'generator collapsed the voids in the water.
' This caused the system pressure to surge beyond the
normal operating pressure and led to a catastrophic
failure of a 460-mm- (18-in.-) diameter, 13-mm
(0.5-in.) design thickness carbon steel, ASTM A-234
-Grade WPB elbow in the suction line to the main feed
pump (see Figures 6.4 and 6.14). The reactor was at
full power and the feedwater was single phase, with a
flow velocity of about 4.3 mls (14 fi/s), a pH level in
the range of 8.8 to 9.2, an oxygen content of about 4
ppb, and a coolant temperature and pressure of
approximately 1880C (3700F) and 3.2 MPa (450 psig),
respectively. The examination of the ruptured elbow
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(a) Rupture lines In Intact pipe.

(b) Pipe after rupture.

'Figure 6.14. Surry pipe rupture.
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showed that the wall thinning was relatively uniform
except in some local areas. The wall thickness of the
elbow was reduced from a nominal 13 mm (0.5 in.) to
0.38 to 1.22 mm (0.015 to 0.048 in.) in small localized
areas and to 2.3mm (0.09 in.) in iarger areas.5 .3 Eight
workers were burned by flashing feedwater; four of
whom subsequently died. The flashing feedwater
interacted with and disrupted the fire protection,
security, and electrical distribution systems0 9 ,

As a result of the Surry incident, the NRC staff
asked that all utilities with operating nuclear plants
inspect their high-energy carbon steel piping. The,.
degraded components, fittings, and straight runs in the
feedwater-condensate systems identified in that in-
spection and reported to the-NRC are listed in
Table 6.3.40 A summary of the inspection programs
and inspection results has been compiled by
EPRI.41

New piping was installed at several locations in the
Surry 2 feedwater system as a result of the pipe break.
During the September 1988 outage, an elbow (in-
stalled in 1987) on the suction side of one of the main
feedwater pumps was found to have lost 20% of its
13-mm (0.5-in.) wall in 1.2 years. The NRC prelimi-
narily concluded that this abnormally high rate of wall
thinning may have coincided with a reduction in
feedwater dissolved oxygen concentration.4 2 Howev-
er, Virginia Power disagrees that the oxygen content
was a major contributor. One possible explanation was
that thorough cleaning of the carbon steel piping
installed in 1986 and 1987 prevented or delayed a
buildup of a protective layer of magnetite.43 Another
explanation is that the accelerated thinning could have
been aggravated by feedwater flowing into the steam
generators that bypassed the feedwater heaters. This
would have reduced the water temperature from its
normal 190'C (3700F) to about 1500C (3000F).44
Later in the September 1988 outage, Virginia Power
replaced a total of 125 piping segments with steel
piping containing 2.5% chromium.

Apart from the feedwater piping, carbon steel
3 tubes and feed rings within the recirculating steam
generators have experienced erosion-corrosion-'
induced damage. The J tube problem has likely been
corrected by replacing the original J tubes with ones
made of stainless steel or Alloy 600. However,
concerns persist that the the welds between the new
J tubes and the feed rings may have introduced
geometric discontinuities on the inside surface of the
feed rings. Such discontinuities could generate turbu-
lence in the feedwater and cause erosion-corrosion
damage in the carbon steel feed rings.

6.5.2 Fatigue Fallures. Water hammer events,
-stratified flow, thermal shock, flow-induced vibration,
and equipment vibration can all cause fatigue damage
that may ultimately lead to leakage of the feedwater.
However, a pipe section significantly weakened by
fatigue damage may also fail catastrophically if sub-
-jected to a water hammer or a pressure pulse.

The feedwater piping-to-steam generator nozzle
connections have been particularly susceptible to
thermal fatigue damage. In 1979, the Indiana &
MichiganPower Company discovered leaking circum-
ferential cracks in the upper half of two 410-mm
(16-in.) feedwater lines in the immediate vicinity of
the steam generator nozzles at the D. C. Cook Unit 2.
Subsequent radiographic examinations revealed crack
indications at similar locations in all the feedwater
lines of both D. C. Cook Units 1 and 2. The most
severe crack was a through-wall circumferential
crack, 890-mm (3.5-in.) long at the outer surface.
This crack initiated at a discontinuity introduced in the
piping elbow from machining the weld end prepara-
tion counterbore in the base metal outside the weld
heat-affected zone (see Figure 6.15). The crack propa-
gation was transgranular, and there was some evidence
that corrosion might have played a secondary role in
the failure process. Figure 6.16 shows two actual
crack profiles in the degraded feedwater pipes at two
PWR plants?5 The most extensive cracking was
found in the upper portion of the pipe cross section.
The backing strip was removed in the redesign, and the
sharp discontinuity where the crack initiated was
replaced with a blend radius. Further inspections
during 1980 revealed pipe cracks orfabrication defects
requiring repair in the vicinity of the feedwater nozzles
at 14 of 25 Westinghouse PWR facilities and two of
eight Combustion Engineering facilities. Many units
experienced lengthy outages in 1979 and 1980 while
these inspections and repairs were performed. In
addition, nozzle cracking was discovered at the
St. Lucie plant in 198345 and at both the Turkey Point
3 and 4 units in 1984. The cracking was attributed to
thermal stratification and occurred in'plants that had
been operating from 1 to 19 years. A summary of
PWR feedwater line cracking is presented in Table 6A.

Thermal sleeves at the feedwater inlet to the steam
generator have been damaged by thermal shock,
stratified flow, flow-induced vibration, and water
hammer events. Piping supports havebeen damaged by
water hammer events and large thermal deflections.
The piping at anchor point locations (su'ch as contain-
ment penetrations) is particularly susceptible to water
hammerand thermal deflection loadings. For example,
a water hammer transient at the Indian Point Unit 2 in
1973 resulted in a 180-degree circumferential fracture
of a 460-mm- (18-in.-) diameter main feedwater line
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Table 6.3. PWR plants with pipe wall thinning in the feedwater-condensate systems40

Plant

Arkansas Nuclear One

Arkansas Nuclear One

Calvert Cliffs

Calvert Cliffs

Callaway

Diablo Canyon

Diablo Canyon

Donald Cook

Ft. Calhoun

Haddam Neck

Millstone

North Anna

North Anna

H. B. Robinson

Rancho Seco

Unit

2

2

1

2

'2

2

Commercial
Operation

August 1974

December 1978

October 1974

November 1976

October 1984

April 1984

August 1985

March 1978

August 1973

July 1967

October 1975

April 1973

June 1980

September 1970

September 1974

2

2

Degraded Components
(Fittings, Straight Runs)

Elbows, drain pump discharge piping

Undefined

Elbows, reducers, straight runs

Elbows, reducers, straight runs

Recirculation line elbows

Elbows, straight runs

Elbows, Y

Elbows

Elbows, straight run

Recirculation line

Elbows, heater vent piping

Elbows, straight runs

Elbows, straight runs

Recirculation lines

Straight runs downstream of feedwater
isolation valves or main feedwater
pumps minimum flow valves

Reducers, heater drain piping

Heater drain piping

Heater drain piping

Recirculation line

Recirculation line

Recirculation line

Fittings

Fittings

San Onofre

San Onofre

San Onofre

Salem

Salem

Shearon Harris

Surry

Surry

I .

2

3.

1

2

1

2

June 1967

July 1982

August 1983

December 1976

August 1980

October 1986

July 1972

March 1973
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Table 6.3. (continued)

Commercial Degraded Components
Plant Unit Operation : (Fittings, Straight Runs)

Sequoyah 1 July 1980 Elbows, straight runs

Sequoyah 2 November1981 Elbows

Trojan - December 1975 Elbows, reducers, straight runs

Turkey Point 3 October 1972 Feedwater pump suction line fittings

at the anchor point where the pipe penetrated the
reactor containment structure.11 The water that
sprayed from the ruptured pipe caused gross thermal
deformation of the metal containment liner near this
juncture. The water hammer also produced a large

bulge in the horizontal run of the main feedwater pipe
to the steam generator nozzle. The crack at the anchor
point of the containment wall was caused by excessive
bending stresses, possibly resulting from dynamic
reaction forces at the support points along the line.

Weld

27 mm (1.1

I
T

16 mm
(0.656 in.)

i
' Backing strip/ .

nI- -
Pipe end
[406 mm (16 in.) Schedule 80].

(a) Original design

Nozzle end N
[406 mm (16 in.) Schedule 601

(b) Typical repair configu
.. . .

Pipe end /
[406 mm (16 in.) Schedule 80] :

ration- ,

Nozzle end
- 1406 mm (16 In.) Schedule 60]

8-7353

Flgure 6.15. Crack location in D. C. Cook nozzle.11
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Deepest penetration 1 mm (0.04 In.)

Plant 1 Plant 2

94570

Figure 6.16. Crack profiles in degraded feedwater piping.

The Indian Point Unit 2 water hammer resulted
from a steam-cold water interaction in the feedwater
piping adjacent to the steam generator. When the level
in the steam generator dropped below the feed ring,
sparging holes on the underside of this ring allowed
water to drain rapidly from the ring and from the
horizontal feedwater piping outside the steam genera-
tor. The feed ring and line then refilled with steam
from the steam generator. Subsequently, introduction
of cold auxiliary feedwater (to restore steam generator
level) allowed the damage to occur. To preclude the
recurrence of water hammer shocks, the long horizon-
tal run of feedwater piping outside the steam generator
was eliminated and the feed ring was modified to
prevent rapid draining. This modification included
plugging the sparging holes on the underside of the
feed ring and installing J tubes on the top of the ring.
In fact, the steam generator feed rings (spargers) were
modified at all operating Westinghouse units in
response to the water hammer event at Indian Point 2.

In November. 1985, slug flow in the feedwater
system of the San Onofre Unit 1 plant struck the
standing water at a filled location, which produced a
travelling pressure wave that generated very high
loads. The feedwater piping in the B steam generator
loop experienced the worst loads because of a long
horizontal run of piping. The 254-mm (10-in.)

diameter pipe inside the containment was distorted
from its original configuration, pipe supports were
damaged, and a 2-m- (80-in.-) long crack was
generated. 35

Modifications have also been made in Combustion
Engineering units. In May 1979, at Calvert Cliffs 1,
the steam generator feedwater ring was modified by
adding thirty-six 90-degree elbows to the top of the
ring and plugging 72 discharge nozzles on the bottom
of the ring to minimize water hammer events. Other
Combustion Engineering units have made similar
modifications. In 1983, the Number 2 main feedline at
the Maine Yankee plant experienced a water hammer
rupture.6 Each of the steam generator feed rings was
subsequently modified by closing off the 76 bottom
nozzles and installing 28 top-mounted J tubes.45

Damage to struts and snubbers supporting the
auxiliary feedwater supply lines occurred in 1985 at
the Waterford 3, Diablo Canyon 1, San Onofre 3, and
Davis Besse plants.47 The origin of the damage has
been attributed to water slugs formed from condensa-
tion of steam in cold lines. During an inspection at the
Palisades plant, the following auxiliary feedwater
system damage was confirmed, as shown in
Figure 6.17:
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Table 6.4. -PWRfeedwater pipingcracksll

Maximum Dcpth'
Plant (in.) LO

Piping
cation LinesCrackedb ,Component Comments

Westinghouse.

D.C. Cook 1, 2

Beaver Valley I

Kewaunee

Point Beach 1,2

H.B. Robinson 2

Salem I

San Onofre 1

Surry 1,2

Ginna

. Through-wall

OAOO

0.050

0.047

0.750

0.235

0.100

0.080

- 0.107

Top

9 o'clock

7 o'clock

3 o'clock

9 o'clock

8 of 8

3 of 3

.2 of 2'

2 of 2
3of3'

.3 of 3. . t .

Li

6 of 6

2 of 2

Elbow

Elbow

Pipe

Reducer

Reducer

-Elbow
reducer

Reducer

2 cracks through-wall

3-in. auxiliary feed
near SG inlet

3-in. auxiliary feed
near SG inlet

Shallow cracking
of nozzle under
thermal sleeve

Multiple-branched
cracks, fatigue

4of4

Lower half
of reducer

2 and 5
o'clock

8:30
o'clock

Reducer

Elbow

Zion 1,2 0.088

Combustion Engineering

Millstone 2 0.250

Palisades 0.170

Not reported -

12 o'clock

3 and 9
o'clock

2of2

2 of 2

Pipe

Pipe - Cracks also found
at weld in vicinity
of horizontal pipe

a. The typical thickness of a feedwater line pipe wall is approximately 13 to 25 mm (0.5 to 1 in.).

b. Number of total feedwater lines into steam generators that were found to be cracked. For example, the D.C. Cook
plants are 4-loop Westinghouse units, so all eight lines in the two plants were cracked.
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* Thermal sleeve cracked (see 3 in Detail A)

* One of the three holddown clamps for sparger
missing (see Detail B)

* Weld at elbow broken (see 1 in Detail A)

* Clamp broken on riser pipe to sparger (see 2
in Detail A).

An inspection conducted prior to the discovery of
the internal steam generator damage revealed that
eight hangers on the auxiliary feedwater piping also
were loose or damaged. These hangers were inspected
before the beginning of the fuel cycle and were
considered in good repair at that time. The damage
described above is consistent with the occurrence of a
water hammer during the previous fuel cycle. This
failure event is one of approximately 30 water
hammers that have occurred in recirculating steam
generators with the feedwater nozzle located above the
tube bundle.

6.6 Inservice Inspection and
Surveillance Methods

The ASME Section XI guidelines for inspection of
pressure piping are listed in Tables IWB-2500-1,
IWC-2500-1, IWD-2500-1 of Reference 48, for
Class 1, 2, and 3 systems, respectively. The feedwater
piping inside the containment is a Class 2 system and
only the weld areas must be inspected. The examina-
tion requirements for the pressure-retaining welds in
Class 2 carbon steel piping systems are listed in
Table 6.5. Although theASMECodedoesnotrequire
that regions of the piping away from the weld zones be
inspected, most utilities have instituted increased
inspection programs 41 for their feedwater system
piping in response to NRC Bulletin 87-01.40 The
ASME Code Section XI Committee is currently
developing new requirements and standards for moni-
toring erosion-corrosion in safety related secondary-
side piping.

There are four 10-year inspections required during
the 40-year operating life of a nuclear plant. For
piping systems, all locations where the calculated
stress intensity exceeds 2A Sm (Sm is the maximum

_:1

See Detail A

4( See Detail B1

1 Ppe -, 120* arc

Top view
Steam generator -

Baffle

Thermal

I,. .

Detail A
Steam generator auxiliary feed nozzle

Detail B
Sparger clamp

- The weld between the thermal shield and
the elbow is completely broken. The piping
is physically displaced about 3 in.

Figure 6.17. Palisades auxiliary feedwatcr system damage.
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Table 6.5. -Required inservice inspections for Class 2 piping48
..... ~~~~~~~~ . .. . . .

* Parts Examined

Circumferential weld

-Longitudinal weld

Method

Surface and volumetric
. . v l I c

.Surface and volumetric

.5 ,- ExtentO

1009%o of each weld requiring
examination

2.5 l at the intersecting circumferential
weldc

Frequencya*b

Each inspection
interval

* Each inspection
interval

Socket welds Surface 100% of each weld requiring
examination

Each inspection
interval

a. The welds selected for examination shall include 75%, but not less than 28 welds, of all carbon and low-alloy
steel welds.

b. The welds selected for examination shall be reexamined during subsequent inspection intervals over the service
lifetime of the piping component.

c. Thelongitudinal weld is inspected fora length of2.5 times thewall thickness ( ) at its intersection with thecircum-
ferential weld.

allowable primary membrane stress intensity as de-
fined in Section III of the ASME Code), or the
calculated cumulative fatigue usage'factorexceeds
0.4, must be included in the inservice inspection (ISI)
program.48 All of the nozzle-to-safe-end butt welds
are also included in the ISI program. The ISI
examinations for these locations consist of 100%
volumetric preservice examinations of all welds
followed by a 100% volumetric examination of a
specified sample at each of the four 10-year intervals
per ASME Section XI requirements. Unfortunately,
these programs may not adequately detect the full
extent of the degradation caused by erosion-corrosion,
because the wall thinning from erosion-corrosion is
often highly localized.

The ASME Code7 (Paragraphs NB-3622,
NC-3622, and ND-3622) and the ANSI Standard6

(Paragraph 101.5) also require that piping be observed:
under initial or startup conditions to ensure that any
vibration is within acceptable limits. The USNRC has
published piping vibration testing requirements in
several regulatory guides.4 9. 50 The ASME has also
written an operation and maintenance standards that
lists the requirements for vibration testing of nuclear
power plant piping systems. This standard addresses
steady-state and transient vibration testing, acceptance
criteria, methods for determining acceptable vibration
limits, and recommendations for corrective action.
Visual qualification inspectors witness the piping-

response during applicable flow modes. They may use
portable vibration monitoring equipment as an aid.14

With respect to the thermal sleeve issue,
Westinghouse has recommended to its plant owners
that the loose-parts monitoring systems be operable
and that nondestructive examinations be performed to
assess the thermal sleeves.52

Inspection procedures are being developed to detect
erosion-corrosion damage in piping. Manual ultra-
sonic techniques can be used to measure average
thicknesses, but in the past these techniques could not
be satisfactorily used to determine minimum thick-
nesses37 Because of the localized nature of erosion-
corrosion damage, there was a high probability that a
minimum thickness site would not be detected. Also,
the manual ultrasonic technique sometimes lacked
repeatability and reliability because it is so operator
dependent. However, there has been considerable
improvement in ultrasonic inspection accuracy in
recent years. Comparison of current ultrasonic mea-
surements with mechanical measurements indicates an
error of 3 to 5% of the wall thickness. Controlled test
results show that ultrasonic measurements now have a
repeatability within 1% of the wall thickness.53

However, these methods do not provide 100% inspec-
tion coverage of the susceptible sites, and therefore
they may not be able to detect the minimum wall
thickness, that is, the maximum erosion-corrosion
damage. Development has begun on a new ultrasonic
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inspection method, a modified portable automated
remote inspection system (PARIS) using a flexible-
transducer array.54 The flexible transducer array can
conform and acoustically couple'to the complex
geometries of elbows and tees. Laboratory results
shlow that this new ultrasonic method can inspect
carbon steel piping rapidly, with 100% coverage.
Field demonstrations of this new inspection method
are needed. The use of an ultrasonic technique
requires removal of the insulation.

Two other nondestructive evaluation techniques
available to detect wall thinning are (a) high-energy
radiography through the insulation of a water-filled
pipe and (b) high-energy or isotope radiography
through the insulation of an empty pipe.27 The
tangential radiographic technique has been used to
measure wall thicknesses to within 0.076 mm
(0.003 in.) in'small-diameter, thick-walled pipe.
High-energy radiation sources are used to inspect
large-diameter [>203-mm (8-in.)] pipe. The perpen-
dicular radiographic technique can detect abrupt
changes in thickness within 2% of the wall thickness.
A calibration curve of thickness versus density is
required for accurate measurements.

All locations in the feedwater piping susceptible to
erosion-corrosion should be identified. Most utilities
are using the CHEC computer code developed by the
Electric Power Research Institute (EPRI) to identify
the sites most susceptible to erosion-corrosion. 55 ' 56

The sites identified by CHEC are supplemented by
sites identified by engineering judgment and by the

experience at other plants such as Trojan and Surry.
EPRI has also developed guidelines on selection of
examination techniques for specific plant situations
(including ultrasonic, radiographic, and visual meth-
ods), and has provided suggestions for additional
detailed examinations if erosion-corrosion is
detected.53 The results of these thickness measure-
ments should be evaluated against the highest possible
pressure transients, because, ultimately, such transient
pressures may cause catastrophic failure of degraded
pipes.2 As of January 1, 1988, 95 of the 113
commercial LWRs had completed an analysis using
the CHEC code to identify the 15 most susceptible
locations. As of June 1, 1988, 81 plants had inspected
the susceptible sites.

An on-line monitoring method to monitor wall
thinning caused by erosion-corrosion is needed be-
cause there is significant uncertainty (509%o) in predict-
ing erosion-cornosion rates in carbon steel feedwater
piping.P Isotope implantation is one such on-line
monitoring method currently being developed.58

Isotope implantation involves use of minuscule
amounts of tracers, which are embedded at two
different depths in pipe walls at sites susceptible to
erosion-corrosion, as shown in Figure 6.18. The
tracers are released into the feedwater when they are
exposed by pipe thinning. The location and rate of
thinning can be determined by the use of different
isotopes at different sites. The tracers are detected by
several on-line gamma spectrometers. There is a
concern with the usefulness of the technique because it
requires drilling small holes in the piping wall to
implant the tracers.

Pipe wall
I

Minimum
design
thickness

9.0627
Flow

Figure 6.18. Isotope implantation in feedwater piping.
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As discussed in previous sections of this chapter, the
feedwaterpiping base metal can experience significant
fatigue damage caused by stratified flows and thermal
shocks. Therefore, inspections of only the welds (as
required by the ASME Code) are probably not
adequate, and effective inspection of the base metal
may be impractical. As discussed earlier in this
chapter, monitoring of the piping outside surface
temperatures does not provide sufficient data to
determine the cyclic thermal stresses on the inside
surface. 'Therefore, the use of acoustic emission
monitoring or other advanced techniques to detect
fatigue crack growth in PWR feedwater piping sys-
tems needs to be evaluated.

6.7 Summary, Conclusions,
and Recommendations,

Significant feedwater piping degradation caused by
erosion-corrosion (including flow-assisted corrosion
and cavitation damage); stratified flow and thermal
shock-induced fatigue; and mechanical fatigue caused
by flow-induced and mechanical vibrations and water
hammer events has occurred. In many cases,'these
factors were not adequately considered in the plant
design and safety analysis, and the required inservice
inspections have not been adequate to detect the
degradation before the piping failed. This aging
degradation has occasionally resulted in catastrophic
failure of a feedwaterpipe. Fatigue analyses were (and
still are) not required, nor are there any explicit
requirements to evaluate high-cycle vibration and
fatigue except in the initial testing phase of the
systems. Water hammer events also cause fatigue
damage and must be examined when determining the
residual life of a system. The phenomena and extent of
degradation in PWR feedwater lines are not sufficient-
ly defined (in terms of plant parameters and cycles), to
quantitatively predict feedwater system lifetimes. Nor
have most secondary system piping segments been
inspected with great rigor. Therefore, the potential
exists for a PWR feedwater system to generate
degradation that will allow a dynamic event, such as an
earthquake or a water hammer, to suddenly fail a pipe,
with no advanced warning such as a leak before break.

A broad-based approach has been taken to resolve
these problems. An NRC Bulletin was issued that
requires utilities to institute more detailed inspection
plans for secondary system piping. EPRI has devel-
oped the CHEC computer code to assist in identifying
areas to be inspected. This code is being used by
utilities, in conjunction with engineering judgment and
experience in other plants (e.g., Trojan), to select the

sites for more detailed inspections. EPRI has also
assisted utilities by evaluating the type of nondestruc-
tive testing methods that might be used for these
inspections. Most utilities have completed initial
inspections of their feedwater and condensate piping.
Finally, the ASME Section XI Committee is drafting
revised guidelines for the inspection of secondary-side
piping.

The degradation sites for the feedwater system are
ranked and listed in Table 6.6. The feedwater nozzle
and piping inside containment are ranked the highest,
because a break at this point cannot be isolated from
the steam generator and results in rapid blowdown of
the steam generator. The piping near fittings and
geometric cliscontinuities is ranked next because of the
erosion-corrosion problems that have occurred at
those locations.

The conclusions and recommendations related to
degradation damage in PWR feedwater piping are as
follows:

1. Severe erosion-corrosion degradation of car-
bon steel feedwater piping can occur and may

- lead to catastrophic failure. The erosion-
corrosion damage can be very localized. Re-

* liable nondestructive iinspection methods are
being developed that effectively provide
100% coverage of the area under investiga-
tion and ensure that minimum wall thick-
nesses are detected. The results of thickness
measurements should be evaluated consider-
ing the highest possible transient pressure.

2. Use of on-linc monitoring methods to deter-
mine erosion-corrosion damage needs to be
evaluated because of significant uncertainty
regarding the crosion-corrosion rates. Thick-
ness measurements should be used to assess
the current wall thinning models and revise
the guidelines, as needed, for identifying the
sites that are susceptible to erosion-
corrosion. On-line monitoring methods are
not needed if the erosion-corrosion damage
is effectively mitigated.

3. The secondary water chemistry (including
pH level, oxygen content, and impurities),
temperature, and bulk flow velocity; the pip-
ing layout; the smoothness of the piping in-
side surfaces; and the chemical composition
of the piping material affect the rate of
erosion-corrosion damage. Control of these
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Table 6.6. Summary of degradation processes for PWR feedwater piping and nozzles

Rank Degradation Sites

1 Feedwater nozzle and
piping inside contain-
ment, sites in
horizontal piping runs
in vicinity of mixing
layer

2 Feedwater piping near
8 fittings

3 Geometric discontin-
uities on inside
surface of piping

-Stressor

Flow velocity, °2 con-
tent and pH level in
feedwater, impurities,
stratified flows, ther-
mal shocks, water
hammer, thermal
transients

High flow velocity, 02
content and pH level in
feedwater, impurities,
water hammer,
thermal transients

Flow velocity, 02
content and pH level in
feedwater, impurities,
water hammer

Degradation Mechanisms

Erosion-corrosion, high-
and low-cycle thermal
fatigue, mechanical
fatigue, mechanical
overload

Erosion-corrosion,
mechanical and
thermal fatigue

Erosion-corrosion,
mechanical fatigue

Potential
Failure Modes

Rupture from wall thin-
ning, leakage through
fatigue cracks, rupture
caused by water
hammer

Rupture from wall
thinning, leakage
through cracks

Rupture from wall
thinning

ISI Methods

Ultrasonic testing,
radiographya

Ultrasonic testing,
radiography&

Ultrasonic testing,
radiography'

a. Currently being performed but not included in ISI requirements.
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parameters can mitigate carbon steel erosion-
corrosion damage. However, a change in one
of the system parameters, such as water
chemistry or temperature, may have adverse
affects on other plant components. For
example, an increase in the oxygen content in
the feedwater will tend to reduce the feed-
water piping erosion-corrosion damage but
may degrade the steam generator tubes. Also,
the fatigue-crack-growth rate in carbon steel
piping may increase with an increase in
oxygen content. Obviously, caution is war-
ranted prior to implementing any changes in
system parameters.

4. The use of stainless steel coatings needs to be
evaluated as a method to mitigate erosion-
corrosion damage to feedwater piping. Stain-
less steel coatings have been successfully
used in some foreign power plants to elimi-
nate erosion-corrosion problems in steam
lines. '

5.- The inside surfaces near any repair welds
should be as smooth as possible. Rough in-
side surfaces can create turbulence in the flow
that may induce flow-assisted corrosion; and
if the fluid temperature is near saturation,
they may provide nucleation sites for forma-
tion of gas bubbles that subsequently collapse
'and cause cavitation damage.

6. The feedwater piping and nozzles also are
subjected to fatigue damage from stratified
flow, thermal shock, flow-induced vibration,
and equipment vibration loads. The fatigue
damage will ultimately lead to leakage of
feedwater under normal operation. However,
a pipe section significantly weakened by fa-
tigue damage may fail catastrophically if sub-
jected to a water hammer or a pressure pulse.
Acoustic monitoring of the feedwaternozzles
and horizontal portions of the piping may
help to detect any crack growth.

....
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7. PRESSURIZED WATER REACTOR
CONTROL ROD DRIVE MECHANISMS

AND REACTOR INTERNALS

A. G. Ware

The pressurized water reactor (PWR) control rod large number of CRDMs on each pressurized water
drive mechanisms (CRDMs) position the neutron ab- ', reactor, ranging from 37 for the Fort Calhoun nuclear
sorbing control rod assemblies (CRAs) within 'they- _power plant to 65 for the Maine Yankee plant. Thus,
reactor core to adjust the core reactivity. The reactor thereis redundancy such thatif a single CRDM fails to
internals support the reactor core, maintain fuel assem- operate properly there is usually no immediate safety
bly alignment, and direct the coolant flow within the .concern, though, of course, safety margins are reduced
reactor vessel. This chapterdescribes the design of tihe ';until the problem with the CRDM is rectified.
various types of PWR CRDMs and reactor internals*
and then discusses the aging stressors, degradation The reactor internals are designed to support the
sites and mechanisms, potential (and actual) failure" core, maintain fuel assembly alignment, limit fuel as-
modes, and inservice inspection requirements asso- sembly movement, direct the flow of reactor coolant
ciated with these devices. Finally, activities and proj ' within the reactor vessel, and help shield the reactor
ects are suggested that should lead to a better under- vessel from the gamma rays and neutrons emitted by
standing, control, and mitigation of the aging the core. They play a key role in maintaining the
degradation process in PWR CRDMs and reactor geometric integrity of the core and ensuring that its
internals. reactivitv can be vnitbh1v rcntrnlfed. The mninr nh.-

7.1 Description

The PWR CRDMs are located at the top of the reac-
tor pressure vessel, as shown in Figure 7.1. Each
CRDM is linked to its CRA by a detachable coupling.
A CRA can be withdrawn or inserted by its CRDM at
speeds consistent with the reactivity changes required
for reactor operation, or held at a desired location. The
coupled CRAs and CRDM drive rods can also be re-
leased to drop into the core by gravity for maximum
negative reactivity insertion (scram). Thus, they play
a critical role in mitigating operational transients and
accidents. Various core designs may have more than
one type of CRAs. For example,' there may be axial
power shaping rods, shimnrods, or shutdown rods.'
CRDMs fall into three basic design types: the roller'
nut-lead screw, the rack-and-pinion, and the magnetic
jack designs.

Because the CRAs are used to control reactivity, and
the external housings of the CRDMs form a portion of
the reactor coolant pressure boundary, a CRDM pres-
sure housing rupture could lead to a reactivity-
initiated accident, and a significant loss-of-coolant
accident (LOCA). Small CRDM housing leaks are also
possible. A loose or worn CRDM part could cause
binding and possibly contribute to an anticipated tran-
sient without scram. However, there are a relatively

components of the reactor internals (upper core struc-
ture, core shroud/core barrel, thermal shield, and lower
core support structure) are shown surrounding the core
in Figure 7.1. The reactor internals subcomponents
discussed in this chapter do not include the fuel assem-
blies or CRAs.

There should be no movement of the reactor inter-
nals, except forrminor flow-induced vibrations and
thermal expansions and contractions. Unwanted
movement of degraded reactor internals could prevent
proper insertion of CRAs, cause loose parts within the
reactor coolant system, redistribute flow within the
reactor and cause local overheating, or possibly result
in fuel element failure and disbursement of fuel within
the coolant. Wear on flux thimble tubes can create a
potentially non-isolatable leak of reactor coolant.1

Sections 7.1.1 through 7.1.5 describe vendor-
- specific CRDMs. Westinghouse plants contain mag-

netic jack and'roller nut-lead screw CRDMs.
Combustion Engineering designs include rack-and-
pinion and magnetic jack CRDMs, and Babcock &
Wilcox plants are built with roller nut-lead screw
CRDMs. Section 7.1.6 describes the' reactor internals
arrangement for the three PWR vendors according to
their vertical location with respect to the core.

7.1.1 Westinghouse Magnetic Jack CRDM
Design.2 .3 The Westinghouse design uses a magnetic
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Control rod shroud tube.

Hold-down spring

Alignment pin

Control rod guide tube

Control rod drive shaft

Control rod cluster (withdrawn)

Outlet nozzle

Baffle

* Baffle radial support

Lower core plate

Flow mixer plate

Core support columns

Instrumentation thimble guides

8.0943

Figure 7.1. Arrangement of Westinghouse CRDM and reactor internals.
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Upper pressure housing Cable connection
(rod travel housing)

Operating coil
stack assembly -

Lower pressure
(latch housing)

Drive rod assembly

I I -I

8-094?

FIgure 7.2. Westinghouse magnetic jack CRDM.

jack arrangement for the majority of the CRAs, called
full-length rods. The CRDM consists of an internal
latch mechanism, apressure housing, an operating coil
stack, a drive shaft assembly, and a rod position indica-
tor coil stack. An overall diagram is shown in Fig-
ure 7.2. Each CRDM assembly is an independent unit
that can be dismantled or assembled separately. The
latch housing is the lower part of the pressure housing

and contains the latch assembly. The rod travel hous-
ing is the upper portion of (lie housing and provides
space for the drive rod during its upward movemnent as
the control rods are withdrawn from the core. The latch
housings are threaded onto adapters on lop of the reac-
tor pressure vessel and seal welded. The latch housing
and rod travel housing are connected by a threaded,
seal-welded maintenance joint.
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The operating drive assembly is connected to the
CRA by means of a grooved drive shaft. Reactor cool-
ant water fills the pressure-containing part of the
CRDM and immerses all moving components. Three
magnetic coils, which form a removable electrical unit
and surround the pressure housing, induce magnetic
flux through the housing wall to operate the working
components. They move two sets of latches that lift,
lower, and hold the grooved drive shaft. The three
magnets are turned on and off in a fixed sequence by
solid-state switches. The sequencing of the magnets
produces step motion in 16-mm (0.625-in.) incre-
ments over the 3.66 m (144 in.) of CRDM travel. The
CRDM develops a lifting force approximately twice
the static lifting load, providing extra capacity for
overcoming mechanical friction. The CRDMs are de-
signed to operate in water at 3431C (650'F) and
17.13 MPa (2485 psi). The electrical coils are air-
cooled. The latch assembly minimum operating life
without refurbishment or replacement is 2.5 million
steps and 400 rod trips.4 The design life of the drive
rod assembly is 5000 full rod withdrawals and inser-
tions, 400 rod trips, and 200 coupling/uncoupling
cycles. 4

Table 7.1. Materials Used in Westinghouse
CRDMs2

Location

Magnetic pole pieces

Pressure housing

Link pins; locking
button

Springs

Latch arm tips

Bearing and wear
surfaces

Cast coil housings

Drive shaft assembly

Other

Material

Type 410 stainless steel

Type 304 stainless steel or
CF-8 stainless steel

Haynes 25

Alloy X-750

Clad with Stellite 6

Stellite 6 and hard chrome
plate

Zinc-plated ductile iron

T1pe 410 stainless steel

Typo 304 stainless steel

All parts exposed to reactor coolant water (such as
the pressure housing, latch assembly, and drive rod)
are made of corrosion resistant materials: stainless
steel, Alloy X-750, and cobalt-based alloys. Wher-
ever magnetic flux is carried by parts exposed to cool-
ant water, 400 series stainless steel is used. For in-
stance, magnetic pole pieces are fabricated from
Type 410 stainless steel, which can carry magnetic
flux, whereas the nonmagnetic stainless steel parts are
fabricated from Type 304 stainless steel, a material that
does not carry magnetic flux32 Cobalt-based alloys are
used for the pins, latch tips, and bearing surfaces. High
nickel Alloy X-750 is used for the springs of both latch
assemblies, and Type 304 stainless steel is used for all
pressure-containing parts. Most pressure housings are
wrought; however, some are cast.5 Some of the materi-
als used are listed in Table 7.1.

The magnetic jack CRDMs, shown in more detail in
Figure 7.3, withdraw and insert their respective CRAs
as electrical pulses are received by the operator coils.
An on-and-off sequence, repeated by switches in the
power programmer causes either withdrawal or inser-

'tion of the CRA. A typical lift step procceds as fol-
lows. The movable gripper is energized, which lifts the
movable gripper armature to the closed position shown
in Figure 7.3. This forces the movable latch to engage
the drive rod and compresses the movable armature re-
turnispring. Next, the stationary gripper coil is deener-
gized, the stationary armature return spring moves the

stationary gripper armature downward, and the sta-
tionary latch opens. Next, the lift coil is energized, the
lift armature along with the drive rod is moved up one
step [which is 16 mm (0.625 in.)], and the lift return
spring is compressed. The stationary gripper coil is
then energized again, which lifts the stationary gripper
armature, engages the stationary latch (shown open in
Figure 7.3), and holds the drive rod immovable. Final-
ly, the movable gripper and lift coils are deenergized
and the springs return the movable gripper and lift ar-
matures to their original (down) positions and the
movable latch to the open position. The cycle can then
start over or the stationary gripper coil can continue to
hold the CRA at a given position. When power to the
movable gripper coil is interrupted, the rod is
scrammed, since the combined weight of the drive
shaft and CRA is sufficient to move the latches out of
the shaft groove, and the CRA falls by gravity into the
core.

1:1

7.1.2 Westinghouse Roller Nut-Lead Screw
Design. 3 Westinghousealso uses part-length CRAs,
which are positioned by roller nut-lead screw CRDMs
very similar'to the Babcock &Wilcox CRDMs
(described in more detail in Section 7.1.5). Five rotat-
ing roller nuts grip the lead screw, and as sequential
pulses are applied to the armature the CRA is raised or
lowered. The CRAs can be inserted into the core to
control the axial power distribution, such as occurs
during xenon-induced power oscillations. No scrarn
by release and free fall of the CRA is provided for.
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Figure 7.3. Details of Westinghouse magnetic jack CRDM.
........................... . .... t ...............

It is possible to remove the cooling air shroud, the
position indicating coils, and the motor'stator for

' maintenance from the pressure housing without re-
moving the pressure' housing from the head'adapter.
This can be accomplished with the reactor head in po-
sition on the reactor.

7.1.3 Cornbustlon Engineering Magnetic Jack
CRDM Design.6. 7 Amagnetic jack CRDM was used
in the Maine Yankee'design (as well as in all;
CombustionEngineering designs,with the exception of

Fort Calhoun and Palisades, which have rack-and-pi-
nion designs) andhasalsobeenadopted forthe standard

'Combustion' Engineering CESSAR 'design. Each
CRDM is-capable of withdrawing, inserting, holding,
or tripping a CRA from any point within its full stroke.
Some of the CRAs are not required to undergo scrams,
however, and consequently their CRDMs are modified
toprevent tripping upon loss of powver. The CRDMsare
mounted on flangednozzles ontopof thereactorvessel,

; which supports the CRDM's'weight. The general de-
sign features of the CRDM are shown in Figure 7A.
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The pressure housing consists of the motor housing
assembly and the upper pressure housing assembly.
The motor housing assembly, shown in Figure 7.4, is
attached to the reactor vessel head nozzle by means of
a threaded joint, and is seal welded. Once the motor
housing has been seal welded to the reactor vessel head
nozzle, it need not be removed; since all servicing of
the CRDM is performed from the top of the upper
housing. This opening is closed by means of a
threaded cap and an omega seal weld. The omega
seal is shaped like the capital Greek letter Q, and is rel-
atively flexible, so that it can withstand a limited
amount of differential movement. It does not resist
mechanical loads or the pressure loads from the entire
CRDM, but is designed to resist the local pressure load
within the seal area. The omega seal, if undegraded, is
a continuous solid metal pressure boundary having no
leak path such as occurs with gaskets.

The housing design and fabrication conform to the
American Society of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code) 8 for Class A ves-
sels. It is designed for steady-state conditions, as well
as all anticipated pressure and thermal transients.

The magnetic jack assembly is an integral unit that
fits into the pressure housing through an opening in the
top of the housing. The lifting operation consists of a
series of magnetically operated step movements
similar to the movements described above in the
Westinghouse units. Two sets of mechanical latches
engage a notched extension shaft. The magnetic force
is obtained from large de magnet coils mounted on the
outside of the lower pressure housing. The CRDM.'
are forced-air cooled. A control programmer actuates
the stepping cycle and obtains the CRA location by a
forward or reverse stepping sequence. CRDM hold is
obtained by energizing one coil at a reduced current
while all other coils are deenergized. The scrammable
CRAs are tripped upon interruption of electrical power
to all coils. One set of latches is modified in the
CRDMs that drive part-length CRAs to prevent lower-
ing the rods without electromagnetic actuation. Eight
of the 65 CRDMs in the Maine Yankee Plant are non-
scrammable and are connected to part-length CRAs.6

The CRA is connected to the drive shaft extension
with an internal collet-type coupling at its lower end.
Coupling is performed before the reactor vessel head is
installed. Whenever the upper guide structure is re-
moved from the vessel, the drive shafts (uncoupled
from the CRAs) are removed also.

7.1.4 Combustion Engineering Rack-and-
Pinion CRDM Design.9 This type of CRDMisused

at the Fort Calhoun and Palisades plants. The CRDMs
are mounted on flanged nozzles on top of the reactor
vessel closure head, located directly over the CRAs in
the reactor core. Each CRDM is connected to a CRA
by a locked coupling. The weight of the CRDM is sup-
ported by the reactor vessel head. The electrical com-
ponents are air-cooled.

The vertical rack-and-pinion CRDM has the drive
shaft running parallel to the rack, and drives the pinion
gear through a set of bevel gears. The basic design is
shown in Figure 7.5. The rack is driven by an electric
motor operating through a gear reducer and a magnetic
clutch. The CRA drops into 'the reactor under the in-
fluence of gravity when the magnetic clutch is deener-
gized. The magnetic clutch incorporates an anti-
reversing device that prevents upward CRA movement
when the clutch is deenergized. For those CRAs that
maintain their positions during a reactor trip (called
part-length CRAs), the CRDMs are modified by re-
placing the magnetic clutch with a solid shaft assem-
bly, which eliminates the trip function. Otherwise, this
type of CRDM is the same as the others. The drive
shaft penetration through the pressure housing is
closed by means of a face-type rotating seal. The rack
is connected to the CRA by means of a rack extension
containing an external collet-type coupling that ex-
pands and locks into a mating shouldered bore on top
of the CRA. The rack extension is connected to the
rack through a tie bolt by means of a nut and locking
device at the upper end of the rack. A small-diameter
closure located at the top of the pressure housing pro-
vides tool access to this nut for releasing the CRA from
the CRDM. The rack is guided at its upper end by a
section having an enlarged diameter that operates in a
tube extending the full length of the CRA travel. The
final cushioning at the end of a CRA drop is provided
by the dashpot action of the enlarged diameter of the
rack entering a reduced diameter in the guide tube.

The pressure housing consists of a lower and an up-
per section joined near the top of the CRDM by means
of a threaded autoclave-type closure. The lower hous-
ing is a stainless steel tubular section welded to an
eccentric reducer and flange piece at the lower end.
This flange piece fits the nozzle flange on the'reactor
vessel closure head and is seat welded to it by an ome-
ga- or canopy-type seal. Once scat welded and bolted
into place, the lower pressure housing need not be re-
moved, since all servicing of the CRDM is performed
from the top of this housing. The upper part of the
lower housing is machined to form the autoclaive-type
closure and is provided with a recessed gasket surface
for a spirally wourid gasket.
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Figure 7.4. Details of Combustion Engineering magneticjack CRDM.
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Figure 7.5. Details of Combustion Engineering rack-and-pinion CRDM.

The upper part of the pressure housing has a flange
that mates with the lower housing autoclave-type clo-
sure, a cavity that contains the drive rotating seal, and
a tubular housing extension with a small flange closure
that provides access for attaching and detaching the
CRA. A cooling jacket surrounds the seal area to
maintain lower temperatures of the seal and system. It
is under low pressure and is not connected to the reac-
tor coolant system.

The rack-and-pinion assembly is an integrated unit
that fits into the lower pressure housing and couples to

the motor drive package through the upper pressure
housing. This subcomponent carries the bevel gears
that transmit torque from the vertical drive shaft to the
pinion gear. The vertical drive shaft has splined
couplings at both ends and may be lifted out when the
upper pressure housing is removed. The bevel and pin-
ion gears are supported by ball bearings. The gear as-
sembly is attached to a stainless steel tube supported by
theupperpartof thepressure housing. Therackisa tube
with gear teeth on one side of its outer surface and is flat
on the opposite side, forming a contact surface for guide
rollers. The upper end of the rack is fitted with an
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enlargedsectionthatrunsintheguidetubeandprovides screw translates upward or downward (depending on
lateral support for the upper end of the rack. . the direction of rotor rotation).

Power to operate the CRDM is supplied by a frac-
tional horsepower, single-phase, 60-Hz motor. This
entire drive package can be removed as a unit without
disturbing other parts of the CRDM. 'The electrical
connections are located at the top of the CRDM and are
readily accessible.

The CRA is connected to the CRDM by means of an
extension shaft with an internal collet-type coupling at
its lower end.- A tie rod connects the extension shaft to
the rack. In order to disengage the CRA, the flange ac-
cess closure at the top of the CRDM is removed.

7.1.5 Babcock & Wllcox CRDM Design. 10.1
All Babcock & Wilcox CRDMs are of the roller nut-
lead screw design. The Babcock & Wilcox reactor'
also has two types of CRDMs, the shim safety drive
mechanism and the axial power shaping rod drive.
They'are identical, with the exception that in the axial
power shaping rod drive the roller nut assembly will
not disengage from the lead screw on loss of power to
the stator, and thus the axial power shaping rods do not
have fast insertion capability. A differentiation'
between the two drives will not be made hereafter.

The Babock & Wilcox CRDM consists of a motor,
tube (the external pressure housing) that houses a lead
screw and its rotor assembly, and a buffer. The top end
of the motor tube is closed by'a closure and vent as-
sembly. An 'external motor stator surrounds the motor
tube, and position indicator switches are arranged out-
side the motor tube extension.

The rotor assembly consists of a ball-bearing-
supported rotor tube carrying a pair of scissor arms.
When current is impressed on the stator, located outside
the pressure boundary, the upper halves of the scissor
arms are magnetically pulled radially outward toward
the motor tube wall. The scissor arms are pivoted in the
rotor tube, and as they are moved outward, four roller
nuts on thelowerpart of the arms (two on eacharm) are
thereby forced radially inward to engage the centrally
located lead screw. The ball-bearing-supported roller,
nut assemblies are skewed at the lead screw helix angle
for engagement with the lead screw. When the three-
phase rotating magnetic field is applied to the motor
stator, the resulting magnetic force produces rotor as-
sembly rotation. The roller nuts mounted on the scissor
arms rotate around the lead screw, which is coupled to
the CRA through abayonet coupling. As the magnetic
force rotates the rotor assembly, the non-rotating lead

Four springs mounted in the scissor arms keep the
rollers disengaged when the power is removed from
the stator coils. For rapid insertion (shim safety drive
mechanisms), the'nut halves separate to release the
screw and the CRA, which drop into the core by grav-
ity. A hydraulic buffer assembly within the upper
housing decelerates the moving CRA to a low speed a
short distance above the CRA full-in position. The fi-
nal CRA deceleration energy is absorbed by the down-
stop buffer spring.

-The motor tube (pressure housing) is a three-piece
welded assembly'designed and manufactured in accor-
dance with the requirements of the6ASME Code8 for a
Class Aniuclear pressure vessel (for the 1968 and pre-
vious Codes, the designation was Class A; for the 1971
and subsequent Codes, vessels were designated as

"Class 1). The motor tube forms the CRDM pressure
boundary for the reactor coolant. Materials conform to
ASTM or ASME Code, Section II, material specifica-
tions. The motor tube wall between the rotor assembly
(inside the motor tube) and the stator (located outside
the motor tube) is constructed of magnetic material
(lype 403 stainless'steel) to present a small air gap to
the motor. The upper end of the motor tube functions
only as'a pressurized enclosure for the withdrawn lead
screw.- This section of the motor tube is made of
ype 304 stainless steel, and is welded to the'upper end

of theType 403 stainless steel motorsection. The lower
end is welded to a stainless steel machined forging that
contacts the control rod nozzle by means of flanged
faces. Double gaskets, separated by a ported test annu-
lus, seal the flanged connection between the&motor tube
and the reactor vesseL The upper end of the motor tube
is closed by a closure insert assembly containing a va-
por bleed port and vent valve. The vent valve and insert
closure have double seals.

The motor includes a slip-on stator that operates in
-a pulse-stepping mode, advancing 15 degrees per step.
The stator has water cooling coils wound on the out-
side of its casing, and is encapsulated after winding to
establish a sealed unit.

7.1.6 Reactor Intemals. The discussion describing
the reactor internals will be divided into three parts,
covering the subcomponents above, surrounding, and
below the core. Some subcomponents are joined by
welding,whereas others areconnectedbystainlesssteel
or Alloy X-750 bolts, screws, or pins. Overall views of
the three vendors' (Westinghouse, Combustion
Engineering, and Babcock & Wilcox) designs are
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shown in Figures 7.1, 7.6, and 7.7. Figure 7.8 shows
how the various subcomponents fit together to form the
Babcock & Wilcox reactor internals assembly. All ma-
jor components are made of Type 304 stainless steel.
The Westinghouse and Combustion Engineering reac-
tor internals materials are listed in Table 7.2. The upper
core support structure is located above the core, and for
each of the three designs can be installed and removed
during refueling as a unit. The reactor internals are gen-
erally designed and analyzed in accordance with the in-
tent of Subsection NG of the ASME Code.8 However,
the majority of operating plants were designed before
Subsection NG existed.

Upper Core Structure. The Westinghouse upper
core support structure, shown in Figure 7.1, consists
of the upper support plate and the upper core plate,
between which are contained support columns and
guide tube assemblies. In some Westinghouse plants,

, deep beam sections are located directly under the upper
support plate. The outer edge of the upper support plate
and core barrel rest on the internals support ledge of the
reactorpressure vesseL The mechanical loads are trans-
mitted between these subcomponcnts through bolt-like
connectionscalled fasteners, ratherthan throughwelds.

-The support columns establish the spacing between the
upper support structure and the upper core plate. The
columns are fastened at their tops and bottoms to the
plates, and transmit mechanical loadings between the
plates. The guide tube assemblies sheath and guide the
CRDM shafts and CRAs. They are fastened to the up-
per support plate and are guided by support pins (also
called split pins) in the uppercore plate. The control rod
shroud tube, which is fastened to the uppersupportplate
and guide tube, provides additional guidance for the
CRDM shafts.

The Combustion Engineering design is shown in Fig-
ure 7.6. The upper end of the assembly consists of a
support plate welded to a grid array of deep beams and
a deep cylinder that encloses and is welded to the ends
of the beams. The grid aligns and supports the upper
end of the CRA shrouds. The shrouds consist ofccntrif-e
ugally cast CFMB stainless steel cylindrical upper sec-
tions welded to integral bottom sections, which are
shaped to provide flow passages for the coolant while
shrouding the CRAs from crossflow. The shrouds are
bolted to the fuel assembly alignment plate. Single
shrouds are connected to the plate by spanner nuts;
dual-type shrouds are attached to the upper plate by
welds.

The Babcock'& Wilcox design is called the plenum
assembly and is shown in'Figure 7.7. It consists of a
plenum cover, upper grid, CRA guide tubes, and a

flanged plenum cylinder with openings for reactor
coolant outlet flow. The plenum cover is constructed
of a series of parallel flat plates intersecting to form
square lattices; it has a perforated top plate, and an in-
tegral flange at its periphery.. The cover assembly is
attached to the plenum cylinder top flange. The CRA
guide tubes are welded to the plenum cover top plate
and bolted to the upper grid. Each guide tube assembly
consists of an outer housing, a mounting flange, perfo-
rated slotted tubes, and four sets of tube segments ori-
ented and attached to a series of castings. The plenum
cylinder consists of a large cylindrical section with
flanges on both'ends to connect the cylinder to the ple-
num cover and the upper grid.' Holes in the plenum
cylinder provide a flow path for reactor coolant. The
upper grid consists of a perforated plate bolted to the
plenum cylinder lower flange.

Core-Shroud/Core Barrel/Thermal Shield.
The core is surrounded by a core shroud (also called
formers and baffles) that is enclosed by a core barrel.
Proceeding radially outward, the core barrel is in turn
surrounded by a cylindrical thermal shield,' with the
entire assembly contained within the reactor vessel.
Figure 7.9 shows the radial orientation of these
components.

The former and baffle plates are attached to the core
barrel wall and form the enclosure periphery of the
assembled core. They limit tie amount of coolant by-
pass flow. The 44.5- to 63.5-mm- (1.75- to 2.5-in.-)
thick core barrel supports the fuel assemblies and the
lowerreactorinternals. It is a flanged cylinder. In the
Babcock & Wilcox design, the upper flange is bolted to
the core support shield (which rests on a ledge of the
reactorvessel inner wall), and the lower flange is bolted
to the lowerreactorinternals. On the Westinghouse and
Combustion Engineering designs, the core barrel rests
directly on the ledge and is welded to the lower reactor
internals.

The 51- to 76-mm- ( 2-to-3 in.-) thick thermal
shield is fixed to the core barrel at the top with rigid,
bolted connections (Westinghouse), and is positioned
by pins (Combustion Engineering) or spacers
(Babcock & Wilcox) to minimize flow-induced vibra-
tions. The thermal shield has been removed from
many of the Combustion Engineering-designed plants
as a result of flow-induced vibration problems, and is,
therefore, not shown in Figure 7.6. The bottom is con-
nected to the'core barrel by means of an axial flexure in
the Westinghouse design, and to the lower grid support
in the Babcock & Wilcox design. Its purpose is (a) to
reduce the internal heat generation caused by incident
gamma absorption in the reactor vessel wall, and
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Figure 7.6. Combustion Engineering reactor intemals.
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Table 7.2. Materials used in Westinghouse and Combustion Engineering reactor internals

Westinghouse Combustion Engineering

Subcomponent MaterialSubcomponent Material

Core barrel, thermal shield,
shroud, formers and baffles
Upper support structure

Lower support structure

Flux thimbles

Split pins

Bolts and dowel pins

Flow mixer
Cruciform instrument
guides

Hold-down spring
Radial support key bolts
Radial support clevis inserts

Type 304 stainless steel

Ty'pe 304 stainless steel

Type 304 stainless steel;
Grade CF-8 cast stainless
steel"
Type 304 cold-worked
stainless steel
Alloy X-750

Type 316 stainless steel

CF-8 stainless steela

CF-8 stainless steela

Type 403 stainless steel
Alloy X-750

Alloy 600

Core barrel assembly

Upper guide structure
assembly

Core shroud assembly

Holddown ring

Bolts and pins

Wear surfaces

Flow skirt

Type 304 stainless steel;
Alloy A-286
Type 304 stainless steel;
Grade CF-8 cast stainless
steel; Alloy A-286

Type 304 stainless steel

Type 304 stainless steel

Alloy A-286 and Type 316
stainless steel
Chrome plating; Stellite 25
hardfacing
Ni-Cr-Fe

a. Some early designs.

thereby reduce thermal stresses, and (b) to reduce neu-
tron impingement on and embrittlement of the vessel
wall.

The core barrels and thermal shields are very long
cylinders and, therefore, are subject to flow-induced
oscillatory forces. The Combustion Engineering core
barrels are 8.2-m (27-ft) long and supported only at
their upper end, where they rest on a ledge on the in-
side of the reactor vessel. Therefore, amplitude limit-
ing devices called snubbers are located near their low-
er end between the core barrel and the reactor vessel.

Troubles with the very early Westinghouse thermal
shield designs led to the use of a one-piece thermal
shield in most Westinghouse plants that is rigidly at-
tached to the core barrel at one end and flexured at the
other. The early designs that malfunctioned were

multipieced thermal shields that rested on vessel lugs
and were not rigidly attached at the top. Early core
barrel designs that have malfunctioned in service
employed tie rods joining the bottom support to the
bottom of the core barrel, and a bolted connection that
tied the lower core barrel to the upper core barrel. The
malfunctions are believed to have been caused by the
use (in a few early plants) of bolts with a thermal ex-
pansion coefficient less than the flange material and
oscillations of the thermal shield, creating forces on
the core barrel. Other forces were induced by unbal-
anced flow in the lower plenum of the reactor. Correc-
tive modifications had been made by the time of the
Zion Westinghouse design, and comparatively few
problems have been experienced with the redesigned
internals. The most recentWestinghouse plants use lo-
cal neutron shield panels attached directly to the out-
side of the core barrel instead of thermal shields to lim-
it the neutron fluence (see Figure 7.10).
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Figure 7.9. Radial orientation of Babcock & Wilcox reactor internals.

Lower Core Support Structure. The lower
core support plate of the Westinghouse and
Combustion Engineering designs is positioned at the
bottom level of the core below the baffle plates, and
provides support and orientation for the fuel assemn- -

blies. The plate is a 5-mm- (2-in.-) thick perforated
member that distributes coolant flow to the individual
fuel assemblies as required. The core load isitrans-
mitted through this plate to a thick bottom support
plate. In some early Westinghouse designs, this dished
plate was made of cast stainless steel (CF-8), as were
some early flow mixer plates and cruiciform instru-
ment guides. The plate is laterally supported by a cast,
Alloy 600 radial support, which is welded to the
reactor vessel. A secondary core support is located un-
der the bottom support to limit the core drop in the
event of a severe accident.

The lower support in the Babcock & Wilcox design
(Figure 7.7) consists of two grid structures separated
by short tubular columns, and surrounded by a forged
flanged cylinder. The upper structure is a perforated
plate, whereas the lower structure consists of a
254-mm- (10-in.-) thick machined forging. The top
flange of the forged cylinder is bolted to the lower
flange of the core barrel. A perforated 51-mm-
(2-in-) thick dished head (flow distributor) with an
external flange is bolted to the bottom flange of the
lower grid.

Other Internals. There are a number of other
smaller reactor internals subcomponents included in
each design. Some of these are surveillance specimen
holder tubes, ii-core instrument (such as flux thimbles
and thermocouples) guide tubes and their supports,
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internals vent valves, and control rod guide thimbles.
Some of these are particularly susceptible to degrada-
tion. For instance, in the Westinghouse reactors thin
sealed stainless steel conduits that enter the reactor
vessel through the upper head are used to route core
thermocouples. There are also bottom portcolumns in
the reactor vessel that carry retractable, cold worked
stainless steel flux thimbles that are pushed upward
into the reactor core. The thimbles are closed at the
leading (reactor) ends and serve as the pressure barrier
between the reactor pressurized water and the contain-
ment atmosphere. The thimbles are shielded from
coolant flow by conduits along most of their lengths.
During normal operation, the retractable thimbles are
stationary and move only during refueling or for main-
tenance. Whereas the oldest plants had few or no bot-
tom-mounted instrumentation tubes (Yankee Rowe
and San Onofre I have none, Connecticut Yankee has
19), the majority of Westinghouse plants have
58 tubes.12

7.2 Stressors

-- Section 7.1.6, there are many small orthin subcompon-
ents such as in-core flux instrumentation, that consti-
tuteportionsofthereactorintemals. PWR coolantflow

-'velocities are high, and the flow changes direction as it
passes through the core region, resulting in high-
frequency oscillating loads. Differences in temperature
in the various core regions and uneven gamma ray ab-
sorption resulting from component location with re-
spectto thecore (subcomponents closestto thecorewill
be heated more than'those further away) also cause re-
gions of thermal stress. The metal is also degraded by
prolonged exposure to theneutron flux. Gravity, differ-
ential pressure, and bolt preloads all act together to add
further stresses to the reactor internals. This is'particu-
larly a problem for the bolt and pin connectors, because

- - stainless steel is more susceptible to IGSCC when it is
stressed by a high tensile loading. Control rod motion
can cause wearon guide tubes. Although flow-induced
vibration is the main source of wear, cleaning, and in-
sertion and retraction during operation of the in-core
flux instrumentation also causes wear on thimbles. As
the cleaning tools and flux wires are inserted and re-
tracted, they make contact with the walls of these thin

' stainless steel tubes.

The important CRDM stressors include the thermal
transients that occur during plant heatups and cool- 7.3 Degradation Sites
downs, the movements or stepping of the rods that
occurs during normal operation, temperature and radi-
ation (as they affect the electrical insulation), and the' The primary CRDM degradation sites subject to fa-
high-temperature corrosive environment inside the - tigue damage are the pressure housing, seal welds, and
CRDMs. The heatups and cooldowns can cause fa- the coupling between the CRA and the CRDM. How-
tigue damage, and have been discussed in Sections 32 ' ever, typical fatigue usage factors are low (less than 0.1
and 5.2 of Volume I of this report. The latchings and' versus an allowable usage of 1.0) for CRDM compo-

-unlatchings can cause metal fatigue and mechanical nents. Cast stainless steel housings are also suscepti-
wear over time. All the electrical subcomponents are . ble to thermal embrittlement. It is not known how
subject to insulation breakdown caused by temperature many of the pressure housings in U.S. pressurized wa-
and radiation, and must be cooled to ensure adequate ter reactors are made of cast stainless steel, but 10 of
reliability. Prolonged exposure to corrosive environ- the 45 housings at the Surry I plant are cast stainless
ments and high temperatures can potentially lead to steel.5ee-
componentdegradation, such as the thermal embrittle-
ment of cast stainless steel components discussed in
Section 5.32 of Volume l,or stress corrosion cracking The internal CRDM components, such as latches,
discussed in Section 6A.5 of Volume .1. However, roller nuts, drive rods, springs, etc., are subject to me-
PWR CRDMs have not experienced stress corrosion chanical wear, as are'the bearings, which can experi-
cracking problems to date, primarily because the water ence spalling in their races over the reactor's lifetime.
chemistry quality inhibits stress corrosion cracking, Insulation breakdown is the primary concern for elec-
and the CRDM subcomponents are not highly stressed trical components.5

as are some of the reactor internals connectors that
have experienced intergranular stress corrosion
cracking (IGSCC). AstudyofCRDMfailures at31 Westinghouse oper-

The flow-induced loads, radiation,' and the high-
* temperature corrosive environment are the major stres-

sors acting on the reactor internals.13 As- described in

ating plants was published by the Westinghouse
Electric Corporation in 1985.4 The information cov-
ered more than 1.5 million total CRDM hours of
operation and 63 CRDM failure events. The failure lo-
cations are as follows:
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Percent
Number of of Total

Location Failures Failures
Coil stack assembly: 19 30
electrical

Pressure housing 11 17.5
assembly

Coil stack assembly: 6 9.5
other

Drive rod assembly 2 3

Latch assembly 1 1.6

Unknown 24 38

The category "unknown" reflects insufficient infor-
mation in the event reports to assign a specific failure
location. Although the Westinghouse report did not
mention the consequences of the failures, a review of
the overall CRDM failure data base in References 14
and 15 leads to the conclusion that most CRDM
failures have resulted in a dropped control rod or a mi-
nor leak.

Some of the pressure housing failures resulted in
small leaks in the vicinity of the CRDM seal welds.
For example, several pinhole leaks were found in the
CRDM canopy seal welds at the Robinson 2
(Westinghouse) plant in 1978, and a leak in the seal
weld of the threaded connection between the CRDM
housing and its adapter in the Beznau 1 reactor was de-
tected in 1970.16.17 Failed CRDM pressure housing
seals at the Palisades plant also have resulted in reac-
tor coolant system leaks.t5

Closure studs on reactor coolant pumps, pressuriz-
ers, and steam generator subcomponents have experi-
enced corrosion wastage from boric acid attack caused
by coolant leakage.19 The boric acid present in the,
leaking primary coolant has also caused corrosion
damage to the reactor piessure vessel base metal.20

S ince the CRDM closures could also be subject to such
attack, the NRC has required PWR licensees to moni-
tor the CRDM flanges including the holddown bolts
for this type of degradation (CRDMs with an omega
seal design were excluded from this action). 1

Numerous bolts and pins that attach or align the
larger reactor internals components, such as the
thermal shields and core barrels, have failed. Thermal
shield bolts (Type 316 stainless steel) in the
Westinghouse-designed Yankee Rowe plant failed in
1968 because of flow-induced vibration.13 Cracks de-

veloped in the thermal shield and lateral support pins
in the Combustion Engineering-designed Millstone 2
and St. Lucie I plants, leading to loose parts and dam-
age to the core barrel at one of those plants. Degrada-
tion of the thermal shield bolts in the Maine Yankee
reactor led to loosening of the thermal shield. In 1972,
improper torque on the Type 304 stainless steel bolts
on the holddown ring in the Palisades plant'caused
them to loosen under flow-induced vibrational loads,
resulting in a broken bolt head migrating through the
reactor coolant system to the steam generator inlet ple-
num.3' The Westinghouse plants have also experi-
enced several problems with control rod guide tube
split pins. ] Damaged bolts and dowel pins on support
blocks between the Connecticut Yankee core support
barrel and thermal shield were discovered during the
10-year inservice inspection of the reactor vessel in
1987. The bolts and pins had shifted and jammed, and
were replacedP3 The damage was attributed to wear of
displacement limiters from the long-term effects of
flow-induced vibration. More recently, 3 of the 30
bolts used to anchor the San Onofre 1 thermal shield
were found during a routine inspection to be
cracked.34

Smaller subcomponents, such as surveillance holder
tubes'and iii-core instrumentation conduits, have ex-
perieinced failures caused by flow-induced vibration
and wear. For example, 21 of 54 in-core instrument
nozzles in the Oconee 1 plant cracked or were broken
in the weld region owing to flow-induced vibration
early' in plant life. In many cases, the problems were
primaily design-related rather than aging-related;
however, they illustrate the potential synergistic degra-
dation that aging aggravated by flow-induced vibra-
tion can produce. Unisolatable leaks have occurred in
instrumentation guide tubes and their associated fit-
tings because of failures during operation0 5 High-
strength Ni-Cr-Fe springs, such as fuel assembly fin-
gers (Alloy X-750) and control component holddown
springs (Alloy 718), have also failed during opera-
tion.36 Flow-induced vibration caused beginning-of-
plant-life burnable poison rods ii the Crystal River 3
plant to break, and'subsequently they were transported
through the reactor coolant system to the steam gener-
ator inlet plenum. This resulted in considerable dam-
age to the primary-side steam generator tube end
welds (of which there are over 15,000 in each steam
generator). A failure of the assembly latch appears to
be the cause of the problem. Baffle jetting attheTrojan
plant caused damage to fuel assemblies. -

Problems caused by flow-induced-vibration are ei-
ther (a) design-related and show up early in life, or
(b) aging-related and occur only after some other deg-
radation mechanisms, such as IGSCC or loss of bolt

j
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prcload, have loosened the reactor internals. The
Westinghouse life extension study of the Surry 1 reac-
tor internals has identified 21 locations having a me-
dium-to-high probability of potential aging prob-
lems.5P27 These results were carefully studied, along
with the discussions in this chapter, to arrive at the
summary of potential degradation processes presented
in Section 7.7.

7.4 Degradation Mechanisms

Individual degradation mechanisms are described
separately in this section, butkeep in mind that in some
cases two or more aging degradation mechanisms will
occur at the same time, for example, the Babcock &
Wilcox thermal shield bolt failures were caused by
both IGSCC and high-cycle fatigue.

Degradation mechanisms are discussed in theirrela-
tive order of importance, with the reactor internals
generally discussed first because they have been more
prone to failures than the CRDMs. In some cases, we
do not know the exact cause of the degradation mecha-
nism. This is particularly true for CRDM housing
leaks; an instance is the pinhole leaks in the H.B.
Robinson 2 canopy seal welds mentioned in Section
7.3.16 Faulty welding or contaminants in the weld may
have been significant contributors.

7.4.1 HIgh-Cycle Fatigue. Figures 7.1I and 7.12
show the ASME design fatigue curves for stainless
steels plotted as the alternating stress intensity at a lo-
cation versus the number of cycles to failure at this
stress. Figure 7.13 shows the design curve for high-
strength bolting. The curves are based on the results of
uniaxially strained specimens tested in air. Strain val-
ucs were converted to stress units by means'of the elas-
tic modulus (E). When the stress exceeds the propor-
tional limit, the stress calculated is actually a fictitious
stress. Thus, the stress amplitude is (&eO2) x E, where
,& is the strain range. Least-squares curves were fitted
through the data, and a reduction factor of 2 on stress
and 20 on cycles, whichever was more conservative
for a given point, was used to establish the design
curves. The effect of maximum mean stress was in-
cluded in the high-cycle regions of the design curves.
The fatigue usage for the -various transient combina-
tions is determined by first calculating the peak alter-
nating stress intensity for each combination and deter-
mining the allowable number of cycles (N) from a
curve such as Figure 7.11. This number is divided into
the design cycles (n) to determine the fatigue usage (U)

for this group of cycles. The cumulative fatigue usage
for all transients is the sum of the individual usages,
that is,

Cumulative usage = U = .

By Miner's rule, if the cumulative fatigue usage is less
than 1.00, then the acceptance criterion is meL

For many metals, including steels, the fatigue curve
flattens at a given number of cycles (106 to 108 cycles
is generally considered typical for steels). The stress at
this point is called the fatigue limit. If the alternating
stress for a particularevent does not exceed the fatigue
limit, the member will not fail in high-cycle fatigue,
that is, the number of allowable cycles at this stress is
infinite. The ASME fatigue curve for stainless steel
has been extended to 1011 cycles (Figure 7.12). How-
ever, for high-strength bolting and carbon steel the al-
ternating stress at 106 cycles is still considered to be
the fatigue limit. This concept is based on material
tested in air, however, and the existence of a fatigue
limit in the presence of corrosion-assisted fatigue has
not been proven. In addition, small-amplitude cycles
can be damaging if there are a few large-stress cycles
in the earlier loading history that produced significant
plastic deformation. 28 The effects of high-cycle fa-
tigue were not generally included in the original
-design.

Although reactor components have been designed to
minimize thermal gradients in the metal during opera-
tional transients, thus limiting low-cycle fatigue, sev-
eral reactor internals locations still may experience rel-
atively high fatigue usage from high-cycle
flow-induced vibrations. Failures caused at least in
part by high-cycle fatigue have occurred in some of
the older Westinghouse plant thermal shield bolts; the
Combustion Engineering Palisades reactor internals
holddown ring (partially attributed to insufficient
-holddown spring force); and some of the Babcock &
Wilcox surveillance specimen holder tubes, burnable
poison rod assemblies, and fuel assembly hold-down
springs (partially attributed to the use of Alloy X-750
material with coarse grain size). The cores of the
Trojan and other plants have been damaged by baffle-
-jetting.1 4. 15.22 This resulted in loose fuel pellets in the
reactor internals and was attributed to water-jetting-
induced motion of the fuel rods adjacent to baffle plate
joint locations with enlarged gaps. Fuel was also dam-
aged in 1985 at the Point Beach 2 plant by baffle
jetting.22
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The thermal shield support systems on two
Combustion Engineering plants have been damaged
by hydraulically induced loadings, that is, coolant flow
through and around the core and the reactor internals.
During a refueling outage at St. Lucie 1 in 1983 (at age
7 years), two of nine thermal shield support pins were
discovered to be missing, two of nine upper position-
ing pins were missing, and all pins showed some wear
or damage. Also, lugs welded to the core barrel to sup-
port the thermal shield were damaged. 2

Similar damage was found at the Millstone 2 plant
(at age 8 years) in 1983. Upon removal of the thermal
shield, a through-wall crack in the core barrel was dis-
covered. The core barrel crack was attributed to the
fact that the deterioration in the thermal shield support
system placed additional loading on the core barrel.
No evidence of corrosion as a contributing factor was
reported. A solution to the problem has been to drill a
hole at each end of the core barrel cracks and to remove
the thermal shieldA (thus, the thermal shield is not
shown in Figure 7.6).

High-cycle fatigue design problems are generally
found early in core life. For instance, extensive dam-
age to the tube ends and to the tube-to-tubesheet
welds of one of the two steam generators was found in
March 1972 following the first phase of the hot

functional testing at the Oconee I plant.29 The cause
was loose parts from failed reactor internals, primarily
19-mm- (0.75-in.-) diameter in-core instruments that
penetrate the bottom of the reactor vessel. Of the
52 nozzles, 21 had broken off and 14 others had
cracks in the region of the weld because of flow-
induced vibrations. In addition, four in-core instru-
ment guide tube extensions were broken and four were
cracked.

At the same time (about 1972), the retention welds
on each of the eight dowels at the lower edge of the
Oconee 1 thermal shield were found to be broken; one
-of ihe dowels had even backed out about 19 mm
(0.75 in.)30 This connection was redesigned to the
configuration shown in Figure 7.14a. In 1981, four of
the 96 bolts connecting the thermal shield to the lower
grid flow distributor were found to be missing (dis-
cussed further in Section 7A.2), and about 80% of the
remaining bolts were backed out (loosened) from 2.5
to 13 mm (0.1 to 05 in.). This led to a further redesign
shown in Figure 7.14b. The 96 individual bolts and
locking clips were replaced with 48 Alloy X-750 stud
and nut assemblies consisting of 2 studs connected by
a Type 304 stainless steel baseplate. Each stud, nut,
Type 304 stainless steel locking clip, and baseplate
was first assembled, then installed in the existing
threaded holes in the thermal shield. A stud tensioner
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Figure 7.14. Babcock& Wilcox thermal shieldboltdesign. 30
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then tensioned the studs and set the nuts. Finally, the
locking clip, which was wired to the baseplate, was
crimped onto the nut.

Although a fatigue lifetime for the various reactor
internals of greater than 40 years was calculated in the
original design analysis, the design curves used in con-
firming the 40-year original plant lifetime were based
on the ASME fatigue curves shown in Figures 7.11 and
7.13, for undegraded material. The fatigue curve of
Figure 7.12 was added later, so high-cycle fatigue
damage caused by stress amplitudes less than the fa-
tigue limit at one million cycles may not have been ac-
counted for in the design of stainless steel components.
There is presently no high-cycle fatigue curve for
high-strength bolting.

Corrosion-assisted fatigue may occur at degraded
sites under stresses less than predicted by the ASME
fatigue curves. 14 .1518 ,2 Japanese data have shown
that the fatigue strength of lMpes 304 and 316 stainless
steel is reduced in the presence of high-temperature
water, especially in the 104 to 105 cycle region.31

Although these data are for a BWR environment, the
effect of the PWR environment on the fatigue strength
of stainless steels should also be investigated. High-
strength, highly preloaded bolts and pins, and weld lo-
cations where crevices or stress concentrations, or
both, are present are particularly susceptible. There
have been a number of cases where stress corrosion has
initiated cracks in reactor internals (discussed in Sec-
tion 7A.2), and high-cycle fatigue from flow-induced
vibrations has propagated the crack to failure.3Zj 33

Some Babcock & Wlcox thermal shield bolt failures
are attributed to corrosion-assisted fatigue. Design
curves to account for high-cycle fatigue and the varia-
tion in fatigue strength based on environment are being
investigated by ASME Code Committees, and guid-
ance on long-term corrosion-assisted fatigue will
hopefulli be added to the ASME Code in time.

7.4.2 IGSCC. The PWR water chemistry environ-
ment has proven to be very effective in preventing this
phenomenon except in the reactor internals, although,
IGSCC has been a significant problem in BWR auste-
nitic stainless steel (Types 304, 304L, 316 base metal,
and 308 weld metal) recirculation piping and safe
ends. Pins, bolts, and springs in PWR (as well as
BWR) reactor internals are made of high-strength
steel such as Alloy X-750 and Alloy A-286, and have
been degraded by IGSCC.13 -

IGSCC ofPWRreactor components requires apres-
ence of a susceptible microstructure and a high level of
tensile stresses, which are the result of the procedures
used for heat treatment and assembly of components.
The heat treatment of Alloy X-750 components

included solution-annealing at typical temperatures
ranging from 885 to 11500C (1625 to 21000F) fol-
lowed by thermal aging at temperatures ranging from
620 to 840 0C (1150 to 15500F). Use of lower
solution-annealing temperatures results in absence
of chromium carbides at grain boundaries in
Alloy X-750 and makes it susceptible to IGSCC, as is
the case for the primary side of PWR steam generator
Alloy-600 tubes. (See Section 82.2 for further dis-
cussion on primary side degradation of recirculating
*steam generator tubes.) Use of higher solution-
annealing temperatures results in presence of chro-
mium carbides at the grain boundaries and, therefore,
improved IGSCC resistance. Higher solution anneal-
ing temperatures are now used for Alloy X-750 re-
placement components to mitigate IGSCC. High ten-
sile stresses causing IGSCC damage, include the
residual stresses resulting from welding and those
from applied mechanical and thermal loadings. High
preloads in the reactor internals pins and bolts, intensi-
fied by areas of stress concentrations at threads and
bolt-to-head transitions, are an example of such load-
ings.5 34 High-strength pins and bolts in the reactor
internals whose failure has been at least partly attribut-
able to stress corrosion cracking include the core baffle
bolts, guide tube support pins, core barrel bolts, and
thermal shield bolts.

The Babcock & Wilcox thermal shield support bolts
have had particular problems. Several thermal shield-
to-lowergrid assemblybolts in the Oconee I plant were
found to be broken during a 10-year imservice inspec-
tion in l981. Subsequentultrasonic testsoftheremain-

-ing bolts showed that 94 of 96 bolts had crack indica-
tions. The failures are attributed to the borated water

*environment, high preload, IGSCC, and high-cycle fa-
tigue. The lower thermal shield was redesigned and the
Alloy A-286 bolts were replaced with Alloy X-750
material. Upon examination of the Oconee 2 thermal
shield bolts during a 1982 outage, 3 were found to be
broken and 24 cracked. Afterward, the'Babcock &
Wilcox Owners' Group instituted a program of bolt in-
spectionand repair. This program was later responsible
fortheMarch1983 discoveryofsimilarfailures of bolts
in the upper core barrel-to-core support shield joint at
theRancho Secoplant. In Aprilof 1983,ultrasonic test-
ing of the Crystal River 3 reactor internals showed ab-

- normal indications in four lower core barrel bolts and
in a numberof uppercorebarrelbolts. Theresults from
theOconee 1 and2andRancho Seco examinations indi-
cate that IGSCC in the bolt head-to-shank'regions (see
Figure 7.15) was at least partially responsible for the
degradations0 5

The fractures in the Babcock-& Wilcox Alloy
A-286 bolts were located near fillets and showed little
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Figure 7.15. Failure location of Babcock& Wilcox
bolts. 3 5

ductility. There was intergranular cracking with indi-
cations of grain boundary corrosive attack and fretting
(thermal shield bolts only), and mechanical fatigue.
The bolt failures were attributed to environmentally-
assisted intergranular cracking or corrosion fatigue, or
both. No failures were found in bolts with moderate to
low stresses. 35 Laboratory tests show that materials
processed by cold working prior to heat treatment
(cold reduction of 40 to 50%) or by hot heading (or
both) during bolt fabrication are more susceptible to
IGSCC.36 Heavy cold-working of a solution-treated
material can create high dislocation densities near
grain boundaries. These high-energy sites promote
preferential precipitation at the' grain boundaries dur-
ing subsequent thermal treatments. Another possible
cause of IGSCC susceptibility is increased concentra-
tion of environmentally sensitive grain-boundary se-
gregants,'such as phosphorous and sulphur produced
during material processing. The hot-heading proce-
dure produced a heat-affected zone in the area of the
failure.

Stress corrosion cracking has also been a problem in
five Kraftwerk Union plants completed between 1974
and 1979.33 Material damage to Alloy X-750 screws,
each measuring 120 by 160 mm, has been detected

during routine ultrasonic tests of reactor internals.
High stresses may have resulted from the then-stan-
dard procedure of screwing the core guide plates to the
core barrel and spot welding over the screws. The
welds may have produced locally high stresses in the
screws. The weld procedure is no longer used, and the
Alloy X-750 screw material is being replaced by aus-
tenitic materiaL33

Stress corrosion cracking has caused failure of sup-
port pins (commonly referred to as split pins), that are
bolted to the bottom of each control rod guide tube in
Westinghouse-type plants. The majority of these fail-
ures occurred in the pin shank early in life (<5 refuel-
ings). Figure 7.16 shows the failure location in the split
pin.37 -38 The first failure of a split pin in a domestic
PWR plant occurred at North Anna I in May
1982.2V39 Parts of the failed split pin caused damage
to 75% of the tube ends in the North Anna I steam gen-
erators. The pins were made of Alloy X-750, solution-
heat-treated at temperatures less than 9820C
(<18000F) for short times, age-hardened, and highly
stressed (60,000 psi nominal stress on the shank and
130,000 psi on the leaf spring section of the pin). The
failures occurred in the region of high stress, caused by
over-torquing of the nut Westinghouse now recom-
mends that the pins be solution heat-treated at temper-
atures equal to 10930C (20000F), and age-hardened at
7641C (13001F) for 20 h to minimize the stress-
corrosion cracking problem. To reduce the high
stresses, Westinghouse recommends that the torque on
die lock nut be reduced from 285 N * m(210 ft-lb) to
191 N - m (140 ft-lb), and the use of redesigned re-
placement pins. The modified design includes a larger
size pin and peening of the nut. Prior to the North
Anna 1 failure, split pins also had failed at Japan's
Mihama 3 and France's Fessenheim 1 plants. Several
United States plants have replaced their split pins since
the North Anna 1 failure. Most were replaced as a pre-
cautionary measure; however, three units (Trojan,
Point Beach 1, and Farley I) have had to replace bro-
ken split pins.

Although there have been no reported problems
with the redesign outside France, Electricite de France
(EDF) replacement split pins installed between 1982
and' 1985 have experienced cracking.' The EDF
Gravelines I reactor's acoustic monitor detected evi-
dence of a loose part in a steam generator in February
1988 thatturnedouttobeasplitpin. Subsequentultra-
sonic inspections indicated that about half the prongs
on the unit's split pins are suffering from stress corro-
sion cracking. A second pin was found in one of the
steam generator water boxes in May 1988.40 In 1987,
25% of the split pins in EDF's Tricastin 4 were found

I
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Figure 7.16. Failure location of Westinghouse split pins. 3@8

to have cracks. Since split pins are not routinely "reactorinternals,butitsfatguepropeities'ar'eiveakand,
inspected, it is not known whether the pins in other 'thus, it has not beenvwidely used.36

reactors have cracked or not, since no split pin loose
parts have migrated into primary circuits.41 Nor is FurtherdiscussionsonIGSCCmaybefoundinSee-
there any definite conclusion as to why the Westing-: tions 5.33 and 10.4 of Volume 1 of this report.
housereplacementpinsareapparentlysurvivingbeter 7.4.3,Wear. All mating subcomponents in the
than the EDF replacements pis.4 ; 'CRDM will experience mechanical wear to varying

degrees. Consequently, vendors have performed life
tests on 'the mechanisms' t determine the allowable

The Alloy A-286 bolting material has also been number ofcyclesfordesign lives. Although theseests
shown to be susceptible to IGSCC in Sweden and have not 1'een'allowed in all cases to progress to the
Finland3O Numerous studies have identified that high- point of absolute failure of the CRDM to function, they
temperature annealing [1060 to 11500 C (1940 to have, nevertheless, been used to justify functionality
2100E)] plussingleagingatabout700 0C(12900F)im- during a 40-year life.4 Metal wear may take the form
proves the stress corrosion cracking resistance of Alloy of spalling, as in the raceways of bearings, or the slow
X-750. Alloy 718 has not experienced IGSCC in rubbing away of material on gears, latches, or other
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mating parts. In long-term life tests conducted by
Westinghouse, the subcomponent showing the most
wear were the latch teeth.' If the wear were allowed to
progress, the tooth would eventually develop a knife
edge and the CRDM would misstep. However, this has
not occurred in plant operation because the number of
steps has not approached the number required for sig-
nificant wear in the life tests.

The Palisades plant has accounted for the majority
of all the lost equivalent full-power hours caused by
CRDM problems in Combustion Engineering plants.
Palisades and Fort Calhoun have rack-and-pinion
CRDMs that require a pressure boundary seal against
the rotating control element drive shaft. Although the
CRDMs have performed acceptably at Fort Calhoun,
seal leakage has been a continuing problem at
Palisades. Problems with the rack-and-pinion design
clutch brake assembly have also occurred at the
Palisades plant.

Reactor
core

Lower
core
plate

.7380

Movement of the neutron in-core flux monitors (see
Figure 7.1) can cause wear in their guides. Also,
thimble tube thinning can be caused by flow-induced-
vibration. The thimble tubes in the Westinghouse- de-
signed plants constitute part of the primary pressure
boundary. These tubes are supported by guide tubes
within the lower vessel region and the fuel assemblies,
and by high-pressure conduits between the reactor
vessel and the seal table. However, a small portion of
the thimble tube is directly exposed to the RCS flow
(see Figure 7.17). This exposed portion is between the
top of the lower core plate and the bottom of the fuel
assembly. Many plants have detected thimble wear
and several instances of leaks. Wall thinning was iden-
tified in 23 out of 50 thimble tubes in the North Anna 1
plant; one tube thinned as much as 49%.l
Thinning has also been detected in the thimble tubes at
the Farley 1 and Salem 1 plants. In addition, in-core
thimble tube thinning and leakage has been detected in
facilities in France and Belgium. Nineteen of the 58
thimble tubes in the D C. Cook 2 plant wvere found to
have more than 60%o wall thinning. Westinghouse sets
60% thinning as a replacement criteiioin.43 The South
Texas I plant has experienced thimble tube wear in its
first year of operation. More than 70% of the tubes
showed wear after 32 weeks of full-flow operation.
One exhibited wear of 60% of the wall thickness.44

a. D. Bird, private communication, Westinghouse
Cheswick Division, March 30, 1989.

Figure 7.17. Westinghouse incore instrument
guides.

Initially, the utility installed flow-limiting devices in
an attempt to shield the tubes from cross-flow. When
the problem continued, the utility removed the pre-
viously installed flow-limiting devices, installed
thicker-walled tubes, and installed both a manual iso-
lation valve and a magnetic ball check valve on each
tube.45

Although Combustion Engineering and Babcock &
Wilcox plants also contain in-core flux monitoring in-
strumentation, the support and sealing designs are dif-
ferent from the Westinghouse design, and no problems
have been reported.

Reactor internals keys and pins may also experience
wear over plant lifetime. The core barrel at the
Palisades plant was loosened by wear caused by flow-
induced vibration.46 The wear occurred where the core
barrel was clamped between the pressure vessel and
vessel head (see Figure 7.18).

Movement of the CRAs causes wear of their guide
tubes.

7.4.4 Thermal Embrittlement. The CRDM
pressure housings fabricated from cast stainless steel
will experience some (unknown) thermal embrittle-
ment, as will all cast stainless steel primary coolant

A
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FIgure 7.18. Wear location from Palisades core barrel motion.1

components. Ten CRDM housings at Surry I are made
of cast stainless steel, whereas the remaining 35 hous-
ings are made of wrought stainless steel.5 26 It is not
known what percent of CRDM housings in other
plants are made of cast stainless steel.

Although most of the reactor internals subcompon-
ents are made of stainless steel, a small portion are
casL' For instance, parts of the'Combuition Engineer--
ing upper guide structure assembly'and the CRA
shrouds are made of cast Grade CF- stainless steel
'and could be susceptible to thermal embrittlement.
Some early Westinghouse plant flow mixers, lower.
support structures, and cruciform instrumentation
guides are made of cast stainless steel.

Thermai em brittlement of stainless steel castings is
caused by changes in the'ferrite phase in the ferrite/
austenite microstructure of these alloys. The austenite
phase is ductile and remains so after thermal exposure;
thus, when the fraction of ferrite is small, the degree of
overall embrittlement of the casting is low, but when

the fraction of ferrite is somewhat larger and the ferrite
is interconnected, the entire casting may become em-
brittled. If the components used in internals are sub-
jected to high levels of irradiation, the austenite phase
could become embrittled as well. The overall structur-
al integrity of the casting could be in question when
both the austenite and ferrite phases are embrittled.

As part of any license'reniewal process, those com-
ponents made of cast stainless steel should be clearly
identified and the'potential degree of thermal em-
brittlement estimated. Components susceptible to ther-
mal embrittlement should be inspected for anycracks.
Thermal imbriftlement of cast stainless steels has not
been fully investigated, and is currently being ex-
amined by the Westinghouie Electric Corporation
Owners' Group,'5 EPRI, 47-50 and the'USNRC.51

Thermal aging is discussed in more detail in Sec-
tions 5.3.3 and 10.4 of Volume 1 of this report.

7.4.5 Irradlation Embrlttlement.52 Tensile prop-
erties of Type 304 stainless steel and Alloy 600 change
atfluencesexceeding5x 1020nvt(>1 MeV). Uniform
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elongation of Type 304 stainless steel decreases to
<1% at fluences exceeding 1 x 1021 nvt (>1 MeV). A
typical fluence at the end of 32 full-power years is
about 1022 n/cm2 at the baffle plate and about 1020 n/
cm2 at the core barrel.03 Depending on the fluences at
different core locations, the reactor internals could be
susceptible to embriulement, stress relaxation, and
loss of strength. One-half the subcomponents as-
sessed in the Westinghouse study of the Surry 1 plant,
were considered susceptible to some form of em-
brittlement (thermal or radiation).

Stainless steel components in BWR environments
are susceptible to irradiation-assisted stress corrosion
cracking and they are discussed in Chapter 11. How-
ever, the chemistry of the PWR coolant is significantly
different than that of the BWR coolant, and, therefore,
the stainless steel reactor internal components in
PWRs have not shown susceptibility to irradiation-
assisted stress corrosion cracking.

7.4.6 Boric Acid Corrosion. Leakage of primary
coolant may cause boric acid corrosion of several ex-
posed CRDM components. The primary coolant con-
tains boric acid and some lithium hydroxide in solu-
tion, and its pH varies over the range of 4.2 to 10.5.
The boric acid in the leaking primary coolant may
cause wastage or general dissolution corrosion of car-
bon steel and low-alloy steel components. The corro-
sion rate appears to depend upon the pH of the solu-
tion, the solution temperature, and the boric acid
concentration in the solution. Some studies have
shown that the corrosion rates of steel at pH values of
8 to 9.5 are six times those at, pH values of 10.5 to
11.5.4 As temperatures increase to the boiling point of
water, the water evaporates, the solution concentrates,
and the corrosion rate increases at much faster rates.
Concentrated boric acid is highly corrosive at -2001F.

Field experience and test results indicate that the
corrosion rates for carbon steels and low-alloy steels
exposed to primary coolant leakage are greater than
previously estimated and could be unacceptably high.
In one incident, the leakage ran down one side of the
Salem 2 reactor vessel head insulation and much of it
leaked under the insulation to the bare reactor vessel
head. Three reactor vessel head bolts were severely
corroded and had to be replaced.SS In addition, nine
corrosion pits of 25 to 76-mm (1 to 3-in.) diameter
and 9 to 10-mm (036 to 0.4in.) deep were found in
the reactor vessel head3 0 Turkey Point 4 personnel
discovered more than 227 kg (500 lb) of boric acid
crystals on the reactor vessel head in 1987. The cause
was a leak from a lower instrument tube seal

(conoseal) of one of the in-core instrument tubes.56

About one cubic foot of boric acid crystals had been re-
moved from the same area in 1986. Vapors containing
water-soluble boric acid had been borne into the upper
CRDM area, and into the CRDM cooling coils and
ducts. The CRDM cooling shroud support was severe-
ly corroded and required replacement. The rod posi-
tion indicators contained boric acid residue. The in-
strumentation port column assembly experienced
corrosion on the external surface and erosion on the in-
ternal surface of the clamp ring. There also was dam-
age to the vent shroud support, the pressure vessel
studs and nuts, and the head flange ligament area (see
Figure 7.19).5

The observed boric acid corrosion rates are relative-
ly high. Therefore, it is important to ensure that ade-
quate monitoring procedures are in place to detect bo-
ric acid leakage before it results in significant
degradation of the reactor coolant pressure boundary,
such as wastage of CRDM holddown bolts.

7.4.7 Stress Relaxation. Many of the bolts in the
reactor internals are stressed to a high initial cold pre-
load. When subjected to higher temperatures over
time, these bolts can loosen and the preload can be lost.
Radiation can also cause stress relaxation in highly
stressed members such as bolts. An initial cold preload
of 138 MPa (20 ksi) will decrease to approximately
69 MPa (10 ksi) at 6 x 1019 nvt (>1 MeV).52

7.4.8 Transgranular SCC. In 1988, leaks were
found on the canopy seal welds between the Diablo
Canyon 1 reactor vessel head nozzle and CRDM plugs
at several spare locations.58 The leaks were attributed
to transgranular stress corrosion cracking resulting
from concentrations of chlorides and sulfates in the
stagnant liquid in the canopy annulus, and in the crev-
ices formed by the lack of weld penetration. The pres-
ence of chlorides and sulfates was verified from water
obtained from water samples from the annulus. A fur-
ther contributor could be the higher oxygen concentra-
tion in the annulus of the spares, because they are the
high points in the system. The canopy seals were re-
placed by plugs with full penetration welds.

An isolated case of transgranular stress corrosion
cracking was found in the CRDM motor tubes in the
Palisades plant.5 9 This appears to have been a problem
with a particular, lot of stainless steel, not a generic
problem. However, this instance does serve to point
out that given the right combination of material and en-
vironment, stress corrosion cracking is possible in a
PWR.

t
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experienced failure with the 15-V de power supply to
the rod stepping logic, resulting in dropped rods. Two
CRDMs at the Surry 1 nuclear plant have been in-
strumented at seven locations with thermocouples. 61

One use of the information they yield will be to deter-
mine the effect of temperature on coil over- tempera-
ture breakdown. Another use is to determine whether
heat contributes to degradation of the rod position indi-
cator cable connector.

7.5 Potential Failure Modes

The three CRDM failures of safety concern are
CRDM pressure boundary rupture, pressure boundary
leakage, and failure to insert control rods. In the
worst-case scenario (pressure boundary rupture) a
small-break loss-of-coolant accident could occur.
However, the more likely failure results in a small leak
of primary coolant, which is difficult to detect. The
failure of the lower instrument tube seal on an in-core
instrument tube would also cause a similar small leak
of primary coolant. Coolant leakage can also result in
boric acid corrosion.

Mechanical binding may prevent rod insertion. A
failure of a single CRDM will reduce the safety mar-
gins that are built into the plant design but will not
cause a major accident. PWR CRDMs are each com-
pletely independent. Therefore, it is very unlikely that
a significant number of rods would become inoperable.
at the same time. The most common CRDM failure
mode is a dropped rod. This is a recoverable event and
is not a safety concemr.

Westinghouse conducted a study of reactor trip rates
(caused by various types of CRDM failures) versus the
operating year in which the failures occurred. 4 The
data base included information from 31 plants; howev-
er, only a few of the plants (<10) operated for more
than ten years. The data appear to show that CRDM
failures caused by problems with the pressure housings
and electrical coil stack assemblies are generally ran-
dom (not increasing with time). However, the CRDM
failures caused by latch assembly problems, other than
electrical coil stack assembly failures, and by drive rod
assembly failures increased somewhat with time.

The failure mode for the reactor internals is general-
ly a broken or dislocated part. These can have serious
consequences on other reactor components. For exam-
ple, loose bolts or other small subeomponents can be-
come lodged in one or more CRAs or CRDMs and pre-
vent rod insertion, resulting in reduced safety margins
or reactivity accidents. Loose parts can cause binding,
such as a loose breech guide screw in a Westinghouse

unit that caused a stuck control rod in a foreign plant.62

Small subcomponents can also be carried out of the
reactor until finally they are stopped by the small open-
ings in the steam generator tubes. For example, broken
reactor internals caused considerable damage to the
Crystal River 3 primary tube-to-tubesheet welds.

Loose reactor internals can cause flow diversions in
the core, possibly leading to overtemperature condi-
tions, and baffle jetting that may damage or dislocate
fuel (such as the damaged fuel elements at the Trojan
plant). Broken instrument housings in the bottom of
the reactor vessel can cause serious unisolatable leaks.
For instance, a January 1984 stainless steel thimble
tube failure in the Zion Unit 1 Station, while the reac-
tor was in a hot shutdown condition, led to a
0.001-m 3/s (18-gpm) leak to the containmenL25 A
stainless steel thimble tube broke loose during a
brush-cleaning operation at the Scquoyah Unit 1 plant
in April 1984 while it was operating at 30% power,
ejecting the entire thimble tube and cleaning equip-
ment from the core. A leak rate of 0.002 m3/s (30 gpm)
continued for approximately 11 hours until the reactor
could be cooled and the water level reduced below the
break. By this time, approximately 60.6 m3 (16,000
gallons) of reactor coolant had leaked into the contain-
mentP2 Although makeup water can be supplied at this
leak rate with no difficulty and no serious operational
transients occurred as a result of the Sequoyah leak,
expensive radioactive cleanup was required. The safe-
ty concerns associated with broken split pins are
(a) misalignment of the control rod guide tubes, which
can prevent rod insertions, and (b) loose parts, which
can affect movement of a control rod or damage steam
generator tube ends. Westinghouse has analyzed these
two possibilities and has concluded that the potential
for misalignment is not a safety concern, and that dam-
age from loose parts is extremely remote.63 However,
a broken leaf spring that lodged in a CRDM caused a
lengthy outage at the Davis-Besse 1 plant.14. 22

7.6 Inservice Inspection and
Surveillance Requirements

The ASME formal guidelines for inspection of the
CRDM housing welds are listed in Table IWB-
2500-1, Item B14.10, of Reference 64. This standard
calls for volumetric or surface inspection of 10% of the
peripheral CRDM housings during each inspection pe-
riod. Interior CRDM housing welds are generally in-
accessible for inspection. Seal welds are not required
to be inspected, though a check for leakage is made
during hydrostatic tests. Visual inspection of CRDM
bolts, studs, and nuts is also required. However, there
are no formal guidelines for inservice inspection of the
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internal CRDM components, though inspections may
be required by individual plant technical specifica-
tions. For example, the Combustion Engineering rack-
and-pinion CRDMs are inspected for wear at specified
intervals, but the Combustion Engineering magnetic
jack CRDMs have no such requirement.

Electrical checks can be performed to determine sta-
tor current and insulation resistance. The torque or
power required per step or rotation can give an indica-
tion of internal binding in the mechanism. To give a
better indication of the state of the internal mechanism
components, the driverod assemblies can bepulledpe-
riodically from the core and inspected for wear. After
inspections, the individual CRDMs can be rotated to
different locations to allow for even wear. This could
assist in establishing even wear over all CRDMs. The
CRDMs are grouped in banks (for example, control or
shutdown) that are arranged in a certain pattern based
on core physics considerations. The CRDM wear in
the banks differ, depending on the frequency of rod
movement required for each bank.

There are several methods of monitoring for broken
reactor internals during operation. One is the Loose
Part Monitoring Systems (LPMSs) that have been re-
quired on reactors licensed since 1975.65 These are
acoustic systems, which detect the increased noise as-
sociated with a loose part rattling. Not only do they
give an indication that there is a loose part, but general-
ly point out the locations of increased noise. However,
the location of the initial failure is not necessarily
known until the reactor is shut down and inspected, be-
cause a broken part may travel to a new location such
as a steam generator and cause increased noise (and ad-
ditional damage) there. A second method of monitor-
ing for broken reactor internals is evaluation of
changes in the neutron flux monitor signals caused by
reduced stiffness of the'reactor intemalsOt.32.66 These
instruments'are located both 'inside 'and outside the
core and can detect changes in reactor internals struc-
tural frequencies. This technique requires a consider-
able amount of expertise, however, since other factors
can also change the neutron noise signals. An effective
method to separate the various influences is required.
It is also desirable to use a structural model of the reac-
tor internals in conjunction with this technique. A spe-
cific use of this technique for monitoring core barrel
motion has been included in an ASME standard. 67 A
third continuous monitoring scheme is to place accel-
erometers at strategic locations on the reactor internals
and review the signals for significant changes. This
method could be expensive and the results may be sus-
pect, since these devices are degraded by radiation, and

the signals could be distorted by unwanted vibration
souwves some distance away.

Table IWM-2500-1, Item B13A0, of Reference 64
requires visual inspection of accessible, removable
core support structure surfaces. The structure must be
removed from the RPV for examination at each in-
spection interval. Visual inspection of accessible
welds of integrally welded core support structures and
accessible surfaces are also required to' determine de-
graded areas and the nature of the deterioration. These
give a good overall view, which can pinpoint locations
for more detailed examinations. However, in many
cases, visual examination of exposed surfaces cannot
predict locations of impending failures. Inspection of
the reactor internals is especially difficult because of
the high radiation fields in this area.

There are two categories of visual inspection: VT-1
and VT-3. VT-I determines the specific condition of
a part, component, or surface for such conditions as
cracks, wear, corrosion, erosion,' or physical damage.
For proper examination there must be sufficient access
to allow the eye to be within' 610 mm (24 inches) of the
surface and at an angle not less than 30° to the sur-
face.68 Mirrors can be used to improve the angle of vi-
sion. Lighting must be -sufficient to resolve a 0.79-mm
(1132-in.) line on an 18% neutral gray card. Section XI
of the ASME Code also allows remote VT-I examina-
tions, but the remote systems must have a resolution
capability as good as obtainable by direct visual in-
spection.

A VT-3 examination can determine the general me-
chanical and structural conditions of components and
their supports, verifying clearances and settings, iden-
tifying loose or missing parts, debris, corrosion, wear,
and erosion.

- Typically, VT-1 and VT-3 inservice inspections
have been performed using underwater cameras sus-
pended from the refueling deck, as much as 22.7 m
(75 ft) above the reactor internals. A remotely oper-
ated vehicle equipped with cameras and lights has also
been developed.

Ultrasonic testing (UlT) is mostly used for volumet-
ric inspections to detect subsurface cracks, local thin-
ning, or other anomalies internal to the subcomponent.
Other methods, such as dye penetrant inspections, ra-
diographic techniques, magnetic particle testing, and
eddy current testing, can sometimes also be used on
selected components. One difficulty 'in detecting bolt
degradation, which is probably'the most common reac-
tor internals degradation, is that the bolts are, for the
most part, surrounded by the metal components that

: .,6 ,
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they' join, and, therefore, mainly inaccessible. Also,
the critical crack size in a bolt (the minimum length
where the crack can propagate rapidly through the en-
tire cross-section) is often very small, only 1 to 2 mm
in length in small bolts.69 EDF has developed an UT
method called REBUS to inspect split pins.41

NRC Bulletin 88-09 requires that each Westing-
house plant licensee with bottom-mounted instru-
mentation establish a program to monitor thimble tube
performance, including criteria for acceptable wear,
inspection frequency, and inspection nethods 70 In re-
sponse to Bulletin 88-09, Virginia Power stated that
the Surry design is a unique double-walled configura-
tion (see Figure 7.20) that provides an added level of
protection against leakage. An inspection mnethodol-
ogy and criteria for the double-walled configuration
are being developed. In Reference 72, Duke Power
stated that McGuire 1 thimble tubes showed little deg-
radation, with only two indicating any detectable wall
loss. The maximum detected loss was 30% of one tube
at the top of the lower core plate (see Figure 7.17). The
other wear indication was 17% wall loss at the vessel
penetration. Westinghouse has developed a program to
perform eddy-current inspection of flux thimble tubes
to confirm their integrity. The inspection is performed
after refueling and while the reactor coolant system is
depressurized.73
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Figure 7.20. Surry double tubedesign.

The Electric Power Research Institute (EPRI) is
sponsoring the development of advanced UT methods
for bolt inspections.69 As a result of EPRI Project
2179-2, Southwest Research Institute (SwRI) has de-
veloped the cylindrically guided wave technique
(CGWT)V4 The SwRI program evaluated the CGWT
on a wide variety of stud bolts (lengths and diameters)
to determine the minimum detectable crack size, eva-
luated signature analysis techniques for increasing the

sensitivity of the CGWT, trained field inspection per-
sonnel, developed an inspection procedure, and as-
sisted in the initial field use of the CGWT. However,
there needs to be extensive field verification'of the
technique to determine whether it is practical to use the
CGWT to detect bolt degradation in the high-radiation
areas of difficult-to-access bolts in the reactor
internals.

7.7 Summary, Conclusions,
and Recommendations

Many of the factors relating to lifetime predictions
of CRDMs are unknown. While fatigue usage of pres-
sure housings can be calculated, there are still many
subcomponents for which no suitable lifetime predic-
tion information is available. These include the insula-
tion breakdown of the electrical components and wear
of the latching mechanisms. We know CRDMs have
generally operated successfully for a number of years
(over 20 years at some Westinghouse-designed plants
and over 15 years at some Combustion Engineering
plants), but there is not enough information at present
to predict the overall lifetime. Lifetime tests show that
Combustion Engineering CRDMs can probably oper-
ate for a minimum of 30,480 m (100,000 ft) of travel,
and Westinghouse reports a lifetime in excess of 2.5
million steps, but we do not have the statistical data
base from CRDM fragility tests to satisfactorily com-
pute the probabilities needed to predict the expected
life. Both Combustion Engineering and Westinghouse
attribute the operating problems experienced to date to
random malfunctions and not to aging factors, al-
though some types of CRDM failures have been in-
creasing with time. Combustion Engineering expects
the motor assembly and drive shaft to experience the
greatest wear or fatigue.

Based on the information available to date, the crid-
cal locations with respect to plant aging are listed in
Table 73. The potential failure locations that can re-
sult in primary coolant leakage are ranked highest.

There are several activities that should be conducted
to extend our knowledge of CRDM aging related is-
sues. These include the following:

1. Ten percent of the peripheral CRDM housing
welds are inspected during each inservice

a. C. W. Ruo'ss private communication, Combustion
Engineering, February 3, 1987.

T
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Table 7.3. Summary of degradation processes for PWR CRDMS l!. I .

Rank Degradation Sites

I Pressure housing

2 Latch assembly

3 Coil stack

Stressors

Thermal stress, high-
temperature water

Loose parts, impacting,
metal-to-metnai contact

Moisture, temperature.
radiation

Degradation Mechanisms

Ahermal embrittlement,
low-cycle fatigue

Fretting, wear, spatling

Insulation breakdown.
electrical shorting

Wear, low cycle fatigue

Bozic acid corrosion

Potential Failure Modes

Crack leading to leak

Binding, stuck rods

Dropped rods

Uncoupling of CRA

Leaks

ISI Methods

Volumetric or
surface

None

None

None

None

4 Drive rod Rubbing, impacting

S External components Boric acid (if leak is
present)

a. 10% of peripheral CRDMs per inspection interval. -

inspection interval, but the welds of the inte-
rior CRDMs are generally inaccessible and
not inspected. Techniques should be devel-
oped to ascertain the integrity of the welds
that are inaccessible for inspection.

2. Adequate monitoring techniques are needed
to detect boric acid leakage before it causes
significant corrosion of the primary coolant
pressure boundary. Leaking borated coolant
from a CRDM or instrumeni housing can
cause corrosion of the external CRDM com-
ponents and the vessel carbon steel base
metal.

3. Evaluation of the thermal embrittlement of
cast stainless steel CRDM pressure housings
is needed.

4. The electrical parameters (for example, the
current required) which indicate the degree of
wear, friction, or binding in CRDM should be
measured periodically.

5. Techniques for measuring the cumulative
length of lead screw travel or counting the
number of latch steps should be developed.
This information should be recorded and
could then be compared to the CRDM life test
results to determine the need for CRDM re-
placement.

6. The CRDMs should be periodically pulled
and inspected for excessive wear. After in-
spection they could be rotated to different rod
banks to allow for more even wear. Careful

measurements of the wear would facilitate
better residual life estimates.

7. Life tests for the latch assemblies (roller nut,
rack-and-pinion, and magnetic jack) and the
electrical insulation are needed. If the life-
times are found to be insufficient, alternate
materials with extended lifetimes could be
considered. Vendor tests have shown that
CRDMs are suitable for the estimated travel
required for 40 years, but have not estab-
lished absolute lifetimes in feet of travel for
all designs.

One major advantage to CRDM life extension is that
many of the subcomponents can be replaced relatively
easily. This is especially true of the electrical compo-
nents, which are located outside of the pressure hous-
ing. The technology for CRDM replacement is avail-
able, as full changeouts have been made.

The critical locations with respect to reactor inter-
nals aging in order of importance are listed in
Table 7.4. These generally are concerned with bolts
and other smaller parts loosening or breaking, and
larger components cracking or undergoing excessive
vibration. Some recommendations with respect to the
reactor internals are as follows:

1. Monitor the wear of the in-core instrument
housings (including the thimble tubes) and
CRDM guide tubes.

2. Develop advanced inservice inspection pro-
cedures that can predict incipient failures.
Such a technique for bolts is particularly
needed.
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Table 7.4. Summary of degradation process forPWR reactor internals

Rank Degradation Sites

1 Instrunent tubes
(Thinble tubes)

2 hermal shield and
bolts

3 Core barrel and
bolts

4 Upper and lower
core support
structures

Stressors

Flow-induced vibration,
high-tenperature water

Flow-induced vibration.
high-tenperature water, bolt
preload stress, radiation

Flow-induced vibration,
high-tenperature wate; bolt
preload stress, radiation

low-induced vibration,
high-tenperature water, bolt
preload stress, radiation

Degradation Mechanisms

Fretting, highcyle fatigue,
wear

Hih-cycle fatigue, IGSCC.
stress relaxation

High-cycle fatigue, IGSCC,
stress relaxation

High-cycle fatigue, IGSCC,
sress relaxation, Irradiation
and thermal embrittlement

Potential Failure
Modes

Leaks, cracks, loose
pans

Broken bolts, cracks,
loose parts

Broken bolts, cracks,
loose parts

Broken bolts, cracks,
loose parts

ISI Methods

Eddy-
current

Visuals

Visuals

a. Accessible surfaces of removable components and welds of integrally welded conponents.

3. Develop high-cycle fatigue curves for high-
strength steel bolting materials.

4. Establish research programs to determine the
combined effect of radiation and temperature,
causing embrittlement of austenite and ferrite
phases, respectively, in the cast stainless steel
components.

5. Establish research programs to determine the
effect of radiation and cumulative fluence on
the mechanical properties of reactor internal

materials. Tests of actual core specimens
would be helpful.

6. Perform an alternate material study to develop
bolts and pins with extended lifetimes. This
would include different heat treatments of
Alloy X-750, Alloy 718, and Alloy A-286.

7. Establish vibration monitoring programs us-
ing the ex-core and/or in-core neutron noise
detectors in conjunction with other monitor-
ing instruments and structural finite element
models.

-
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8. COUNTERMEASURES FOR TUBE FAILURES-IN PRESSURIZED
WATER REACTOR STEAM GENERATORS

A. S. Amar

8.1 Introduction

The pressurized water reactor (PWR) steam genera-
tor tubes form well over one-half of the primary
system pressure boundary and have experienced sig-
nificant aging degradation at some plants.' Tube
failures have allowed the primary coolant a means of
contaminating the secondary coolant and have caused
radiological releases to the environment when the
atmospheric relief valves were actuated. Degraded
steam generator tubes may fail during a severe
accident and allow radioactive material to bypass the
containment. The simultaneous rupture of several
tubes may lead to a major plant temperature and
pressure transient with a potential impact on the
structural integrity of various components in the
system. Tube leakages result in unscheduled plant
outages when the leakage rate exceeds the acceptable
limits. It is estimated that about 25% of unscheduled
plant outages in PWRs are caused by steam generator
problems.; Numerous plant shutdowns cause an in-
creased number of fatigue loading cycles on various
plant components. Finally, the repair and replacement
activities associated with steam generators have ac-
counted for much of the personnel radiation exposure
(manrems) at PWR plants. Figure 8.1 shows that the
steam generator repair problems accounted for a
significant portion of the loss of availability and
personnel radiation exposure at one PWR 'plant?

The useful life of many PWR steam generators may
end much sooner than the end of the plant license
period because of tube degradation. Consequently, life
extension issues for steam generators may arise sooner
than the end of the forty-year plant license period..

The safety concerns related to the tube degradation
problem are as follows: (a) ensuring primary bound-
ary integrity by maintaining margins against tube
failures [using conservative acceptance standards for
the nondestructive examination (NDE) indications],
(b) developing criteria for qualifying the repair/re-
placement processes and procedures that will ensure
long-term effectiveness, (c) licensing the design and
material modifications needed for mitigating steam
generator tube degradation, and (d) minimizing the

radiation exposure resulting from the inspection and
mitigation activities.

The industry has developed various steam generator
tube failure countermeasures. These include (a) plant
operation and maintenance techniques for preventing
or reducing further degradation of the existing tubing,
(b) plugging and sleeving of failed tubing, and
(c) technology for in situ retubing, replacing the lower
assemblies of a steam generator, or replacing the entire
steam generator when the failed tubes are too numer-
ous to economically justify plugging or sleeving. This
chapter describes the current industry approaches for
coping with PWR steam generator tube failures and
evaluates their effectiveness. (A life assessment
procedure for steam generator tubes is presented in
anotherNPAR project report. This procedure quanti-
fies the damage resulting from the different degrada-
tion mechanisms and accounts for the mitigating
effects of the countermeasures.)

This chapter is organized as follows: steam
.gencrator tube degradation mechanisms are identified,
the laboratory studies and field observations that have
led to the current understanding of the role of water
chemistry and the metallurgical condition of the tubing
are discussed, the mitigation techniques and repair and
replacement approaches developed by the industry are
evaluated, and a summary with conclusions and
recommendations is presented.

8.2 History of Steam Generator
Tube Degradation

There are two types of PWR steam generators: the
recirculating type using U-bend tubing with one
tubesheet (Westinghouse and Combustion Engineer-
ing), and the once-4hrough sieam generators (OTSGs)
using straight tubes with two tubesheets (B&W).
CANDU-pressurized heavy water reactors (Canada)
also use recirculating type steam generators. 2 A
detailed discussion of the mechanisms and degradation
in various designs of steam generators is given in
Volume 1 of this report.5 The description in this
section is brief because it is intended to provide only
background information for the discussion of counter-
measures in later sections.
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8.2.1 . Secondary Side Degradation In
U-Tubes. The secondary-side degradation inccha-'
nisms that affect the Alloy 600 tubing in the recirculat-
ing type steam generators are listed below:

* Intergranular Stress Corrosion Cracking
(IGSCC) results in cracks oriented normal to
the maximum principal stress. It is caused by
the combined action of the environment,
stress, and material susceptibility.

* Intergranular Attack (IGA) is a corrosion
process resulting in a localized loss of metal
along the grain boundaries. Unlike IGSCC, it
does not require stress, and the geometry of
the attack is not stress-oriented.

* Pitting is a local corrosive attack. The metal
loss may eventually lead to a small-diameter
hole in the tube. It can occur as a single pit or
as a cluster of pits in a band.

* Wastage is tube thinning resulting from the
loss of metal by general corrosion. The ex-
tent of thinning may or may not be uniform
on the tube surface, but it is not localized like
pitting.

* Denting is a constriction in the tube caused by
plastic deformation. Denting is caused by the
volumetric expansion involved in the oxida-
tion of the' tube-support material that closes
the clearance between'the tube and the tube-
support plate.

* Fretting is a loss of tube metal (wear) as
flow-induced vibrations cause excessive rub-
bing of tubes against their support structures.
It makes the tubes susceptible to fatigue-
crack initiation at stresses well below the fa-
tigue limit.

Until the late seventies, PWR secondary water
chemistry was based on coordinated phosphate addi-
tions to provide a buffering system. A buffered
solution can accommodate the addition' of moderate
amounts of acid or base without a marked change in its
hydrogen-ion concentratin. ' Acid- or caustic-
producing impurities present in small quantities react
with the buffering agent (the phosphate) and the
resulting precipitates are supposed to be removed via a
blowdown.6 The buffered solutions automatically
maintain their pH value. 'However, phosphate chemis-
ry'can provide buffering only against the ingress of

small quantities of impurities. Phosphate chemistry is
ineffective when large quantities of impurities are
introduced during events such as a condenser in-
leakage. Also, phosphate chemistry results in a
concentration of chemicals in a sludge pile on the
tubing outside surfaces, which in turn causes general
corrosion of the tubing. The resulting wastage requires
plugging of the tubes when the wall thicknesses are
reduced by 40 to 60% of the original values. After
several laboratory studies and field observations.
almost all PWRs have now been switched from
phosphate chemistry to an all volatile treatment (AVT)
to mitigate the steam generator tube wastage problem.

An AVT uses low molecular weight amines, for
example, hydrazine or ammonium hydroxide, which
thermally decompose under normal steam generator
conditions to produce ammonia, nitrogen, and hydro-
gen. The ammonia elevates the pH to minimize carbon
steel corrosion and because of its volatility leaves the
steam generator with the steam going to the turbine
without leaving any residues or deposits on the tubes.
Hence, continuous additions of hydrazine or ammo-
nium hydroxide, or both, are required to maintain the
pH. Because an AVT does not buffer the system, the
water chemistry needs to be constantly monitored and
corrected. *Thewater chemistry control guidelines
developed by the Steam Generator Owners' Group
require the constant monitoring of cation conductivity,
chloride, sodium, pH, ammonia, dissolved oxygen,
hydrazine, copper, iron, and silica.7 . 8 The Steam
Generator Owners' Group guidelines also establish
very low levels of acceptability for impurities because
the water chemistry at an AVT plant is more sensitive
to small quantities of impurities than is the water
chemistry at a plant using phosphate.

It is difficult to control the water chemistry in an
AVT system in the event of faulted conditions. Some

*:common faulted conditions are (a) in-leakage of
brackish or sea water from the condenser, (b) impuri-
ties in the feedwater, (c) impurities released from the
condensate polishers in normal operation, and (d)
resins released by the condensate polishers because of

i* igh-Cycle Fatigue is caused by' high-am-
*plitude, flow-induced vibrations. High-
Cycle fatigue was responsible for the rapid,
circumferential tube break in Virginia,
Power's North Anna 1 unit.a'

* Low-Cycle Fatigue affects the dented tubes
during thermal transients, including heatups
and cooldowns.

a. NorthAnnaUnitISteamGeneratorTubeRupture,
July 15, 1987, ACRS Meeting, December 15, 1987.

145



misoperation or mechanical damage.6 The condensate
demineralization system is used in some plants to
remove both ionic and organic acid impurities.9 If the'
system is operated close to or past the point of resin
exhaustion, some soluble species may be released from
the resin and the impurities returned to the steam
generator. This is called slippage. High flow rates
through the resin also cause slippage. 6 Some of the
ionic impurities found in the secondary water at
various plants are Na+, C17, S047, C037, Fe+, Cu++,
and Nit++. In addition, the following organic acid
impurities were detected in a survey of 14 different
utilities: acetic acid, formic acid, lactic acid, propionic
acid, and butyric acid.10

With the switch from phosphate chemistry to an
AVT, the phosphate wastage problem has been con-
trolled, but transient AVT chemistry conditions some-
times result in various other degradation mechanisms.
(Wastage in the cold-leg side of the U-tube from
sulphate corrosion is not mitigated by this change.")
The first problem that appeared after the change was
denting.1 Acid chlorides concentrate in the tube
support annuli during transient AVT conditions, and
enhance the oxidation of the carbon steel support
structures. 1 Magnetite (the product of oxidation) fills
the clearance between the tube and tube-support plate
and causes denting. Magnetite formed in the presence
of acid chlorides is porous and, therefore, does not
retard further oxidation. This contributes to further
denting. Laboratory studies indicate that prior opera-
tion using a coordinated phosphate treatment is not a
precursor to denting.6 In fact, the residual phosphates,
if present in the tube support annuli, could provide
buffering and neutralize the acidic chlorides that
enhance the support'plate oxidation. There is a strong
direct relationship between the chloride content and
the denting rate.6,12 Also, copper and copper oxides
are transported to the annuli and they enhance the
formation of magnetite.

Pitting of Alloy 600 steam generator tubing is also
attributed to the presence of chlorides, oxygen, and
copper. However, only shallow pitting has been
reported in most plants5 except Indian Point 3 and
Millstone 2. But the uncertainties in NDE may result
in an underestimation of the extent of pitting. The

a. John F. Hall and W. R. Gahwiller, private
communication, Combustion Engineering, 1987.

presence of copper containing sludge introduces noise
in eddy current signals,'and many pits may'remain
undetected because of this noise. For example, rein-
spection indicated more pits at Millstone 2 after
chemical cleaning of the residual sludge on the tube
surfaces.b

Fewer numbers of steam-generator-tube failures
attributed to denting and pitting are now being
reported (see Reference 1). This is the result of the
various corrective actions taken by the utilities, such as
preventing condenser in-leakage, maintaining acid
chlorides below 20 ppb during blowdown,8.11 elimi-
nating copper alloys from the feed train, sludge
lancing, using boric acid, reducing the oxygen in the
condensate storage tank, and using deep-bed polish-
ers. These measures were taken while precluding the
problems from resin ingress (discussed in
Section 8.2.2).

The steam generator-tube-degradation mechanisms
of current concern, IGA and IGSCC, usually occur
close to each other, the IGA being more extensive.
IGA/IGSCC on the secondary side tube surfaces has
been reported in the region of the tubesheet crevices
and tube-support annuli. Failure analysis of tubes
removed from various plants indicates the presence of
sodium, potassium, calcium, phosphorus, sulfur, alu-
minum, and chlorides near the failed (IGA) regions.13
Failure analysis of tubes from the St. Lucie Unit 1
plant also indicated the presence of iron, copper, lead,
zinc, magnesium, and silicon on corroded grain
boundarics.14 However, this does not indicate a
mechanistic relationship between these elements and
the failures. Laboratory studies indicate that IGAI
IGSCC does not occur unless the coolant is very
caustic (a pH above ten).15 The overall water chemis-
try never reaches such severe caustic levels, even
during highly transient conditions. The only plausible
explanation for the field failures is that the caustic
impurities concentrate in the crevices during plant
operation and increase the local pH. It is not fully
established whether local p11 values less than 10 will
preclude IGA/IGSCC under all field conditions.
Acidic sulphates also produce IGSCCIIGA. However,
it is clear that the remedies lie in eliminating the
crevices, minimizing the crevice acidic impurities,
flushing the crevices, and neutralizing the crevice
alkalinity. These remedies are discussed in Section 8.3.

b. M. P. Ahern, private communication, Northeast
Utilities Service Company, 1987.
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Certain Westinghouse and Combustion Engineering
PWR steam generator designs arm susceptible to the.
type of high-cycle fatigue damage that resulted in the
tube rupture at the North Anna niiit 1 plant. These
designs have a high recirculation flow factor, and,
therefore, the tubes in the U-bend region above the top
support plate are exposed to strong cross flows and
flow-induced vibrations. The flow-induced vibra-'
tions can be sufficient to cause tube failure shortly
after a crack appears if the tube is dented.16' 17 The
failed tube at the North Anna Unit 1 plant was dented
and not supported by the antivibration bar. The
denting resulted in reduced damping of the tube,
vibrations and in a high mean stress, significantly
reducing the fatigue strength.18A The combination of-
high vibration amplitude (caused by fluid-elastic
instability) and low fatigue strength led to thefatigue
failure. Tube rupture high up in the steam generator
results in a leak location that can easily become
uncovered by secondary water. This can allow escape
of the fission products from the primary coolant
without partitioning in the secondary water and is,
therefore, a safety concern. The North Anna Unit 1
crack apparently propagated to a double-ended guillo-
tine break in about 12 to 48 hours. Such rapid failures
are not detectable by eddy current testing. One
possible way to prevent such failures is to reduce the
local fluid forces, and flow resistance plates have been
installed in the North Anna downcomer to reduce the
fluid forces.

Fretting damage from flow-induced vibrations can
be (and has been) eliminated by changing the design of
the antivibration bars to provide a broader region of
contact with the tube (rather than the previous'point'
contact design).

8.2.2 Primary Side Degradation of U-TUbes.
Pure-water (or primary-water) stress corrosion crack-
ing (PWSCC) is the only degradation mechanism
active on the inside surface of PWR steam generator
tubes. The IGSCC/IGA of the secondary side and the
PWSCC together account for 70% of the tubes
plugged in the years 1983 to 1984.1 Mechanical
damage from loose parts impinging on the bottom of
the tubesheet also required tube repairs in some plants.

There are no crevices, no concentrations of impuri-
ties, and no caustic environments on the primary side;
therefore, there is no IGSCC/IGA on the tube inside

a. NorthAnnaUnitI SteanGeneemtorTubeRupture,
July 15, 1987,'ACRS Meeting, December 15, 1987.

surfaces. PWSCC has occurred in the high-stressed
tube regions, namely, (a) the rolled tubesheet joint,
(b) the U-bend locations with a'slarp radius, and
(c) dented regionis suggesting that a tensile residual
stress is a necessary condition for PWSCC. The
residual stresses at the tubesheet and the U-bends
depend on the geometry'of the transition between the
plastically deformed regions and the undeforned tube,
and also on the deformation processes used. Laborato-
ry studies indicate that the residual stresses are usually
close to the yield strength of the tube material. There
is no nondestructive field inspection technique that can
be used to quantify the residual stresses in these
regions.

The residual stresses also depend on the yield
strength of the material. A high-yield-strength materi-
al requires larger forces for deformation and, there-
fore, is left with larger residual stresses, perhaps above
the threshold for PWSCC at the plant temperatures.19

-Ithasbeen suggested thatPWSCC-prone material has
a yield strength above about 380 MPa (55 ksi), a fine
grain size (ASTM 9-11), intragranular carbides (no
carbides on the grain boundaries), and little or no
solid-solution carbonP0 This postulation is based on
failure analysis characterizations and laboratory stu-
dies on simulated Alloy 600 microstructures.

A material with a yield strength below 380 MPa
(55 ksi) and with grain boundary carbides precipitated
after a sufficiently high final anneal temperature is
postulated to have high PWSCC resistance. ASME
Code Specification SB-163 for Alloy 600 steam
generator tubing requires a minimum yield strength,
but sets no maximum limit. The Combustion Engi-
neering steam generators were fabricated with tubing
with a maximum yield strength of about 380 MPa
(55 ksi). Because such a specification can be met only
if the final anneal is at a sufficiently high temperature,
the carbides will be dissolved and reprecipitated on the
grain boundaries, which provides the PWSCC resis-
tant microstructure postulated in Reference 20.
However, such microstructures are susceptible to
secondary side IGA/IGSCC because the grain bound-
aries become chromium depleted (sensitized) during
the high temperature anneal and that has occurred in
some Combustion Engineering steam generators (no
PWSCC has yet occurred in any of the Combustion
Engineering plants. 19. 20 Thermally treated Alloy 600
also has grain boundary carbides in its microstructure,
except that it will be resistant to both the primary and
secondary side IGSCC because there is no chromium-
depleted regions (sensitization). Thermally treated
Alloy 600 also has a yield strength below the
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postulated 380 MPa (55 ksi) limit.a Thermally treated
Alloy 690 with its higher chromium content than
Alloy 600 appears to be, by consensus, the current
choice for future steam generator tubing because of its
superior resistance to PWSCC, as well as secondary
side IGA/IGSCC.;1 Chemical compositions of Alloys
600 and 690 are given in Table 8.1. The average grain
size of Alloy 600 is in the range of 7.8 to 10.0 pm and
the Alloy 690 grain size is in therange of 17 to41 pnm.
The yield strengths of these alloys are inversely
proportional to their grain sizes.22

8.2.3 Degradatlon In Once-Through Steam
Generators. Once-through steam generators
(OTSGs) use the same Alloy 600 tubing materials as
recirculating steam generators, yet the OTSGs have
experienced significantly fewer tube failures. The
lower failure rate is attributed to the differences in the
steam generator design, manufacturing processes, and
operation. Many of the chemical concentration
processes do not operate in OTSGs, as they do in
recirculating steam generators.b The OTSGs are
stress-relieved as'a unit. Therefore, any residual
stresses that cause PWSCC are removed. Phosphate

a. The thermally treated tubes have been heated in a
vacuum to 1300OF for about 12 hours.

b. A. P. L. Turner, private communication
(V. N. Shah), Dominion Engineering Company, 1988.

chemistry has never been used in most OTSGs, so
phosphate wastage has never been a problem. All
OSTGs use AVT water chemistry. However, the
once-through design is susceptible to sludge buildup
around the lower support plate flow holes that restrict
the feedwater flow. Such flow restriction has forced
some Babcock & Wilcox plants to derate by as much as
30% at times.P The sludge can be removed by a
mechanical process called waterslap, which is dis-
cussed in Section 8.3.3.

In addition, erosion-corrosion has reduced wall
thicknesses by more than 40% in the tubes around the
fourteenth support plate in some OTSGs. Because the
damage can be self accelerating, plugging is recom-
mended if this mechanism is known to be operative.
Environmental fatigue caused by dry out of impinging
water'dr6plets on the tubes around the open lane has
also caused cracking and leakage in several tubes.6

The OTSG tubes also experience corrosion fatigue
attributed to vibrational stresses and differences in the
thermal expansion of the tubing and shells. Because
the principal stresses in OSTG tube are axial, circum-
ferential cracks are found in OTSGs (unlike the axial
cracks caused by the hoop stresses in the recirculating
type steam generators).24

8.2.4 Degradation Mechanisms. The PWR
steam generator tube-degradation sites, stressors, and
degradation mechanisms are summarized in Table 8.2.
Several laboratory studies have been performed to

Table 8.1 Chemical composition of the PWR steam generator tube materials22

Chemical Composition, wt%

Alloy 600

0.10 maximum

Alloy 690

0.05 maximumCarbon

Manganese 0.10-1.0 0.5 maximum

t,Iron 6.0-10.0 7.0-11.0

Chromium 14.0-17.0 28.0-31.0

Aluminum 0.05-035 0.05-0.40

Titanium 0.10-0.50

0.1 maximumCobalt

0.10-0.50

0.1 maximum

Essentially balance (58.0 min)Nickel Essentially balance (72.9 min)
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Table 8.2. Summary of degradation processes for steam generator tubes

RarMs

I

2

Degradation
Site

Inside surface of
U-bends, roll-
transition, and
dented tube regions

Outside surface
of hot-leg tubes
in the tube-to-
tubesheet crevice
region

Cold-leg side in
sludge pile or
where scale
containing'copper
deposits is found

Outside surface
of tubing above
tubesheet

Tubes in thetube-
supportregions

Stressors

Tube rolling and U-bend
stresses, primary
coolant, and residual
stresses introduced
by denting

Alkaline environment,
presence of SO4 and
CO3 anions

Brackish water,
chlorides, oxygen,
and copper

Phosphate chemistry,
chloride concentration,
resin leakage from
condensate polisher bed

Oxygen, copper oxide,
chloride, temperature,
pH, crevice conditions

Degradation
Mechanisms

Pure water stress
corrosion cracking

Intergranular
stress corrosion
cracking, inter-
granular attack

Pitting

Wastage (thinning)
I .g

Denting;I

Potential
Failure Modes

Cracking, leakage

May eventually
result in cracking

Local attack and
tube thinning may
eventually lead to
a hole

Uniform attack, tube
thinning may
eventually wear out
the material

Flow blockage in
tubes caused by
plastic deformation

3
I-

ISI Method

Eddy-current testing

Eddy-current testing

Eddy-current testing,
optical scanner system,

.sonic leak detector
system

Eddy-current testing

Helium leak and sonic
leak testing, optical
probes, hydrogen
evaluation monitoring,
pulse-echo ultrasound
method

4

5

6 * Contact points
between tube and
antivilration bar

Flow-induced vibrations Fretting Wearing out of
material caused by
rubbing and/or fatigue

Eddy-current testing
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Table 8.2. (continued)

Ran

7

8

Degradation
Site

Inaedquately
supported tube near
upper support plate

Tubes where
denting has
occurred

Stressors

Residual stresses and
reduced damping caused
by denting, flow-
induced vibrations

Thermal transients

Degradation
Mechanisms

High-cycle fatigue

Low-cycle fatigue

Potential
Failure Modes

Tube rupture
(double-ended
guillotine break)

Primary-to-secondary
leaks

ISI Method

Eddy-current testing

Eddy-current testing

Once-through steam
generator tubes

Velocities, sizes,
shapes, impact angle,
and hardness of
particles, thermal
transients

Chemicals (localized
corrosion), vibrations

Erosion-corrosion
from impingement
of particles, low-
cycle fatigue

Fatigue

Wearing out of
material,
primary-to-secondary
leaks

Primary-to-secondary
leaks

Eddy-current testing

Eddy-current testing

0-
LACD

job Once-through steam
generator tubes in
the upper
(tubesheet) region

a. Based on operating experience for steam generator defects.

b. Denotes once-through steam generator (items 7 and 8 do not reflect rank order). First 6 items are for recirculating steam generators.
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understand these degradation mechanisms. However,
long initiation times (several years) and peculiarities of
field conditions (such as the transportation and concen-
tration of chemical impurities in certain regions of the
steam generators) make it difficult to extrapolate labo-
ratory results to field conditions. Similarly, the differ-
ences in plant configurations, designs, and materials, as
well as the variations in the the makeup water impuri-
ties at the various plants (depending upon the ecology
of the plant site), make it difficult to generalize conclu-
sions from field observations. Therefore, research con-
tinues on understanding the degradation mechanisms.

The tubes are in fact exposed to the following
environments in the steam generators: (a) primary
water; (b) secondary water with AVT chemistry;
(c) chemical impurities in the sludge pile, tubesheet
crevices, and tube supports; and (d) various types of
secondary water chemistry transient conditions.

The secondary-side failure mechanisms (denting,
pitting, IGA, and IGSCC) are generally attributed to
concentrations of impurities and faulted conditions.
Therefore, efforts in controlling secondary side water
impurities, preventing transient chemistry conditions,
and removing chemical impurities are given high
priority at PWR plants.

Alloy 600 is prone to stress corrosion cracking when
highly stressed in high-purity nuclear reactor water
(sometimes called Coriou cracking).25 It does not
require the presence of impurities in the waterbut may
be enhanced by them. Apart from PWSCC, Alloy 600.
is also prone to caustic and sulfur-species-induced

0GSCC.

Alloy 600 is also prone to sensitization and then sec-
;ondary side IGSCC caused by certain faulted-water
chemistryconditions. Significantgrainboundarychro-
mium depletion (GBCD) will cause sensitization of
Alloy 600. However, the presence of carbides on the
grain boundaries by itself may not indicate sensitiza-
tion. Depending on the chromium and carbon contents,
theheattreatmentandseveral othervariables,itispos-
sible to have grain boundary carbides without signifi-
cant GBCD. Thermally treated Inconel 600 with grain
boundary carbides and without GBCD is resistant to
IGSCC on both the primary and secondary sides. Even
if GBCD has actually occurred in a particular tube ma-
terial, the GBCD regions can be replenished with chro-
mium if conditions for diffusion of chromium are al-
lowed during the heat treatment. Therefore, sensitiza-
tion (GBCD) cannot be ascertained by metallographic
orelectron microscopic examination. A Huey test (mo-
dified ASTM standard A-262) is currently being used

todetectandquantifysensitization (GBCD). However,
the limitations of this technique do not always permit
reliable assessment of the GBCD. 4. 20

The PWR steam generator tube-degradation mech-
anisms of fretting, erosion-corrosion, and high-cycle
fatigue (North Anna type) are getting more attention
lately because of recent failures. However, these
degradation mechanisms are prevalent in only certain
designs of steam generators and can be mitigated by
design modifications.

8.3.. Mitigation Techniques

Based on our current understanding of PWR steam
generator tube-degradation mechanisms, certain mea-
sures will prevent or limit further tube degradation:
(a) secondary-side chemical impurity control,
(b) chemical additives that will inhibit corrosion,
(c) periodic cleaning of the secondary side of the steam
generator, (d) shot or rotopeening the inside surface of
the tubes, (e) thermal treating, such as relieving stress
in critical regions of the tubes, and (f) reducing the
hot-leg-side temperature. The benefits of increased
primary coolant pH to mitigate PWSCC via higher
lithium or use of enriched boron are being evaluated.36
Other measures, such as use of improved tube materi-
als and modification of the tube supports, cannot be
used in existing steam generators but can be incorpo-
rated into new designs. These measures are discussed
in Section 8.5, Replacement of Steam Generators.

8.3.1 Secondary-Side Chemical Impurity
Control. In-leakage of raw water through the con-
denser tubes isan important cause of the faulted chem-
istry conditions that result in denting, pitting, IGA,
IGSCC, and excessive sludge formation. Several plants
have replaced their admiralty brass condenser tubing
with either titanium (seawater as well as freshwater
sites), or stainless steel tubing (freshwatersites only) to
prevent condenser leakage. Considering the somewhat
poorer thermal conductivity, higher strength, and high-
er costs of titanium tubing compared to the previous
brass tubing, a smaller wall thickness for the replace-
ment titanium tubing is appropriate. But the lower tita-
nium elastic stiffness may result in increased
condenser-tube vibration problems. A number of tita-
nium tube leaks in condensers have occurred. The pos-
sible degradation mechanisms for titanium tubing are
high-cyclemechanicalfatiguecausedbyflow-induced
vibrations, damage from loose parts such as broken
turbine blade pieces, and hydriding7l Additional
design modifications may be needed to reduce the
flow-induced vibrations. Use of titanium condenser
tubing is a standard feature in the more recent plants.
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Careful makeup water chemistry control is also
needed to control the chloride content in the secondary
water (in addition to controlling the in-leakage of raw
water through the condenser). Organic impurities in
the makeup water decompose at steam generator tem-
peratures and produce additional chlorides (decompo-
sition products). More chlorides may be introduced
into the steam generator than indicated by an ordinary
chemical analysis of the makeup water, unless the wa-
ter sample is subjected to high temperatures and pres-
sures before the analysis. One of the approaches to re-
ducing the chloride and impurity input through the
makeup water is to reduce the quantity of makeup wa-
ter used. A blowdown recovery system will purify and
recycle blowdown water that is cleaner in terms of
chlorides and organic impurities than the usual supply
of makeup water.

The various organic acid and ionic impurities men-
tionedin Section 82 canbeminimized by ultrafiltration
of the feedwater. The condensate in several plants ispu-
rified by flowing it through condensate polishers. In-
stallation of ultrafiltration systems and full-flow con-
densate polishers, and the routing of the makeup water
through the condensers and condensate polishers (rath-
er than direct feeding to the steam generator) are some
of the plant modifications that will improve the quality
of the secondaiy water. Slippage of the ionic impurities
can be controlled by adequate polisher flow capacity.
However, accidental ingress of resins from these sys-
tems caused damaging chemical environments in some
plants. In such events, immediate corrective actions are
needed to remove the damaging chemicals from the
secondary coolant. This may include shutting down of
the reactor followed by numerous flushes to prevent
damaging concentrations of soluble products in the
crevices. Acidic conditions predominate when resins
arereleasedtoasteam generatorbecauseresinsdecom-
pose at elevated temperatures. 6

There are two opinions in the industry regarding the
use of condensate polishers. -One opinion is that they
are unnecessary (if leak-tight condensers and ultra-
pure makeup water ensure water purity) and are also
undesirable because large-scale'damage can occur
from resin ingress and slippage if polishers are not
properly operated.b Therefore, several utilities do not

a. J. F. Hall and W. R. Gahwiller, private communica-
tion, Combustion Engineering, 1987.

b. A. P. L. Turner, private communication
(V. N. Shah), Dominion Engineering Company, 1988.

use them. The other opinion is held by the several
utilities who installed condensate polishers because of
their benefits when they are properly operated (no
resin ingress and slippage). Condensate polishers offer
the only protection from large-scale damage to the
steam generators caused by water chemistry transients
(such as condenser leakage, fluoride contamination
from repair welds, accidental ingress of chemicals,
etc.). Some utilities are also installing filters between
the polishers and the steam generators to trap any
resins released from the polishers. This provides
additional safety.

Copper is transported to the steam generators
because of corrosion of components with copper-
bearing alloys in the balance of the plant. The
copper-bearing alloys (70/30 Cu Ni, 90/10 Cu Ni,
brass, etc.) should generally be removed from the
feedwater train to minimize the copper and copper
oxide content in the secondary water. These compo-
nents may be replaced with carbon or stainless steel
(1qpes 347, 304, or 316) components. This replace-
ment will reduce the rate of denting and pitting
damage, because copper promotes these mechanisms.
Controlling the dissolved oxygen and eliminating the
ingress of air is also important in mitigating these
mechanisms.

Constant monitoring of the water chemistry and
immediate corrective actions are very important in
maintaining the quality of the secondary water. Plant
modifications that ensure the quality of the secondary
water contribute to mitigating all the degradation
mechanisms on the secondary side. They also mini-
mize the formation of sludge. Reference 8 provides
some generic guidelines for water chemistry controls.

8.3.2 Chemical Additives That inhibit
Corrosion. Because an AVT chemistry involves
volatile compounds, constant on-ine monitoring and
addition of chemicals are needed to make up for the
evaporation of the volatile species. Some plants are
also either using or considering additional corrosion
inhibitors such as boric acid and morpholine.

Laboratory studies indicate that the addition of boric
acid will prevent denting and IGA and IGSCC
initiation in environments that would otherwise cause
darnage.Is Further findings indicate that adding boric
acid after crack initiation in alkaline environments
reduces the rate of crack propagation by a factor of 8 to
10. Boric acid can be added during normal plant
operation and also during tubesheet crevice flushing
operations performed during shutdown. A Japanese
utility has reported that use of boric acid as a

-
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neutralizing agent in two plants with full-flow con-
densate polishers retarded corrosion without degrad-
ing polisher performance.15 Boric acid additions have
also been effective in reducing the carbon steel
corrosion and denting at ANO 2, Maine Yankee, and
Fort Calhoun.

Morpholine has been used in several plants to inhibit
corrosion. But onlyadozenPWRs intheUnited States
and a few in other countries continued its use after
changing from a phosphate to an AVT chemistry. The
data compiled from all the PWRs using rnorpholine
indicate that its use as a supplement or substitute for
ammonia prevents the grooving of brass condenser
tubes, reduces balance-of-plant corrosion, and miti-
gates erosion-corrosion in steam lines and moisture
separators.28 However, the'effects of morpholine
additives on the transport of corrosion products and
sludge buildup in the steam generators have not been
fully determined. An increased amount of suspended
solids in the blowdown' stream has been observed at
the plants using morpholine. Any chemical additive
that reduces corrosion products and sludge transport in
the feedwater could significantly reduce corrosion-
related tube failures in the steam generators. Further
studies on the impact of morpholine additives are in
progress at Beaver Valley 1 and 2 and Prairie Island 1
and 2.

Additives that block the porosity in the magnetite
layer may reduce the further oxidation of the metal
undemeath.79 However, such additives have not yet
been developed.

8.3.3 Steam Generator Secondary-Side
Cleaning. The objectives of secondary-side cleaning
are to remove (a) any residual phosphates remaining
from the phosphate chemistry used prior to the switch
to an AVT, (b) the sludge and the various chemical
impurities and corrosion products located under the
sludge, and (c) or neutralize the chemicals concen-
trated in the tube/tubesheet crevices and also in the
tube/tube support annuli.

Lancing is a mechanical cleaning process using
high-pressure water jets. The lancing methods offered
by the various vendors differ, and their effectiveness
also varies. Some lancing processes may leave

,considerable residue. The Steam Generator Owners'
Group has developed a chemical process to remove the
residue after lancing.' When this process was tried in
the first scale-up demonstration test in the laboratory,
a layer of copper particles impeded the iron sludge
dissolution.3 0 The process was modified and

successfully used at Millstone31 and Maine Yankee.
The modified process uses cthylenediaminetetraacetic
acid as a solventtand tends to produce a large volume
of low-level radioactive waste, especially if there is a
history of primary-to-secondary leakages at a given
plant.

The other mechanical cleaning processes, pressure
pulse and water slap, periodically release pressurized
nitrogen at the bottom of the tube bundle? 2 The
nitrogen produces upward movement of the water
mass in the steam generator, thereby dislodging
deposits from the tube surfaces and from the tubesheet
and tube-support plate'regions.' The pressure pulse
and water slap processes have been proven somewhat
effective in removing corrosion products in recirculat-
ing and once-through steam generators, respectively.
However, in contrast to chemical cleaning, the use of
these'processes has only resulted in short-term im-
provements.

A new mechanical cleaning process, a teleoperated
robot, has been developed for removing steam genera-
tor sludge more safely and thoroughly than can now be

' done using conventional cleaning techniques. The
teleoperated robot, called CECIL for Consolidated
Edison Combined Inspection and Lancing system, is
equipped with multidirectional, pressurized water jets
with a pressure of 2500 psi. CECIL can remove sludge
from all sides of the tubes, and a video camera allows
the operator to inspect tube bundle conditions as the

- work progresses. The first field demonstration of
- CECIL provided encouraging results, and further

refinements in its design are under way?.3a4

The plant cooldown procedure at some plants is
designed to achieve some cleaning of the secondary
side. A typical practice is to hold (hot-soak) the steam
'generator atiabout 90 to 1500C (200 to 3000F) so as to
place the trapped species back in solution. A

: combination of hotblowdowns and subsequent flushes
with demineralized water are then used to reduce the
inventory of soluble species. However, laboratory
simulation studies with crevices filled with magnetite,
sodium chloride, and/or sodium hydroxide solutions
indicate that hot soaking alone will eject only about

- 8% of the impurities. 35

T - The most common tubesheet crevice flushing tech-
; nique is pressure cycling at about 1500C (3000 F).
- Depressurization promotes boiling in the crevices,

a. J. F. Hall and W. R. Gahwiller, private communica-
tdon, Combustion Engineering, 1987.
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which expels many of the impurities; rcpressurization
then collapses the crevice voids and refills the crevices
with water. A variation of this technique is to cycle the
temperature to achieve boilingfrefilling of the crevice
fluids. Both the pressure and temperature cycling
methods are equally effective. However, pressure
cycling at about 90'C (2000F) has yielded about a 20
to 50% improvement over that at about 1500C (3000F)
in laboratory tests.35

The creation of a large differential pressure between
the crevice liquid and the bulk water is believed to be
the most effective technique to boil the crevice fluids
and expel the impurities. This can be achieved when
the temperature of the tubesheet is maintained above
the saturation temperature of the water. One method
for achieving a higher tubesheet teniperature is to shut
the reactor coolant pump off during the hot-soak
period so that the circulating primary system coolant
does not cool the tubesheet0 6 With only natural
circulation on the primary side, the secondary-side
crevice-water temperature can be maintained above
the secondary-side bulk water temperature that creates
a greater pressure differential between the crevice and
the bulk fluids on the secondary side.

8.3.4 Shot Peening and Rotopeening the
Tubing. The highly stressed inside surfaces of
Alloy 600 steam generator tubefubesheet-rolled joint
can be shot peened (or rotopeened) to reduce the
susceptibility of the material to PWSCC. The peening
is done in most tubes only in the transition region
between the deformed and nondeformed portions of
the tubing using the primary side access to the tubing;
some tubes are peened over the full length of the
tubesheet.

Both the shot and rotopeening processes use the
impact of a high-velocity small-diameter mass on the
inside surface to produce a layer of cold worked
material a few tens of microns deep. This process
introduces compressive residual stresses that tend to
preclude PWSCC. Shot peening uses high-velocity
metallic, ceramic, or glass particles. Rotopeening
uses the impact of shots bonded to fabric in a flapper
wheel and requires remote tooling in a radioactive
plant. The rotopeening process was developed be-
cause of concerns about the spread of contamination
and the abrasive particles associated with shot peen-
ing. 7 However, the shot peening process is now
preferred because the concerns for the spread of
contamination have been adequately addressed. The
effectiveness of the peening depends entirely on the
process controls, because there is no postprocess
nondestructive field inspection technique that can

quantify the benefit. This is a preventive technique,
not a repair method for an already cracked tube.

8.3.5 Stress Relieving or Annealing the
U-Bends. Stress relieving or annealing will also
reduce the susceptibility of Alloy 600 to PWSCC,
particularly at the U-bends. However, this is a
difficult process to perform under field conditions.
Also, stress relieving of Alloy 600 tubes in the 650 to
7600C (1200 to 14000T) range may cause sensitization
(formation of chromium depleted regions near grain
boundaries) and susceptibility to secondary-side IGA/
IGSCC. However, this may not be a concern for Alloy
600 material with intragranular carbides and low
solid-solution carbon content. Thermally treated
Inconel 600 and 690 may also be stress-relieved
without causing sensitization. IOther potential prob-
lems associated with stress-relieving the tubesheet
region of a steamn generator include possible micro-
structural'and property changes in the tubesheet
material, and possible opening of the crevices.
Processes have been developed to preclude these
problems. 3 8

In situ stress relieving of the critical tube bends has
been performed at Sequoyah 1. U-bend annealing has
also been performed at a limited number of new
plants.39 Field performance data are not yet available,
and these processes may not be useful for tubing that
has already cracked. Laboratory studies indicate that
the use of in situ stress relief techniques would result in
at least a factor of 10 increase in the time of PWSCC
initiation.40 Guidelines for in situ stress relieving are
provided in Reference 38.

8.3.6 Reducing the Hot-Leg-Slde
Temperature. Reducing the temperature of the
tubing on the hot-leg side by about 10C (200F) or
more is believed to slow down, though not preclude,
various damage mechanisms on the secondary side.41

This is a temporary mitigation technique that can
increase the time between the steam generator outages
required for inspection. Plant availability is increased,
but this benefit is offset by reduced power during
operation.4 '

8.4. Repair

When a PWR steam generator tube defect is
detected, the following options are available: (a) de-
cide that the flaw is acceptable (small enough) and
continue to use the degraded tube, (b) plug the tube,
and (c) sleeve the defected region of the tube.

8.4.1 Flaw-Acceptance Criteria for Tube
Integrity. Various nondestructive examination (NDE)

T
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techniques can locate and size relatively large PW]
steam generator tube flaws (axial and circumferentia
dimensions and depth of flaws). However, the utilitie
cannot conclusively idenitify the various failure medt
anisms using NDE. A cluster of closely spaced pit
and IGA/IGSCC defects may give similar signals
Removal of a representative tube with a defect and
subsequent destructive examination are often neede
to identify the mechanism.

Guidance for acceptable flaw sizes is given i
USNRC Regulatory Guide 1.121. PWR steam genera
tor tubes with NDE flaw indications less than 40% c
the wall thickness can continue to operate. Fift
percent through-wall depth indications are permitte
in some plants with tubing with larger wall thicknesse
(for example, Conneticut Yankee). A tube with a full
circumferential flbw of a permissible depth should be
factor of thrce more from burst, assuming fu'
primary-side : are and no secondary-side pre.
sure. The sai., tor of three or more applies t
collapse, assunii., no primary-side pressure and ful
secondary-side pressure. Since the flaw acceptanc
criterion is the same for all damage mechanism,
namely wastage, pitting, IGA, IGSCC, and PWSCC
the fact that the utility cannot identify the exac
mechanism using NDE is not a regulatory problemf
However, the mechanism should be identified to (a
determine whether the flaw will grow rapidly durin
continued plant operation and (b) develop mitigatlo
strategies.

The flaw acceptance criterion is designed to accoir
modate possible errors in NDE flaw sizing, and als
possible growth of the flaw during continued opera
tion. The growth of the defect can be monitored b
reinspection of those tubes with significant indication

.that were permitted to continue operation after th
previous inspection. A fully circumferential flaw,
flaw that covers only part of the tube circumferencc
and a pit are conservatively governed by the sam
maximum permissible depth, that is, the one for th
fully circumferential flaw.

The ASME Code Section XI does not ipecificall
provide flaw-acceptance criteria for steam generate
tubing. However, the factor of three on the pressur
load specified in Regulatory Guide 1.121 is general]
consistent with ASME Code philosophy. A flaw
acceptance criterion for austenitic piping (Articl
IWB-3640) has recently been added to the Code andi
primarily being used for BWR piping. Although it i
intended for all austenitic materials, including Allo)
600 and 690, the industry has not evaluated its use fc
PWR steam-generator tubing. Tube-pit depths of a

R much as 75% of the wall thickness (end-of-life
al projected dimension considering possible growth dur-
:s- ing the remaining life) may be permissible under this
i- article of the Code.

Apart from the pressure loads discussed above, the
a tubes may also experience significant bending loads
d during some unanticipated events such as a loss-of-

coolant accident. The bending loads arise when the
pressure of the primary coolant drops at one end of the

n tubes during a transient. However, a recent study
a- demonstrated that tubes with flaws of 40 to 50% of the
if wall depth do not fail during such events.42

y .
d 8.4.2 Plugging. Plugging was the only counter-
ss measure available forPWR steam generatortubes with
y unacceptable flaws, until a few years ago. Denting has
a causedseveralhundrcdsof tubes tobepluggedinsome
11 plants. Even now, plugging is commonly done for
s-, unacceptable degradation above the tubesheet region,
to because most of the current sleeving techniques extend
11 only a few inches above the tubesheet and the
e sludge-pile region. Commonly used techniques to
i, plug a tube include welding, explosive forming, and
a, mechanical installation. Plugs installed with explosive
It forming have leaked in at least three plants because of
I . large plastic strains and unfavorable residual stresses
i) at plug corners. Mechanical plugs are installed
g without welding or explosive forming and may be
n removed later3 7

A plugged tube may continue to be susceptible to
I- corrosion, fatigue, and fretting damage, and finally
o sever. However, the temperature of a plugged tube is
a- about 400C (700F) less than an unplugged tube on the
y hot-leg side. This will greatly reduce the corrosion
is rates. A severed tube may experience large amplitude
e vibrations because of fluid-clastic instability and then
a damage neighboring tubes. To prevent this, plugged

e tubes may be stiffened by inserting stabilizers, for
e example, solid rod segments that can be threaded to
e each other and to the plug4 3

Alloy 600 plug materials not heated to sufficiently
y high temperatures during the mill annealing process
ir are susceptible to PWSCC.44 PWSCC may cause
r, leakage of primary coolant through such a faulty plug
y or cause its failure. A plugged tube within the retired
t- Surry 2 steam generator was found to be filled with
e pressurized primary coolant, an indication of a leaking
is - plug. Also, PWSCC may cause a plug to fail, rather
is than just leak, and release fragments of the plug into
,s the tube. Such a failure of a tube plug recently took
)r place in Virginia Power's North Anna 1 unit. The
is 2-5-in.-long, 0.75-in.-iameter Inconel 600 plug was
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subjected to low mill-annealing temperatures during
manufacturing. The severed-off portion of the plug
shot up the tube, punctured the tube near its apex, and
damaged one adjacent tube.45 Alloy 600 plugs
susceptible to IGSCC have been installed in about
7000 tubes in approximately 20 United States PWR
plants.

Despite the plugging of a relatively large number of
tubes, a steam generator may'still generate the rated
capacity of electricity because it normally starts
operation with a significant margin of available
capacity.' However, continued plugging after the mar-
gin is exhausted can significantly reduce plant capac-
ity, as shown in Figure 8.2.41 Also, the plugging of a
very large number of tubes can impact the thermohy-
draulics of a steam 'generator and result in safety
problems. Before this occurs, the potential economic
consequences (cost of anticipated repairs and cost of
lost capacity from plugged tubes) should necessitate
extensive sleeving or steam generator replacement.
Steam generators lose their capacity margin when
about 20% of the tubes are plugged.

illustrated in Figure 8.3. The fatigue and erosion-
corrosion degradation mechanisms in once-through
steam generators are operative mostly near the top
tubesheet, so sleeving is done from the upper tubesheet
down to the first tube-support plate.

Elevation of defect
available head room

Steam generator performance

1Na88026-9

1001

0aI
t

85

Number of tubes plugged P612-WHT448812

Figure 8.2. Plant power capacity drops rapidly
with increasing number of plugged tubes.41

8.4.3 Sleeving. Most of the currently available
sleeving techniques are designed to cover the inside
surfaces of PWR steam generator tubes in the region
from the bottom of the tubesheet to slightly above the
sludge piles. This is adequate for most tube defects in
recirculating type steam generators because the major-
ity of the tube defects on both the primary and
secondary sides occur within the tubesheet and sludge
pile. The available head room' is smaller for the tubes
in the outer rows. Therefore, shorter sleeves must be
installed in such tubes to address the access problem

Figure 8.3. A sleeve that meets the head-room
limitation is positioned to span the defect zone.46

A sleeving operation involves a combination of two
or more of the following processes: (a) rolling,
(b) hydraulic expansion, (c) tungsten inert gas weld-
ing, (d) explosive welding, and (e) brazing. Some
typical sleeving methods are discussed in the follow-
ing paragraphs.

Despite the plugging of a relatively large number of
tubes, a steam generator may still generate the rated
capacity of electricity because it normally starts
operation with a significant margin of available
capacity. However, continued plugging after the mar-
gin is exhausted can significantly reduce plant capac-
ity, as shown in Figure 8.2.41 Also, the plugging of a
very large number of tubes can impact the thermohy-
draulics of a steam generator and result in safety
problems. Before this occurs, the potential economic
consequences (cost of anticipated repairs and cost of
lost capacity from plugged tubes) should necessitate
extensive sleeving or steam generator replacement.
Steam' generators lose their capacity margin when
about 20% of the tubes are plugged.

A
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The sleeving initially installed at Ginna by B&W
(Figure 8A) used tubes that covered the region from
the bottom of the tubesheet to about 150 to 300 mm (6
to 12 in.) above the tubesheet top surface.' It involved
hydraulic expansion at both the top and bottom joints,
brazing at the top joint, and explosive welding at the
bottom joint. The sleeve material was thermally
treated Alloy 690 with nickel bonded on the outside
surface for increased resistance to IGA. The hydraulic
expansion and explosive welding processes are likely
to produce less residual stresses than the hard rolling
process used during B&W's process development
studies.46 However, this design resulted in leaks, and
an all-welded sleeve design (described later) is now
being used in sleeving at this plant.'

a. J. F. Hall and W. R. Gahwiller, private communica-
tion, Combustion Engineering, 1987.-

The leakight expansion shown in Figure 8.5 can
be used for tubes having PWSCC defects in the roll
transition region between the deformed and unde-
formed portions of the tube without any additional
sleeving material. -Even if the crack in the defect
region propagates farther, it is no longer a concern
because the leak-tight expansion provides a new
tube/tubeshect joint well above the old joint.

Another approach to the repair of roll transition
region PWSCC defects is the design used on an
experimental basis at the Doel plant (illustrated in
Figure 8.6). This approach uses a thin Alloy 690
minisleeve about 40-mm (1.5-in.) long, explosively
welded over the cracked tube. A portion of the tube
that was not previously expanded is now expanded
against the tubesheet, thereby providing the load
carrying capability. In other words, the transition
region between the deformred and nondeformed por-
tions of the tube is now in a new defect-free location,
with probably less residual stresses than the original
hard-rolled joint. The sleeve is so thin that the inside

B&W Sealable Sleeve

Figure 8.4. Sealable sleeve design from Babcock &Wilcox .46
: . .-; .. -
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not preclude the future use of a longer sleeve with
other designs and processes if new defects are found
later. It is one of the quickest sleeving techniques and
minimizes personnel radiation exposueA46 However,
the PWSCC mechanism is still operative at the next
transition region and new cracks have developed
there.

The welded-sleeve process, shown in Figure 8.7,
uses a hydraulic expansion followed by tungsten-
inert-gas Mr1G) welds between an Alloy 690 sleeve
and the parent tube. The sleeve length is chosen to
ensure the top joint is above the tubesheet and sludge
pile areas. Thbis will cover most of the defects on the
primary as well as the secondary sides of the tubing.
Each sleeve is hydraulicly expanded and then welded
at the top to the parent tube, and then welded at the
bottom of the tubesheet, irrespective of the specific
location of the defect in between. The weld regions
must be prepared before sleeving to remove any
oxidation or corrosion layers, thereby ensuring a
proper metallurgical bond. The weld parameters must

a. A. P. L. Turner, private communication (V. N.
Shah), Dominion Engineering Company, 1988.

I

...- -i L O2BIO

Figure 8.5. Leak-tight expansion-joint design
(Babcock &Wilcox) for PWSCC at tubesheet roll
joint.4 6

dimension of the tube is practically not altered,
allowing full flow of reactor coolant. This design does

Mini sleeve

a). Illustration. of a local defect
in the roll transition of the
tube.

b). Defect area after installation
of minisleeve.

8-7368

Figure 8.6. The minislceve design (Babcock &Wilcox) using explosive welding." 6
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Tubesheet.

8.73X7

Figure 8.7. Welded sleeve design (Combustion
Engineering).

be optimized on a plant-specific basis because the
tubing in different plants has somewhat different
dimensions (wall thickness and diameter). In fact, the
tubes in a given plant may have a range of wall
thickness, with +10% the typical tolerance permitted
for PWR steam generator tubing. This tolerance can
amount to about a 20% variation in wall thicknesses in.
a given plant. The variation may be more if wastage
(metal loss from corrosion) has occurred. Wastage can
also promote nonuniform wall thickness around the
circumference of a tube. Also, the concentricity
between the inside and outside surfaces was not
strictly controlled in most original tube specifications.
Success in producing a good metallurgical bond in the
weld will, therefore, depend on optimizing the weld
parameters on mockup tubing typical of that in the
plant. The hydraulic expansion makes a portion of the
sleeve conform to the parent tube and controls the
clearance between the sleeve and the parent tube prior
to the welding. If a weld is found to be leaky or it does
not pass the NDE, another'repair weld can be made in
close proximity. The welded-sleeve approach has been
successfully demonstrated at Ringhals 2 and other
plants46.,

a. S.F. Hall and W. R. Gahwiller,private communica-
tion, Combustion Engineering, 1987. '

A hybrid expansion joint employs a combination of
hydraulic expansion and rolling and has been used in
several plants. An approximately 100-mm- (4-in.-)
long hydraulically expanded area is first formed. After
the expansion, there is some elastic spring back of the
deformed regions of the sleeve. Then a 50-mm-
,(2-in.-) long hard roll is made in the hydraulically
expanded region, makinga leak-tight mechanical
joint. The sleeve material is either thermally treated
Alloy600, ora bimetallic material with Alloy625 over
Alloy 690.' The Alloy 625 provides better pitting
resistance. One variation of the method is the use of
brazing instead of hard rolling. The success of the
braze depends upon several empirical parameters that
vary with field conditions. Despite the fact that some
of the'brazed joints passed the hydrostatic tests,
ultrasonic testing indicated some of them had a poor
bond. Currently, the hard-rolled sleeve with a hybrid
expansion joint is preferred to the brazed joint.
However, in a hard rolled joint, the joint's residual
stresses in the sleeve and the parent tube are of concern
and the joint may be susceptible to both primary and
secondary-side IGSCC. The residual stresses in a hard
rolled joint can be minimized by various process
controls but cannot be quantified by the NDE.
Techniques are also available for reaming small dents
at the tubesheet prior to the sleeve installation.46

Generally, about 25 mm (1 in.) or more of the sleeve
extends over the top joint. 'If a circumferential crack
propagates through the original tube wall at the joint
location, resulting in a double-ended break (a definite
safety concem),' the portion of the sleeve that extends
over the joint is expected to keep the failed parent tube
in place and prevent any whipping against other tubes.
This would not be helpful if the crack extends through
the sleeve as well the tube. Some European designs do
not have this feature. For example, a fillet weld is used
at the end of the sleeve in one design.' In another
design, the defective portion of the parent tube is cut
and pulled out, and a sleeve is butt-welded to the
parent tube. Propagation of the defect is prevented
because the defect and the susceptible material are
removed from the critical region. The benefit of the
extended-sleeve designs described above has not been
experimentally demonstrated. There is a concern that
the thrust from escaping coolant will force the tube off
the end of the sleeve despite the restraint from the
extended portion of the sleeve The extended portion
would not be helpful if the crack extends through the
sleeves as well as the tube. However, the sleeve
material is unlikely to fail before the degraded parent
tube because it is new. Despite some limitations, the
use of an extended portion in the tube probably
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provides a safety benefit with no known adverse
consequences.

It is very likely that new methods will become
available in addition to the methods discussed above.
The following are some of the criteria for comparing
various alternatives: (a) reliable leak-tight joints as
evidenced by the NDE hydrostatic pressure testing and
performance immediately after the plant startup,
(b) long-term reliability, (c) the ease of rerepair in case
a sleeved tube leaks, (d) inspectability of the joint,
(e) inspectability of the parent tube after the joint is
made, (f) cost of sleeving a large number of tubes
(including outage costs) as compared with the cost of
steam generator replacement, and (g) the amount of
radiation exposure to personnel performing the repair.
There are no published studies that compare and
contrast the various sleeving designs. A design review
checklist has been developed for evaluating a given
design. 47

All the sleeving designs are relatively new and there
are little long-term field performance data on any of
these designs. An important concern is that most
sleeves create high residual stresses in the parent
tubing and sleeve, which may cause new cracks. The
effects of residual stresses can be evaluated in the
laboratory using mockup sleeve joints but cannot be
easily measured in the field. For example, the effects
of the geometric stress raisers introduced by the
sleeves on the corrosion-fatigue resistance of the
parent tubing are unknown. Also, the sleeves intro-
duce crevices on the primary side, and the long-term
impact of these crevices is not known. And finally, it
will be difficult to inspect the sleeves for flaws. When
a defect on the parent tube grows through the wall, the
gap between the parent tube and the sleeve will be
filled with stagnant secondary water that may promote
IGSCC or IGA or both.. All the issues discussed here
need further study and a databank should be developed
to help researchers understand and predict the per-
formance of plugged and sleeved PWR steam genera-
tor tubing.

8A.4 Nickel Plating. A nickel plating technique has
been developed by Framatome and Belgatom to repair
IGSCC cracks in PWR steam generator tubes.4849 The
concept is illustrated in Figure 8.8. The nickel plating
consists of electrolytically cleaning the damaged
surface and then depositing up to about 200 microns
(8 mils) of pure nickel on the damaged surface. The

a. A. P. L. Turner, private communication (V. N.
Shah), Dominion Engineering Company, 1988.

94456

Figure 8.8. Nickel plating of roll transition region
having PWSCC cracks.

nickel deposit on the damaged tube wall bridges the
through-wall cracks and stops leakage of primary
coolant into the secondary system. In addition, the
nickel deposit prevents contact between the primary
coolant and the damaged tube wall, arresting crack
propagation and stopping the initiation of new cracks.
Nickel plating has several advantages over sleeving. It
generates very low residual stresses and does not
require a subsequent heat treatment, and it can be
applied anywhere in the straight part of the tube. It
also allows later access to areas above the plated
section for repair of further damage, whereas sleeving
does not. Nickel plating is a reversible process
because, if needed, the plating can be stripped off
chemically without damaging the tube.

The nickel plating process has one major drawback
with respect to inservice inspection of the plated
region. Because nickel is magnetic, the nickel layer
creates a barrier to the small magnetic field introduced
by conventional eddy current coils, and these methods
cannot be used to inspect a nickel-plated region.
However, new ultrasonic inspection method capable of
detecting axial and circumferential cracks has been
developed to overcome this problem. Pulsed magnetic

-
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saturation eddy current techniques may be used for
inspecting nickel-plated tubes.50

Nickel plating was first applied to 91 tubes in 1985.
as a field trial to evaluate different plating methods.
Based on the experience gained by the field trials and
laboratory testresults, an optimum plating process was
developed and applied in 1988 to the most severely
cracked roll transition regions of steam generator tubes
in Doel 2 and Doel 3 (Belgium).

8.5 Replacement of Steam
Generators

The loss of power attributed to plugging of the
steam generator tubes or the effort involved in sleeving
a large number of tubes may not be acceptable. In such
a situation, the following alternatives are available:
(a) retubing the steam generator using the existing
tubesheet and shell structures, (b) replacing the entire
steam generator, and (c) replacing the lower assembly
of the steam generator.

In-place steam-generator retubing involves cutting
and removing the tubes and tube-support structures
and replacing the steam drying and separation equip-
ment. The technical feasibility of this process has been
demonstrated by the Westinghouse Electric Company
in a mockup facility, but retubing has not been used at
any utility because it requires a two- to three-year
outage period. The cost of the lost power during the
outage is significantly higher than the cost of the other
repair/replacement options. The site work involves as
much fabrication as in manufacturing a new steam
generator, and the process controls may not be as
effective in the field as in the shop. This option also
involves a significantly large radiation exposure to the
personnel.

Twenty-five steam generators have been replaced at
eight U.S. PWRs (as of July 1989) making replace-
ment less of an unknown in terms of cost, schedule,
and exposure.; 3 Steam generator replacement is
considered likely at eight additional United States,
plants and has occurred at, at least, two foreign plants. '
Successful steam-generator replacement has been
accomplished at SurryUnits 1 and 2 (VirginiaPower),
Turkey Point Units 3 and 4 (Florida Power and Light),
Point Beach Unit 1 (Wisconsin Electric Power),
Obrighein (West Germany), Robinson Unit 2 (Caroli-
na Power & Light), D. C. Cook 2 (Indiana & Michigan
Electric Co.), Indian Point 3 (New York Power
Authority), and Ringhals 2 (Swedish State Power,
Board).

The replacemnent of the steam generators at the
Surry plants involved cutting the piping (primary and
secondary), forcing the generators from their supports,
and removing them through existing equipment
hatches in the containments, as shown in Figure 8.9.51
The site preparation included upgrading the polar
cranes; installing new cranes and other handling
equipment; and constructing an on-site storage facil-
ity, stronger hatch platforms, and shielding. Consider-
able decontamination work was also required.

Replacement of the lower assembly of a steam
generator involves cutting the steam generator at the
transition cone and removing the lower assembly,
including the tubesheet forging, tubes, etc., and then
replacing it with a new lower assembly. This approach
was chosen at Turkey Point, because the entire steam
generators would not fit through the existing equip-
ment hatches. The initial plans to cut the reactor
coolant piping at Turkey Point were abandoned
because of access problems. A channel head cut was
used instead. The procedure to weld the channel head
was revised to reduce welding from inside the head.
'Cladding the inside of the channel head was more
difficult than anticipated.

Because utilities are now exchanging steam genera-
tor replacement experience, the outage times caused
by replacement have been reduced to about six months
or less. The recent replacement of the three steam
generators at Ringhals 2 were completed in 72 daysP3
The video tapes of the fieldwork performed at one
plant have been helpful in the planning and training (as
well as in identifying potential problems) at other
plants. The critical component for timely manufacture
of a new steam generator is the tubeshect forging.
Some utilities are investing in storing such critical-
path components in a pooled inventory management
system (PIMS), so that any utility may purchase such a
component from PIMS when needed.'

Steam generator replacement is expected to result in
a'longer steam generator life'than repair because
design and materials improvements can be'implem-
ented and the impact of prior operating history is
removed. Some of the improvements that can be
incorporated into new steam generators are discussed
next.

a. M. F. Ahern, private communication, Northeast
Utilities Service Company, 1987.
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Feedwater piping

cuts

Schematic showing pipe cuts required
to free steam generator.

Containment
wall

The United States industry's consensus on the best
steam generator tube material is thermally treated
Alloy 690. The thermal treatment, as well as the
relatively high chromium content of this material,
precludes the development of chromium-depleted
regions near the grain boundaries thatcause sensitiza-
don and, therefore, the susceptibility to IGA/IGSCC.
Alloy 690 is also expected to have a higher resistance
to PWSCC than mill-annealed Alloy 600 'material
because Alloy 690 has grain boundary carbides and a
yield strength below 380 MPa (55 ksi). A mechanistic
correlation between microstructure and PWSCC is
presently not established; the postulated optimum
microstructure is based on empirical field observations
and laboratory tests. 0 Modified Alloy 800 (carbide
forming elements added to limit the solid solution
carbon conten t) is resistant to PWSCC,'and it has been
successfully used in West Germany. The success of
modified Alloy 800 may also be attributed to strict
water chemistry controls in the German plants, leak-
tight condensers with titanium tubing, and the fresh-
water plant locations. Thermally treated Alloy 690 has
better resistance to acid chloride ingress (pitting, IGA,
and IGSCC) than Alloy 800, based on laboratory
studies. Also, mill-annealed Alloy 800 is prone to
pitting in' a fresh-water environment (such as water
from Lake Ontario).52 The typical chemical composi-
tion of an Alloy 800 material includes 0.06% C, 32%
Ni, 20% Cr, 46% Fe and small percentages of Mn, Al,
Si, and Mg. The typical yield strength of mill-
annealed Alloy 800 is about 185 MPa (27 ksi) which is
much lower than that of Alloys 600 and 690, and the
average grain size is 31.3 jUn, which is much larger
than that of Alloy 600.2 The new tube/lubesheet
joints in the replacement steam generators have
eliminated crevices where impurities can concentrate.

The residual stresses at the tubesheetjoint and at the
U-bends in the new steam generators have been re-
duced using peening and stress relieving/annealing
techniques, respectively. The new manufacturing pro-
cesses have been designed to minimize residual
stresses. Access forsleeving and other repairs has also
been improved.

The tube supports have also been improved to
preclude denting. The tube-support structures in new
steam generators are now being fabricated with 12%
chromium ferritic stainless steels such as Types 409 or
405, both relatively resistant to oxidation. Design
modifications of the tube support structures (such as
the quatrafoil or trifoil designs) prevent fluid stagna-
tion in the tube/tubesheet annuli. However, water
chemistry control is still very important The material

Schematic showing separation and
rollover of upper shell.

Schematic showing upending and positioning
of lower shell on transport cradle.

&7092

FIgure 8.9. Steam generator replacement opera-
tions at Surry plant.51
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and design of the tube supports should also minimize
fretting and wear damage on the tubes.

Improved access for secondary-side lancing and
chemical cleaning of the tubesheet top surface has
been incorporated with hand holes in appropriate
locations. Increased blowdown capacity will help in
removing the impurities and in reducing the accumula-
tion of sludge.

Ease of future repairs and replacements is now being
considered in the design of the replacement steam
generators. Unlike someEuropean designs, theoriginal
United States designs of the PWR steam generators and
the containments did not anticipate the need for steam
generator replacement during the plant life.

8.6 Summary, Conclusions,'
and Recommendations

The important degradation sites, stressors, degrada-
tion mechanisms, potential failure modes, and current
ISI requirements associated with PWR steam-
generator tubes are presented in Reference 1, and sum-
marized in Table 82. Some of the degradation mecha-
nisms, that is, IGSCC, IGA, pitting, wastage, and dent-
ing have caused more tube failures in the recirculating
type steam generator than in the once-through steam
generators. Fretting, erosion-corrosion, and fatigue
damage is receiving more attention because of recent
failures; however, these problems are limited to partic-
ular steam generator designs. Table 8.3 summarizes
the techniques for mitigating the damage resulting
from the important aging degradation mechanisms.
Table 83 also summarizes the improvements made in
new/replacement steam generators and other' seond-
ary side components to reduce PWR steam generator
tube degradation. Long-term field-experience data are
needed to assess the effectiveness of the various coun-
termeasures. Inservice inspection methods and quanti-
tative models are needed to estimate the magnitude
and rate of the damage; The conclusions and recom-
mendations regarding the countermeasures for steam
generator tube failures are as follows:

1. The highest priority is given to preventing
faulted conditions in the secondary water
chemistry. Some water chemistry transients
can cause large-scale damage in a short time.
Remedies includepreventing condenser leak-
ages, improving makeup water purity, fre-
quent water chemistry checks, and preventing
resin or chemical releases from condensate
polishers. Installing titanium tubing in the

condensers reduces the possibility of leaks.
However, titanium tubing is susceptible to fa-
tigue caused by vibrations. Impurities in the
secondary water can be minimized by ultra-
filtration of the makeup water, feeding make-
up water through condensate polishers, and
reducing the quantity of makeup water by re-
cycling blowdown water using a recovery
system. The Steam Generator Owners'
Group guidelines for continuous monitoring
and control of water chemistry should be fol-
lowed to reduce impurities in the secondary
water. Because copper enhances denting and
pitting processes, it is desirable to eliminate
copper and copper containing alloys from the
secondary side.

2. In several plants, condensate polishers are
considered unnecessary and unsafe because
they can cause damage to the tubing if resins
or chemicals are accidentally released from
misoperation of or mechanical damage to the
condensate polishers. The operators of some
plants believe that condensate polishers pro-
vide the only defense against faulted water
chemistry conditions. Condensate polishers
routinely remove impurities and mitigate
degradation processes in steam generators.
Additional safety can be provided by install-
ing filters between the polishers and steam
generators to collect any accidentally re-
leased resins.

3. Plant studies have demonstrated that certain
chemical additives, that is, boric acid and
morpholine, will mitigate intergranular at-
tack, intergranular stress-corrosion cracking,
denting of the steam generator tubes, and
general corrosion of. the -carbon steel
components in the feed-water system. These
chemical additivesdo not adversely influence

- -other plant components. - -

4. Several utilities have successfully used sec-
ondary-side cleaning methods, such as lanc-
ing with a high-pressure waterjet and subse-
quent chemical cleaning, that remove resi-

- dues. Removal of copper-bearing sludge
from the secondary side allows the detection
of some defects, such as pitting, during
inservice inspection. Several methods have
also been developed to clean tubesheet crev-
ices with hot soaks and tubesheet crevice
flushing techniques.
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Table 8.3. Summary of countermeasures for tube failures in PWR steam generators

Mechanism

Primary side SCC

Mitigation of Damage in Existing Tubes'
Improvements in New/Replacement

Steam Generators

Roto/ShotPeen to improve residual stresses;
anneal the U-bends and control the denting
problem.

Use Alloy 690 tubes with optimum
microstructure and a maximum yield
strength of about 380 MPa (55 ksi); and
minimize/eliminate residual stresses

Secondary Side
Defects:

Intergranular
stress corrosion
cracking, inter-
granular attack

Control alkaline impurities, eliminate acid
chlorides, flush tubesheet crevices, use hot soak,
lance, and chemically clean; neutralize crevice
alkalinity; add boric acid; and roll tubes to
eliminate crevices.

Use Alloy 690 tubes with optimum
microstructure,eliminate tubesheet
crevices, improve access for lancing
and cleaning, increase blowdown
capacity, shot peen OD, and design
flow to avoid sludge accumulation.

Pitting

Denting

Wastage

Eliminate condenser leakages; preclude ingress of
air/oxygen, acid chloride, and copper in water.

Eliminate ingress of air/oxygen, acid chlorides,
and copper in water, use leak-tight condensers, use
hot soaks.

Use AVT water chemistry, eliminate hideout
chemical concentrations; use sludge lancing and
chemically clean; use hot soaks; hot blowdown
and flushing; preclude resin ingress.

Use titanium or stainless steel
condenser tubes, eliminate Cu alloys in
feed train, and resistant tube materials.

Use strict water chemistry controls, use
stainless steel support structures, and
design to preclude stagnant water in
annuli, and titanium condenser tubes.

Design flow to preclude hideout and
chemical concentrations; minimize
sludge formation; improve access for
cleaning, and increase blowdown
capacity.

Fatigue in OTSG
(thermal and
environmental)

Control chemistry and modify to preclude dryout
of water particles with impurities on tubes
near the open lane.

a. Repair generally consists of plugging or sleeving or various new expansion joints in the tubesheet region. Various
size sleeves and minisleeves have been used.

5. Shot and rotopeening techniques have been
used to introduce residual compressive
stresses on the tube inside surface to mitigate
pure water stress corrosion cracking
(PWSCC). However, no NDE method is
available to measure the residual stresses. Ef-
fectiveness of these techniques depends upon
process controls.

6. Alloy 600 and 690 microstructures and heat
treatments have been developed that result in

an increased resistance to PWSCC in labora-
tory tests. However, further research is need-
ed to gain a fundamental understanding of the
mechanisms of PWSCC.

7. Grain boundary carbides provide increased
resistance to PWSCC; however, sensitization
(grain boundary chromium depletion) should
be avoided to ensure resistance to secondary-
side faulted chemistry conditions. Thermal
treatments can produce resistance to both

,4.
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primary and secondary-side degradation
processes.

8. In situ stress relieving of highly stressed re-
gions, such as U-bends, has been used in
some plants to prevent PWSCC in tubing that
has not cracked. Sufficient care should be
taken to avoid formation of chromium-
depleted zones near grain boundaries. The
use of increased pH in the primary coolant to
mitigate PWSCC is being evaluated. The in-
creased pH may be achieved via higher lithi-
um or through use of enriched boron.

9. The material specifications for PWR steam
generator tubing (Alloy 600 or 690) should
require a maximum yield strength of about
380 MPa (55 ksi), which will limit the maxi-
mum residual stresses. Presently, there is no
maximum yield strength requirement in the
current ASME Code specifications for these
materials.

10. The current allowable NDE flaw-indication
criterion specified by the NRC is conserva-
tive when the accepted flaw does not grow
rapidly during plant operation. Efforts to
reduce the uncertainties in the NDE results,
quantify flaw growth rates, and determine
safety margins during operations should be
continued.

11. Several effective sleeving designs have been
developed recently to cover defects in the
tubes near the tubesheet region. Leak tight-
ness of sleeved tubes is monitored in subse-
quent plant operation. Use of sleeves
introduces residual stresses that cannot be
measured, presents difficulties for future
inspections, forms crevices on the primary
side, introduces geometric stress raisers, and
poses concerns in the event of a double-
ended tube break at the sleeve joints.

Therefore, the field performance of the
various sleeve designs should be monitored.

12. Plugging is the only remedy when unaccept-
able flaws are detected in regions away from
the tubesheet. However, some plugs are sus-
ceptible to PWSCC (plugs with low mill-
anealing temperatures). If PWSCC causes a
plug failure instead of leakage, the fragments
of the failed plug may enter the tube with suf-
ficient velocity to puncture the tube and poss-
ibly damage neighboring tubes. Plugs can be
removed for future repair if needed. Plugging
too many tubes is likely to affect the steam
generator thermalhydraulics. Inservice in-
spection methods to assess the integrity of
plugs need to be developed.

13. A nickel plating technique is being developed
to repair IGSCC cracks in steam-generator
tubes. Nickel plating generates very low re-
sidual stresses and does not require a subse-
quent heat treatment, and it can be applied
anywhere in the straight part of the tube. It
also allows later access to areas above the
section repaired in case of further damage,
whereas sleeving does not. An ultrasonic in-
spection method has been developed to detect
axial and circumferential cracks in a nickel-
plated region.

14. Successful steam-generator replacements
have been accomplished at several PWR
plants. The replacement steam generators are
expected to have a longer life because of im-
proved designs and materials. The design im-
provements include elimination of crevices,
lower residual stresses, and improved access
for secondary-side lancing and chemical
cleaning. The improved materials include
thermally treated Alloy 690 for the tubes and
ferritic stainless steels for the tube-support
structures.
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9. BOILING WATER REACTOR CONTAINMENTS

V. N. Shah, R. W. Garner, and D. A. Conley

The boiling water reactor (BWR) containment is de-
signed to contain any release of fission products that
may occur during certain design-basis accidents. The
containment structure is the final barrier to the release
of fission products. This chapter (a) describes the de-
sign of the different types of BWR containments that
have evolved over the years; (b) discusses the aging
stressors, degradation sites and mechanisms, potential
failure modes, and inservice inspection requirements
for each type of containment; and (c) presents recom-
mendations for better management and mitigation of
aging degradation damage in BWR containments.

9.1 Description

All operating BWRs are housed in pressure-
suppression containments. The only exception is the
Big Rock Point reactor, which has a spherical metal

containment. The term pressure suppression comes
from the fact that steam generated as a result of any
loss-of-coolant accident is channeled to a suppression
pool, where it is condensed. This prevents the pressure
buildup that otherwise would occur in the primary con-
tainment. BWR containment pressures, therefore, re-
main relatively moderate compared to the pressures
that may occur in pressurized water reactor (PWR)
containments during similar accidents. -

Table 9.11 lists the 36 operating domestic BWRs, in
chronological order of their operating license dates,
and presents their respective power rating, construc-
tion permit date, and containment type and materials.
The oldest BWR is the Big Rock Point plant, built as a
demonstration plant and kept in operation for 26 years.
The age distribution of operating BWRs based on their
operating license dates, is shown in Figure 9.1.

Table 9.1. Containment designs for operating domestic BWR power plantsI

Nuclear Unit
Power
(MWe)

Big Rock Point

Oyster Creek

Nine Mile Point I

Dresden 2

Monticello

Millstone 1

Dresden 3

Quad Cities 1

Quad Cities 2

69

620

610

794

536

660

794

789

789

Construction
Permit Date

05-31-60

12-15-64

04-12-65

01-10-66

06-19-67

05-19-66

101466
7 ! ,'. .5

02-15-67

02-1547

Operating
License

Date

08-30-62

04-09-69

08-22-69

12-22-69

09-08-70

10-07-70

01-12-71

1"01-71

04-06-72

Containment
Design and

Materials2

Sphere, Steel

Mark I, Steel

Mark I, Steel

Mark I, Steel

Mark I, Steel

Mark I, Steel

Mark I, Steel

Mark,. Steel

Mark I, Steel

Pilgrim 1 670 08-26-68 06-08-72 Mark I, Sted

Vermont Yankee

Peach Bottom 2

514.

1065

12-11-67

01-31-68

02-28-73

08-08-73

Mark 1, Steel

Mark I, Steel
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Table 9.1. (continued)

Nuclear Unit

Browns Ferry 1

Cooper

Duane Arnold

Peach Bottom 3

Browns Ferry 2

Hatch 1

Fitzpatrick

Brunswick 2

Browns Ferry 3

Brunswick I

Hatch 2

La Salle County 1

Susquehanna 1

Grand Gulf 1

La Salle County 2

WNP-2

Susquehanna2

Limerick 1

Fenmi 2

Shoreham

River Bend 1

Perry 1

Hope Creek 1

Nine Mile Point 2

Clinton 1

Power
(MWe)

1065

778

538

1065

1065

786

816

790

1065

790

795

1078

1050

1250

1078

1150

1050

1055

1093

819

940

1205

1067

1080

950

Construction
Permit Date

05-10-67

06-05-68

06-22-70

01-31-68

05-10-67

09.30-69

05-20-70

02-07-70

07-31-68

02-07-70

12-27-72

09-10-73

11-03-73

09-04-74

09-10-73

03-19-73

11-03-73

06-19.74

09-26-72

04-15-73

03-25-77

05-03-77

11-04-74

06-24-74

02-24-76

Operating
License

Date

12-20-73

01-18-74

02-22-74

07-02-74

08-0-74

08-06-74

10-17-74

12-27-74

08-18-76

11-12-76

06-13-78

04-17-82

07-17-82

07-82

12-16-83

12-20-83

03-23-84

10-26-84

03-20-85

07-85c

08-29-85

03-18-86

04-11-86

10-31-86

04-17-87

Containment
Design and

MaterialsW

Markl , Steel

Mark 1, Steel

Mark I, Steel

Mark 1, Steel

Mark I, Steel

Markl , Steel

Markl,Steel

Mark I, Concrete

Mark , Steel

Mark I, Concrete

Markl , Steel

Mark II, Concreteb

Mark H, Concrete

Mark III, Concrete

Mark 11, Concrete6

Mark H, Steel

Mark H, Concrete

Mark II, Concrete

Mark I, Steel

Mark II, Concrete

Mark m, Steel

Marki m, Steel

Markl , Steel

Mark H, Concrete

Mark m11, Concrete

.

.,

a. Steel indicates that the primary containment pressure boundary is a thick-walled freestanding steel pressure
vessel; concrete indicates a thin, steel liner.

b. Prestressed concrete containment; other concrete containments are reinforced concrete.

c. Limited to 5% power.
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Number of plants

13

Years ot operation

9.0563

Figure 9.1. Age distribution of operating BWRs based on operating license date.

The BWR pressure suppression containments are of
three designs and of three types of construction. The
three designs, or generations, are Mark I, Mark II, and
Mark HI. The three types of construction are metal, re-
inforced concrete, and prestressed concrete contain-
ment, depending on whether the containment is a
free-standing metal vessel, or a reinforced or pre-
stressed concrete vessel with metal liner. The distribu-
tion of BWR containmcnts by design and construction
is shown in Table 9.2.

All pressure-suppression containments consist of a
drywell;which contains the reactor pressure vessel, re-
circulation piping, and other associated piping, and a
wetweli or suppression chamber that contains a large
volume of water. In the event of a loss-of-coolant ac-
cident, the steam that is generated in the drywell enters
the suppression chamber through vents (downcomers)
and condenses. The suppression pool is also a primary
source of water for the emergency core cooling sys-
tems. The residual heat removal, core spray, and high-
pressure coolant injection systems'all take pump
suction from the pressure suppression chamber water.
Each of these carbon steel lines is part of the contain-
ment pressure boundary because they penetrate the
pressure suppression chamber.

: ' Table 9.2. Design and construction distribution for
-BWR containments

Spherical (steel plate)

Mark I
Steel
Reinfidced concrete

Mark i
Steel
Reinforced concrete
Prestressed concrete

MarklM
Steel
Reinforced concrete

1

22

2

1
5
,2

2
2

TheBWRMarkI and Mark I drywelis and pressure
suppression chambers are completely enclosed in a re-
inforced concrete reactor building. Technical specifi-
cations generally require that the pressure in the
reactor building be maintained slightly below at-

- mospheric pressure. BWR Technical Specifications
also require the reactor building to be tested for
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leakage during each refueling cycle to ensure that this
pressure can be maintained.2 The relative humidity in
the reactor building is maintained at approximately
30-40%, and the temperatures vary from 13 to 250C
(55 to 770F) in the winter to 40 to 491C (105 to 1201F)
in the summer."

Specific design characteristics of each BWR con-
tainment category (metal, reinforced concrete, and
prestressed concrete) are presented in Sections 9.1.1,
9.1.2, and 9.1.3, respectively.

9.1.1 Metal Contalnments. Of the 26 BWRs with
metal vessels as the primary containment, the BWR
Mark I and Mark II metal containments (22 and 1,
respectively) are contained within a secondary con-
crete shield wall and a reactor building. The BWR
Mark HI metal containments (2) are surrounded by a
concrete shield building. These structures protect the
primary containment from internal missiles (Mark I
and II) and external environmental hazards such as
severe weather and tornado-generated missiles. AU
metal containments are made of SA-516 Grade 70 or
SA-212 Grade B carbon steel plates. The bellows are
made of Type 304 stainless steel. Specific design
characteristics of each type of containment are de-
scribed below.

MARK I Design. Mark I primary containments
consist of an invertedlight bulb-shaped drywell vessel
surrounded at the base by a torus-shaped suppression
chamber, as shown in Figure 9.2. The drywell and
suppression chamber are connected, typically, by eight
vent lines equally spaced around the base of the
drywell. The drywell is a free-standing vessel
supported at the base by a concrete embedment The
embedded portion of the drywell base metal is not
coated. However, the concrete-metal interface is
usually sealed to prevent moisture from reaching the
embedded drywell base. For example, a polysulfide
seal was installed in the Monticello BWR
containment.3

A reinforced concrete wall [1.2- to 1.8-m (4- to
6-ft) thick], called the secondary concrete shield wall,
surrounds the-drywell to provide shielding and, in
areas where it backs up the drywell, provides addi-
tional resistance to deformation and buckling of the
shell. A 50- to 75-mm (2- to 3-in.) gap (shown in

a. J. M. McGhee, personal communication, EG&G
Idaho, March 1988.

Figure 9.3) between the drywell and the secondary
concrete shield wall allows for thermal and pressure
expansion and contraction during normal operation
and during design-basis accidents. 4 This gap is
usually filled with a compressible fill material during
construction of the concrete shield to maintain proper
spacing. The fill material was removed after construc-
don of some Mark I containments and left in place at
other plants. Moisture can be trapped in the filler
material and may cause corrosion of the drywell Also,
the filler material can degrade, and the aggressive
chemicals in the material may cause significant
corrosion of the drywell. Table 9.35 lists the fill
materials used in many BWRs. A sand pocket is
located at the bottom of the drywell-to-secondary
concrete shield wall gap, as shown in Figure 9.3.
Moisture may also collect in this sand pocket and
cause corrosion problems. However, the gap in some
Mark I's is sealed by covering the sandpocket with a
galvanized steel plate that is sealed to the drywill shell
and the concrete shield wall. Drains remove any
moisture that may collect on top of this plate. This
prevents any liquid leaking into the gap from entering
the sand pocket. Plants with sealed gap are identified in
Table 9.3.

Shielding over the top of the drywell is provided by
a removable, reinforced concrete shield plug. The dry-
well head is a flanged, removable closure for access to
the reactor pressure vessel during refueling. The area
above the drywell flange is filled with water to the re-
fueling platform during refueling.

The pressure suppression chamber is a carbon steel
pressure vessel in the shape of a torus below and encir-
cling the drywell, and is reinforced at each joint by an
internal ring beam. It is supported vertically at each
joint by columns and a saddle support, as shown in
Figure 9.4. The lubrite baseplates between the support
columns and the torus provide a low-friction surface
to allow expansion of the torus during heatup, cool-
down, and pressure testing. Typically, eight equally
spaced vent pipes form a connection between the dry-
well and the pressure suppression chamber. The vent
pipes have single- or double-ply, Type 304 stainless
steel expansion bellows to accommodate differential
motion between the drywell and the suppression cham-
ber (as shown in Figure 9.2).6 The typical thickness of
one ply is 2.0 mm (0.08 in.). Jet deflectors installed in
the drywell at the entrance of each vent pipe prevent
possible damage to the vent pipes from jet forces that
might accompany a pipe break in the drywell. The
vent pipes exhaust into a continuous vent header, from
which downcomer pipes extend into the suppression
chamber pool below the minimum water level.
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8.7162

Figure 9.2. BWR Mark I type metal containment enclosed in a reactor building.
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Figure 9.3. BWR Mark I drywell base, concrete shield wall. and sand pocket.
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Table 9.3. BWR Marki I fill materialss

A -,,

NuclearUnits

Oyster Creek

Nine Mile Pt 1

Dresden 2

Monticello

Millstone 1

Fill Material

Firebar D and fiberglass

Fiberglass foam

Polyurethane foam

Polyethylene strips

Dresden 3 Polyurethane foam (burned up)

Quad Cities 1 Polyurethanefoam

Quad Cities 2 Polyurethane foam

Pilgrim 1 Ethafoam

Vermont Yankee Styrofoam

Peach Bottom 2 Polyethylene strips

Browns Ferry 1 Polyurethane

Cooper - Urethane foam

Duane Arnold Polyurethanefoam

Peach Bottom 3 Polyethylene strips

Browns Ferry 2 Polyurethane

Hatch 1 Ethafoam

Fitzpatrick Ethafoam

Brunswick 2 NA

Browns Ferry 3 Poiyurethane

Brunswick I NA

Hatch 2 Ethafoam

Fermi 2 Foam

Hope Creek 1 Fiberglass

NA = Not Applicable.

Fill Material
Removed as of

1/6/87

No

No

Yes

Yes

No

No

No

Yes

No

No

* No

No

Yes

No

No

Yes

Yes

NA

No

NA

Yes

No

No

Gap not sealed

Gap sealed, drain provided

Gap sealed, drain provided

No thinning noted. Gap not
sealed

Gap not sealed

Gap not sealed

Gap not sealed

Gap sealed, drain provided

Probably not sealed

Gap sealed, drain provided

Gap not sealed

Gap not sealed

Gap sealed, drain provided

Gap sealed, drain provided

Gap not sealed

Gap sealed, drain provided

Gaps sealed, drain provided

Reinforced concrete contaidment

Gap not sealed

Reinforced concrete containment

Gap sealed, drain provided

Gapnot sealed

Comments

...:.

I
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Figure 9.4. Mark I pressure suppression chamber cross section showing mounting and supports.

Table 9.4 presents the dimensions of a Mark I con-
tainment structure.6 The dimensions will vary among
different plants, owing to different design characteris-
tics. For example, the diameter of the spherical portion
of the drywell for the Hope Creek I Plant is 20.7 m
(68 ft), whereas in the Browns Ferry Plants it is 18.6 m
(61 ft). Design parameters for a Mark I containment
are presented in Table 9.5? The free volume -of the
containment is determined to contain the total postu-
lated energy release within the containment without
loss of function and violation of the pressure boundary
during a design-basis loss-of-coolant accident.

The interiors of the drywell and suppression cham-
ber are generally painted with a zinc-rich primer coat-
ing to help resist corrosion. Red-lead, modified

phenolic, and epoxy coatings have also been
employed; the epoxy has been found more durable
than the red lead.8 A red-lead coating generally has
been applied on the outside surface of the drywell and
pressure suppression chamber. To further guard
against the potential effects of corrosion in some of the
recent Mark I designs, Hope Creek 1, for example, the
thickness of the drywell shell has been increased by
1.6 mm (0.06 in.) beyond minimum design thickness. 6

-

Prior to each startup, the primary containment is
purged with pure nitrogen until the atmosphere con-
tains less than 4% oxygen by volume. This nitrogen
inerting is to control oxygen and prevent the possibil-
ity of ignition of a hydrogen and oxygen mixture that
may occur following a postulated accident.
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Table 9.4. Dimensions of a Mark I metal containment
(1 in. = 25A mm)

Drywell

Drywell head diameter
Cylindrical section diameter
Spherical section diameter
Drywell height (overall)

27 ft2in.
32 ft
63 ft
108 ft 9 in.

Wall-plate thickness

Drywell head
Cylindrical section
Spherical section

Vent System

Vent pipes

Number
Internal diameter
Wall thickness

Vent header internal diameter

Downcomerpipes

Number
Internal diameter
Submergence below suppression
pool water level

Pressure Suppression Chamber

Chamber inner diameter
Torus major diameter

Wall-plate thickness

17/16 in.
1 7/16 in.
3/4 in.

8
4 ft9 in.
0.25 in.

. 3ft6in.

48
2 ft

!, 4ft

25ft8in.
98 ft8 in.

Above horizontal centerline
Below horizontal centerline
Penetration locations

0.587 in.
.0.658 in.
I in.

I . '. - I ,

Containment penetrations are designed to withstand
the normal environmental conditions that prevail dur-
ing plant operation and to retain their integrity during
and following postulated accidents. Penetrations for
high-energy pipe lines have two-ply Type 304 stain-
less steel expansion bellows to accommodate thermal
movements between the pipe and containment shell.
These expansion bellows serve as part of the primary

containment. The high-energy pipe lines include the
reactor core isolation cooling steam, high-pressure
coolant injection, feedwater, residual heat removal,
main steam lines, and several other process pipes. A
guard pipe is installed between the pipes and bellows
to prevent damage to the bellows during an unlikely
pipe-rupture event. Insert plates are used to reinforce
the drywell near penetrations.
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Table 9.5. Principal design parameters of a Mark I containment7

Drywell

Free volume
Design temperature
Operating temperature
Design internal pressure
Design-basis accident maximum pressure

Pressure Suppression Chamber

Freevolume
Pool water volume (max)
Pool water volume (min)
Design temperature
Operating temperature of water
Design-basis accident maximum water

temperature
Design internal pressure
Design-basis accident maximum pressure

169,000 ft3

3400F
1350F
62 psig
48.1 psig

133,500 ft3

122,000 ft3

118,000 fL3

3100F
950F
2090F

62 psig
25.5 psig

MARK 1I Design. The only Mark II metal
containment is the Washington Nuclear Project No. 2
containment, shown in Figure 9.5.9 The Mark II
design differs from the Mark I design in that the
overall shape of the free-standing steel vessel is a
frustum of a cone, set on a cylinder rather than an
inverted lightbulb, and the drywell is directly above
the suppression chamber (hence the term "over and
under configuration" that is often used), rather than
separated, as in the Mark I torus design. The drywell
and pressure suppression chamber together are en-
closed by a free-standing carbon steel vessel sup-
ported by a concrete embedment at the base and
surrounded by a secondary concrete shield wall with a
50-mm (2-in.) expansion gap separating the two.
Shielding over the top of the drywell is provided by a
removable, reinforced concrete shield plug, a design
similar to the Mark I.

The pressure suppression chamber is a steel cylinder
pressure vessel, having an approximate diameter of
20 m (65 ft 9 in.) and a height of 12.8 m (42 ft).
The dividing floor between the drywell and the sup-
pression chamber forms the top closure. An ellipsoidal
steel head forms the bottom closure. The suppression
chamber is designed in combination with the drywell
for thermal and seismic loads. The dividing floor is
designed for a differential pressure of 0.17 MPa

(25 psi), as well as for the normal floor loading, which
includes piping and equipment loads.

The drywell is formed by the cone frustum de-
scribed above. The diameter of the bottom of the cone
is 20 m (65 ft 9 in.) where it meets the top of the sup-
pression-chamber cylinder. The diameter at the top of
the cone where the closure head bolts down is approxi-
mately 9.7 m(31 ft8in.). The heightof the cone is ap-
proximately 23.8 m (78 ft). The bottom closure of the
drywell is the reinforced concrete floor that separates
the drywell and the suppression chamber. The top clo-
sure head is a steel cap about 9.7 m (31 ft 8 in.) in di-
ameter that bolts to a steel flange attached to the top of
the drywell. The overall height of the containment.
including drywell, suppression chamber, and bottom
and top closures is about 50.3 m (165 ft). Design
parameters for a Mark U containment are presented in
Table 9.6.9

The drywell atmosphere is vented into the suppres-
sion chamber through a series of downcomer pipes
penetrating the drywell floor. Each vent opening is
shielded by a steel deflector plate to prevent overload-
ing any single vent by direct flow from a pipe break to
that particular vent: Prior to each startup, the primary
containment is purged with pure nitrogen until the at-
mosphere contains less than 4% oxygen by volume.

T
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Figure 9.5. BWR Mark II type metu containment enclosed in a reactor building.
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Table 9.6. Design parameters of a Mark II containment9

Drywell

Free volume
Design temperature
Operating temperature
Design internal pressure
Design-basis accident maximum pressure

202,242 ft3

3400F
1350F
45.0 psig
37.2 psig

Pressure Suppression Chamber

Free volume (min)
Pool water volume (min)
Design temperature
Operating temperature of water
Design internal pressure
Design-basis accident maximum pressure

144,166 fL3

108,387 ft3

2750F
950F
45.0 psig
28 psig

MARK 111 Design. Figure 9.6 shows the Mark III
containment design with a steel containment vessel,
consisting of four main components: concrete dry-
well, suppression pool, containment vessel, and con-
crete shield building. Only two operating domestic
BWRs have Mark III steel containments: the River
Bend and Perry 1 plants. Design information for the
Mark III steel containment described herein came
from the River Bend Final Safety Analysis Report.10

The drywell is a cylindrical, reinforced c6ncrete
structure with a removable steel head to allow vertical
access to the reactor vessel for refueling or mainte-
nance. The suppression pool is an open-top structure
located partly inside the drywell, and with the inner
boundary formedby the cylindrical concreteweir walL
The majorpart is outside the drywell between the outer
drywell wall and the inner containment wall. A'system
of horizontal vents connect the drywell and contain-
ment pool volumes. The containment vessel is made
of carbon steel clad with stainless'steel up to abbut one
foot above the normal suppression pool level. This
cladding provides a maintenance-free surface that can
be easily decontaminated, and eliminates the need for
a protective coating.

The primary containment vessel is a free-standing,
vertical, cylindrical steel pressure vessel with an ellip-
soidal head and a flat bottom steel liner plate. The cy-
lindrical shell has horizontal external stiffeners and is
anchored five feet into the concrete mat foundation.
The flat-bottom liner plate is approximately 19-mm
(0.75-in.) thick and is continuously supported by the

concrete mat. The liner plates are welded to embedded
steel members in the mat, and serve as a leaktight
membrane for the containment vessel. There is a
1.5-m (5-ft) annulus between the containment vessel
and the shield building. The annulus provides easy ac-
cess to the steel containment vessel for inspection, and
also functions as a secondary containment barrier
by providing a plenum for collecting and filtering ra-
dioactive leakage from the containment in the event of
a loss-of-coolant accident. Piping penetrations for
high-energy pipe lines from the drywell that traverse
the primary containment arc contained within guard-
pipe assemblies.

The River Bend Station Mark III steel containment
structure measures about 36.6 m (120 ft) in diameter,
56.7 m (186 ft) in height, including the head, and
44.5 mm (1.75 in.) in wall thickness. Inside the steel
structure is a dryw.ll 21 m (69 ft) in diameter and con-
taining the 19.5-m- (64-ft-) diameter weir wall. The
suppression pool fills the bottom 6 m (20 ft) of the
containment structure. The Perry I Nuclear Plant con-
tainment has similar dimensions. Typical design pa-
rameters for Mark III containments are presented in
Table 9.7.10

Steel Sphere ContaInment.'1 The Big Rock
Point plant is the only operating BWR having a
spherical, steel containment. There is no shield
building at this plant. The containment sphere is a
vessel 39.6 m (130 ft) in diameter extending 8.2 m
(27 ft) below grade. The containment sphere also
serves as a reactor building for housing the steam
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Containment vessel dome
ventilation opening .

Pressure suppression
pool
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vents pedestal

2/ \~Weirwall

- Drywell combination
* equipment hatch and
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Note:
Access openings not in true locations

F e 6 R tI
Figure 9.6. BWR Mark Hi type metal containment enclosed in a concrete shield building.
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Table 9.7. Principal design parameters of a Mark III metal containment9

Drywell

Free volume
Design temperature
Operating temperature
Design internal pressure (differential)
Design external pressure (differential)
Design-basis accident maximum internal
pressure (differential)

Pressure Suppression Chamber

Free volume
Pool water volume (min)
Design temperature
Operating temperature of water
Design-basis accident maximum pressure

236,196 ft3

3300F
1350F
25 psi
20 psi
19.2 psi

127,930 ft3
124,726 ft3

185 0F
1000F
7.6 psig

Containment Vessel

Free volume
Design temperature
Operating temperature
Design internal pressure
Design external pressure (differential)
Design-basis accident maximum pressure
Design-basis accident maximum temperature

1,191,590 ft3

1850F
900F
15 psig
0.6 psi
7.6 psig
1410F

generating system and auxiliaries. Principal design
parameters for the containment vessel are shown in
Table 9.8.

The exposed exterior surface of the sphere is insu-
lated with a cork mastic coating sprayed to a dry thick-
ness of 9.5 mm (0.38 in.), and protected by two coats
of acrylic resin base emulsion. The insulation is pro-
vided to prevent excessive temperature inside the con-
tainment vessel caused by solar radiation and to reduce
loss of heat during winter. The insulation also pro-
vides atmospheric corrosion protection and reduces in-
side surface condensation. Although temperature
control is primarily for operational purposes, it also is
intended to maintain ductility of the metal shell and
prevent potential brittle fracture.

9.1.2 Reinforced Concrete Contalnments.
There are eight operating domestic BWR plants with
reinforced concrete containments. These include two
Mark I designs, Brunswick 1 and 2; five Mark II
designs, Susquehanna I and 2, Limerick 1, Nine Mile

Point 2, and Shoreham; and two Mark III designs,
Grand Gulf I and Clinton 1.

There are very few differences in the design config-
urations between metal (as described in Section 9.1.1)
and concrete containments. The major difference,
however, is that in the metal containment the primary
containment vessel is surrounded by the secondary
shield wall; whereas, in the concrete containment there
is a steel liner on the concrete wall. The steel liner
also acts as an impervious innerbarrier. Since therein-
forced concrete containment designs do not differ sig-
nificantly from metal containments, only brief design
descriptions will be provided here.

Mark I Design. The drywell consists of two,
reinforced concrete, steel-lined (ASTM-A516 Gr.60),
right cylinders oriented vertically and joined by a
truncated conical section. The bottom of the drywell is
another conical section with a solid cylindrical base
pedestal. The drywell is closed by a continuous steel
dome bolted to the top. When joined together, the

-4
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Table 9.8. Principal design parameters for BWR spherical metal containment10

Design internal pressure
Design external pressure
(coincident with dead load only)
Design temperature rise
(coincident with design internal pressure)
Design maximum temperature
Wind Load (60 mph) -

Without snow load
(basic wind pressure)

Snow load
Maximum at top

27 psig
0.5 psiga

1900F

2350F
ASA Std. A58.1
30 psf

ASA Std. A58.1
40 psf

a. External pressure does not govern; with shell thickness designed to withstand 27 psig internal pressure, safe
external pressure coincident with dead load only is 1.22 psig..

configuration of the reinforced concrete drywell
shown in Figure 9.7 is similar to the conventional steel
containment light bulb shape.12 The overall height
-from the top of the foundation mat to the drywell head
flange connection is approximately 33.8 m (Ill ft).

The pressure suppression chamber is a steel-lined,
circular, reinforced concrete shell with a major diarme-
ter of 33.2 m (109 ft). The suppression chamber com-
prises 16 interconnected cylindrical sections with'
8.8 m (29 ft) internal diameters. The liner material is
ASTM-A516 Gr.60 steel, 95 mm (038 in.) thick.

The welded seams in the drywell and pressure sup-
pression chamber liners, which are inaccessible after
completion of construction or are under water, are cov-
ered by leak chase channels. The leak chase channels
aresimplymetalchannels embeddedin theconcretebe-
hind the liner welds.These channels permit monitoring
of leaktightness during normal operation by pressuriz-
ing local areas with air and also permit collection of
suppression chamber water if the liner weld leaks. If
leakchasechannelsareusedforinserviceinspectionre-
quirements, they must be tested in accordance with
10 CFR 50, Appendix J. Type B leak tests.13

The drywell and the pressure suppression'chamber
aresupported on thesame basemat foundation. An ex-
pansion joint between.the bottom of the suppression
chamber and the mat foundation allows for radial ex-
pansion of the suppression chamber. The suppression
chamberhas eightsymmetricallylocated vent openings
corresponding to the vent openings in the drywell, simi-
lar to the steel containment design. The drywell and

pressure suppression chamber are completely enclosed
in a reactor building, as discussed above.

The design parameters of a primary containment
system are provided in Table 9.9.

Mark It Design. The primary and secondary
containments for the Mark II reinforced concrete
containment design, shown in Figure 9.8,14 are similar
to the Mark II metal containment design shown in
Figure 9.5; the major difference is that the drywell of
the metal containment is a free-standing steel vessel,
whereas the drywell of the reinforced concrete con-
tainment'is a steel-lined reinforced concrete vessel.
The drywell shapes also are similar and consist of a
frustum of a cone closed by a dome. The pressure
suppression chamber is a cylindrical, steel-lined,
reinforced concrete vessel located below the drywell.
The liner welds in the drywell and pressure suppres-
sion chamber that are inaccessible after construction
are enclosed in leak chase channels, as described
above. The design parameters of a Mark II reinforced
concrete design are similar to those of the Mark II
metal containment presented in Table 9.6. The dry-
well and the pressure suppression chamber are com-
pletely enclosed within a reactor building.

Mark 111 Design. The basic configuration of the
Mark III concrete containment shown in Figure 9S15
is similar to the'Mark m metal containment, shown in
Figure 9.6; the major difference is that the free-
standing steel containment vessel (Figure 9.6) has
been replaced by a steel-lined, reinforced concrete
containment vessel. At the Clinton plant, there is also
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Figure 9.7. BWR Mark I type reinforced concrete containment enclosed in a reactor building.
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Table 9.9. Design parameters and characteristics of a Mark I concrete containment12 -,

Drywell

Free volume (including vent system)
- Design temperature

Internal design pressure
External design pressure

164,100 ft3 .
300 0F
62 psig
2 psig

Pressure-Suppression Chamber

Air volume (min)
Air volume (max)
Pool water (min)
Pool water (max)
Design temperature
Design internal pressure
Design external pressure

* . 124,000 ft3

134,600 ft3

87,600 ft3

89,600 ft3

2200F
* 62psig '

2 psig >

a steel secondary containment building that surro
the concrete containment vessel.a The Mark m
forced-concrete containment consists of a flat cir
foundation mat, a right circular cylinder for walls
a hemispherical'dome. The cylindrical wall, d
and foundation mat are constructed of cast-in-I
conventionally reinforced concrete. The internal
face of the containment is completely lined
welded steel plate. The suppression pool area o
containment liner is fabricated from stainless ste
carbon steel clad with stainless steel, and abov
suppression pool the liner is 6.4-mm (0.25-in.) cz
steel. The basemat liner is also stainless ste
carbon steel clad with stainless steel. The liner v
that are inaccessible after construction are enclos
leak chase channels, as described in Section 9
iTypical design parameters of the Mark III reinfc
concrete containment are similar to those o
Mark III metal design listed in Table 9.7.

9.1.3 Prestressed Concrete Containme
The La Salle County Units 1 and 2are the
operating domestic BWRs with prestressed'con
containment structures.16 The design of th6 Ma
prestressed concrete containment structures is sir
to the Mark II reinforced concrete (Figure 9.8:
metal containment (Figure 9.5) designs. The sup
sion system is the over-and-under configure

a. J. M. McGhee, personal communication, E4
Idaho, April 1989.

similar to that shown in Figure 9.8, with the drywell a
frustum of a cone, located directly above the circular
cylinder suppression chamber, and the drywell atmo-
sphere vented into the suppression chamber through a

' series of downcomer pipes penetrating the drywell
floor. The primary containment consists of a steel
dome head and posttensioned concrete wall standing
onabasemat of reinforced concrete. The innersurface
of the containment is lined with steel plate, which acts
as a leaktight membrane. The liner welds that are
inaccessible after construction are enclosed in leak
chase channels.

ed in: The wall of the primary containment is prestressed
1.1.2. using parallel lay and ungrouted type tendons, each
)rced composed of button-headed wires and end-anchorage
f the hardware. There are'188 horizontal tendons and

120 meridional tendons used in the wallof theLa Salle
l;; plants. There are three buttresses (end-anchor points)

lnts.! $ for the horizontal tendons, which are equally spaced
on-ly. i'around the containment, and each horizontal tendon is

cret - anchored at buttresses 240 degrees apart, bypassing
* II' the intermediate buttress [except for the horizontal ten-

milatr, 5 dons in approximately the top 8 m (26 ft), which travel
and completely around the containment and start and end

on the same buttress]. One-half of the meridional (ver-
presa tical) tendons terminate at the midheight of the con-ation

tainment wall. Onef-quarter of the meridional tendons
are anchored in the refueling floor above the reactor.
The rest of the meridional tendons are anchored to the
drywell head support ring. All the meridional tendons

3&G are anchored at their lower elevation at the underside
of the base slab. The tendons are placed inside
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Figure 9.8." BWR Mark II type reinforced concrete containment enclosed in a reactor building.
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Figure 9.9. BWR Mark III type reinforced concrete containment.
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conduits'embedded in the concrete
by corrosion-preventive grease..
preventive grease used at the La Salli
called Visconorustlm and 'meets A
D-287 for specific gravity, D-992
nitrates, and D)-X512 for water soluble
water soluble sulfides.'

and are protected 9.2
The corrosion-' ' ' '
D Countyplants is '
k VRTM efftsxdoA-

Stressors;
.1 ' . I

.ma re.. "O - luauInternal and external'environments are the major
for water soluble sessors acting onBWR containments and cause occa-
chlorides and for sional corrosion of the' metal containments and the

- metal liners in the concrete containments. Additional
-' stressors act during testing and operation and include

cyclic loads on the containment vessels, which cause
fatigue damage. The identified stressors for metal

cation, La Salle containments are discussed in Section 9.2.1, and for
concrete containments in Section 92.2-.

a. D. Szumski, private communi
County Nuclear Station, 1989.
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9.2.1 Metal Containments

Internal Environment. The normal operating
pressure in BWR containments is in the range of-2 to
+2 psig, and the normal operating temperatures for the
drywell and suppression pool are usually in the range
of 54 to 660C (130 to 1500F) and 10 to 431C (50 to
1100F), respectively. However, local temperatures
within the drywell may vary significantly with eleva-
tion; especially if there is inadequate ventilation in the
drywell. 17418 For example, temperatures of 560C
(1320F) and 1060C (2220F) were measured at the 17-
and 27-m (54- and 89-ft) elevations, respectively, in
one plant. The drywell wall at 27-m elevation will be
less susceptible to corrosion because the higher
temperatures at that elevation will keep it dry. The
relative humidity in the BWR containments is in the
range of 40 to 60%, which is higher than normally
found in PWR containments, because of the presence
of water in the suppression pool. The humidity level in
the suppression chamber may be as high as 90%. The
oxygen content inside the Mirk I and It containments
is maintained at less than 4% by volume.

The presence of water in the suppression pool can
increase the susceptibility of the submerged portions
of the metal surfaces to corrosion. Therefore, limits
are set on the water quality in the pool. Water quality
limits are also maintained because the water in the sup-
pression pool is a backup supply or heat sink for sever-
al portions of the emergency core cooling system
following an accident. ypical water quality limits in-
clude a maximum conductivity of 5 micromhos/cm,
pH in the range of 6.5 to 8.5, and chlorides in the range
of 1 to 500 ppb.3 A concentration of chlorides in the
upper range provides better protection against micro-
bially influenced corrosion. The concentration of
dissolved oxygen is normally in the range of 3000 to
5000 ppb. This highlevel of oxygen is likely to aid the
corrosion of any unprotected submerged surfaces, that
is, uncoated surface areas or surface areas where the
coating has failed. Some plants with Mark I suppres-
sion chambers used potassium chromate in the past as
a corrosion inhibitor1 9 to reduce these problems.
However, there are currently no Mark I plants using
chromates to inhibit corrosion b

a. S. K. Smith, personal communication, Multiple
Dynamics Corporation, October 1988.

b. P. Stancavage, personal communication, G. E.
Nuclear Energy, October 24, 1988.

The regions of the metal containments at the core
elevation will be exposed to the largest neutron
fluences. The transition region from the cylindrical to
spherical portions of the drywell in a Mark I contain-
ment will experience a maximum neutron fluence of
approximately 1014 n/cm2 by the end of the 40-year li-
cense period.

External Environment. All BWR metal contain-
ments are protected from harsh exterior environments
(wide temperature variations, rain, freezing and thaw-
ing, etc.) by concrete reactor or concrete shield
buildings, with the exception of the Big Rock Point
metal sphere. However, corrosive environments are
the main stressors acting on the outside surfaces of the
Mark I and Mark 11 metal containments. One of the
factors contributing to the formation of a corrosive
environment is the presence (in some plants) of
compressible material in the gap between the drywell
and the secondary shield wall. As discussed above, the
compressible material has not been removed from the
gap at many plants. Some of these materials are
capable of absorbing moisture or of producing corro-
sive products if degraded. Also, some of these
compressible materials can ignite easily and burn
vigorously.:Therefore, a mishap may ignite these
materials and produce corrosive and toxic oxides of
nitrogen, together with other toxic gases and corrosive
products, that are harmful to mctalsYP These corrosive
products cannot be removed easily from the gap
(which is relatively inaccessible because of its small
size) and if they are present should be considered as
stressors. -

Another factor contributing to the corrosive external
environment is the presence of faulty bellows at the
drywell-to-cavity seals, which allow water to leak
into the gap between the drywell and the secondary
shield during refueling.4 The compressible fill
materials absorb this moisture and create conditions
favorable to corrosion. In some metal containments,
the gap is not sealed at the bottom and the leaking wa-
ter will flow into the sand pockets located near the con-
crete floor of the drywell. The wet sand also provides
a corrosive environment against the containment steel.
In addition, the wet sand is capable of supporting mi-
croorganisms that may lead to microbially influenced
corrosion. Other likely sources of water in the gap are
from moist air from the reactor building entering
through the drain lines and other penetrations in the
secondary shield, which are open during operation.
The warm moist air will rise through the gap and later
cool and condense as water.4 Moisture may also be
trapped in the fill material if it is exposed to a harsh ex-
terior environment during construction.
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BWR Mark Ill containments have avoided many of
the problems of the small gap by providing a larger an-
nular space that does not contain fill material. This
permits inspection and recoating activities without se-
vere access problems.

Operational Stressors. The cyclic loads imposed
on containment during operation and testing are
termed operational stressors. The startup and shut-
down of the reactor introduces some cyclic thermal
stresses in the metal shell and, especially, in the
regions near the penetrations of the high-energy pipe
lines. The equipment and piping supports impose'
vibrational loads on the containment and basemaL The
overhead cranes also impose some cyclic mechanical
stresses on Mark III containments.

Safety relief valve discharge tests are' typically per-
formed once per operating cycle to ensure that the
valves are operable.3' Steam is discharged into the
safety relief discharge line at a high flow'rate'during
these tests, causing an increase in pressure, which im-
poses significant loads on the metal components in the
suppression pool.,

somewhat differently. Concrete containments also are
subjected to nuclear heating, which produces a slight
increase in the concrete temperature and causes some
evaporation of the free waler in the concrete. This
results in a small loss of the shielding properties of the
concrete. The effect of radiation on the steel compo-
nents, that is, liner, reinforcing bars, and tendons, is not
significant. The steel liner above the water and the

-steel dry well head may suffer from corrosion caused
by the hot, moist atmosphere inside the containment,
and the submerged portion of the steel liner is also
susceptible to corrosion if the protective coating is
damagedP2 The atmosphere inside the leak chase
'channels described in Section 9.1.2 may contribute to
corrosion if the humidity level is high.

External Environment. As discussed in Sec-
tion 9.1.2, the BWR Mark I and Mark 1I concrete
containments are completely enclosed by reactor
buildings that are maintained at a pressure slightly
below atmospheric pressure. The humidity is relative-
ly low, and the temperatures are mild in these
buildings. The only BWR containment exposed to
adverse weather is the Mark III concrete containment
at the Grand Gulf 1 plant, which is subject to the same

�r

- -'. - ' I ! stressors as most PWR containments, including wet-Appendix J of 10 CFR 50 specifies containment ' ting and drying cycles, freezing and thawing cycles,
leakage rate test requirements.13 These tests are de- and acid rain. Exposure to these adverse external
signedtodetectoverallintegratedleakageratesandlo- ' environments can cause cracking and spalling in
cal leakage rates. Overall integrated leakage means concrete and may cause corrosion' of the reinforcing
leakage through all the potential leakage paths, includ- bars. The degree of deterioration caused by each of
ing the containment welds, valves and fittings, and the these stressors varies, depending on the intensity of
containment penetrations. Local leakage means leak- * each and on the quality of the concrete.
age across each pressure-containing or leak-limiting : . .
penetration, such as piping penetrations fitted with ex- Chemical Reactions In Concrete. In contrast
pansion bellows, air-lock door seals, and electrical tolthe metal containments, the concrete in the concrete
penetrations. Preoperational and periodic pressure containments could experience adverse internal chem-
tests at or above the peak containment internal pres- ical reactions, that is, alkali-aggregate reactions,
sure as specified in the plant technical specifications carbonate-aggregatereactions, and cement-aggregate

*are required. The peak pressure is related to the reactions 'Thealkali 'aggregatereactionsform expan-
design-basis accident pressure. A periodic test sched- sive products that can cause the concrete to crack and
ule is specified in Appendix J of 10 CFR 50, and itin- spalL The carbonate-aggregate reactions can lead to
cludes a set of three overall integrated leakage tests i corrosion of the reinforcing bars. The reactions
during each 10-year service interval. The frequency of between cement and high-silica--content aggregate
future tests may be increased if the measured overall materials can produce an irregular crack pattern in the
integrated leakage rate fails to meet the acceptance cri- concrete referred to as map cracking. -:'
teria. These pressure tests induce stresses in the con- ..
tainment vessel that reduce its fatigue life. : Operatlonal Stressors. -The operational stres-

- ' : i-.- .'- * sors for concrete containments are the same as those
9.2.2 Concrete Contalnments for the metal containments.

Internal Environment. The internal environ-' 9.3; Degradation Sites
ment for encrPtp ennfoinmpnta i imir fn the .

environments in the respective metal containments
:,discussed in the preceding section. The environment
affects both steel and concrete components, but

- -The major degradation sites in BWR containments
' ' are those experiencing degradation caused by corro-

sion and fatigue. Section 93.1 identifies these sites in
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the metal containments; Section 9.3.2 identifies the
degradation sites in the reinforced concrete and pre-
stressed concrete containments.

9.3.1 Metal Contalnments. The carbon steel
interior surfaces near the waterline in the Mark I and II
suppression pools, and elsewhere, are susceptible to
corrosion when they are uncoated or when the coating
has deteriorated. The emergency core cooling system
suction intake, which is located at the bottom of the
suppression pool, is also susceptible to corrosion from
the oxygenated water. The embedded portion of the
Mark I and II drywells are uncoated and subject to
corrosion if there is a gap at the metal-concrete
interface where moisture can enter. Differential
thermal expansion during startup and shutdown may
produce this gap by causing separation of the concrete
and drywell near the embedment.

The stainless steel bellows welded to the carbon
steel piping located in the high-energy piping penetra-
tions and the Mark I vent lines'are susceptible to gal-
vanic corrosion. The bellows are cold-rolled from
seamless tubing, which introduces substantial cold
work and residual stresses, and may lead to transgranu-
lar stress corrosion cracking. In addition, the heat-
affected zones near welds in the bellows are sensitized
during welding and, therefore, are also susceptible to
intergranular stress corrosion cracking.

The exterior surfaces of the Mark I and II drywells
are susceptible to corrosion caused by the external en-
vironment. The susceptibility increases if there is any
uncoated surface or if the compressible fill material is
not removed from the gap. The exterior surface near
the sand pocket in the Mark I design is also susceptible
to corrosion if the gap is not sealed. The exterior sur-
face of the Mark III containment is less likely to cor-
rode because it is accessible to recoat if needed, and no
compressible fill material was used.

The dryweli, suppression pool, vent lines, and bel-
lows are subjected to fatigue loadings during heat-up.
cooldown, and pressure tests. The geometrical discon-
tinuities on the metal containment act as stress risers
and are the most likely sites for fatigue damage. Such
regions of discontinuity include the portion of the dry-
well near the embedment, the reinforcing insert plates
at the high-energy pipeline penetrations, other pene-
trations, the transition region from the cylindrical to
the spherical portion of the drywell, and the hatches.
Misalignment, if present, will further reduce the fa-
tigue life of the bellows. The containment and base-
mat also experience fatigue damage because of
oscillating loads at the piping and equipment suppors.

The vent header and downcomers in the Mark I torus
experience fatigue damage during safety relief valve
discharge test The lubrite baseplates of the Mark I
suppression chamber support columns may wear out
and restrict free expansion of the torus. The transition
region from the cylindrical to the spherical portion of
the Mark I drywell is nearest to the core and, therefore,
it is likely to experience irradiation embrittlement
damage first.

9.3.2 Concrete Containments. The BWR
reinforced concrete containment rebar (reinforcing
steel) and metal liners are potential degradation sites.
The containment and basemat are subject to fatigue
damage caused by the pressure and temperature
changes associated with plant heatups and cooldowns
and, especially, containment leak rate testing. The
geometrical discontinuities introduced by the reinforc-
ing plates on the metal liner near the penetrations act as
stress risers and, therefore, the liner and the reinforced
concrete at these locations are particularly susceptible
to damage during pressure testing. (High-stress
concentrations near the reinforcing plates were ob-
served in a containment failure test performed at
Sandia National Laboratory in which a metal liner
ruptured near a reinforcing plate.') Repeated pressure
testing also will introduce local strain or ratcheting of
the rebar at the concrete cracks. The reinforcing steel
at those sites could then be subject to corrosion if
moisture is present in the reactor building. The
concrete in the containment'walls may experience
some cracking and'spalling because of moisttre and
internal chemical reactions. The concrete in the
basemat'can' deteriorate if it is in contact with
sulfate-bearing ground water or experiences internal
chemical reactions.

The tendons, grease, and anchors in theposttension-
ing system of the prestressed boncrete containmient and
basemat are potential degradation sites. Failure of ten-
don anchors and excessive stress relaxation or creep of
the tendons will result in a loss of the' prestressing
force. Deterioration of the grease by microbes may
result in severe corrosion of the areas of tendons no
longer protected. 23 The-metal liner is susceptible to

-'corrosion because of the internal environment; how-
ever, because the concrete in the walls is under
compression it is less susceptible to cracking or opera-
tional stressors, and the reinforcing bars in the concrete
wall are less susceptible to corrosion. The basemat in
the prestressed concrete containment is likely to

a. W. A., von Risemann, personal communication,
SandiaNational Laboratory, November 1987.

I
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experience fatigue damage because of oscillating loads
at the piping and equipment supports and cracking
from possible ground water attack.

9.4 Degradation Mechanisms

The major degradation mechanisms acting on the
metal containments are corrosion and fatigue. Other
mechanisms are mechanical wear, stress corrosion
cracking, and'neutron-irradiation embrittlement.
These degradation mechanisms are described in Sec-
tion 9.4.1. The degradation mechanisms acting on the
prestressed and reinforced concrete containments in-
clude corrosion of tendons, hydrogen embrittlementof
anchors, environmental degradation of concrete, cor-
rosion of reinforcing bars and liner, and nuclear heat-
ing of concrete. These degradation mechanisms acting
on PWR concrete containments are discussed in detail
in Volume I of this report24 and are summarized in
Section 9.4.2 as applicable to BWR concrete contain-
ments.

9A.1 Metal Contalnments. BWR metal contain-
ments are constructed of carbon steel, and, because of
the containment and reactor building environments,
the potential for corrosion is high. This is particularly
true if the metal surface is uncoated or the coating has
deteriorated. The different types of corrosion mecha-
nisms active in metal eontainments include unifoea
attack,'galvanic corrosion,'pitting and crevice corro-
sion, differential aeration, and microbially influenced
corrosion; The type of corrosion mechanism active at
any location, and its rate, depend on the environmental
conditions, containment design, and materials.

exterior surfaces surrounding the penetrations was de-
teriorated and the exposed metal surfaces were slightly

.oxidizedV6

-The inside surface of the torus shell at Nine Mile
Point 1 (which was designed and constructed as un-
coated) has experienced uniform corrosion to a thick-
ness at or below the minimum specified thickness
[11.94-mm (0.47 in.)] in some areas. In addition, the
plant has also experienced local corrosion orpitting on
the inside surface of the torus. The overall corrosion
rate of the inside surface of the torus wall was more
than double the expected (design) rate of 1.6 mils/
yeari New York Power Authority's Fitzpatrick plant
has also experienced varying degrees of localized cor-
rosion (3 to 9 mils) resulting from degradation of the
coatings on the inside wall of the torus.

'Dilute sulphuric and hydrochloric acids attack car-
bon steel very npidly.?5 If oxidizing conditions or aer-
ation are'present, even a very dilute hydrochloric acid

' solution would cause a'destructive attack on carbon
steel. Dilute non-oxidizing acids may be present in
wet, degraded fill material. Chlorides, likely from the
wet fill material (firebarD, which containsmagnesium
oxychloride), have been found in the Oyster Creek
sand pockcts.3g

Ultrasonic testing methods are used to measure and
trend wall thinning caused by corrosion. Damage from
uniform attack can be easily predicted and allowed for
in the original design. The damage frorm other types of
corrosion mechanisms is usually localized and consid-
erably more difficult to predict.

Uniformattackis characterizedbythegencralcorro- Galvanic corrosion occurs between dissimilar met-
sion of an entire exposed or deteriorated surface and, as -als, that isbetween two metals characterized by differ-
a result, the metal becomes thinner.25 The uniform at- ing corrosion potentials, when they are immersed and
tack that occurs when metal is exposed to'oxygen at electrically connected in a corrosive environment
containment temperatures forms an oxide film. The ' .Therefore,theeffectofadissimilarmetaljointistoac-

-'corrosionratethenbecomesslowerasthisfilmthickens * - 'celerate the corrosion of the less corrosion-resistant
because the oxide film acts asa barrier to oxygen diffu- metal and to reduce the attack on the more corrosion-
sion.An appropriate coating on the exposed surface or resistant metal. Corrosion from galvanic effects is
cathodicprotection willprovideprotectionagainst uni-- greatest near the dissimilar metal joints, and decreases
foirm attaclWhilepreparing thesurface foranewcoat- with increasing distance from thejoints.?5 The carbon
ing,careshouldbetaken to minimize the removal of the - steel near the dissimilar metal weldsbetween thestain-
base metal. Since the external surfaces of the Mark I :less steel bellows and the carbon steel pipes in the vent
and IIdrywellsarenoteasilyaccessible itwill bdiffi- r- 'and penetration lines are potential sites for galvanic
cultto detectcoatingdoterioration ontheirexteriorsur- - -corrosion because the stainless steel is more
faces and protect them once their coatirigs have corrosion-resistant than the carbon steel. In Mark II
deteriorated. 'However, the areas of the exterior sur- metal containments, the submerged portion of the con-
faces near the penetrations can be inspected with the aid -tainment wall is clad with stainless steel.' The area on
ofaborescopeorasimilardevice. Aborescopicexami- the unclad wall surface near the stainless steel clad is
nation performed at the Monticello BWR plant re- susceptible to galvanic corrosion if the coating has
vealed that 50 to 70% of the coating on the drywell deteriorated. ;
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A zinc-rich coating on the metal surface provides
protection against galvanic corrosion because zinc is
usually anodic to both carbon steel and stainless steel
and preferentially corrodes and protects the steel.
However, a red-lead coating is not likely to provide
much corrosion'protection because lead is cathodic to
steel in dilute, acidic water conditions. Therefore, to
ensure continuous protection, the red-lead coating on
the metal surfaces should be periodically inspected and
if deteriorated, the corresponding surfaces should be
recoated with a zinc-rich coating.

Pitting and crevice corrosion are forms of local cor-
rosion that occur on metal surfaces exposed to stagnant
or slow moving liquids. Local corrosion represents a
selective attack on a metal surface at small areas in
contact with an environment.- A small surface area ex-
periencing local corrosion contains a local cell, that is,
both anodic and cathodic sites at separate nearby loca-
tions, and theanodic site experiences corrosion. Local
cells are produced because of differences among small
nearby areas, which include metal composition diffcr-
ences, different surface film thickness, and environ-
ment differences (for example, differences in
temperature). The main cause of local corrosion is a
migration of cathodic reactants to anodic sites on the
metal surfaces. Pitting occurs on metal surfaces that
are covered with a thin protective surface film. Metals
such as carbon steel, which depend on an oxide film
f6r corrosion protection, are particularly susceptible to
pitting at weak spots in the surface film. Some coating
systems, epoxy coatings for example; are permeable to
water, which becomes trapped between the liner and
the coating, causing blisters in the coating. The sites of
local failure in the coating are susceptible to pitting.
Stagnant water locations, for example, low points in
vent headers and penetration sleeves are susceptible to
pitting. Crevice corrosion is initiated because of the
slow replenishment of oxygen and is accelerated by
migration of cathodic reactants in the recesses of a
crevice. Crevices that are wide enough to allow mois-
ture or liquid entry but sufficiently narrow to establish
a stagnant zone, are potential sites for this type of cor-
rosion. For example, if a crack or gap is present at the
interface of the concrete and the metal shell near the
embedment, moisture may get trapped and damage
from crevice corrosion is likely to occur. The applica-
tion' and maintenance'of a proper sealant at the inter-
face' can prevent moisture entry into the gap and thus
provide protection againstcrevice corrosion. Other po-
tential sites include cracks or crevices formed between
mating s~urfacesof metal assemblies, for example,
loose fitting gasketsurfaces and surfaces under bolt
and rivet heads. Gasket surfaces can be protected by
coating them with a lubricant. the most important
potential crevice corrosion site in most Mark I and

Mark II containments is probably the gap between the
drywell wall and the concrete shield wall. A compress-
ible fill material present in the gap between the drywell
and concrete shield wall will probably trap moisture
against the metal drywell wall and cause crevice corro-
sion.14 Since the drywellfoutside surfaces are not ac-
cessible for recoating or inspection, wall thickness at
selected locations should be measured at regular
intervals.

Local corrosion caused by differentlal aeration is
caused by a gradient in the amount of dissolved oxy-
gen near a water line.29 The metal walls of the Mark I
and II suppression pools are partially submerged in
water. The content of dissolved oxygen in the pool wa-
ter nearest the water line is more plentiful than it is at
greater depths. This condition forms a local cell, and
the metal surface nearest the water line becomes a ca-
thodic area, while the metal surface lower down be-
comes an anodic area and experiences localized
corrosion. The best protection is to maintain the coat-
ing in good condition on the submerged metal surface
of the suppression pool. The submerged metal sur-
faces in Mark III containments are clad with stainless
steel and, therefore, are not susceptible to this type of
corrosion. -

Microbially influenced corrosion (MIC) is the dete-
rioration ofa metal bya corrosion process occurring di-
rectly or indirectly as a result of the metabolic activities
of microorganisms. The products of metabolic activi-
ties may reduce the metal surface film resistance or
create a corrosive environment.30 Microorganisms
also may directly influence the rate ofanodicorcathod-
ic reaction. Deposits on the metal surface resulting
from growthandmultiplication ofmicroorganismsalso
may contribute to corrosion. Certain inorganic and or-
ganic chemical compounds must be present to supply
nutrients, such as oxygen, nitrogen, hydrogen, and sul-
fur, which are needed for'development and growth of
the microorganisms. There are two sites on the BWR
metal containments that may provide the necessary en-
vironment to support microorganisms: the water in the
suppression pools and the sand pockets near the base of
the Mark I drywells. Aerobic microbes have been
found at the beginning of the fuel cycle when there is
enough dissolved oxygen in the normally stagnantcool-
antin theMaiklpressuresuppressionchamber, and an-
aerobic microbes have been found at the end of the fuel
cycle when most of the oxygen present in the coolant
has been consumed.' MIC of the torus inside surface
can be prevented by the use of a good surface coating.

a. J.'Wolfram, personal communication, EG&G
Idaho, December 1987.

I

192



: ' . : .-.. t .

Both aerobic and anaerobic microbes have beer
found in the sand pockets near the Mark I drywell ex.
teior surface. Anaerobic microbes have been found in
the wet sand, and aerobic microbes have been found in
the dry sand.,' As discussed abov- the sand pockets in
Mark I's with an unsealed gap between the drywell and
shield wall may contain a large amount of moisture re
suiting from water leakage during refueling. MIC ap-
pears to have contributed to the corrosion of the Oystei
Creek drywell in the earlier stages of the process; how
ever, an analysis of the corrosion samples shows thai
MIC was not the primary cause of the corrosion in the
areas where wall thinning was greatest.31 It is difficul
to maintain the coatings on the outside surfaces of the
Mark I and I drywells, but cathodic protection should
provide adequate protection.O

Fatigue. Low-cycle thermal and mechanica'
fatigue are the major fatigue mechanisms active ir
BWR metal containments. In low-cycle fatigue, cyclic
stresses with magnitudes close to the materials' yield
stress cause plastic deformation during each cycle an(
contribute to fatigue crack initiation and growth.

Heatup, cooldown, and pressure testing introduce
high stresses at several sites'in BWR. meta'
containments. These include sites with geometric dis
continuities that act as stress risers, and sites with adja
cent materials with different thermal expansioi
coefficients. Two examples of drywell sites with sig
nificant geometric discontinuities are the reinforcing
plates near penetrations and the region connecting the
cylindrical and spherical portions of the drywell. Thi
embedded portion of the drywell base represents a sitv
where adjacent materials, that is, concrete and metal
have different thermal expansion coefficients, whicd
may lead to separation at the concrete-metal interfac
caused by cyclic stresses. Safety relief valve dis

lcharge, which occurs throughi the vent lines into the
suppression pool, is the major source of fatigue in the
torus and the vent system components. Each discharge
causes stresses in the torus shell and the vent header
downcomer intersection. The torus and drywell alsc
experience different thermal and mechanical expan
sions, which impose fatigue loadings on the vent line
and bellows. Eccentricity, if present, may cause seven
fatigue damage to' the bellows, and periodic monitor
ing of their alignment is recommended.26

The BWR environments may reduce the fatigue lifi
of the containment. 'Uncoated surfaces are'likely tV

a. S. K. Smith, personal communication, Multipli
Dynamics Corporation, November 1987.

have shorterperiods for crack initiation because of rust
* _- pitting and shorter periods for crack growth because of

corrosion fatigue? 2 The susceptibility of the Mark HI
internal metal surfaces to corrosion fatigue is likely to
be somewhat higher than for the Mark I and II inside
surfaces, because the Mark III environment is not

.inerted and consists of air. However, the susceptibility
of Mark I and Mark II external metal surfaces to
corrosion fatigue is likely to be relatively high because

-of potentially deteriorated coatings and degradation of
- the fill material. Additional data are needed to

determine the impact of corrosion fatigue on the
It residual life of metal containments.

I . Stress Corrosion Cracking. The stainless steel
bellows are susceptible to intergranular and transgran-
ular stress corrosion cracking. High residual stresses
and the BWR containment environment make the
' sensitized heat-affected zones in the bellows suscepti-
ble to intergranular stress corrosion cracking. Inter-
granular stress corrosion cracking is discussed in more
detail in Chapter 12. The large amount of cold work
present in the bellows makes even unsensitized

; portions susceptible to transgranular stress corrosion
'cracking.33-. However, stress corrosion cracking in
-the stainless steel bellows has never been observed.

Wear and Erosion. Wear can cause undesired
changes in dimensions by gradually rubbing away

; material from contacting surfaces that are in sliding
motion.' Material may be removed by local shearing,
tearing, welding, or some other mechanism. The

e contact surfaces between the Mark I torus and lubrite
e baseplates on the support columns (see Figure 9.4)

experience relative motion during heatup, cooldown,
and pressure testing. Wear may damage these surfaces

- and restrict their relative sliding motion. Replacement
of the lubrite baseplates at some appropriate time may
be a solution to this problem.'

- Erosion caused by the relative motion between the
steam and the metal surface removes metal from the
surface. The synergistic effects of erosion, wear, and
corrosion can also cause undesired dimensional
changes, as described above. Steam impingement
during safety relief valve or other discharges may
cause erosion of the vent system exposed torus inside
surfaces326

Irradiation Embrittlemont. BWR metal contain-
e ments are exposed to modest neutron fluence levels at

° temperatures of 54 to 660C (130 to 1500F). This
exposure may increase the nil-ductility transition
temperature of the carbon steel base materials and

e .,welds used in their designs. The original nil-ductility
transition temperature for these materials, that is, the
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SA-516 Grade 70 and SA-212 Grade B carbon steels,
is about -120C (10iF).34 .SS Similar data for the
weldmcnts in the metal shell are not available. At the
end of the forty-year license period, the neutron'
fluence at a typical Mark I drywell is estimated to be
about 1014 n/cm2 (>1 MeV).a Very little research has
been done to determine the increase in the nil-ductility
transition temperature, if any, for carbon steel and
welds subjected to this low-temperature low-fluence
irradiation. Most of the available data are for higher
fluence at temperatures higher than 2320C (4500 F).

However, the radiation damage data from the sur-
veillance program for the high-flux isotope reactor
(HFIR) at the Oak Ridge National Laboratory can
probably be used to estimate the increase in the BWR
containment nil-ductility transition temperatures.35

The HER facility operates at a temperature of 49 to
750 C (120 to 1670F), and its reactor pressure vessel
shell is made of SA-212, Grade B carbon steel. The
HFIR data show an estimated shift of 110C (200F) in
the nil-ductility transition temperature at a fluence of
2 x 1016 n/cm2. Based on these data, the shift in the
nil-ductility transition temperature of a Mark I metal
containmentata fluenCeof 1014 n/cm 2 will benegligi-
blcW5 Note also that the HFIR flux is about 2 x 10 n/
cm2/s, compared to a typical flux level of about ! x I0O
n/cm2/s in a BWR containment wall. At these flux and
fluence levels, a typical BWR containment wall will
not reach the levels of the shift in nil-ductility transi-
tion temperature observed at HFIR during any period
considered for plant life extension.

9A.2 Concrete Contalnments. The degradation
mechanisms for BWR reinforced and prestressed
concrete containments are similar to, those of the
corresponding PWR containments discussed in'
Volume 1 of this report.24 However, there is one major
difference in the design of PWR and BWR concrete
containments. Although all the PWR primary contain-
ments are exposed to the natural external environment,
including wetting and drying and freezing and thawing
cycles, only one out of the eleven BWR primary
concrete containments is exposed to such an environ-
ment. That one is the Mark HI''icinforced concrete
containment at the Grand Gulf plant. All nine BWR
Mark I and Mark !! concrete containments and the
Mark III concrete containment at the Clinton plant are
completely enclosed by a reactor building and pro-
tected from the degrading effects of the harsh external

a. S. K. Smith,' personal communication, Multiple
Dynamics Corporation, November 1987.

environment. The BWR containment internal envi-
ronment is more humid than that of the PWR
containment, but the Mark I and Mark I! containments
have low oxygen levels in the air above'the pressure-
suppression pools.

Internal concrete reacdons, that is, alkali-aggregate,
cement-aggregate, and carbonate-aggregate reac-
tions, can produce concrete cracking. Also, sulfate-
bearing ground 'water can cause internal concrete
reactions'and subsequent concrete cracking. Cracks in
the concrete are likely to provide a corrosive external
environment with access to the mild steel reinforcing
bars: The Mark III containment at Grand Gulf may be
the most susceptible because it is exposed to frequent
wetting and drying cycles, which mnay dissolve (leach)
the calcium hydroxide. Extensive leaching will cause
an increase in concrete porosity and lead to reduced
strength and increased vulnerability to other corrosive
environments.'

The BWR containments and basemats are subject to
fatigue damage caused by the pressure and tempera-
ture changes associated with plant heatups and cool-
downs and, especially, the containment leak-rate
testing. The high pressures associated with the period-
ic testing of the containment leak rate open existing
cracks in the concrete, and these cracks may introduce
localized strain in the rebar and, possibly, in the steel
liner. The high test pressure can also introduce high
stresses in the liner near geometric discontinuities in-
troduced by the reinforcing plates near the penetra-
tions. Repeated pressure testing can cause fatigue
damage to rebar and liner, and may leave some of the
cracks in the concrete open after completion of the
tests. If these open cracks expose the rebars to the
reactor building environment, rebars may corrode.
The 10 CFR 50. Appendix J, leakage rate testing re-
quirements for test frequency and pressure should be
evaluated in light of the potential fatigue damage that
may occuir asa result of these tests.

If the' reinforcing bars are used as ground connec-
tions for electrical equipment, the direct electric
c'urrent, that is, stray currents, passing through the bars
may cause rapid corrosion of the reinforcing steel.
Some examples of corrosion of buried metal compo-
nents by stray currents are discussed in Reference 29.

The interior surfaces of the concrete containment
structures and the top surfaces of the basemat struc-
tures are generally covered with a continuous steel
plate so as to create a leak tight vessel. The steel liner
serves no structural function, and the concrete contain-
ment wall is designed to withstand design loads with-
out the liner. Many similarities exist between the liner
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plate in the concrete containments and the metal con- becomes slower as the corrosion film thickens. Other
tainments discussed earlier. As was ilescribed, several types of corrosiin mechanisms that cause localized
types of corrosion can occur in this plate: general sur- damage at significantly higher rates are more likely to
face corrosion, crevice orpitting corrosion, differential lead to a failure of the containment pressure boundary.
aeration, galvanic corrosion, and microbially in- It is likely that any localized damage will be detected
fluenced corrosion. A good protective coating (pheno- .early enough and adequate mitigating actions taken
lic or zinc-rich) can protect the liners. Because the when the metal surfaces are'accessible. The metal
liner is comparatively thin, usually between 6A mm' surfaces that are not easily accessible for inspection
(0.25 in.) and 13 mm (0.5 in.), there is' very little al- are of major concern because the damage may remain
lowance for material loss from corrosion. However, undetected and potentially lead to failure when the
corrosion of the interior surfaces of the liner plate of containment is loaded during an accident. These
concrete containments should not be widespread surfaces include the external surfaces of the drywell in
unless a failure of the protective coating occurs and re-i. the Mark I and Mark II containments, the embedded
pair or maintenance is not performed over a lengthy portion of the drywell base, the submerged metal
duration. surfaces in the suppression pools of the Mark I and

Mark II containments, and the inside surface of the
The major degradation mechanisms associated w

the prestressed concrete containment posttensioni
systems are creep and relaxation of the tendons, mica
bially influenced corrosion of the tendons, and hydi
gen embrittlement of the anchors? 6 -Tendon relaxati
and creep may cause loss of the prestressing force. A
croorganisms can also degrade the tendon grease a
make the tendons more susceptible to corrosionP3

One of the main functions of concrete in the contai
ment is to provide shielding. Radiation causes soi
nuclear heating in the concrete and may cause soi
evaporation of the free water in the concrete and, thi
somewhat degrade its shielding properties.

9.5 Potential Failure Modes

The primary containment of a BWR plant represea
the final barrier to the release of radioactivity duri
normal operation, abnormal transients, or acciden
Therefore, any degradation of the containment pri
sure boundary is likely to contribute to the potent
failure of this function. Section 9.5.1 describes poti
tial failure modes for metal containments and preses
relevant field data.' Section 9.5.2 briefly describes I
potential failure modes forconcrete containments. S
Volume 1 of this report (Reference 24) for additioi
information on concrete containments.

9.5.1 Metal Contalnments. Time-dependc
degradation of a BWR metal containment may res
in violation of the integrity of the containment, whi
could permit leakage during normal operation, a
leakage from or even rupture of the containme
during a severe abnormal transient or an accide
Corrosion is the major degradation mechanism ti
causes general or localized thinning of the containmi
wall. Uniform attack causes general thinning but il
not likely to lead to a failure because the atta

ith 'expansion bellows in all the containment types.
ng

The design and operation of the Oyster Creek plant
resulted in localized drywell corrosion caused by

on moisture trapped in the sand pockets for a considerable
4i- period of time. The bellows had been leaking several
nd years,4 fill materials (that is, fmrebar D and fiberglass)

were left in the gap between the drywell and the sec-
ondary concrete shield, and the gap was not sealed.s In

in- addition, the red-lead coating applied to the outside
ne surface of the Oyster Creek drywell does not provide
nee - adequate corrosion protection to carbon steel subjected
as', to dilute acidic water conditions. The lead in the red

lead coating is cathodic to the carbon steel in dilute
acidic water conditions, and, therefore, the steel is sac-

- rificial with respect to the lead.253 7 A detailed evalua-
tion of the Oyster Creek drywell wall indicated that the
carbon steel shell was damaged by local corrosion in-

nts fluenced by oxygen depletion, moisture, temperature,
ng 'and chloride contamination. The average corrosion
ts. rate over the past 20 years is believed to be 17 to 20
Is- mills per year.28 The resulting corrosion has reduced
mtial thedrywellthicknessbyasrmuchas 10.4 mmn (OAI in.)
ten-' 'from the as-fabricated thickness of 29.31 mm
'Its (1.154 in.).38 Such wall thinning, if unchecked, could
the potentially lead to a small crack and leakage during
See .normal operation, or a large rupture and significant
inal ' leakage during an accident..

Local corrosion and pitting'as deep as 2.3 mm
,ent. (0.09 in.) has been found during'an inservice inspec-
ult tion of the inside surface of the torus at the Nine Mile
ich * Point 1 and Fitipatrick plants?9 The torus at the Nine
and Mile Point I plant is below the minimum wall thick-
ent ness [111.4 mm (0.447 in.) at the bottom of the torus] at
nt. several locations.40 Measurements indicate that the
hat corrosion rate may be as high as 0.084 mm/year
ent (0.0033 injyear) which is more than double the rate of
t is 0.041 mm/year (0.0016 injycar) assumed in the origi-
ack naldesign. NagaraMohawkPowerCorporationplans
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to apply a protective coating to the inside surface of the
torus in 1990 to mitigate further corrosion.

The Mark I and Mark II metal containment drywells
are free-standing shells supported at the base by a con-
crete embedment. Corrosion of the metal shell em-
bedded in the concrete may potentially lead to a loss of
support for the drywell. A 50-mm (2-in.) corrosion
band (0.8 mm loss in wall thickness) was discovered
just below of the concrete-drywell seal on the Montic-
ello BWR containment. This corrosion was caused by
deterioration of the internal concrete-drywell seal,
which allowed moisture to contact the embedded dry-
well shell? This wall thinning is still within the corro-
sion allowance. The embedded metal surface is not
easily accessible for inspection or recoating. One
means of mitigating this problem is to install and
maintain a seal to protect the exposed metal surface
from the containment internal cnvironment. Experi-
ence with sealants has shown a useful life cycle from 2
to 10 years, depending on the type, application, and en-
vironment. Consequently, short maintenance intervals
are required to ensure integrity of the seal.a

'The stainless steel bellows in the vent pipes and
high-energy penetration pipe lines also constitute part
of the containment pressure boundary. As discussed
above, the bellows may be subject to intergranular and
transgranular stress corrosion cracking (IGSCC and
TGSCC) and fatigue damage. IGSCC can occur in the
heat-affected zones, and TGSCC can occur in the un-
sensitized portions of the bellows. The vents, vent
headers, and downcomers are also susceptible to cor-
rosion if uncoated or if the coating has deteriorated.
The potential failure mode is cracking and deteriora-
tion to the extent that leakage occurs.

9.5.2 Concrete Containments. Corrosion of the
reinforcing steel will challenge the structural integrity
of both reinforced and prestressed concrete contain-
ments. This corrosion normally occurs because of
poor quality concrete or concrete deterioration that has
led td crqcks permitting the ingress of aggressive
environments. Therefore, the reinforcing steel in
Mark III concrete containments, if exposed to adverse
weather, is especially susceptible to corrosion. Corro-
sion of the metal liner could potentially lead to leakage
of radioactive gases through the liner and through
cracks in the concrete to the reactor building.

a. S. K Smith, personal communication, Multiple
Dynamics Corporation, November 1987.

The potential failure mode for the posttensioning
system in the prestressed concrete containments is the
loss of prestress in the tendons. The factors that may
contribute to the loss of prestress are relaxation and
creep of the tendon wires, corrosion of the tendon
wires, breakdown of the corrosion protecting grease,
and failure of the anchors by corrosion and hydrogen
embrittlement. When prestress losses exceed those al-
lowed in the original design, then the high pressures
resulting from some accidents may tear off the steel
liner and cause sizable cracks in the concrete, though
overall structural stability of the containment would
still be maintained.

The potential failure mode for the concrete contain-
ment during' an accident is leakage of radioactive
fluids. The high pressures during an accident are like-
ly to cause cracking in the metal liner near reinforcing
plates, which act as stress risers. During normal opera-
tion, these sites experience fatigue damage, which will
contribute to any potential failure during an accident.

9.6 Inservice Inspection and
Surveillance Methods

The inservice inspection requirements are outlined in
Section XI, Rules for Inservice Inspection of Nuclear
Power Plant Components, of the ASME Boiler and
Pressure Vessel Code. ASME Section XI, Subsec-
tion IWE, contains the rules and requirements formetal
containrnents, and Subsection IWL contains the rules
and requirements for concrete containments. The main
objective of these subsections is to ensure that the integ-

'rityof thecontainmentpressureboundaryismaintained
throughout a plant's lifetime. The provisions of these
subsectionsarebeingreviewedby theUSNRC,andfed-
eralregulations thatwill require mandatory compliance
by nuclear plant owners are forthcoming.41 Currently,
concrete containment inspections and testing are per-
formed in accordancewith the guidelines of Regulatory
Guides 135, 1.90, and 1.136.423.44 The pressure test
requirements are' outlined in Appendix J of
10 CFR 50.13 Section 9.6.1 describes the inservice in-
spection requirements for metal containments, and Sec-
tion 9.6.2 describes the inservice inspection
requirements for concrete containments.

9.6.1 Metal Containments. Subsection MWE on
preservice examination requires that 100% of the
pressure-retaining welds, dissimilar metal welds, and
pressure-retaining components and vessel walls be
visually examined and pressure tested. 4SA6 Subsec-
tion IWE inservice examination requires visual exami-
nation of 50% of each dissimilar metal weld and 25%
of each of the other welds during the inspection
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intervals. The portions of welds examined are to be
randomly selected and to represent that type of welded
joint. In addition, a visual examination of the
containment vessel pressure retaining boundary is,
required prior to each 10 CFR 50 Appendix J. TypeA
leakage rate estL45

If the containment vessel is painted or coated for
corrosion protection, the visual examinations can be
performed without removing the coating. If the ex-
amination identifies'evidence of flaking, blistering,
peeling, discoloration, or other signs of distress in the
coated surface, these sites need to be cleaned by re-
moval of the coating to the base metal for surface or
volumetric examinations. Indications from'visual or'
surface examination of components that exceed the
ASME Acceptance Standards may require repair orre-
placement to meet the standards. The exposed sites, if
damaged, must then be repaired or replaced and
recoated.

EPRI has assessed the reliability of magnetic par-
ticle inspection of welds through protective coatings'
and has found that this technique can detect flaws
through 0.4 mm (0.016 in.) of coating.47 This method
has been used successfully in the offshore oil and gas
industry for nearly 50 years. The magnetic particle in-
spection technique should be field tested at nuclear
plants and then included in the ASME Boiler and Pres-
sure Vessel Code Section XI on inservice inspection.,

Some plants examine only the portion of the sup-
pression chamber above the water line. To examine
the submerged surfaces, the suppression chamber must
be drained or underwater examination techniques must
be employed. Draining of the suppression chamber re-
sults in a large pressure reduction that may cause addi-
tional blistering or popping of existing blisters in the
coating. Underwater techniques have been developed
to include desludging, ultrasonic mapping of critical
areas, coating adhesion tests, measurement of dry film
thickness, and spot repairs of degraded areas.48 .49

The external surfaces of the Mark I and Mark II dry-
wells, which are susceptible to corrosion damage as
discussed in Section 9A, are exempted from preservice
and inservice examinations because they are inac-
cessible.45 Since corrosion damage can cause signifi-
cant thinning of the containment wall, the thickness at
selected locations should be measured periodically.
This has been done using standard ultrasonic
methods. 38 However, standard ultrasonic methods
cannot reliably detect thinning of the Mark I drywell
wall adjacent to sand pockets because the outer surface
of the wall is'in contact with sand, gravel, and,

possiblygroundwater. In addition, theinnersurfaceof
the wall adjacent to the sand pocket is covered by a
concrete floor and is not accessible to the standard
through-wall, pulse-,-echo type ultrasonic method. An
electromagnetic acoustic transducer (EMA¶) is being
developed to detect corrosion damage to the drywell
wall adjacent to the sand pocket, 0 and may be used to
detect corrosion damage in the embedded portion of
the drywell.

-Repair, modification, or replacement of the
pressure-retaining boundary of the containment re-
quires pneumatic leakage tests, as descnbed in Appen-

: dix J of 10 CFR 50.13 These include integrated
leakage rate tests (Type A) and local leakage rate tests
Cipes B and C) and are performed at the calculated
peak containment internal pressure related to the most
severe design-basis accident specified in the Technical
Specifications. The integrated leakage rate tests are to
be performed after the containment has been com-
pleted and is ready for operation, and at periodic inter-
vals thereafter to ensure leak tightness. The local
leakage rate tests are intended to detect and measure
local leakage across each pressure-retaining contain-
ment penetration. Typically, two-ply expansion bel-
lows are used in the containment penetrations and
represent a double barrier to local Icakage. It is recom-
mended that local leakage rate tests'be performed to

,'detect leakage across each ply of each bellows. The
bellows may be tested by pressurizing between plys
such that the inner and outer ply are tested simulta-
neously. This practice is followed at several BWR
plants.

9.6.2 Concrete Containments. The ASME
requirements for metal containments described in
Section 9.6.1 also apply to the steel liners of concrete
containmcnts.45 '46 The ASME requirements for the
inspection of concrete surfaces in all concrete
containments and ungrouted tendons in prestressed
concrete containments are described in ASME Sec-
tion XI, Subsection IWL.4 1 51 These requirements
will become mandatory upon regulatory action by the
USNRC. 41

Table 9.10 summarizes the inspection requirements
and guidelines for an appropriate inservice inspection
and surveillance program for concrete containment
surfaces and ungrouted tendons in prestressed concrete
containments. These guidelines are from Subsec-
tion IWL and Regulatory Guides 135 and 1.90.43-44

Preservice and inservice examinations require that
the concrete surfaces, including coated areas, be visu-
ally examined for indication of any condition that may
indicate any damage'or degradation. If the surface
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Table 9.10. Evaluation and acceptance criteria for inservice inspection of concrete containmentsl-

Area Examined

Concretesurface '

Tendon force'-

Examination Method

Vilsual

Liftoff or equivalent test

Evaluation Criteria Acceptance Criteria

Evidence of conditions indicating
damage or degradation

Prestress force '

No evidence of damage or degradation
sufficient to warrant evaluation or repair

Average measured forces in all
tendons equal to or greater than
requiredprestress

Tendon wire or strand Visual

Tension test

to0-o

Corrosion, mechanical damage, and
wedge slippage marks

Yield strength, ultimate tensile
strength, and elongation

Concrete cracks, corrosion, broken or'
protruding wires, missing buttonheads,
broken strands, cracks in anchorage
hardware

Individual measured force in each tendon
not less than 95% of predicted force

Corrosion within limits set by owner,
free of physical damage

Less than minimum specified values

Concrete cracks do not exceed 0.01 in.
adjacent mbearing plates, no cracks.
in anchor heads, shims, or bearing
plates; corrosion is within the limits
set by owner, broken or unseated wires,
strands, and buttonheads are previously
documented and accepted

Tendon anchorage areas Visual

Free water in end cap Volume measurement Volume documentation

Corrosion protection medium Sample analysis Reserve alkalinity, water content, water
soluble chlorides, nitrates, sulfides

Within specified limits

Tendon free water Alkalinity analysis pH Within specified limits

of
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condition is found unacceptable, then further evalua-
tion or repair is required. Portions of the concrete
surface covered by the liner or that are otherwise not
accessible are exempt from the inspection require-
ments.

Prestressing tendons are selected randomly from
each group of vertical, inverted U, dome, and hoop ten-
dons and inspected for any loss of prestress. A wire is
removed from one tendon of each type during each in-
spection, and is examined over its entire length for cor-
rosion, mechanical damage, and wedge slippage marks.
Tension tests are performed to determineyield strength,
ultimate tensile strength, and elongation of the wire.
The visual examination of tendon anchorage areas in-
cludes inspection of bearing plates, anchors, button-
heads, and the surrounding concrete. Samples of free
water contained in the anchor end cap, and any that
drains from the tendon during the examination, are col-
lected and analyzed to determine pH. Samples of the
corrosionprotectionmedium (grease)arerequired tobe
analyzed for reserve alkalinity, water content, and con-
centration of water soluble chlorides, nitrates, and sul-
fides.41 If the test and analysis results do not satisfy
acceptance criteria, a possible abnormal degradation of
the containment pressure boundary is indicated. Such
an occurrence must be reported to the USNRC.

9.7 Summary, Conclusions,
and Recommendations

A summary of the important aging degradation
sites, stressors, and mechanisms; potential failure
modes; and current inservice inspection and test re-
quirements for the BWR metal containments is pres-
ented in Table 9.11. The ranking of the sites is based
on the consequences of the potential failure modes.
Among the sites having the same failure modes, a site
that is more susceptible to failure is ranked higher. The
exterior surfaces of Mark I and Mark II containments'
are ranked higher because they are not easily accessi-
ble for inspection. The conclusions and recommenda-
tions for the metal containments are as follows.

1. Corrosion of the drywell shell is the primary
safety concern. Crevice corrosion, pitting,
uniform corrosion, and microbially in-
fluenced corrosion are degradation mecha-;
nisms that can attack the outside surface of
thedrywell. Useofnondestructiveinspection
methods to measure the thickness of the dry-
well shell at selected sites is recommended to
assess any damage from corrosion. The mag-
netic particle inspection technique for in-
specting welds in the drywell through

protective coatings should be field-tested,
and included in the ASME Boiler and Pres-
sure Vessel Code Section XI. Mitigation
methods, such as cathodic protection, need to
be developed to protect the drywell shell from
corrosion. In addition, use of zinc-rich or
phenolic coatings instead of red lead or epoxy
coatings is recommended.

2. The embedded portion of the drywell is sub-
jected to thermal cycles that may lead to sepa-
ration at the concrete-metal interface and
failure of any sealant at the interface. The
embedded portion of the dryweeU shell is gen-
crally not coated during construction. There-
fore, moisture can enter the gap at the
interface and make the embedded portion of
the drywell shell susceptible to crevice corro-
sion. The application and maintenance of a
sealant at the interface can prevent moisture
entry and, thus, provide protection against
corrosion. Electromagnetic acoustic trans-
ducers need to be developed and field-tested
to detect corrosion of the embedded portion
of the drywell shell.

3. The submerged portions of the Mark I and
Mark II suppression pool walls are suscepti-
ble to corrosion by differential aeration and
microbially influenced corrosion. A good
quality protective coating (for example, zinc-
rich coating) needs to be'mniuntained on the
inside surface.

4. The sites of geometric discontinuities are
subject to somewhat higher levels of thermal
and mechanical fatigue than the overall con-
tainment, and the BWR corrosive environ-
ment may act synergistically with fatigue.
Therefore, corrosion-fatigue data for the
shell material in the typical BWR environ-
ments are needed.'

5. The stainless steel bellows may undergo in-
tergranular stress corrosion cracking in the
heat-affected zones, and transgranular stress
corrosion cracking in the unsensitized por-
tions of the bellows. The nearby carbon steel
pipe may be subject to galvanic corrosion
caused by the dissimilar metal welds. The
bellows are also subject to fatigue damage
during normal operation and leak testing, and
if there is any eccentricity, the reduction in fa-
tigue life is likely to be an even more
significant factor.

199



Table 9.11. .Summary of degradation processes for BWR metal containments

Rank Degradation Sites

I * Exterior surfaces of
Mark I drywell base
near sand pocket

2 Exterior surfaces of
Mark I and Mark II
dryweU

3 Embedded shell
region

Stressors

Moisture, microorganisms
degraded fill material

Degraded fill maaerial,
moisture

Cyclic thermal loading,
corrosive environments

Degradation Mechanisms

Uniform corrosion, crevice corrosion,
microbially influenced corrosion

Crevice corrosion, uniform corrosion,
pittng

Thermal fatigue, crevice corrosion, pitting

Potential
Failure Modes

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Loss of
structural
integrity

ISI Methods

Leakage testing -
(10 CFR 50 Appendix J)

Leakage testing
(10 CFR 50 Appendix J)

None

S

4 High-energy pipe
line penetrations,
hatches, vent ins

5 Stainless steel
bellows

6 Submerged portion of
suppression pool

7 Transition region
from cylindrical to
spherical portion of
Mark I drywell,
drywell shell atthe
core horizontal
midplane elevation

Cyclic thermal loading,
pressure testing,
corrosive internal
environments

Corrosive internal
environment, cyclic
thermal loading,
pressure testing

Corrosive internal
environment, safety.
relief valve discharge
tests, pressure testing,
microorganisms

Cyclic thermal loading,
pressure testing,
corrosive environments,
neutron irradiation

Thermal and mechanical fatigue,
environmentally assisted fatigue

IGSCCa at heat-affected zone,
TGSCCb fatigue

Differential aeration, mechanical fatigue,
piting, microbially influenced corrosion

Thermal and mechanical fatigue,
environmentally assisted fatigue,
irradiation embritilement

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Leakage of
radioactive .
gases

Leakage of
radioactive
gases

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Visual inspection,
leakage testing
(10 CFR 50 AppendixJ)

Visual inspection,
leakage testing
(10 CER 50 Appendix J)

Visual inspection,
leakage testing
(10 CFR 50 Appendix 3)

* 4



Table 9.11. (continued)

Rank

8

Degradation Sites

Dissimila metal
welds

Stressors .

Corrosive environments,
cyclic thermal loading,
pressure testing

Degradation Mechanisms

Galvanic corrosion, fatigue

Potential
Failure Modes

Leakage of
radioactive
gases

ISI Methods

Visual inspection,
leakage testing -
(10 CFR 50 AppendixJ)

a. Intergranular sss corrosion cracking.

b. Tmnsgranular stress corrosion cracking.

.s*

0



The bellows constitute part of the contain-
ment pressure boundary, and their inside sur-
faces are not easily accessible for surface
examination. Therefore, an NDE method to
detect cracks in the bellows needs to be devel-
oped. In addition, it is prudent to test each ply
for leakage during local leak testing of a two-
ply bellows, and the alignment (that is, eccen-
tricity) of the bellows should be maintained
so as to minimize fatigue damage.

6. The drywell shell near the core midplane ele-
vation may be subject to irradiation embrittle-
ment. However, the data from the
surveillance program at the Oak Ridge
National Laboratory High-Flux Isotope
Reactor (HFIR) suggest that the increase in
the nil-ductility transition temperature of the
drywell shell material will be negligible over
the projected 40-year lifetime of a BWR
plant.

There are ten BWR concrete containments in the
United States: eight reinforced and two prestressed
containments. All the BWR concrete containments
except for one of the Mark HI containments are com-
pletely enclosed in a reactor building that protects
them from the degrading effects of the harsh external
environment. A summary of the important degrada-
tion sites, stressors, degradation mechanisms, potential
failure modes, and current inservice inspection and test
requirements for the BWR reinforced concrete con-
tainments and the prestressed concrete containments is
presented in Tables 9.12 and 9.13, respectively. These
tables are similar to the corresponding tables for PWR
containments presented in Volume 1 of this report.24

The conclusions and recommendations for the con-

crete containments also are similar to those for the cor-
responding PWR containments and are as follows.

1. Corrosion of the reinforcing bars is a major
aging concern for the exposed Mark III con-
tainment. Internal chemical reactions could
introduce cracks in the concrete, which may
provide the harsh external environment ac-
cess to the mild steel reinforcing bars. Re-
inforcing bars in the other concrete
containments are less susceptible to corrosion
because the reactor building provides protec-
tion from the harsh external environment.

2. Stray currents, if present, can also cause cor-
rosion of the reinforcing bars. Additional in-
formation about the long-term degradation of
reinforcing bars is needed. Relevant data
should be collected from the older LWR con-
tainments and from facilities that have been
shut down after extended service. Acceler-
ated aging techniques should also be eva-
luated and, if appropriate, used to obtain
additional data.

3. Hydrogen embrittlcment of the posttension-
ing system anchors, pitting of the tendon
wires, and microbially influenced loss of cor-
rosion resistance of tendon grease are possi-
ble aging concerns for the posttensioning
systems. Improved methods of monitoring
degradation of anchors and decomposition of
tendon grease are needed.

4. A comprehensive inservice inspection pro-
gram is needed to identify and quantify deg-
radation in reinforced and prestressed
concrete containments.

-
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Table 9.12. Summary of degradation processes for BWR reinforced concrete containments

Rank Degradation Sites

1 Reinforcing bars

2 Mark I and Mark II
suppression pool steel
liner below water line'. . - -

Stressors

Corrosive external
environment (MakIA m),
stray currents

Cyclic thermal and
mechanical loads,
corrosive internal
environment,
microorganisms

Moisture, corrosive
internal environment,
cyclic thermal and
pressure loads

Aggressive external
environment, internal
chemical reactions,
nuclear heat, leakage
testing

Degradation Mechanisms

Corrosion, fatigue

Potential
Failure Modes

Loss of
structural'
integrity

ISI Methods

None

Visual inspection,
leakage testing
(10 CFR 50AppendixJ)

Corrosion caused by differential
aeration, microbially influenced
corrosion, fatigue

Leakage of
radioactive
gases

3 Dr ryell steel liner,
suppression pool steel
liner above water line

4 Concrete
, I I

Corrosion, fatigue Leakage of
radioactive
gases

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Visual inspection
8

Cracking, spalling, loss of free water
. .. I..

Degradation of
shielding
properties



Table 9.13. Summary of degradation processes for BWR Mark II prestressed concrete containment

Rank Degradation Sites

1 Posuensioning system
anchors

2 . Posttensioning tendon
wire or strand

Stressors

Trapped water, steady-
state stress

Moisture, trapped water,
microorganisms, steady-
state stress

Degradation Mechanisms

Hydrogen embrittlement, corrosion

Pitting, microbially influenced corrosion,
relaxation

Potential
Failure Modes

Loss of stress

Loss of stress

ISI Methods

Tendon surveillance
program, visual
inspection

Tendon surveillance
program

3 Suppression pool steel
liner below water line

4 Drywell steel liner,
!R suppression pool steel

liner above water line

Cyclic thermal and
mechanical loads,
fatigue, corrosive internal
environment,
microorganisms

Moisture, corrosive
internal environment,
cyclic thermal and
pressure loads

Fatigue, corrosion caused by differential
aeration, microbially influenced corrosion

Leakage of
radioactive
gases

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Corrosion, fatigue Leakage of
radioactive
gases

5 Reinforcing bars Stray currents Corrosion Loss of
structural
integrity

None

6 Concrete Internal chemical
reaction, nuclear
heat, leakage testing

Cracking, spalling,
creep, loss of free
water

Degradation of
shielding
properties,
loss of stress
in
postiensioning
tendons

Visual inspection

i. !0
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10. BOILING WATER REACTOR FEEDWATER
AND MAIN STEAM LINE PIPING

A. G. Ware, V. N. Shah, B. J. Buescher -

The boiling water reactor (BWR) system used for
power generation is a direct-cycle steam generating
system that produces steam in a reactor core to drive a
turbine. Unlike the pressurized water reactor (PWR),
in which the feedwaterpipingand main steam lines are
part of a secondary system with fluid that does not
flow through the reactor itself, the coolant in the BWR
feedwater piping and main steam lines flows directly
into and out of the reactor vessel. Thus, the feedwater
piping and main steam lines constitute part of the pri-
mary system, and leaks or failures of these lines may
cause a severe transient.

The location of any break in the feedwater or main
steam piping largely determines the sequence of events
that will follow. A break in either a feedwater or a
main steam line within the containment (between the
reactor pressure vessel and the first main steam
isolation valve or the feedwater check valve inside the
containment) constitutes a breach of the primary cool-
ant system boundary and presents a challenge to the
emergency core cooling system. Breaks in the feedwa-
ter or steam piping outside the containment, for exam-
ple in the vicinity of the main feed purnps, will disrupt
the coolant flow arrd heat transfer from the reactor,
however, the isolation valves are expected to prevent
drainage of the primary coolant inventory through the
break. Therefore, the safety class and construction
codes applied to the piping inside and outside con-
tainment are different, as shown in Table 10.1.1.2 The
breaks outside containment require activation of the
following two emergency core cooling systems: the
reactor core isolation cooling and the high-pressure
coolant injection systems. Breaks of either the

feedwater or the main steam line inside the contain-
ment are considered loss-of-coolant accidents
(LOCA) and require injection from both the high- and
the low-pressure emergency core cooling systems to
keep the core covered.1

The aging mechanisms that degrade feedwater and
main steam system piping in both BWR and PWR
plants are similar, but vary because of water chemistry.
The feedwater line breaks that have occurred in
operating nuclear power plants are attributed to wall
thinning caused by an erosion-corrosion mechanism
and to fatigue-induced cracking caused by thermal
stratification. Vibrations and water hammer events
alsd contribute to feedwater line damage.

The feedwater and main, steam piping outside the
containment do not undergo as rigorous an inservice
inspection program as piping within the containment.
Thus, significant degradation may occur over a period
of time without being detected. If degraded piping
is subsequently'subjected to intense mechanical
loadings, such as pressure pulses, water hammers, or
seismic events, the pipe may rupture catastrophically.

Although pipe failures ranging from partial crack-
ing to complete rupture of the pipe wall have been
reported in BWR steam and feedwater systems,5A67

the failures have predominantly occurred in small
diameter [<152-mm (<6-in.)] piping, such as the low-
flow sample and drain lines. There have been no fail-
ures reported of large main steam and feedwater lines
within a BWR containment.

Table 10.1. Safety classesand fabrication codes forBWR steam cycle pipingly

Piping Safety Class Code

Steam and feedwater piping to outermost
containment isolation valves

Balance of piping up to, but not including, the
outermost containment isolation valves

Safety related,
Class 1

Nonsafety relateda

ASME Code, Secdion 111,
Class 13

ANSI B31.14

a. Even though this piping is classified as nonsafety related, piping thickness and material on both sides of the valve
are comparable.
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1 0.1 Description

Figure 10.1 shows a fluid flow diagram for a BWR
plant. Steam is produced directly in the coolant circu-
lating through the reactor core. Moisture is removed
from the steam by a separator located in the reactor
pressure vessel above the core,'and the saturated steam
produced in the reactor flows through the high- and
low-pressure turbines located outside of the contain-
ment. The steam from the low-pressure turbine is
condensed and the noncondensible gases are removed.
The condensate is then returned to the reactor by the
feedwater system forming a closed loop. The feed-
water system supplies the cooling water to remove
heat from the reactor. -

The BWR coolant circulates both inside and outside
of containment. Figure 10.2 shows the main feedwater
system extending from downstream of the low-
pressure feedwater heaters to the feedwater spargers in
the reactor pressure vessel (RPV). Pressure high
enough to force feedwater into the RPV is supplied by
two (or three in some designs) feed pumps. The
coolant in the feedwater lines is subcooled, and at a
pressure of 3.64 and 7.85 MPa (528 and 1138 psi) at.
the feedwater pump suction and discharge.respective-
ly. The feedwater passes through the set of high-
pressure feedwater heaters, which are provided with
motor-operated inlet and outlet valves and raise the
temperature of the feedwater to about 215C (4200F).
The two branch lines combine into a 762-nm (30-in.)
header. The feedwater piping then branches into two
508-mm- (20-in.-) outside diameter (OD) carbon
steel lines (see Table 10.2 for material types) thatleave
the turbine building, pass through the auxiliary build-
ing, and penetrate the drywell containment. There are
two isolation valves in each line in the auxiliary build-
ing. The first is a motor-operated valve that may be
closed by the operator for containment isolation. The
second is an air-operated positive-acting check valve
with spring-assisted seating and free swinging disks to
prevent reverse flow. Inside the drywell is a check
valve and a manually operated maintenance valve.
Finally, each of the two feedwater lines branches into
three 305-mm- (12-in.-) lines that connect to the
RPV. Chapter 11 describes thefeedwatersystem entry
into the reactor pressure vessel. The pipe wall thick-
ness differs with the'various diameters of the piping
and with the design pressure at the location, which are
plant specific.'- Typically, Schedules 80 and 100 'are
used such that the wall thicknesses range from about'
17.5 to 21.4 mm (0.69 to 0.84 in.) for 305-mm (12-in.)'
pipe and 26.2 to 32.5 mm (1.03 to 1.28 in.) for
508-mm (20-in.) pipe. During full-powver *peraiion

of a BWR plant, the feedwatersystem supplies approx-
imately 4.5 to 6.8 x 106 kg/h (10 to 15 x 106 lb/h) of
water (depending on the size of the plant) to the RPV.
The flow velocities in both 305-mm (12-in.) and
508-mm- (20-in.-) piping sections are about 6.6 m/s
(21.8 ft/s) at full power.

The steam produced by the reactor is delivered to
the turbines by four carbon steel main steam lines (see
Table 102 for material types) as shown in Figure 10.3.
RThe OD and wall thickness of the main steam lines are
in the range of 610 to 710 mm (24 to 28 in.) and
25.4 to 31.8 mm (1.0 to 1.25 in.), respectively. BWR
system design temperature and pressure are 3020C
(5750F) and 8.62 MPa (1250 psi), respectively.
Within the containment, each steam'line contains a
numbiof safety relief valves (SRVs) for overpressure
protection, a steam-flow restrictor (shown in Fig-
ure 10.1) to limit the loss of inventory in the event of a
steam line rupture, and an inboard air-operated main
steam isolation valve (MSIV). One main steam line
provides continuous venting of the reactor vessel head
area during operation and supplies steam to the reactor
core isolation cooling and residual heat removal
(RHR) systems. In the auxiliary building, each main
steam line contains'a redundant outboard air-operated
MSIV and a motor-operated main steam shutoff valve.
Figure 10.4 shows how'the main steam lines leave the
RPV and exit through a'Mark 1 containment. The
steam generated in the reactor leaves the separator at
2870C (5490F), at 6.65 MPa (965 psi) pressure, and
with a moisture content of about 0.1%. The tem-
perature is somewhat lower [2840C (543 IF)] at the
second isolation valve, and the moisture content is
about 02%. The steam velocity (at full power) in the
main steam lines is 46 m/s (150 ft/s) and the moisture
content upon reaching the high-pressure turbine is
about 0.3%.

In the case of a line break or other breach of the
coolant system outside of the containment, both the
feedwater lines and the main steam lines would
provide a direct pathway leading from the RPV to the
reactor building and, eventually, to the environment.
To provide isolation in such an event, each feedwater
line contains three containment isolation valves (one
motor-operated -valve and two check valves).
Isolation of the steam lines is provided by the MSIVs
and a main steam block valve located just before the
turbine inlet. (Two MSIVs are installed on each of the
four main steam lines, as shown in Figure 103, and
discussed above.) Each of the main steam lines also
contains a venturi-type flow restrictor upstream of the
MSIVs. This flow restrictor will limit the amount of
coolant lost from the primary system in case of a main
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Figure 10.2. Feedwatersystem schematic.

steam line break outside of containment, and is
designed to prevent an uncovering of the core before
the MSIVs are closed. As an example, in the event of
a guillotine break of one main steam line outside of the
containment, a high steam line flow signal should ini-
tiate closure of the MSIVs in about 05 s, and they are
required to be fully closed in 3 to 5 s.1 The flow
restrictor will limit the steam velocity to 183 m/s
(600 ft/s) at the throat while the MSIVs are being
closed. The steam flow restrictor is made of Grade
CF-8 cast stainless steel, selected because of its high
resistance to erosion-corrosion.

10.2 Stressors

The BWR feedwater and main steam'line stressors
of concern include'the flow and coolant conditions
causing erosion-corrosion, thermal stratification,

' thermal shock, mechanical shock induced by water or
steam hammers, and flow-induced vibrations.

The parameters that control the rate of the feedwater
and main steam line erosion-corrosion include piping
layout, bulk flow velocity and temperature, moisture
content (in steam), pH level, oxygen content, and im-
purities. The main steam line pipes are not susceptible
to erosion-corrosion if moisture is absent. The piping

layout may introduce turbulence in the coolant near
fittings and geometric discontinuities on the piping
inside surfaces, resulting in local flow velocities that
may be two to three times higher than the bulk flow
velocities.. Higher flow velocities tend to increase
erosion-corrosion rates in carbon steel piping. The
typical pH level in BWR coolants is 7.0 [at 25 0C
(770F)], that is, neutral water. The presence of oxygen
(>20 ppb in BWR feedwater) is beneficial in reducing
;erosion-corrosion damage.'

The thermal transients that occur during plant
heatup/cooldown cycles are major contributors to the
fatigue usage factors calculated during the design of

-.the piping. In addition, the horizontal lengths of the
feedwater piping are subjected to large temperature

- differences between the top and bottom portions of the
pipe when the plant is at hot standby and during startup
and shutdown, when (in both cases) the feedwater
heaters are not in use and the feedwater is relatively
cold [about 400C (1000F)] and flow rates are low. The
incoming cold feedwater flows along the bottom of the
pipe, leaving the lower-density hot water at the top.
The stresses induced by these thermal fluctuations
were not included in the original fatigue analyses for
the piping. Section 6.2 discusses thermal stratification
in horizontal feedwater piping in more detail.

- . --.C. ;-
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Table 1 0.2. T1ypical materials of construction8' 9

Main Steam Piping

Subcomponent Material

RPV nozzle forging
RPV nozzle safe end
Piping connected to safe end

Other piping
Elbows (forged)
Elbows (welded or seamless)

Flow restrictor
(Upstream casting)

(Downstream casting)

SA-508 Class 2
SA-541 Class 1
SA-155 Grade

KFC60, Class 1
SA-106 Grade B
SA-182 GradeF22
SA-234 Grades WPC,
WPB, or WPCW

Grade CF-8, (cast
stainless steel)

SA-216 Grade WCB
(carbon steel)

.-

Feedwater Piping

Subcomponent Material

RPV nozzle forging SA-508 Class 2,308L
(stainless steel clad)

RPV nozzle safe end SA-541 Class 1 (carbon
steel), 308L (stainless
steel clad)

Piping connected to safe end SA-333 Grade 6
Other piping SA-106, Grade B

The incoming cold [about 40 0C (1000F)] feedwater
during plant startup and shutdown can also impose a
thermal shock on the feedwater piping, which is
normally at 2160C (4200F). (A slug of locally cooled
feedwater may impose a thermal shock while passing
over the warmer portion of the piping.) Thermal
shocks introduce skin stresses on the piping inside
surface; therefore, the associated fatigue damage may
result in crack initiation but not necessarily crack
growth. The thermal stressors on the BWR feedwater
nozzles are discussed in Section 9.3 of Volume 1 of
this report.

Mechanical shock from water or steam hammer
events can cause low-cycle fatigue damage to piping
systems. The classical water-hammer transient
involves a valve closing ora pump starting in a solid
water system. Water slugging is another dynamic
event of importance that takes place in BWR
feedwater lines and is caused by a slug of cold water
being rapidly propelled along a straight run of piping

until it impacts with a bend or elbow. In general, the
magnitude and frequency of water-hammer events are
not known, and the resulting overload stresses and
fatigue damage are not well accounted for in the design
of the feedwater lines. The damage resulting from
most water-hammer events has consisted of deformed
or failed piping supports or snubbers (broken rods,
permanent lockups) and, in some cases, permanently
deformed or cracked piping (primarily in branch
lines). Detailed pressure tracings have not been
recorded at commercial plants during these events.

Steam-hammer 10 and two-phase-flow effects (for
example, water entrainment in steam lines or steam
bubble collapse) can also cause low-cycle fatigue
damage to piping systems. Steam hammers occur
during closure of the MSIVs and the turbine stop
valves from the momentum associated with the
moisture in the steam lines. The main steam lines
within the containment are also subject to transient
loadings from the actuations of the safety relief valves.
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Figure 10.3. Main steam system schematic.

Although the design of the feedwater and main steam
systems accounted for steam and water hammers
caused by valve-closure events and included an analy-
sis of the shock and thrust forces associated with safety
relief valve blowdown, valve actuations and instabil-
ities have caused ainuumber of damaging events. The
damage has typically been to 'sniall-diameter'branch
lines, and snubber and pipe'hangers outside of the'
containment. Load magnitudes and durations of steam
' and water hammers, or of valve actuations, are not
precisely known and, consequently, are not well
accounted for' in the design analyses. Figure 10.5
shows a steam-hammer time-history transient used
for the design analysis of a BWR safety relief valve
line. As the valve opens, the pressure acts in one
direction, creating a large unbalanced force, until the
travelling pressure wave reaches the first elbow. When
the pressure wave reaches the first elbow, the force is

balanced until the wave is reflected, creating a much
smaller unbalanced force at about O.13 to 0.15 seconds
in the figure.

Flow-induced vibrations can cause high-cycle
fatigue damage to piping systems. As with fluid-
hammer loads, the frequency content and magnitude of

: the loads caused by flow' induced vibrations are not
well-known, although 'somie of the fequency content
is associated with the rotational speeds of the pumps.
In most of the operating plants, flow- and equipment-

',.',induced vibration are not explicitly included in the
piping system designs, except for a design verification
during the acceptance testing stage. During this stage,
the vibrations in the systems are judged to be within

-'acceptable limits based primarily on visual observa-
'tions, 10as discussed in Section 10.6. -
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Figure 1O.4. Main steam system piping within a drywell torus containment.

10.3 Degradation Sites

The sites in the fcedwater systems most susceptible
to degradation are near the RPV entrances; the feedwa-
ter inlet nozzles, the thermal sleeves, and the feedwater
spargers are all subjected to stratified flows, thermal
shocks, and flow-inducd'vibrations These sites are
discussed in more detail in Chapter 11 of this report
and in Chapter 9 of Volume 1. Other susceptible sites
are the horizontal sections of the feedwater piping
undergoing low- and high-cycle fatigue damage
caused by stratified flows and thermal shocks.

Two detailed reviews of BWR piping failures have
been published.5.6 These reviews found that most of

the reported failures have occurred in the nonsafety-
related portion's of the feedwatcr system and that the
failures have been confined to the small-diameter
piping. A few cracks have been found in smiall branch
pipelines in operating plants. These have been located
predominately in socket welds in the 19- to 51-mm-
(0.75- to 2-in.-) diameter pipe size range. The cracks
were located near pumps and have been attributed to
equipment and flow-induced vibration. In Refer-
ence 5, the feedwater system failures compose 21% of
the total reported failures among BWR subsystems.
However, the absolute number of failures is small,
only 15 cases in BWR condensate and feedwater
systems in 242.6 unit years.11 The failures reported for
the main steam system make up just 7% of the total
BWR subsystem failures.

11
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high-pressure turbine exhaust piping and extraction
steam lines, including the turbine crossover piping.14

The piping layouts are responsible for most flow
discontinuities that cause turbulence in the steam and
the resulting high-flow velocities that contribute
to erosion-corrosion damage. Unfavorable piping
layouts include elbows without turning vanes, loca-
tions'with a small radii of change in direction, and
branch connections 90 degrees to the normal flow
direction. The sites where the distance between a
change in direction and other discontinuities' is small
dohnot allow turbulence to dissipate and are especially

0.30 OM susceptible to higher rates of erosion-corrosion. -Areas
on the inside surface with discontinuities are suscep-

' 'ine st tible to erosion-corrosion induced by turbulence.
ye line'steam Specifically, areas with welding repairs are particular-

ly susceptible to high rates of erosion-corrosion at the
leading and trailing edges of the weld.

0.15 0.20 0.250.00 0.05 -0.10

. . Tme ()

Figure 10.5. Safetyreliefvalvedischarg
hammer transient used for design.1 I

Until recently, significant degradation caused by.
erosion-corrosion in feedwater systems'containing
single-phase coolant was considered unlikely.
However, a severe erosion-corrosion-induced failure..
occurred in the Surry 2 feedwater system, which
contains single-phase coolant.12 Although Surry 2 is
aPWRplant, the material, temperatures,andprcssures
of the feedwatersystems of BWRs and PWRs are sim-
ilar. However, the higher oxygen content in BWR
feedwater tends to inhibit erosion-corrosion.
Inspections have shown that feedwater line thinning
caused by erosion-corrosion'has occurred at the
following six BWR plants:

I10.4 Degradation Mechanisms

-As discussed'above, the main degradation mech-
anisms that affect the feedwater and main steam lines
are erosion-corrosion and low- and high-cycle ther-
mal fatigue. Erosion-corrosion of the carbon steel
piping in'single-phase and two-phase regimes is
discussed in Sections 10.4.1 and 1OA.2, respectively.
Although the effects of simple corrosion were included
in the design assumptions for the safety related parts
of the BWR feedwater and main steam line systems,
erosion and erosion-corrosion were not accounted
for in the original designs. Thermal fatigue, vibra-
tion-induced fatigue, and erosion are discussed in
Sections 10A3, 10AA., and 10A.5, respectively.

Commercial
Plant Operation Date

Dresden 2 January 1970

Duane Arnold March 1974

Pilgrim 1 June 1972

Oyster Creek May 1969

River Bend 1 October 1985

Degraded Component

Elbows
1OA.1 Slngle-Phase'Eroslon-Corroslon. The

Elbows, reducers erosion-corrosion of the carbon steel in the BWR
straight runs feedwater lines is similar to the'erosion-corrosion in

the PWR feedwater lines discussed in Chapter 6.
Elbows . ~ - . 'Y Therefore, the discussion of erosion-corrosion of pre-

Elbowas - . sented here has been somewhat abbreviated and a more
general discussion of two-phase erosion-corrosion is

Recirculation line - presented in Section 1OA2.

Perry 1 June 1986 Straightruns Carbon steel is especially vulnerable to erosion-
corrosion if the alloy content is low (<0.1%). Typical

However, only one of 15 BWR feedwater systems alloy contents for feedwater and main steam piping
inspected required component replacement because of materials are listed in Table 6.2. Experience has
single-phase erosion-corrosion, whereas 18 of the 39 shown that the use of 2 1/4Cr-lMo (2-1/4 percent
PWRs initially inspected required component replace- chromium and 1 percent molybdenum) and higher
ment,13 indicating that this type of aging phenomenon alloy steels provides virtual immunity to erosion-
progresses more rapidly in PWRs. corrosion.15 Chemical analyses of the failed pipe

elbow from the'Surry 2 plant found that the steel had
The main steam line'subsystems that have been - low amounts of these elements,particularly chromium

affected most by erosion-corrosion have been the : (0.07 wt.%).16 Austenitic stainless steel has been
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proven to be. highly resistant to erosion-corrosion
under LWR normal flow conditions.

Water chemistry also influences the rate of erosion-
corrosion. The most influential factors ire the pH con-
tent and the oxygen content. BWRs are designed to
operate with high purity, neutral [pH = 7- at 2501C
(770F)] water with 50 to 150 ppb oxygen content, and
changing the pH level of the coolant is not a practical
measure. Because the wall thinning of BWR feedwa-
ter lines has been less of a problemn to date than that of
PWRs, it appears that the BWR pH is satisfactory
when combined with other factors influencing the
erosion-corrosion, particularly the higher oxygen
content.

Oxygen conicenitration has a strong effect on the rate
of erosion-corrosion. During the early operating
period of the Shimane BWR in Japan, high levels of
iron (corrosion products) were observed in the feedwa-
ter (50 ppb) even though a high efficiency condensate
treatment was used.117 The feedwater contained about
4 ppb dissolved oxygen during this operating period.
Adding oxygen gas to the feedwater produced satisfac-
tory corrosion inhibition at dissolved oxygen levels of
20 ppb., Figure 10.6 shows the effect of dissolved oxy-
gen on the corrosion rate and release rate (release of
corrosion products into the coolant) for carbon steel in
neutral water at temperatures in the range of 200 to

.101.

E~ 100

C.2

2U 10'1
00)D

3000C (392 to 5720F).1 B The data were compiled from
numerous sources in the literature; thus, temperature
and flow conditions were not exactly the same for all
tests. However, the figure does give a representative
idea of the effect of oxygen on corrosion. Thbis curve
indicates that reducing the oxygen level from 200 ppb
(0.2 ppm in Figure 10.6 or near the upper range of
BWR oxygen levels) to below 10 ppb (0.01 ppm in
Figure 10.6) is accompanied by a 50-fold increase
(about 0.1 to 5 mng/din.2/day) in the corrosion rate of
carbon steel, and a slightly higher increase in the
release rate. (Corrosion and release rates are equal in a
BWR environment where equilibrium is established.)

Hydrogen is added to the feedwater at some BWRs
to prevent intergranular stress corrosion cracking
(IGSCC) of the austenitic stainless steel recirculation
piping and reactor internals. This practice,' known as
hydrogen water chemistry (HWC), reduces the oxygen
concentration in the BWR recirculation piping from

abo~~200 pb to about 20 ppb orles190Th
hydrogen combines with oxygen in the radiation
environment of the BWR core region. The reduced
oxygen levels in the feedwater system can potentially
result in increased, degradation by erosion-corrosion.
General Electric guidelines consider an oxygen level
of 20 to 50 ppb desirable for HWC. Some plants must
add oxygen to their feedwater when using HWC, while
others do not.

Mg O2Ik9 H20 (ppm)

P554.-WHT- = 188-04
Figure 10.6. -Corrosion rates and release rates for carbon steel at different oxygen concentrations for 1000 h.
Exposure times at temperatures in the range 200 to 3000C (392 to 572oF).1B The corrosion and release rates are
expressed in units of milligrams of corrosion film formed on or released from a square decimeter area per day.
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A series of relatively low-flow laboratory testshave Examination of worn extraction piping has
been run to investigate the effect HWC has on various identified two distinct mechanisms causing erosion-
BWR structural materials. 21 22 In general, the effect is corrosion damage: oxide dissolution and droplet-
beneficial or benign. However, an initial increase was impact wear.12a Oxide dissolution can occur in both
observed in the general corrosion rates of low-alloy single- and two-phase coolant flow and is highly
and carbon steels. But, once a protective oxide film - interactive with flow velocity. The droplet-impact
was formed, the steady-state corrosion rate was found .wear mechanism occurs at high flow velocities in two-
to be only slightly higher in a HWC environment than_ phase flows. The oxygen content of the main steam
in a reference BWR environment. Additional tests: system is typically 20 ppm.
also indicate that the initial crevice corrosion rate in
carbon steel was increased by HWC. Oxide DIsSoiutlonf. Most theoretical models of

erosion-corrosion are based on a flow-enhanced dis-
solution of the oxide layer that forms on the surface of

The increase in corrosion kinetics seen inlow-alloy the steel324 25Z6 The oxide layer dissolution occurs
and carbon steels indicates that the oxide film that. when hydrogen present in the water or formed during
forms under HWC conditions may be less protective oxidation reduces the magnetite. Under steady-state
than the film that forms under reference BWR condi- conditions, erosion-corrosion results in linear cor-
tions. Although the corrosion rate decreased with time rosion kinetics (time dependence) and high corrosion
under the low-flow-rate laboratory conditions, it is rates. The results predicted by these theoretical mod-
quite possible that under high-flow-rate, or turbulent- els and by the data from laboratory tests are in general
flow conditions, a significant increase in the rate of agreement with the results observed in operating
degradation from erosion-corrosion may occur. - systems. The principal factors affecting erosion-
Bignold et al. found that the rate of erosion-corrosion corrosion (that is, the stressors mentioned in
wear is proportional to the square of the fluid velocity Section 10.3) are as follows:. 4

11�.

in constant-geometry single-phase laboratory tests.15

More research in this area is needed to quantify the
erosion-corrosion rates for the expected ranges of the
important parameters (flow rate, alloy content, oxygen
content, and temperature).

10.4.2 TWo-Phase Eroslon-Corroslon. In an
erosion-corrosion process, a corrosive coolant forms
an'oxide layer on the inside surface of a carbon steel
pipe and then an erosive action removes this oxide lay-,
er, allowing the'exposed surface to continue to
corrode. This process of simultaneous oxide growth
and removal leads to a reduction of the pipe wall thick-
ness and, ultimately, to catastrophic failure of a pipe'
under pressure.

* Steam quality

* Temperature

* Piping material composition

Coolant chemistry (including oxygen and

Flow-path geometry and flow velocity.

Erosion-corrosion has been observed in piping car-
-rying wet steam. Its occurrence has not been observed
in systems carrying dry steam. This is in keeping with
the generally held view that the process takes place by
a surface dissolution mechanism. Laboratory data do
not show a'clear indication of how the rate of erosion-

-Basically, there are two types of erosion-corrosion : corrosion is affected by the moisture content of wet
degradation: a highly localized form occurring at flow steam. However, field data indicate that the greatest
discontinuities, and a form known as "tiger striping." -degradation is seen in the piping containing steam with
The latter is characterized by a mapping or striping of a higher moisture content, such as the turbine cros-
the pipe's inside surface with a rather uniform degra- sover piping and the exhaust and extraction piping of
dation and is not limited to areas of flow discontinui-, high-pressureturbines.
ties. The localized form of erosion-corrosion has -
occurred in both feedwater and main steam lines, ; ; The rate of erosion-corrosion has been found to be
whereas tiger striping has occurred only in wet steam strongly temperature dependent. Data derived from
lines at several BWR plants. Significant wall thick- damage to carbon steel c6mponents in wet-steam
ness degradation from tiger striping has been docu- turbines (two-phase conditions), presented in
mented in numerous straight-pipe sections; however, Figure 10.7, show a maximum wear rate at about
this degradation does not always occur throughout the 180 0C (350F)P. Above and below this temperature
full length of the piping.14 the erosion-corrosion rate drops rapidly. The curve in
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Figure 10.7 is based on the results from an initial
inspection (in 1963) of a steam system at a 16-MW
experimental nuclear power plant in Kahl, Federal
Republic of Germany. The materials and environment
of the steam system of the experimental reactor
may not be the same as those of United States BWR
steam systems, and the temperature associated with'
the maximum erosion-corrosion rate may be different
for BWRsteam lines. Nevertheless,the available data
indicate that the shape of the curve is somewhat
generic, with erosion-corrosion rates'decreasing at
temperatures above and below the temperature at
which the maximum erosion-corrosion rate occurs.
Figure 6.10 shows a similar shape for the temperature
erosion-corrosion rate curve under PWR conditions.

0.4

The oxygen content in the main steam lines reduces to
about 7 ppm when hydrogen water chemistry is used,
but this oxygen content is still high and will probably
produce a good protective oxide film on the inside of
the steam piping.

As was observed in single-phase systems, degrada-
tion' from wet steam erosion-corrosion generally
occurs in regions of high-flow velocity or high tur-
bulence. The degradation tends to be localized in
regions of turbulent flow and is found in areas of flow
discontinuities such as pipe junctions, elbows, and
joints. Kunze and Nowak observed an increase in the
erosion-corrosion wear rate as the flow rate increased
in their two-phase flow laboratory tests.28 In general,
the erosion-corrosion rate can be expected to be higher
in systems with higher bulk flow rates. However, high
local velocities caused by flow geometry and local
mass transfer at the surface caused by turbulent mixing
appear to be the most important parameters affecting
the erosion-corrosion rate. Experiments have esta-
blished that local-flow velocities in elbows, for exam-
ple, can be two to three times higher than the bulk-
flow velocides.l1229%

- 0.3

-a 0.2

UJ

0.1

0o

Tempefsturo rCi

Figure 10.7. Effect of temperature
corrosion in two phase flow. t4

As mentioned in Section 1OA.l, the rat
tion by erosion-corrosion is strongly af
amounts of chromium, molybdenum, a

*carbon and low-alloy steels. Tests b1
Nowak in a wet steam (pH- 9)' loop shoi
of erosion-corrosion wear for carbon :
steel (German specification 10 CrMo 9
one-third the rate for carbon steel (Genr
tion C22.8), and that chromium-molybd
10 times more resistant to wet-steg
corrosion than carbon steel.;8

The typical oxygen content in BWR
lines is about 20 ppm, approximately 1
oxygen content in the feedwater system.
steam lines is 7, and the conductivity is C

a. A pH- 9 is typical for PWR second

A three-layer stainless steel coating designed to pre-K I vent erosion-corrosion has been developed and suc-
cessfully tested in pipes containing wet steam at ten

m0s Swedish plants (five BWR and five PWR)?1 The first
application was in a BWR plant in 1977. The coating

P612-WHT46&14 is flame-sprayed on the interior of the piping. The top

on erosion- layer is Type 304 stainless steel, which is very resistant
to erosion-corrosion. The bottom layer is chosen to
provide a sufficient mechanical bond to the carbon
steel pipe, and an intermediate layer provides bonding

e of degrada- between the top and bottom layers. The total thickness
rected by the of the three layers is usually about 0.5 mm (0.020 in.).
nd copper in In situ application requires a minimum pipe diameter
f Kunze and of about 600 mm (24 in.), while shop application
Y that the rate requires a minimum pipe diameter of about 100 mm
molybdenum (4 in.).
10) is nearly
ian specifica- Droplet Impact Wear. A second mechanism
enum steel is associated with wet steam erosion-corrosion damage
im erosion- is droplet impact wear, that is, the mechanical erosion

of the oxide film by liquid droplets. The impact of liq-
uid droplets on carbon-steel oxide films can produce a

- main steam matrix of cracks and subsequent fatigue failure of the
00 times the films, and expose the underlying metal surfaces to the
The pH in the corrosive action of the coolant. This wear mechanism
1.057 tS/cm. occurs under certain conditions at elbows and fittings

where the flow changes direction, predominantly on
the outside radius of the bend in the direction of the
flow, as shown in Figure 10.8.> In contrast, damage
caused by oxide dissolution occurs on the inside radius

ary coolant. of the bend where flow separation causes turbulence
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corrosion damage from droplet-impact wear by fac-
tors of up to i00o3

-Fleoi direction,

10.4.3 Thermal Fatigue. Design fatigue calcula-
tions are conducted for Class 1 piping; however, the
only calculations for the B31.1 balance-of-plant
piping are for thermal deflections.1 Thermal fatigue is

Ci wer more severe in the feedwater portion of the BWR pip-
"I bend ing than in the main steam system. For example, the

calculated fatigue usage factor for the feedwater
nozzle safe end is 0.95 (the allowable usage is 1.0),
whereas the maximum fatigue usage calculatedforany
portion of the main steam system within the contain-
mritt is only 0.06.9 Thus, this section will focus on
thermal fatigue of the feedwater lines.

Flow drectbon

Figure 10.8. Potential sites for the two differer
types of wet steam erosion-corrosion damage.

(also shown in Figure 10.8). The droplet impact wei
mechanism requires the presence of droplets, so thi
mechanism occurs only in pipes carrying two-phas
flow.

The liquid phase in a BWR steam line generall
flows in a thin layer near the main steam line pipe wal
while the vapor forms the core of the flow and movc
much faster than the liquid phase. This velocity diffa
ence creates shear forces at the liquid-vapor interface
if this force is greater than the surface tension force X
the interface, some liquid will be sheared off the liqui
layer and carried over with the vapor. This liquid wi
form droplets, which will be acoelerated by the vapc

'The Class 1 plant design analyses have considered
the well-defined thermal transients such as plant
startup and shutdown. 'However, as discussed in

ir Section 103, the horizontal portions of theBWR feed-
is water lines can be subjected to significant temperature
se differences between the top and bottom of the pipes
'- ' when the plants are at hot standby conditions and

during startup and shutdown when the flow rate is less
y. than the full power flow rate. At very low flow rates,
U. - the incoming, relatively cold -400C (10001) feedwater

flows along the bottom of the pipe, leaving the lower
r- density hot feedwater216 0C (420 atthe top. A thin
e; mixing layer is formed at the interface of hot and cold
It feedwater flows. This thermal stratification was not
d considered at the time of the original design analysis
ill 'and can cause pipe degradation by fatigue that may
ir'- crack thepipewal. , -r ~ Pipe

and become enrained in the vapor core. A acuion of
entrained liquid droplets will impinge on the oxide' The stratified flowscontnbuteto highaxial bending
film on the main steam line inside surface. The piping E stresses in the horizontal portions of the feedwater
layout determines what portion' of the entrained liquid - lines. Therefore, the horizontal portions of feedwater
'droplets will impinge on the oxide film. The other ' lines experience low-cycle fatigue damage as the
parameters determining the film failure are the oxide .'. interface level rises from the bottom of the pipe to the
hardness, and the critical strain and the fatigue loads' top and returns to the bottom again. In addition, the
required to fracture the oxide film.'' turbulence in the mixing layer at the interface between

the hot and cold fluids introduces cyclic thermal
stresses at the inside surface of the pipe in the vicinity

* Reference 23provides simple models for estimating - of the mixing layer. These stresses cause high-cycle
oxidedissolutionand droplet-impactwear. Themodel fatigue damage (see Section 6.5).33 The overall
developed to describe droplet-impact erosion does not fatigue damage caused by this behavior is difficult to
contain a strong temperature dependence, but does 'estimate.

have a strong dependence on flow velocity (fourth
power dependence).Therefore, droplet-impact wear is- On-line monitoring of piping wall temperatures and
expected to be of importance at high-flow velocities. coo temperature prssure,and flow rate is needed

to determine the transient thermal and mechanical
Droplet (moisture) removal constitutes a straight- loads caused by different stressors and to estimate the

forward means of minimizing droplet-impact wear . resulting low-cycle fatigue damage. The Electric
damage. Onthe other hand, addition of small amounts ,,Power Research Institute (EPRI) is developing an
of aloying elements, such as chromium, copper, and n -automated plant fatigue monitoring system that can
molybdenum, to the carbon steel can'reduce erosion- a, accurately measure fatigue usage, including the low-
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cycle fatigue caused by flow stratification.?5 The sys-
tem wasappliedto theQuadCities2BWR feedwater
nozzles 36 Data from 12 instruments in each of the two
feedwater loops were used to determine the fatigue
usage during the demonstration period. Other evalu-
ation projects underway include feedwater nozzle
monitoring at the Oyster Creek and Susquehanna 1
plants.

' The ASME Code fatigue curve for carbon steel and
the stress analysis methods for fatigue are discussed in
Chapter 3. The curve is based on data fron uniaxially
loaded specimens strain cycled in air (no environmen-
tal effects). Strain values were converted to stress
units by means of the elastic modulus. A least-squares
curve was fitted through the data, and a safety factor of
2 on stress or 20 on cycles,whichever was more con-
servative for a given point, was used to establish the
design curve. However, the carbon steel piping is
exposed to a BWR environment and may experience
corrosion fatigue at stresses far less than predicted by
the ASME Code fatigue curves. Thus, even if all the
various fatigue loadings had been properly considered
in the original design of all the feedwater and main
steam piping locations, the potential still exists for
thermal fatigue failures because environmental effects
have not been explicitly considered in' the ASME
curves nor in the original plant design.

Fatigue tests performcd by General Electric under
EPRI sponsorship show that the effect of the standard
BWR environment on SA-106 Grade Wand SA-333
Grade 6 steels can completely erode the "2 and 20"
margin in the ASME Code fatigue design curve?7

Crack initiation in the BWR environment tests
occurred solely at the weld preparation discontinuity
or at the interface of the weld fusion line and the base
metal. These kinds of notches were innocuous in tests
conducted in air (the tests forming the basis for the"
ASME Code design curves were also performed in
air). However, in high-temperature oxygenated water,
these locations acted as crack-initiation sites. Such
cracks developed at far fewer cycles than in-air
predictions would indicate.

The General Electric test data are shown in Figure 109
plotted as pseudo-stress amplitude (S.) versus cycles'
to failure (or crack initiation, depending on specimen'
type).J For comparison, the ASME Code mean data:
and design curves are also included in the figure. The
room-temperature-air data (for smooth specimens)
agreed with the ASME Code mean data Compact-
tension specimens tested in air at temperatures of
2320C (450F also had fatigue lifetimes equivalent to
the ASME Code mean data curve, but at 2880C

(5500 F) approximately a factor-of-two reduction in
cyclic life occurred. There was a further reduction in
fatigue lifetimes in water environments~of 2881C
(5500F), the magnitude depending on loading condi-
tions. [Because the BWR feedwater temperature is
2161C (4200F), this effect would not be as pronounced
as for the steam system, where the temperature is
approximately 2880C (5500F).]

General Electric has defined the pseudo-stress
amplitude as

S. = 1/2 K. K. S. (10.1)

where K4 is an elastic stress concentration factor, IC. is
a plasticity correction factor that accounts for loading
in excess of the material's yield strength, and S. is the
applied stress range. General Electric also has deter-
mined that, although the ASME Code fatigue curve
contains a correction for the effects of maximum mean
stress, this correction is incomplete-mainly because
of the exclusion of strain hardening effects. General
Electric has developed a new fatigue analysis proce-
dure that they feel accounts for the effects of environ-
ment, strain hardening and mean stress and adheres to
the conservatisms that were desired in the original
ASME Code philosophy. The following formula is
similar to Equation (10.1), but accounts for more
factors:

S. = 1/2 Kr K. K. K.e M K. Sn (102)

where Kf is the fatigue strength reduction factor, K. is
a correction factor for local notch yielding, Km is the
mean stress correction factor, K. is an environmental
correction factor, and M is a modifying factor for K.
to account for temperature and environment variation
during a transient.

General Electric calculated that the fatigue usage
factor fora typical feedwater system, computed by its
alternate rules forcarbon steel (Equation 102), was up
to eight times higher than the value computed by the
conventional ASME Code rules.37 For' example, the
usage factor increased from 0.013 (ASME Code calcu-
lation) to 0.103 (Equation 102) at one elbow. Seventy
percent of the transients considered in the sample case
occurred at temperatures below 2320C (4501F), so
additional fatigue usage caused by temperature effects
needed to be included for only about 30% of the tran-
sients. The maximum temperature the feedwater line
was 2540C (4900F) in the sample case.
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Figure 10.9. General Electric fatigue data plotted in accordance with modified ASME Code design curves for
carbon steel.

Assumingthatthesameenviro nentaleffectsapply . fatigue is caused by rapidly applied mechanical loads
to main steam lines, resulting in an eight-fold increase rather than slowly applied thermal loads.
in fatigue usage, the fatigue usage in the main steam -*
lines could increase from 0.06 to OA8. If such an Carbon steel piping materials become increasingly
increase is substantiated, the inservice inspection * moresusceptibletocorrosionfatigueorenvironmental
program would be affected because Class I piping degradation when they contain sulfur. The specifica-
with a calculated fatigue usage greater than 0.4 - tionsforcarbonsteelpipingmaterials,suchasSA-106
requires inspection of its welds during each inspection :.Grade B and SA-234 Grade WPB, allow 0.058%
interval. The temperature of the main steam line is sulfur content. Similar detrimental effects of sulfur in
2881C (550 0F); thus, an additional factor of 2 might low-alloy pressure vessel steels and steam generator
have to be included, to properly account for temper-'' shellmaterialarewell4kiiown.39-40RecentBWRenvi-
ature transients higher than 232 0C (4500F). This _ ronmentfatiguetestsonJapancsepipingsteelssimilar
would result in an even higher fatigue usage factor, of to SA-106 Grade B, but containing less sulfur, did not
up to 0.96, which is a conservative upper bound. The show any evidence of environmental degradation. 41

General Electric design procedure may be added to the
ASME Code as an'appendix to Section m. -; Theuseofhydrogenwaterchemistrywillreducethe

oxygen level in the BWR environment. A lower-
-; -- .':oxygen' environment is likely to yield lower fatigue

One major difference between the General Electric crack growth rates in carbon steel piping.39
testparametersand BWRplantconditionsisthetypeof
loading. The General Electric low-cycle (l0 cycles) A10.4 Vibration-Induced Fatigue. Vibration-
fatigue tests were conducted using mechanical loads08 I 'i:induced fatigue is caused by flow-induced vibrations
rather than thermal loads, which also induce fatigue in (such as in orifices), steam and water-hammer events,
nuclearpowerplantpiping. Itisgenerallyassumedthat ''water slugging, and mechanical vibration (such as
the resulting' fatigue damage is the same regardless of- pump rotation).- A number of cracks have occurred in
thesourceof the loading. However, thecrack initiation small pipelines at most operating plants. These have
and crack growth mechanisms for carbon steel piping -been located predominantly in socket welds in the
in a BWR environment may be different when the;. !19-to 51-mm- (0.75- to 2-in.-) diameter pipe size
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range. The cracks were located nearpumps, 42 and have
been attributed to equipment- and flow-induced
vibration. The main steam lines have probably experi-
enced less vibration-induced (including steam
hammers, relief valve openings, etc.) fatigue than have
the feedwater lines. However, the magnitudes and fre-
quencies of occurrence of these vibrations in both feed-
water and main steam lines are not well-known. In
general, high-cycle vibration fatigue analyses have not
been conducted, even for ASME Class I components.
The defense against high-cycle fatigue has been good
designpracticesbasedonjudgmentandexperience, and
visual monitoring during preoperational testing.

Water hammer is a multicycle load induced by tran-
sient pressure pulsations in the feedwater fluid. It can
result from fast closure of a check valve caused by a
flow reversal or intermittent 6peration of the feedwater
valves. A steam hammer is a similar event that can
take place in the main steam lines during turbine stop
valve closures following a loss of load, rapid openings
of SRVs, or sudden closure of MSIVs.' The openings
of the SRVs can result in large dynamic loads on both
the main steam header and the relief-valve vent
piping.10

Water slugging is a single-pulse load induced when
a slug of water is accelerated through the piping.
Pump startup in the feedwater lines can cause this to
occur, especially if the discharge lines have been
voided. The water slug causes piping loads at flow
discontinuities and elbows.' If the slug impacts a sta-
tionary column of water, a pressure transient will be
generated in the water. Water slugging can also occur
in main steam lines as a result of water accumulating in
the line, followed by a valve opening that reestablishes
flow in that line.10

Water and steam hammers and water slugging are
usually short-duration events, typically occurring in
less than 1 s, but with dramatic effects. Large unbal-
anced forces exerted on the piping typically damage
the pipe supports and restraints. In severe cases, the
piping may also be damaged.

The Dresden and Quad Cities plants have been
particularly plagued by vibration problems in the feed-
water lines. Undesirable feedwater piping oscillations
from 1970 to 1975 resulted in cracked and broken
small-diameter lines connected to the feedwater
system. A number of system modifications were made
to correct the problem, as listed in Table 10 3.*1 After
about a 10-year relatively trouble-free period and
after a new control system was added in 1986,
vibration problems recurred in the Dresden 2 and
3 plants. Dresden's most severe incident, which
occurred on August 7, 1987, broke a feedwater pump
flow instrument sensing line, loosened the feedwater
regulating station floor plate grout, bent the feedwater
pump discharge pipe clamp, and damaged the piping
insulation. Postevent examinations of the damage to
the bent pipe clamp determined that the vibrational
loads were three times greater than anticipated in the
original design analysis. No single root cause has been
identified and additional instrumentation has been
added to assist in understanding the problem.
Although the cause of this vibration is unknown, it
appears that events may occur over the course of a
plant lifetime that can induce unexpected stresses and
subsequent piping system failures.

a. M. J. Russell, private communication, EG&G
Idaho, Inc., Idaho Falls, ID, September 1987.

Table 10.3. Quad Cities and Dresden feedwater system events

Date Description

Fall 1970 Feedwater pump design deficiencies cause Dresden Unit 2 piping oscillations.

Winter
1970-1971

February to -
November 1973

Fall 1973

June 1974

Dresden Units 2 and 3 feedwater pump casings
- and impellers modified. Vibrations reduced.

Feedwater flow control systems at Quad Cities
and Dresden modified to improve system performance.

Quad Cities Units 1 and 2 feedwater regulating valve supports installed.
Regulating valve controller modified. Flow control system modified. -

Large feedwater piping oscillations on Quad Cities Unit 2. Feedwater
regulating station low-flow line cracked.
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Table 10.3. (continued) .*sit " -e A.

Date : I ~ Description - -

June 1974

August 1974

Winter 1974

August 1975

August 1975

October 1975

Summer-Fall
1976

1976

November 19T
to June 1978

Summer 1986

August 1986

Summer 1987

July 1987

July 1987

August 1987

I

Feedwater piping oscillations damage pipe supports on Dresden Unit 3.

Quad Cities Units 1 and 2 feedwater regulating station minimum flow line
rerouted. Vibration detection instrumentation installed. Feedwater level
control system modified.

Dresden Units 2 and 3 feedwater regulating valve controller modified.
Flow control system modified.

Large feedwater piping oscillations in Quad Cities Unit 2 sever feedwater regulat-
- ing station low-flow line. .

Feedwater piping oscillations break two small feedwater drain
lines on Quad Cities Unit 2.I -

Additional restraints added on Quad Cities Unit 2 feedwater regulating valve
minimum flow piping.

Dresden 2 and 3 feedwater regulating station minimum flow line rerouted
Vibration detection instrumentation installed. Feedwater level
control system modified. ,

Feedwater pipe supports added to Dresden 2 and 3.

Dresden Unit 2 and Quad Cities Units 1 and 2 drag valve installed in
place of original feedwater regulating valves.

Dresden Unit 3 feedwater pump impeller replaced.

Dresden Unit 3 feedwater control system upgraded to a Bailey Network 90.

Dresden Unit 2 feedwater control system upgraded to a Bailey Network 90.

Dresden Unit 3 feedwater piping oscillations result in a main turbine trip and
reactor scram.'

Dresden Unit 2 feedwater level control regulating valve causes low-level
reactor scram. - -

Dresden Unit 3 large piping oscillations break a small feedwater instrument line
and a reactor water cleanup drain line, and cause pipe support damnage.

There are two major concerns related to high-cycle;
fatigue analysis. The first is the existence of a fatigue
limit, and the second is the usage factor at which
'fatigue failures may take place. The fatigue curve for
many metals flattens at a given number of cycles (106
to 108 cycles is generally considered typical forsteels).
The stress at this point is called the fatigue limit. If the

- alternating stress for a particular event does not exceed
the fatigue limit, the member will not fail from high-
cycle fatigue, that is, the number of allowable cycles at
this stress approaches infinity. This concept is based
on material tested in the air, but the existence of a
fatigue limit in the presence of corrosion-assisted
fatigue has not been proven., Therefore, use of a
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fatigue limit concept in high-cycle fatigue analyses is
not reliable. The ASME Code Subgroup on Fatigue
Strength is evaluating the extension of the fatigue
design curve for carbon steels to above 106 cycles. An
approach where the fatigue design curve has a shallow
slope (for example, -0.05) beyond 100 million cycles
is being considered and is probably more reasonable
and conservative to use for long-life fatigue damage
assessment than a fatigue limit where no fatigue usage
is accumulated at stresses below the fatigue limit.

Fatigue failure predictions based on Miner's rule,
(which assumes a simple linear summation of the
ratios of actual cycles divided by cycles to failure at a
given stress) may be in error because it does not
account for the effect of load sequence. For example,
if low-amplitude alternating stresses capable of caus-
ing high-cycle fatigue damage are preceded by high-
amplitude stresses that may cause crack initiation, then
failure may take place at a fatigue usage factor less
than one.43

10.4.5 Erosion. One BWR feedwater system
recirculation-to-condenser line (often referred to as
the minimum flow line) has experienced leakage
because of erosion.13 In 1987, a 45-degree elbow
(Schedule 160, 5 Cr 12 Mo steel) in a feedwater pump
minimum flow line at the LaSalle I plant was found to
have through-wall pinhole leaks caused by erosion.
Further inspection in the LaSalle 2 plant found a
6.35-mm (1/4-in) hole located directly downstream
of a feedwater minimum flow line elbow. The erosion
was attributed to the design of the minimum flow con-
trol valves and the geometry of the downstream piping.
The valves at the LaSalle plants were not designed to
be leak tight. Feedwater leaking past the seat flashed
to steam because of the drop in pressure caused by the
vacuum in the condenser. The geometry of the valve
disc directed the steam like a jet immediately on the
wall of the downstream elbow or reducer, causing the
erosion.

10.5 Potential Failure Modes

The two major degradation mechanisms, erosion-
corrosion and fatigue, can cause cracks or pinholes that
result in small leaks, or they can weaken a system and
reduce the safety margin, enabling another event such
as a pressure pulse or a water or steam hammer (that
would not normally cause failure) to cause a rupture.

The worst failure would be a complete rupture of the
piping in the vicinity of the reactor vessel, within the
containment. Such a failure could not be isolated and
would result in a loss-of-coolant accident. The most

severe location is the feedwater line nozzle into the
RPV. Thermal fatigue has caused cracks in the piping
at this location in some BWRs in the past, and a
complete rupture would result in both loss of feed-
water and blowdown (depressurization) of the reactor
pressure vessel. A less severe accident involves leak-
age in the feedwater line but not a complete pipe rup-
ture, enabling at least some feedwater flow to the
reactor.

To illustrate the potential failure modes, several past
piping failures will be discussed. PWR events are
included because the degradation mechanisms for both
PWR and BWR feedwater and main steam piping are
essentially the same. However, the secondary coolant
in PWR plants has significantly smaller amounts of
oxygen than normally found in the BWR feedwater
systems and, therefore, PWR secondary piping
systems are more susceptible to erosion-corrosion
damage. More detail regarding the erosion-corrosion
failures in PWR feedwater lines is reported in
Section 6.5.1.

Unit 2 at the Surry Power Station (Westinghouse
PWR) experienced a catastrophic failure of a main
feedwater suction pipe in 1986, resulting in fatal
injuries to four workers. This failure occurred on the
outer radius of a 90-degree (long radius), 457-mm-
(18-in.-) diameter elbow that was connected down-
stream of a flow-splitting tee. The break initiated in
the carbon steel elbow material (A234 Grade WPB),
not in either weld.TM The nominal wall thickness of the
suction piping is 13 mm (0.500 in.). The wall had been
generally eroded to about 6.4 mm (0.25 in.). There
were localized areas of thinning to about 1.5 mm
(0.06 in.). Investigation of the accident arid examina-
tion of data led to the conclusion that failure of the
piping was caused by erosion-corrosion of the pipe
wall. Although erosion-corrosion pipe failures had
occurred in other carbon steel systems, particularly in
small-diameiter piping in two-phase systems and in
water systems containing suspended solids, there have
been few previously reported erosion-corrosion
failures in large-diameter piping systems containing
high-purity water.45

A water-hammer transient at the Indian Point 2
(Westinghouse PWR) nuclear power plant in 1973
resulted in a 180-degree circumferential fracture of
the 457-mm- (18-in.-) diameter main feedwater line
at the anchor point where the pipe penetrated the reac-
tor containment structure.42 Gross thermal deforma-
tion of the metal containment liner near this juncture
resulted because of water sprayed from the ruptured

-pipe, and a large bulge occurred in the horizontal run
of pipe to the steam generator nozzle. The crack at the
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* anchor point at the containment wall was caused by
excessive bending stresses, possibly resulting from
dynamic reaction forces elsewhere in the line. The
cause of the water hammer was attributed to steam
condensation in the horizontal feedwater line follow-
ing an interruption of feedwater flow. Based on the
bulge in the pipe, an equivalent static pressure of
34-41 MPa (5-6 ksi) was estimated. This is consistent
with results from water-hamnmer tests performed at the
Tilhange plant in Belgium. 5

Class I systems; such as the BWR feedwater piping
inside containment, must be inspected. Inspection of
areas of piping away from weld zones is not required.
However, in response to a USNRC bulletin based
on the Surry pipe break incident, most utilities have
instituted increased inspection programs for their feed-
water system piping.- As an aid to utilities in iden-
tifying problem areas, EPRI has developed the CHEC
and CHECMATE personal computer programs 5C1

:These programs use plant physical, chemistry, and
flow data to determine areas in the piping most sus-

Following an outage of about five days in 1984, ceptible to erosion-corrosion. The ASME Section XI
the WNP-2 (BWRI5) plant began to slowly admit Committee is currently developing inspection pro-
feedwater. 'About 15 minutes after beginning flow, cedures to detect wall thinning in'piping. EPRI has
personnel in the area heard a dull thud. Subsequent 'also developed guidance for selection of examination
investigations trevealed that several feedwater pipe techniques for specific plant situations (including
hangers and sndbbers had been damaged, and a flange':_ ultrasonic, radiographic, and visual methods), and has
loosened, allowing a small leak of feedwater.46. 47 The provided suggestions for additional detailed examina-
event was initially reported as a water hammer, but -tions if erosion-corrosion is detected. 52

after consulting with experts and considering other
circumstances, the WNP-2 staff determined that the The extent of wall thinning caused by erosion-

%event could have been the result of thermal deflection corrosion may be highly localized, and the variation of
induced by stratified flow in the pipe. The difference ' erosion-corrosion degradation can be large within a
in temperature between the top and bottom of the pipe very short distance. -This variation makes reliable
could havecaused the pipe to bendpulling thehangers inspection for erosion-corrosion damage extremely
out of their supports. To verify that flow stratification difficult. Manual ultrasonic techniques may satisfac-
was the cause of the damage, the piping system was torily measure average thicknesses but not minimum
instrumented to record pipe movement, and differ-: thicknesses.53 In addition, current ultrasonic tech-
ences in temperatures between the top and bottom of ' niques do not properly measure wall thicknesses in
the pipe. Despite procedures designed to prevent regions with complex geometry such as pipe welds,
recurrence of the event, it happened again following a reducers, elbows, tees, etc. Therefore, there is a high
scram at 60% power. The instrument recordings on the probability that the site with minimum thickness will
feedwater lines indicated flow stratification as the not be located: In addition, the manual ultrasonic
main cause for the phenomenon. Recently, stratified technique generally lacks repeatability and reliability
flow caused bowing in the Nine Mile Point Unit 2 because it is highly operator dependent.;Therefore,an
feedwater lines during a plant startup and caused automatic'ultrasonic technique is needed for erosion-
damage to the flanges.48 corrosion damage detection. Advanced inspection and

monitoring techniques for wall thinning are discussed

The USNRC has advised other plants to consider in Section 6.6.
whether suspected water-hammer events might
instead be attributed to pipe bending because of a
thermal stratification phenomenon similar to the one
that occurred at WNP-2.46 There is potential for
occurrence of this event when the feedwater is cold
and the flow rate is low:'

10.6 Inservice Inspection
and Surveillance
Requirements

Fonnal guidelines for inspection of pressure piping
are listed in Tables IWB-2500-1, IWC-2500-1, and
IWD-2500-1 of Reference 49, for Class 1, 2, and 3
systems, respectively. Only the weld areas of the

All the locations in the feedwater and main steam
piping systems that are susceptible to erosion-
corrosion must be identified and properly inspected.
These locations may be identified using available
guidelines. However, further assessment and modifi-
cation of these guidelines are probably needed. The
results of the various thickness measurements should
be evaluated considering the highest possible transient
pressure, because ultimately, such transient pressures
could cause a catastrophic failure of a degraded pipe.

The ASME Code3 '(Paragraphs NB-3622,
NC-3622, and ND-3622) and the ANSI Standard4

(Paragraph 101.5) require that piping be observed
under initial or startup conditions to ensure that vibra-
tion is within acceptable limits. The USNRC also has
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included piping vibration testing in several regulatory
guides.54.kThe ASME has written'an operation and
maintenance standard 56 detailing the requirements for
vibration testing of nuclear power plant piping
systems. This standard addresses steady-state and
transient vibration testing, acceptance criteria, meth-
ods for determining acceptable vibration limits, and
recommendations for corrective action. Qualified
inspectors witness the piping responses during appli-
cable flow modes. They may use portable vibration
monitoring equipment.10

10.7 Summary, Conclusions,
and Recommendations

The principal mechanisms responsible for age-
related degradation of the feedwater and main steam
line piping in BWRs are erosion-corrosion, low-cycle
fatigue, and high-cycle fatigue. The degradation sites,
ranked in order of importance, are listed in Table 10.4.

There have been no fatigue analyses on most of the
BWR fecdwater and main steam line systems and the
fatigue analyses that were done as part of the design of
the Class 1 sections did not consider a number of
important stressors (stratified flow, water hammers,
etc.) and used ASME design curves, which are prob-
ably inappropriate (room temperature air data). In
addition, erosion-corrosion damage has not been ade-
quafely accounted for in the design and inservice in-
spection of the BWR feedwater and main steam line
systems, and the phenomena and extent of degradation
caused by mechanical and flow-induced vibrations are
neither well-understood nor sufficiently defined (in
terms of plant parameters and cycles) to quantitatively

predict feedvwater system lifetimes. Therefore, it is
possible that a dynamic event such as an earthquake or
a water hammer might promote piping failure in these
systems without a leak-before-break scenario.

The conclusions and recommendations related to
the aging of BWR feedwater and main steam line
systems are as follows:

1. Erosion-corrosion is a major degradation
mechanism in carbon steel feedwater and
main steam line piping, and may lead to cat-
astrophic failure. Erosion-corrosion damage
can be very localized. Reliable nondestruc-
tive inspection methods are being developed
that effectively cover 100% of the area under
investigation and consistently detect the
minimum wall thicknesses. The results of
thickness measurements should be evaluated
considering the highest possible transient
pressure. A pipe section significantly weak-
ened by erosion-corrosion may fail cata-
strophically if subjected to a water hammer or
a pressure pulse.

2. The feedwater piping is subject to fatigue
damage caused by stratified flows, thermal
shocks, flow-induced vibrations, and equip-
ment vibrations. Under normal operation,
this fatigue damage would ultimately lead to
leakage of the feedwater. However, a pipe
section significantly weakened by a fatigue
crack may rupture if subjected to a water
hammer or a high-pressure pulse. The use of
on-line fatigue monitoring to assess low-

Table 10.4. Summary of degradation processes for BWR feedwater and main steam systems

Potential
Rank Degradation Sites Stressors Degradadon Mechanisms Failure Modes . ISI Mctods

1 Feedwater piping
near fittings and
at geometric
discontinuities

2 Main steam piping
near fittings and at
gisccmtinuities

Coolant chemistry,
temperature, and
flow rate; stratified
flows; water hammers,
vibration

Coolant chemistry,
temperature, and flow
rate; moisture content
in steam; steamn'
hammers, temperature
gradients; vibration

Erosion-corrosion;
fatigue; erosion

Erosion-corrosionr;
fatigue

Rupture; leaks;
cracks; large '
deformations

Rupture; leaks;
cracks; large
deformations

Volumetric and surface
examination at welds;
wall-thickness
measurements

Volumetric and surface
cxamination at welds;
wall-hickness
measurements
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cycle fatigue damage is reconimended. Use
of acoustic emission monitoring to detect any
crack growth in the feedwater nozzle and hor-
izontal portions of the'piping, including both
base metal and welds, should be evaluated.
Further development of this'technique for
crack growth may be needed. Acoustic emis-
sion already has been developed as a leak
detection method.

3. General Electric eiper.inents show that low-
cycle fatigue cracks are initiated in carbon
steel piping in a BWR environment at 'far
fewer cycles than would be predicted using
the in-air test data that forms the basis for the
ASME design curve. Therefore, environ-
mental fatigue data need to be developed for
assessing fatigue damage to feedwater and
main steam line piping.

4. Piping systems are subject to high-cycle,
fatigue damage caused by thermal striping,'
and flow- and equipment-induced vibra-
tions. Criteria are needed for assessing high-
cycle fatigue damage to carbon steel piping in
a BWR environment and for developing"
acceptable limits for such damage.

* 5. Hydrogen water chemistry (11WC) reduces
the oxygen level in the feedwater, and

a. Temperature, pressure, and vibration of piping need
to be monitored so transient thermal and mechanical
loads caused by different stressors can be determined
and the fatigue damage estimated. The stressors
include heatups, cooldowns, operational transients,'
water hammers, steam hammers, stratified flows, and
flow-induced and equipment vibrations.

therefore it is likely to decrease the fatigue
crack growth rates in the carbon steel piping.
However, the use of HWC may increase the
rate of erosion-corrosion in the feedwater
and main steam line if the oxygen level is not
maintained above about 20 ppb. It is recom-
mended that for at least one BWR plant, a
baseline inspection of the piping wall thick-
ness be performed before implementing

_HWC, and periodic inspections be done
thereafter to identify any changes in the
erosion-corrosion rates.

'6. Use of an on-line'monitoring method to
determine erosion-corrosion damage (for
example,'isotope implantation) needs to be
evaluated because there is significant'uncer-
tainty regarding erosion-corrosion rates.
Also, thickness measurements from various
plants should be used to assess the current
wall thinning models and revise (as needed)
the guidelines that identify the sites that are
susceptible to erosion-corrosion.

7. 'Monitoring of oxygen content is needed so
that fatigue-crack-growth rates and erosion-

- - - corrosion rates canbebetterestirnated. High-
er oxygen levels lead to higher fatigue-
crack-growth rates, but lower erosion-

- corrosion rates.

8. Use of flame-sprayed stainless steel coatings
has been successful in eliminating erosion-
corrosion damage in carbon steel pipes
containing wet steam in the Swedish BWRs.

- Use of this coating to reduce erosion-
corrosion damage in feedwater piping needs
to be evaluated.

.. ~~ ~ ..
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11. BOILING WATER REACTOR CONTROL ROD DRIVE
MECHANISMS AND REACTOR INTERNALS

- A. G. Ware

The control rod drive mechanisms (CRDMs) are lo-
cated at the bottom of boiling water reactor (BWR)
pressure vessels and they position the neutron absorb-
ing control rod assemblies (CRAs) within the reactor-
core to provide reactivity control during startup and

- shutdown of the reactor, flux shaping at power, and-
emergency shutdown (scram). Each CRDM is linked
to its CRA by a disconnectable coupling. A CRA can
be withdrawn or inserted by its CRDM or held at a de-
sired location. The control rods, drive housings, and
guide tubes are shown with other BWR reactor inter-
nalsinFigure 11.1.

The external housing of the CRDM forms a portion
of the reactor coolant pressure boundary, but is not'
subject to the same thermal or mechanical loadings
that pose major degradation problems for other por-
tions of the BWR pressure boundary, such as the reac-
tor pressure vessel (RPV). The probable mode of
CRDM failure is not catastrophic failure of the hous-
ing, but rather a malfunction of one of the'numerous.
small subcomponents, resulting in'functional failure of
the entire mechanism such as a stuck rod, or a'small
leak. Such failures could lead to reactivity-initiated
accidents, anticipated transients without scram
(ATWS), or small-break loss-of-coolint accidents
(LOCAs). The basic BWR CRDM has changed little
over the years. The two major differences between the
BWR/3 and BWR/6 designs are that in the BWR/6 (1)
the hydraulic pressure used to scram the CRAs is
greater and (2) the stub tube between the CRDM hous-

*fi ing and the RPV (see Figure 11.2) has been eliminated.
Some stub tube-to-reactor vessel welds have experi-
enced stress corrosion cracking. The aging problem
associated with the use of stub tubes is discussed later
in the chapter. A few changes in materials have also
been made. Notefrom Table 11.1 thatrmostoftheold-
er BWRs, on which plant license renewal decisions
will initially have to be made, are BWRI3s or BWR/4s.

The reactor internals support the core, maintain fuel
assembly alignment, limit fuel assembly movement,
direct the flow of reactor coolant within the RPV, and
separate steam from water. Major components (listed
from bottom to top) are the core plate assembly, fuel
supports, jet pump assemblies, core shroud, top guide,
core spray lines and spargers, feedwater spargers,

shroud head, and steam separator and dryer assem-
blies. The reactor internals subcomponents described
in this chapter do not include the CRAs, nor the fuel
assemblies, which are replaced relatively often.

There should be no major shifts in the alignment of
the reactor internals because such shifts could prevent
proper insertion of CRAs. Degradation of internals

-could introduce loose parts within the core, resulting in
reactivity accidents or damage to the recirculation
pumps. Loose parts could also cause impact damage to
other components or block the flow in some coolant

' * channels.

' 11.1 Description'zn

,Theexternal(pressurehousingandsupport)andvari-
ous internal functional parts of the CRDM, and theprin-
ciples of operation, are described in this section. The
individual reactor internals subcomponents are then
discussed, followed by a description of the materials
used for the CRDMs and the reactor internals.

11.1.1 CROMs. There are two major differences
between pressurized water reactor (PWR) and BWR
CRDMs. First, the PWR CRDMs are electrical-
mechanical devices, whereas the BWR CRDMs are
mechanical-hydraulic devices. The second difference
isthatPWRCRDMsaremountedon thetopoftheRPV,
whereasBWRCRDMsaremountedatthebottom. The
bottom-mounted BWR drives do not interfere with re-
fueling and are operative even when the head is re-
moved from theRPV. Also, the separation of the steam
and water in the upperplenum of a BWR is more easily
accomplished because there is no interference from
top-mounted control rods. -Additionally, a large frac-
tion of the volume in the'upper part of a BWR core is
filled with steam, which significantly reduces the pow-
er in this area. If the CRAs entered from the top of the
RPV, they would over-depress thefneutron flux in the
upper part of the core. Finally, The CRDMs are some-
what more accessible for inspection and servicing from
below the vessel. This location alsoprovides maximum
use of the reactor water as a shield for reducing the neu-
tron exposure of the drive components. However, BWR
CRDMs cannot be scrammed by gravity, but must rely
on a fluid pressure differential for full insertion.
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Figure 11.1. Arrangement of CRDM and reactor internals used in BWR/3 and BWR/4 designs.
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Figure 11.2. Arrangement of CRDM housing.2

The BWR CRDM is a double-acting, mechanically subcomponents that compose the internal operating
latched hydraulic cylinder, using water as the operat-:: mechanism are individually described. Third, the ba-
ing fluid. -The CRDM appears, at first, very compli-'. sic insert, withdraw, and scram operations are dis-
cated because of the number of subcomponents. Tb cussed. The actuation and hydraulic control systems

. briefly and simply explain the CRDM, the description are not fully included in the descriptions because they
is broken into three parts. First,-the external subcom- are considered auxiliary systems to the CRDM. 1ypi-

: ponents that house and surround the operating mecha- -- cal materials of construction are listed with those of the
mnism are described. Second, the more important reactorinternals in Section 11.23.
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Table 11.1. BWRplantdesignations

Construction
Permit

6Tye)

Operating
License

cyradPlant BWRYeiationn

Big Rock Point
Oyster Creek 1
Nine Mile Point I
Dresden 2,3
Millstone 1

Monticello
Pilgrim 1
Quad Cities 1,2
Browns Ferry 1,2
Browns Ferry 3

Brunswick 1,2
Cooper
Duane Arnold
Fermi 2
FitzPatrick'

I
2
2
3
3

3
3
3
4
4

4
4
4
4
4

1960
1964
1965
1966
1966

1967
1968
1967
1967
1968

1970
1968
1970
1972
1970

1962
1969
1969
1969,1971
1970

1970
1972
1971,1972
1973,1974
1976

1976,1974
1974
1974
1985
1974

Hatch 1,2
Hope Creek i
Limerick 1
Peach Bottom 2,3
Shoreham

Susquehanna 1,2
Vermont Yankee
LaSalle 1,2
Nine Mile Point 2
WNP 2

Clinton 1
Grand Gulf 1
Perry 1
River Bend 1

4
4
4
4
4

1969, 1972
1974
1974
1968
1973

4
4
5
5
5

6
6
6
6

1973
1967
1973
1974
1973

1976
1974
1977
1977

1974,1978
1986
1984
1973,1974
1985

1982,1984
1973
1982,1983
1986
1983

1987
1982
1986
1985

:~

Description of External Subcomponents.
The lower part of the CRDM is bolted to a flange on
the CRDM housing, and the upper part (drive piston) is~
connected to the CRA through a coupling assembly.
The weight of the fuel is supported by orificed fuel

* supports, which in turn are supported by the control
rod guide tubes. From there, the weight is transferred
through the housing and stub tubes to the bottom head
of the RPV. The housing, its support, and the CRDM-
to-CRA coupling are described in this section.

The CRDM housing forms part of the primary pres-
sure boundary between the reactor and the contain-
ment. -One type of overall arrangement is shown in
Figure 11.2. Until about 1974, stub tubes were'welded
to the RPV bottom head during vessel fabrication,
prior to the final stress relief of the vessel. Stress
reliefs were conducted at about 6200C (1 150 0F) and
required a number of hours because of the mass of the
material. This treatment produced gross sensitization
of the stub tubes. The CRDM housings were
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subsequently field-welded to the top of the stub tubes.
They were not welded at the bottom, to allow for ther-
mal expansion downward. After about 1974, the hous-
ings were welded directly to the bottom head without
the intervening stub tube.

The stub tubes were made of sections of wrought
stainless steel pipe until about 1966 or 1967; thereafter
(until their elimination in about 1974), theywere made
of Alloy 600. A thermal sleeve (see Figure 11.2)
is installed inside the housing to protect the housing-
to-stub tube welds from thermal overstress during
CRDM operation, such as when hot water'is forced
out of the CRDM during insertion and scram
(discussed below). The'sleeve is held in place by a
bayonet-type lock that is rotated into position to form
the joint (see inset of Figure 11.2), where a small
amount of leakage takes place. The CRA guide tube
(top of Figure 11.2) is placed on the housing and is
locked into place by the same type of bayonet fit. The
bottom of the housing is closed with a flange, to which
the position indicator housing is bolted. The CRDM,
itself is also bolted to this flange. The pressure hous-
ing is designed and analyzed to conform to the require-
ments of the American Society of Mechanical
Engineers Boiler & Pressure Vessel Code (ASME
Code), Section rn.4

Underneath the housing is a support to prevent ejec-
tion of a CRA from the reactor core in the event a hous-
ing should fail. In the case of a housing failure, the
CRA movement'is stopped by the support once it has -
travelled a short distance.

function of the index tube is similar to that of a piston
rod in a conventional hydraulic cylinder. It is threaded
into the drive piston at the lower end, and the drive pis-

' ton/index tube assembly composes the main moving
subcomponent of the CRDM.

The collet assembly (see Figures 11.5 and 11.6)
serves as the index tube locking mechanism. The as-
sembly prevents the index tube from moving down.
Locking is accomplished by fingers that engage the
locking groove in the index tube. The collet piston is
normally held in position by a force of approximately
667N (150 lb) supplied by a spring. The collet assem-
bly will not unlatch until the collet fingers are un-
loaded by a drive-in signal. A pressure approximately
12 to 1.8 MPa (180 to 260 psi) (depending on the par-
ticular design) above reactor pressure must then be
applied to the collet piston to overcome the
spring force, slide the collet up against the conical sur-
face in the guide cap, spreading the fingers out so they
do not engage the locking groove in the index tube.

The drive piston is threaded to the lower end of the
index tube, and operates between positive end stops,
'with a hydraulic cushion only at the upper end. The
piston has both'inside and outside seal rings and oper-
ates in an annular space between the piston tube and in-
ner cylinder. The seal rings are made of Graphitar-1 6,
and the sealing force is provided by Alloy X-750
C-springs. Because the type of inner seal used is ef-
fective in only one direction, the lower sets of seal
rings are mounted with one set sealing in each direc-
tion.

* Avmnt~ann nE the nictn. oan ldm . e. onnmnlicho
_-W. V. __oI UA VIG y oow%491 . at &O n3

DOescription of Internal Subcormponents. by differential hydraulic pressures (explained below).
The overall arrangement of the CRDM itself is shown The effective piston area is approximately 774 mm2

in Figure 11.3. Figure 11.4 shows the openings in: (1.2 in3) fordowntravel (CRA withdrawal) and 2645
the flange face, Figure 11.5 the collet assembly,. mrn 2 (4.1 in2) for uptravel (CRA insertion). This dif-
and Figure 11.6 shows the insert mode of CRDMop- : ference in drivin area tends to balance the CRA
eration. To relate the CRDM internal subcomponents weight andensuresahigherforceforinsertionthanfor
to the external subcomponents described above, note witdwal
that the internals are bounded on the botto'm by the po- -
sition indicator housing, on the sides by the CRDM ' The piston tube is a cylinder, or column, extending
housing, and on the topby the CRA and guide tube:A i upward inside the drive piston and index tube (see
description of the CRDM components, beginning with ' Figure 11.6). The piston tube is fixed to the bottom
the index tube/drive piston assembly on the upper end flange of the CRDM and remains stationary. Water is
and proceeding to the flange on the lower end, will be brought to or expelled from the upper side of the drive
covered next. piston through this tube. A series of orifices at the top

of the tube provides progressive water shutoff to cush-
The index tube is a long hollow shaft made of ni- ion the drive piston at the end of its scram stroke. A

trided stainless steel (see Figures 11.5 and 11.6). Cir- stationary piston, called the stop piston, is mounted on
cumferential locking grooves, spaced every 152 mm the upper end of the piston tube. This piston provides
(6 in.) along the outer surface, transmit the weight of the seal between the normal operating pressure of the
the control rod to the collet assembly (described be- reactorcoolantandthespaceabovethedrivepiston. It
low), which is a locking mechanism that surrounds the also functions as a positive end stop at the upper limit
index tube as shown in Figures 11.5 and 11.6. The of CRA travel.
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Figure 11.3. CRDM internal subcornponents.1
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Figure 1l1A. CRDM housing flange, showing insertand withdraw pors? ;

The main flange and cylinder assembly (inner and ballcheckvalveisnormallyintheclosedposition. Di-
outer cylinders welded to the flange) are bolted to the rectional control valves (DCVs) 120 through 123 con-
CRDM housing flange with eight equally spaced bolts. trol flow through the drive water and exhaust headers.
Three teflon-coated stainless steel O-rings (around
the insertport, around the withdrawalport, and around Insertion. CRDM operation during the insert
the circumference of the outer cylinder) provide a - mode shown in Figure 11.6 is as follows:
pressuretight seal. Figure IIA shows the openings m
the flange face and the -rings that prevent leakage of
primary coolant to the containment. The inner and a. When a rod-insertion signal is received,
outer cylinders form an annulus through which pres- DCV 123 opens and drive water from the
sure may be applied to the collet piston. The inside drive water header enters the CRDM through
surface of the inner cylinder is honed to provide a the insert line and passes through the insert
smooth surface for the drive piston outer seals. Reac- . port in the flange. Since the drive water is at
torcoolantfills theannulusbetweentheoutercylinder 12 to 1.8 MPa (180 to 260 psi) higherpres-
* and the housing. sure than the reactor pressure the ball check

valve remains closed. The drive water flows
Porting in the main flange directs water from the.. upward between the piston tube and inner

withdraw port to the upper side of the drive piston and cylinder to act on the bottom of the drive
to the under side of the collet piston, and from the in- piston, forcing it upward. Rememberthat the
sertportto thelowersideofthedrivepistonandtothe top of the drive piston-is attached to the
CRDM cooling water channel between the thermal bottom of the index tube, which is in turn
sleeveandtheoutercylinder. Eightports directreactor attached to the CRA
water to the under side of the drive piston through a ::
ball check valve, which serves as a two-way check b. Exhaust water flows from above the drive
valve to direct either reactor water or drive water for piston, up along the area between the index
control rod insertion. Because the drive water is nor- tube and the piston tube, through holes in the
many at a pressure greater than reactor pressure, the piston tube, down the inside of the piston
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I Figure 11.5. CRDMcolletassembly. 3

11

tube, through the ports in the flange, and out
through the withdraw line to the exhaust
header through DCV 121.

c. The shape of the notches in the index tube
allows the collet fingers to slide over these
notches without resisting movement in the
upward direction.' However, when rod
motion ceases, the 'rod is not latched to pre-
vent withdrawal, because the collet fingers
are not lined up with the index tube notches.

Latching is accomplished by letting the rod
settle, as follows.' The CRDM is inserted
slightly further than the desired notch

position and the insertion signal is removed.
The force of gravity acting on the CRA and
index tube/drive piston assembly causes
downward motion of the index tube until the
collet fingers contact the nearest index tube
notch. The spring force in the fingers move
them into the notch, latching the assembly.
As the insertion signal is removed, DCV 123
closes~and DCV 120 opens, allowing water to
flow from below the drive piston, down be-
tween the piston tube and inner cylinder, and
out the insert line to the exhaust header.

d. When the CRDM is stationary, cooling water
originating from the condenser hotwell reject

=1
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line or the condensate storage tank passes
through the insert port to cool the CRDVL A
cooling water orifice adjacent to the insert
port permits cooling water to flow and protect
the seals and bushings on the drive piston and
the stop piston (see Figures 11.3 and 11.5),
which are made of Graphitar-14, a material
that would become brittle if exposed to BWR
temperatures of 2850C (5450F). Seal degra-
dation can prevent CRDM motion. The cool-
ing water should maintain CRDM
temperatures below 1200C (2500F). Normal
cooling water pressure is 0.1 MPa (20 psi)
greater than reactor pressure; the typical flow
for each CRDM is 2 x 10-5 m3/s (0.31 gpm);
and discharge is into the RPV.

WIthdrawal. CRDM operation during the with-
draw mode shown in Figure 11.7 is as follows:

a. The weight of the control rod blade and the
index tube/drive piston assembly is approxi-
mately 125 N (280 lb) and the tops of the
notches on the index tube are square.
Therefore, the friction between the index tube
notch and the collet fingers is too great to
allow a pressure force from the collet piston
to remove the fingers from the square
notches. So, initially'an insertion signal is
applied for a short time (0.5 s),'which causes
therod to insert 51 to 76 mm (2 to 3 in.). As
the rod inserts, the collet fingers slide out
over the tapered bottom of the notch in the in-
dex tube.

b. After the insertion signal is removed, a with-
drawal signal is applied. This opens DCV
122 and the withdraw port in the flange, sup-
plying drive pressure through the withdraw
line. The higher-pressure drive water flows
between the inner and outer cylinders and
acts against the bottom of the collet piston.
The collet piston moves upward against the
force of the collet spring, forcing the collet
ringers into the recessed portion of the guide
cap, thereby holding the collet fingers out of
the way for the rod withdrawal.

c. The flow through the withdraw port branches
so that a portion of the incoming fluid also
travels up the inside of the piston tube,
through the holes at the top of the piston tube,
and down the outside of the piston tube to the

top of the drive piston, forcing it downward.
The exhaust water flows from beneath the
drive piston, down the annulus between the
piston and inner cylinder, through the insert
line, and out the insert line through DCV 120.

d. The withdrawal signal is terminated shortly
before the CRA reaches the desired position.
This removes the pressure from the collet
piston, allowing it to return to its normal posi-
tion by the means of the force supplied by the
collet spring. As the rod settles, the collet
fingers engage the next notch in the index
tube, as described above.

Scram. Figure 11.8 illustrates the fluid-flow
path for CRDM'operation in the scram mode. On a
scram signal, the scram inlet valve aligns a charged ac-
cumulator, maintained at approximately 10 MPa (1500
psi), to the insert line. At the same time, the scram out-
let valve shown at the bottom left of Figure 11.8 aligns
the withdraw line to the scram discharge volume,
which is initially at atmospheric pressure. All DCVs
remain closed. The flow path within the CRDM inter-
nals is identical to that of the insertion mode. How-
ever, because of the higher differential pressure, scram
insertion is much faster than normal insertion. The
ball, or two-way, check valve directs either the reactor
vessel pressure or the driving pressure, whichever is
greater, to the underside of the drive piston. (Normal-
ly, the drive water pressure would initially be higher,
and the reactor vessel coolant is a backup when no ac-
cumulator pressure is available.) Upon a scram, the
accumulator provides the initial pressure to insert the
control rod, but as accumulator pressure drops below
reactor pressure, the ball check valve opens and reactor
pressure completes the drive's forward stroke. The
CRDMs normally operate at a steady-state tempera-
ture of about 1201C (2500F), because of the continuous
flow of cooling water. However, when the ball check
valve opens and reactor pressure is used to push the
piston, hot 2851C (5450F) reactor coolant is suddenly
drawn around the outside of the collet housing, as
shown in Figure 11.8, imposing a severe thermal shock
on the CRDM internals.

11.2.2 Reactor Intemals. The reactor internals in
a BWR not only comprise the core support structure as
in a PWR, but also include the: feedwater spargers
(which spray incoming feedwater into the RPV), the jet
pump assemblies (which increase flow through the
core), and the steam separator and dryer assemblies

_Z
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Reactor coolant flow
Flow from the accumulator
initiates the scram stroke. When
the accumulator pressure has
decayed to less than reactor
coolant pressure, the ball check
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dashed arrows) completes the
scram stroke.
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(which increase the quality" of the steam after it exits
the core). The important reactor internals assemblies
are described in this section.

Core Shroud and Core Plato. The core shroud
(shown in Figure 119) is a 51-mm- (2-in.-) thick
cylindrical stainless steel assembly that provides verti-
cal and lateral support for the core plate, top guide, and
shroud head. It also provides vertical support for all
peripheral fuel assemblies, transferring their weight to
theRPV bottom head. The lowerend of the core shroud
is welded to the core support cylinder.

The core plate assembly (shown in Figure 11.10) is
a circular, horizontal stainless steel plate with vertical
stiffener plate members underneath. Tie rods serve to
cross-brace the stiffener members. The core plate sup-
ports the peripheral fuel bundles, both vertically and
laterally, by means of their fuel support pieces. It also
laterally supports all fuel support pieces and fuel
bundles. The core plate assembly is bolted to a support
ledge in the bottom area of the core shroud. Alignment
pins on the core plate engage slots in the shroud to cor-
rectly position the core plate before it is secured.

Shroud Baffle Plate. The shroud baffle plate (see
Figure 11.10) is welded to the RPV wall and is
supported underneath by column members welded to
the vessel bottom head. 'This Alloy 600 plate also is a
mounting surface for the jet pump diffusers and it
supports the weight of the core shroud, the core plate
assembly, some fuel assemblies, the top guide, the core
spray spargers, and'the shroud head/steam separator
assembly. The plate contains two access holes,
180 degrees apart, that were used during construction
and subsequently closed by welding Alloy 600 cover
plates over the openings.

Fuel Supports. The standard fuel support pieces
are four-lobe Grade CF-8 stainless steel castings that
support four fuel assemblies each, and contain orifices
to ensure proper coolant flow distribution to the
individual fuel assemblies (see Figure 11.11). These
pieces rest on top of the control rod guide tubes and are
aligned with the same alignment pins used by the guide
tubes. They provide lateral alignment for the bottom
end of four fuel assemblies, and transmit the weight of
the fuel assemblies to the control rod guide tubes.

a. The quality x = f wherev,vfand vg are

the specific volumes of the steam, liquid, and saturated
vapor states, respectively, fora given pressure.

The Types 304 and 304L stainless steel peripheral
fuel support pieces are located at the outer edge of the
core and are used to support fuel assemblies not lo-
cated adjacent to control rods. Each peripheral support
piece supports one fuel assembly. These pieces are
welded to the core plate and are not removable. (The
peripheral fuel support pieces arc also illustrated in
Figure 11.11.)

Jet Pump Assemblies. The jet pumps (see
Figure 11.12) provide forced flow through the core to
yield a higher reactor power than would be possible
with natural circulation. Jet pumps were introduced
with the BWR/3 design. The 20 jet pumps are located
in two semicircular groups with two jet pumps and a
common inlet header forming an assembly. A thermal
sleeve is weldedintotherecirculatingwaterinletnozzle
to reduce the stresses in the nozzle wall caused by
differences in temperatures between the inlet water and
RPV wall,and between theinletwater and nozzle wall.
The thermal sleeve is welded to an inlet riser used to
lower the nozzle elevation level below the active fuel
region to reducefastneutron fluxexposuretothenozzle
welds. Restrainers (riser brace arms) provide lateral
support for the upper end of the risers and yet allow for
the vertical differential expansion between theriserand
RPV during heatup and cooldown. The upper end of
eachBWR/5andBWR/6 jetpumpisanozzleassembly
that includes five small nozzles cast together, whereas
each BWR/3 and BWR/4 jet pump has a single nozzle.

The jet pump diffusers are welded to adapters that
are first welded to the shroud support (baffle) plate.
The jet pump is primarily composed of forged
Type 304 stainless steel. Exceptions are the inlet tran-
sition piece casting, the wedge casting, and the diffuser
collar casting'(Grades CF-3 and CF-8 stainless steel).
The diffuser is made by welding a stainless steel
forged ring toea forged Alloy 600 ring. The inlet mixer

-contains a pin, insert, and holddown beam made of
Alloy X-750.

Top Gulde.The top guide is set on arim near the top
end of the core shroud and is bolted into place. It is
formed by a series of Type 304 stainless steel plates
joined at right angles by means of vertical slots (no
welds) to form a matrix of square openings (see
Figure 11.13) The beams are welded to a peripheral
ring. Each central opening accomodates four fuel
assemblies and one control rod. Along the periphery
are smaller openings that accommodate the peripheral
fuel assemblies. Cutouts on the bottom edge of the top
guide at the junction of the cross plates support the top
end of the'neutron instrument assemblies and neutron
source holders. The top guide provides lateral support
for the upper end of all fuel assemblies, neutron
monitoring instruments, and the installed neutron
sources. I

. ; .6 , .*L' -
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Orificed fuel support (one orifice shown)

plants it is delivered through a spray ring (sparger)
inside the core shroud. In one of the low-pressure
ECCS systems, the core spray is delivered inside the
core shroud by two spray rings in the BWR/2 through
BWR/4 plants, and through one spray ring in the
BWR/5 and BWR/6 plants (see Figure 11.9). Each
spray ring contains two 180-degree, Type 304 stainless
steelspargers. Thecore spraylines(supplyheaders) are
supported by clamps attached to the vessel wall, and by
brackets inside the core shroud. Spray nozzles connect
to the spray spargers.

ShroudHead. The Type 304 stainless steel shroud
head closes off the core outlet so that all the liquid
moderator and steam is forced through the steam
separators. It consists of a flange and dome onto which
is welded an array of standpipes, with a steam separator
located at the top of each standpipe, as shown in
Figure 11.14.

The shroud head/steam separator assembly is bolted
to the top of the upper shroud by 24 to 36 bolts per
plant (see Figure 11.1 and Figure 11.14, Detail A).
These bolt assemblies consist of a 305-mm- (12-in.-)
long Alloy 600 stud threaded into the shroud, a stain-
less steel nut threaded onto the Alloy 600 stud, and a
tensioning bolt attached to both the nut and stud.

FeedwaterSpargors.Thereactoris suppliedwith
feedwaterby means of four (several older BWRs) or six
Type 304 stainless steel feedwater spargers (Fig-
ure 11.15) that are supported by brackets attached to
the RPV wall. Each sparger consists of a thermal
sleeve, distribution header, and converging discharge
nozzles. The thermal sleeve (made of Type 304
stainless steel or Alloy 600) is intended to protect the
hot feedwater nozzle surface from coming in contact
with the cold feedwater, thus minimizing the potential
for thermal fatigue damage in the safe end or the
safe-end-to-feedwater piping welds. The converging
discharge nozzles are welded to the top of the distribu-
tion headers to ensure that the thermal sleeves and
distribution headers remain full of water during all
modes of reactor operation.

The feedwater enters through the thermal sleeves,
the distribution headers, and then the converging dis-
charge nozzles, which direct the feedwater from the
distribution header radially inward into the down-
comer. The relatively cool feedwater [about 216'C
(4200 F)] in the downcomer annulus region subcools
the water flowing to the recirculation pumps and jet
pumps to ensure adequate net positive suction head to
these pumps, so that they will not be damaged by
cavitation.

Perfphr ral fuel Supporl

Figure 11.11. Fuel support pieces.;

Core Spray Lines and Spargers. The design of
the emergency core cooling system (ECCS) depends on
the vintage of the plant. In all cases, there is a
high-pressure and a low-pressure ECCS. In the
BWR/2 through BWR/4 plants, the high-pressure
ECCS is delivered to the vessel annulus through the
feedwater lines. However, in BWR/5 and BWRI6
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Figure 11.13. Top guide structure.9

Steam Separator and DryerAssembles. The
steam separator assembly (made of Types 304 and
CF-8 stainless steel) increases the quality of the steam
from 10 to 90% as it travels between the core exit and
the steam dryers. The separator assembly consists of
261cyclone-typeseparatorassemblieseachconsisting
of a 254-mm- (10-in.-) diameter steam separator
welded to the top of a 150-mm (6-in.-) diameter
standpipe (see Figure 11.16). The standpipes are
welded to the shroud head, as discussed above. The
separators are cross-braced to form a rigid structure to
prevent vibration.

The steam dryers (see Figure 11.17) are fabricated
into a one-piece assembly with no moving parts and
increase the steam quality to greater than 99.9%. The
assembly is properly. aligned by vertical guide rods
that are attached to brackets welded to the RPV walL
Upward movement is restricted by hold-down brack-
ets attached to the RPV top head.

11.2.3 Materials. The BWR CRDMs and reactor in-
ternals are primarily made of stainless steel. T1ypical
CRDM component materials are listed in Table 11.2.
These are mainly forged Type 304 stainless steel, but
some components, such as parts of the CRA guide tube,
are made of Grade CF-3 and CF-8 cast stainless steel.

Two special processes are employed that subject se-
lected Type 304 stainless steel parts to temperatures in
the sensitization range:

1. The inner cylinder and spacer in the inner cyl-
inder, outer cylinder, and flange assembly and
the retainer in the coilet assembly are hard-
surfaced with Colmonoy 6 (a nickel-based
alloy).

2.- The collet piston and guide cap (m the collet
assembly) are nitrided to provide wear-
resistant surfaces.

Colmonoy hard-surfaced components have been used
for the past 10 to 15 years in CRDMs. Nitrided com-
ponents have been used in CRDMs since 1967. It is
normal practice to remove some CRDMs at each re-
fueling, and visually examine Colmonoy hard-
surfaced parts and nitrided surfaces for wear.

A stainless steel (SA-336, Cl F8) safe end on the
CRDM hydraulic system return is attached to a carbon
steel (SA-508 Cl 2) nozzle on the reactor pressure ves-
sel. The weld is buttered with stainless steel.5
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The diaphragms in the air operators of the solenoid-
operated valves (such as the scram outlet valve in Fig.
ure 11.6) are included in Table 11.2 because they have
a limited shelf life. The diaphragm is made of
BUNA-Nrubberand nylon material.

The reactor internals materials are listed in Table
11.3 and are either stainless steel or a Ni-Cr-Fe alloy.
The core plate and top guide studs, nuts, wedges, and
pins are made of Type 304 stainless steel, Type XM-19
stainless steel, and ASTM A193 (Gr. B8A) and ASTM
A194 (Gr. 8A) high-alloy steel bolting material. Some
castings (Types CF-3 and CF-8 stainless steel) are
used. The jet pump holddown beams are made ol
Alloy X-750.

11.3 Stressors

Although both CRDMs and reactor internals are
subject to thermal cycles and a corrosive environment,
the stressors for each are somewhat different and are
discussed individually below.

11.3.1 CRDMS. The main stressors causing
component degradation for the CRDM are the high-
temperature corrosive environment; the thermal tran-

; sients caused by plant heatups, cooldowns, and

Alignment
rod slot

-Vanes

Colleling trough

- Moisture flow

8-703
b. Individual panel

Figure 11.17. Steam dryers.2

scrams; and latchings and uniatchings of the collet fin-
gers. Prolonged exposure to certain severe chemical
and thermal conditions can potentially lead to
component degradation such as intergranular stress
corrosion cracking (IGSCC), as discussed in Chap-
ter 12. The oxygen content of the BWR reactor cool-
ant water (50 to 200 ppb in the feedwater)

- is considerably higher than that of PWRs, thereby in-
creasing the corrosion potential for CRDM compo-
nents. Therefore, hydrogen water chemistry has been

: recommended because it specifically reduces the oxy-
gen: content of the BWR 'reactor coolant.6

Some BWRs are located near the ocean, but no provi-
- sion was made toprevent the ingressofsaltair during
- construction, which proved to be a highly corrosive
i stressor.
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Table 11.2. Materials used in control rod drive mechanisms

Component Material

Stub tube

Housing

Type 304 stainless steel or
AUoy600

Type 304 stainless steel

CRA GuideTube

I Flange and plugs

Cylinder and outer tube

Piston tube

Index tube

Collet piston

Types CP-8 and 304 stainless steel

Grade F304 stainless steel

Type 304 stainless steel

ASME SA-249 or SA-479,
Grade XM-19 stainless steel

ASME SA-479 or SA-249
Grade XM-19 stainless steel,
17-4 PH

Type 304 stainless steel

-

Collet fingers,
coupling spud;
collet spring

Drive and stop piston
seals and bushings

Piston seal C-springs

Piston rings

Ball check valve

Alloy X-750

Graphitar-14

Alloy X-750

Haynes 25

Haynes stellite

Elastomeric 0-ring seals

Drve piston head

0-rings

Ethylene propylene

17-4 PH

Teflon-coated, Type 304
stainless steel

Diaphragms in valve
air operators

BUNA-N rubber,
nylon

Plant heatups and cooldowns can cause fatigue dam-
age to the materials of construction, as has been dis-
cussed in Sections 3.2 and 5.2 of Volume 1. The
expected transients during a typical BWR 40-year
lifetime are listed in Table 11.4.1 The most severe
transients from a fatigue standpoint are the scram and
the heatup/cooldown cycle. Most of the CRDM is

cooled by <1201C (< 2500F) external cooling water to
ensure the life of the Graphitar-14 seals and bushings,
which become brittle when exposed to high
temperatures over long periods. However, reactor wa-
ter at 2858C (5450F) is suddenly drawn through the
CRDM around the outside of the collet housing
[originally at less than 1200C (2500 F)] during a
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Table 11.3. Materials ofreactorinternals I ' - - . I

Component ' - ... I.p

Shroud support (baffle plate)

Baffle plate access hole covers

Alloy600

Alloy 600

Core support cylinder

Jet pump assembly

Jet pump holddown beams

Fuel assembly bolts and fingers

Peripheral fuel supports

Orificed fuel supports

Top guide pins

Core spray spargers

Shroud head holddown bolts

Alloy 60u

Types 304, 304L, and 316L stainless steel; Alloy 600
(forgings); Grades CF-8 and CF-3 stainless steel (castings)

Alloy X-750 -

Ni-Cr-Fe, Alloy A-286

Type 304 and 304L stainless steel

Grade CF-8 stainless steel

'Type XM-19 stainless steel

Shroud, core plate and top guide

Feedwater spargers and thermal sleeves

Steam separator and steam dryer beams

Steam separator and steam dryer assembly

'Type 304 stainless steel

Type 304 stainless steel and Alloy 600

Type 304L stainless steel

Type 304 stainless steel or Alloy 600

Alloy A-286

Type 304 stainless steel (forgings); Grade CF-8 stainless steel
(castings)

scramY Temperatures and pressures during a normal probability of failure,because of the complicated oper-
plantheatup/cooldowncyclerangefromambienttem- ation of the CRDM and its numerousismall subcom-
perature and atmospheric pressure to hot operating ponents with tolerances critical to proper functioning.
conditions [core inlet temperature of 2780C (5330F)] .. - :
atfullplantpressure [thenominalcoredesignpressure 11.3.2 Reactor Internals. The most significant
is 7.238 MPa (1035 psig)]. - life-limiting stressors for the reactor internals sub-

components include the high-temperature corrosive
coolant, prolonged exposure to high neutron fluxes,

The latchings and unlatchings of the colet fingers the thermal transients that occur during plant heatups
and the index tube can cause mechanical wear over and cooldowns, high preload stresses in the bolts and
time. Debris from wear and corrosion products or : studs, and flow-induced vibrations. The lower reactor
from other types of component degradation (such as iinternals are subjected to the same reactor coolant
"metal chips) can lodge in the internal mechanisms and chemical environment as the CRDMs. However, in
'cause improper operation. Misalignment of internal theupperreactorinternalsregionthereisa'two-phase
subcomponentscan cause wearand sticking. Also, imn: (water and steam) mixture, and the chemistry of the
proper installation and maintenance can increase the coolant is not as well-known.
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Table 11.4. Alpical BWR CRDM design transients

Transient

Reactor startup/shutdown

Vessel pressure tests

Vessel overpressure tests

Interruption of feedwater flow

Scrams

Operating-basis earthquake

Safe shutdown earthquake

Scram with inoperative buffer"

Jog cycles

Design Events for
40YearLifeime

120

130

10

80

300

10

1

10

30000

a. Without the buffer to cushion the stop of the CRDM at the conclusion of the scram stroke, the impact force will
be greater than with the normal scram. Loss of piston seals could make the buffer inoperative.

There is a clear correlation between the coolant con-
ductivity in a BWR and the propensity for IGSCC ini-
tiation in certain creviced reactor internals
components, for example, Alloy 600 shroud-head
bolts, stainless steel intermediate and source range
monitor dry tubes, and stainless steel safe end welds.6

Significant reductions in crack-growth rates were
found with low conductivities (<03 pS/cm) and with
low electrochemical potential (ECP), such as achieved
with hydrogen addition to the feedwater, that is, hydro-
gen water chemistry.

Since the reactor internals are in close proximity to
the fuel, they must endure very high cumulative neu-
tron fluences. Those components nearest the core,
such as the shroud and top guide, are particularly sus-
ceptible to irradiation-assisted stress corrosion crack-
ing (1ASCC)Q Estimates of measured and calculated
fluences for various BWR internals locations are listed
in Table 11.5 for40 years of operation (100% full pow-
er, 100% of the time).8 Other estimates of peak flu-
ence levels for the top-guide' structure after
approximately 40 years of operation are on the order of
1 x 1022 n/cm2 (>1 MeV). Using I x 1022 n/cm2

(>1 MeV)as the 40-year fluence atthebottom-center
of the top guide, typical estimated fluence levels at
other top-guide locations are shown in Figure 11.13.9

Laboratory tests have shown that high stresses,
crevices, and high fluence levels accelerate IASCC.
Reference 10 reports a threshold for IASCC of

5 x 1021 n/cm2 (>1 MeV). It is not necessary that the
material be initially sensitized to be susceptible to
IASCC. Other laboratory tests have shown that Types
316NG, 316L, and 304 stainless steel specimens irra-
diated to 2.5 x 1020 n/cm2 (>1 MeV) experience
IGSCC, though the IGSCC was much less severe when
the oxygen content of the water was reduced from 32
to 0.2 ppm.10 Stainless steels also experience irradi-
ation embrittlement and a loss of toughness when irra-
diated above 1 x 1021 n/cm2 (>1 MeV).

11.4 Degradation Sites
The major BWR CRDM operational problems have

been associated with the reliability of the hydraulic
valves. Another degradation site of concern is the
pressure housing and the stub tubes.5 The pressure
housings are susceptible to fatigue from the thermal
and pressure cycles. The stub tube-to-pressure vessel
welds are particularly susceptible to IGSCC. Collet
housings have cracked from thermal fatigue. The
CRDM internal components such as the index tube and
collet assembly, valves, springs, etc., experience me-
chanical wear, and degradation from debris particles
(from general corrosion products in the coolant)
settling on the index tube so that the collet fingers do
not seat properly. Piston seal C-springs made of Alloy
X-750 have failed from IGSCC. The Alloy X-750
coupling spud may experience IGSCC, causing failure
and separation of the CRA and CRDM. Valve dia-
phragms and other components made of rubber
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Table 11.5. Estimated fluences (n/cm2) at reactor internals locations ovei 40year life 8

Reaclo

BwR/6

Component L Measuremen

Shroud

Reproduciiluily- Calculation

4 x 1020

BWR/6 Top guide 4 x 102 0

BWR/6

BWR16

BWR/6

Dresden 2

- Humboldt
Bay

Coreplate - ~~~~3 x1020

Jetpumps 1x 1019

Fuel
support

Outside
shroud

Outside
shroud

5 x 1021

6 x 1019

8 x 1020

±50%

±30%

8 x1019

2 x1 0 '20

(BTJNA-N) and nylon, which have limited shelf lives,
can also degrade.

The jet pump components, core shroud, core plate,
feedwater spargers, and the baffle plate are also sus-
ceptible to IGSCC, whereas the top guide is particular-
ly susceptible to IASCC.S Welds attaching the reactor
internals (such as baffle plate, jet pump riser braces,
core spray and feedwater spargers, and steam dryer
support brackets) to the reactor vessel wall are suscep-
tible'to IGSCC and fatigue.

about the same time as the vibration-induced failures
were occurring in the BWR/3 jet pump supports. The
covers for the access holes in the baffle plate (support-
ing the lower shroud and the jet-pump assemblies)
have experienced IGSCCI6 in the Peach Bottom Unit 3
plant.0 Core spray nozzles have experienced cracking
in the Dresden 2, Nine Mile Point 1, and Oyster Creek
plants. Core spray spiargers have crack'ed in the Oyster
Creek and Pilgrim plants.

Several fastener failures have occurred caused by a
combination of material sensitivity. stress. corrosion.

I'; '.'� e. , ,

In February 1970, the holddown beam assembly of a - and flow-induced vibration. The failures involved
jetpumpfailedattheDresden3 plant.l Similarcracks: Alloy 600 fuel-assembly bolts and fingers, shroud
were discovered at the Quad Cities 2, Pilgrim, head bolts, and Alloy A-286 fuel-assembly bolts.'7

Millstone 1, and Vernnont Yankee plants. IGSCC oc- 'Alloy A-286 steam separator/dryer assembly beams
curred across the ligament sections of the Alloy X-750 have also failed.17

beams (see Figure 11.l8).12 The restrainier brackets '
andinstrumentationlinesinBWRjetpumpshavealso 11.5 Degradation Mechanisms
experienced degradation, the former from improper
assembly, the latter from flow-induced vibration.13
Degradation of the core shroud during normal pra - The degradation mechanisms potentially most dam-
tion is generally not a'concem, but it has been judged aging to BWR CRDMs and reactor internals are
to be the reactor internals location most susceptible to -IGSCC, IASCC, and fatigue. The mechanisms of gen-
thermal shock following a design-basis accidentL.4 - erilcorrosionthermalembrittlementandrubberdeg-
Feedwater sparger heads have experienced fatigue and radation are also discussed. ;
IGSCC problems.15 -Sparger failures were first ob-
served in 1972 at the Millstone 1 plant.'1 The problem -, - _;_'_'_''

has apparently been corrected after about three rede-
signs. In the meantime, sparger failures werealso dis- a. Inspections of access hole covers in five otherBWR
covered at the Monticello, Dresden 2 and 3, and Quad plants (including Peach Bottom 2) showed no such
Cities 1 and 2 plants. These problems occurred at cracking.
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Head bolt

far more reactor internals IGSCC problems than
CRDM IGSCC problems. Included in the tables are
significant contributing factors other than the corro-
sive (high oxygen level) coolant environment. IGSCC
has also been a significant problem in BWR austenitic
stainless steel CIpes 304, 304L, 316 base metal, and
308 weld metal) recirculation piping and safe ends and
is discussed in Chapter 12.

A chronology of earlier occurrences of IGSCC in
BWR components, including CRDMS and reactor in-
temals follows:18

1965. The first IGSCC occurred in the Dresden I
plant adjacent to a weld in a small diameter pipe.
The cracks initiated on the inside surface of the
pipe, propagated intergranularly through the sensi-
tized zone adjacent to the weld, and penetrated
through the pipe to cause a small leak. Similar
cracks occurred at other small diameter pipe
locations, especially in the valve bypass lines in the
recirculation systems.19 At least one incident was
related to severe cold working.

1967. IGSCC occurred in CRDM stub tubes during
construction of the Tarapur (India) and Oyster
Creek plants. The tubes are sections of wrought
stainless steel pipe that were welded to the vessel
lower head prior to the final stress relief of the
vesseL The stress relief produced gross sensitiza-
tion5 of the stub tubes. Both plants are located near
the ocean, and ingress of salt air occurred during
construction. Also, the weld fumes and weld
spatter from the coated welding electrodes intro-
duced fluorides into the environment. The problem
was addressed by substituting Alloy 600 (a material
less susceptible to IGSCC than Type 304 stainless
steel) for the stub tube, controlling the atmosphere
during construction, and banning coated electrodes
for weld repairs.T8

1970. IGSCC occurred in the core spray safe-end
weld of the Nine Mile Point 1 plant. The initial
filling of the vessel was through the core spray
system, with cold deionized water saturated with
air. After. filling, a dead leg of water remained in
the core spray line. A restraining clamp was
inadvertently installed on the colder portion of the
vertical run of the core spray line. When the vessel
heated to operating temperature, the differences in
thermal expansions led to severe bending stresses
on the core spray safe end. Through-wall IGSCC
developed in the sensitized safe end within several
months.'

eoations
24S4'

(b) Top vsew

Figure 11.18. Failure locations in jet pump beams
(seeFigure 11.12 forlocadon attopofthejetpump).12

11.5.1 IGSCC. Certain sites on the CRDMpressure
housing, especially those that were sensitized' as a re-
suit of the original manufacturing process, some of the
CRDM internal components, and many of the reactor
internals components are susceptible to IGSCC. As
summarized in Tables 11.6 and 11.7, there have been

a. Sensitization 'of the microstructure of austenitic
stainless steel occurs when the material is exposed to
temperatures between about 550 and 8500C (1020 and
1560° F) for certain minimum periods of time. This
leads to precipitation of chromium carbide particles
along the grain boundaries and a depletion of the local
chromium content. Once the chromium content in the
neighborhood of the grain boundaries falls below about

- 12%, the material becomes sensitized and susceptible
to IGSCC. See Section 122 for a more complete
discussion.

A
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Table 11.6. History of IGSCC i BWR CRI)Ms

Location

Index tube

Stub tube welds

Piston seal C-springs

Hydraulic return linet'

Housing flange

a. HAZ =heat-affected zone.

b. Reference 20.-'

Date Detected .Maei~daL..' - ConifibutiniFactors

1960 17-4 PH Low-temperature heat treatment
Stainless steel

.1967 Stainless steel Residual stresses, marine environment,
ecnsitiZed p1AZ

Alloy X-750 High stress (-:120% of yield stress)

.1983 Stainless steel Pressure stres, scnsitized HAZ of weld

.1984 Stainless steel. Slight corrosion film, pressure stress

- I ..I I I

Table 11.7. History ofIGScCCinBWR reactor internals'

Jet pump holdown beam 1970 Allo X-750

Core spray sparger

Supply junction box between
vessel wall and shroud

C6ore spray sparger arm weld

Jet pump instrumentation
penetrations

Neutron monitor dry tubes'

Jet pump safe ends

Shroud head bolts

A1ccsshle c-o-ver inishroud
support plate (baffle plate)

1978 -Stainless steel

1982 :Stainless steel

1982 -,Stainless steel

1984 Stainless steel

i984 Stainless steel

1985 Stainless steel

1986 .Stainless steel
* Alloy*qj600

1988 Aloy 600

* ~~ContributiniFactors

High applied stre-ss, crevice at dhread
root, suiscejftible microstructure

'Cold work, sensitization, installation
stresses

Sensitized FAZ of weld

Sensitized HAZ of weld

Sensitized HAZ of safe end weld

Hig~hcoolanitconductivityhigh
nieutron fluence, crevices, oxide
wedging.

High coolant conductivity,
crevices, cold work~

Hih colatconductivity,
resdua weld stress, crevices

* High weld residual stress; crevices
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1975. IGSCC occurred adjacent to the welds in the
254-mm (10-in.) core spray lines. The common
features of these failures were (a) heavy surface
grinding in the weld prep counterbore where the
crack initiated and (b) intergranular penetration
from the inside to the outside surfaces through the
sensitized zone.

1977-1978. IGSCC occurred adjacent to welds in.
the 610-mm (24-in.) piping in a German BWR
(KRB Unit A). Similar cracks have been observed
in the large-diameter piping of at least five other
plants, but to date no through-wall penetrations
have occurred.

1979. Cracks were detected in the Alloy 600 safe
ends of the recirculation system inlet nozzles on the
Duane Arnold BWR plant. The cracks occurred in
the crevice near the welded joint between the safe
end and an Alloy 600 thermal sleeve, and in the
vicinity of an external repair weld that had been
made on the safe end. There were high residual
stresses in the weld repair area, and S04 was a
major contributor to the IGSCC.

More recent problems have been found in 16 BWR
recirculation piping systems, many of which have had
to be replaced, for example, those at Monticello.
IGSCC of 17-4 PH stainless steel (such as the index
tube and the drive piston head) and Alloy 600 (such as
shroud head bolts) has also been observed.

IGSCC generally occurs only where a high level of
tensile stress exists in material that is susceptible and
subjected to a corrosive environment. The first factor
often appears as an inherent result of the normal weld-
ing process that was used for assembling piping sys-
tems in the currently operating reactors. The resulting
residual stresses may be higher than the yield stress at
the operating temperature. High stresses may also re-
sult from bolt preloads and from applied thermal and
mechanical loads.6.21 .22 For example, the jet pump
holddown beams are subjected to beam bolt preloads
and the hydraulic loads caused by jet pump inlet flow,
and the upper surface of the beam experiences tensile
bending stresses. The upper surface adjacent to the
bolt hole may experie'nce stresses as high as 90 percent
of the yield stress, and cracking has been observed at
this location, mainly in BWRj3 holddown beams.

The heat treatment of BWR/3 holddown beams,
which are made of Alloy X-750, was performed at low
solution-annealing temperatures [-8850C (16250F)]
and was followed by thermal aging.~2 The heat treat-
ment resulted in an absence of chromium carbide at
grain boundaries and has madethe material susceptible
to IGSCC. Holddown beams in the later models of
BWRs were given' heat' treatment at higher

solution-annealing temperatures [10930C (20000F)]
followed by thermal aging, which resulted in the pres-
ence of chromium carbides at grain boundaries and has
made the material resistant to IGSCC. In addition, the
later model holddown beams were subjected to lower
applied stresses, and, therefore, have experienced little
cracking.

Examples of corrodents that promote IGSCC are
oxygen, chlorides, fluorides, sulfates, and other sulfur
ions. Salt air has sometimes provided the corrodent
during construction, and this is thought to be a leading
contributor to the CRDM stub-tube-weld failures in
some plants. Dissolved oxygen and chloride in the
coolant have provided the corrosive environment dur-
ing operation of BWRs. The PWR reactor coolant sys-
tems have a hydrogen overpressure maintained as an
oxygen scavenger during power operation. As a result,
PWR primary pressure boundary piping has generally
not been affected by IGSCC. However, good primary
chemistry control (particularly oxygen removal) to
prevent this mechanism in BWRs has generally not
been the rule, and, thus, the Monticello study ranked
IGSCC as the most troublesome life extension prob-
lem for the CRDM.5 In fact, the study concluded that
without hydrogen water chemistry (HWC), the CRDM
housings are likely to leak at the stub-tube weld during
their 40-year intended life.

IGSCC was formerly thought to occur only in sensi-
tized stainless steel; however, a potentially significant
problem arose when cracking was found in the
Tlpe 316L low-carbon stainless steel jet pump inlet
riser safe ends. Such cracking in the safe end thermal
sleeve area (see Figure 11.19) may represent an espe-
cially significantproblem.P Indications of such crack-
ing in the Peach Bottom 2 reactor were reported in July
1984. Subsequent examinations found indications in
five of the ten riser ends inspected. Ultrasonic test ex-
aminations at another BWR plant in 1985 revealed sim-
ilar indications. General Electric determined that the
indications were IGSCC, both on the creviced and non-
creviced sides of the weld. Both creviced and noncrev-
iced areas had the same thermal and chemical
environment. The noncreviced site had been cold
worked. Cold working and crevices are factors that are
thought to enhance IGSCC. Some important concerns
raised by this discovery are as follows:

* The cracks are in low-carbon stainless steel
both in creviced and noncreviced locations

* This represents the first field experience
where cracking has occurred in a low-carbon
austenitic stainless steel

* The material was not sensitized;

;-
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Type 304 SS thermal sleeve I

. - (a) Crack at thermal sleeve junction

'Ultrasonic'
-: examination l

in probe > \ ~~~Safe end

- ' Indicat os '-\\ :X

v at nonsensitized , >\' \ \ \ \
area' ~~~~~~~~~~~~~To jet pump nozzle

To recirculation pipin

Heat ..--
''af fectea. 'Z ~ ''

zone / -Indications at'
crevice area

: - , Weld J _ Flow :Thermal sleeve

(b) IGSCC at crevice and non-sensitized areas'

-80364

Figure 11.19. IGSCC locations in the Peach Bottom 2 recirculating water inlet nozzle to the jet pump riser.6-23
* . . . . .. . . ~~~-. -

Inspections of creviced low-carbon stainless steel Alloy 600 bolt. Initiation and growth of the iGSCC
safe ends at another BWR plant, with a lower lifetime were apparently driven by the residual weld stress, but
average coolant conductivity, revealed no evidence of the cracking was sufficiently distant from the weld
cracking.6 Thus, high conductivity is an important root that it was not affected by the HAZ'
contributor to IGSCC' -

The bolt thread areas of the failed jet pump Alloy
Cracking was discovered at creviced locations in `600 holddown beam (Figure 11.18) also'served as

preloaded Alloy 600 shroud-head bolts at a number of : stress misers. CRDM Alloy 600 piston seid C-springs
BWR plants in 1986. As illustrated in Figure 1120, experience stresses as high as 120% of yield stress and
cracking occurred in the creviced region in the vicinity are susceptible to IGSCC. The C-springs are replaced
of a weld joining the 304 stainless steel collar to the, at 5-year intervals.22
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Figure 11.20. Failure location in shroud head bolt.6

Intermediate and source range monitor dry tubes are
thin-wallcd stainless steel tubes that contain in-core
flux monitoring instrumentation. Tube cracks were
first discovered through visual inspection in 1984 and
are generally attributed to crevice-accelerated IGSCC
and IASCC. The cracking typically initiates in the
crevice between the spring housing tube and guide
plug, as shown in Figure 11.21. Thick oxide formation
in the crevices appears to be the source of the stress.
As the oxide grew, it forced open the crevices, a phe-
nomenon termed oxide wedging. Sensitization does
not occur in the HAZ because the tube is thin and is
cooled quickly and evenly after welding. Fluence lev-
els in this region range from 5 x 1021 to 1 x 1022 n/cm2

(>1 MeV).

There also was a strong correlation between plant
average coolant conductivity and propensity for crack-
ing (see Figure 11.22) for both shroud head bolts and
neutron monitors. Both Figures 11.22a and b show a
threshold of about 0.25 pS/cm for initiation of IGSCC.
The dry tube data show a linear fit, while the shroud
head bolt data increase sharply at the threshold, then
level off. Three data points in Figure 11.22a are sub-

stantially higher where there were large excursions in
the high conductivity not reflected in the average
value.

BWRs with jet pumps (BWR/3 and later designs)
are designed with two access holes in the shroud sup-
port plate (baffle plate in Figure 11.9), which is located
at the bottom of the annulus between the core shroud
and the reactor vessel wall. The holes, located 180 de-
grees apart, are used for access during construction and
are subsequently closed by welding a plate over the
hole. The covers and the shroud support ledge are
Alloy 600 material. The connecting weld material also
is Alloy 600 (Alloy 182 or 82). The high residual
stresses resulting from welding, along with a possible
crevice geometry of the weld, when combined with
less than ideal water quality present a condition condu-
cive to IGSCC. General Electric has recognized this
problem and developed a remotely operated ultrasonic
testing capability for detecting cracks in the cover
plate welds. The first use of this custom ultrasonic
testing fixture was at Peach Bottom Unit 3. In January

a 1988, intermittent short cracks were found in the weld
HAZ around the entire circumference of the covers at
Peach Bottom Unit. 3. It is estimated that cracking ex-
isted over 50 to 60% of the circumference, with cusps
as deep as 70% through the wall. It is possible that the
cracking is generic and may affect all BWRs with jet
pumps; however, five other plants have been inspected
and no access hole cover cracks were discovered.16

Other sites of potential IGSCC are the weld between
the shroud and core support cylinder, the weld between
the shroud and the corc-spray-inlet tee, and the beam-
to-plate welds in the core plate (because of their crmv-
iced geometries), and the HAZ at the CRDM housing
welds where residual stresses may be high.

IGSCC cracking of jet pump inlet nozzle welds has
also propagated past the weld region and into
the low-alloy steel of the reactor vessel.24 .Z The
cracks were initiated in the Alloy 600 weld butter ma-
terial. Three BWR plants have experienced such
cracking: Vermont Yankee and Brunswick 2 in the
United States and the Chinshan reactor in Taiwan.
Since there are also Alloy 600 welds attaching the
CRDMs and reactor internals to the reactor vessel (see
Figure 11.23 for example), these welds might also ex-
perience IGSCC which could propagate to the reactor
vessel base metal from the inside. A stress corrosion
crack was also found to propagate from the Ni-Cr-Fe
clad to the SA-302B base metal of a steam generator in
an Italian plant.26

41
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Figure 11.21. Failure location in neutron monitor dry tubes&6 -- -
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Hydrogen water chemistry (HWC) is a
modifies the BWR environment through h
jection in the feedwater. -HWC effectively
corrosive potential of the water tha
IGSCC.277 Variations in the water
throughout the core region caused by radic
influence the degree of protection afforded
locations within the vessel for a given hyd
tion rate.29 ' 30 HWC has been shown ti
growth of existing cracks and postpones t
of new cracks? 1.32'3 3 However, the long-
of HWC have not yet been demonstrated
significant detrimental side effect is inc
ation in the steam system.

11.5.2 IASCC. IASCC, like IGSCC, req
bination of susceptible material (for exam;
ic stainless steel), a corrosive environmeni
stress (but lower than that required for IG
neutron fluence causes depletion of the chrn
grain boundaries in Type 304 stainless steo
prone to stress corrosion cracking whel
agents and stress are presenL34 Laborator
that high tensile stresses, crevices, and high
els accelerate cracking.8P 9 However, uni
there is no field evidence that HWC is effe
pressing IASCC.

Several failures of highly irradiated rea
components fabricated of stainless steel a
to lASCC.;,These include failure of fu
tubes (the small uranium dioxide pell

- rounded by cladding tubes), sourec-holdt
control rod absorber tubes. Some more rc

F Alloy 182~ pad ~have suggested that cracking can occur in highly irra-
diated areas with very little applied stress. The failure

Full of a control rod blade handle and recent failures of in-
penetration
doublt ' core guide tubes suggest'that cracking will begin to
bevel weld occur in stainless steel irradiated to about 5 x 1021 n/

; cm2 (>1 MeV).9 Reference 10 reports a threshold for
IASCC of close to 8 x 10P' n/cm2, whereas Refer-
ence 6 reports a cracking threshold of 5 x 1020 rVcmr2

(>1 MeM) based on neutron monitor dry tube experi-
ence. Visual and ultrasonic inspection of several top
guides in operating plants show no cracking, even
though the fluence is at or above the threshold for
IASCC. ;The neutron flux in the CRDM is estimated

, . - to be an order of magnitude lower than the IASCC
threshold.

As discuissed earlier in this chapter, the components
addressed in this chapter with the highest neutron flux
are the fuel supports, the shroud, and the top guide (see
Thble U .5). The instrument slot at the bottom beam of

cet crack. the top guide is a critical location from an IASCC
standpoint.' A General Electric study concluded that

process that' IASCC cracks larger than 76 mm (3 in.) would have to
iydrogen in- develop in a BWR top guide before failure would oc-
rreduces the cur from a crack initiated at a slot in'the bottom beamY
t produces However, this study did not consider several factors,
chemistry ', 'the significance of which are not well-understood:
lytic effects radiation-induced swelling, multiple beam failures,
Itodifferent refined material properties, and refined fluence
rogen injec- estimates.
o arrest the
he initiation 11.5.3 Fatigue.Anotherdegradationmechanismthat
-term effects affects the CRDM pressure housing is thermal fatigue.
I. The only However, in contrast to other heavily stressed compo-
reased radi- nents, the pressure housing is not highly stressed and

has a relatively low fatigue usage factoras predicted by
ASME Code analysis methods. (A discussion of the

uiresacom- -ASME Code fatigue curves aid analysis methods is
)le,austenit- - presented in Section 3A.1.) In fact, a typical fatigue
t, and tensile :lifetime of 200 years is expected, 5 which means that
WSC). Fast - the fatigue usage over 40 years is 02. In addition, the
omium atthe operating transients may be less severe than the design
-1, making it - transients used for thecalculationi. -ThusIGSCCrather
re corrosive than fatigue is likely tobe the life-limiting degradation
y tests show mechanism for the CRDM pressure housing.
fluencelev-
ike IGSCC, Although CRDM designs have included thermal
ctive in sup- sleeves to minimize thermal gradients in some sub-

- components during operational transients, several lo-
cations (for example, the index tube and collet

cltor internal , assembly) are not well protected and will experience
re attributed - 'relatively high fatigue usage.- As discussed above,
el cladding ' these components are cooled to <l200C (<250MF dur-
ets are sur- ing normal CRDM operation. However, during a
-r tubes, and scram and rod insertion, hot reactor water is forced
cent failures past the CRDM. Subcomponents such as the index

* *
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tube are then subjected to a severe thermal shock
caused by a change in the surrounding temperature of
more than 1500C (3000F) almost instantaneously.
Also, the different flow paths of the cooling and reac-
tor water can cause the tubes to experience a 1500C
(3000F) temperature difference across their walls dur-
ing control rod motion. CRDM collet housing thermal
fatigue failures caused by reactor scrams have oc-
curred in the Dresden 2 and 3, Vermont Yankee, and
Browns Ferry 1 plants. CRDM return line nozzles and
stainless steel thermal sleeves have'cracked in the
Peach Bottom 2 and 3 and Hatch 1 plants, among oth-
ers, from' thermal fatigue caused by the alternating
flow of relatively cold CRDM return water from the
condensate system (10 to 380C (50 to 100°F)] and hot
RPV water [2881C (5500F)J. (There can be a tempera-
ture gradient of 288 to 10C (550 to 500F) between the
top and bottom of the nozzle.)

The weld attaching a steam dryer support bracket to
the reactor vessel of a domestic BWR was found to be
cracked (see Figure 11.23).;6 A metallurgical exami-
nation determined that the bracket failed by a fatigue
mechanism. The crack initiation sites were on the side
of the bracket, which implies that the bending loads
causing fatigue damage were applied in the horizontal
direction.' It was found that the improperly positioned
seismic block had imposed the horizontal bending
loads on the bracket and caused the fatigue failure.

The reactor internals component most susceptible to
high-cycle fatigue is the jet pump.5 Ajet pump might
experience over 1010 cycles during its 40-year design
life. Although fatigue has not yet caused any jet
pumps to fail, the riser support braces have been iden-
tified as a potentially life-limited area.5 Should other
reactor internals components, such as the shroud, top
guide, or feedwater spargers be damaged by IGSCC or
IASCC, fatigue cycling mightcause the cracks to grow
and cause failure of the component. In fact, feedwater
sparger fatigue failures caused by high cycle vibrations
(compounded by thermal gradients and leakage be-
tween the sparger and nozzle) have occurred in numer-
ous BWRs, including the Millstone 1, Humboldt Bay,
Dresden 2 and 3, Quad Cities 2, and Peach Bottom 2
and 3 plants.

11.5.4 Transgranular Stress Corrosion
Cracking. Transgranular stress corrosion cracking
can take place in a susceptible material (for example,
Type 304 stainless steel) exposed toahigh chloride con-

' centration, under stress such as caused by internal pres-
sure. The, threshold temperature for chloride stress
corrosion cracking in Type 304 stainless steel is about
380C (1000F).

A visual examination performed during a 1988 hy-
drotest at the Brunswick 2 plant detected weeping
from two CRDM withdraw lines. Additional exami-
nations discovered leaking on other withdraw (Sched-
ule 80,3/4-in. diameter) and insert (Schedule 80, 1-in.
diameter) lines. Laboratory analyses of the deposits
discovered on the exterior of the Type 304 stainless
steel lines revealed high levels of chloride ions. The
temperature in the area was judged to have been 35 to
490C (95 to 120 0F). The lines had multiple transgran-
ulir stress corrosion cracking originating at the outside
surface. The cracks were small and maintained ASME
Code design margins for the largest through-wall
crack found. The source of the chlorides is unknown,
but debris that might have been deposited during plant
construction is suspectedV5

A similar incident occurred in the Duane Arnold
plant in 1988. Cable insulation jacket material in an
electrical field option box directly above the insert and
withdraw lines was degraded from excessive tempera-
ture. Moisture from a steam leak above the box con-
densed on the cable and leached chlorides from the
insulation jacket. The water then dropped down on the
CRDM insert and withdraw lines and the chloride con-
tamination induced the transgranular stress corrosion
cracking? 6

Complete rupture of a withdraw line would result in
a primary coolant leak of about I to 3 gpm. The leak
rate would stili be less than 10 gpm if the Graphitar-14
seals in the CRDM were failed. This rate of loss of
coolant could be supplied by makeup water. A break
of an insert line would cause a pressure drop resulting
in a closure of the ball check valve (see Figure 11.6)
that seals the break. An insert line break would also
result in loss of cooling water for the seals, and the
seals may degrade because of the resulting high
temperatures.

11.5.5 General Corroslon/Foullng. Oneof the op-
eratioial problems in BWR CRDMs is thatofcorrosion
or corrosion products interfering with the operation of
the internal components; An example is improper seat-
ing of valves, which permits unintended leakage. A
number 'of problems have been caused in the Dresden
1 plant by foreign material buildups in the collet and
drive piston area. This problem, primarily comes from
corrosion products in the coolant eniering the CRDM
rather than corrosion of the CRDM components them-
selves. The corrosion rate for rpes 304 and 316L
stainless steels in normal BWR coolant water has been
estimated to be very insignificant, low enough to pre-
clude though-wall damage but not CRDM operational
problems, since the corrosion pardcles'can be trans-
ported from the piping to the CRDM and trapped in the
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CRDM. These problems are further discussed i
Section 11.6.1.

11.5.6 Thermal Embrlttlement. The CF-8 (ar
CF-3 in some cases) stainless steels and their weic
may be subject to thermal embrittlement with pri
longed exposure to BWR operating temperature
These alloys contain as much as 30% ferrite. A hil
fraction offerritein themicrostructureisaconcern,pa
ticularly when the ferrite content exceeds 15%. A sil
nificant loss of impact properties has been observe
when the ferrite content is above 15% and the materi
is tested after aging at400 to 4500C (752 to 8400F) f
selected periods of time. However, the thermal en
brittlement of cast stainless steel has not been fully ij
vestigated, especially at LWR temperatures and lor
times (many years), and is currentlybeing examined t
a Westinghouse Electric Corporation owners' group
EPRI,3 7 and an NRC-sponsored program at ta
ArgonneNational Laboratory? 8 Life assessment pri
cedures forcaststainless steel components subjected
thermal embrittlement are being developed.

Components made of CF-8 and CF-3 cast stainle
steel are listed in Tables 11.2 and 113. 'These incluc
CRDM internal components, such as the collet hou
ing tube, the tube and spacer in the flange and cylind
assembly, and portions of the CRA guide tube. Rea
tor internals components fabricated from cast stainle
steel include the orificed fuel supports, portions of 11
jet pump (the transition piece casting, the wedge cas
ing, and the diffuser collar casting), and the steam s
parator/dryerassembly. Thermal aging is discissed
more detail in Section 5.3.2 of Volume 1, and Se
tion 2.3.1 of this report.

11.5.7 Wear. All mating subcomponents in tl
CRDM experience mechanical wear to varyir
degrees. Parts that have been degraded by wear in t
past include the index tubes (galled), chrome surfacih
partially stripped from the collet assembly, the nitride
guide tube roller pins, the index tube, and the drive ar
sop stons.40 Some of this degradation has bec
causedby foreign particles entering the CRDM. Sea
and bushings have also been subject towear.

- General Electric has performed life tests on CRDM
-'to determine allowable numbers of cycles for desil

life.- Although these tests have'not been allowed
progress to the point of absolute failure of the'CRD!
to function, they nevertheless suggest that with prop
preventative maintenance the'BWR CRDMs will i
main functional during a 40-year life. This type
degradation has not occurred to such an extent (or ai

in single time) that it has proven to be a plant safety prob-
lem. However,, it has caused operating problems and
required CRDM replacement and/or refurbishment.

is 11.5.8 Rubber Degradation. Subcomponents
..made of rubber, such as diaphragms in the CRDM

S .' ' solenoid-operated valves, have restricted shelf and ser-
,h vice lives. The material BUNA-N becomes brittle over
r- time; it breaks up and can block vent ports in the scram

pilot valves. As with the wear discussed in Sec-
ed t zion 11.5.6, this type of degradation has not occurred to
al such an extent that plant safety has been compromised.
or
a- 11.5.9 Irradiation EmbrIttlemefit. Laboratory
n- data indicate that stainless steel looses its toughness at
Ig high levels of neutron irradiation. Figure 11.24 shows
by the decrease in ductility of Type 304 stainless steel with
,5 increasing fluence; the percent elongation and
he '-' reduction in area begin to significantly decrease at
o. about 1019n/cm 2(>1 MeV),whereasthe yieldstressin-
to creases with fluence, rising more rapidly at about 1020

n/cm2 (>1 MeV).9

- ''Irradiation embrittlement of the cast stainless steel
le austenite phase and thermal embrittlement of the fer-
ls rite phase could occur simultaneously. This possibility
er should be investigated.
C-
Ss 11.5.10 Stress Corrosion Cracking. Crackswere
ie discovered in the 4140 medium-strength alloy steel
;t- bolts holding down'the 185 CRDMs of the Susquehan-
;e- na2plantinMay 1988.41 EachCRDMissecured to the
in containment floor by eight bolts passing through a
c- flange. Inspection of all 1,480boltsdisclosedthat27%

had stress corrosion cracking where the head and shank
join. Thelikelycausewastrappedmoistureunderneath
thereactorvessel. Theudlitynowplans toreplacethese

he bolts at 10-to 12-yearintervals. Thisphenomenon has

ig 'not been reported at other BWRs.

11.5.11 ErosIon. There are high fnow rates in the

nd reactor internals areas.''The flow velocity is highest in
en the jetpumps,'which are considered to'be the compo-

nents most susceptible to erosio'n. However, Type 304
stainless steel'is highly resistant to erosion, and the
probability of erosion-induced failure is low.

is
11.6. Potential Failure Modes

to

M- Some of the past failures of BWR CRDMs and reac-
er tor internals are listed in Sections 11.6.1 and 11.62, re-
e- spectively. These have presented no major safety
of, problems, but are indicators of what might go wrong
I a '-and lead to more serious events.
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Figure 11.24. Change in Type 304 stainless steel parameters with irradiation at 2880C (550'F).8

11.6.1 CRDMs. CRDM housing leaks were discov-
cred at Nine Mile Point 1 in 1983-1984.42 The cause
is believed to have been IGSCC that occurred in the
HAZof the stub tubebetween theCRDMandRPV(see
Figure 11.2). In most cases, such leaks cause reactor
shutdown and subsequent metal repair. The stub tube
problem can be resolved by substituting Alloy 600 for
the original stainless steel stub tubes, orby cladding the
Type 304 stainless steel tubes with 308L weld metal;
controlling the atmosphere during construction; and
banning coated electrodes for weld repairs.18 The
worst-case pressure boundary failure scenario is a
housing rupture and a rod ejection accident, which is
addressed in'the safety analysis,'and is resisted by the
CRDM support. A small-break loss-of-coolant acci-
dent would also'occur during this scenario.

The most common CRDM failure mode is the in-
ability of a rod to move properly. This includes rod
motion with no signal, rod drift, failure to insert upon
actuation, or failure to insert fully. Several methods to
achieve rod operation, including manual operation of
the air-operated valves, are possible. When a CRDMI
fails to operate properly, that particular CRDM can be
valved out, and plant operation can continue, provided
that a predetermined number of rods are operable. If a

continuing problein exists that the utility cannot toler-
ate, replacement or refurbishment of the CRDM is
necessary. CRDMchangeouts atBrowns Ferry 1,2,3,
Fitzpatrick, Peach Bottom 2, and Dresden 2 occurred
in 1983-1984.~4

CRDM inoperability has been caused by a number
of factors. In June 1980, 76 of the 195 control rods at
Browns Ferry 3 failed to fully insert during a manual
scrarn.'3 Subsequent investigation disclosed that the
Scram Discharge Volume (SDV).was 80% filled with
water caused by a malfunction of the vent system (a
stuck ball in a check valve), which prevented adequate
drainage. Thus, the discharge water could not be
completely removed through the withdraw line, and
the CRDM could not complete its stroke.

Three control rods failed to insert during a scram-
time test in December 1985 at Millstone 1.44 The
causes in one case were attributed to deterioration of
the BUNA-N valve disc material within the valve, and

''in the other two cases to a misalignment. The
BUNA-N becomes brittle over time, breaks up, and
sometimes blocks the vent ports in the valves, as dis-
cussed above. The shelf life of this subcomponent is
estimated to be only seven years.

1r

I
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Rod insertion by a'single CRDM occurred in the
Nine MilePoint 1 plant in 1986 when the diaphragm in

- the air operator of the scram outlet valve failed.45 The
failure was attributed to aging of the rubber (BUNA-N
and nylon material), causing a radial crack to develop.
Niagara Mohawk Power Corporation had previously I
changed out the diaphragms in approximately one half
of the CRDMs in 1975 and 1976.

insert the control rods. Since the reactor internals direct
the coolant flow inside the RPV and through the core,
their damage could also cause local hot spots within the
core region, or flow-induced vibration failures of core
components. For example, if the baffle plate hole cov-
ersfailed, someof thecoolantflow wouldbypasstlhejet
pumps,;ECCS would notbe 'able to flood the core to the
two-thirds level, and a loose part could cause damage
to the recirculation pumps. Failure in the steamnsepara-

A CRDM was found to be stuck duringfull-scram tor/steam dryer assembly could cause low-quality
preoperational tests at Clinton in April 1986A" ; steamtobetransmittedtothesteamlinesandsteamtur-
Investigation revealed that the scram discharge riser bines, thereby causing erosion-corrosion problems in
manual isolation valve was in the incorrect (closed) the steam system.
position. The closed valve caused a very high pressure -
to develop within the CRDM, crushing the index tube. . As discussed elsewhere in this chapter, IGSCC field
This caused interference with the movement of the pis- failures of BWR internals have included the jet pump
ton and, thus, the rod stucL. The rod was ultimately holddown beam, the jet pump instrumentation
freed by cutting the index tube into two pieces and re- penetrations, the core spray sparger, the supply junc-
moving it. Similar incidents occurred at the Quad tion box between the vessel wall and shroud, neutron
Cities 2 plant in October 1984; and at the Perry plant in monitor dry tubes, and the shroud head bolts. Highly
April 1985. At the Dresden 3 plant in October 1984, stressed areas with sensitized metal, cold work, or
the scram discharge riser manual isolation valve disc crevices are susceptible to IGSCC. There is potential
separated from the stem, causing yet another problem concern that an IGSCC crack in the attachment welds
of this kind. -may propagate in'the reactor vessel base metal.

In July 1986, the Grand Gulf plant experienced a
uncontrolled single CRDM withdraival to the full-ot
position while'at 69% power. Thelicensee conclude
after investigation that temporary particulate accumu
lation on the valve (DCV 122 in Figure 11.8) seatinq
surface caused incomplete closure of the valve whe
the withdraw command was terminated, allowin
drive water to leak past the valve and force ihe driv
piston downward.47

The frequency of CRDM problems was about 1.
incidents per yearpriorto 1978 and increased to 3.7 in
cidents per year in 1978 and 1979.4 The data has
does not as yet have the information required to projec
at what point in a BWR lifetime'the CRDMs would b
expected to experience significant aging-related fai'
ure. BWR CRDMs must periodically' be remove
from the reactor and rebuilt in order to ensure that the
continue to meet performance criteria. The most cow
mon problem that requires rebuilding is worn seah
Current guidelines at seveial plants call for rebuildin
10% of the CRDMs during each outage. Several plani
report that theyrebuild more than 10%, one stating thI
they replaced or rebuilt nearli'50% of the drives du
ing one plant outage. 11

-- 11.6.2 Reactor Internals. The reactor internals prc
' vide positioning and support of the fuel and contr

rods.- Loss of mechanical integrity could cause reactiv
ity accidents caused by fuel relocation or inability I

m' ' ' Field failures of feedwater spargers have been
It caused by high-cycle vibration compounded by
d stresses induced by thermal gradients between the
I- feedwater and sparger walls. The jet pumps are also
g potentially susceptible to high-cycle fatigue caused by
n flow-induced vibrations, though there have been no
g failures to date.

The top guide, shroud, and fuel supports will have a
high cumulative neutron fluence at the end of the

3 - 40-year life, making these locations potentially sus-
n- ceptible to IASCC failures after long periods of expo-
e sure. Cast stainless steel subcomponents, such as
ct - portions of the steam separator/dryer and jet pump as-
e semblies, are susceptible to thermal embrittlement;
ill - though again, there has been no evidence of this phe-
d nomenon in the BWR reactor internals: Cast stainless
y steel components subject to high levels of radiation are
I- susceptible to both irradiation and thermal embrittle-

meat, and the potential failure mode is brittle fracture.
g

--... 11.71nservice Inspection and
r- @ '''Surveillance Requirements

,-LFormal guidelines for inspection of the CRDM
D- - housing welds are listed in Table IWB-2500-1 of Ref-

ol - . erence 49 (Section XI of the ASME Code). It cialls for
v- --volumetric inspection of 10% of the peripheral CRDM
o housings during each inspection period. In the same
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section, requirements for visual inspection of the
CRDM bolts, studs, and nuts are listed.

The stub tube welds are very difficult to inspect, and
inspections have been conducted at only a few BWRs
with stub tubes because of inaccessibility. Inspection
of these welds should be perforned, possibly by using
a remote ultrasonic testing probe on the interior of the
vessel. A program to develop remote ultrasonic testing
methods of inspection was recommended in the
Monticello study.5

There are no required inservice inspections for the
interior of the CRDM. Furthermore, no suitable meth-
ods have been developed to identify areas of impend-
ing failures. For example, there is no method to
determine when hydraulic valves are prone to stick.
Sticking is detected only after the situation has oc-
curred. CRDM operability is determined by functional
tests.

Although not required by the ASME Code, areas
with a history of problems or where known problems
exist are inspected visually on a case-by-case basis.
Approximately 10%7 of the CRDMs are repaired or re-
placed during each outage at many BWRs.

Four CRDMs are normally picked at random from
the General Electric production stock each year and
subjected to various tests under simulated reactor con-
ditions and to more than one eighth of the cycles speci-
fied in the design requirements.1 When a significant
design change is made in CRDMs, the drive is sub-
jected to a series of tests equivalent to 1.5 times the re-
quired life cycles.. For example, two CRDMs
underwent such testing in 1976, and met or exceeded
the minimum specified performance requirements.'

Table IWB-2500-1 of Section XI of the ASME
Code 49 also calls for visual examinations of accessible
surfaces of the core support structures and of welds of
interior attachments to the RPV at refueling outages.
Visual examinations are useful to determine the loca-
tions of deteriorated areas and the nature of the deterio-
ration. These locations can then be'subjected to more
detailed examinations. However, visual examinations
cannot reveal'all types of surface degradations, and
tight cracks would probably be overlooked in these in-
spections; Inspection of the reactor internals is es-
pecially difficult because'of the high-radiation fields
in the core area. Thus, remote video cameras are used
for underwater visual examinations of the reactor
internals.

ASME visual examinations are categorized as either
VT-1 orVT-3. VT-1 examinations are used to identify
cracks, wear corrosion, or physical damage on the sur-
face of the part or component. To properly perform a
VT-I examination, there mustbesufficientaccess toal-
low the eyes to be within 610 mm (24 in.) of the surface,
which is notpractical insidea reactorvessel. Section XI
allows remote examinations, including the use of mir-
rors. However, these must be capable of resolution
equal to, or better than, direct visual examinations.
VT-3 examinations determine the general mechanical
and structural conditions of components such as clear-
ancesseuings,looseormissingparts.debriscorrosion,
wear, or erosion. Typically these in-service examina-
tions have been performed using underwater cameras,
which may be suspended up to 5.7 m (75 ft) below the
examiner.' One company has developed a remotely op-
erated vehicle equipped with mounted cameras and
lights that can be positioned underwater to perform vi-
sual examinations.50

ThepresentASME coderequirements forinspection
of the reactor internals are not sufficient to adequately
identify most aging-related degradation. In fact, most
of the failures discussed in this chapter were not de-
tected by the required inservice inspection methods.
Many of the susceptible locations are not accessible for
inspection, for example, the interior of the jet pumps,
and it is not possible to see tight cracks, subsurface
anomalies,etc. Ultrasonic testing isveryvaluable to de-
tect subsurface cracks, local thinning, or other anoma-
lies internal to the comiponent, and could be developed
for better inspections of the reactor internals.

IGSCC and IASCC cracks in the reactor internals
can be indirectly monitored with a self-loaded,
double-cantilever beam stress-corrosion monitor,
shown in Figure 11.25.51 This monitor is based on
application of the reversing de electrical potential tech-
nique, which permits remote measurement of crack
growth in the cantilever beam. This technique can ac-
curately measure a crack growth of less than 0.01 mm.
The monitor can be easily inserted into the reactor and
does not affect the plant operation. A 150-mm-
(6-in.-) long version of the monitor has been success-
fully used both in the laboratory and in the reactor.

11.8 Summary, Conclusions,
and Recommendations

Many of the factors that mustbe understood foraccu-
rate CRDMlifetimepredictions are unknown. Where-
as the fatigue usage of the pressure housings can be
calculated, IGSCC failures are very difficult to predict

., .:..
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inspect these welds, and remote inspections
- X _ *. . methods are nceded to assess their integrity.

' ;1 I'm - - 2. Hjdrogen water chemistry (HWC) is an ef-
* l _ ,- : -- fective mitigation method for IGSCC dam-

age. HWC signific6atly reduces the level of
.i. -r , ,' ,oxygen in the BWR coolant and, thus, elim-

inates a stressor required for the IGSCC
mechanism to be present.

1 l _l
-l Il l - ,: ' ' - 3. lThe CRDM internals shouldbeinspectedpe-

Il Ii l ,'~ . ':' riodically for excessive wear damage. Moni-
I l- toring of the cumulative number of insertions

rt _ and withdrawals would help to make deci-
I l mal . sions related to CRDM replacement.

Potential _ I|4. The diaphragms and discs in the solenoid-
probe pairs Ii ' --- operated valves become brittle over time and
lI l l break up. The broken diaphragm pieces may

l l l l block the vent ports in the scram pilot valves,
I, l I | ' -and plant safety may be compromised.

I t* Thermal embrittlemcnt is a potential degrada-
_ I l . l *_ -. tion mechanism for the portions of the CRDM

it l -guide tubes and fuel supports, which are made
If l l lo l ' ;' ofcaststainless steel. Because the guidetubes

Current I it~edge transmit most of the weight of the core to the
leads \ vessellowerhead,thedamagecausedbyther-

'mal embrittlement needs to be evaluated.

9-0577 It is important to note that most of the CRDM sub-
-omponents' can be relatively' easily replaced without

Figure 11.25. Self-loaded, double cantilever beam having to replace the entire CRDM. Also, the technol-
stress-corrosion monitor. ogy for CRDM replacement is available, and full

changeouts have been made.' Thus, the CRDM issues
and there are still many subcomponents for which':'' are generally not those of feasibility.
there is no suitable lifetime prediction information.
These include the lifetimes of the valves and wear of Critical locations for the reactor internals are listed
*the latching mechanisms. Some BWR CRDMs have' in order'of iiportance in Tble 11.9. The degradation

;-operatedsuccessfullyforover2Oyears,butthereisnot*' ' -.mechanism of c6ncem is IGSCC, which is currently
enough information at present to predict the overall' thought to be the overall life-limiting mechanism. As
CRDM lifetime. Based on the information to date, the- 'with CRDMs, prompt initiation of HWC could be very
critical locations in order of importance are listed in' - beneficial in reducing IGSCC." The other primary
Table 11.8. - - - mechanisms of concem are IASCC and fatigue.

Conclusions and recommendations forCRDMs are ' Conclusionsandrecomnmendationsforreactorinter-
as follows: ' - ' " nals are as follows:

' 1. IGSCC is the major degradation mechanism 1. Attachment welds of the reactor internals to
for the welds between the CRDM housing the reactor vessel may contain sensitized
and the vessel lower head. Stub tubes are material, and IGSCC cracks may propagate
employed between the CRDM housing and from the weld heat-affected zone into the
the vessel in the older BWRs, and the heat- pressure vessel base metal. These welds are
affected zones near the stub tube welds have generally difficult to inspect. Remote inspec-
experienced IGSCC cracks. It is difficult to tion tools for these sites should be developed.
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Table 11.8. Summary of degradation processes for BWR control rod drive mechanisms

Rank

; - 1

Degradation
Sites

Pressure
housing,
stub tube

Stressors

Corrosive water,
thermal stress,
residual stress

Degradation
Mechanisms

IGSCC,
fatigue

Potential
Failure Modes

Crack leading to leak

ISI Methods

Volumetric,
surface

2..2 Latching
mechanism
(collet,
assembly
and index
tube)

Thermal transients,
corrosive water,
rubbing,
impacting

Wear,
IGSCC,
fatigue

IGSCC

Binding, stuck rods

Stuck rod

None

None3 Piston sea! Preloads, corrosive
C-spring water

4 Hydraulic
control
system

Thermal stress,
corrosive water,
debris, improper
maintenance,
overpressure,
misalignment

Valve
diaphragm
embrittlement
and cracking

Stuck rods,
unintentional
rod movement

None

5 Piston seals Tempcrature,
corrosive water

Embrittlement,
wear

Stuck rod None

2. IGSCC is e major degradation mechanism
for the reactor intemals. Sensitized, creviced,
and cold-worked material is especially
susceptible to IGSCC. IGSCC increases
significantly when the coolant conductivity
increases above 0.25 ttS/cm.

3. IASCC is a potential degradation mechanism
for components subjected to high fluence,
such as the top guide. The threshold for
IASCCdamageisabout5x 1021nvL Abetter
understanding is needed to evaluate the dam-
age associated with IASCC.

4. Hydrogen water chemistry (HWC) is a poten-
tially effective mitigation method for IGSCC
damage. HWC significantly reduces the level
of oxygen in the BWR coolant and thus miti-
gates IGSCC damage. However, HWC re-

mains to be proven in the field as an effective
mitigation method for IASCC. The long-
term effects, and possible side effects, of
HWC also need to be evaluated.

5. The feedwater spargers and jet pumps are
susceptible to high-cycle fatigue damage.
For these stainless steel components, fatigue-
crack initiation and growth-rate data in a
HWC environment are needed.

6. Research should continue on the thermal
embrittlement of the ferrite phase ofcaststain-
less steel components, and on irradiation em-
brittlement of components in high flux areas.
The possibility of thermal embrittlement of
the ferrite phase and irradiation embrittlement
of the austenitic phase of cast stainless steels
should be investigated.
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Table 11.9. Summary of degradation processes for BWR reactor internals
.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Rank _Degradation Sites

1 Attachment welds to
- reactor vessel

2 Core shroud
(including bolts)

3 Core plate

4 Jetpumps

5 r Top guidc. ,

*. 6 .: Core spray
spargers and
piping

7 Feedwaterspargers

Stressors

Residual stress, corrosive
water, temperature,
flow-inducedvibrations,
dead weight

Residual stresses, corrosive
water, preloads
Flow-induced vibrations,
corrosive water, dead weight

Preloads, hydraulic loads,
corrosive water, flow-induced
vibration, temperature

Radiation, thermal stress,
corrosive water, flow-induced
vibrations, dead weight

Flow-induced vibrations,
cotrosive water, temperaturc

Flow-induced vibration,
corrosive water

.-C~irosive water, flow--
induced vibrtion, radiation, '
temperatre, dead weight of
fuel

Residual stress, corrosive
water, temperature

: Corrosive steam, flow
induced vibration, temperature,
preload

Degradation Mechanisns

IGSCCFatigue

IGSCC

IGSCC

IGSCC, fatigue, erosion,
thermal embrittlement

IASCC, IGSCC

IGSCC, fatigue

Fatigue, IGSCC

IGSCC, fatigue, IASCC,
thermal embrittlement

IGSCC

IGSCC, fatigue, thermal
embrittlement

-Potential Failure Modes

Crack progressing into
reactor vessel

Crack leading to loss of
fuel geometry

Crack leading to loss of
fuel geometry

Loss of adequate core flow.

Crack leading to loss of
fuel geometry.

Loss of effective ECCS

Improer feedwater flow

Loss of fuel geometry

Improper core flow

Damage to steam lines
lines and turbines

ISI Methods

Visuals

Visual . ..

Visual' --, , .

Visual,, - ,B-4.

8 Fuel assembly
supports :

z .

9. - Baffle plate accesi
hole covers

10 Steam separator/
dryer bolts

Visual'

Visual',

Visual',

Visual' -

a. Accessible surfaces and welds of vessel attachments. - .
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12. COUNTERMEASURES FOR CRACKING IN BOILING WATER
REACTOR RECIRCULATION PIPING

B. J. Buescher and U. P. Sinha

12.1 Introduction

Incidents of cracking and leaking in Boiling Wa
Reactor (BWR) austenitic stainless steel piping ha
been occurring since shortly after the introduction
the first commercial plants. The first incident m
reported in December 1965 at Dresden 1 when a le
was discovered in a 15.2-cm (6-in.)Type304 stairilo
steel recirculation bypass line.1 By September 19
cracks had been found in the piping of six BWR
Pipe cracking first occurred in the heat-affected zor
of the small-diameter [20.3-cm (8-in.) or le.,
304 stainless steel piping welds and in furnace sen
tized' components, and is attributed to intergranu
stress corrosion cracking (IGSCC). With increas
operating time, cracks were discovered in large
diameter piping. By January 1979, a total
133 occurrences of pipe cracking in BWRs had be
reported? Except for heat-sensitized safe ends, I
pipe cracking had been limited to piping of 30.5-i
(12-in.) diameter or less. Table 12.1 (from Ri
erence 2) summarizes the pipe cracking experier
through January 1979.

conducted under I&E Bulletins 82-03 and 83-02 are
summarized in Table 12.2, as reported in Reference 5.

ter
Nve The BWR recirculation system consists of safe ends
of and pipes, fittings; welds, and recirculation pumps.
ras Recirculation punmps 'are discussed in Chapter 2 and,
ac ' therefore, are not discussed here. The joint between
nss the reactor pressure vessel noizle and the piping
74 system is made up of a transition piece of pipe called a

2- .safe end. The entire weldment in some of the older
ies
is] Table 12.1. IGSCC incidents through January 1979
si- by line type in U.S. and foreign BWRs 4*2
lar- .

i Before
''' I " July 75

July 75 to
January '79 Total

' --Recirculation bypass
(4 in.)

Core spray (10 in.)

12. 42

16 17 33

Extensive cracking and leaking, including through-:.
wall axial cracking, were discovered in the Control rod drive (3 in.) I
711-mm- (28-in.-) diameter recirculation piping safe
endattheNineMilePointBWRin 1982. Theproba- Reactor water 10
bility of cracking in large diameter piping was thought :. cleanup (3 to 8 in.) -
to be quite low until this occurrence. The discoveryof -

cracks in the large-diameter BWR piping led to lH -
augmented inspections of the piping in the BWR recir- Large recirculation 0
culation systems [as directed by the U.S. Nuclear (e:2 in.)
Regulatory Commission Office of Inspection and' !

Enforcement (I&E) in Bulletins 82-03 and 83-02] Sml (3 in.), other 0
using more sensitive ultrasonic testing procedures.P Sman 3i. & RWCU
The'augmented inspections of the large-piping sys-: -
tems revealed extensive cracking at most BWR plants, - -
many of which required repair or replacement to meet Other 7.
ASME code requirements prior to further operation.5

The results of the initial round of BWR inspections!

2

14

13

6''-

24

13

6

13

13369-
I . _~ ;I . ,, .' I .. . .1 . . ' ..

a Cracking incidents reported to the NRC.
a. A sensitized austenitic stainless steel material is'
susceptible to intergranular stress corrosion cracking b. Cracking incidents in large-diameter piping in
because of thermally induced grain boundary chio- ' German BWRs.
mium depletion. '.
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Table 12.2. Summary of the number of welds inspected and cracks identified in the large BWR piping,
inspected according to EEB 82-03 and 83-025

Extent of Inspection'
(% of welds inspected)

Inspection Results
(number of cracked welds)

Plants

Big Rock Point
Browns Ferry 1
Browns Ferry 2
Browns Ferry 3

Brunswick 1
Brunswick 2
Cooper
Dresden 2

Dresden 3
Duane Arnold
Fitzpatrick
Hatch 1

Hatch 2
Millstone 1
Monticello
Nine Mile PL 1

Oyster Creek
Peach Bottom 2
Peach Bottom 3
Pilgrim I

Quad Cities 1
Quad Cities 2
Vermont Yankee

Recirculation
Residual

Heat Removal

Number
of Weld
Overlays

vrat ReRecirculation
Residual

HeatRemo,

20% (11 of 59)
98% (103 of 105)
27% (25 of 91)
98% (103 of 105)

25% (29 of 115)
100% (102 of 102)
100%.(108 of 108)
47% '(47 of 101)

100% (115 of 115)
42% (49 of 117)
47% (49 of 106)
47% (47 of 100)

94% (97 of 103)
11% (11 of 100)
100% (106 of 106)
82% (62 of 76)

39% (31 of 80)
100% (91 of 91)
91% (77 of 85)

8% (9 of 100)
100% (106 of 106)
66% (58 of 88)

90% (36 of 40)
28% (9 of 32)
28% (9 of 32)

75% (3 of 4)
100% (5 of 5)
100% (7 of 7)
10% (4 of 40)

90% (45 of 50)
40% (2 of 5)
45% (5 of 11)
100% (11 of 11)

100% (11 of 11)
0% (O of 46)
78% (18 of 23)

91% (32 of 35)
92% (35 of 38)

20% (9 of 44)
90% (45 of 50)
7% (2 of 30)

0
33
2
0

3
15
20
10

53'
0
1
5

36
0
6

53

0
19
10

0
20
33

14
0
0

0
42
0
0

0
1
0
0

3
8

13
7

01b

0
2
2

61
0
0
6

3
0
0
0

27
0
6
0

0
7
5

0
21
15

0
2
1

0
9

22

a. Note that 18 welds originally reported to be cracked were later reevaluated and determined not to be cracked, so
are not included in these totals.

. 1 . . .1

b. After inspecting approximately seven welds and finding cracks in four of them, the utility decided to replace the
piping with lTpe 316NG, so the examination has not been completed. - -

BWR plants, including the nozzle and safe end, was
given a postweld heat treatment after the nozzle-to-
safe end weld was made. This procedure gave rise to a
furnace sensitized safe end that was highly susceptible
to IGSCC. However, the postweld heat treatment in
the later BWR plants was performed after buttering the
nozzle, and then the nozzle-to-safe end weld was
made. The materials used in fabricating BWR recircu-
lation piping are listed in Table 12.3.6

Austenitic stainless steels are ductile and quite
tough. A review of the field data has shown that
despite widespread IGSCC in BWR austenitic stain-
less steel piping, no pipe breaks have occurred (only
cracks, some of which resulted in leaks, have occur-
red). In addition, field observations and measurements
show that there are azimuthal variations in the weld
residual stresses and variations in material sensitiza-
tions. Therefore, leaks can generally be expected
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Table 12.3. Typical BWR recirculation system
materials -

Component

.Piping

Fiting

-time. ',From the viewpoint of aging and license
renewal, the areas of concern are (a) evaluating the
long-term adequacy of the various mitigation
measures developed for IGSCC degradation, (b) iden-
tifying potential areas of concern during extended

- operation associated with the various IGSCC rem-
edies, and (c) evaluating the effect of degradation
mechanisms other than IGSCC on residual life.

Materials

Types 304 SS, 316NG SS

Grades CF-8, CF8 M

Safe end

Pipe-to-pipe
and pipe-o-
elbow welds

Safe endto-
nozzle weld
(dissimilar -
metal welds)

Types 316, 316NG, 304 SS, Alloy 600 ;,
.- , ..

Type 308L .-.

Weld Nozzle
Material, - Butter

Safe end
Nuo er

NoneType
3081/308

Type
308L

or
. . . . .

Alloy I-182/ Alloy I-182 None or
Alloy 1-82 . Alloy 1-182

12.2 IGSCC Degradation

The materials used in fabricating BWR piping sys-
tems have mainly been Type 304 stainless steel and, to
a lesser extent, Type 316 stainless steel. The occur-
rence of IGSCC in welded Type 304 stainless steel
piping has been widely researched and is known to
require the presence of three contributing factors:

..... * A sensitized microstructure

* A chemically aggressive environment that
will support the occurrence of IGSCC

* A tensile stress in excess of the yield stress.

Sensitized Microstructure. Sensitization of
the microstructure of austenitic stainless steel occurs
when the material is exposed to temperatures between
about 550 and 8500C (10200 and 15600 F) for certain'
minimum periods of time. This leads to precipitation
of chromium carbide partcles along the grain bound-
aries and a depletion of the local chromium content.
Once the chromium content in the neighborhood of the
grain boundaries falls below about 12%, the material
' -becomes 'sensitized and susceptible to IGSCQ 8

-become to *I;S .:

todevelopwellbeforean actualpipebraoccurs. 7 Af-
ter reviewingboth thfield data and analytical studies,
theNRC PipeCrackTask Group came to the same con-
clusion.5 Thereforc,IGSCC of BWRpipingisnotcon-
sideredamajorthreattoplants. HoweverIGSCC does
result in degradation of the primary pressure boundary,
and the widespread cracking observed does result in a
reduction in the defense-in-depth required in the gen-
eral design criteria and results in a reduction in the over-
all plant safety margins. For this reason, the reactor li-
LcensWe mJusL Ve a)se0 Uf leUGMUMNi UmUL ZaY uny co Sensitization usually occurs in the heat-affected
discovered will remain small enough during a period of z) produced during welding of susceptible
continued operationthatthe minimum safetypmaecin an stainless steel components. The areas adjaceni to the

repair of affected piping has also resulted in additional weld are heated to or through the critical temperature
-radiairon aexpoued ofpin the also resulted in additiona -range, and grain boundary chromium carbide particles

precipitated during welding are found in these zones.
A typical HAZ produced during welding is shown in

In addition to IGSCC, degradation of the BWR 'Figure 12.1. Figure 12.2 is'a time-temperature sensiti-
recirculation piping can be caused by thermal zation diagram showing the relative sensitization
embrittlement and fatigue. These degradation mecha--- kinetics of Types 304, 316, and 316L stainless steels
nisms are addressed in some detail in Volume 1 of this The cu rves'show 'that sensitization of Type 304 stain-
-report. - - . : ' ' ;' 'less steel occurs within a few minutes at 700 0C

; ' ' ' ' : ; ' ' ' '; ' (1290°F),-and that an equivalent sensitization is
Table 12.4 summarizes the degradation sites and reached in Type 316 stainless steel after only about

'mechanisms, stressors oential failure modes, and 30 minutes at 750 0C (1380 0F). The sensitization of
methods for inservice inspection ofBWRrecirculation Type 316L stainless steel is even slower, and this
piping. IGSCC is the primary degradation mechanism, material is generally'considered resistant to sensitiza-
and has been the focus of mitigation efforts to this 'tion caused by normal air-cooled welding.
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Table 12.4. Summary of degradation processes for BWR recirculation piping

Rank Degradation Sites Stressors Mechanisms Failure Modes Method

I Weld heat-affected
zone, furnace
sensitized safe
ends

2 High thermal stress
regions predicted
by stress rule
index analysis

3 Austenitic-Ferritic
stainless steel
castings with high
delta ferrite levels

Tensile stress, oxygen IGSCC
environment,
sensitized
heat-affected zone

Cracks, Leaks

Cracks, leaksCyclic tensile stress,
corrosive
environment

High temperature,
tensile stress,' shock
loads

Thermal
fatigue,
corrosion
fatigue

Ultrasonic examination,
moisture-sensitive
tape, acoustic
emission

Ultrasonic examination,
moisture-sensitive
tape, acoustic
emission

Ultrasonic examination,
moisture-sensitive
tape, acoustic emission

Thermal Cracks, leaks
embrittlement

Weld heat
affected zi Weld bead

-Counterbore
P554-WHT-188-01

Figure 12.1. Cross section of weld heat-affected
zone in BWR piping.

Since sensitization depends on both material and
time-temperature history, the degree of sensitization
depends on the welding process used during fabrica-
tion. The degree of sensitization also varies somewhat
from heat to heat in Ty'pes 304 and 316 stainless steel.
Several comparative methods have been developed to
determine the degree of sensitization. These include a
modified ASTM A 262, Practice A; a modified ASTM
A 262, Practice E; and an electrochemical potentioki-
netic reactivation (EPR) Test.10 Experience has shown
that intergranular cracking can occur even in moder-
ately or slightly sensitized stainless steels subjected to
a severe service environment and high stress levels.
Therefore, calibration testing under actual or simu-
lated service conditions is needed to establish the level
of sensitization accepta'ble for'a particular application.

Increased sensitization hasiilso been observed to de-
velop with time at temperatures below 500'C (930 0F).
This effect is called low-temperature sensitization

(LTS)'1 and is caused by the low-temperature growth
of the chromium carbide particles nucleated during
welding. Carbide particles can be nucleated by brief
exposure to temperatures in the sensitization range,
which is not long enough to result in severe chromium
depletion.12 Once nucleated, these particles can grow
at temperatures below 500'C (9301F). The chromium
adjacent to the grain boundary is depleted as these par-
ticles grow, and susceptibility to IGSCC increases.
The rate-controlling step for this process is the diffu-
sion of chromium in solution in the matrix to the chro-
mium carbide particles nucleated on the grain bound-
aries. The rate at which LTS occurs depends on a
number of variables, including temperature and the de-
gree of cold work (dislocation density) in the material.
Present estimates are that LTS can occur at reactor op-
erating temperatures in 10 to 20 years.13.14 The uncer-
tainty in estimating the rate at which LTS occurs under
service conditions is due to both the material variabili-
ty discussed above, and the fact that the estimated rate
of LTS at reactor operating temperatures has been ob-
tained from LTS heat treatments performed at higher
temperatures.

There is evidence that IGSCC can also occur in
BWR material that has not been sensitized. Crevices
have acted as initiation sites for lGSCC in the BWR
recirculation piping. Introduction of some crevices
can be minimized by the use of proper welding proce-
dures and by reduced grinding of the welded joints.
However, crevices are sometimes inherent in piping or
safe end design and cannot be minimized. Cold
worked surfaces have also acted as initiation sites for
IGSCC.
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rpes 304,316, and 316L stainless steel.9Figure 12.2. Relative sensitization kinetics of ..

Laboratory tests show that IGSCC can occur in Type ' are difficult to detect. Weld overlay reinforcement
316NG stainless steel that contains more than 5% cold ' may be used to repair these cracks 'and is discussed in
work.15 Peach Bottom 2 reported cracking in several Section 12.5.
jet pump inlet riser safe ends fabricated from
Type 316L low-carbon stainles steel.16 Thn rcs s'.-

.,~. 31 L ~ stanless .. ~.. Th cracksEnvironmental Factors. The environment
were found in the safe ends near the thermal sleeve, -' foronmental prors. The envimary
attachment weld. Nondestructive and subsequent' needed for IGSCC is provided by the BWR primary
metallurgical examination revealed the presence of '-O coolant, which in BWRs is high puity neutral water.
shallow intergranular stress corrosion cracks on both Owing to radiolysis of the coolant in the core, a
the creviced and noncreviced sides of the weld. The steady-state concentration of about 200 ppb dissolved
examination also revealed that the material was not oxygen and 20 ppb dissolved hydrogen is present in the
sensitized, and the cracking on the noncreviced side.: coolant during full-power operation. This level of
had initiated at a surface that had been cold worked. oxygen is sufficient to produce IGSCC in sensitized

Tlypes 304 and 316 stainless steel.

'The welding alloys used to make nozzle-to-safe . .
end welds are listed in Table 12.3 and include iron-'' The oxygen concentration in the reactor coolant
base Type 308L weld metal, and nickel-base Alloy, .'may approach '5000 to 8000 ppb before startup of reac-
1-82 and Alloy 1-182. Type 308L and Alloy 1-82 are !tr because of air ingress. -A portion of the oxygen
more resistant to IGSCC than Alloy 1-182, but there is present in the reactoicoolant then undergoes radiolytic
a serious concern regarding the long-term resistance ' conversion to hydrogen peroxide during the'reactor
of Alloy I-82.17 No cracking has been observed in startup. Hydrogen peroxide is a'strong oxidizing agent
Type 308L or Alloy 1-82 weld metals. However, in and can also influence IGSCC cracking.19 Deaeration
several cases the IGSCC cracks initiated in the' of BWR coolant during startup reduces the oxygen
heat-affected zone of recirculation inlet nozzle-to- concentration, and, therefore, the concentration of hy-
safe end welds and propagated through Alloy-182 drogen peroxide. Thus, deaeration is partially
weld metal. Such cracking was first observed at the '' effective in mitigating IGSCC. Determination of the
Duane Arnold BWR plant in 1978. In three different relative'influence of the startup versus steady state
cases, such cracks have propagated through a portion ' environmental conditions on IGSCC in service is dif-
of the nozzle's low-alloy steel base metal.18 Such ficult: Hydrogen peroxide decomposes into H20 and
cracks are hidden behind the safe end nozzle welds and O' above about 1500C (300F,'and, therefore, is not
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present in the reactor coolant at normal BWR operat-
ing temperatures [2880C (5501F)].

Ionic impurities in the BWR coolant also influence
the IGSCC. The most important groups of ionic im-
purities are sulfates, chlorides, copper, and carbon
dioxide.20 The main source of sulfate impurities is the
decomposition of any resin released from the deminer-
alizer system to the coolant. The released resin
decomposes in the coolant at temperatures above 600C
(1400F). Resin decomposition facilitates the forma-
tion of sulfuric acid, which lowers the pH and results in
an increased electrochemical potential of the stainless
steel piping. The change in pH and the duration of this
change are related to the rate of resin release and
decomposition into the coolant system.21 Under a
simulated BWR water chemistry [200 ppb 02,
10 ppb H2 at 2881C (5500F)1, the addition of 0.1 to
1 ppm of sulfate appreciably enhanced the IGSCC
susceptibility of sensitized Type 304 stainless steel30

Leaking condensers have resulted in an increased
concentration of chlorides in sea water-cooled BWR
plants. Accidental intrusion of chlorinated hydrocar-
bons into the makeup water is also a source of
chlorides in BWR water. Chlorides increase the con-
ductivity of the coolant and also lower the crack tip pH
and, thus, enhance crack propagation. The reactor
coolant may also have high copper concentrations in
plants having copper alloys in the feed water system.
The presence of copper in a normal BWR environment
enhances the corrosive effect of any chlorides. (The'
passivity of the stainless steel is decreased when cop-
per is present in chloride solutions). In fact, an
increase in the IGSCC susceptibility of sensitized
stainless steel requires a higher concentration of chlo-
rides than sulfates when copper is not present in the
coolant.20 The presence of hydrogen peroxide also
enhances the effects of chlorides during BWR startup.

Carbon dioxide is another important decomposition
product of the resin bed organic materials in the
demineralizer systems. The coolant will also absorb
carbon dioxide during refueling when the reactor is
open to the atmosphere. However,'only a marginal
increase in IGSCC crack growth rate has been
observed in specimens exposed to a'simulated normal
BWR water chemistry except for the addition of 1 and
10 ppm C0 2 YP

Tensile Stress. The third contributing factor
required for the occurrence of IGSCC is a tensile stress
above the at-temperature yield stress. The yield
stresses for Type 304 stainless steel at 240C (750F)
and 2800C (5360F) are 255 MPa (37 ksi) and 160.6

MPa (23.3 ksi), respectivelyP2 The piping systems in
the early BWR plants were designed in accordance
with the ANSI Code for pressure piping, B3.1. In the
newer plants, the piping systems are designed in ac-
cordance with Section III of the ASME Boiler and
Pressure Vessel Code for Nuclear PowerPlantCompo-
nents. The code requirements in both cases limit the
design stresses in the piping systems to values less than
about 60% of the material yield stresses.1 However,
the codes do not consider the effects of fabrication, fit
up, and welding. The resulting stresses, called residual
stresses, in the heat-affected zone at the inside surface
of the pipe, are tensile, and may be higher than the
yield stress of Type 304 stainless steel.

The peak axial residual stress is on the inside surface
in the heat-affected zone, and its magnitude deceases
as the pipe diameter increases. In addition, the axial
residual stress on the inside surface gradually changes
from tensile to compressive as the distance from the
weld fusion line increases. The distribution of the
through-wall residual stresses depends on the pipe
diameter and wall thickness, and the distribution is not
necessarily azimuthally uniform. For example,
measurements of axial residual stresses in the heat-
affected zone at the inside and outside surfaces of three
different sizes of welded Type 304 stainless steel pipes
are listed in Table 12.52 All three pipes have relative-
ly large tensile stresses at the inside surface; however,
the two larger pipes have relatively small tensile
stresses at the outside surface. Field data indicate that
the distribution of residual stresses is permanent, that
is, it does not change with time in operation.

12.3 Non-lGSCC-Related
Degradation

Several degradation mechanisms other than IGSCC
may affect the life of the BWR recirculation piping
systems. These include transgranular stress corrosion
cracking, crevice corrosion, thermal aging of cast
stainless steel components, and fatigue. These degra-
dation mechanisms have not yet caused significant
problems in recirculating piping'systems and conse-
quently have not been the subject of large-scale
research and development efforts. However, there is
ongoing work in these areas that has helped to deine
potential problem areas and possible mitigation
measures.

Transgranular stress corrosion cracking (TGSCC)
occurs in austenitic stainless steels subjected to high
stress levels and aggressive environments. TGSCC
has been observed in Types 316NG and 347NG

4
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Table 12.5. Axial residual stresses in the heat-affected zones on the inside and outside surfaces of welded
'lype 304 stainless steel pipe ' - ' I I

'7 \' ' ''Residual Stresses '

7 Inside Surface -' - I Outside Surface

Distance from
Pipe'Size Weld Centerline

: [mm (inch)] [mm (inch)]

100 (4) 5 (0.20) ,

* Stress
[MPa (ksi)]

Distance from
-. Weld Centerline

: ., . l[mm (inch)]
Stress

[MPa (ksi)]

254 (10)

'660'(26)

5 (0.20)

5 (0.20)

' 359 (52)

''276 (40)

* 200 (29) _ -

15(0.6)

- . 8 (0.32) -

48 (7)

69 (10)

stainless steel replacement materials during laboratory
'tests with environments containing suifatesP3 T=ns-
granular cracking has also been observed in reactors as
a result of chloride intrusion. And, TGSCC has been
observed in laboratory tests with highly stressed and
cold worked surface specimens.15 To prevent trans-
granular cracking, it is important to maintain a high
purity water chemistry and minimize cold work during
fabrication. In particular, postweld grinding of the
inside surface of the weldments should be avoided
since this causes severe cold working of the surface.
Fmally, laboratory tests have shown that transgranular
stress corrosion crack growth will stop when the spec-
imen is exposed to low dissolved-oxygen environ-
ments, indicating that the adoption of hydrogen iater
chemistry (discussed in Section 12.4) may mitigate
this degradation mechanism.24

The recirculation piping system scontain compo-
nents suchias elbows, valve bodies, and pump bodies
which are fabricated from Grades CF8 and CF8M cast
stainless steel. Thnecast stainless steels have a duplex
structure with ferrite contained within an austenitic
matrix, have good mechanical properties,-and are
resistant to IGSCC. However, the cast stainless steels
are susceptible to embrittlement at elevated tempera-
tures [-400 0C (-7500F)] and testing has shown that
they are also susceptible to long-term embrittlement
(thermal aging) at LWR temperatures.25. 26 Thermal
aging causes an increase in the hardness and tensile
strength and a decrease in the'ductility and fracture
toughness. The effect is most severe inrcastings with
high ferrite levels. .

Although the relative degree of thermal aging and
embrittlement of the cast stainless steels can be quite

'high, it is not clear that the plant design margins are
impacted, since these materials still retain consider-
able toughness after aging. An analysis of the thermal
aging of pump casings shows that large flaws and high
stresses can be tolerated even after considerable
time.;6 Similar assessments are needed for the other
components affected by this degradation mechanism.
The information would provide a basis for establishing
minimum acceptable flaw sizes and improved inser-
vice inspection requirements.

The fatigue life of the recirculation piping system is
affected by the thermal transients that occur during the
operation of the plant. Mechanically and flow-
induced vibrations also affect the fatigue life. The crit-
ical areas in the recirculation piping system'are the
'welded joints, particularly in locations where there are
geometrical or material discontinuities that result in

-stress risers. However, fatigue does not appear to be a
f life limiting degradation mechanism in the recircula-

'tion piping and there have been no recirculation piping
'-fatiguefailures;-

:12.4 Remedies for Pipe
Cracking in BWRs --

-The mitigation and repair of the IGSCC of the
BWR piping has received considerable attention from

* .:.both industry and the NRC. This work has provided a
technical basis for interim operation with cracked or
repaired piping and has also provided engineering

* solutions for the long-term mitigation of IGSCC in
-BWR piping systems. -

The countermeasures developed for pipe cracking
: - involve a reduction of the severity or elimination of

281



one or more of the three conditions discussed above,
namely,

1. Use of materials and processes that minimize
sensitization

2. Reduction of the tensile stresses at the inner
surfaces of the piping in the heat-affected
zones

3. Modifications of the BWR water chemistry to
reduce the electrochemical potential and con-
ductivity, which are known to enhance the
susceptibility of stainless steel to IGSCC.

'Alternate materials and processes are now available
to minimize or eliminate sensitization in the piping
systems. Several stress-related remedies that reduce
the residual stresses in the welded piping have been
qualified. Finally, the use of hydrogen water chemis-
try results in an operating environment less severe in
terms of IGSCC than that resulting from the normal
BWR water chemistry. The following subsections
discuss the methods developed for the mitigation and
the repair of IGSCC pipe cracking.

Materials-Related Remedies. A number of
materials-related remedies have been'developed for
mitigation of IGSCC in BWR stainless steel piping
systems. These remedies are based on minimizing or
eliminating the sensitization that occurs in austenitic
stainless steel caused by chromium depletion at the
grain boundaries. The remedies now available are
solution heat treating, use of corrosion resistant clad-
ding, and use of IGSCC-resistant alternate alloys.

Solution heat treating is a standard fabrication
procedure used to protect against sensitization of
welds in Type 304 stainless steel.;7 This process
involves heating the fabricated component to above
10000C (1832PF) to redissolve the carbide particles
precipitated during welding. The heated piece is then
rapidly water-quenched to prevent nucleation of
carbide precipitates. Welds protected by the corro-
sion-resistant cladding should be inspected per ASME
Code Section X.8-

Solution heat treating eliminates weld sensitization
and the residual stresses produced during welding and
machining operations. However, solution heat treat-
ment is only practical for shop welding, and properly
qualified procedures must be used for heating and
quenching the part being treated. The'water quench
can be difficult to perform for large components or
components with complex shapes, and it can produce
high residual stresses. No problems with IGSCC are
anticipated in those cases where solution heat treating
is used. At present, approximately 40% of the welds in

a recirculation piping system are solution heat treated.
Twenty-five percent of the weldments treated by solu-
don heat treatment are required to be inspected during
each 10-year interval, as per ASME Code
Section Xl.2s

A second remedy developed for Type 304 stainless
steel piping is the application of corrosion-resistant
cladding to the inner surface.2627 The remedy
involves the application of at least two layers of
Type 308L weld metal to provide a protective cladding
on the inside surface of the piping. The cladding
should have a minimum thickness of 3.2 mm
(0.125 in.) and a minimum ferrite content of 8% by
volume.29 This material has been found to be very
resistant to IGSCC in a BWR environment because it
hasa duplex austenite-ferrite grain structureY3 Precip-
itation of the chromium carbide particles occurs along
the austenite-ferrite grain boundaries, not along the
austenite-austenite grain boundaries, because, the
chromium diffusion rate is much faster in the ferrite
phase than in the austenite phase. A detailed descrip-
tion of the mechanism and the critical amount and
distribution of ferrite required to inhibit IGSCC is
provided in References 30 and 31.

Two versions of the corrosion-resistant cladding
remedy have been developed. One is a shop applica-
tion that includes solution heat treating (as discussed
above) after a partial cladding application. This step
eliminates the sensitization of the heat-affected zones
exposed to the coolant. A second version is a field
application that does not include solution heat treating.
In this procedure, a layer of corrosion-resistant clad-
ding is applied to the inside surface of the piping in the
region adjacent to the joint to be welded. This causes
a small area of the heat-affected zone at the ends of the
weld to be left on the inner surface exposed to the cool-
ant. However, it is limited in depth and is'not located
in the region of maximum weld-induced'stress.
Figure 123 shows the sequence of fabrication steps
and the location of the heat-affected zones for the two
corrosion-resistant clad procedures.sO

The shop procedure starts with a partial application
of cladding to the pipe inside surface near the joint to
be welded. The piece is then' solution heat treated to
eliminate the weld-sensitized zone adjacent to the

'weld deposit.' After the solution heat treatment, the
remainder of the corrosion-resistant cladding is
applied to the inner surface of the pipe. As can be seen
in Figure 12.3, the heat-affected zone produced by this
process does not extend to the piping inside surface in
contact with the reactor coolant. TMe qualification
tests on these two processes indicate that both will
provide IGSCC resistance for BWR piping systemns. 2
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Shop Application
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Figure 12.3. Sequence of fabrication steps and locations of heat-affected zones for welds protected by two
corrosion-resistant claddingprocedures ;- - ' ' -

Several alternate materials have also been qualified
for use in BWR piping. These alloys are resistant to
IGSCC in normal BWR environments' since they do
not senssitizeduringwelding. NucleargradeTypes 304
and 316 stainless steel were developed as replacement
materials for domestic reactors. These alloys, labeled
Types 304NG and 316NG, are not sensitized during
welding because of their low carbon content (0.020%
max). Since the low carbon content acts to reduce the
-yield strength, compensation for the reduction in
carbon content is provided in the nucleargrade materi-
al by an increase in the nitrogen content, which is
maintained between 0.060 - 0.10%. This results in
yield strengths within'the original piping design
requirements. Type 316NG stainless steel has been
favored as a'replacement'material in domestic units;
however, it does not have the same weldability as
Type 304 stainless steel, and there have been welding
problems with the Type 316NG. -

Although Types ,o4NG and 316nG stainless steel
*appear to provide 'acceptable performrance in normal

BWR environments, constant extension rate tests have

shown that Type 316NG is susceptible to transgranular
stress corrosion cracking (TGSCC) when subjected to
oxygenated environments containing chlorides and
sulfates.24 Cracking was observed in oxygenated
water (0.25 ppm, 02) containing 0.1 ppm H2S04.

I This sulfate level is much higher than normally found
in BWRs but is within the water chemistry limits

- allowed by Regulatory Guide 1.56. TGSCC is consid-
- ered much less likely than IGSCC.: However,'after
extended use, piping integrity might be affected by
transgranular cracking if the water chemistry is not
strictly controlled24 -

Recetly Typ . . n..

-Recently, Tpe 347 stainless steel has been consid-
ered because of difficulties experienced in welding the
high-~-purity nuclear grade alloys. *pe 347 alloy is a

; "stabilized stainless steel containing carbide forming
elements, such as niobium, to reduce the free carbon
content The carbide forming temperatures for the sta-
bilizing elements are higher than those for chromium.
Therefore, sufficient care should be taken during heat-
treatment of Type 347 stainless steel to avoid precipi-
I tation of chromium carbide, which will again make the
steel susceptible to IGSCC.3 3 Initially, Type 347
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stainless steel was not considered for domestic use
because of unfavorable experience in theUnited States
in the early 1960s with both fabrication and welding.
Those problems were overcome by changes in the
chemistry balance of the alloy and development of
suitable welding processes.. This material is used
extensively in Germany, and a low-carbon niobium-
stabilized Type 347 stainless steel has been used by the
Kraftwerk Union for BWR piping. This piping has
been in service for up to 20 years, and no occurrence of
IGSCC has been reported. A modified version of this
alloy is currently being considered for domestic
use.34 35 The modified alloy, Type 347NG, is stabi-
lized with niobium and has a maximum limit on carbon
of 0.02%.

Cast austenitic stainless steel with less than 0.035%
carbon and a minimum of 8% (volume) ferrite is resis-
tant to sensitization2 and may be used, if qualified, as
an alternate material for BWR piping. At present, this
material is not used as an alternate material for recircu-
lation piping in United States BWR plants.

Stress-Related Remedies. A number of
stress-related remedies have been developed for the
mitigation of IGSCC. These remedies include heat-
sink welding, induction-heating stress improvement,
and mechanical stress improvement. These remedies
reduce the residual tensile stresses in the weld heat-
affected zone (HAZ), and, in most cases, compressive
residual stresses are produced on the inside surface of
the piping, which extend part way through the wall.
The tensile stress condition necessary for the initiation
of IGSCC is mitigated by these remedies, and the
propagation of existing cracks will be arrested when
the crack tips are kept in compressive stress.

hIeat-sink welding is a process that can be used in
the initial welding of new piping or for complete
rewelding of an existing joint. With this process, the
initial sealing passes (the root pass and several
additional passes) are made in the conventional way.
Subsequent welding passes are made with the inside
surface of the piping cooled by either a water spray or
flowing water. The thermal gradients generated during
heat-sink welding produce residual compressive
stresses on the inside surface of the welded joint. For
example, the heat-sink welding process introduced a
residual axial compressive stress of 600 MPa (87 ksi)
in the heat-affected zone on the inside surface of a
25-mm- (-10-in.-) diameter pipe-to-pipe weld-
ment, as compared to a residual axial tensile stress of
138 MPa (20 ksi) in a conventional weldment36 A
comparison of the circumferential residual stresses left
after heat-sink welding with those left after conven-
tional welding is shown in Figure 12.4. As indicated

by Figure 12.4, heat-sink welding produces residual
stresses at the inside surface which were compressive
in all pipes tested [200 mm (8 in.) in diameter and
larger].?7 However, implementation of heat-sink
welding presents some problems with respect to both
the heat sink-weld sequencing and the structural sup-
port (because of the weight of water).

The heat-sink welding process also results in
reduced sensitization of the weld HAZ. The water
cooling acts to reduce the size of the HAZ and to
reduce the degree of sensitization because of the rapid
cooling of the pipe between weld passes. This effect
may be partially offset by low-termpeature sensitiza-
tion, which has been observed in laboratory studies of
weld HAZs produced by heat-sink welding.t4

Although low-temperature sensitization can enhance
the sensitization of the heat-affected zones, it will not
affect the compressive stress produced by this process,
and there should be no increase in the susceptibility of
these welds to IGSCC.

A second method, the induction-heating stress-
improvement method (IHSI) was originally developed
in Japan and has been the most widely implemented
stress improvement method to date.38 This method
has the advantage of being used after the conventional
welding process is completed. The IHSI process con-
sists of heating the finished pipe welds using an in-
duction coil located around the weld while the inner
surface is cooled by flowing water. The IHSI process
is shown schematically in Figure 12.5. The outside
surface of the weldment is heated to about 5000C
(9320 F) while the inside surface is maintained near
1000C (212PF). The steep thermal gradient causes the
outer surface to yield in compression and the inner sur-
face to yield in tension. After cooldown, the relative
contraction of the piece being treated causes the stress
field to reverse, placing the outside surface in tension
and the inside in compression. Figure 12.6 shows an
example of the through-wall axial residual stresses
produced by the IHSI process when applied to a
410-mn (16-in.-) diameter pipe. The residual com-
pressive stress level on the inside surface, shown in
Figure 12.6, is 300 MPa (43 ksi), which is typical of
the range achieved with this treatment, about 205 to
345 MPa (30 to 50 ksi). The IHSI treatment produces
a compressive residual stress that extends from the in-
side surface through more than 50% of the wall. The
residual compressive stress level at the inside surface
is generally above about 205 MPa (30 ksi), the mini-
mum specified 0.2% offset yield stress for Aypes 304
and 316 stainless steel. The residual tensile stress lev-
el on the outside surface is about 360 MPa (52 ksi)
which is significantly higher than those listed in
Table 12.5 for the as-welded pipe.
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Figure 12.6. Through-wall axial residual stress 0.25 cm (0.1 in.) from fusion line, in a 410-mm (16-in.) diameter
pipe, welded and IHSI processed? 8

The conventional IHSI process cannot be applied to
the heat-affected zones in the weldments between the
reactor pressure vessel nozzles and the safe ends
because the thermal sleeves make it impossible to -

properly cool the inside surfaces of the safe ends with
running water. Therefore, a special nozzle has been
designed to inject water into the'annulus between the
thermal sleeve and safe end. Laboratory tests on
mock-ups simulating the actual nozzle-safe end con-
nection show that the modified IHSI using the special
nozzle is effective in producing compressive residual
stresses in the heat-affected zone on the inside surface
of the safe end0 9

An extensive testing program has been carried out to
investigate the IGSCC resistance produced by the IHSI
process.38 The results of the testing program show that
the IHSI remedy produces IGSCC-resistant welds
which can accommodate applied stresses of up to
about 207 MPa (30 ksi), which is above the normal
service levels. Work on precracked piping shows that
the IHSI remedy produces a strong compressive resid-
ual stress on cracks extending through less than 40% of
the wall. The compressive residual stress should
prevent or slow down further crack growth. Tests have
also been run on precracked pipes subjected to high
applied loads that produced tensile stresses at the

existing crack tips. The results from those tests show
little or no benefit from the IHSI treatment.

With regard to the long-term effectiveness of the
IHSI process, a number of factors have been evaluated.
Applied load induced relaxation of the residual stress
has been investigated.404l The results suggest that the
primary stress levels anticipated during BWR opera-
dion will noL cause relaxation of the residual stresses.
Low-temperature sensitization of the ISHI-treated
zone has also been studied. 14 This was considered po-
tentially important since the IHSI process produces a
favorable residual stress state by thermomechanically
working a large region on either side of the weld. The
thermomechanical working is accompanied by an
increase in the dislocation density in the material,
which is a factor known to increase the tendency for
low-temperature sensitization. The results of this
study show that the sensitized region in the weld HAZ
becomes somewhat larger with time. However, the
observed increase is not large and is the same both with
and without application of the IHSI remedy.

A third stress improvement method, just recently
developed, is the mechzanical stress improvement pro-
cess (MSIP) developed by O'Donnell and Associates,
Inc.42 The process employs a mechanical clamping

s

286



technique to apply a compressive load on the pipe at
some distance from the weld. The load imposed by
the clamp then creates compressive stresses on the
inside of the pipe over a region that includes the weld
and HAZ. The application of the mechanical stress
improvement process is shown in Figure 12.7.

.LN88026.13

Flgure 12.7. General view of the MSIP process.44

Examples of measured residual stresses in the heat-
affected zones of three different weldments subjected
to the MSIP process are discussed below.43 The mca-
sured axial and circumferential compressive stresses
on the inside surface of a 305-mm- (12-in.-) pipe-to-
pipe weldment at 15 mm (0.59 in.) from the weld cen-
ter line after the application of the MSIP were, respec-
tively, 241 and 228 MPa [35 and 33 ksi (toward the
MSIP tool)], and 331 and 214 MPa [48 and 31 ksi
(away from the MSIP tool)]; the axial tensile stress on
the outside surface at 15 mm (0.59 in.) from the weld
center line was 186 MPa [27 ksi (toward the MSIP
tool)]. The maximum measured axial residual stresses
in a 711-mm- (28-in.-) pipe-to-pipe weld before and
after the application of MSIP were, respectively, 138
and -276 MPa (20 and -40 ksi) on the inside surface,
and -138 and 138 MPa (-20 and 20 ksi) on the outside
surface. The level of measured axial residual stresses
on the inner surface of a 356-mm- (14-in.-) pipe-to-
elbow weld was 276 MPa'(40 ksi) before the applica-
tion of MSIP and in the'rii'ge of-69 to -131 MPa (-10
to -19 ksi) after the application. The measured residu-
al tensile stresses on the inner surface of the 7 11-mm-
(28-in.-) pipe-to-elbow weld, under the MSIP tool
and at a distance of 122 mm (4.8 in.) from the weld
centerline, before and after the MSIP treatment, were
55 MPa (8 ksi) and 110 MPa (16 ksi), respectively.4

Last-pass heat-sink welding is a process (similar to
the heat-sink welding discussed above) that uses

thermomechanical work to reduce the IGSCC suscep-
tibility of a finished jointL The 'welds are made in the
conventional manner, and then a final pass is made
using a high-heat input with no filler material. The
inside of the pipe is water-filled during the lastpass to
provide 'a heat sink. This process has the advantage

' that itcan be used during the initial welding of the pip-
ing, and it can also be'used on piping with completed
welds. The last-pass heat-sink welding process intro-
duces compressive and tensile residual stresses,
respectively, in the heat-affected zones on the inside
and outside surface of a weld. For example, this pro-
cess introduced axial residual stresses of magnitude
-262 MPa (-38 ksi) and 69 MPa (10 ksi) in the heat-

-.affected zones on the inside and outside surface,
respectively, of a 610-mm- (24-in.-) diameter Type
304 stainless steel pipe-to-pipe weld.7 The last-pass
heat-sink welding process has been further developed
in recent years and it now produces higher and more

-reproducible residual compressive stresses.4044 How-
ever, the process has not yet been qualifiedand at this
time is notconsidered to be a fully effective remedy for
IGSCC32

8
e r f

Inservice inspection requirements for the weld-
' ments on which stress improvement is performed and
in which no cracks have been detected during the sub-
sequent required inspection, are as follows.2 8 If stress
improvement is performed withini two years of opera-
tion,50% ofthewelds'shouldbe examinedduringeach
10-year interval. If stress improvement is performed
after two years of operation, the welds are more likely
to contain undetected cracks; and all the affected welds
should be inspected within two refueling cycles, and
every ten years thereafter.

TheIHSI and MSIPprocessesproduceresidual ten-
sile stresses on the outside surface of the piping in the
heat-affected zone, and are much larger than those in
the as-welded pipe. Therefore, any IGSCC that initi-
ates from the outer wall is a potential concern, particu-
larly if corrosive agents such as chlorides and sulfates
are present. This concern can be minimized by careful
control of the materials thatecontact the piping (such as
insulation), and by control of the environments within
the containments and reactor buildings.

Hydrogen Water Chemistry. As discussed
above, radiolysis of the BWR coolant produces free
oxygen and hydrogen during reactor operation. Most
of the free hydrogen and oxygen are mixed with the
steam and are subsequently removed from the coolant
loop at the conderiser. However, about 200 ppb 02 and
20 ppb H2 remain in the primary coolant water during
steady-state full-power operation. The objective of
hydrogen water chemistry (HWC) is to reduce the

287



electrochemical potential of the stainless steel piping
and fittings by injecting hydrogen into the feedwater
The hydrogen is injected through taps in either the suc-

'tion line leading to the condensate booster pump or to
the main feedwater pump. The amount of hydrogen
required in the feedwater depends on plant design. The
hydrogen added to the primary coolant recombines
with the radiolytically produced oxygen, reducing the
oxygen level in the coolant and the corrosion potential
of the stainless steel piping. However, at the residual
oxygen levels achievable in BWRs, IGSCC is sup-
pressed only at very low levels of ionic impurity,
which controls coolant conductivity. Therefore, the
HWC treatment' developed for BWRs combines
suppression of electrochemical potential with strict
control of the water conductivity.

A series of laboratory tests have been performed to
investigate the mitigation of IGSCC by oxygen sup-
pressionw4 47 These tests included electrochemical
potential and dissolved oxygen measurements,
constant extension rate tests on small specimens, and
tests using welded joints made from 10-cm (4-in.)
Schedule 80 Types 304 and 316NG stainless steel pip-
ing. The tests demonstrate that IGSCC mitigation is
possible at dissolved oxygen levels below 20 ppb
when the conductivity is kept below 0.2 zS/cim. HWC
is not effective unless appropriate water quality is
maintained. Specifically, such impurities as sulfates,
chlorides, and carbonates must be strictly controlled to
maintain low conductivity levels. Maintaining a low
conductivity level limits the general level of ionic
impurities in the coolant. For example, a limit of
0.2 S/crm corresponds to a limit of 0.02 ppm H2SO4.
The laboratory studies show that HWC suppresses
stress corrosion crack initiation and that HWC can
prevent further growth of existing IGSCC cracks.

Electrochemical potential and dissolved oxygen
measurements were used to determine how a given
decrease in dissolved oxygen (under the expected
range of HWC conditions) affects the corrosion poten-
tial of Type 304 stainless steel. The electrochemical
potential or corrosion potential is a measure of the
thermodynamic driving' force for corrosion reactions.
The measurements were made with TYPe 304 stainless
steel in high-purity water and sodium sulfate solutions:
at various concentrations of dissolved oxygen and
hydrogen. The results are presented in Figure 12.8,
which shows a rapid drop in the electrochemical
potential of Type 304 stainless steel as the dissolved

oxygen drops to between 10 and 40 ppbi. The figure
also shows the results of electrochemical potential
measurements made at Dresden 2, Peach Bottom 3,
and Ringhals 1. Als6 shown in the figure is theprotec-
tion potential determined from constant extension rate
testing on small specimens. These tests show that
reducing the corrosion potential to below -0.230VS5M
(standard hydrogen electrode) mitigates IGSCC in
sensitized stainless steel.

In addition to the tests on austenitic'stainless steel,
laboratory tests under simulated HWC conditions were
run on other BWR structural materials, including
Alloy 600, Alloy X-750, carbon steel, and Zircaloy 2.
The additional testing on BWR structural materials has
shown a generally beneficial effect. For example,
HWC mitigates IGSCC of highly sensitized
Alloy 600 and in Alloy X-750, and TGSCC of low-
alloy steel. However, the general corrosion and mate-
rial removal rate of carbon and low-alloy steel was
found to be significantly higher when using
HWC.46.9 Figure 12.9 shows the general corrosion
rates measured in carbon steel both in an HWC envi-
ronment and a reference environment containing
200 ppb 02. The HWC corrosion rate is significantly
higher than the reference environment corrosion rate
during the first eight months of testing. Short-term
results show that the steady-state general corrosion
rates measured after a stable corrosion film was estab-
lished are only slightly higher than in the reference
environment. The erosion-corrosion of BWR feedwa-
ter and main steam systems is discussed in Chapter 10
of this report.

In addition to the laboratory tests, the results of
short-term demonstration tests at Dresden 2 and
Ringhals 1 have been reported.2834850 Hydrogen was
added to the feedwater to reduce the oxygen concentra-
tion in the recirculation water, and constant extension
rate tests (for IGSCC) were used to evaluate the effec-
tveness of adopting HWC in an operating plant. The
electrochemical potentials were also monitored during
these' demonstration tests. It was' found that
maintaining the oxygen level between 15 and 20 ppb
was adequate to suppress IGSCC at Dresden.' Howev-
er, IGSCC was not suppressed at Ringhals until the
residual oxygen level was reduced to below 10 ppb.
ThIe results of the electrochemical potential measure-
ments at both Dresden 2 and Ringhals 1 show that
resistance to IGSCC was achieved at corrosion poten-
tials corresponding to the protective potential deter-
mined by the laboratory testing (Figure 12.8).
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The experience at Dresden and Ringhals shows that
plant-to-plant differences are also to be expected in
implementing HWC. These differences are attributed
both to plant design and materials. Recombination
was found to be more complete in Ringhals 1, and for
a given oxygen concentration in the recirculation sys-
tem a lower hydrogen concentration was present.49

Other experience has also shown that individual plants
respond differently to HWC. Short-term tests have
been run in Pilgrim, Fitzpatrick, and Peach
Bottom 3.The oxygen concentration in the recircula-
tion water of these three BWRs and Dresden 2 is
shown in Figure 12.10 as a function of the hydrogen
concentration in the feedwater.5 t1 52 The arrows in this
figure indicate the hydrogen additions which are need-
ed to reduce the electrochemical corrosion potential
below the IGSCC limit. Hydrogen addition decreases
the concentration of oxygen in the recirculation water
in all plants; however, the amount of decrease is plant
dependent, and reasons for this are not known at pres-
ent.52 At present, HWC has been implemented in six
domestic BWR plants.

Following the demonstration test in Dresden 2,
HWC was implemented in Dresden 2 on a long-term

103 i. ''''

basis, starting with Cycle 9 (April 1983). The im-
provement of water quality at Dresden 2 was accom-
plished with existing equipment during Cycle 9. Key
changes in operating practices that improved the water
quality were the use of new condensate resins, a switch
to stoichiometric equivalent resin mixtures, termina-
tion of resin regeneration, and elimination of resin re-
cycling from radwaste to 'condensate system.53 The
results reported after the first 18-month fuel cycle with
HWC are quite positive. At full power, the oxygen
levels in the recirculation piping were maintained be-
low 20 ppb by a concentration of 1.32 ppm dissolved
hydrogen in the feedwater. During the last 12 months
of Cycle 9, the oxygen concentration in the recircula-
don piping was kept below 20 ppb about 78% of the
time, and the water conductivity was kept below
0.20 gSlcm 98.9% of the time. The oxygen concentra-
tion during Cycle 10 was below 20 ppb about 82% of
the time, slightly higher than the 78% obtained during
Cycle 9. The conductivity of the recirculation water
was less than 0.2 ,uS/cm for greater than 99% of the
time during Cycle 10. The recirculation water pH in
Cycle 10 was slightly acidic, compared to slightly
basic values in Cycle 9*53 One of the important results
from the Dresden full-scale demonstration has been to
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Figure 12.10. Recirculation lineoxygen concentration asa function of feedwaterhydrogen concentradon forfour
U.S. plants. (The arrows indicate addition rates that depressed the stainless steel corrosion potential below the
IGSCC protection potentiaL).52
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show that the HWC requirements do not need to be met
100% of the time' to suppress IGSCC. The Dresden
results (Cycle 9) show that even when hydrogen addi-
tion is stopped,10GSCC continues to be mitigated for
about 10 hours.

The experience at Dresden 2 demonstrates that
HWC can be implemented with a'relatively minor
impact on plant operation and with a major beneficial
effect (mitigation of the IGSCC of the sensitized stain-
less steel). The corrosion product measurements
showed that HWC did not have a large effect on the
transport of soluble or insoluble elemental species.54

The principal side effect of HWC is an increased
level of hydrogen and nitrogen in the steam. The
increase in 16N activity is a result of the change in pri-
mary coolant chemistry that occurs with the addition
of hydrogen. The 16N isotope is produced by an (np)
reaction with the 160 in the primary coolant. With
standard BWR water chemistry conditions, most of the
16N is probably in the form of nitrate, which remains in

'found in the heat-affected zones.2s The methods
include

1. Weld overlay reinforcement

2. Stress improvement (for minorcracks)

-3.' 'Mechanicalclampingdevices

4. Partial replacement.

Weld overlay reinforcement was initially used as a
' short-term repair method, but the method currently
appearssuitableforatleastalimnitedlongeruse. Stress
improvement is an effective repair method only for
minor cracks, and detailed crack sizing must be carried
out after stress improvement. Mechanical clamping
devices provide temporary reinforcement for cracked
welds. bhisrepairmethodhasbeen usedonademon-
strationbasis only. Partialreplacementprovides aful-
ly effective repair if IGSCC-resistant material is used
along with qualified processes.

the water. Under the more reducing conditions pro ' ' '' ''
ducedbyHwC~alargerfractionofthenitrogenwillbe Weld Overlay Reinforcement. Weld overlay
in the form of volatile species (ammonia, nitrogen ox- reinforcement is the technique most widely used for
ides), which will concentrate more in the steam phase. field repairs of BWR piping containing IGSCC. The

procedure consists of applying a layer of weld metal
6'Nin at 'rsden '2'e's- - '' over the original weld and heat-effected zones. The

The mcreased N. in the stearn at Dresden 2 resulted - overlays are made by applying weld metal completely
in a five-fold increase in the radiation levels measured around the outside surfe of the pipe and overlapping
at the main steam line when the HWC was in-opera- each pass. Figure 12.11 shows a typical weld overlay.
tion. The relative increase in the radioactivity level of The weld overlays are fabricated using low-carbon
the main steam line atRinghals was omewhat sT11e4 ;- high-ferrite 308L weld metal for the repair, and the
about a factor of 3. Increases in main steam line radi- ' welding is performed with cooling water flowing
ation were also monitored during the short-term tests . through the pipe during application of the overlay.
at Peach Bottom 3, Pilgrim, and Fitzpatrick. This cooling during application prevents further sensi-

,tization of the inside surface of the piping underrepair.
The HWC verification program at Dresden 2 'It also produces a residual compressive stress field at.

included an extensive investigation of the performance the inside surface of the piping under the overlay.
of the fuel cladding'and other Zircaloy core compo-
* nents using precharacterized fuel assemblies. Areas of
emphasis included Zircaloy corrosion and hydriding as
well as crud build on the fueL55 Theresults 'the'
corrosion and hydriding stu~dies indicate little or no '''/z ~ / s 2 s X sz
effect of one cycle (Cycle 9) of exposure to HWC.
Some measurable effects of HWC are seen from the
analysis of crud, but overall the crud characteristics are
still in the range considered normal for BWRs. There
are no indications of any adverse impact on fuel
performance.' 6

12.5 Repair of Cracked Piping - '- - , - - ; ^ L~~~~~~~~~~~~~~IRn7802-IA4

Four methods are considered tobe acceptable for Figure 12.11. Schematic of typical weld overlay
the repair of BWR piping systems when cracks are 'reinforcement. 45
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The standard overlay is designed to provide a new
pressure boundary even if the original piping contains
a through-wall crack a full 360 degrees around the
pipe. In cases of axial cracks (perpendicular to the
welds) and very short circumferential cracks, a design
overlay can be used that takes credit for part of the
original piping. The compressive stresses induced by
the weld overlay inhibit crack initiation and further
growth. Analytic results indicate that the stresses
ahead of any cracks that do not extend further than
60% into the wall will be compressive, inhibiting
further growth. In addition, the weld material used in
making the overlay is itself more resistant to 1GSCC
than sensitized Type 304 stainless steel and provides a
barrier that tends to limit further crack growth.

Weld overlays were developed as a short-term
solution to allow plants to continue operating until per-
manent corrective measures were taken. The overlays
were initially approved for only two cycles of oper-
ation. The major barrier to extended use was the
difficulty in performing proper inservice inspections
of the overlays to demonstrate continued integrity.
The NRC requires positive assurance that cracks have
not progressed into the overlay before operation for
additional cycles. In addition, the NRC has stated that
the inspection procedure should be capable of detect-
ing cracks that were initially deeper than 75% of the
original wall thickness and capable of detecting ad-
ditional cracks that have grown deeper than 75% of the
original wall thickness.

Ultrasonic techniques are usually used in inspecting
for IGSCC. However, there are several problems asso-
ciated with the inspection of weld-overlay-repaired
piping using conventional ultrasonic techniques. The
first is that the surface of the overlay is not smooth,
causing a dispersion of the incident beam. Second, this
problem is aggravated by the anisotropy of the weld
material, which further attenuates the signal. Third,
the interface between the overlay and the original pip-
ing is a reflecting surface for the ultrasonic beam,
which also increases the difficulty of inspection.
Finally, the application of the overlay produces a com-
pressive stress on the inner region of the piping and
tends to close up the existing cracks, reducing the
signal reflected from the crack.

Improved ultrasonic inspection methods have
recently been developed at the EPRI/NDE Center,
which allow piping under weld overlays to be
inspected for IGSCC. The improved inspection meth-
ods appear to meet the NRC criteria discussed above.
A surface condition specification has been developed
to eliminate the dispersion of the initial beam, and

longitudinal ultrasonic waves are used to minimize
beam attenuation in the overiay.5 7 Deep cracks in the
original piping and fabrication flaws (lack of bonding)
in the overlays can be detected. To date, shallow
cracks near the inside surface cannot be detected, but
this is not required for qualification of the overlays for
additional use. Weld overlay reinforcements have
been inspected with these methods, after their initial
two cycles of approved use, and are now in their third
cycle of operation.

The inspection schedule for cracked piping repaired
by weld overlay reinforcement requires all of the over-
lays to be inspected during every two refueling
cycles.28 Half of the overlays should be inspected
during the first refueling outage after repair.

Although weld overlay reinforcements were devel-
oped as a short-term measure, extended use is pos-
sible with adequate inspection. The useful lifetime of
weld overlay reinforcements appears to be limited by
the stabilization of the cracking in the original piping.
If the cracking under the overlay continues to grow, it
will eventually reach the overlay. Although the over-
lay material is known to be resistant to IGSCC, cracks
have penetrated from sensitized Type 304 stainless
steel into Type 308L weld material.-5 8 Another
potential limitation to the extended usage of weld
overlays could be fatigue. However, the growth of
existing cracks due to both fatigue and stress corrosion
was considered in the design analysis of the weld over-
lay repairs for Hatch 1.5 The analysis showed that the
design life was in excess of 5 years, and that growth of
fatigue cracks and the fatigue life were not limiting
factors.

Stress Improvement. Several of the stress-
improvement methods developed for IGSCC miti-
gation can be used to repair BWR piping containing
shallow cracks. The method most widely used to date
has been the induction-heating stress-improvement
method. The stress-improvement methods result in a
residual stress pattern with a tensile stress in the outer
part of the pipe wall and can only be used for shallow
cracking. If the cracks extend deeper than halfway
through the wall or if there are applied stresses that
result in a tensile stress field at the crack tip, crack
propagation will not be inhibited by the repair process
and, in fact, may be encouraged by the treatment.
Detailed crack sizing is required after the application
of stress improvement, and then reinspection of the
weld is required every two refueling cycles.38 This
treatment is not recommended for axial cracks, for
short cracks deeper than 30% of the wall thickness,
for circumferential cracks greater than 10% of the

-

-
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circumference, or when the service stress on the weld- . .12.6 .Summary, Conclusions,
ment exceeds the code design stress intensityS. and e

m- -~and Recommendations

While stress improvement and weld overlays appear The BWR recirculation piping has experienced con-
to provide acceptable methods for stabilizing existing siderable degradation caused by IGSCC, including
IGSCC, these two methods do have a serious draw- through-wall cracking, in the recirculation piping.
back in that higher inservice inspection frequency and The IGSCC failures of the recirculation piping have
larger inspection-sample size are required. This is been addressed by a number of industry- and NRC-
costly in terms of both resources and radiation expo- sponsored progras, and a variety of countermeasures
sure. For long-term operation and for extended life, have been developed, which are listed in Table 12.6.

further wo.k is needed to provide confidence in'the Countermeasures for mitigating the other degradation
varther work is needed to pairovidescon.idenceinthe mechanisms active in BWR recirculation piping are
various long-term repairs. also listed in Table '12.6. Countermeasures for repair

and replacement of degraded recirculation piping are
Mechanical Clamping Devices. Mechanical also listed. However, long-term field-experience data

clamping devices are designed to retard IGSCC crack are needed to assess the effectiveness of the various
growth and to prevent pipe breaks. Tightening of studs countermeasures. The conclusions and recommenda-
on the clamping devices produces axial and circumfer- tions regarding the BWR recirculation pipe cracking
ential compressive stresses in the pipe wall that may are as follows:
potentially mitigate crack growth during operation. In ' - '
addition, clamping devices provide alternate load 1. Three stress improvement methods, heat sink
paths around degraded weldments and ensure their welding, induction heating stress improve-
structural integrity. One such clamping device, called ment, and mechanical stress improvement
Pipelock, is available from O'Donnell & Associates.fi effectively mitigate IGSCC by introducing
Preloaded bolts with axis parallel to the pipe center residual compressive stresses in the heat-
line, bring the two halves of the pipelock, which are affected zone on the inside surface of the
mounted on the two sides of the cracked weld, together recirculation piping.
and produce compressive stresses in the pipe and the
weld. Pipelocks can be readily removed for inspection 2. The stress improvement methods introduce
of the welds. compressive stresses at the tip of shallow

cracks in the heat-affected zone and are
effective in inhibiting the growth of short

Partial Replacement. Partial replacement cracks not exceeding 30% of the wall thick-
consists of simply cutting out the section of piping that ness. However, a higher inspection frequen-
contains welds affected by IGSCC and replacing it cy and larger sample size are required for

these welds.with a new section. This method will produce a per-
manent repair when IGSCC-resistant material is used 3. Use of hydrogen water chemistry has been
and the installation welds are IGSCC-resistant.
High-ferrite 308L weld metal an'd heat-sink welding, - successful in suppressing IGSCC crack initi-
or a stress-improvement process should be employed. ation, provided it o w y
This type of repairrequires that the section of piping o * levels of joicimpuites. Hydrogen water

bereplaced is drained and dried which may require- -chemistry is effective when the level of dis-
bdefueli ig of treplaceisdainedandri whic re.uire solved oxygen is reduced below 20 ppb and
defueling of the reactor. Also, this repair usually the coolant conductivity is kept below
results in high-radiati6n exposures to repair personnel, 0.2 gIS/cm. On-line monitoring of coolant
especially at olderplants. Fially, whenareplacement ' '';i'chemistry and periodic IGSCC tests are
section of piping is welded into place, some shrinkage recommended.
'(about 200 to 300 mils) will occur across the welded '
joints in the axial direction. This will alter the applied , i 4. Short-te-rm laboratory tests under simulated
stressesin thesystembeingrepairedandhasthepoten- conditions show that the use of hydrogen
tial for producing tensile stresses in older, less water chemistry significantly increases the
IGSCC-resistant pipe joints. The same concern initial general corrosion'rate of the carbon
applies to the replacement of single components such steel components. However, once a corrosion
as elbows and valve and pump bodies. ' film is formed,-the general corrosion rate

293



Table 12.6. Summary of countermeasures for recirculation pipe cracking

Mechanism Countermeasure Mitigation Repair Replacement

IGSCC Inductive heating
stress improvement

Heat sink welding

Mechanical stress
improvement

Solution heat treatment

Corrosion resistant
cladding

Nuclear grade material

Hydrogen water
chemistry

Weld overlay

Clamping device

X X X

X X

X X X

X

X

X

X

X

XX

TGSCC Hydrogen water chemistry

Minimiie cold working
in fabrication

X

X

Thermal
embrittlement

Use of less susceptible
material

X

appears to be similar to the normal water
chemistry corrosion rate.' Long-term evalua-
tion of the erosion-corrosion of carbon steel
components subjected to hydrogen water
chemistry is recommended.

5. Weld overlay introduces compressive
stresses in the weldment and inhibits IGSCC
crack initiation and growth. Analytical
results indicate that weld overlays will inhibit
the growth of cracks that do not extend
beyond 60% of theviall thickness. The major
barrier to extended use of weld overlays is the
difficulty in performing reliable inspections
of the weldment under the overlays.
Improved ultrasonic methods have been

6.

developed for this purpose. All ,welds
repaired by weld overlays, should be
inspected within each two refueling cycles.

Mechanical clamping devices introduce axial
and circumferential compressive stresses in
the piping and retard crack growth. In addi-
tion, such clamping'devices provide ai alter-
nate load path around the degraded weldment
and'ensure its structural integrity.

Solution heat treatment of piping shop welds
eliminates sensitization' in the heat-affected
zones and, thus,' provides protection' against
IGSCC. This treatment is applicable to new
piping, and, at present, approximately 40% of

7.
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the welds in the recirculation piping are solu-
tion heat treated.

8. Typcs 304NG and 316NG stalfiless steels are:
much more resistant to IGSCC and have been
qualified as alternate materials for BWR pip-
ing.Howevcr,Type 316NG doesnothavethe
same weldability as Type 304 stainless steel,
and it is susceptible to transgranular stress cor-
rosion cracking (TGSCC). Laboratory results
show that the use of hydrogen water chemistry

and strict control of impurities in the coolant
can mitigateTGSCC. UseofType 347NGis

- currently being evaluated.

9. Application of corrosion-resistant cladding
--on the inside surface of the piping protects
any sensitized surfaces from exposure to the
BWR coolant, and has been successfully
demonstrated. Corrosion resistant cladding

- may be applied to the new piping weldments
in the shop or field.

: .....
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13.!- PRESSURIZED WATER REACTOR AND
BOILING WATER REACTOR CABLES AND

CONNECTIONS IN CONTAINMENT

J. B. Gardner and L C. Meyer

This chapter presents an aging assessment of the
cable systems used within the containments of United
States nuclear power plants. Cable systems, which
consist of cables and connections, provide the path for
signals between sensors and the electronics used for
the protection and control of the reactor, and for the
control and powering of equipment used during
normal operation and in mitigating the effects of
accidents. Thus, cable systems are important to plant
safety both during normal operation and under acci-
dent conditions. This chapter contains (a) a discussion
of the various types of lBE cables and connections and
their materials of construction; (b) identification of the
stressors, aging degradation sites, mechanisms, and
potential failure modes, and aging-effects indicators;
(c) an evaluation of the importance of operating
experience records to component life assessments;
(d) an evaluation of methods currently in use and
others proposed for detecting aging effects and degra-
dation; (e) a general discussion of possible approaches
to cable system life assessment related to various
qualification situations that may prevail at plants; and
(f) conclusions and recommendations.

Cables and connections used in fossil fuel and
hydroelectric power plants have generally performed
well for 30 to 60 years or longer. Many such older
cables are still in use even though the thermal and
environmental resistance of their insulation and jacket
materials are inferior to the newer cables and connec-
tors. There is good reason to expect that many of the
low-voltage cable systems in nuclear plants will
operate well, farlongerthan 50years,becauseindustry
specifications and cable performance have improved
significantly in recent years. However, exceptions may
result because of errors or oversights in cable design,
manufacture, or installation, or because of environ-
ments that are more severe than expected. Also, cables
in reactor containments are exposed to the additional
environmental stress of radiation, which is a new
element of uncertainty in predicting long-term

behavior. The potential for common-cause failures' is
another concern.1

The nuclear qualification program requires licens-
ees to demonstrate that the components of cable
systems are capable of operating during and/or after
the sudden imposition of a harsh environment, which
might accompany a postulated design-basis event
(DBE). Demonstrations normally involve a preaging
process to put the components in that aged condition
expected at the end of their initial design life (generally
40 years for cable). Thus, the qualification program
"looks into the future' only as far as the preaging of
samples before conducting loss-of-coolant accident
(LOCA) or seismic tests.

Unlike most of the other equipment discussed in this
report, the operating performance of cable systems and
present industry testing of those systems during
normal service provide only a limited perspective on
the capability of cable components to continue operat-
ing in a high-stress environment resulting from
seismic or pressure boundary leak accidents. Condi-
tion monitoring of cable system components with the
methods available today, either done in situ or on
removed samples, will also provide limited insight into
the potential performance of cable systems exposed to
harsh DBE conditions. Data on the condition of
preaged components before qualification tests need to

a. Common-cause failures (CCF) involve more than
one failure resulting from a single event and its conse-
quences. Those CCFs with great impact to safety occur
over a time interval too short to allow repair or replace-
ment to mitigate the initial failures. An example would
be post-LOCA failures, where a number of failures at
various locations within the containment might first re-
sult from polymer deformation during the initial
temperature-pressure cycle, and somewhat later,
chemical spray seeping into various connections. The
modes of failure differ, but all have a single cause and,
in this case, access to repair of the first type of failure
is not possible before the second type occurs.

-
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be compared with inservice conditions to ensure DB.
performance. Therefore, this chapter addresses car
cepts of cable and connections qualification an
environmental aging and does not focus on analysis c
normal operating experience or standard test proe
dures (as is the case with pressure boundar
components).

Issues in the assessment of the remaining useful lil
of cable systems in containment stern either from a
interest in extending the original qualified life, or froi
concerns about the completeness or technical validit
of the qualification programs.

13.1 Description

The cable systems within the scope of this study ax
those interconnecting separate units of electric,
equipment within nuclear reactor containments. Thb
study does not include the internal wiring withi
manufactured units of equipment. The cables a:
distributed over many areas of the containment wit
varying environmental conditions and encounter man
interfaces where interactions may cause cumulativ
aging effects, which, if not mitigated, lead to degrade
tion. The varieties of cables noted in the followin
section, as well as stressors described in Section 13.:
give rise to a complex matrix of possible situation
Therefore, the approach to analyses of individui
station aging should be to focus on high-priority arem
of concern, using the general guidance available froi
this and other studies.3

E times by their load current levels, or simply by their
i- ' conductor size. Also, designs of and materials used for
Id power and control cables overlap, so the distinction
)f -may not be important for this and other studies.
e- Figure 13.1 illustrates several cable designs.
y

Polyethylene Rubber

/acket Insulation Stranded
fe / z Sconductor

a. Single stranded conductor power cable.

Jackt ,Braided
Jllacket .shleld/ Insulation

iS - : _- ____- / / Stranded conductor

b. Coaxial Instrumentation cable

-- Insulated
ke Tape/ conduction

C. Multiconductor control cable
13.1.1 Cables. The safety system cables in the
containment of nuclear power plants are used in the
following classes of applications:

* Power-at a rating of 600 V arid below, domi
nantlyac.

* Control- voltage ratings used prim'arily ti
differentiate between various insulation wa]

' thicknesses available'from suppliers rathe
than to limit the operating voltage, whic]
may vary from microvolts to 440 V, either a
or dc.

* Instrumentation - normally very low-energ
---circuits of either high or low impedance usin,

dc, ac, or pulse signals. -

There is no generally accepted distinction betwee
power and control cables. Sometimes cables ar
distinguished by their operational function and some

3435

Figure 13. 1. Examples of cable construction for
cables used in nuclear power plants.

11 'Instrumentation cable includes thermocouple
r ~ (single or multiple pairs), twisted shielded pair (single

or multiple), coaxial, twinaxial, triaxial, and muldcon-
c ductor with conductors arranged in concentric layers.

Mineral-insulated (MI) cables consist of metallic
y - tubes with conductors embedded coaxially within
g compacted mineral powder insulation. They are used

for instrumentation or control functions in very high
thermal or radiation stress areas.

n
eo *c 'Cables in containment may be installed in open or
e- covered trays, or in rigid metal conduits. Cables
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leading to and from equipment cases are often in
flexible conduits to allow for movement and vibration.

A large amount of cable is used in a nuclear
containment. A new boiling water reactor (BWR)
requires the following approximate total lengths of
cable 3:

* Power
* Control
* Instrumentation

57 miles
46 miles
253 miles

A large fraction of those cables are safety related, so
the life assessment of cable systems is an important
issue.

The primary function of any cable system is to
convey electrical signals or power from point to point.
A cable system must function in normal service for
many years and also remain functional under the
extraordinary stressors resulting from any design-
basis event (DBE). Such systems require careful
selection of materials and designs of components.

Conductors and Shlefdf The conductor mate-
rial for most cables is stranded copper, often with tin or
some other coating to prevent copper/insulation inter-
action and to provide good corrosion-resistant connec-
tions. Materials used for cable conductors and metallic
shields, and in connector components are listed in
Table 13.1. Different constructions and dimensions
may affect the resistance of conductors and shields to
environmental and service aging effects. For example,
corrosion, which is a chemical reaction starting on
exposed surfaces, will more readily degrade a very thin
metal layer or more finely stranded conductor (higher.
surface to volume ratio). On the other hand, construc-
tdons that are more sensitive to corrosion will generally
be more flexible and more resistant to rupture caused
by vibration or flexing during service.

Shields on low-voltage cables are used to isolate
circuits from one another and outside interference and
to provide a constant electrical impedance along the
circuit to ensure proper transmission of high-
frequency or pulse signals. The presence of a shield or
tape barrier between a cable's inner conductor(s) and
jacket can prevent a crack in the jacket from propagat-
ing into and through the conductor insulation.

Insulations. The insulations of cables and connec-
tors are generally polymerLbased compounds (except
for MI cable). Depending upon circuit requirements,
insulations serve to isolate the electrical conductors
from ground, and sometimes to maintain high de
resistivity, low ac losses, or proper concentricity of
conductor and shield. The dielectric properties of

breakdown strength and insulation resistance are par-
ticularly important. Common-cause failure modes are
often related to the insulation resistance of low-voltage
cables (or its inverse, de leakage current). The halo-
genated polymers, neoprene and hypalon, have the
lowest insulation resistances. The compounding addi-
tives used to manufacture these polymers may have a
major adverse effect on the insulation resistance and on
the rate of aging change of the insulation resistance in
wet and high thermal or radiation environments.
Therefore, any highly filled compound is potentially
susceptible to the problems of low insulation resistance
when subjected to the steam/heatftadiation stressors of
a severe accident after an extended period of aging, In
addition, insulations must have mechanical properties
that allow flexibility, resistance to installation abuse,
and resistance to environmental stress.

The mechanical properties of generic polymers can
also be substantially affected by the compounding
ingredients that arc added during fabrication and by
the manufacturer's processing methods. However,
there are broad, generally valid differences between
polymers. Silicone rubber is very flexible but is the
least resistant to tear and to crushing. Ethylene
propylene rubbers (EPRs), although quite flexible, are
more resistant to mechanical abuse. Neoprene and
hypalon are sometimes used as insulation and are
much stronger materials while still rubbery. Polyethyl-
enes and cross-linked polyethylenes are much stiffer
and more abuse resistant at normal operating tempera-
tures. Polyethylenes and polyvinylchlorides (PVCs)
can become quite fluid, and cross-linked polyethylene
(XLPE) much softer than EPRs at transition tempera-
tures of 100 to 120 0C (212 to 2480F). PVC properties
at normal operating temperatures depend entirely upon
the plasticizers used in the PVCs, and the initial
properties may vary greatly; and the change in those
properties after aging may also vary greatly. Butyl
rubber was used as an insulation material in the older
plants. But field experience has shown that some butyl
rubbers are very sensitive to radiation and some are
sensitive to moisture. Therefore, use of butyl rubber
has been discontinued and cables with this insulation
material have been replaced in several older plants.
Kapton is a very strong high-temperature polymer
supplied as a film laminate to cable manufacturers. It is
spirally wrapped over a conductor and subjected to
heat treatment that fuses together the surface laminate
material to produce a seal against electrical breakdown
and environmental intrusion. Other polymers less
widely used in nuclear plants are compounded by the
material suppliers and their properties are less subject
to variation resulting from cable manufacturing differ-
ences. Table 13.2 lists most of the insulation and
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Table 13.1. Materialsformealiccomponenisincablesystems' -'

....

Material

Stranded copper
(bare or tinned)

Solid copper (bare or tinned)

Nickel-plated copper

Silver-plated copper

Nickel-rhodium-plated copper

Gold-plated copper

' ' Use

Cable conductors

Cable conductors

Cable and connector conductors,
terminals

Conmectorpins

Connector pins

Connectorpins

Splices and terminals

Shield

Aging;.
Concern

Yes

Yes

Yes

Yes

YesYes

Yes

Yes

Yes' '

Level

Medium

Low

Medium

Degradation Mechanism

Corrosion

Corrosion

Corrosion, wear

Medium Corrosion, wear

Medium Corrosion, wear

Low Weargold-solder
ineraction

Low Corrosion, splice
loosening with age

Medium Corrosion

Copper connector
(bare or tinned)

Braided copper
(bare or tinned) I

. .

Tinned copper tape Shield Yes Low Corrosion

Aluminum foil Shield Yes Medium Corrosion

Metallized Mylar tape Shield Yes High Corrosion

Stainless steel Cablesheath, (mineral insulated No - -

cable), conductor, connector
Pat

Inconel Cablejacketconductor No

Zirconium Cable conductors No

Chromel Cableconductors,connectorpins No - -

Alumel Cable conductors, connector pins No - -

a. The indicated aging concerns are based upon observations reported in LERs and NPRDs and upon field
observations. The relativ levels of concern are 'subjectivc judgments based on general cable industry experience
and consideradons of exposed surfce area-to-volume ratios.
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Table 13.2. List of common cable and connector insulation and jacket materials, showing thernal and
radiation degradation concems

Potential for
Significant

Thermal Aging

lOYr 40 Yr

*

Radiation
Susceptible

Where Materials Are Used

Material

Polyester (unfilled)

Nylon (polyamnide)

Polyethylene

Neoprene (chloroprene) (Qkt)c

Ethylene propylene rubber
(EPR)

Hypalon (Chlorosulfontated
polyethylene) (Oht)

SBR rubber

Cross-linked polyethylene
(XLPEXjkt)

PVC (polyvinylchloride) (jkt)

Butyl rubber

Kapton (polyimide)

Silicone rubber

TEFZEL

Phenolic P-4050

RTV silicone

Polyester glass laminate,
Grades GPO-2, GPO-3

Polythermaleze

Aluminum oxide (A1203)

Magnesium oxide MgO

Reds
Gamma

10E5

IOES

lOE7

lOEU

lOll

Basisb

Threshold

Threshold

Absorbed

Absorbed

Absorbed

Cable

X

X

X

X

X

Connector Penetration Spliee

- X X

*

*

.

X

X

X

X

x
x

X

X

7

- * lOE7 Absorbed X _ X

* OE6 Threshold

* 013E7 Absorbed

X

X X

Not availabled

* *

_ *

lOE6

lOE6

IOE6

IOE6

IOE6

IOE7

1OE7

Absorbed

Threshold

Threshold

Absorbed

Threshold

Absorbed

Threshold

Threshold

X

X

X

X

X

X

X

X

X

X

X

X

X

IOE8 X

X

X

NOTES:

* The asterisk indicates that there are data available that show a potential for significant thermal aging of the materials when
exposed to normal operating conditions for either 10 or 40 years, as shown.

X The X indicates that the material is used for the application indicated.

a; This table is based primarily on material presented in USNRC IE Bulletin 79-41B, January 1980, Table C-i. Values given
are not intended to be used as a basis for engineering analysis or decisions. They are presented to offer a broad perspective on
the relative sensitivity to the stressors and extent of application of the materials.

b. The term Threshold refers to damage threshold, which is the radiation exposure required to change at least one physical
property of the material. The term Absorbed refers to the radiation that can be absorbed before serious degradation occurs.

c. The symbol (jkt) indicates that a polymer is commonly used for a jacket compound as well as insulation.

d. PVC properties vary widely so that specific test values may not be meaningful.
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jacket materials used for cables and connectors, and
the effect of thermal and radiation stress on those
materials. Section 13.4 contains further discussion on
cable materials and their aging effects.

Jackets. The term jacket in the cable industry
refers to extruded polymers, except for silicone cables
where it is applied to a textile braid woven over the
insulation for mechanical protection. Jackets are often
considered vital in maintaining the hermetic integrity
of a cable system, as well as furnishing outer protec-
tion. Jacketing materials protect individual wires as
well as multiconductor cables. While there are certain
minimal electrical requirements for jacketing com-r
pounds, selection of those compounds is usually based ,.
on mechanical, environmental resistant, or fire- '
resistive properties. The mechanical properties of the
polymers used for jackets are compared in the above
section on insulation. Mechanical endurance and
fire-suppressing properties have been dominant con-
siderations in the selection of materials for most
nuclear cable jackets. Those properties can be en-
hanced by the use of halogenated polymers and/or the
addition of large proportions of halogen compounds
and mineral fillers, both of which may adversely affectl
long-term aging and moisture transmission properties.

13.1.2 Connections. Figure 13.1 contains exam-
ples of the cable construction used in nuclear power
plants. In the context of this study, the phrase cable
connections refers to terminals, splices, and those seals
to the cable (usually close to a terminal or splice) that
are required to ensure proper function of the cable
system and connected equipment.

Connectors. Cable connectors are devices at
cable ends that enable continuity of conductor, insula-
tion, and environmental seals. Conductor (or wire)
connectors are devices that provide conductor continu-
ity only. Cable connectors in nuclear containments are
often prefabricated mated (pin and sleeve) devices.
Multiconductor connectors normally have outer gas-
ket-type seals, and inner seals around individual
conductors'made of filler compounds or sealing;
cements. See Figure 13.2 for an example of a
multiconductor connector design.

Splices. Permanent cable splices are used in
containments to reduce the number of connection
points that must be maintained. Splice designs using
crimped wire connectors and overall waterproof shrink
tubing allow for simplified installation procedures and
detection of errors in assembly. See Figure 13.3 for
examples of permanent splices using heat-shrink
tubing with internal sealants.

Terminal Strips. Terminal strips have been used
in Ihe containment junction boxes of olderplants. Such
use has resulted in many problems, and splices have
generally now replaced the terminal strips in the older
plants and are included in new designs.

Penetrations. Penetrations through containment
walls, as covered in'IEEE Standard 317-1983, are
beyond the scope of this study. Penetrations of cables
into the enclosures of equipment such as motor
terminal boxes, motor-operated valve cases, or
terminal-strip junction boxes are included in this
study. The integrity of the environmental seal of such
penetrations must be maintained without injury to the
cable. The performance of the penetrations is closely
related to the cable materials and design. Different
combinations of mechanical gaskets, stuffing boxes,
compound fillers, cements, and sleeves are used with
various potential mechanical or chemical interactions
iwith'the cables. Those interactions are considered
aging effects because they usually occur over long
periods of time.

13.1.3 Other Interfaces. Cables can be affected by
or have effects on other components with which they
come in contact. Therefore, some consideration of
such interfaces is necessary in any assessment of
potential aging effects and determination of service
life for cable systems. Interfaces of possible concern
include conduit sealing compounds, freproofing, fire
stops at wall or floor pass-throughs, large accumula-
tions of pulling compounds, oil or hydraulic fluid
spills, and cable binders or ties.

13.2 Stressors.. -

Normal and DBE-related stressors are the two types
that affect the life of cables. With few exceptions,

---DBE-related stressors are more severe. Within any
practical lifetime, normal stressors may have no effect
on serviceability, may lead to failures during normal
service, or may cause aging degradation so that

'DBE-related stressors can eventually cause failures.
'DBE-related stressors may also cause immediate
failures in age-degraded systems-because of the high
intensity or unusual nature of the stressor. Nuclear
qualification programs aim to prevent failures result-
ing from DBE-related stressors because of their safety

-implications. Normal and DBE-related stressors of
possible importance to cable and connection aging are
listed inTable 133.

The relationships between aging stressors and
modes of failure must be considered to properly
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Connector features
1-Molded one-piece contact retention disc
2-Fluorosilicone fluid resistant

seal material.-
3-Closed entry socket insert and contacts.
4-Bayonet coupling system.
5-s key shell polarization.
6-Interfacial mating seal.
7-Static peripheral shell seal.

8-Monoblock construction-
inserts bonded to shells.

9-Self-seaTing rear grommets.
10-Visual mating Indicators.
11-Shell-to-shell grounding

fingers.
12-Accepts Mil-C-38999 hardware.
13-Conductive shell finish.

Construction Materials - -

Aging
Item Material concern level Problem -

Pin contact - gold plated copoer . yes low wear with use
Socket contact

Shells -

Coupling ring
Retention disc
and inserts' ' -'
Grommets and
seals - i
Bayonet Rivets:
Finish (shells
and coupling ring)

gold plated copper
stainless steel hood
Aluminum
Aluminum
Thermoplastic
Polymer
Fluorosilicone
Elastomers
Stainless steel
Cadmium plate
over nickel

yes
no
no
no
yes

yes

low wear with use

low wear with use

high cracking

no
no

"*r

Figure 13.2. Amphenol418seriesmulticonductorconmector.
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NPK- Nuclear Plant Splice Kit 7
I

5

NPKV- Nuclear Plant Stub Connection Kit ("V")
I

I., . a

Construction Materials

Aging
concern LevelItem Material Problem

Tubing and sealant WCSF-N Yes Low Cracking and leakage

Crimp Copper Yes Low Corrosion

8*7376

Figure 13.3. RaychemNPKandNPKVspliceassemblies.

address safely concerns related to life assessment and
potential common cause failures.

13.2.1 Normal Stressors. Table 13.3 distinguishes
between normal environmental and normal operation-
al stressors. Environmental stressors depend on the
location of a component, whereas operational stressors
result from usage or maintenance.

Aging Effects of ThermalfRadlatlon/Oxygen
Stressors.V Thermal and radiation stressors in the
presence of oxygen cause complex chemical changes
in all polymeric materials. Many aging-related cable
qualification programs, including those recommended
in IEEE 383-1974 and IEEE 572-1985, have consid-
ered the aging effects of thermal and radiation
stressors as independent and additive. Recent research
efforts have demonstrated that for some polymers,'
synergistic effects make accurate prediction of long-;
term aging effects rather complex or even impossible -
at the present state of the art.2

a. The term aging effects denotes any changes in
physical, electrical, or chemical properties with pas-
sageof time.Degradation denotes such changes of a na-
ture and magnitude as to impair performance.

In general, the mechanical effects of thermal and
radiation stressors are quite similar, but the electrical
effects (momentary and cumulative) may be rather
different. Engineers have used rule-of-thumb thresh-
olds for temperature and radiation levels. Below those
levels, the aging effects on high-quality polymers are
so small that the practical lifetime of polymeric
materials need not be a design factor. For temperature,
the threshold level is commonly assumed to be 35 to
400C (95 to 1040F) for most cable insulations and
jackets. For radiation, the levels shown in Table 13.2
indicate rough estimates of thresholds for those
polymers. Generally, 104 rads gamma is accepted as a
radiation level below which aging effects are not a
concern.4

The effects of thermal and radiation exposure are
drastically reduced in the absence of all oxygen (see
Section 13A.1 for further discussion). However, oxy-
gen is present in power plant reactor containments at a

. sufficient partial pressure to diffuse into organics over
long periods and feed the chemical reactions triggered
by the thermal and radiation stressors. Even so-called
inerted atmospheres, reduced to 4% oxygen by volume
to limit hydrogen burning during a severe accident,
may not limit long-term polymer aging effects. 2
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Table 13.3 -Aging stressors for safety system cables and connectors

Normal

Environmental

Thermal
Radiation dose
Oxygen availability
Moisture, high humidity
Distortion pressure
Surface dust
Chemicals

Operational

Thermal cycling
Maintenance movement/flexing
Maintenance disconnecting
Momentary overload currents
Current/voltage surges
Temporary moisture/chemicals

DBE-Related

Steam condensation
Temperature-levels and gradients
Pressure-levels and gradients
Radiation-rate and total dose
Water/chemical spray
Submersion
Flexing
Fireb

Usual Importances

High
High
High
High
Medium
Medium
Medium

Medium
Medium
Medium
Low
Low
Low

High
High
High
High E
Medium
Medium
Low
Low

a.' The importance rankings are subjectivejudgments as those generally applicable, but in any particular situation,
the ordering may not be appropriate. '

b. An initiating fire is not a DBE, but test for resistance to fire propagation is included as a Class lE cable
qualification requirement in IEEE 383-74.

Recent studies have indicated that there may be a
marked drop in the aging rate with a'reduction in'
atmospheric oxygen if the cable construction substan-
tially limits the diffusion of oxygen into the internal
portions of the cable. An example of such a cable

a. K. T. Gillen, private communication, Sandia
National Laboratories, April 1989.

construction is the use of a relatively heavy outer
extruded jacket of multiconductor cables. Even in
normal atmospheres, heavy extruded jackets and
sealed helical armor or helical metal tape apparently
provide better protection of the underlying insulation
by limiting the oxygen diffusion into the insulation.
However, the authors are not aware of any quantitative
evaluations of the benefits of such constructions.

Moisture. The design specifications for relative
humidity in reactorcontainments can'be as high as
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100%.! Leaks are the most common cause of high
values over long periods. The exposed water surfaces
make the containment humidity in BWRs usually
higher than in PWRs. When the humidity rises to
levels that induce condensation, water may accumulate
in conduits and remain there for many years. Long-
term cable immersion in water may result in moisture
diffusion through jackets, which could initiate corro-
sion of shields or conductor strands and lower the
insulation resistance of filled insulations or moisture
migration along the cable into the connections of
adjacent equipment.

Distortion Pressures. The extruded polymers
used in cables are pliable in'order to reduce cable
stiffness. However, those polymers do not have perfect
elasticity when under moderate strain and they will
permanently distort (or flow) when subjected to

-:distorting pressure over long periods. High.
temperatures soften polymers and increase the amount
of permanent distortion. Therefore, the coincidence of
high temperature and high-distortion pressures pro-
duces the greatest potential for aging damage. Com-
mon incidences of high-distortion pressures involve
cables that are pressed against sharp corners, supported
by tight narrow clamps, or pulled nonaxially from,
connector housings.

Surface Dust. Exposed dielectric surfaces, which
separate energized circuits from one another or from
ground, will lose insulating value when contaminated
by dust. The loss may be slight and even undetectable,
when those surfaces are kept very dry. When the dirty
surface is subjected to high humidity or condensation,
leakage current over the surface may result in erro-
neous signals, or total failure by short circuit or
ground.

T . - g. ...

Thermal Cytcling. Changes in temperature can be
-important because the resulting cable movements can
shift cable positions adversely and because the large
differences in coefficients of expansion between
metals and organics can create mechanical stresses that
disrupt seals. Also, thermal cycling can loosen electri-
cal contacts. Cycling can result from changes in the
current loading of power cables and from changes in
ambient temperatures. Containment ambient tempera-
tures have varied from 251C (77 0F) during refueling to
600C (1401F) or higher during full reactor power.

Movement/Flexing During Maintenance. It is
often necessary to move or to disconnect cables during
the maintenance of connected equipment. The result-

'ing movement and flexing of cables can cause
degradation of seals, breakage of shield ground leads,
or cracking of cable insulations or jackets if aging has
already degraded them.6

Disconnecting For Maintenance. Some equip-
ment may need to be disconnected periodically for test
or removal. Repeated disconnecting may cause wear
or deformation of the mating contacts, and degradation
of the connector sealing systems.

Overload Currents. Operating contingencies
may result in momentary or occasional overloading of
some cables. Although such overloads are simply a
source of short-term thermal cycling, they are consid-
ered separately because if an overload causes the
highest peak temperature, it can amplify the effects of
thermal cycling. Overloads can result in conductor
temperatures of up to 1300C (266OlF);

Current/Voltage Surges. As aging stressors,
surges are not considered a problem in low-voltage
cable systems. However, surges can trigger failures of
the insulation or the shields of cables that have been
seriously degraded by other stressors.

Chemicals From Interfaces. Rubber- and
plastic-based compounds frequently contain chemi-
-- I. that ... II XM-wi A #fc *16p-. ewfo , Thnc
%LU.4 Un14L WAUI bIUWAY U.LLIUZ U ULaU &U.. £I5U . . . _ . ,

same chemicals may migrate from one polymer to , 13.2.2 DBE-Relatod Stressors. Common-cause
another (when the two polymers are in direct contact) failures are the greatest threat to safety that can occur
and produce adverse mechanical and electrical aging ' in cable systems. The stressors associated with DBEs
effects. Any substances that contain oily or moisture- ' .'' (Table 13.3) are the ones most likely to trigger multiple
soluble chemicals in their original composition or that failures of cable system components thathave suffered
produce such 6hemieais during aging can give rise to , degradation through normal aging. In addition,
the diffusion of those chemicals into the polymers of 'delayed failures can result whenircuits, which are
cable system components contacting them. Examples 'required to operate for extended periods after DBEs,
'of such substances are large accumulationis of pulling "are subjected to the accelerated aging effects of
lubricants, spilled oils or hydraulic fluids, fire-stop exposure to postaccident environments. All contain-
sealants, and conduit sealing compounds. 'rnent cable system failures initiated by either DBE or

v ' ' ' ~ ' ' ': - post-DBE stressors must be considered the result of a
, X . ' ' ' ' ' ' " common cause whether failures occur immediately or

a. Dave Larson, private communication,' Duke are delayed. That is due to the probable inaccessibility
Power, April 1986. of the containment during the postaccident period.
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LOCA, MSLB, and Seismic Events. Contain-
ment equipment qualification programs that use IEEE
323, IEEE 383, IEEE 572 and RG 1.89 for guidance
address most of the DBE-related stressors listed in
Table 13.3. Such programs are designed to demon-
strate operability during and after a DBE. In cases
wherein the specifications, the state of technology, or
regulations did not cover some of those stressors or did
so in a manner not acceptable today, special programs
may be necessary for assessing the remaining useful
(qualifiable) life of equipment.

Loss-of-coolant-accident (LOCA) and main-
steam-line-break (MSLB) stressors vary according to
reactor, containment, and cooling/condensation design
provisions. Stressor/time profiles f6r plants are estab-
lished in the design stage but are subject to revision
from time to time as research programs develop more
refined modeling of accident scenarios.

Seismic events, pipe whipping, water harnmer, and
other accident-related phenomena can cause cables to
be flexed. The extent of such flexing is difficult to
define because of the great variety of installation
configurations and the fact that cable movement
during an accident will be determined by the move-
ment of the equipment, cable trays, or structures the
cable is attached to. Many of the configurations,
although'within certain design limits for bending or
unsupported gaps, are dictated by field construction
conditions. The derivation of the exact relative dis-
placement history between numerous structures or
components spanned by cables and subject to some-
what different accident loadings (movement) is totally
impractical. For example, in most containments there
are many cable transitions from cable trays to rigid
conduit secured to equipment or structures other than
the trays. In those cases, the positions of cables in the
trays and of the conduit entrances relative to the tray
areboth detcrminedby field construction, and the trays
and conduit entrances are subject to different accident
loadings and movements. With such indefinite config-
urations and accident loadings, the capacity of cables
to withstand mechanical stressors has beeni addressed
indirectly through demonstration of the flexibility of

,'the cable either after the qualification preaging pro-
gram or after that and the LOCA/MSLB tests. The
capacity of cables to bend without rupture, as indicated
by the associated wet high-voltage tests in IEEE
383-1974, Section 2A.4, provides strong evidence that
cables can resist damage when subjected to the
somewhat indefinable movements associated with
DBEs.

IEEE 572-1985 "Qualification of Class IE Connec-
tion Assemblies for Nuclear Power Generating Sta-
tions" does specify seismic testing of connections.
However, the use of this standard has been limited,
especially in the older plants.

Submersion and Fire. The potential for large
water leaks or discharges into containment introduces
submersion of cable systems as a concern for
common-cause failures. Demonstration of the accept-
ability of cables and splices in underground or other
wet environments as addressed in commercial specifi-
cations (see IEEE 383-1974, Section 2.3.1) and
demonstration of the ability of cables to withstand the
prolonged LOCA steam/spray conditions used in
environmental qualification type-testing, have been
accepted as adequate evidence of cable and connection
resistance to wet conditions. Therefore, the effects of
normal aging on the operability of cables during
submersion has not been a concern. There is less of a
basis for confidence in the ability of connections to
function under submergence after extended aging if
they depend upon O-rings or compression seals
against cable polymers, or are not sealed against water
ingress from cable internals.

Fire has not been defined as a DBE by regulatory
guides but it is an evident threat to safety. Cables are a
major contributor to that risk. Therefore, resistance to
fire propagation is included in the type-testing re-
quired in IEEE 383. With respect to aging and life
assessment, the challenge is simply to demonstrate that
aging effects'are not causing cable systems to become
more prone to fire propagation. The demonstration can
make use of large-scale IEEE 383-74 type-tests of
preaged cable and connections or make use of labora-
tory tests of oxygen index, thermogravimetric analy-
sis, etc., to show that component polymers are
unchanged or decreasing in flammability with age.

13.3 Degradation Sites

Aging effects on cable system components can
become degradations of concern when the nature and
severity of the changes jeopardize the required'safety
performance under' either normal or DBE conditions.
The latter condition is more critical because of the
potential for high-risk common-cause failures. Cable
systems are'distributed widely throughout the contain-
ment. In order to make life assessment manageable and
economical, it is necessary to focus on those locations
where aging stressors are most severe and, therefore,
degradation is most probable;. If those locations are
free of degradation, then the less severely stressed
portions of the system are likely to be in good
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condition. A complication of that approach results'
from the possibility that some of the locations that are
difficult to access are those where stressors may be
most severe. Examples include areas where power
cables pass through fire stops, areas in terminal boxes
where cables are'heated by their connection to
high-temperature equipment, and areas in narrow.
passages containing both cables and hot piping. In
such cases, a combination of experience and analysis
may be a practical substitute for direct temperature or
radiation monitoring.

Four considerations that may help in identifying
potentially serious degradation sites are (a) maximum
environmental severity, (b) susceptible cable or con-*-

nection designs, (c)'physically demanding installation
configurations, and (d) records of experience. Al-
though it is listed as a separate consideration for
emphasis, experience helps to identify the most
important sites associated with the other three consid-
erations. Table 13.4 lists some of potential degradation
sites for several cable system components..

Failure statistics and results from routine testing of
cable systems in a given plant containment may not
help pinpoint potential degradation sites. There may be
few, if any, failures, or those that do occur may have no
relation to aging effects. Better guidance may be
obtained from the broader experience of other cables

Tab.e 13.4 - Ptntiler Io. .n s t . .s in c -al s
Table -i 3A- Potential degradation sites in cable systems

Component

Cable conductor

Cable insulation

Wire or cable jacket

Pair or cable
shields

Cable splice

Seal to cable

Degradation Sites'

Where conductor is exposed to moist or
chemical environment, especially at points
of connection.

Maximum thermal/radiation areas. High
thermal/radiation areas where not protected
by jacket or sheath. High side wall pressure
points. Under cracked jackets in
intimate contact.

Maximum thermal/radiation areas. Flexing
or vibration abrasion points.

Wet or moist locations. Chemical spill or
drip areas. Vibration, flexing, or
grounding points.

High moisture area. High thermal/radiation
area. Seals to the cable at splice ends.

At entrance to enclosures.

Examples

Cable terminals at neutron chamber.
Terminal strips in unsealed boxes in moist
areas.

Connections to RC pressure transmitters.
Motor terminal box. Control rod drive
cables. Support points for vertical runs.
Angle condulets.

Same as cable insulation. Cables in long
conduit runs having pull-bys.

Paired cables with metallized Mylar
shielding. Conduit low points or above
seals in conduit runs where condensation
can collect.

Junction boxes subject to trapped
condensation.

Motor-operated valve terminal enclosure.
Terminal strip enclosure.

Connection to RC pressure transmitter.

Connection to RC pressure transmitter.

Connection to RC pressure transmitter.

Junction boxes with openings or internal
sources of dust.

Connector conductors Mating surfaces in moist areas.,

Connector insulator

Connector seals

Terminal strips

High thermal/radiation areas. Where
exposed to moisture or other
environmental contamination.

High thermal/radiation areas. Mechanical
seal pressure points.

Exposed insulation between the terminal
studs subject to dust and then moisture.
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and connections of the same types in the balance-of-
plant and from other plants.

13.3.1 ServIce Experlence. The general industry
experiences of interest are those that involve test
failures, degradation observations, and random fail-
ures, although they do not have the safety implications
of common-cause failures. Such experiences can
provide some insights into overall system weaknesses,
including potential failure sites and modes not andci-
pated in the original qualification program.

A summary of reported aging-related cable and
connector failures in selected instrumentation circuits
is presented in Ibble 13.5. The data in Table 13.5 were
obtained from generic data bases, including the
USNRC's Licensee Event Report (LER) system, the
Institute for Power Reactor Operations' Nuclear Plant
Reliability Data System (NPRDS), and the S. M.
Stoller Corporation's Nuclear Power Experience

(NPE) data base. The LER review covers cable and
connector failures from 1980 to 1987. The NPRDS
review covers about 13 years of data. The NPE review
covers about 25 years of data that are available in the
public domain. The failures classed as aging related
include events in the following categories: corrosion,
dirt, defective connector, loose connector, short/
grounded, open circuit, and insulation breakdown.

In reviewing the aging-related failures presented in
Table 13.5, note that a high percentage of the failures
are attributed to connector problems associated with
the temperature and nuclear channels. The connector
failures are fewer for the pressure and level channels,
which may be an indication that the temperature and
neutron measurement circuits are more sensitive to
signal degradation or are exposed to more severe
environments. Further investigation into the relative
failure rates of control and power circuits versus
instrumentation, and the causes for the same, could be
very productive.

Table 13.5. Summary of reported aging-related connector and cable failures from LER, NPRDS, and NPE
data bases for selected measurement channels

LERs NPRDS NPE

Number of
Aging-Related

Failures

Number of
Aging Aging-Related
Fraction Failures

Number of
Aging Aging-Related
Fraction Failures

Aging
FractionChannel

Pressure transmitters

Pressure switches

Level transmitters

Temperature

Fission chambers

Proportional counters

Compensated ion chambers

Uncompensated ion chambers

13

7

0.07

0.02

0.06

0.36

5

21

1207 0.41 0.56

6

4

7

0.24

33

13

5

19

0.52

0.30

0.26 -

0.58

0.29

033

22

15

0.42

0.18

NOTES:

- =data not available.

Aging fraction = ratio of aging-related failure to the total failures reported.
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Although most of the problems were with connec-
tors, a few cable embrittlement events and cable
failures were reported. External phenomena such as
wear caused by vibration, pinching insulation, and
overheating were the main causes of the connector
problems. In one case, it was reported that the
connector inserts had carbonized on the control rod
drive cable and had to be replaced.8 A case of high
ambient temperature degradation of cable was re-
ported at Salem 1 and 2, involving pressurizer
power-operated relief valve wiring.9

Terminal strips have been a source of problems and
are no longer recommended for in-containment use.
Study has shown that dust and condensation are the
stressors of concern.10

.
11

Problems related to moisture intrusion into electri-
cal equipment were analyzed in a 1984 NRC case
study report.12 Many of the cases cited involved
moisture that entered equipment compartments
through cables, through seals around entering cables,
and through unsealed cable conduits. It is difficult to
judge, without a more detailed analysis, whether the
ineffectiveness of seals was due to aging changes, to
improper design, or to workmanship. As others have
observed,13 LERs are not avery satisfactory source of
information for determining the root causes or detailed
mechanisms of service failures.

The TMI-2 accident afforded one of the few
opportunities to assess the operability of entire cable
systems under accident conditions (861C, 28 psig, and
total dose of about 8 x 106 rad). The cables were
exposed to the severe combined environmental effects
of steam, containment spray, a hydrogen burn that
caused overpressurization to 290 kPa (28 psig), and
release of fission products and traces of fuel into the
containment. There was little aging of the cables prior
to the accident since the plant had operated for only
about one year. However, evaluation of the TMI-2
cables was complicated by the severe environment that
remained in the containment after the accident.

Many of the TMI-2 cable analyses were based on
comparisons of measured data to expected values,
which were obtained from laboratory measurements
on identical or equivalent samples of the subject
component. In-place test results were obtained'over a
period of about 5 years on 460 circuits, with 178
abnormalities identified. At the end of the five-year
period, 36 circuits were completely failed, 38 circuits
were significantly degraded (circuit resistance, insula.
tion resistance, capacitance, and dissipation factor
were measured), and 104 circuits showed minor

changes. Generally, the data contained evidence of
corrosion.

It was'concluded that "results obtained from the
investigations at 1TMI-2 support the conclusion that
the basic design of nuclear plants is sound and the
instrumentation and equipment' is inherently
rugged."1 4 This statement includes the cable system,
as well as the connected instrumentation and equip-
mcnt. The major findings of the DOE Instrument and
Electrical (I&E) investigation program relevant to
containment cable systems are as follows:

Most equipment failures occurred during the
first 24 hours of the accident and were pre-
dominantly a result of moisture intrusion.
Moisture intrusion generally occurred at the
electrical penetration to a device. Some items
of Class IE and safety-related equipment
were affected by moisture intrusion;
however, they were generally more resistant
to moisture than nonqualificd equipment.

* -The hydrogen burn did not damage the nu-
clear plant instrumentation and electrical
components (no functional loss).

* Early failures of some equipment that were
not qualified as Class IE or safety-related
were caused by improper installation or
maintenance activities, which in turn allowed
moisture or spray penetration.

13.4 Aging Mechanisms

Section 13.2 discusses and lists stressors of im-
portance to aging of cable systems. 'This section
describes how those stressors affect particular ma-
terials or components in ways that may lead to the
modes of aging-induced circuit failure described in
Section 13.5.

13.4.1 PolymerIcs.

General Discussion. In the presence of oxygen,
thermal and radiation strcssors cause complex chemi-
cal changes in polymers. Each stressor causes both
scissions of and cross-linking between the long-chain
molecules of the polymeric structure. Other ingredi-
ents in the original compound, as well as moisture and
chemicals diffused in from the environment, may
influence the nature or rate of the chemical reactions.
Some of those ingredients (antirads, antioxidants, and
thermal stabilizers) will slow the rate or delay the start
of adverse aging effects, while others can accelerate
them. The most observable aging effects resulting
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from changes in the molecular structure of most
rubbers are gradual changes in mechanical properties.
Ethylene-propylene rubbers (EPRs), chlorosulpho-
nated polyethylenes (CSPEs), neoprenes, and silicone
rubbers all experience these changes. Chain scissions
make polymers softer, weaker, and less elastic
(cheesey). Cross linking produces hardening and
stiffness. The two responses take place concurrently,
and being somewhat opposite in character can some-
times cause very complex patterns of measured
property changes over a long period of aging.I5 In
addition, there are the more subtle but significant
effects of shrinkage, outgassing, and increases in
density that may take place.16 Some plastics and
vulcanized compounds have very slight physical aging
effects for a substantial time and then change rapidly
as the apparent result of depletion of stabilizing agents
(antioxidants). Other compounds experience rapid
changes early in life, but the rate of change decreases
in time. Specific compounding additives and process-
ing variables determine aging chairacteristics as much
as the base polymers.

1

\ . ~Nitrogen

0.75- .t

Inert N 2 atmosphere

a 0.50

Some examples of the effects of radiation and
temperature on the tensile properties of various
materials are shown in Figures 13.4, 13.5, and 13.6.17
Figure 13.4 presents results for polyvinylchloride
(PVC) and low-density polyethylene compounds in
air and nitrogen environments. The change in elonga-
tion of both the PVC and low-density polyethylene
material subjected to combined radiation and thermal
loadings is significantly greater in air than in a nitrogen
environment. In fact, there is little or no rate of
degradation in a nitrogen environment. Also, the PVC
degradation rate in air decreases as time increases,
whereas the degradation rate for polyethylene materi-
als (once degradation is initiated) is higher and
remains about constant. Figures 13.5 and 13.6 show
that temperature, as compared to radiation, plays a
dominant role in the degradation of the tensile
properties of neoprene and hypalon compounds, re-
spcctively. In addition, the neoprene degradation rate
is significantly greater than the hypalon degradation
rate.

1 '
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Figure 13. 4. Tensile elongation results in combined radiation/thermal environments of4O Gy/h plus 80° C in air
and nitrogen.
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Figure 13. 5. Extrapolated methodology predic-
tions for the time-dependence of the elongation of
neoprene at 450C (113F plus 0.2 Gy/h (solid curve)
and extrapolated thermal-only predictions at 450(C
(113°F) (dashed curve).

In addition to the cumulative changes in electrical
properties noted above, any rise in temperature or
radiation dose rate causes immediate and substantial
increases in leakage currents and ac losses.

Research has been conducted over many decades on
theprediction of the long-term electrical and mechani-
cal property changes of polymers subject to thermal
and radiation stressors. Consequently, 'a technology
'evolved with a broad base of primarily empirical
experience. Experience generally supported the addi-
tive nature of the thermal and radiation effects and the
validity of using laboratory-accelerated aging to
predict long-term behavior. However, sometimes
there was a decided lack of good predictability.8 Some
of those cases were caused by synergistic effects,
'oxygen diffusion limitation, and sequential testing
factors. 2 Recent research is providing (a) improved
procedures for identifying when older sequential/addi-
tive iechniques of accelerated aging are not valid and
(b) niore complicated but more accurate techniques of
life prediction and accelerated age conditioning
(preaging) for qualification tests.17 Limited oxygen
diffusion into materials can have a major effect on the
aging rates of polymers, particularly under accelerated
'aging conditions. Techniques for estimating whether
that would be an important factor are being developed,
and laboratory methods for detecting the presence or
absence of diffusion effects are well-established.16

* A note of caution is appropriate in any discussion of
' *thd characteristics of compounds used in cable extru-

sions. Many properties of a generically named material
such as EPR, XLPE,'or CSPE can vary widely,
depending upon the composition of the base polymer,

-compounding ingredients added, and processing fac-
tors. All compounds have from three to 12 or more
additives that aid in processing, lower the costs, or
deliberately enhance or suppress certain properties.
Also, distinctions between the generic classes are
blurred by the recent trend of manufacturers to blend
different base polymers to create desired final proper-

- ties. The generic name of the final compound then
becomes rather arbitrary. Therefore, it is not appropri-

I ate to make precise statements about the behavior of
generically named materials. Specific properties are
assignable only to specific compounds.

Insulating Compounds. The aging mechanisms
noted above will eventually reduce the elasticity
(elongation at break) of insulations and usually make

a. EEE P775, now in' preparation, gives further
historical background on multifactor aging work.

WC
4Z

. . .

200
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* Figure 13.6. :Extrapolated methodology predic-
tions for the tim6-dependence of the elongation of hy-
palon at 450C (1130F) plus 0.2 Gy/h (solid curve) and
extrapolated thermal-only predictions at450C (113 0F)
(dashed curve).

The aging mechanisms that affect the electrical
- properties of polymeric compounds are diffusion and

chemical reactions that inject or leave electrolytes,
charged ions, or other molecular debris in the struc-
ture. Those materials increase the dc leakage currents
(lower the insulation resistance) and increase ac losses
of the compound.
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them harder. There is the danger of cracking when the
initial elongations, typically 400 to 800%, are reduced
to 10 to 15%. Cracking could occur if the cable is
moved, or if there is sufficient compound shrinkage
from aging, or if the insulation is strained from cable
shrinkage in the cool portion of a temperature cycle.

Before the aging-related hardening of insulation
occurs, there is an extended period during which the
insulation (and jacket) of cables and connections are
susceptible to creep deformation when high tempera-
tures soften compounds and they are subjected to high
deformation pressures. As the cable ages, the com-
pounds become firmer and less susceptible to such
deformation 6

Plastics that melt (polyethylene, PVC) or com-
pounds with a large component of crystalline structure,
such as XLPE, become much softer and prone to creep
when the temperature rises above their transition
temperatures of between 100 and 1200C (212 and
2480 F). Fillers can mitigate that effect to a limited
degree.

Moisture (high humidity, steam exposure, or sub-
mersion) may influence some thermal/radiation/
oxygen-induced chemical reactions. Both beneficial
and detrimental effects have been reported.a Research
into the synergistic effects of moisture with other
aging stressors has been limited because of the
complexity of the multifactor aging chemistry and an
inability to accelerate the effects of high humidity.
Kaptonb insulation has a definite sensitivity to mois-
ture, as evidenced by field failures.18 The majority of
failures have been with Navy aircraft wiring where
large bundles of cables are subject to vibration chafing,
high humidity, and condensation collecting in the
bundles. Hydrolyzing and brittle fracture of the
Kapton on the wires cause electrical breakdown
leading to electrically enhanced fires. Although the
cable configuration and electrical power sources are
very different in nuclear containments so that danger
of fire as experienced in aircrafts is remote, electrical
failures have been reported.; Such failures have
apparently resulted from mechanical abuse of bare

a. Several peroxide-cured EPRs have been noted as
improving (rising) in insulation resistance after an
extended period of 900C water immersion..
b. Mention of specific products and/or manufacturers
in this document implies neitherendorsementorprefer-
ence, nor disapproval by theUS. Government, any of its
agencies, or EG&G Idaho, Inc., of the use of a specific
product for any purpose.

Kapton-insulated wires during installation or mainte-
nance activities combined with a high-humidity envi-
ronment. Kapton is also readily degraded by alkaline
solutions such as those used in some containment
sprays. Test work over the years has shown that with
most compounds, 100% humidity is more damaging
than submersion, and that submersion in distilled
water is more damaging than in water with low or high
concentrations of common salts. Containment spray
solutions have not been reported as any more damag-
ing to polymers than tap or distilled water (with the
exception of alkaline sprays attacking Kapton).

It is well-known that moisture effects during LOCA
testing have caused cable insulations (and jackets) to
degrade and fail.19. 20 1herefore, there is more than the
brittle fracture mode of failure that life assessments
should target (contrary to many current practices).
What is not known and has apparently never been
investigated is whether a long period of aging in
high-humidity or wet environments will make poly-
mers more susceptible to moisture degradation during
DBA exposure.

The electrical properties of the cable and connector
insulations used in containments change relatively
little at normal operating temperatures as a result of
thermal and radiaition aging during their qualified
lives. Some insulations in moist environments are
subject to changes in electrical properties that can
degrade performance of sensitive circuits. In general,
those effects include an increase in de leakage, do and
ac capacitance (cable impedance change), and in ac
losses. The aging changes caused by moist environ-
ments and thermalfradiation exposure should be con-
sidered along with the similar and additive adverse
effects caused by momentary rises in temperature or
radiation level in order to assess the full impact of the
total environment on circuit operability during high-
stress periods.

Direct chemical interaction between polymers and
copper can lead to polymer degradation over a long
period. Such'effects have been observed in high-
voltage cables where high electrical stress creates a
sensitivity to the interaction, and in communication
cables where thin insulation walls and the long circuit
lengths exaggerate the effect. This degradation has not
been reported in nuclear plants, but it is a potential
aging effect of concern especially for those cables with
thinner insulations. It is not known whether the high
stresses of a DBA and post-DBA period would
accelerate the effect enough to give rise to common-
cause failures.

The aging effects of the sustained high-level,
DBE-related strcssors are simply an acceleration of

-
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the normal aging. The momentary effects of high- Connectlons/Seals. The insulation and polymer
level stressors are important in considering the poten- coverings (ackets) of connectors and splices have the
tial modes of failure discussed in Section 13.5. Water same aging mechanisms as described above. The seals
sprays associated with DBEs or those accidentally of various connections have aging effects closely
released into containment apparently have not caused related to the polymeric compound or metal interfaces
special aging effects on polymers (except Kapton) but, being sealed. Aging mechanisms of compound creep,
may trigger and sustain degradation through corrosion loss of elasticity and shrinkage, and of metal surface
'of metals. corrosion are those most pertinent to the failure modes

of connection seals. When moisture enters connector
Jacket Compounds. The aging mechanisms in internals, corrosion of electrical contact surfaces will,

polymeric jacket compounds are very similar to those in time, interfere with the circuit current flow. The rate
of insulations. The performance properties of greatest ,of degradation from corrosion will increase with the
importance in jackets are mechanical and fire resistive presence of different metals and with contamination in
rather than electricaL Experience of the nuclear power: the water.
industry to date indicates that the sensitivity of jacket -

compounds to mechanical aging effects is usually. 134.2 Metallic Components. Because cable sys-
greater than that of the underlying insulations. That tenis are relatively passive, their metallic components
observation is supported by laboratory testing of have limited aging mechanisms. Those mechanisms
material samples as well as completed cables. Like with the potential to cause circuit failures are corrosion
insulations, the change in properties of elasticity and in the presence of moisture, or fatigue, wear, and
'hardness is not of concern in jacketing compounds fastener loosening caused by flexing, vibration, or
until changes cause very low elongations, which could repeated separation of connections.
result in cracking.

Unaged or young jackets, when subjected' to high-2
temperature, temporarily tend to become softer and
more susceptible to slow permanent yielding '(creep)
under pressures of distortion. As the compounds age,:>
that tendency is usually counteracted by long-term
mechanical aging effects of hardening so that perform-
ance under subsequent high thermal stress improves.6 .

The effects of moisture on jackets are similar to
those described for insulations. However, diffusion of
moisture through ajacket is more of a problem because
of their basic function as a protective barrier. While all
polymers transmit moisture to varying degrees, many
jackets do so at high rates, caused by the prevalent use
of heavy loadings of fillers for mechanical and
'fir-resistive purposes. Multiconductor cables have air
: spaces in their interstices. If such cables are subject to
conditions of 100% humidity over periods of weeks to
months, those spaces can become moist and, finally,
waterlogged. Metallic barriers are the only effective
barriers that maintain dry the inside of a cable or
connection subject'to continuous high humidity. An
,exception is power cable with internal heating from
load currents, which creates a thermal gradient that can
effectively pump moisture outward.'

Moisture entering cables as a result ot breaks in or
diffusion through the jackets will initiate corrosion of
shields. The thin metal coating of metallized Mylar
tapes may degrade rapidly (days or weeks). Metal foil
and woven braid shields will degrade over longer
periods (months to years). Moisture within cables and
seepage through the broken seals of connections may
lead to the corrosion of connector contacts.

The majority of corrosion or mechanical aging
effects occur over long periods of time, leading to
random failures during normal service. However,
common-cause failures could occur where a DBE has
given rise to the sudden intrusion of water into the
more corrosion-sensitive components. The loss of
continuity of metallized Mylar and, possibly, wire
'braid or foil shields during a post-DBE period would
raise the noise level in the cable'circuits. The
functional failure of the circuits would depend on their
sensitivity to noise. Similarly, intrusion of water into
connector contacts resulting from a DBE might, after
time, add series resistance to a circuit and possibly

:>induce galvanic voltages. Again, functional failure
would depend upon circuit sensitivity to these
changes. Any such failures, together with connection
failures caused by accident-related flexing or vibra-
ion, would become common-cause failures.

Chemicals moving into jackets from interfacing ,13.4.3 Mineral-Insulated Cable. MI cable sys-
materials can also strongly affect the mechanical - tems are especially designed for high-temperature and
properties of polymeric jacket materials. Oils and radiation environments. They contain few or no
plasticizers will cause affected jackets to become organic components, so there are no appreciable aging
much more susceptible to creep under pressure. effects induced by the thermal/radiation/oxygen
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stressors of normal service. Some MI connectors at
cable terminals use siliconerubber for seals. However,
any compromise of the hermetically-sealed system,
which allows exposure of the hygroscopic insulation to
even low humidity air, will decrease the insulation
resistance (increase leakage), which could result in
degradation of circuit function.

The stressors of importance to MI cables are those
that can cause breaks in'the metal sheath or in
environmental seals at connectors. Thus, the' stressor
of major concern is component movement from
flexing or vibration, which can cause abrasion, sheath
fatigue cracking, and loosening of connector seal
fittings. Thermal cycling is another stressor that can
compromise system seals that are not assembled with
adequate care.

13.5 Potential Failure Modes

The ultimate failure of cable systems results from a
disabling of the electrical circuits (cable propagation
of a fire is the unrelated exception). Depending on the
particular circuit functions, modes of failure of the
cable system include the following:

1. Increased series resistance (an open circuit
being the extreme case)

2. Increased leakage current (decrease of insula-
tion resistance)

3. Grounding of a conductor

4. Short circuit between conductors

5. Large changes in ac losses or capacitance
(impedance change)

6. Spurious signals from electrolyte or thermo-
electric effects

7. Increased noise pick up (shielding or ground-
ing problems).

In general, metallic conductor and connector com-
ponents of cable systems possess characteristics that
relate to the occurrence of circuit failure modes 1 and
6; characteristics of insulating components'relate to
modes 2 throu'gh 5, and the properties 'of jacket and
shielding components relate to modes 5 and 7. Major'
changes in the properties of cable system components
as a result of aging followed by momentary high

stressors are the cable system failure modes of greatest
concern in this life assessment study.

The sensitivity of operating electrical circuits to
changes and noise in the cable system vary widely,
depending on the connected devices and the required
accuracy of those devices. Proper analysis of the
acceptability of cable performance during or after
DBEs must be based upon realistic circuit tolerance
figures. Unfortunately, such data were largely unavail-
able for years and still may not be widely available.

Table 13.6 lists several examples of failure modes
that could be important to cable systems. The exam-
ples illustrate the variety of situations and sequential
conditions that should be considered in the life
assessments of containment cable system components.
IEEE 323-1974 and IEEE 383-1974 specifically aim
at such failure modes as new or aged cable insulation
electrical breakdown when the cable is subjected to a
LOCA environment. Therefore, such failure modes are
not included in the examples of Table 13.6. If there are
cables that are not adequately qualified to those
standards, they will require special case-by-case
considerations to assess the remaining life, based
on the original life evaluation and its present
acceptability.

* Aging changes in the insulation of cables and
connectors have'often been of greater concern than the
aging effects on jackets or on the connection seals that
are made to jackets. However, considering the impor-
tance of jackets in the protection of conductors and
insulation from environmental stressors, jackets may
be most important in preventing common-cause
failures. Laboratory-accelerated aging programs and
inservice experience have shown that degradation of
nuclear cable jackets to the point of brittleness is
normally more rapid than degradation of the insulation
under them.3 Concerns over jacket and seal degrada-
tion detection are discussed in Section 13.6. r

Common-mode and common-cause failures are
important safety concerns because such failures can
potentially disable redundant trains and diverse paths
for safety-related functions. Some common-mode
failures, such as Example 4 in Table 13.6, may not be
triggered by a single event but may happen at random
after a long period of normal operation. Such failures
are of less concern than those in Examples I through 3.
In the latter cases, age-degraded cables and seals could
be triggered to circuit failures by a common event
(cause) through either common or diverse paths
(modes).

I
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Examples of potential cable system failure modes

t

Table13.6

Aging Degradation '' _ Initial Step Toward Failure Possible Consequences or Complications Circuit Failure Mechanism -

1. Jacke. Theiiial, radiation aging
. leads to embrittlement.

Compound shrinkage or cable motion ,
cracks jacket.

A. Moisture enters and corrodes an
opening in the shield or introduces
added grounding points.

B. Jacket adheres to insulation and
propagates a crack through it
(single or multi conductor cable).

C. Water enters MIC cable (normal or
accident condition) and propagates
along the cable.

Noise or cross talk interferes with signals.
_;~

Immediate ground if wet.
Incipient ground if diy. .

.w

so

2. Seals. Thermal, radiation aging.,
result in compound creep then
hardening.

3. Insulation and acket. Thermal and
radiation aging drops wet
insulation resistance value.

4. Maintenance program connector'-
disconections leave poor pin contact.

Interface pressures drop. Shrinkage or:
thennal cycling opens seal.

Water enters MI/ cable (normal or
accident condition) and propagates
along the cable. , '

, LOCA saturates the inside of cables by
diffusion through jacket. ,

.. I

A. Additive effect of aging, moisture,
high temperature, and radiation dose

, rate increases leakage cunrent.

Compromise splices of some designs.
Compromise connectors of some designs.
Compromise terminal strips.

. Compromise splices of some designs.
Compromise connectors of some designs.
Compromise terminal strips.

do instrument or control circuits in
error or inoperative..

ac or pulse signals seriously affected.

Circuit inoperable when needed with
partial or complete open.

B.

Series resistance of circuit initially is
increased slightly.

'Above stressors increase ac losses
to high value.,

Oxidation/corrosion of loosely mating
surfaces increases contact resistance
rapidly after design-basis event.



Service experience and qualification test failure
information could be valuable sources of in'sight into
potential failure modes. However, analysis of failures
by persons knowledgeable in environmental condi-
tions, aging mechanisms, failure modes, and circuit
functional requirements is necessary for properly
relating normal service or test information to the
potential for common-cause failures during an acci-
dent. Collecting cable system failure data by general
categories or trending failure rates may have value in
decisions related to replacement of components, based
on economics (availability rates), but is of very little
value in assessing safety risks from common-cause
failure induced by DBEs or in assessing the remaining
useful life in relation to the original qualified life of
cable systems.

13.6 Inservice Inspection,
Surveillance, and
Monitoring

The previous'sections of this chapter have described
the cable system components, the stressors acting on
those components, and the aging mechanisms and
potential failure modes that may result. Life assess-
ment requires observation of cable system environ-
ments and/or component age condition, together with
an analysis of such observations compared with those
available from the original or a renewed qualification
program. In this section, we note the current environ-
mental and cable system condition monitoring practic-
es, those that are being developed, and those that might
be developed to improve the life assessment of cable
systems.

13.6.1 Inservice Inspection Requirements. The
USNRC has no published inspection requirements
specifically targeting cable systems. Several bulletins
have alerted utilities to check for weaknesses that have
occurred at one or more plants. Examples of those
weaknesses are physical damage to silicon rubber
insulated cables,21 misapplication of shrink tube splice
coversP degradation induced by local heat sources,23
and abuse/degradation of Kapton-insulated wires.24

To date, no continuing inspections have been required
for in-containment cables. Routine visual ex-
aminations of open runs, terminal areas, and areas of
known local high stressors are recommended as a
maintenance procedure to detect signs of abuse or
degradation.

13.6.2 Current Condltion/Environment Moni-
toring Practices. Both current practice and regula-
tory recommendations have been directed exclusively

toward situations where problems have occurred or
where problems are especially suspected. Routine
surveillance is limited because much of the cable in a
system is hidden from view; a cable system is a
relatively passive system and standard industry insula-
tion resistance tests would be costly and produce little
useful information.

Insulation resistance (IR) tests are the only standard
tests conducted in the industry on low-voltage power
station cables. The moderate use of IR tests is
generally confined to applications after equipment
installation, when work is being performed on a circuit
or cables have been disconnected, or when the
condition of a cable is suspect for some other reason.

IR tests can be revealing in certain cases and
relatively useless in many others. Measurements are
very temperature sensitive. An 8 to 100C (46 to 500F)
temperature rise will halve the measured IR value.
Therefore, knowledge of the temperature throughout a
cable run is necessary for proper interpretation of a
reading, but that information is usually unavailable.
Nonshielded cables, unless wetted, have an indefinite
ground path that will grossly affect test results.
Therefore, IR tests are useful (a) where temperatures
are known (or constant over time) and cables are of the
shielded design or wet; or (b) where two or more
conductors are in close proximity under identical
conditions so that IR values for the conductors can be
compared to detect unusual differences.

No in situ electrical testing has yet been successful
in detecting gradual aging changes in polymeric cables
caused by thermal and radiation exposure in nuclear
plants. The effects of water or very high humidity can
be detected with some insulations, but its usefulness
for nuclear cables, other than MI cables, has not been
verified. IR tests can detect some types of gross
installation damage, cracking of insulation, and the
breach of connector seals, provided there is enough
humidity or moisture to make the exposed leakage
surfaces conductive. Breaks in insulation systems that
are dry and clean are normally not detectable with IR
tests of 1000 V or less.

Some utilities use high-voltage (greater than 100 V)
dc tests on low-voltage cables that are suspected of
having major mechanical damage, but such tests are
not presently used for detecting aging degradation.

A few utilities have adopted a monitoring procedure
(discussed also in Section 13.6.5) involving IR tests,
capacitance, dissipation factor, series circuit resistance
and a pulse reflection test (time domain reflectometry)
to detect changes in impedance along the circuit.25 The

T
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task of programming tests, storing data that are
generated, and comparing measurements over the
years is made manageable by computer control of the
testing and logging of the data'obtained. That
monitoring procedure has proven particularly useful in
detecting and locating discrete changes in the series
resistance of circuits at corroded or loose connectors,
but it has not been proven of value in detecting gradual
aging effects on insulations, jackets, or degraded seals
that are dry.

Aging changes that lead to eventual circuit failures
or near-failures are normally not observable until the
troubled component is isolated for dissection and
analysis. Until much more experience has been
accumulated or new measurement techniques are
developed, it will not be possible to electrically
monitor the aging of in situ cable systems in a way that
relates to the preaging carried out in qualification
programs.

13.6.3 Environmental Monitoring. Monitoring of
the containment environment may aid in the assess-
ment and extension of the qualified life of cable
systems. 6 With the difficulty and limited success of
present in situ testing methods in monitoring aging
changes, one of the more promising approaches to life
assessment is to compare the actual normal operating
stressors to those on which the initial qualified life was
based. If the actual stressors are greater, the initial
qualified life should be shortened. More generally,
normal stressors are found to be lower than assumed,
which may justify the extension of the qualified life.

cal, electrical, and chemical laboratory test methods
that have been used. None of those test methods have
been used in evaluating cables in place because they
are destructive and must be applied to samples, using
laboratory equipment.

13.6.5 Developing Technologies. Several pro-
grams are under way to develop electrical and
mechanical techniques for cable-condition monitoring

-to track gradual aging effects; such techniques must
have the potential for relating to qualification preaging
programs. The Electrical Circuit Characterization and
Diagnostic (ECCAD) system is the only new test
monitoring program that is presently used in some
nuclear plants. This computer-controlled test and data
logging system was developed as a result of work done
by EG&G Idaho, Inc., at the TMI-2 accident site.25 In
addition to automating the program, the ECCAD
system incorporates circuit series resistance measure-
ments and time domain rieflectometry. These nonstan-
dard tests have been reasonably effective in finding the
presence and location of circuit discontinuities. The
effectiveness of ECCAD in tracking the state of aging
of insulation or jackets has' not yet been demonstrated.
'In fact, it is likely that ECCAD will not be an effective
tool for that purpose.

Several new aging assessment test methodologies
that are or might be under development for cable
system monitoring include the following:

. I

If the environmental monitoring can be detailed
enough to map the more critical areas of the con-
tainment for temperature and radiation levels over
time, that would provide another tool for accurate and
cost-effective life assessments. Use of remotely-
'controlled, infrared survey instruments is a powerful
method for locating very localized cable system hot
spots. A utility can then concentrate its efforts on the
hot spotlocations and if components in those locations
have adequate qualified lives, then those same compo-
nents in all other areas will have fewer thermal and
radiation aging effects'and longer lives. Components
in the hot spots can be inspected, tested, or sampled at
moderate cost to provide information relevant to all
other such' components in the containment (and
balance of plant). :- -

13.6.4 Standards. There are no published standards
applicable to the power industry for in situ monitoring
of aging changes in low-voltage cables other than
insulation resistance.27 There are a number of physi-

* A number of studies are under way to investi-
gate different aspects of accelerated and natu-
ral aging of polymers used in nuclear plants

- in order to develop a better fundamental un-
derstanding of those aging processes and
their proper relationships. Studies include
EPRI-sponsored projects at the University of
Connecticut, the University of Virginia, and
the University of Tennessee.

* : A mechanical cable indenter that may be ef-
; ' '- fective for surveying overall cable environ-
.- nmental aging severity in a containment and

for tracking the aging of cable jackets or ex-
posed insulations with reference to a preaged
condition in qualification is being developed.
The indenter is an EPRI-sponsored project at
the Franklin Research Centir.21

* Time domain spectroscopy is a technique of
applying a dc step voltage to a cable, analyz-
ing the frequency spectrum of the resulting
current flow, and deriving the cable insulation
capacitance and loss characteristics as a func-

' '' - :tion of a wide frequency range. It is presently
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in the laboratory evaluation stage. Early data
indicate that it distinguishes between
thermal- and radiation-induced insulation
changes better than other electrical means
tried to date. Work on this methodology is be-
ing performed by the National Institute for
Standards and Technology (NIST, formerly
NBS).2 9

Partial discharge detection methods for find-
ing insulation defects are customarily used
for medium- and high-voltage cables. New
concepts of these techniques that are applica-
ble to nuclear plant low-voltage cables are
being investigated by NIST and in an EPRI-
sponsored project at the University of
Connecticut. Reports of success in laboratory
trials have not yet been published, so field use
is still a distant 'prospect.

* A new method of temporarily shielding non-
shielded cables located in conduit without the
use of water is being developed. EPRI is
developing an ionized gas technique in order
to avoid the use of water in making electrical
tests of nonshielded cables.

NRC- and EPRI-sponsored projects at
Sandia National Laboratory will perform
tests to identify which of the many previous
electrical and mechanical cable monitoring
tests produced data that correlate with cable
performance under LOCA/MSLB stressor
conditions. The previous Sandia condition
monitoring tests were conducted on a wide7
variety of preaged cables and were performed
in situ or in the laboratory. New tests will in-
clude preaging of cables at 1000C for 3, 6,
and 9 months to represent20, 40, and 60 years
at 551C ambient with simultaneous radiation
to 50 Mrads. The preaging will be followed
by 110 Mrad of accident radiation before ac-
celerated LOCA testing. Cables with local
abuse and damage will also be included in the
tests."

* Jacket integrity testing through air flow mon-
itoring is a potentially valuable technique that
has been used infrequently by cable manufac-
turers but has never been reported as having

a. G. Sliter, private communication; 1989.

b. Larry Bustard, private communication, 1989.

been used by utilities. It may be applicable to
cables with internal air passages under the
jacket to detect whether or not the jacket (or
jacket and insulation) is (are) cracked or me-
chanically damaged. It may also be useful to
determine if end seals are hermetic. There are
no programs at present to explore the useful-
ness of this technique as an in situ method of
verifying cable insulation or jacket integrity.

* Chemical analysis of surface scrapings from
cable jackets is a method of possible value in
life assessments. Spectroscopic equipment
requires only minute quantities of material.
Spectroscopic analysis has been used repeat-
edly for tracking age-induced chemical
changes in polymers in research projects un-
related to nuclear low-voltage cables.lS

13.7 Aging and Life
Assessment Programs

The sections above in this chapter discuss the major
elements involved in any life assessment program for
cable systems in containment. This section relates
some of those elements to program strategies for
determining the useful life of cable systems.

13.7.1 General Discussion. The useful life of
cable'systems in Class lE containment service is the
qualified life, which is the one demonstrated in the
nuclear qualification program. Only the qualification
program addresses the issue of adequate performance
during possible seismic or accident events. Thus,
qualified life has to be the starting point for any life
assessment of Class lE cable systems. Uncertainties in
the initial qualified life resulting from documentation
problems or from evolving regulations are not ad-
dressed herein. Issues raised as a result of evolving
technology and experience are noted in Section 13.7.5.
Although the focus of concern for in-containment
cable systems is avoidance of common-cause failures,
there is also a safety concern over random failures
occurring during normal service in 1E and many of the
nonsafety related circuits. Cable system failures fre-
quently result in scrams or other stressful challenges to
the safety systems, which thereby increase the poten-
tial for sequential failures. It is advantageous to
address aging in both IE and nonsafety related cable
systems to increase the useful database and, through
improvements to both, to directly improve plant
availability and indirectly improve safe reactor
operation. -

.;4
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13.7.2 Evolution of a QuallfIcation Basis. IEEE
323-1971, a trial use standard, was the industry's
initial equipment qualification standard applicable to
nuclear cable'systems. It did not specifically address
aging or life determination issues. The 323-1974
revision did address those issues and the documenta-
tion of the aging program used with the preferred type
testing approach to qualification. Concurrently, IEEE
383-1974 was issued'cb'ering'the iype testing of
cables for nuclear'qualification. That standard pro-
vided specific procedures for the'preaging of sample
cables and connections before type testing for LOCA.
It also included flexing (bending) of cables after aging
(to test their ability to withstand seismic or other
sources of movement without cracking) and testing for
fire propagation. -

USNRC Regulatory Guide 1.89 has been issued'
endorsing IEEE 323-1974 (with certain exceptions
and supplements) as an acceptable way of meeting the
mandatory qualification requirements. Regulatory
Guide 1.131 has similarly endorsed EEE 383-1974.

Current environmental qualification requirements
related to aging and life of equipment, including
cables, are contained in three documents:
* NUREG 0588 issued December 1979, Division of
Operating Reactors (DOR) guidelines issued Novem-
ber 1979, and 10 CFR 50A9 issued January 1983.
NUREG 0588 provides a set of requirements forplants
with construction permits before June 1974 and a more
stringent set for plants with permits after June 1974.

* The DOR guidelines provide requirements for plants
with operating licenses issued before May 1980, and
10 CFR 50.49 provides requirements for all plants with
operating licenses issued after February 1983. There-
fore, plants designed, constructed, and licensed at
different times have different guidance and require-
ments for the preaging, type testing, and documenta-
tion for cable system component qualification. For
example, in contrast to guidelines for later plants,
-guidelines for earlier plants do not require that cable
samples for LOCA testing be preaged before testing.
Also, different samples are permissible for demon-
strating resistance to aging stresses and resistance to a
LOCA. Absence of voltage breakdown during the
LOCA test is considered acceptable with no examina-
tion or postenvironmental test to demonstrate margin.
Documentation required for the cable qualification of
early plants can basically state that the tests were done.
No details of test plans, data taken, or quality control
measures used are required.

13.7.3 Life 'Assessment Optlons.'Assessment of !
the useful life of IE cable systems in containment is, in

effect, a reassessment of the life set forth in the
' qualification program. ]ncentives for reassessment
include a desire to extend the original qualified life and
concern about the validity of the original assessment.
The reassessment could logically involve a reanalysis
of the revised facts only, using the same logic or
rationale that formed the basis for accepting the
original qualified life. However, it is unlikely that such
a strategy will be acceptable for cable systems
installed before the preagingl/est methodologies of
IEEE 323-1974 and IEEE 383-1974.30 Therefore,
decisions necd to be made as to which aspects of aging
and qualification practices must be revised to be
acceptable and compatible with the technology avail-
able at the time of life reassessment.'

Strategy options worthy of consideration for assess-
ing the useful remaining life of Class' E cable systems

V in containment include the following:

-1.' Determine the actual cable system environ-
ments for comparison with those assumed in
the qualification program, then recalculate
the qualified life.

; 2. Determine the actual states of aging of cable
systems and compare them with those of the
preaged components used in the qualification

'program, and then conservatively estimate
- the time remaining before systems reach the
preaged condition.

3. Extend the qualified life by removing sam-
ples of components from service, add acceler-
ated age'conditioning, and verify DBE
performance by typeotesting (sometimes this
'is referred toas ongoing qualification or
requalification).

4. Obtain representative 'samples of unaged
cable or other components and qualify them
'for'the currently desired life.''

' ' 5.. Replace the components in question. This is
not an assessment strategy, but it can resolve
the same problems that life assessment
addresses.

Option 1 is discussed in some detail in Sec-
tion 13.6.3. There is concern over extending the
qualified life by using only the conservatisms found
between the assumed or specified environments and
those later deternmined by observation. There is a valid
rationale for including all the new factors, favorable

'and unfavorable, affecting estimates of life to arrive at
the most valid net change. Unfortunately, to do so may
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broaden the scope of the life assessment program into
diverse and controversial aspects of the qualification
program. Those aspects are not discussed in detail in
this study.

Option 2 involves measuring aging effects in cable
system components in order to compare. the state of
aging of inservice cables with that in a qualification
program that had involved accelerated preaging.
Inservice component measurements need to be made
either in situ (methodologies not yet available) or on
samples taken from the most severe aging environment
to which components of interest are exposed. The
necessary comparative data must be obtained either
from the original qualification program, from others
who have qualified the component, or from new
measurements after accelerated preaging of the same
type of cable (or other component) is carried out. If
unaged components of the same type as those installed
are no longer available for duplication of the original
preaging, or the cable systems were installed before
establishment of current preaging/test methodologies,
the relatively costly but very productive Option 3 may
still be applicable.

For Option 3, samples of cable from the contain-
ment or balance'of plant may be carefully removed,
subjected to accelerated aging to add to that already'
accumulated, and then subjected to DBE type-testing.
Measurements made after the combined natural and
accelerated aging would then become the reference for
future comparisons with installed components.

Measurement techniques now available for aging
comparison are limited to destructive laboratory types,
requiing sample removal. Promising techniques for in
situ physical or electrical measurements to assess
cumulative aging effects are under investigation (see
Section 13.6.5).

13.7.4 EfficIency of Life Assessment Pro-
grams. In order to perform a life assessment with a
minimum of expense in terms of dollars and worker
radiation exposure, life assessment programs should
perform the following;

* Assess the normal aging environment as early
in station life as possible

* Focus on those cable system components in
their most adverse normal environment

* Focus on those cable system components that
industry experience indicates have the most

severe aging degradation problems involving
potential common-cause failures

* Initiate programs of failure analysis and re-
cord keeping for all power plant cable system
components of the IE types whether used in
IE circuits or not

* Acquire virgin samples of all Class IE con-
tainment cable system components as soon as
possible.

13.7.5 Potential Aging-Relatod Deficiencies
of QuallfIcation Programs. As noted in Sec-
tion 13.7.3, there are aging-related technical issues in
the qualification programs that'may need to be
addressed if the approach to life reassessment involves
the recalculation of qualified life using actual plant
aging stress levels instead of those originally assumed
or specified. Such issues might include the following.

* Questions about accelerated aging theory and
methodologies (extended data extrapolation,
synergisms, order of sequence, dose rate ef-
fects, oxygen diffusion limitations)

* Stressors in service not included in the envi-
ronmental qualification program (moisture in
normal service, thermal cycling, interface
chemical exposures)

* Unanticipated modes of failure jacket brittle
rupture or moisture transmission failure
paths, interface relaxation/creep effects)IC -,

* Circuit operational requirements not given in
purchasing or qualification specifications but
later found to be applicable (low leakage cur-
rent or low noise level limits).

An important issue associated with the use of the
current accelerated aging methodology is the validity
of Arrhenius type (activation energy dependent) ex-
trapolations. The use of an Arrhenius extrapolation
assumes a linear relationship between the log of time
and the inverse absolute temperature (or radiation
level or other loading). The basic data used to establish
the Arrhenius relationship for nuclear power plant
cables has been obtained from laboratory oven tests,
generally with an air environment, extending over one
to two years. The cable preaging before the qualifica-
tion DBA tests is generally one to seven weeks. The
time extrapolation of the basic data to a 40-year end of
life is, thus, a factor of 20 to 40. The time extrapolation
of the preaging period is a factor of 500 to 2000. The
temperature extrapolations will correspondingly be

.J
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from an oven temperature of 1506C down to a service
temperature of -901C. As discussed in Section 13.4,
polymer aging is a complex chemical/mechanical
process dependent on temperature, radiation, oxygen,
and other stressors. Large extrapolations may not be
appropriate.

13.8 Conclusions and
Recommendations

The variety of cable system materials, constructions,
installation conditions, potentially age-degrading
stressors, and possible mechanisms of failure result in
a complex array of situations to consider in assessing
residual life. A realistic management of the aging
process requires focusing on priority issues.

Those issues are as follows:

* Common-cause failures (CCFs), because
they have the greatest potential impact on
safety

* System component potential mechanisms of
failure that have been revealed during qualifi-
cation testing

* Mechanisms of failure that have been re-
vealed during normal plant operation and re-
late to potential common-cause failures.

Table 13.7 is a summary of aging- and
qualification-related cable system failure modes and
contributing factors judged to be the most likely to
impact the safety of some nuclear plants. All are aging
related and are potential sources of CCFs following a
design-basis'accident or submersion event. Therefore,
they are of technical concern when making any life
assessment of in-containment Class IE cable systems.
Other failure modes may arise or their importance
become known as research 'and experience

'accumulate.

These summary failure concerns and other factors
discussed in the sections above form the basis for the
following conclusions. First, conclusions are stated
relevant to the technical status of life assessment
factors; second, conclusions on life assessment strate-
gies are presented.

13.8.1 Technical Conclusions

* The technical life assessment issues for in-
containment cable systems are quite different'

froni those of the balance of plant because of
the potential for CCFs that can impact safety
during or after design-basis accidents or
submersion events and because of the inac-
cessibility of the containment after such
events.

'Age-related changes that impact cable sys-
tem susceptibility to CCFs are those that life
assessment methodologies should target,
whether or not those changes were consid-
ered in the original qualification program.

* Analytical or sampling/testing method-
ologies may be technically feasible for life
assessment if the proper data and materials
are available (see Section 13.8.2).'

* There is generally insufficient containment
-ambient and hot-spot radiation and tempera-
ture data to assess the aging rates of cables or
connections.

* In situ age-condition monitoring methods are
presently inadequate for either cables or con-
nections. Methodologies are being developed
for cables, but the current work is not ad-

-dressing connections.

* Data on measured age-condition parameters
of cables or connections that were preaged for
environmental qualificatiori tests are general-
ly not available now but can be obtained in
some cases. Such data will be an important
basis for in situ age-condition monitoring
programs as they are developed.'

* Failure statistics or trends obtained from nor-
mal service are not as useful in life assess-
ments of Class IE containment cables as they
may be for providing guidance to programs
for reduction of time-random failures and
improving plant availability.

* Failure analyses discussed in the LERs are
usually inadequate for identifying either rele-
vant critical aging stressors or the root cause
mechanisms of polymer or cable failure.

* Many of the qualification issues that research
and engineering or operating experience have
brought to light since the writing of IEEE 323
and 383 in 1974 are aging related and should
be considered in life assessment programs.
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Table 13.7 Sununary of potentially important failure modes and degladalion factors for LWR contaimnent cables and connectionst

Failure Modes Age Degradatiao Medcanisms Dcaninant Aging Stressors Components Degradation Sites

Circuit ground or short when
subject to condersing steam,
spray or water (CCF)I

Corrosion causes opens in, total
loss of, or multiple grounds on,
shields (CCE RF,

Cornion of contacts. Circuit
opens, grounds, or shorts
(CCF, RE;)

Jacket embritlement and
cracking-propagating through
insulation. Bare insulation
cracking.'

Jacket cracking or moisture diffuses
through jacket and condenses.

Diffused moisture collects in cable
and migrates into connection
internals.

High temperature, 02 presence,
radiation in a few cases, somctimes
moisre.

Moistur, high temperature.

High tetperature. moisde, and
water contamination.

Single and multiconductor
nonshielded jacketed cables.
Kapton-exposed wires.

Shielded coaxial or multi-
conductor paired cables.

Hli spots, tenminal areas at hot
equipment, proximity to hot pipes,
fire stops, exposed usceptible
insulation.

Moist warm areas, high humidity,
near water, steam leaks, or seepage.

Connections not peimanently seled Moist warm areas, high humidity.
against cable internal moistumre near wteS, or steam leaks, or seepage

DBA pressurelsteamspray passes
into or through connection.
Contacts corrode or circuit
grounds or shorts (CCF).

w -Peak temperature and radiation
g?% during DBA cause excess leakage

or losses to disable circuit
function or lead to iwsulation
breakdown (CCF).

Polymer seals (0-rings) or cable
polymers cold flow so that
seals are not hermetic.c

Thermal and radiation aging leave
remanent electrolytes to increase
leakage or losses.

High temperature and/or radiation
dose, cable movements, vibration,
thermal cycling.

Heat, radiation, and moisture
diffusion in normal service.
Temperature, dose rate, and
moisture after DBA.

Connections with compression seals.

Cables insulated with halogenated
or filled polymers.

Hot spots-diermal and radiation,
connections where cable is moved.

General-where exposed to harsh
accident environments.

Same as above, except steam
condensation and ionizing radiation
ae prime factors.

Excessive leakage disables Ml
cable circuit operation (CCF, RF).

Gradual increases in surface
contamination.

Accumulations of wettable or
conductive surface contamination.

Terminal strips. Nonhernrcticjunction or terminal
boxes with external or internal.
dust or contamination generators.

Metal cold flow orloosened
threads open hermetic seals
to moisture intrusion.

Vibration, repeated movement,
thermal cycling.

MI cable connections. Connections subject to vibration
or flexing.

a. The problems listed may have been anticipated and adequately addressed in the original Class IE nuclear qualification program practices. However, they are ones that should be considered if
qualification practices were not complete or rigorous in their application orif considering the extension of the original qualified life.

b. Notations in partthceses indicate potential for common-cause failures after a DBA or submersion (CCF) and for random failures during normal or abnormal sacice (atf.

c. The degraded condition noted is probably not electrically detectable when conditions are dry.
, .- -

I,
Ot



13.8.2 Strategy Conclusions .

* An analytical approach to residual life assess-
ment may demonstrate a qualified life well
beyond the initially specified 40 years.'That
approach is applicable to cable systems with
adequate nuclear qualification, including cur-
rent preaging, type testing, and documenta-
tion. It would consist of a reanalysis of the
original qualification preaging data, using
conservatisms found between the specified
and the actual operating (aging) environ-
ments and performance requirements.

* To maintain the current level of safety, life
assessment programs based on reanalysis
should address all new qualification issues
that may directly affect the validity of pre-
dicting qualified life from the original preag-
ing data. Those would include the ordering of
sequential stresses, synergistic effects, dose
rate effects, and oxygen diffusion effects.

* Other approaches to life assessment (or back-
up validation for the 'analytical approach)
include removal of small samples for labora-
tory test and analysis, obtaining virgin com-
ponents or removal of sufficient components
from the plant for accelerated preaging and
type-test (requalification), or use of in situ
monitoring techniques under development as
they become available.

* During any life assessment program, consid-
eration should be given to the plant-specific
potential impact of other qualification issues
that may not have been addressed in the origi-
nal qualification program but are now re-
vealed as possible sources of CCFs
Examples include excessive leakage currents
under the peak temperature and radiation af-
tsr an accident; wet cable internals affecting
connections or connected equipment; long-
term moisture aging effects on insulation;
polymer relaxation (creep) compromising
any compression seals used; and loss of or
multiple grounds on instrumentation cable

-shields before or duringnaccident.

13.8.3 Recommendations. Based upon this study,
the following are recommendations for immediate
implementation by utilities: '

* Immediate steps should be taken by the utili-
'ties to monitor containment temperatures and

* - . radiation levels and locate and monitor cable
system hot spots

Utilities should'establish improved failure
analysis and record keeping for all plant
cables of the types used in Class IE service

- Utilities should combine their efforts to ob-
tain component samples for testing and to ob-
tain baseline data on components preaged for
DBE tests

* Periodic inspection programs should include
careful examinations of connection areas to

-detect jacket cracking, disrupted or loose
seals, signs of corrosion or moisture seepage,

L 'and surface contamination of electrical leak-
age surfaces

* During maintenance activities, disturbance of
cable systems should be minimized when
moving or disconnecting other equipment.
Visual surveillance, temperature and radi-
ation monitoring, and the cleaning of contam-
inated electrical leakage surfaces at terminals
are the only routine activities generally rec-
ommended for cable systems to ensure their
maximum lifc.

Recommendations for utility-, DOE-, and USNRC-
sponsored research to improve the industry's ability to
'address life assessment of nuclear cable systems
include the following:

* Continue support of projects on promising
cable system age or condition monitoring
methodologies for both laboratory and in situ
uses

* Investigate the sensitivity of existing connec-
tions to (a) water migration from connected
cable internals, (b) water ingress from poly-

:mer pressure seal relaxation/creep, and
(c) water ingress from untested combinations
of interfacing cable and connection materials
with potential incompatibility

Determine the influence of moist or wet nor-
mal aging exposure on the sensitivity of cable
or other components to moisture degradation
during DBAs

Determine if a commercially feasible means
exists for'gath'crinig formerly unreported
qualification type test failure data in order to
reveal any failure modes with impact on po-
tential common-cause failures.
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14. PRESSURIZED WATER REACTOR AND BOILING WATER'
REACTOR EMERGENCY DIESEL GENERATORS

B. J. Kirkwood and L. C. Meyer

The electricity generated by a nuclear power station
generally serves the overall electrical system in that
same station, with its numerous pumps, motor-
operated valves, and other auxiliaries. When the sta-
tion is not generating electricity, or in times of
electrical disturbances, safety standards require that
power be available from external sources over both
normal tie-lines and dedicated emergency lines. How-
ever, it is recognized that all such resources can fail
concurrently, so it is further required that each plant
have emergency electrical generating capability on
site.

The selection and sizing of such equipment must
meet, among other stipulations, the requirements of
Nuclear Regulatory Commission (NRC) General
Design Criterion 17, Electric Power Systems, found in
Appendix A of 10 CFR 50, entitled General Design
CriteriaforNuclear Power Plants. This requires that
the onsite electric power system has sufficient capacity
to ensure that (a) specified acceptable fuel assembly
design limits and design conditions of the reactorcool-
ant pressure boundary are not exceeded as a result of
anticipated operational occurrences and (b) the core is
cooled and containment integrity and other vital func-
tions are maintained in the event of postulated
accidents.

Nearly all nuclear plants have met this requirement
by use of diesel engine generators, though one plant
(Oconee) has made use of hydroelectric units, and at
least one plant (Shoreham) has replaced failed engine
generators with gas turbines as a temporary measure.

Emergency diesel generators (EDGs) have been se-
lected as the electrical backup because they (a) come in
a variety of types and ratings suitable for emergency
power, (b) can be started and loaded rather quickly-a
key criterion, (c) are considered reliable in starting and
in extended operation, (d) are easily installed, and
(e) are readily maintained. Most of these attributes
have been proven for numerous engine designs over
many years of service in a variety of generating plants,
pipeline compressor and pumping facilities, and
marine, railroad, mining, and other applications. A
1981 EPRI study identifies utility plants with engines
proven by extensive experience whose designs might
be rather directly transferrable to nuclear EDG appli-
cation. The study covers over 900 utility-owned cen-

tral stations, employing some 3000 electricity
generating units and aggregating over 5000 MW in ca-
pacity.1 Most of these stations are municipally owned,
and many have operated as base-load, continuous-
duty plants.

As of a 1985 study, there were more than 230 EDGs
in United States nuclear application, usually two or
three per nuclear unit, with sizes up to 9000 kW
(12,500 hp). These comprise several models and basic
sizes manufactured by nine domestic manufacturers:
Alco, Allis-Chalmers, Caterpillar, Cooper-Bessemer,
Electro-Motive Division of General Motors, Enter-
prise Engine Division of Transamerica Delaval,
Fairbanks-Morse Engine Division of Colt Industries,
Nordberg, and-Worthington.2 The relatively small,
higher-speed units were more often selected in early
EDG applications; however, as nuclear plant sizes and
their emergency loads increased, the trend has been to-
ward larger, medium-speed units, some having ratings
by the manufacturer of up to 9000 kW, and typical of
the engine generators identified in Reference 1.

Each EDG at a plant serves specific essential and
non-essential plant loads in an emergency. However,
some such loads are redundant. For example, there
will be duplicates of certain pumps and each will be
served from a different EDG, so that the loss of one
unit will not prevent that essential service from func-
tioning. The EDGs are connected to separate switch-
gear busbars, as are the plant loads being served; there
is no common-mode interconnection permitted. In an
emergency, the safety system will determine whether
one or all EDGs must be started, which depends on the
nature of the event or the sequence of events.

These emergency generating units form complete,
nearly independent power plants. As such, they are
complex aggregations of the prime mover; generator
and exciter; auxiliary systems for fuel, lubrication,
cooling, starting, intake, and exhaust; switchgear; and
controls and instrumentation, including control and
power interface with the main plant. Hence, there is
broad potential for problems to develop that might
thwart or adversely affect their protective mission.

However, despite the fairly large number of EDO
units in service and the requirement that all service
failures be reported, a 1986 survey of the years 1983
through 1985 reveals a rather low EDG failure rate. In

C..
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that period surveyed, there were 22,104 starts, planned
and unplanned (that is, real demands); only 431,'or
1.95% were unplanned, initiated by the emergency
monitoring and actuation systern,, Of those 431 emer-
gency starts, only 2 (or less than 0.5%) aborted in the
start phase. Some 223 went on to load-run operation,
of which just 4 then failed (or less than 2%o). Of the
vastly more numerous planned starts, some 81 aborted
(out of 21,673, or less than 0.4%), while of the 13,585
that purposely were carried on to load-run, only 134
failed in duty (or 1%). Hence, the Nuclear Safety
Analysis Center (NSAC), publisher of the report,
claimed that "both the start-phase reliability and the
load-run reliability performance are excellent and of-
fer little opportunity for improvement" 3

14.1 Description

14.1.1 General Description. EDGs are essentially
small but coriplete electric generating plants, pur-
posefully with little direct interface or dependence on

- the main generating facilities. Several criteria apply to
the selection and design of EDG equipment and faci-
lities,8. 9.10 -within which overall plant designers and
the EDG suppliers have some latitude in equipment
and plain specifications and systems designs, resulting
in abroad variety of EDG facilities, controls, and oper-
ations. However, they have many'characteristics more
or less in common, which form the basis for the de-
scriptions and discussions in this chapter.

.he primary components are the engine and the di-
rectly connected generator, usually mounted on a

Other researchers, however, report slightly different single structural-steel skid. Primary auxiliary systems
: patterns, with somewhat higher unreliability rates. For [for example, cooling, lubrication and some fuel oil fa-

example, Baranowsky 4 reports 690 EDG failures in cilities, sometimes an instrument and control panel,
33,500 valid demands in the years 1976 through 1984, andpossiblyothersystems] are mounted usually on the
a 2% failure rate. Of these, 10 were instances of mul- - same skid, or on a second abutting skid. Other auxilia-
tiple EDG failure or EDG failure concurrent with un- ry items, such as the intake air filter, exhaust silencer,
availability of the other EDGs-a disquieting:i air compressors and receivers, ultimate cooling facili-
situation, particularly when considering that there ties, switchgear, static exciter and voltage regulator (if
were about 3.5 events per year of total loss of offsiteh such are included in the design), de sources, etc., most
power across the population of nuclear plants, where generally are located elsewhere, and appropriate pip-
the EDGs became the only power resource. Some of n- ng and wiring connections are run as needed. (Some-
thoseoutageslastedupto26hours.'Anotherstudy 5 re---r times-principally for larger units-engines are set
ports that of all Class IE safety subsystemns, the EDO ; directly on concrete foundations and auxiliaries are
systems were by far the largest single contributor of field-set and piped, as often is done for comparable
failures. . f nonnuclear installations.)

EDGs are included in this report because of the ob-
vious safety importance associated with any failure of
an EDG to perform its designated function. Various
studies have been conducted on them in this connec-
tion, some under auspices of the USNRC, others by
EPRI and other organizations. Several reports and nu-
merous technical papers and trade articles have been
issued, many of which are sources for this chapter,
which summarizes findings to date, proposals for ac-
tion, and the thrust of ongoing investigations. Maxi-
mum reliance is placed on the data and evaluations'.
from NRC-sponsored nuclear plant aging research*'
(NPAR) performed by Pacific Northwest Laborato-
ries.Z 6.7 Attention is given principally to those prob-.
lems which; through analyzed experience or as
foreseen by investigators; have had or might have
greatest impact on EDG reliability and the relevant
means of aging mitigations.-

The skids are mounted on concrete pads in bays or
cubicles large enough to house the units and associated
off-skid equipment and to provide access for opera-
tions and maintenance. The bays are designed to indi-
vidually isolate the two or more EDGs customarily
used at nuclear power plants in order to minimize
common-cause failures and protect the plant from ex-
ternal adversities. Such enclosure and physical separa-
tion would likely prevent windstorm damage, etc., but
if such occurred to one EDO, it would not affect or
spread to a companion unit. Likewise, fire, explosion,
sabotage, etc., could be avoided or contained.

* Figurel4.1,fromIEEE-Std387-1984, isageneric
schematc of an EDG facility, its various supporting
'systems and functional links to the external envi-
ronment, power systems, and other supporting and
control systems. With some eiceptions-notably, cer-
tain controls and the unit switchgear-all the subsys-
tems discussed in this chapter are shown within
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- - Electric circuits (control, auxiliary power, etc; main power)
Non-electrical channels (oil, air, exhaust, etc; drive)
Umit of scope of diesel-generator unit with Interface

CPS Control protection and surveillance systems
CT Current transformer
VT Voltage transformer

Figure 14.1. Scope diagram of emergency diesel generator (from Reference 9).

g-ae2e

the closed boundary of the schematic. Note that the
EDG-engineered safety feature actuating system
(ESFAS) controls for starting, loading, and load shed-
ding are not within the scope of this report, but design
deficiencies and operating failures in this area, some
caused by aging phenomena, have been noted by vari-
ous researchers as one source for both single- and
common-mode failures.4

A typical nonnuclear engine-generator package is
shown in Figure 14.2. Figure 14.3 is a typical non-

nuclear plant layout, which provides perspective on
minimum spatial requirements for such facilities.

The major EDG components and support systems
are discussed in the following two sections: Mechani-
cal Systems (14.1.2) and Electrical Systems and Con-
trols (14.1.3). Additional description and relevant
diagrams are presented in Reference 2.

14.1.2 Mechanical Systems

Diesel Engines. All EDGs are reciprocating
diesel engines, either of in-line or V configuration,
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Figure 14.2. Typical skid-mounted engine-generator package (Electromotive Dum, General Motors).

though one frequently used design is an in-line ar-
rangement of dual, opposed pistons in common cylin-
ders, driving interconnected upper and lower
crankshafts. Both two-cycle and four-cycle designs
(that is, either two strokes per combustion cycle or
four) are employed. For a four-cycle engine, the up-
ward stroke following the downward power stroke
pushes all remaining combustion gases out the exhaust
valve(s), thus scavenging the cylinder. The next
downward stroke pulls fresh combustion air into the
cylinder through the intake valve(s); this is followed
by the upward compression stroke, oil injection and ig-
nition, and the next power stroke. In the case of the
two-cycle engines, combustion gases are vented near
the end of the downward power stroke, either through
an exhaust valve in the head or through ports in the side
of the cylinder. When that same downward stroke is
about bottom, intake ports are uncovered by the piston,
allowing pressurized combustion air to enter. The
two-cycle engine design is such as to scavenge most of
the remaining combustion products out'the exhaust
ports or valve. 'The arrangement of ports in the one'
two-cycle design sweeps scavenging air through the
cylinder in a loop, so-called loop scavenging. The
other two-cycle design, with an exhaust valve, sweeps
the flow in a single direction from the lower extremity'

of the cylinder to the valve at the top, called uni-flow
scavenging. ..

Virtually all EDG engines are supercharged, where-
by some external compressor raises the combustion air
pressure above atmospheric levels (and that of any
combustion gas pressure remaining in the cylinder af-
ter scaveging). -This allows more fuel to be burned,
without any increase in engine piston displacement,
thereby increasing the output from the same engine
(assuming all components are capable of the higher
power duty). Most are supercharged by turbochargers,
a rotating turbinc/compressor device driven by the ex-
haust gases. The two-cycle engines also employ
mechanically-driven blowers, to provide necessary
combustion air and cylinder scavenging for startup and
low-load operation.

Typically, such engines are designed and catego-
'-'rized for base-load/continuous duty, intermediate

duty, and peaking/standby duty. These rather loosely
defined designations relate, in some degree, to their ro-
tative speed, both the peak and average combustion
pressures, and to their mechanical durability. The cyl-
inder biore 'in the larger engines will be as much as
17 in. in diameter and have a piston stroke of up to

I .I -.
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Model
FSG-1312 HSC FS1-1316 HSC

12 Cylinders 16'Cyllnders

A

C

280-
27'0'
50'0'

33.7-
32'0-
57'0

12 - I 0.WO lb*.
1I - 35J.000 lbs.
20 - I a2.00 lts.

. 9.7584
-After cooler

Figure 14.3. Typical nonnucleardiesel-generatorplant layout(Nordberg FSG-13V engines, Cooperlndustries,
Inc.).

22 in.; for most smaller EDG engines, the cylinder
bore will be as little as 8 in. in diameter, have a 10-in.
piston stroke, and will operate at higher speeds. Syn-
chronous rotative speeds in mostEDG applications are
in the range of 450 to 900 rpm, with some of the earlier
and smaller units at 1200 rpm. Higher speeds, for the
same horsepower, tend to yield faster response in start-

ing and loading and lower initial cost, but with gener-
ally shorter life-expectancy; greater maintenance, or
both. Peak pressures depend on engine design and op-
erating load, but normally run under 2000 psi.; Com-
puted average pressure on the power stroke [also
known as the brake mean effective pressure (BMEP)I
also reflects the load; for most four-cycle engines in
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EDG service, the rated BMEP will be 200 psi or under,
whereas for two-cycle units the rated BMEP is likely
to be under 130 psi.

All of these design parameters, as well as their other
dynamic and structural characteristics, affect the reli-
ability and durability of engines.' The engines are a
complex assemblage of numerous static and dynamic
mechanical and structural parts, and their operative
fluid systems (both liquid and gaseous) present a num-
ber of opportunities for malfunction, failure or degra-
dation variously resulting from design, manufacture,
site conditions, operations, and maintenance.

These engines will have an expected life in central-
station service of 30 to 50 years or more, this length be-
ing affected by numerous factors, many not related to
actual physical condition or continued serviceability.
For units in standby service, which is akin to the duty
of EDGs (though not usually involving fast starts),
useful life can be even longer. Again, external termi-
nation is not always a function of physical ability to
continue operation.

The main engine systems and components, some of
which are primary sites of degradation problems, are
as follows:

1. The base, crankcase, and cylinder block-
sometimes in single or combined sections,
variously of high-grade cast iron or of steel
weldments, with various openings, oil
passages, etc.; these castings or weldments
will sometimes exceed 20 ft in lengfth

2. Cylinders or cylinder liners-most often a
type of cast iron-may be up to 1 in. in annu-
lar thickness throughout'most of their length

3. Cylinder heads-usually nodular iron or cast
steel-with associated intake and exhaust
valves (one or two each), valve actuating
mechanisms, fuel injectors, air starting
-valves, and various complex cooling water
'passages, allof which pose a number of
degradation or failure possibilities; firing
deck thickness will run 0.5 to 1.0 in., varying
around valves, seats, injectors, and other
paraphernalia

shafts will be as much as 15 in. in diameter at
main bearings.

5. Connecting rods-usually of forged steel-
with articulated, side-by-side or blade-and-

- fork arrangements for V engines, all of them
with drilled lubricating oil passages to get oil
from the crankshaft to wrist pins and the
pistons

6. Pistons, with associated wrist pins joining
the connecting rod to the piston) and several
piston rings-usually of cast iron, sometimes
of two major pieces, with the crown some-
times of cast steel-cooled and lubricated by
oil passages, cavities and spray provisions
(oil being received up the holes in the
connecting rods)

7. Camshafts, gears, pushrods, and other mech-
anisms for driving the intake and exhaust
valves, fuel oil injector pumps, engine-
driven fluid pumps, etc.

8. Numerous bearings-with main and rod
bearings usually aluminum or a tri-metal
design (usually a steel shell, a bronze bearing
layer, and a flash coat of Babbitt)

9. Turbochargers and/or blowers, to supply
needed combustion and scavenging air,
usually with aftercoolers to cool and densify
compressed combustion air

* 10. Intake air and exhaust gas manifolds, the
latter having flexible joints to accommodate
expansion differentials

, 11. Governor, usually mechanical/hydraulic or
electric, and associated fuel-control linkages
to the fuel oil injector pumps

12. Fuel distribution and injection systems,
including engine-driven rotary feed pumps,
high-pressure injection pumps (barrel and
plunger type), strainers, regulators, and high-

::: pressure fuel oil tubing (for pressures as high
- - as 69 MPa (10 ksi)

13. Lubrication system, including engine-riven
main lubricating oil pump (rotary type)

-i

14. Cooling systems, for water jackets and after-
coolers, sometimes including engine-driven
centrifugal pumps.

4.
.. .. . . . . , .

'Crankshaft, and its extension to drive the
generator-usually of forged steel, with
internal lubricating oil passages drilled into
it; the opposed-piston engines have two
shafts, with a connecting vertical driveshaft; I
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15. Starting system, generally consisting of a
chain- or gear-driven air distributor directing
compressed air to admittance valves in each
cylinder head (usually redundant for EDGs)

16. Some form of turning-gear for maintenance
purposes, usually engaging teeth on the
flywheel

17. Flywheel (sometimes incorporated in the
generator)

18. Various instruments and controls, in addition
to the governor, including exhaust pyrome-
ters, gauges, etc.

19. Miscellaneous lesser systems, piping, tubing,
and wiring.

Illustrative of the complex arrangements of some of
these components is the cutaway view of a V engine in
Figure 14A. A cross-section'of another widely used
V-EDG is shown in Figure 14.5, that of an opposed-
piston engine in Figure 14.6. Typical diagrams of the
support systems can be found in Reference 2.

Of these' many engine components and systems,
only a few have been the sites of failures in the many
EDG installations. Those of greatest concern, of
which more details'will be given, are the intake and ex-
haust, starting, fuel, lubrication and cooling systems,
the governor, and the piping.

Intake and Exhaust Systems. The air intake
system provides filtered combustion air to the engine.
Air filters usually have no moving parts to fail, though
untended filter media can become plugged. In all
EDGs except the blower-scavenged two-cycle
engines, the intake air is compressed by turbochargers,
cooled by an aftercooler (an air-to-water heat
exchanger mounted on the engine), and drawn into the
cylinders. Hot combustion gases-generally at 316 to
5930C (600 to 11000F)-pass through the exhaust
manifold (usually a bundle of exhaust pipes) to the tur-
bocharger turbine, of which a variety of designs are
used. From the turbo, gases exhaust through a silencer
outside the building. The turbocharger is a relatively
high-speed, single-stage turbine driving a single-
stage compressor.

Starting System. The most typical EDG installa-
tion uses 1- to 1.7-MPa (0.15- to 0.25-ksi) com-
pressed air for starting the engine, by way of either
sequentially timed'direct injection to the cylinders or
by an air-powered turning motor. Two parallel

systems are required, to ensure. reliability. Direct in-
jection systems require admittance valves in each cyl-
inder head and a central air distributor driven by the
engine gears or by the camshaft. Whereas nonnuclear
engines are most often started by manual operation of
a main block valve and an on-engine lever, EDGs are
set up for full remote control, with the ESFAS auto-
matically initiating the process. The air entering the
cylinder rapidly accelerates the power train to provide
sufficient momentum and dieseling to initiate combus-
tion of the oiL The governor-which for EDGs is pro-
grammed for rapid acceleration-brings the engine to
synchronous speed. (A further description of the gov-
ernor operation is presented below.)

Fuel System. Fuel oil is transferred from the
main, exterior storage tank to daytanks at the engines,
from where it is pumped, usually by engine-driven
pumps, through fine-mesh strainers to a header that
feeds plunger-type injection pumps. These pumps are
actuated by the engine camshaft, pumping fuel at high
pressure through tubing to a nozzle in each cylinder
head, which atomizes the fuel. The amount of fuel
pumped is a function of the design of the plunger and
barrel, meterred by the governor/linkage/rack system.
The pump and injector parts are necessarily machined
to close tolerances because of the high pressures in-
volved, with a commensurate risk of binding or
scoring.

Lubrication System. Lubricating oil serves
both to lubricate and to cool certain components. Oil
accumulates in either the base of the engine or in a sep-
arate sump tank, from which it is'pumped by an
engine-driven positive-displacement pump through a
filter, next through a temperature control valve to the
oil cooler, then to an entrance strainer, and finally to all
internal oil piping and passages of the engine. Oil to
the main shaft bearings enters through holes in main-
bearing saiddles and shells, with 'Much of it passing
through drilled passages in the journals and crank
throws to the connecting rod bearings, then by way of
passages in the rods'to the piston wrist pins, and out
through the rod-tops, where it sprays into the interior
cavities of the piston crown and serves to cool the pis-
tons. Other passages carry the oil to certain ring
grooves, while oil also sprays or splashes within the
crankcase to maintain liner lubrication. Also, there are
passages to carry oil to gears, rocker arms, camshafts,
the turbocharger, etc.

Engines are also customarily provided with a
before-and-after (B&A) pump, which, upon com-
mand, will circulate some amount of oil (usually at
least one-third normal flow) to all necessary points
before engine operation and then again upon
shutdown; primarily to cool pistons and other hot

-
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Colt-Pielstick PC4.2V Diesel Engines

9-8018

Figure 14.4. 'Tpical V engine (Colt-Pielstick PC4.2V, Colt Industries, Fairbanks-Morse Division).

components. A keep-warm system often is used, con
tenuously circulating a small amount of oil through X
heater to most of the engine bearings; sometimes thi:
system includes a fine filter to continually polish thi
oil during standby.

Cooling System. The primary cooling system i
the engine jacket water, usually circulated by ai

- engine-driven centrifugal pump, through some forn
of cooler and a temperature control valve, then to thi
lubricating oil cooler, on to the engine jackets, heads

1- turbocharger and elsewhere, from which it returns to
the pump, usually by way of some means for venting

is accumulated gases, all as a 'closed-loop system. The
e ultimate heat sink may be the atmosphere, by way of a

, radiator or a cooling tower, usually using a separate
-cooling water circuit. Or, some other sink might be
used, such as a lake, stream, or ocean.; -

n1 Jacket water may also be used to cool the super-
, , charged combustion air, by way of the aftercooler, or,

:, - depending on engine design, a separate cooling system
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Figure 14.5.' Typical V engine (TDI-DSRV-4, Enterprise Engine Division, Transanmerican Delaval, Inc.).

may be used. There usually is also some means to heat
the jacket water for keep-warn purposes, circulated
by a partial-flow pump. Also, the jacket water is
chemically treated to prevent scale formation.

Water around the cylinder liners usually is sealed
from the crankcase by 0-rings at the lower end of the

liners. Other joints have comparable O-rings-or gas-
kets, and hoses are used in various locations.

Governor. The engine governor usually is a me-
chanical/hydraulic servomotor device, with an electri-
cal speed-seuing control, or it may be a combined
electrical and mechanical device. The former, driven
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Fig ure 14.6. Opposed-piston engine (FM-S 1/8, Fairbanks Morse Engine Division, Colt Industries).

off the engine gears, merely sensies'en'gine speed Electro-mechanical governors now are used in
changes and adjusts fuel input by means of the linkage .. some applications. They sense electric freq'uency (and
and rack systemn and is able to do so within customary, some even integrit6 currntfo mairments) so as
utility-grade frequency'specifications, including ac- to initiate governor response even before any'percep-
commodatioh to major load step-~changes. Such de- fible speed change.
vices have evolved over many years and are quite
similar to governiors for steam and gas tu~rbines. (In- The output of the'governor is to a mechanical link-
deed, the vast majority of all prime-mover governors age that controls the fuel oil injector pump by means of
in utility us'eare the product ofasingle manufacturer.) -' 'a rack-and-pinion drive to adjust the amnount of oil ad-
'They are sophisticated devices, generally rather reli- mitted to the fuel oil pump plungers. These linkages

* able but susceptibleto a variety of adverse conditions :',:are customarily mounted in the open on the engine,
'that can upset theirp~erform-ance (see Section 14.3.2). where they are subject to dust and darnage.'
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The governor has internal speed, droop, and load-
limit adjustments. Whereas speed settings usually are
remotely set from the plant control room panelboard
by means of a de control motor, it is also possible to
adjust speed locally by hand, as is often necessary for
maintenance. The droop setting helps determine load
sharing whenever the engine is operated in parallel
with other sources on the bus. The load limiter can me-
chanically block the governor, to place limits on loads
under certain conditions.

Piping. A variety of standard steel piping and steel
and copper tubing is used on the engine and auxiliaries
to connect equipment and to transport water, fuel, lu-
bricating oil, air, and gases. Some fuel oil is under
high pressure, and starting air is up to 17 MPa
(0.25 ksi), but most other service is below 0.7 MPa
(0.1 ksi) operating pressure and under 930C (2000F)
operating temperature [except, of course, the exhaust,
which is at up to 5931C (1 1000F)]. -A variety of flex
joints and other fittings are used, many subject to vi-
bration, pulsations, heat, and adverse fluids.. Piping
connections are variously flanged, welded, or screwed,-
depending on the service involved and the pipe sizes.

14.1.3 Electrical Systems and Controls

Generator and Exciter. Generators are directly
coupled to the engine shaft and are either frame-
mounted or on an extension shaft and outboard
bearing. They are customarily air-cooled, by
rotor-mounted fan blades. Exciters often are belt
driven, but may also be of the static variety, as often
are the voltage regulators. The generators in many
EDG installations lack stator shift, the spatial pro-
vision between the generator rotor and the outboard
bearing to slide the generator so as to expose stator and
rotor coils for inspection and maintenance; this makes
them less accessible for inspection and cleaning.

Switchgear. Technically, EDO unit switchgear is
outside the bounds of the EDG system (see Fig-
ure 14.1), but it is intimately involved in EDO reli-
ability problems. Standard circuit breakers are used
and are coordinated with plant-bus design and ESFAS
loads.

Station Power. There are numerous EDG-
related motors and electrical devices to be served from
the station-power bus and transformers, with many
interlinks for safe and independent or dual-path opera-
tion. Some of these are controlled by the overall plant
ESFAS system.

Wiring. There are extensive instrument and control
wiring requirements, detectors, actuators, switches,
and other devices, besides the main generator leads
and power wiring to motors and heaters.

Instruments and Controls. The majority of the
instruments and controls (I&C) are electrical/
electronic devices, though some may be fluidic (the
governor is a combined electrical and mechanical de-
vice as discussed above). The I&C components moni-
tor conditions and provide control, alarms, shutdowns,
and instrument readouts within the bounds of the EDG
system.

Although technically outside the boundary of the
EDO system, the ESFAS system of instruments and
controls directly affects EDO operation and perceived
reliability. Thus, upon occurrence of certain events or
conditions-such as loss of offsite power (LOOP) or a
loss-of-cooling accident (LOCA)-a signal to the ap-
propriate EDO unit starts it, and it rapidly accelerates
to synchronous speed and proper voltage. Under spec-
ified conditions, such as loss of normal power to that
bus, the EDO is automatically synchronized, its circuit
breaker closed, and the emergency loads are then put
back on the bus (if they had been lost).

The automatic and manually initiated controls for
EDO starting, loading, and stopping are in the control
room. Some depend on the availability of ac or de
power. Studies are in process to ensure the ability to
start and place the EDGs on line in the event of total
nuclear plant power blackout, if need be using local,
manual means to start the engine and then place it on
line to regain plant power. These studies have pin-
pointed automatic controls in the ESFAS as a site of
possible common-mode and common-cause failures.4
Because such engines are started with compressed air,
and air storage for many starts is a design criterion, a
properly designed EDO system can be started even
without ac power. Station batteries provide de power
for switchgear and possible other needs.

14.1.4 Emergency Diesel Generator Failures
and Problems. From the foregoing, it is evident
there are numerous possibilities for problems to arise
in EDG readiness and operation. That there actually
have been so few (see Reference 3) is remarkable and
a testimony to the reliability of the many complex sys-
tems and components involved and the operational and
maintenance care actually given the units.

.Various studies have been conducted-principally
by the NRC in its NPAR project and by EPRI in regard
to the utility industry's perspective-as to the number
of EDO failures, the system or components that failed,

.. ,

I. .
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the root and contributory causcs, the corrective
measures taken, and the actions that might be taken to"
avoid or mitigate such problems.

The principal USNRC/NPAR study on EDGs was
initiated in 1985 and conducted by DOE's Pacific
Northwest Laboratory (operated by Battelle Memorial
Institute). The two volumes of their Phase 1 study
were issued in 1987,Z6 followed in 1988 by a Techni-
cal Evaluation Report7 dealing with EDG testing as
one aging factor. The basic investigation looked at
EDG failures over the years 1965 through 1984, draw-
ing information from (a) licensee event reports
(LERs), as reported to the NRC; (b) the Nuclear Plant
Reliability Data System (NPRDS), compiled by the In-
stitute for Nuclear Power Operations (INPO); (c) nu-
clear plant experience (NPE) data accumulated by the
S. M. Stoller Corporation and published in 1982; and
(d) the Emergency Diesel Generator Component
Tracking System (EDGCTS), a data base assembled
by the Transamerica Delaval, Inc., diesel engine Own-
ers' Group CTDI/OG) in response to a specific situa-
tion of real and alleged problems with this make of
engines in EDG service.

The LER reports covered nearly 2400 EDG failure
events. From them, over 500 were randomly selected
to represent EDG problems. Similarly, reports from
the other data bases were randomly selected; then, all
were cross-checked to eliminate duplication. This re-
sulted in a base of 1984 failure events for evaluation.

A team of experts in engine-generator design, appli-
cation, and maintenance then categorized these failure
events as to whether they were aging-related, which
resulted in a total of 1064, or 54%, deemed related to
some form of aging degradation. The events were also
allocated to various components and systems-of the
EDGs (for example, air distributors, injector pumps,
exciter, governor) to allow determination of primary
degradation sites. Primary and secondary failure
causes were identified for each event where possible
(such as poor design, adverse site conditions, mainte-
nance error), as were the corrective actions taken (such
as adjustment, repair, replacement).

These and other data were then entered into a com-
puter data base from which a variety of outputs could
be generated and subsequently analyzed (see Refer-'
ence 2). It became apparent from the analysis that fail- -
ures and problems related to almost the entire
spectrum of EDG systems and components have oc-
curred. However, there were a few that stood out
clearly as primary sites of difficulties, transceiding the
variety of makes and types of engines and associated

equipment. Table 14.1, based on Reference 2, high-
'lights the problem areas; Figure 14.7, taken from Ref-
erence'l 1 provides further information.' Of particular
note are the governor, on-engine fuel piping and injec-
tor pumps, turbocharger, on-engine starting compo-
nents, and a broad spectrum of other instruments and
controls-together, these constitute 45% of all aging-
related failure sites.

The experience of the TDI Owners' Group in as-
sessing failures and problems on TDI/Enterprise en-
gines is of relevant interest. The Owners' Group
conducted an urgent and technically sophisticated set
of studies from 1983 through 1985 following the fail-
ure of three crankshafts and a cylinder block in the
EDG units at the Shoreham Nuclear Power Station of
the Long Island Lighting Company. The failures oc-
curred during pre-operational testing. A number of
problems on Enterprise units in other stations were
then identified, and all were studied exhaustively by
technical experts of the utilities, the manufacturer, and
the USNRC. Some proved to be minor in nature; oth-
ers, such as the shafts at Shoreham and San Onofre,
blocks at Shorcham and elsewhere, turbocharger bear-
ings at Comanche Peak and other plants, and high-
pressure fuel oil tubing, air admittance valves, and
cylinder heads at various plants proved to be signifi-
cant. Not only did the TDI/OG issue numerous stu-
dies, but acting with and for the NRC, PNL issued
several Technical Evaluation Reports, culminating in
Reference 12. Although not all the failures were
aging-related,a numberof insights in the area of aging
came from these investigations, some of which are
noted in Section 14.3.

The problems associated with the TDIlEnterprise
engines were of major concern to both the utilities in-
volved and the USNRC and to others concerned with
nuclear plant safety and reputation. The TDI prob-
lems, the related technical studies, and subsequent ef-
forts at mitigation served to focus attention on the
safety importance of EDGs in general. Besides those
investigations, several other relevant studies are cited
in References 4 through 7,11, and 13 through 20.

14.2 Stressors -

- -Stressors are any intrinsic, operating, or environ-
mental conditions that can cause component or system
degradation or failure. They may act individually or in
synergistic or catalytic combination. Intrinsic stres-
sors result from'design, materials, manufacturing,
application, or installation. -Operating stressors occur
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Table 14.1 Systems and components contributing most to emergency diesel generator failures

All Failuresa
(%)

Aging Failuresb
(%)Systems and Components

Instruments and Controls - System
Governor
Sensors, relays
Other

Fuel System
Piping on Engine
Injector
Other

Starting System
Controls
Starting air valve
Starting motors
Other

Cooling System
Pumps
Heat exchangers
Piping
Other

Engine Structure
Crankcase
Other

Intake and Exhaust System
Turbocharger
Other

25 28
10
7
8

12
5
11

11 13
3
2
6

5
3
5

10
3
2
2
3

10
3
3
2
2

10
2
2
2
4

9
2
2
2
3

5 7
1
4

2
5

6 6
4
2

4
2

* Switchgcar
Relays
Breakers
Other

Other Systems

10 4
5
3
2

2
1
1

24 22

a. Sample population of 1984 failures studied.

b. Sample population of 1064 failures related to aging.

* in the course of and are directly caused by EDO opera-
tions, both normal and abnormal, including testing and
maintenance. Environmental stressors'originate in the
EDG operating environment. Of the many stressors

possible, only those found to have been of significance
to EDG reliability are discussed. Specific sites of oc-
currence are addressed in Section 14.3, Degradation
Sites and Mechanisms.
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14.2.1 IntrinsIc Stressors. Engines and gen-'
crators,and aU associated components, auxiliaries, and
systems, are individually and collectively designed to
accommodate certain maximum conditions over an ex-
tended life, given basic careand maintenance. Stresses
will exceed component capability, and components
will malfunction or fail in some fashion if site or oper-
ating conditions exceed these conditions or if the de-
sign or manufacture was inappropriate. Consequent
failures often occur synergistically with operations or
the environment, but they are rooted in the intrinsic
character of the component or facility. Relatively few
failures should or do occur, but some examples follow
(see References 5, 12, and 21).

shaft system of another engine make also has cxperi-
enced one or more failures, requiring re-design. See
Reference 12 and its underlying technical reports for
details.

Connecting rods of more than one make have failed
:from intrinsic design and manufacturing problems, as
'have cylinder blocks, pistons, cylinder heads, head
bolts and studs, bearings, cams, and the like-all ap-
parently because the design, material, or fabrication
*was not adequate for the ultimate operation of the
unit.12 As one example, the cast iron of one cylinder

'block had not been correctly heat-treated, resulting in
a form of cast iron that could not withstand the stresses

- , , -- a- that built up between the cylinder openings. The de-
Crankshafts of three nearly new engines at the sign of one family of piston crowns resulted in stress

Shoreham Nuclear Power Station failed-one with a - concentrations and cracking. One design of steel cyl-
-.total break, two with major cracks. Investigation deter- -' inder heads was found to have inconsistent firedeck
mined the shaft design apparently was inadequate for thickness, leading to thermal stresses, and one family
the loads for which the units were sold. Shafts of two of articulated connecting rods suffered from fatigue-
TDI EDGs at San Onofre, also nearly new, were found caused bolting failures.
with fatigue-related surface cracks; various contribu- -
tory factors of intrinsic nature were involved-one of -Similarlyvariousgaskets,0-rings,hoses,andsimi-
which related to torsional vibrations at the engine- lar synthetic materials have had to be replaced with
generators' critical speeds, which were found tobe too components made with longer lasting materials.
close to the operating speed and within the speed range High-pressure fuel oil lines have been found to be sen-
for acceleration; the other was the shape of lubricating sitive to adverse manufacturing techniques, where a
oil passage entrances. A key component of the crank- burr on the swaging mandrel or die may cause a sharp-
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edged groove, forming a stress concentrator. Subse-
quent vibration or pressure pulsations can then lead to
fatigue failure.

14.2.2 Operating Stressors. The majority of
EDG problems appears to be caused by operational
and maintenance stressors. The following problems
are of greatest importance:

* Excessive electrical load, sometimes the
consequence of later additions to the emer-
gency loads initially planned for an EDG
without due consideration of the EDG rating;
see References 22 and 23, the latter being an
explicit NRC caution to owner-operators to
recheck potential emergeny6 loads under all
possible operating configurations for a range
of design-basis accident conditions

* Sudden applications of electric loads exceed-
ing structural/mechanical design parameters
for certain engine components

* Low-level stress cycling, causing fatigue
failure, even though the stresses are below the
yield strength of the material

* Severe imbalance of loads among cylinders,
possibly caused by stuck injector pumps or
plugged nozzles

* Prolonged idling or light loads, which
because of heat buildup can adversely affect
blowers on two-cycle units, as well as plug or
foul injector nozzles, deposit oil on turbo
blades, etc.

* Rapid starts or rapid loading, in either
design-basis events or tests, resulting in fuel
input rates and cylinder firing pressures as
high as any encountered in normal oper-
ations, in order to achieve the specified accel-
eration and load'acquisition; a variety of
consequences appear to be related, involving
shafts, blocks, turbochargers, wrist-pins,
bearings, liners, and heads

* Mechanical vibration, which is particularly
damaging to inadequately restrained piping,

- to controls and instruments, and to fasteners
and mounting brackets

- * Thermal stresses, caused by (a) temperatures
above design parameters, such as might affect
exhaust valves and seats, turbocharger inlet

vanes and blades, or turbocharger bearings,
(b) temperature differentials within a compo-
nent or between contiguous components,
causing excessive stresses as might occur
within a piston crown or cylinder head or
between a liner and mating cylinder block,
and (c) thermal cycling, causing fatigue
failure; high temperatures can also affect
soft-metal or synthetic gaskets or operating
fluids such as governor hydraulic oil, if the
design has failed to recognize the problem, or
exhaust valves if seat cracks or carbon build-
up causes a gap between valve head and seat

Chemical and electrolytic attack, particularly
common ferrous corrosion, which affects a
wide variety of components

- Corrosion of electrical contacts

- Water scaling on hot surfaces of liners,
heads, and turbos

- Contamination of lubricating oil by leaks
of fuel oil or jacket water, acidification
from the combustion processes

- Deterioration of hoses and other organic
or synthetic materials

- Intergranular stress corrosion, as in
turbocharger bolts

- Contamination of fuel oil, from biologi-
cal action or chemical deterioration from
aging (all of which tends to clog fuel oil
strainers or to produce varnish on close-
tolerance pump parts)

* Cavitation and hydraulic shocks or pulsa-
tions, affecting bearings, tubing, and piping

* Erosion, usually in pumps and heat
exchangers

* Inadequate lubrication, especially on start-up

* Misalignment of mating components; espe-
dially critical are crankshafts, where a variety
of conditions can cause them to go out of
alignment, such as grout failure; relaxed or
broken foundation bolts; broken support lig-
aments, welds, or bolts in the engine frame;
main bearing failures; an excessive tempera-
ture rise in the concrete engine foundation; or
a constrained thermal expansion of the engine

IF
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* Water leaks, which besides contaminating the
lubricating oil may enter cylinders and cause
water block,damaging the head or piston on a
compression stroke in strting

Maladjustment or drift of control settings

* Maintenance-related stressors, such as
- improper installation or adjustment, damage

to parts, or over- or under-tightening of bolts

* Inadequate monitoring and maintenance
activity, which can lead to plugged air and
lubricating oil filters and fuel oil strainers or
water trapped in the compressed air system.

For details on such events and their consequences,
there are numerous citations in References 2, 6, 7, 11
through 15, 20, and 22 through 24.

14.2.3 -Environmental Stressors. A number of
environmental stressors affect EDG aging and reliabil-
ity. Some are related to specific sites, but most are
more universal.

Atmospheric pollutants, of which dust is the
most prominent, can coat open electrical con-
tacts, cause wear of commutator slip rings
and brushes, and clog and stiffen governor/
fuel oil linkages; but, owing to air intake fil-
ters. such pollutants seldom affect engine
internals

-Electrical transients, stray electric currents,
corona, and static electricity can variously

Table 14.2 Causes of diesel generator failures

. S

affect controls, bearings,'the generator, and
heat exchangers

'Lightning and other incoming electrical dis-
turbances can aff&t generator insulation and
winding integrity

* Humidity and other moisture can condense
and collect in the fuel storage tank and may
eventually plug some filters; condensate also
forms in compressed air systems not ade-
quately dehumidified, and its consequent rust
disrupts starting mechanisms

* Oxidation may affect some oils, as well as
some electrical insulation and contacts

* Inadequate space in many engine bays is an
indirect stressor affecting the quality of
surveillanceandmaintenance.

Radiation does not affect EDGs, as they are located
outside the reactor containment.

14.2.4 EDG Operating Experience. Reference 2,
the EDG aging study by Pacitic Northwest Laborato-
ries (PNL), tabulated from its broad sampling of EDO
aging-failure events a profile of causes. The categori-
zation- therein differs somewhat from the foregoing
summary but covers roughly the'same overall scope.
Table 14.2 summarizes the PNL tabulation of EDO
failures; see the referenced report for detail, including
how chronological age affects the failure patterns
(also see Section 14.6.2.).

Failure Cause

'Adverse conditions (vibration, etc.)
Poor manufacturing
Adverse environment (humidity, dust)
Human error (maintenance)
Maladjustment/Misalignment
Poor design, wrong application, etc. .
Human error (operation) -

Overstress -
Other
Unknown/not identified

:'a. Sample population of 1984 events, 1965-1984.

' b. Sample population of 1064 events related to aging.

,'- - ' All Failuresa
* (%)

17
.22
13
13
8

- * . - - -7
3

Aging Failuresb
()

27
18
17
9
6
5
2

1. .4I1. - � TI- - . ..

_: I I � . . .

.1 .

Ii
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Adverse operating conditions and environment rank
high in Reference 2, together covering 44% of all
aging/wear failures. Unexpected were the aging con-
sequences of poor design and manufacturing, totaling
23%; those should be detected and mitigated early in
unit life, even on the test floor or in pre-operational
testing, but the PNL study shows them remaining sig-
nifieant, even after five years on site. Of further con-
cern are the 11% of failures caused by human error,
emphasizing the need for effective ongoing training
experience.

In a subsequent workshop, reflecting subjective in-
put, industry representatives were asked to rank con-
tributory causes. They ranked the top five as adverse
environment, poor maintenance, overstress in fast
starts and loading, poor design and manufacturing, and
poor operation. These together constituted 67% of
their responses; adverse conditions, like shock and vi-
bration, which were statistically the most common
stressor, per Table 14.2, ranked only sixth.6

14.2.5 Mitigation Efforts. Some intrinsic stressors
have been or will be mitigated by discovery: (a) by
careful attention du'ring specification, selection, design
and drawing review, documentation, testing, ctc. (see
Reference 6); (b) by events like fuel oil line or ESFAS
control failures, which occur in EDG break-in opera-
tion; and (c) by careful interface with the equipment
vendors. Some mitigation may result from certain op-
erating limitations, such as avoiding engine-critical
speeds, rather than correction per se. Changes in pro-
cedures, enhanced surveillance, preventive mainte-
nance, component replacement, keep-warm systems,
and the like can also mitigate various operating and en-
vironmental stressors (see Section 14.5). Careful
training of operators and maintenance personnel and
adequate hands-on experience in regular engine oper-
ation will result in beneficial mitigation; this was
stressed by participants in the workshop discussed in
Reference 6.

The matter of fast starts and fast loading is of signif-
icant importance. Studies continue on this subject
along two lines: (a) to change design-basis-event
starting and loading requirements to allow maximum
possible time to ramp-up the engine and subsequently
load it and (b) to eliminate or greatly reduce the extent
of the fast-start testing. In fact, there is increasing evi-
dence that this possibly is the paramount stressor af-
fecting EDG reliability and aging. Further details are
provided in Section 14.5.

14.3 Degradation Sites and
Mechanisms

Section 14.2, Stressors, and Table 14.1 have indi-
cated the significant degradation sites. Table 14.3,
which is based on Reference 2, lists the most trouble-
some components, ranked by aging failure frequency.
The 15 component categories listed account for nearly
one-half of the failures in the EDG history surveyed
by PNL in the NPAR study.

The list of key failure sites was somewhat different
in a study conducted by Mollerus Engineering for
EPRI,15 reporting'relays, switches, and instruments
and controls, as a group, being the sites of 24% of the
failures analyzed, versus a sum of about 10% in
Table 14.3. The cooling system accounted for 14%,
whereas the fuel system was the culprit in 13% of the
cases; these three groups alone summed over 50%.
The governor accounted for another 10.3% (versus
10.2% in the PNL study as the greatest single site),
whereas the starting system, as a whole, was re-
sponsible for 10.3% of all problems (versus a sum of
8.4% in Table 14.3). This EPRI study covered only
surveillance-testing failures, in a period of less than
five years, and was not limited to aging-related prob-
lems. But, despite these caveats, the two studies rather
closely parallel in their conclusions as to the important
degradation sites.

Conclusions were similar in yet another EPRI study,
by Southwest Research Institute.16 It dealtwith failure
rates (occurrences per diesel2'month) and length of
downtime per failure. Table 14.4 presents the results
of that analysis, from which it can be seen that though
the rankings differ somewhat, the same problem com-
ponents remain prominent

14.3.1 PrImary Degradation Mechanisms.
Study of the considerable data in References 2 and 16
reveals that for the primary degradation sites (see
Tables 14.1, 14.3, and 14A), the primary causes (that
is, essentially, the primary stressors) were the topmost
ones in Table 14.2. The primary degradation mecha-
nisms appear to be manifestations of fatigue, yielding
and fracture, corrosion, wear, and deterioration of
working fluids. Other mechanisms can include loss of
electrical contact and fire.

Fatigue. High-cycle fatigue is the tendency of mate-
rial, especially metals, to break under cyclic loading,
even at a stress below the material's static yield
strength.' Ferrous materials in particular have rather
clear cyclic-fatigue limits. A large number of cyclic
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Table 14.3 EDG components in order of aging failure frequency -

. - Component>"- 2.

Aging Failure
(%)

Governor
Fuel oil piping on engine
Turbocharger
Starting air valve
Fuel oil injector pumps
Starting controls
I&C

Sensors
Relays
Control air system

Engine crankcase
Cooling pumps
Cooling piping
Alarms and shutdowns
Starting motors
Alarms and shutdowns
Fuel oil injectors and nozzles
Others-83 component categories

a. Sample population of 1064 events, 1965-1984.

102
*'-4.9
.42

.3A
32
2.9

2.7
2.4
2A
2A

' 2A
2.3
2.2
2.1
22.
1.9

50.4

loadings are an inherent aspect of service in the re-
ciprocating and rotational environment of engine.-
generators; fatigue damage cannot be avoided but only
mitigated by proper design, materials, and fabrication
and by subsequent proper operation and maintenance.
Crankshafts, cylinder and head bolts, connecting rods,
fuel oil tubing, and pistons are primary examples of
components susceptible to fatigue damage. However,
numerous other parts are also subject to vibration or
other cyclic loadings and eventually may fail, such as
crankcase door bolts, turbocharger mounting bolts,:

abutting parts or between liners and cylinder blocks
during fast loadings. -

Corrosion and Chemical Attack. 'Corrosion
has been a key degradation mechanism at several pri-
mary sites. It may be caused by adverse chemicals in
the operating environment, such as engine exhaust,
acidic oils, breakdown of corrosion inhibitors, or oil in

,contact with the insulation or seal media. More com-
monly, the problems are caused by moisture in the
compressed air supply, resulting in'common rust in the

, ... "...1.. .4 * ::;

.Z, . ;.;, .

and camshaft drive gears. . -. , ., ' air starting components.' In some cases, there are com-
bined synergistic effects, such as oxidation of seal ma-
terials and thermal'stresses. There are also catalytic

* YeldingandFracture. Poordesign and manufac- - < effects, such as deposits attracting moisture in the cx-
turing, or improper maintenance, can make compo- haust system during standdown periods, leading to
nents unexpectedly subject to cyclic fatigue or to corrosion. And, intergranular stress corrosion crack-
outright overstress, beyond the yield strength or even ing (IGSCC) has been encountered in internal turbo-
ultimate strength. The TDI crankshaft failures pre- charger 'bolting, resulting' from temperatures,
viously cited are examples. Once plastically yielded, a operating gas conditions, structural loadings, and ma-
part can become subject to additional stresses, leading terial characteristics.
to failure of it or a relevant part. Bolted connections - .

are frequent sites of such problems, as elongated bolts * - Wear. Normal wear is an important aging mecha-
*,can become subject to shear or bending stresses. Cy-. ,nism-5-25 and can be expected in such places as piston

clic thermal stresses are sometimes a contributing fac- rings and cylinder liners, bearings, exhaust valves and
tor in stress failures, such as in uneven expansion of seats, pump impellers, injectors and nozzles, linkage
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Table 14.4 Failure ranking"

Downtime

Component Group

Instruments and controls
(including voltage regulator)
Governor
Starting system
Cooling system
Fuel system and injectors
Lubrication system
Generator
Turbocharger
Engine - mechanical
structural

Failure
Rateb

14.3

Ratec Rank

152 3

9.9
7.9
6.5
6.A
4.9

.33

2.3
1.7

93
105'
171
57
109
142
190
80

7
6
2
9
5
4
1
8

a. Reference 16.

b. Mean failure rate-failures per diesel-month (xO.001)-for example, one I & C failure per EDG every 70
months on the average.

c. Expected downtime-hours per diesel-month (x.0.001) (=failure rate x mean downtime per failure)-for
example, an average of 0.152 h per month for I & C failures; or nearly 11 h average downtime for each I & C failure,
every 70 months on the average.

pins, circuit breaker contacts, and such-though usual-
ly only after extended operations more typical of
continuous-duty service. Even in the standby mode of
EDG service, wear can occur relatively rapidly be-
cause of the frequent fast starts, which generally occur
without proper lubrication.26

. Deterioration of Working Fluids. Working
fluids deteriorate for various reasons. Lubricating oil
can be contaminated by leaking jacket water or fuel oil
(see Reference 26). bearing particles, air entrainment,
or excess heat. The special hydraulic oils in the gover-
nors are a typical site of difficulty. For example, ex-
cessive heat changes the viscosity and can lead to
deterioration of the oil, and improper air venting after
maintenance causes frothing and inadequate hydraulic
function. Water in the lubricating oil breaks the oil
film, or forms a foam or sludge, quickly leading to
bearing damage.

Other Environmental Degradation Mecha-
nisms. If dust, oxides,; or electrical arcing'products

" coat an electrical contact, electrical continuity can be
interrupted, leading to failure of a signal or relay func-
tion. If a fire develops, such as from an oil spray from

a broken fuel oil line, it can quickly lead to severe
damage.

14.3.2 Primary Degradation Sites and Mech-
anisms and Relevant Mitigation Methods.

Governor. As previously noted, these are quite com-
plex machines, having close tolerances on some parts,
and all requiring some exactitude in manufacture and
maintenance. Torsional vibrations in the engine drive
train will reflect into the governor and wear some com-
ponents, as will excessive engine shaking. A location
close to the turbocharger or other hot exhaust compo-
nents leads to oil degradation. Failure to maintain oil
condition and levels or to vent gases will cause
trouble.15 Expert maintenance, though needed infre-
quently, is a must. Poor manufacturing has frequently
been alleged, but sometimes this may be an unjustified
accusation.

Appropriate, knowledgeable surveillance and main-
tenance is the key to good governor performance, once
other factors such as vibration and heat have been ad-
dressed byrestrainits or shielding or by relocation or
material changes.'
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Engine Fuel Oil Piping. Fatigue fa.
inadequately restrained vibration is the
failure mechanism. Other failures car
manufacturing problems, such as mand
tubing is swaged.- As noted above, the I
hydraulic pulsations, and vibrations in t
system can all contribute to ruptures.
volves appropriate restraint of tubing n
inspection of tubing as it is made and
(For examples, see the bacgrout
Reference 12.)

Turbocharger. Nearly all EDGs h
gers. The two-cycle engines also havc
driven blowers, which provideboost dur
ling, and low-load operation. The turbo
-on large engines may rotate up to20,000
eron smallerengines),operates in arathc
ronment. Exhaust temperatures are as t
Exhaustgasescontainsmallamountsof:
ash and carbon particles, and may be so
chemically, owing to the presence of NC
ter vapor, trace amounts of vanadium, ac
inherent because of the multi-axis shaki
rocating engine. A variety of forces ani
pinge on the turbocharger from therr
motions of the engine and the exhaust pi
of some turbochargers are located in hig
environments. Varying turbine and coi
impose shifting forces on the axial tt
which often receive inadequate lubrical
starts. These bearing problems (and ov(
ger performance) are aggravated by int
'instability, known as surge; surge usuaL
turboehargerselection for the'site'condit
in operating conditions. -

Poor manufacturing is sometimes cit
failure and cannot be dismissed, though
may be of limited validity. Thrust be
balance, and blade integrity are areas su
to poor manufacturing or poor mainter

ilure caused by
most common
i be caused by
rel burrs as the
high pressures,
he fuel oil feed
Mitigation in-

Mitigation is fairly self-evident: detect and mini-
mize vibration,'make sure there are no undue piping
thrusts, ensure static and dynamic balance, arrange for
pre lubrication if possible, and minimize quick starts

-and loading Some of the above problems were ad-
dressed in the TDI investigations and research.12

ins and careful Starting Valves, Motors, and Controls. Since
later installed. 'these engines are started with compressed air, the start-
id studies of ing system components are particularly susceptible to

environmental problems peculiar to compressed air.
Humidity in the compressed air can condense out as
: theair'is cooled by standing in'the air receivers or pip-

ave turbochar- ' ing.' In the absence of dehumidifying facilities, such
mechanically 'rcondensate remains in the system, where it combines

ingstarting,id- "with oxygen to aitackeomponents. Some parts rust so
chargerwhich as to impede operation. Others become blocked with
rpm' (and high- -irust particles or sludge. Additionally, pockets of free
eradverseenvi- water accumulate and then are abruptly carried along
igh as'l 1000F. by the air during the starting process, possibly damag-

slightly erosiv aing parts by water hammer.
imewhat active
. 'and SO,, wa- " Some smaller engines are started by air-motor turn-
tc. Vibration is ing gears, which also can be damaged by these prob-
ng of the recip- lems.'- However, most engines use valves in each head
I moments imp ' to introduce 1-1.7 MPa (0.15-0.25 ksi) of compressed
nally-induced' air to thecylinders on whatamounts to the'downpower
iping. Bearings' E stroke so as to rotate the engine.' All the various admit-
gh-temperature: ' ' tance and control 'components, including the air dis-
mnpressor loads ' tributor, then become subject to this failure
irust bearings, mechanism. Furthermore,'if an admittance valve
ion during fast ' 'sticks slightly, open, subsequent high-temperature

'2all turbeha - combustion products can pass through the valve into
tale air suction the air system, causing further damage.
ly reflects poor
ions orchanges Otherproblems do occur, according tothePNLdoc-

umentationsuchas wrongpipingorpoormaintenance,
but moisture problems are the primary difficulty.

Wd as a cause of ; Mitigation focuses principally ondehumidifying the
that allegation compressed air; such should be part of proper plant de-

arings, turbine sign or should be added later (Reference 15, and oth-
sceptible either ers). Proper maintenance, including air piping
iance. Lack of drain-trap and receiver blowdown, is important.

adequate pre lubrication is a primary concern in some - - -:
instances, especially under quick-start scenarios when, Fuel Oil Pumps, Injectors, and Nozzles. These
t'urbosare aleady under duress to buid air flow and are all close-tolerance items and are subject to high-
pressure under inadequate exhaust conditions.13 Some. acceleration forces. For this reason, manufacturing
turbocharger or engine designs, however, allow only a ;: lapses usually are evidenced in early operation and
brief pre lubrication to avoid oil flooding, which may- J corrected. However, poor fuel oil conditions will
obviate the benefits of a standard pre-lube system;' cause chemical attack, erosion or plugging, or occa-
some installations have been modified to discharge oil ; sional bio-chemical sludges. Maintenance on these
from small, elevated dump tanks into the turbo bear- finely finished components requires knowledgeable
ings upon startup. ' ' skills so as to avoid minute but incapacitating scars.
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Maladjustment may lead to after-dribble from the
nozzles, with consequences for pistons and cylinders.
Sometimes, oil, staying in the pumps, nozzles, etc.,
will varnish and coagulate if the engine is not operated
frequently, causing pumps to stick or operate poorly.

Proper fuel oil and oil-condition monitoring,
coupled with appropriate screens, generally will pre-
vent problems. Cylinder temperatures will indicate
misfiring, which is further evidenced by firing pres-
sures. Buisince there will usually be differing temper-
ature indications among the cylinders, intcr-cylinder
temperature comparisons are of only marginal help; it
is more important to know for each cylinder the pattern
of temperatures over time, so as to spot developing
troubles. An experienced ear also can often detect fir-
ing problems. All of this argues for regular EDG oper-
ation as one means of problem avoidance and
mitigation.

Instruments and Controls., Many types of con-
trols are involved, differing among functions and types
of engines, switchgear, etc. Thus, degradation mecha-
nisms will vary. Despite the variations, probably the
greatest problems are environmental (mostly heat,
dust, and humidity, especially for electrical compo-
nents) and operating conditions (vibration, arcing and
wrong contact pressure,'or impure or condensate-
laden air for pneumaiic items). Corrosion, arcing
products or erosion, and dust coatings are common
failure mechanisms, which cause poor electrical con-
tact. Vibration is a major instrumentation and control
problem (see Reference 15). Heat will also adversely
affect some controls, as will maintenance errors and
maladjustment. Furthermore, setpoints on some con-
trols tend to drift, often caused by vibration or failure
to secure set-screws.

Vibration and heat problems are best addressed by
remounting or relocation. Dust and humidity require
sealed enclosures, heaters, or filters. Proper preven-
tive maintenance will avoid many problems, even so
simple an activity as cleaning and checking setpoints
regularly will help.

Crankcase and Cylinder Blocks. Crankcases
and cylinder blocks should not be a problem for long-;
standing engines. But, along with similar problems in
the base, weldments tend to fail in some engines, and
castings will occasionally crack, mostly at ligamcnts,
webs, and saddles. In addition to the results of poor
design or manufacturing, other causes include unusu-
ally high or sharp stresses. Blocks have been affected
by differential thermal stresses where liners and blocks
mate, believed to be caused by rapid loadings.

Mitigation requires attention to evidences of stres-
sors, such as unusual vibration or looseness between
engine base and mounting rails. Evidences of bearing
failure, such as bearing particles in the lubricating oil
filters may also indicate problems in the engine struc-
ture. Some failures can be relieved by welds or metal-
locking, but most require replacement (metal-locking
is a proprietary means of repairing cracks in cast iron).

Cooling Pumps. - The most common problem is
failure of shaft seals or packing, these seldom require
immediate attention. Of more concern is gradual ero-
sion of impellers and wearing rings, but that usually
comes with long operation or considerable grit in the
fluid. Depending upon pump design, bad mounting or
misalignment will also cause failure.

Erosion is caused not only by contamination but also
can be caused by cavitation, which usually reflects
poor suction conditions. Vibration can often be over-
come by piping isolation, and by use of flexible pipe
joints. Maintenance is key to most mitigation; unfor-
tunately, that is difficult with engine-mounted pumps
or tightly grouped skid-mounted units.

Cooling Piping. Aging of gaskets and flex joints,
and problems associated with vibration, are the most
common failure mechanisms. Gaskets may age be-
cause of inappropriate material selection or excessive
temperatures (for example, by being too close to ex-
haust components). Flex joints can age from excessive
pressure pulsations or vibrations or from piping mis-
alignments exceeding design allowances. Air venting
is an occasional problem and can be relieved by
changes in layout or by vent traps; failure to address
the problem can lead to air accumulation in cylinder
heads, with consequent thermal cracking. Where vi-
bration is the cause, more rigid support is necessary, or
flexible joints, or both. Because of tight spacing on
most auxiliary skids, such solutions may be difficult.

Other. Although the primary degradation sites and
associated mechanisms have been discussed above,
there are other areas worthy of noting. Occasionally,
pistons and liners undergo metal-to-metal'contact.
The resultant wear usually appears as scuffing of liner
or piston or both, a peculiar abrading sometimes akin
to chatter marks. Some of this was encountered in the
TDI investigations.12 Lack of lubrication is usually a
primary factor, and it is aggravated by the fist-start
regimen. Prelubrication will usually mitigate this.

Piston ring wear is normal but is bound to be more
pronounced with poorly lubricated fast starts, again ar-
guing for prelubrication and slower starting. Rings
also tend to break where they encounter the lips of

I
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exhaust ports of two-cycle engines. This tendency in-
creases with hours of operation but is aggravated by
adverse starting and loading regimens.

Exhaust valves and their mating seats, which usual-
ly are stellited, tend to experienceinfrequentproblems
of cracking, with exhaust gas then quickly torching gas
paths. Sometimes, carbon particles adhering to the
seating surfaces will initiate these problems, as will
poor manufacturing and maintenance. Monitoring ol
the cylinder temperatures for anomalies will usually
identify the problem.

Crankshaft bearings are amazingly durable but will
fail under adverse conditions of contamination, dry
starts, and misalignment. Cavitation, usually caused
by air entrainment or initial design deficiencies, will
allow oil-film breakdown and metal-to-metal
contact. Monitoring of filter media and bearing tem-
perature alarms, if installed, is the main means to catch

-the problems. - - -

Aging of liner O-rings, no longer found to be a se-
vere problem, will allow jacket water to enter the
crankcase and ruin the lubricating oil. Bearings and
liners then fail quickly if the leak is severe or if the en-
gine is down for long intervals, as tends to be true ol
EDGs; such allows considerable water buildup, not re-
lieved by evaporation as when an engine operates reg-
ularly. Monitoring the lubricating oil levcls in the

* sump or draining the bottom of the'sump periodically
-will often indicate (before the engine must operate,
water buildup in the oil.

As mentioned above, bio-fouling of oils in storage
for prolonged periods can occur, particularly where
water can enter or condense in the tank. The resultant
sludge will foul strainers and shut down the engine
quickly. Besides regularly draining the tank bottom, it
is well to use the oil steadily.

14.3.3 Mitigation Activities. Specific mitigation
activities have been noted in several instances above.
The PNL study of EDG aging2 surveyed the data base
for corrective actions. Table 14.5 summarizes the in-
formation; further details are available in Reference 2.
The most common corrective response to actual or in-
cipient failures in EDG installations is to replace with
the same component. Sometimes the problem is better
resolved by replacing with an improved part; for ex-
ample, O-rings have improved as new synthetics
evolve. But partly because of institutional restrictions
in the nuclear industry on use of substitutes, that is
only the third most common response. Ordinary main-

- tenance, such as adjustment or realignment, is second
to r6placeireht: n'd actual repair and reuse is fourth.

'More indirectly, enhanced training of staff is a fruit-
ful way to mitigate EDG problems. It appears to be al-
most an emerging technology, as managements
recognize the importance of operator and maintenance
competency. This was highlighted in the industry
workshop to which Reference 6 pertains. It was the
opinion of the experts involved in the workshop of
Reference 7 that to realize the cost-effective benefits
of improved operations, maintenance, and training,
changes in policy and attitudes'of utilityrnanagement
are in order. Formal schooling arrangements are possi-
ble in various ways. Also, informal schooling, such as

* Overspeed governors are sometimes troublesome intemships at operating nonnuclear plants, is possible.
because settings tend to drift; apparently' inexplicable
shutdowns, especially on startups, are often attribut- . One recommendation that evolved7 was for regular
able to this. ' -4. and longer operation of EDGs, so that the first-line

,staff would become more familiar with the equipment
Soid-state electronic'deices -. * '~ ' '''and the fuel would be used regularly. Avoiding a

Solid-state electronic devices in exciters and volt- - single day's downtime of the entire nuclear plant can
age regulators fail periodically, especially in earlier pay for a great deal of such on-site EDG operational
models. Heat and vibration tend to be the causes. Pre- . experience. And though the added run-time may add
failure detection is almost impossible; proper testing. some imperceptible wear, it is quite likelythat overall
and having spare parts on hand are the best ways to 'L reliability would actually be enhanced.
manage the problem.

'The failure of certain TDI EDG units in 1983-84 led
Generator windings may be distorted by severe:' to an investigation of all known TDI problems-major

power surges and occasionally field coils come loose. - and minor, reil'and alleged. In-depth analyses were
Mechanical interference and short-circuit usually re- conducted by the TDI/OG,' the manufacturer, and the
silts. Lightning strikes close-in on the transmission NRC (who used the PNL and several technical special-
lines may not be relieved by arrestors and might affect isis). This resulted in'a variety of targeted mitigation
any generator in operation. Prudent inspection after actions, most of them pertinent to TDI units as such
any major suige is the best mitigation measure, look- and the specific problems involved, but some relevant
ing for tracks, broken lashings, or coil distortion. to the broader perspective of the NPAR investigations
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Table 14.5 EDO failure corrective actions

Actions Rcported
Corrective Action (%)

Replacement (same component)
Maintenance (realign, adjust)

Replacement (new, upgraded)
Repair (weld, grind, etc.)

Enhanced preventive maintenance
Redesign and replace

Change conditions, environment
Enhanced training, management, records

Enhanced surveillance
Other/unknown/none

52
26

13
5

2
1

+1
+1

+1
+1

undertaken later by PNL and certainly reflected in

undertaken later by PNL and certainly reflected in
their knowledge base.

14.4 Potential Failure Modes

As a total system', the EDG has two main failure
modes: (a) failure to start on demand, and (b) failure to
operate as required, that is, failure to accept load or to
stay in operation under load. Regulatory Guide
1.10827 defines a successful start-load-run attempt as
one that carries at leastf50% of load for at least one
hour before intentional shutdown; less than that is only
a start.

About 43% of failures are in the start mode.3 As
discussed in previous sections of this chapter, numer-
ous factors can be the cause, such as trouble in the con-
trols and instruments, in the governor and control
sequencing, in overspeed trips, and in the starting sys-
tem components. The engine may not turn over, it may
not achieve consistent firing; it may not reach speed
within the allowed time; it may overspeed and trip;
voltage may not reach correct levels; or, once loading
is attempted, it may fail to maintain operation for a
wide variety of reasons. Although real demands auto-
matically block out some protective circuits, a few re-
main dominant and will shut the engine down.

Once up, loaded, and in the run mode, the engine
may shut down for another long list of reasons, many
cited previously. Some are simple and actually almost
minor, others are more prominent and troublesome:

turbocharger failure, governor inability to maintain
control, severe load imbalance between cylinders re-
sulting from fuel oil pump problems, cooling pump
failures, or even more catastrophic problems.

Such failures, in either the starting or run modes, are
relatively rare; as pointed out in the opening section of
this chapter, EDO system failure rates in the start mode
were about 0.5% (failures per start attempted), while in
therunmodefailurcsrangedfrom 1 to2% (failures per
run). Considering the numerous systems and compo-
nents involved and the many potential stressors, this
means relatively few problems are encountered in any
one mechanism or degradation site. Table 14A, from
Reference 16, provides perspective:' at an 0.0023 fail-
ure rate (that is, failures per diesel-month), a turbo-
charger can be expected to fail once in every
435 months (36 years) of its EDG existence, though it
will be down an average of 80 to 85 hours each time.
The governor may be expected to fail on the average
once every 101 months, or 8.4 years, and requires an
average 9.4 hours to repair (though serious problems
will take considerably longer). The most troublesome
system, the instruments and controls, will likely expe-
rience failures on an average of every 70 months, with
a mean downtime of 10.6 hours. Failure of a major en-
gine component will be even more rare, such as once in
every 50 years. Yet taken altogether, the large number
of components and systems involved can produce a
failure about once every 100 demands (planned and
unplanned), which represents about once every 5 to
8 years, and possibly less.
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If appropriate preventive and mitigating procedures
have been introduced-such as are the objective of the
NPAR programs and others-these rates should im-
prove as many problems and stressors arc minimized.
Some of these will be physical arid technical fixes; oth-
ers' (as will be outlined) may be institutional and/or
regulatory changes; and some will be centered on op-
erational and maintenance patterns and personnel
training and motivation.

Concurrentorcommon-modeEDG failures, in con-
cert with loss of offsite power (LOOP), have occurred
and, though rare, have raised extensive concern. This
was expressed in Unresolved Safety Issue USI A-44,
concerned with station blackout (see Reference 4).

.~ .14.5 Monitoring, Surveillance,
Testing, Inspection, and
Maintenance

As discussed above, a significant portion of EDG
problems and failures can be avoided by pertinent
monitoring, surveillance, and testing and effectively
mitigated by appropriate inspection and maintenance,
regardless of cause or stressor, failure mechanism, or
mode.' This is the purpose of the rather Tconservative
requirements of such standards as the NRC Regulatory
Guides 1.9 and 1.108,827 ASME Sections III and XI,
IEEE-387 Sections 5.4 and 5.5,1 and IEE-749, 8 as
well, of course, as the applicable manufacturers' oper-
ating and maintenance manuals. Modifications or re-
pairs are accomplished in accordance with IEEE-387,
Section 5A, "Qualification," and Section 5.5, "Design
and Application Considerations." 10 (The original de-
sign and maintenance of some diesel engine compo-'
nents are performed according to the intent of ASME
Sections III and XI.2) The regulations and standards
are generally considered by investigators of EDG
problems to be more prescriptive and stringent than the
customary practices of nonnuclear engine-generator
operators; yet, in the light of experience,'it is doubtful
that they are fully accomplishing their purpose. In-
deed, in the view of some operators and investigators
they may even be self-defeating (see Section 14.6 and
References 2, 6, 11, and 15). The outstanding issue
'identified by participants of the workshop underlying
Reference 6 was that"regiulatory requiremeits have an
adverse effect on EDG performance." '

Although these standards stipulate certain policies,
the broad variety of EDGs and support systems have
largely obviated any widescale effort to standardize
actual procedures. However, some effort has been

made toward this objective, as typified by the Design
Review/Quality Revalidation Program and various
maintenance guidelines promulgated by the TDI/OG
(seeReference 12 and the exhaustive reports and man-
uals by both PNL and the TD1/OG.)

14.5.1 Monitoring and Surveillance. EDGs are
comprehensively equipped with instrumentation for
monitoring standby and operating parameters and have
appropriate alarms (and shutdowns) in case of aberrant
conditions. For example, exhaust temperatures, jacket
water and lubricating oil pressures and temperatures
are instrumented and normally are monitored (but not
always recorded). These instruments and alarms usu-
ally afford ample opportunity to detect some types of
impending or developing problems and to take correc-
*tive action, given appropriate operator attendance and
attention..

To this end, various experts recommended to
PNL6*7 that greater operator surveillance of units ac-
company increased EDG operating hours to enhance
reliability.' PNL has adopted this suggestion and rec-
ommends in its reports regular operation of EDGs un-
der load for periods up to 14 hours 'at a time, so that
successiveplant shifts would gain regular operational
exposure.7 Data on key unit operating parameters
would be recorded at regular intervals, preferably each'
hour. This reflects input from the participants of the
referenced workshop, who ranked the needs for better
maintenance practices'and skills and mo6re construc-
'tive managementpolicies and maintenance procedures
as the number four and five issues (behind the first-

- ranked problems of regulatory requirements). Refer-
ence 7 recommends that over 40 operating parameters
be recorded during these extended operations, and then
trended over time, so as to detect potential or develop-
ing problems.

14.5.2 Testing. Regulatory Guide (RG) 1.10827
specifies a rigorous testing regimen for EDG units. A
comprehensive preoperational test of each unit is re-
quired, which must be repeated "at least once every

' 18 months" during its life. The test should demon-
strate'that the EDG can start, acquire, and sustain full-
load for 24 hours (including two hours of overload

i . capability), all in accordance with plant safety require-
ments., "Full-Load" is considered unit rating, irre-

* spective of the plant emergency load requirements,
".which are sometimes substantially less than unit name-

plate. A foinula in RG 1.108 requires 69 successive
successful design-basis starts for a one-unit EDG ar-

-.Xrangement, with a minimum of 23 successive
successful starts each for a plant with three or more

X units. This formula reflects a statistical analysis

-�71_-'
! ��
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which, it is felt, will show the unit(s) is/are proven
ready and able to accept load.

Furthermore, a monthly fast-start and load test is
also required for each unit, with a minimum of one
hour of operation with a full load. Under RG 1.108,
the interval between tests is substantially reduced from
31 days if there have been failures to start or maintain
load in the previous 100 valid demands or tests, which
clearly can span a number of months, even several
years, and applies irrespective of the variety of causes
or the corrective actions taken.

The purpose of the RG 1.108 monthly tests is to
demonstrate statistically that every EDG component

-and system is operable and reliable at all times. How-
ever, a growing body of evidence, direct and inferred,
and opinion of experts knowledgeable about engines,
etc., contend that these tests are a major contributor to
ED& reliability problems and to aging degradation and
wear, which is accelerated out of proportion to either
the hours run or the number of starts.6' 15*18*19-26 In-
deed, surveys conducted by PNL of nonnuclear utility
diesel generator installations identified some utilities
using engine-generators for frequent peaking service
with one or two starts per day.. Moreover, these diesel
generators experienced few failures and relatively
little accelerated aging. These units are generally not
rapidly started and loaded.

The fast-starts and loading called for in the NRC
testing requirements may not only be unnecessary to
prove operability but are probably detrimental to long-
term reliability because such a regimen tends to over-
stress and/or wear some components. A slower
starting/loading regimen for both routine testing and
emergency starts-if permissible under emergency
criteria for a plant-would allow the engine and all
other components to lubricate and even to warm-up
before taking on a full load.7. 15 Furthermore, it may
not be necessary or desirable to require that the full
testing load be the unit nameplate load, especially if
actual contracted capacity and ESFAS loads are sub-
stantially less.7

The NRC has recognized some validity to these po-
sitions in a Generic Letter issued in 19843P This en-
couraged nuclear plants to review their station EDG
technical specifications and propose less demanding
alternatives. However, to date few have chosen to do
so. One which has done so has a test schedule as noted
in Table 14.6. This reduces the number of tests some-
what but not the stress associated with the fast-starts.

The PNL NPAR studies on EDGs have resulted in
several recommendations regarding emergency star-
tups and comparable surveillance testing 13.14,17

':

TablA 14.6. Diesel generator test schedule

Number of Failures in
Last 20 Valid Tests'

Number of Failures in
Last 100 Valid Tests' Test Frequency

<4 At least once per
31 days

At least once per
7 days

<2 <5

a. Criteria for determining number of failures and number of valid tests must be in accordance with Regulatory
Position C.2.e of Regulatory Guide 1.108, but determined on a per diesel generator basis. For purposes of this
~schedule, only valid tests conducted after the'completion of the preoperational test requirements of Regulatory
Guide 1.108, Revision 1, August 1977, are included in the computation of the "last20/100 valid tests.".'

For the purposes of determining the required test frequency, the previous test failure count may be reduced to zero
if a complete diesel overhaul to like-new condition is completed, provided that the overhaul, including appropriate
post-maintenance operation and testing, is'specifically approved by the manufacturer and if acceptable reliability
has been demonstrated. The reliability criterion is the successful completion of 14 consecutive tests in a single
series.

b. The associated test frequency is maintained until seven consecutive failure-free demands have been performed
and the number of failures in the last 20 valid demands has been reduced to less than or equal to one.
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1. The focus of the regulations should be
changed from the statistical purview underly-
ing RG 1.108 to a more predictive program of
monthly testing, using trends of key operating
parameters (monitored from EDG
instrumentation)

2. The number of fast-start and loading tests
should be reduced, or this type of testing
should be eliminated

3. The engine acceleration and loading should '
be slowed

4. Engines should be operated for a longer
period each time tested

5. *Readiness .of starting and loading controls
generally should be checked by diagnostic
means, if such can be developed,'rather than
always in operational simulation. Such a sys-
tem would check ESFAS signals against a
computer program, possibly.

Studies at the DOE's Sandia National Laboratory
also reached the conclusion that RG 1.108 testing
tended to stress instruments and controls and urged de-
velopment of diagnostic procedures to check their
readiness.18

Rationale for Policy Changes. (quoted from
Reference 7). "The original basis of the diesel genera-'
tor testing requirements is discussed in Regulatory
Guide 1.108, A., Introduction and B., Discussion; The
fast start requirement and reliability goal of 0.99 (at a
nominal 50% confidence level) are further deemed in
the NRC Standard Review Plan and regulated through
the plant technical specifications documentation. The
Code of Federal Regulation, 10 CFR Part 50 andap-
pendices, further define the basis and requirements for
diesel generator testing. Should the number of failures
to start or run exceed 1 in 100 tests, the test interval
progresses in four steps from 31 days to 3 days for four
or more failures, as defined in Regulatory Guide 1.108,
Section C.2.d.

depending on the assumptions used for the specific
plant LOCA analysis coupled with loss of offsite pow-
:er. Fuel cladding temperature calculations which are
defined in 10 CFR 50, Appendix K, are part of the
plant analysis used for determining the diesel genera-
tor start and loading time. These very conservative
cladding temperature calculations also were used to
develop the 10-12 second start time range. The fast
start is a very severe engine stressor when followed
with the typical loading sequence time frame of 30 to
45 seconds to achieve full load.

"The possibility for safely increasing the prescribed
start time of the diesels is increasing. Some of the rea-
sons for the various regulatory changes being proposed
or considered at this time are:,

'A major change has already been made to
10 CFR 50, General Design Criterion 4,
whichkaccepts leak-before-break analysis
and detection methods for the primary large
bore piping. Extension to equipment qualifi-

''' cation and diesel start time requirements is
' ''-'being considered, but no new criteria have
;. ! been formulated or released.

* Studies documented by EPRI and others
show that the safety function'emergency
power requirements for the diesel generator
system are on theorderof 1 to2 minutes fora
LOCA event with a loss of offsite power and
5 minutes, or more, for a loss of offsite power
event without a LOCA.

* The calculational methods of 10 CFR 50, Ap-
pendix K, have been shown to be overly con-
servative, based upon the latest information
and computer program models. EPRI and
other organizations are performing these new
calculations.

I

"Information from research studies, operating expe-
rience, workshops, diesel experts and diesel engine
disassembly and examination have shown that the
fast-start testing is a major engine stressor, and does
little to ensure future engine operability. The engine

- start time is not given in Regulatory Guide 1.108,
which references the technical specifications for each
'nuclear plant to be used for specifying the diesel start
time. These typically are in the order of 10-12 seconds

"In view of the above discussion and referenced ma-
terial, it seems reasonable to propose that the emergen-
cy power mission requirements be reviewed. A more
conservative approach for reduction of aging effects
and increased reliability is to define the recommended
mission as follows:

1. The onsite emergency power is needed in the
time frame of about 60 seconds, assuming
both loss of offsite power and a large break
LOCA event, with a recommended engine
start time of about 30 seconds. The exact
time permitted would depend upon plant
specific analysis, but the conservative posi-
tion is to permit as much time as can bejusti-
fied to avoid abnormal aging. -
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2. The onsite emergency power is needed in the
time frame of 2 to 10 minutes, assuming a
simple loss of offsite power. Again specific
plant analysis would be the basis for this mis-
sion loading time. The conservative position
in this case is closer to 2 to 3 minutes.

3. For testing purposes, the test mission, or
schedule; recommended is to test monthly
with a 10 minute ramp up to full power ....
and semi-annually with the shorter time peri-
od typical of the large-LOCA event
requirements."

Figure 14.8 is taken from References 13 and 14, pa-
pers which themselves are based on the work reported
in Reference 7. Present requirements typical of most
plants are represented by the solid line labeled "Fast
Start- (Current Requirements)." (The horizontal scale
of Figure 14.8 approximates a logarithmic time pro-
gression.) For an EDG to meet the requirement to at-
tain stable synchronous speed'and voltage in 10 to 12
seconds means the speed must be reached initially in
less time, with allowance for stabilization to be
achieved. To do this, the air-starting system must rap-
idly roll the engine over and accelerate it, and the fuel
pump positioning racks must be thrust to their maxi-

a,~~~~~~~~~~.

_ __

ran -. A~K

11 b

mum by the governor-as if the engine were carrying
overload. Until combustion begins in the successive
cylinders, the turbocharger is ineffectual; once actual
exhaust gas begins to flow, the turbo starts to acceler-
ate, to provide the needed combustion air. All of this
continues, and the engine accelerates until the target
speed-the horizontal line of small dashes-is
crossed, at which point the governor immediately re-
tums the fuel racks to the closed position and the en-
gine begins to slow. Understandably, the engine will
overspeed somewhat, and then a quick series of reposi-
tionings of racks occurs until stability is achieved, a
process called hunting. This affects the fuel oil rack
positions, the fuel pumps, and the turbocharger all
within a matter of a very few seconds. Sometimes, the
engine overspeeds enough to trip at the overspeed set-
ting. This immediately compounds the emergency
problems, for when the first engine trips out from over-
speed protection, the backup engine must start, under
the same conditions. Obviously, if this rather stylized
curve of engine speed can be less steep, that is, if accel-
eration can be moderated, the probability of overspeed
and other problems can be minimized.

If the load-run mode is to follow immediately, the
problems are further compounded. The usual priority
load dumped on the newly started engine is a large

ngine overspeed
trip point speed
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l setting
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Flgure 14.8. 'Engine speed profile, stating and loading (under present requirements and as recommended; from
Reference 11).
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pump or series of pumps. In more normative op-
erations, engine generators and their entire fuel and air
systems are well able to accept a 25% step-function
load change without speed excursions outside utility-
grade governing standards. However, this generally
pertains to conditions when an engine is operating at
50% load or higher. When an engine is at zero load, it
is much less responsive, in large part owing to the need
for turbo acceleration, which occurs only as exhaust
flow and temperature increases, a function of load and
time. Engine fuel racks again go wide open as the en-
gine attempts to take on the load and keep within util-
ity grade frequency response. If the EDG is operating
independently rather than in parallel with other re-
sources, there is again the possibility of sufficient in-
stability and hunting to cause overspeed tripout.

As noted, PNL (and others) recommend that this ac-
celeration rate be slowed, approximating the line of
l long dashes in Figure 14.8, achieving stable synchro-
nous speed in closer to 20 to 30 seconds and loading in
2 to 3 minutes or more (all depending on the rede-
veloped technical specifications for each plant). It is
the conclusion of the PNL investigations that these are
legitimate criteria and would not violate safety objec-
tives,'and they would avoid or mixiimize a variety of
'conditions deleterious to EDG reliability; service-
ability, and longevity.

Furthermore, PNL proposes chat the starting be still
'more gradual during periodic testing, as represented
'loosely by the dot-dash line, approximating the start-
ing patterns of most utility diesel-generator plants.

14.5.3 Inspection and Maintenance. PNL and
others have recommended changes to insp&tion and
maintenance policies and procedures, concomitantly
with revisions to the rigorous emergency and surveil-
lance testing regulations, so as to detect and prevent in-

i ' cipientproblems rather than torely more on corrective
maintenance. Part of thiswo'uldbeaprogram ofmoni-
toring, trending, and evaluating the operating parame-'
ters from successive operations. This was deemed a
"proactive, condition-monitoring" process able to de-
tect many potential failures prior to actual loss of func-
tion, as compared to the largely "reactive" process now
in place under Regulatory Guide 1.108.

Details are provided in Reference 7. Simply stated,'
the theory is that if key parameters do not demonstrate
sudden changes or a trend of gradual change from hour
to hour within one operating period, or from one rnm to
successive runs, and all are within prescribed stan-

* dards, the engine and all associated components are,
operating satisfactorily. This assumes, of course, the

electric load or loads are consistent from one time to
the nextand the engine has stabilized for a period, usu-
ally of at least one hour after starting and 15 minutes
from one load level to the next. Key parameters in-
clude exhaust temperatures from each cylinder, and
temperatures before and after the turbo. Others in-
clude intake air manifold pressure, lubricating oil and
jacket water temperatures, etc. PNL proposes some 40
to 50 parameters (which depend in part on the engine
and instrumentation involved.) If, for instance, ex-
haust temperatures are drifting, valve problems might
be indicated, and cylinder pressure readings should be
taken; confirmation therefrom might lead to partial
disassembly and inspection. Changes in lubricating oil
and jacket water pressures would indicate pump prob-
lems, while changes in jacket water temperatures or
temperature differentials across the engine or the jack-
et water cooler could indicate low flow, or fouled sur-
faces, for instance. Inconsistent turbocharger speeds
could indicate missing blades or-vanes, or fouled sur-
faces. Excessive lubricating oil consumption would
tend to indicate ring problems or liner scoring. A vari-
ety of troubleshooting guidelines would pertain to
each make of engine, and even from plant to plant.
Since many such'pari'meters will vary with the load on
the engine, it is apparent that the loads must be the
same from one time to the next.

'A'somewhat parallel study by EPRI17 recommends
evaluating and categorizing failure modes and estab-
lishing maintenance activities commensurate with
their probability and consequences, then'instituting a

:feedback program to ensure objectives are met. Little
effort would be expended on systems'or components
with low probabilities -of failures.' Maintenance on
those with modest probabilities would be oriented
more toward corrective maintenance after the fact, if
and when events occurred. But those with higher fail-
-ure probabilities would undergo a "proactive"program
of "reliability-centered maintenance," with a predic-
tive regimen of monitoring and a preventive mainte-
nance purview by plant management. - -

A paper by Bergeron emphasizes, similarly, the
'need to anticipate-sites and stressors for high-failure
probability and adjust 'maintenance activities
accordingly.19

'The concensus of all investigators appears to be that
a revision in USNRC regulations and industry stan-
dards and a shift in perspectives of utility management
and operators would 'allow a program of more con-
structive monitoring, surveillance, testing, inspection,
and maintenance, resulting in an enhanced level of
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* EDG availability and reliability, and actually result in
longer EDG life expectancy.

14.6 Operating Experience

As noted initially, the fundamental EDG compo-
nents (that is, engines, generators, basic auxiliaries)
are almost identical with equipment commonly used in
numerous utility engine-generator plants across the
nation, as well as in marine, railroad; and other uses.
Physical differences are largely in controls for automa-
tion and in certain reliability-oriented aspects, such as
redundant starting systems. So, it possibly is instruc-
tive to generalize the experiences of nonnuclear opera-
tions and note some comparisons with nuclear
applications.

14.6.1 Nonnuclear: Experlence. There are some
3,000 similar engine-generating sets in service in the
U.S., in over 900 utility-owned plants.1 Until the
1970s, many such plants generated total system need;
indeed, numerous systems were not even intercon-
nected with other utilities, relying solely on their en-
gines. (The fuel crises in 1973 and 1979 changed this
pattern.) For economy, many of these engines operate
principally on natural gas, using a small pilot charge of
oil for ignition-a more complex arrangement, with
significantly higher number of fuel-system compo-
nents and potential problems. Furthermore, such gas-
diesel operation is considered more rigorous duty for
an engine, principally because of a more rapid com-
bustion pressure rise, including occasional pre-
ignition or detonation. Nevertheless, most such
systems found their plant operations to be more reli-
able than purchase of power over transmission lines.

This segment of the utility industry has never main-
tained a rigorous reporting system, so meaningful sta-
tistics on engine-generator reliability, failures,
maintenance, and the like are not available for detailed
comparison. 'However, in its various studies, PNL
worked closely with experts in the field of engine-
generator design, application, and operation, and in
some instances, has surveyed the operators (see
References 2,6,7, 12).

Such engine-generator units customarily operate up
to 80,000, even 100,000 hours or more in a normal 30-
to 40-year life. Heaviest use usually occurs in the first
5 to 10 years, and 7000 to 8000 hours annual use is not
uncommon. Most units will experience 1000 to 2000
starts in their life, possibly more. Thus, durability and
reliability are fairly well proven and ought to be trans-
latable to EDO operation.

Units are not kept warm in many of these plants, at
least not above room temperature. Starting generally
is preceded by several minutes of prelubrication by the
before-and-after pump. Starting usually proceeds
with a reduced governor setting, raised to near syn-
chronous speed by manual adjustment at the governor,
doing so over a l- to 5-minute period, while reactions
and sounds are monitored. Synchronization, voltage
control, and bus-closing proceed from the switch-
board, after which loads are gradually' shifted to the
unit; bringing loads up to 50% load may require 3 to
5 minutes or more, and from there to 75 to 100% load
another S to 15 minutes, depending on circumstances
and policy. 'Conditions are checked regularly, espe-
cially exhaust temperatures, and eventually the lubri-
cating oil and jacket water temperatures, all to ensure
stability within the accepted norms. Quick-starts are a
rarity, except for incipient outages or in blackouts.

Downloading takes several minutes, and disengage-
ment is followed by some idling, then postlubrication
for an extended period (if engine design allows; it is in-
appropriate in some models).

Generally, full-time personnel attend engine opera-
tions in these plants (though often only one or two per-
sons on some shifts, depending on plant size).
Operators regularly log operating data, and therefore
are close to the engines. This mothering of units by
operators'-casual adjustments, even minor repairs,
performed as needed-is believed to beneficially con-
tribute to both effective reliability in operation and de-
tection of impending problems.2

Often, the operators are also the maintenance per-
sonnel, or assist in such. Few plants engage in a rigor-
ous, planned program of preventive maintenance, but
certain preventive inspections are done regularly-
such as checking lubricating oil filter pressure drops,
observing liner and piston conditions, often with a
borescope, and checking shaft alignments, usually
once a year. Operation and maintenance diaries or logs
(which record problems and action taken) are usually
maintained, though most minor items are adjusted or
corrected informally.

Major inspections, combined with necessary over-
hauls, occur about every 20,000 to 30,000 operating
hours, or 3 to 5 years, oftcen at the behest of insurors.
(Higher-speed, peaking-duty engines will usually re-
quire more frequent inspections.) Bearing life often
reaches 40,000 hours ring life 20,000 to 60,000 hours.
Although'major problems or catastrophes are rare,
they do occur, for example, a population of cracked
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heads or pistons, thrown counterweights, even broken
shafts.

The aging and wear degradaiio'ait most installa-
tions has been relatively gradual, though exceptions-
most often with new or uprated engine designs-do
exist. For a given design, manufacturers tend to raise
speeds and average and peak firing pressures as de-
signs evolve with experience and economic impetus;
such steps tend to result in a spate of problems until re-
solved. Over time, most units are eventually relegated
to peaking or standby duty; however, retirement or re-
moval usually results from disuse and economic con-
siderations, or the need for space, not because of
outright failure.

14.6.2 Nuclear Experience. Many aspects of nu-
clear EDG experience have been discussed in the sec-
tions above. Several considerations stand out,
especially from the perspective of nonnuclear diesel
experience.

In some ways, EDG operations are substantially less
demanding of diesel generating units than are typical
nonnuclear utility operations. Paradoxically, however,
it appears thatEDG units havenoticeably greater prob-
lems. This is due in part to the fact that nuclear utilities
must rigorously record and report EDG problems,
even if relatively minor-which raises the perception
of more frequent problems. Nevertheless, it also ap-
pears to be true to some degree that EDG operations do
have more problems, especially considering the few
hours of operation or the unit-years in service. EDGs
will experience 1500 to 3000 starts and 3000 to 5000
hours of operation over a 25-40 year lifespan-about
the same number of starts as a unit in nonnuclear ser-
vice, but far fewer hours. Average load during such
hours will probably be similar to nonnuclear experi-
ence, possibly less.

There are some understandable reasons for this situ-
ation. One, of possibly major significance, relates to
the traditional design-basis starting and loading sce-
nario? This appears to place heightened stress on
some components, as discussed in the previous
sections of this chapter, with maximum material
stresses for short periods, with minimal or no real lu-
brication in this critical period, with maximum tem-
perature ramps and thermal differentials, and, often,
with high electrical step-load imposition. Not only do
these tend to impose greater stresses throughout the
engine'and other systems, even if only momentarily,

7they are also apt to crowd the physical limits of com-
ponents that may operate close to their design limits
when at full load.

'It would seem, then, that any mitigation program
-would have to address the matter of arbitrarily frequent
-quick-start engine testing.15 If, indeed, such starts are
a severe stressor-then simulation testing only ag-
gravates and increases problems of aging and

- unreliability. - - '

Another major contributor, quite evident from the
failure surveys? is the complex system of controls for
automatic starting and loading, presenting numerous
opportunities for failure. Further progress in this one
area also is essential if EDG reliability is to be im-
proved markedly.

Some other areas evidencing problems actually
should not be having them. Vibration, water in the air
systems, heat, dust, and the like should not pose greater
duress for EDGs than for units in more prolonged op-
eration in municipal plants. Mitigation should be fair-
ly simple; however, successful mitigation will depend
in part on the overall quality of the training and experi-
ence of the EDG operators and maintenance
personnel. 6 -

Some studies2l3 have shown that EDG aging fail-
ures tend to increase moderately with time, though the
underlying data base is somewhat too limited to justify
significant inferences. Indeed, other studies have con-
cluded a possible inverse relationshipst5 or virtually
no change in failure rates with age.18 Thus, it appears
there is little innate overall deterioration of the EDGs
or their primary systems in emergency-duty EDG ser-
vice except possibly that related to frequent fast-start
testing and the effects of extensive, complex control
systems.

14.7 Sum 'arV,.,Conclusions,
and Recommendations

Emergency diesel generating units are a crucial
- component in every nuclear plant's emergency safety

system. As such, they mustboperate reliably under ad-
'verse emergency conditions. But as complex systems,
EDGs are inherently subjected to a number of opera-
tional and environmental stressors, which are aggra-
vated by the emergency and testing demands placed
upon them:, Some of those test demands accelerate
wear and aging and may decrease life expectancy.

;The mitigation of a few key stressors and careful
maintenance of a few primary degradation sites would
greatly enhance EDG reliability and longevity, and
consequently reduce risks in nuclear plant operations.
Attention needs to be given to the stressors of fast
'starts and loadings, vibration, fatigue, heat, and

359



corrosion, particularly corrosion in the air-start com-
ponents. Likewise, surveillance and maintenance at-
tention must be focussed on governors, turbochargers,
on-engine fuel oil components, the air-start system
(from compressor to admittance valves), arid to the
myriad controls and instruments-especially those in-
volved in the ESFAS starting and loading systems and
procedures.

Tables 14.7 and 14.8 summarize the information on
the principal degradation processes developed in the
various NPAR and other research studies, and ex-
amined in this chapter. Table 14.7 presents informa-
tion on processes related to the structural/mechanical
systems; Table 14.8 presents those related to electrical
systems, instruments, and controls.'

The authors have developed the following primary
conclusions and recommendations, identified from the
foregoing compendium of EDG aging studies and pa-
pers, and from the various references.

14.7.1 Concluslons

1. Although EDGs operate' relatively few hours
per year, and generally they start no more
often in their lives (on average) than com-
parable engine-generators in nonnuclear ser-
vice, they give evidence of more problems
and functional failures than do their cousins
in other utility service.

2. Some of this evidence is due to the rigid
recording and reporting requirements of the
nuclear industry; that is, even minor
problems are reported as failures, which in
other service would go largely unnoticed and
accorded little import. -.

3. Nonetheless, a significant portion of EDG
failures are real and threaten their critical
mission as the last line of defense in event of
power outages in the nuclear generating
plants.

4. There are myriad systems and components
that can fail, because these EDG units are
complex and amount to complete generating
plants in themselves. EDG units/systems as a
whole experience failures to start and/or run
of about one to five percent of the attempts-
both real demands and operational tests.

5. Although failures of most individual items
are quite infrequent, there are some key

components that exhibit greater inclination
for problems or failures:

a. Governors

b. Fuel oil injector pumps, nozzles, and
high-pressure piping

c. Turbochargers

d. Starting air admittance valves, distribu-
tors, and piping

e. Instruments and controls, particularly
those controlling starting and loading.

6. Of all the failures, some 50 to 60% are attrib-
utable to aging and wear, others are attribut-
able to malfunctions obviously related to
other causative factors.

7. There are numerous stressors affecting EDG
component viability; key among them are

a. Adverse operating conditions-
vibration, excessive loads, fatigue, cor-
rosion, and poor lubrication

b. Poor quality starting air

c. Poor design and manufacturing quality

d. Adverse environmental'conditions-
dust, humidity, heat

e. Poor maintenance and operation

f. Deterioration of working fluids.

8. The regimen of fast-starting/fast-loading im-
poses several burdens on EDGs not normally
encountered in nonnuclear utility service and
appears to both demarc and explain why EDO
service results in more failures, per hour of
use or number of starts than does other
service.

9. 'Other adverse conditions of EDG service
include

a. The extent and complexity of the EDG
' control systems

b. Limited- hands-on monitoring and
mothering of EDG units in operation, a
freedom available to and inherently used
at nonnuclear plants
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Table 14.7. Sunmary of major degradation processes: EDGs - structural/mechanical systems.

f

t

Rank'~~~~~~~~~~~~~~
Ranka

(System)

1.

System'

Fuel system

Degradation Siteb

Piping on enginec

Key Stressors

Vibration; internal
pressure; pressure
pulsations

Degradation Mechanisms

Metal fatigue; overstress
- Sometimes caused by poor

manufacturing or maintenance
errors

Failure Modes

Start or run modes. Fracture,
leakage (sometimes resulting in
fire)

FO injection pumps

I ..

FO injectors and
nozzles

FO supply pumps

Strainers and filters

Adverse internal con

0%
Adverse internal con

Overstress- metal/me
contact

Contaminants in FO

ditions Binding of plunge (the results of
physical scoring or varnishing)
- Caused by poor manufacturing,

maintenance errors,
deterioration of oil (chemical
change, bio-fouling, particles
in oil)

ditions Binding of parts; plugging of
nozzle holes'
- Same causes as above

,tal Metal fatigue; overstress; wear
- Usually caused by misalignment

and maintenance ermrs

Plugging of media,'(articles in
oil, biofouling,'deterioration);
- Usually caused by poor

maintenance

Start or run modes. Failure to
deliver oil or inadequate pressure
and quantity
- Reduces engine capacity and

unbalances loads among
cylinders

Startborruinm odes. Same
consequences as above

Run mode. Fracture of drive shaft
or coupling; loss of pressure,
reduction in flow

Run mode (usually). Loss of oil
flow, stopping engine

2. Starting system Starting airvalve Contaminants in compressed
air (water, dirt)

Corrosion; plugging (by corrosion
products, dirt); binding
- Partially caused by poor- -- -

maintenance, poor design of
plant

Start mode. Failureto start.
May also lead to combustion gases
in air system (see text) - - -



Table 14.7. (continued)

Rankt
(System) System" Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

Actuators/controls

Starting motors

3. Cooling system Pumps

Moisture in air, water
hammer

Contaminants in compressed
air (water, dirt)

Cavitation; metal/metal
contact; contaminants; poor
water chemistry

Vibration; heat (if exposed
piping); poor water
chemistry, cavitation;
unvented air

Cavitation; contaminants
(dirt); stray electric
currents/galvanic corrosion

Inadequate air flow;
freezing; chemical attack

Corrosion; plugging binding; water
hammer (see text);
- Partially caused by poor design

and manufacturing and
maintenance

Corrosion; binding
- Partially caused by poor design

and maintenance

Erosion (the result of cavitation
and particles); wear; corrosion
- Partially caused by misalignment

and poor maintenance, and to
poor design (low NPSH)

Damage to fittings, valves and
controls; deterioration of gaskets,
hoses, flex joints
- Partially caused bypoor

design, maintenance

Erosion of baffles, tubes;
corrosion of tubes and tube sheets
- Partially caused by poor design

and manufacturing

Plugging of fins; overstress tubes;
corrosion

Start mode. Failure to start; air
leaks; fracture on damage from
water hammer

Start mode. Failure to start

Run mode. Loss of pressure and
flow (erosion and corrosion of
impeller and wear rings); leakage
(at seals)

Run mode. Leakage; poor pump
operation, air may cause hot spots
in cylinder heads

Run mode. Leakage (usually
internally); loss of capacity

Run mode. Loss of capacity;
leakage

Piping

Heat exchangers

Radiator

4'
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Table 14.7. (continued)

Rank
(System)

4.

Systems Degradation Siteb Key Stressors

Engine structure Crankcase and cylinder
block

Dynamic stress: thermal
stress

Degradation Mechanisms

Dynamic and thermal fatigue;
uneven expansion of abutting parts
- Partially cuased by fast loading

and poor manufacturing

Run mode. Cracked block/
crankcase; water leakage
(usually into LO; ruined bearings
and shaft)

Failure Modes

w)
&I

Liners and seals

Main bearings

Cylinder heads

Bolting (all)

Metal/metal contact with
pistons; heat; chemical
attack

Loss of LO film;
cavitation; heat;
overstress

Wear/scuffing; hotspots (caused by
water scale); deterioration of
seals E
- Partially caused by fast loading

and lack of LO

Wear; erosion/cavitation; wiping,
fatigue cracking
- Partly caused by fast starts;

poorLO pressure~ misalignment;
poor maintenance

Overstress; dynamic and thermal
fatigue; hot spots
- Partly caused by poor design and

manufacturing; fast starts

Fatigue; overstress
- Partially caused by poor design

Run mode. Piston seizure,
crankcase explosion; leakage to
LO: degradation of liner (heat)

Run mode. Bearing fracture, loss
of bearing capability; damage to
crankshaft

Run mode. Fracture/cracking;
water leaks (usually into cylinder,
leading to other problems)

Run mode. Elongation; fracture
(with other consequences)

Overstress; heat

. .. . - I

Vibration; overstress;
dynamic stress

5. Intake and
exhaust system

Turbochargerc Vibration; heat; corrosion;
overstress; surge

Bearing failure; loss of vanes and
blades; fatigue fracture, IGSCC
- Partly caused by fast starts and

loading, poor LO flow, poor
design and manufacturing

Run mode. Bearing loss and rotor
seizure; loss of capacity, water
leakage; fracture



Table 14.7. (continued)

Rank
(System) System" Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

6. Lubrication
system

Pumps Ovcrstress; cavitation;
pressure pulses

Overstress; fatigue; erosion Run mode. Fracture; loss of
capacity

Heat exchangers Cavitation; electric
currents/galvanic corrosion

Erosion and corrosion of tubes and
baffles, poor manufacturing

Run mode. Leakage (internal)

Lube oil

Piping

Filters

Contamination; heat

Vibration; pulsations

Overstress; contamination

Sludge and foam; chemical
deterioration
- Usually caused by

jacketwaterleaks

Damage to fittings and devices;
fatigue
- Usually caused by poor design

Plugging, fatigue (from pressure
pulses)

Run mode. Viscosity changes;
sludge; loss of oil film

Run mode. Fracture (fittings,
devices, flex joints, hangers)

Run mode. Loss of LO flow;
fracture

7. Drive train Pistons and rings

Connecting rods

Dynamic stress; thermal
stress; metal/metal contact
with liners

Overstress; dynamic stress

Overstress; fatigue; wear/scuffing
- Partly caused by fast starts,

poor design and manufacturing

Stress failure; fatigue (especially
in bolting areas)
- Partly caused by poor design and

fast starts and loading

Start and run modes. Broken rings;
piston seizure; scuffing; fracture;
burned piston crown; explosion

Run mode. Fracture; piston
seizure; crankcase explosion

--
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Table 14.7. (continued)

Rankd
(System) Systema Degradation Siteb Key Stressors ' Degradation Mechanisms ' ' Failure' Modes

Run mode. Fracture; crankcase
explosion

Crankshaft Dynamic stress; torsional
vibrations; bad bearings

Overstress; unbalanced loads;
fatigue
- Partlycausedbypoordesign,
I rnlsalignment, bearing failure,

operation at critical'speeds

NOTES:
FO = fuel oil
LO = lubricating oil

, , ,. .I

a. From Table 14.1 and 142 and Reference 2.

U3
Silas

b. From Tables 14.3 and 14.4

c. Piping on engine and turbocharger rank as first and second highest individual degradation sites, respectively. '



Table 14.8. Summary of major degradation processes: EDGs - electrical systems: instruments and controls

Rank&
(System)

Failure Modes
(mode in which occurring)System" Degradation Siteb Key Stressors Degradation Mechanisms

1. Instruments and
controls

Governor

Sensors and relays

Control air system

Alarms and shutdowns

Vibration; torsional
vibration; heat; oil
contamination

Vibration; dust, humidity,
chemical attack; heat

Vibration; moisture, dust

Vibration; moisture

Heat; vibration

Maladjustment; wear, fatigue;
Viscosity change; oil
deterioration
- Partly caused by

misapplication, poor
maintenance, fast starts

Maladjustment and drift; loss of
electrical contact; corrosion;
overheating; arcing dust;
erosion
- Partly caused by misapplication

Maladjustment, plugging

Maladjustment; fatigue;
corrosion

Loss of function; broken
contacts;-
- Partly caused by poor

manufacturing, maintenance

Loss of effective governing
control; drift; fracture of
components; (start and run modes)

Interruption of function
(start and run modes)

Interruption of function
(start and run modes)

Interruption of function
(start and run modes)

Interruption of function
(start and run modes)

2. Generator
components

Voltage regulator

Generator

Exciter

Torsional vibrations;
overstress; electrical
grounding and voltage
excursions; dust

Dust; humidity, vibration
(static types)

Fatigue; overstress;
insulation failure

Fracture; loss of distortion of coils,
grounding [run mode (usually)

Wear, arcing Loss of function (run mode)

1. ,
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Table 14.8. (continued) I

4

4!

Rank!
(System) System".. .Degradation Siteb

3. . Switchgear

I .1
'. I .,

Relays

Circuit breakers

. . .1 I

I . . Key Stressors

Dust; humidity

: Arcing (usually on break);
humidity

Degradation Mechanisms

Corrosion; loss of
electrical contact

Corrosion; maladjustment

Interruption of function
(run mode (usually)]

. Interruption of function;
explosion/fire (start/stop mode)

Failure Modes

a. From Tables 14.1 and 14.2 and Reference 2.

b. From Tables 14.3 and 14A. 4.

0~
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c. Lack of ongoing operational experience
by EDG operators and maintenance
personnel; such experience gives most
nonnuclear operators greater awareness
of operational conditions and incipient or
developing problems.

10. EDG unreliability and failures will not be sig-
nificantly reduced until the key factors listed
in 7, 8, and 9 above are effectively addressed
and mitigated. However, it is the conclusion
of most investigators that, to a great extent,
such can be achieved by judicious changes in
operational and maintenance regulations and
practices.

11. One general thrust relates to development and
application of appropriate maintenance
programs geared toward anticipating and
mitigating known key stressors and their
consequences at recognized degradation
sites. This involves monitoring and trending
operating parameters and the performance of
reliability-centered preventive maintenance
before events occur.

12. Maintenance programs also must involve
heightened and ongoing training for op-
erational and maintenance personnel, and
greater management appreciation of the
need-and benefits-of such programs.

13. Possibly the greatest gain will come, how-
ever, from a change in the NRC's fast-start/
fast-load requirements.

a. A shift of rather minor proportions in
acceleration to synchronous speed
should reduce appreciably the problems
engendered by physical stresses and
inadequate prelubrication.

most (or maybe all) loss-of-power-and-
coolant accidents.

14.7.2 Recommendations

1. Applicable regulations, standards, and plant
safety specifications should be altered
to minimize fast-start/fast-load EDG
requirements.

2. Surveillance and testing concepts, and the
whole context of operations, should be modi-
fied to enhance awareness of the capability
and condition of the unit. An active trend-
analysis program should be an intimate part
of normative plant operations and surveil-
lance and testing.

3. Maintenance precepts should be reliability-
centered; preventive and predictive;
proactive rather than reactive; and accompa-
nied by enhanced training of maintenance
and operational personnel. Inspection tear-
down and overhaul should be avoided except
as clearly needed.

4. Future research should be focused on trouble-
some components and dominant failure
modes, in cooperation with manufacturers, to
identify specific weaknesses and stressors,
and to develop pertinent solutions and
changes in operations, surveillance, and
maintenance so as to anticipate and mitigate
effects.

a. Governors - devising changes in gover-
nor internals and/or governor application
(mounting, shielding, cooling, etc.) so as
to reduce their sensitivity to vibration,
torsional vibrations, oil heating, inad-
equate venting, and other stressors, de-
termined to be deleterious by research
and field evaluation

.

b. Elimination of, or a significant reduction
in, fast-start testing, shifting instead to a
program of more measured starting and
extended operation, accompanied by
monitoring, trending, and evaluation of
key operating parameters, will eliminate
many stressors and actually be more
revealing of incipient problems.

c. Additional analysis and evaluation
would likely show that very fast starting
and loading of EDGs is not required for

b. Fuel system components, like injectors,
injector pumps, and high-pressure
tubing-devising methods to reduce
sensitivity to vibrations and pressure
pulsations, to adverse oil conditions

e. Turbochargers - to enable all turbos to
accept prelubrication, to cool bearings in
better ways, to enhance integrity of
blades and vanes

d. Starting and loading controls - to make
these more reliable and less susceptible
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to dust and moisture and other con-
tainments, and to vibrations, in order to
improve their longevity under repeated
operations.

5. EDG units should be lubricated before startup'
whenever possible. Equipment on units that
cannot presently accommodate prelubrica-
tion should be modified.

6. The starting air supply should be kept clean ' ' '
and dry. --

9. Diagnostic equipment and techniques should
'be developed to allow testing of pertinent
controls and systems related to design-basis
event starting programs.

10. The aging of fuel oil and lubricating oil in
standby service should be studied, and effec-
tive mitigation techniques developed.

I1. Owner/operator interface with manufacturers
and service departments should be increased;
and schooling programs should be instituted
;,and maintained for operators and other
relevantpersonnel.

12. Owner participation in plant design review
- and equipment validation processes should be

enhanced for future EDG facilities.

7. EDG units should be operated more regularly,
for longerperiods, to increase operator famil-.
iarity with unit operations, to increase moni-'
toring, surveillance, and parameter trending,
and to use fuel before it can deteriorate.

8. Provision should be made to ensure ability to
manually start each unit in cases of plant
blackout.

;-
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15. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Problems associated with time- or cyclic-
dependent degradation (aging) such as stress corrosion
cracking, radiation embrittlement, fatigue, and other
effects have been occurring in U.S. lightwaterreactors
as they have matured. These degradation mechanisms
have raised questions about the continued safety and
viability of some nuclear plants and, in particular,
about the integrity of the primary coolant pressure
boundary. At the same time, the U.S; electric utilities
are motivated to keep our existing plants operating be-
yond the original design life at as high a capacity factor
as possible, because of the increasing demand for elec-
tricity and the limited new generating capacity under
construction. Therefore, the potential problems of ef-
fectively managing aging in older plants has become a
major focus of the research sponsored by the USNRC.

A five-step approach is being pursued at the Idaho
National Engineering Laboratory to help the USNRC
understand, detect, and mitigate the aging of the major
light water reactor structures and components: (a)
identify and prioritize major components, (b) identify
degradation sites, mechanisms, stressors, and potential
failure modes, and evaluate current inservice inspec-
tion (ISI) methods, (c) assess current and advanced in-
spection, surveillance, and monitoring methods, (d)
evaluate maintenance programs, and (e) develop (or
evaluate) residual life assessment procedures. The re-
sults of this task will assist the USNRC in formulating
a license renewal policy, and will have other regulatory
applications as welL Most of the effort for this task on
understanding and managing aging is focused on inte-
grating, evaluating, and updating the technical infor-
mation relevant to aging and license renewal from cur-
rent or completed NRC and industry research
programs. This report provides, in two volumes, a
qualitative understanding of the aging degradation
mechanisms active in the major LWR components,
and it represents completion of the first two steps listed
above and partial completion of the third step.

The pressurized water reactor (PWR) and boiling
water reactor (BWR) structures and components ad-
dressed in this work arelisted inTable 15.1, with an in-
dication of which component is discussed in which
volume. A summary of the important degradation sites
and mechanisms, stressors, potential (and sometimes
actual) failure modes, and the current inservice inspec-
tion (ISI) methods associated with each component ad-
dressed in Volume 2 is presented in this chapter. The
review of potential, or in many cases actual degrada-
tion sites and mechanisms, identified a number of
questions or issues deserving further attention. These

conclusions and recommendations are also grouped by
component and presented in this chapter.

15.1 Light Water Reactor
Coolant Pumps

Table 15.1 summarizes the stressors, degradation
sites and mechanisms, and potential failure modes for
LWR primary coolant pump bodies, closure studs,
shafts, and internal welds. The conclusions and
recommendations related to aging degradation of these
components are as follows:

1. A model should be developed for estimating
the decrease in fracture toughness (thermal
embrittlement) of cast stainless steel pump
bodies as a function of coolant temperature,
time of exposure at temperature, chemical
composition, and ferrite content and its spac-
ing in the microstructure.

2. Because the ferrite distributions through
statically cast, thick-wall, stainless steel
components are not uniform, data for the
actual ferrite distributions in pump bodies are
needed. Such data will make it possible to
more accurately determine the degree of
thermal cmbrittlement.

3. Thermal embrittlement may be such that an
existing flaw can reach critical dimensions,
leading to failure of the body. Characteriza-
tion of any flaws would help efforts to evalu-
ate the continued structural integrity of the
pump body. Advanced ultrasonic testing
methods and radiography methods are needed
for this purpose.

4. Standards forallowable flaws in thecast stain-
less steel base metal are needed. These stan-
dards should take into account degradation
caused by thermal embrittlement. ASME
Section XI, Table IWB-3518-2, provides
similar standards for allowable planar flaws in
cast stainless steel pump body welds.

5. Annealing of aged pump bodies is not an
acceptable method for restoring material
toughness. This process causes formation of
several other phases in the ferrite, resulting in
additional loss of toughness. In addition,
annealing could distort the very close tol-
erances associated with pumps.

4
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Table 15.1. Summary of degradation processes for LWR coolant pumps

Rank ^ ' Degradation Sites

1 Pump body (castng)a
2:Cl o s u e , s t u d

2 ':-'.Closure, studs ... :

I - - I- - Stressors ".

Temperature, system operating transien,

Gasket leakage (borated water),
mechanical and thermal stresses

. Degradation Mechanism

ts Thermal embrittlement,
fatigue

Corrosion, wastage -

Potential .
- Failure Modes -

Through-wall leakage,
unstable ductile tearing

Leakage, breakage

- ' SI Methods

Surface, volumetric,
esuggest surveillaice
program

Surface, volumetric, visual
(including gaskets)

-J

3 - - Pump shaft

. . .-,

Thermal stresses (mixing of hot and
cold coolants).

Mechanical bending stresses (caused
by shaft rotations)

Mechanical and thermal stresses

High cycle, mechanical Breakage (contained
and thermal fatigue by pump body)

- .. . . .. . pu

Surface, volumetric - , , , , -t!
-t

..- � I - il
I I

"T .

-4 Fabrication welds
(pump internals)

I t I ,.
. - : - :~~~~~~~~~~~

Fatigue Breakage (broken pieces None required .
* may be carried over into I ' -

*; reactor pressure vessel) ' I . . .
-:~~~~~

a. Wrought carbon steel pump bodies make up a very small percentage of those in the Geld and have not had a long enough service history to be reflected here.'



6. The ferrite content in the pump body welds
should be determined. Welds with low levels
of ferrite may be susceptible to stress corro-
sion cracking, especially if the body is not
subjected to a heat treatment after welding.

7. Welds in Type Fpump bodies and high-stress
regions in Types C and E pump bodies may be
susceptible to fatigue damage. In addition, the
presence of any microfissures in low- ferrite
(<3%) welds may adversely affect the fatigue
strength of the pump body and should be taken
into account in estimates of fatigue damage.

8. The ASME Section XI inservice weld inspec-
tion requirements were originally developed
for the Type F pump bodies, which have high
residual stresses at the welds. However, these
requirements may noi be practical or mean-
ingful for Types C and E pumps. The high
stress intensity regions in Types C and E
pumps are likely to include some portion of
both the base metal and weld. Surface exami-
nation of the high stress intensity regions is
recommended.

9. Failure of the internal attachment welds may
result in broken pieces of pump internal
components carried over to the reactor pres-
sure vessel and damage of vessel internals and
core components. Weld inspection guidelines
for the various pump designs need to be
developed.

10. Leakage of borated water across LWR pri-
mary coolant pump case-to-cover gaskets
can cause corrosion of the pump closure studs
and corrosion of carbon steel pump body base
metal. Corrective actions to prevent leakage
include use of gaskets with better spring-
back characteristics, proper gasket installa-
tion and cleanliness control, and proper stud
tensioning practices. The leak-off lines be-
tween the inner and outer gaskets should be
left unplugged and be instrumented so that
leakage can be detected.

11. Volumetric examination of the closure studs,
as presently required, should be supple-
mented with visual examinations to deter-
mine whether leakage has occurred. The use
of the cylindrically guided wave technique
should be considered. Another option would
be to consider a leak-before-break analysis
to evaluate closure integrity.

12. Use of conventional ultrasonic techniques to
inspect pump shafts gives inconclusive and
misleading results. A field evaluation of the
modified cylindrically guided wave tech-
nique for shaft inspection is needed. Moni-
toring of the pump motor frame vibrations is
recommended. Such monitoring can detect a
circumferential crack in the pump shaft.

15.2 Pressurized Water
Reactor Pressurizer

The pressurizer is a pressure vessel constructed, and
inspected at frequent intervals, according to the ASME
Code. It is not subjected to high neutron fluence, and
the reactor coolant system coolant with which its inter-
nal surfaces are in contact is of high purity. The major
problems associated with this system have been the
safety and relief valves, which have failed to seat prop-
erly, leaked, failed to lift, had their set points drift, or
been improperly installed, repaired, or inspected. The
valve reliability question is an ongoing operational
challenge throughout plant lifetime but is not necessar-
ily a license-renewal issue and has not been addressed
here.

The aging degradation mechanism that is pervasive
throughout PWR pressurizers is fatigue. Low-cycle
fatigue damage is caused by plant heatup/cooldown
cycles, plant unloading and loading at power, step-
load increases and decreases, reactor trips, hydrotests,
etc. The surge-line nozzle and thermal sleeve are par-
ticularly affected by the insurge of relatively cooler
hot-leg coolant and/or outsurge of pressurizer fluid as-
sociated with powerchanges. The spray-line head, the
nozzle, and the thermal sleeve are very susceptible to
fatigue damage caused by the subcooled spray actua-
tions associated with power changes. The pressurizer
walls may be susceptible to both the low-cycle fatigue
damage caused by the plant operational transients and
the high-cycle thermal fatigue caused by (a) thermal
loads imposed by the subcoolcd spray on the pressuriz-
er walls, (b) sloshing of the liquid at the steam-water
interface, and (c) water-level changes caused by insur-
ges, outsurges, and heater actuations. The key fatigue
degradation sites are calculated to have high cumula-
tive fatigue usage factors and include the pressurizer
walls near the usual steam-water interfaces, the spray
head, the spray- and surge-line nozzles, and the ther-
mal sleeves. The cast stainless steel spray heads are
also susceptible to thermal aging (embrittlement) and
erosion. The heater sheaths and sleeves are susceptible
to wear caused by thermally induced rubbing and poss-
ibly stress corrosion cracking. Pressurizer manway
bolts can and have been damaged by leaking primary

N.1 ;. .;

::., . ,,:::;' - -;'
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coolant, which caused stress corrosion cracking.
Leakage of borated coolant can also cause corrosion
and wastage of the nearby low-alloy steel base metal.
Potential failures include ductile tearing and through-
wall cracks, leading to (a) leakage of the primnary cool-
ant (pressurizer walls near the usual steam-water in-
terface and/or surge- or spray-line nozzles),
(b) excessive erosion and/or cracking of the spray
heads, (c) heater sheath and/or sleeve cracks, and
(d) manway cover leakage.

Other than the associated valves, at least two sub-
components can be expected to require replacement.
These are (a) the heater elements, which can be re-
placed at refueling outages on a regular basis (in fact,
the original designs facilitate ease of maintenance),
and (b) the spray head, which can be replaced by a rel-
atively minor operation. -Otherwise, the pressurizer
may be a good candidate for life extension, using addi-
tional analyses and inspections as outlined below.

Critical degradation sites, stressors, degradation
mechanisms, potential failure modes, arid appropriate
inservice inspection methods for pressurizers are listed
in Table 15.2.

Several supporting analyses and tests will be re-
quired to determine the residual life of the pressurizer.
Inclusion of additional requirements in the ASME
Code, Section XI, would be appropriate. The follow-
ing are the recommendations for more detailed analy-'
ses and tests:

high-cycle region, should be developed.
(This item is applicable to all primary system
components.)

3. A comprehensive inspection plan to detect
cracks will be necessary (probably using cur-
rent ultrasonic test methods). A program to
evaluate crack growth will also be necessary
for these locations where cracks are found.
Development of a technique to monitor for
cracks at heater sleeve locations is'needed.
An inspection plan to monitor spray head ero-
sion is also recommended.

4. Adequate monitoring techniques that will de-
tect boric acid leakage and corrosion before it
causes significant degradation of the primary
coolant pressure boundary should be
developed.

5. The cast stainless steel spray heads may be
susceptible to erosion and thermal embrittle-
ment during operation. However, this prob-
lem can be solved by replacing the degraded
spray heads.

15.3 Pressurized Water
Reactor Surge And
Spray Lines And Nozzles

1. Reanalysis of the fatigue life at the l6cati6ns
with high fatigue usage factors will be neces-
sary, possibly with more refined thermal
models and with better definition of actual
temperatures and temperature change rates
during transient conditions. This should in-
clude better definition of the high-cycle
events, such as verifying that sloshing does or
does not occur, and realistic numbers of spray
cycles. The MIT experimental results can
probably be used to quantify the accuracy of
pressurizer transient prediction models. The
location of critical welds, such as at the
steam-water interface, would have to be de-
termined on a case-by-case basis, depending
on the manufacturing technique.

2. In conjunction with Item 1, there also must be
justification that the fatigue curves'used in
any revised fatigue analysis are applicable to
metal exposed to a PWR environment. Cor-
rosion fatigue curves, including the

f

- A summary of the important degradation sites, stres-
sors and mechanisms, the potential failure modes, and
the current ISI methods is presented in Table 15.3.
Evaluation of the pressurizer surge and spray line
piping and nozzles indicates that stratified-flow
conditions may occur and may lead to fatigue damage
that can limit the useful life ofpressureboundary com-
ponents. A c'6mplete accounting of actual in-plant
thermal loadings is needed in order-to accurately pre-
dict the residual life of those'components. Once the
loadings are more accurately defined, an appropriate
prediction of fatigue life can be made and an appropri-
ate inservice inspection program can be implemented
with state-of-the-art techniques.

The conclusions and recommendations related to
aging degradation of the pressurizer surge and spray
lines and nozzles are as follows:

1. The horizontal portions of the surge line sub-
jected to stratified flows should be analyzed
to determine whether a catastrophic rupture
rather than a leak-before-break can take
place. Stratified flows cause significant
fatigue damage to the'horizontal portions of
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Table 15.2. Summary of degradationprocesses forpressurizers

Rank Degradation Site

1 Vessel shell near steam-
- water interface

2 Spray line nozzle

Stressors

Thermal and mechanical stresses
caused by plant operational transients,
water level changes (due to insurges,
outsurges and heater actuations),
sloshing, subcooled spray impact and
hydrotests; PWR coolant

Thermal and mechanical stresses
caused by plant operational transients,
spray actuations and hydrotests;
PWR coolant

Degradation Mechanisms Failure Modes

Fatigue (possibly corrosion Crack leading to leak
assisted)

ISI Method

Volumetric

Volumetric, surfaceFatigue (possibly corrosion
assisted)

Crack leading to leak

-J
Z~

3 Surge line nozzle

4 Heater sheathes and
sleeves

5 Manway bolts

6 Supports (keys, skirts and
shear lugs) ;

Thermal and mechanical stresses
caused by plant operational
transients, insurges, outsurges and
hydrotests; PWR coolant

Residual stresses, PWR coolant,
thermally induced rubbing

Steam leakage

Thermal stresses, seismic events

Fatigue (possible corrosion
assisted)

Stress corrosion cracking,
wear

Stress corrosion cracking

Fatigue

Crack leading to leak

Crack leading to leak or
metal loss

Bolt breakage, leak

Crack leading to loss of
support; overstress of
piping

Loss of thermal sleeve to
protect nozzles

Loss of spray capability

Volumetric, surface

Visual for external
penetration welds

Volumetric (>2 in.),
visual (<2 in.)a

Volumetric, visual

7 Thermal sleeve Flow-induced vibration, thernal
stress

Fatigue None

8 Spray head Spray flow, temperature, thermal
stress caused by spray actuation

Temperature

Erosion, embrittlement,
fatigue

Burnout

None

9 Heater elements Loss of heating capability None

a. One inch = 25A mm.
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Table 15.3 Summary of degradation processes for pressurizer surge and spray lines and nozzles'

Degradation
Rank Sites

1 Pressurizer
Surge 'Line

'and Nozzle
.- . Z

Stressors

Thermal transient stress
loadings

Stratified flow stress
loadings, thermal
striping

Degradation
Mechanisms

Low- and : '
high-cycle'
thermal
fatigue

. l .

Potential'
Failure Modes

Crack initiation and
propagation leading
to possible
through-wall leak,
pipe rupture

ISS Methods

Piping and nozzle
welds inspected
volumetrically
at each of the
four 10-year
intervals

Thermal shock Thermal sleeve
cracking'

'' Flow-induced
mechanical vibration

Mechanical
fatigue -.

..' r : ;

Thermal sleeve
cracking, crack

' initiation in- '
' ' nozzle

t I Temperature
. I.

2 ' "Pressurizer '
Spray Line
and Nozzle

i . , . .'

Thermal transient
stress loadings '

Stratified flow'stress
loadings (pipe only)

'thermal striping

'Flow-induced
mechanical vibration

Thermal
embrittlement

Low- and ':
high-cycle'
thermal
fatigue --. ':

Mechanical
fatigue

Through-wall
leakage

Crack initiation and
propagation leading
to possible ' ' -

-through-wall leak

Thermal sleeve
cracking

Thermal sleeve-
cracking, crack

Piping and nozzle
welds inspected
volumetrically at
each of the four

^ 10-year intervals

-. : ' . , initiation in,
- ;; , - / -~~~~~~~~nozzle , 4" . . ..- ,~

the surge line, but were not accounted for in
-7 - the original design. Results from a recent

analysis of one PWR plant suggest that a
surge line subjected to stratified flows will

I leak before it will rupture. -
.. ~~~~ . W . .. -

4~ Because stratified fows are likely to cause
fatigue damage to the base metal in the hori-
zontal sections of the surge and spray lines,
inspection of the affected regions in the base
metal needs to be included in the inservice in-
spection program. Current ASME Section XI
inservice inspection guidelines do not require
inspection of the base metal.'

. . . , . - , . -...0

2. The leak-before-break approach may not be,
Iworkable for 'small diameter piping such as
spray lines that also experience significant
fatigue damage caused by stratified flows. '5. Acoustic emission' techniques that reliably

'-can detect the'growth of fatigue cracks in
3. More frequent inservice inspection of nozzle, both the welds a'nd base metal of stainless

'welds with high fatigue usage factors is need- '- z. *- : steel piping should be developed.- These tech-
- ed. Some of the nozzle welds have a fatigue ' niques can thenbe used alongwith othernon-

usage'factor as high'as 0.7 resulting from .' -destructive testing methods to characterize
- :- '' design transients alone. these cracks. - -
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6. On-line fatigue monitoring should be used to
measure coolant temperatures, pressures, and
flow rates, and pipe wall temperatures. These
data could be used to accurately calculate the
accumulated low-cycle fatigue damage. De-
tailed and accurate records of the transients
causing fatigue damage are not available.
Some plants are already measuring these
data.

7. A research program is needed to estimate the
magnitudes and frequency content of the
fluctuating loads imposed by thermal strip-
ing. These data are needed to estimate fatigue
crack initiation times for the surge and spray
lines.

8. Smaller temperature differences between the
pressurizer and the hot leg coolant during
heatup and cooldown can reduce fatigue
damage to the surge line.

9. Plant operating procedures should specify
full flow through the spray line and continu-
ous spray during plantcooldowns. Thisprac-
tice will mitigate spray line fatigue damage
caused by stratified flows and thermal shock.
Some plants have already revised their oper-
ating procedures to this effect.

10. Properly sized bypass valves can provide full
flow through the spray lines during normal
operation and mitigate fatigue damage.

11. Replacing relatively short horizontal sections
of spray piping with sloped sections can help
prevent stratified flows.

15.4 Pressurized Water
Reactor Coolant System
Charging And Safety
Injection Nozzles

;'r, 'f .h ,' ' .

A summary of the important potential degradation
sites, stressors caused by operational transients, degra-
dation mechanisms, and potential failure modes is
presented in Table 15.4. The evaluation of the charg-
ing nozzles and safety-injection nozzles indicates that
these nozzles are subject to fatigue damage caused by

-thermal-shocks, stratified flows, and flow-induced vi-
brations. Stratified flows were not fully considered in
the original design analysis. Fatigue can limit the use-
ful life of these components.

The conclusions and recommendations related to
aging degradation of the PWR charging and safety in-
jection nozzles are as follows:

1. The charging and safety injection lines sub-
jected to stratified flows should be analyzed
to determine whether a catastrophic rupture,
rather than a leak-before-break, can take
place. Leakage from faulty valves has re-
sulted in thermal stratification and striping
loads that have caused through-wall cracks in
welds and base metal, and were not accounted
for in the original design.

2. The high-stress locations in the base metal
that are subjected to thermal striping and
stratification need to be inspected. Current
inservice inspection requirements do not in-
clude inspection of the base metal.

3. Current inservice inspection requirements are
not adequate to detect thermal fatigue cracks,
and need to be upgraded. Acoustic emission
techniques may be used along with ultrasonic
testing methods to characterize fatigue
cracks.

4. On-line monitoring methods are needed to
detect leakage from faulty or degraded
valves. Such leakage has imposed thermal
loads on the safety injection lines, causing
through-wall cracks.

5. Appropriate methods are needed to monitor
the charging and safety injection nozzle op-
erational transients, so that the fatigue dam-

- age can be accurately estimated. The nozzles
are subjected to stressors during plant opera-
tion that are considerably different and possi-
bly more significant in magnitude and fre-
quency than those considered in the original
design.

15.5 Pressurized Water
Reactor Feedwater
Piping And Nozzles

Significant feedwater piping degradation caused by
erosion-corrosion (including flow-assisted corrosion
and cavitation damage); stratified flow and thermal
shock-induced fatigue; and mechanical fatigue caused
by flow-induced and mechanical vibrations and water
hammer events has occurred. In many cases, these
factors were not adequately considered in the plant

378



Table 15.4. Summary of degradation processes for PWR RCS charging and safety injection nozzles

Degradation
Rank Site

i

.. J, -,. . ..

Stres-or

Thermal-transient
stress loadings

Charging
nozzle

Degradation
Mechanisms

High-and
low-cycle
thermal fatigue

High- and
low-cycle
thermal fatigue

Mechanical
fatigue

Crack -
initiation and

. propagation
l i. leading

.to possible
' through

wall leak .

- e i- ' I

,;,. Potential.:
FailureModes IT SI Methods

Piping and
nozzle welds
inspected ,.
volumetrically
at each of
the four 10-year
intervals

, .

Thermal-shock
stress loadings

Flow-nduced
vibration -

Thermal
. sleeve

cracking

Thermal
sleeve

2 Safety .
injection
nozzle

Thermal-transient
stress loadings

cracking,
crack
initiation
n nozzle

High- and Crack
low-cycle initiation and
thermal fatigue propagation

leading
to possible
through wall
intervals

- Piping and
nozzle welds
inspected

. volumetrically
at each of
the foiur 10year
intervals

Thermal-shock
.. stress loadings

High-; and -
low-cycle ' ' -
thermal fatigue

Thermal
sleeve
cracking

.,. Stratified-flow
stress loadings,
thermal striping

I

High- and Crack
low-cycle initiation and
thermal fatigue propagation

-leading
to possible
through-wall

*leak-.

Mechanical Thermal sleeve
fatigue ; cracking,

crack
initiation
in nozzle

' '--ow-induced
- mechanical

vibration'

I I � , . I -
. .. , . -. .i '. ..~ ''. ( : , ?'- ~

I. I . . . I.

... .: .. . . ..
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design and safety analysis, and the required inservice
inspections have not been adequate to detect the degra-
dation before the piping failed. This aging degradation
has occasionally resulted in catastrophic failure of a
feedwater pipe. Fatigue analyses were (and still are)
not required, nor are there any explicit requirements to
evaluate high-cycle vibration and fatigue except in the
initial testing phase of the systems. Water hammer
events also cause fatigue damage and must be ex-
amined when determining the residual life of a system.
The phenomena and extent of degradation in PWR
feedwater lines are not sufficiently defined (in terms of
plant parameters and cycles), to quantitatively predict
feedwater system lifetimes. Nor have most secondary
system piping segments been inspected with great rig-
or. Therefore, the potential exists for a PWR feedwa-
ter system to generate degradation that will allow a dy-
namic event, such as an earthquake or a water hammer,
to suddenly fail a pipe, with no advanced warning such
as a leak before break.

A broad-based approach has been taken to resolve
these problems. An NRC Bulletin was issued that
requires utilities to institute more detailed inspection
plans for secondary system piping. EPRI has devel-,
oped the CHEC computer code to assist in identifying
areas to be inspected. This code is being used by
utilities, in conjunction with engineering judgment and
experience in other plants (e.g., Trojan), to select the
sites for more detailed inspections. EPRI has also
assisted utilities by evaluating the type of nondestruc-
tive testing methods that might be used for these
inspections. Most utilities have completed initial
inspections of their feedwater and condensate piping.
Finally, the ASME Section XI Committee is drafting
revised guidelines for the inspection of secondary-side
piping.

The degradation sites for the feedwater system are
ranked and listed in Table 15.5. The feedwater nozzle
and piping inside containment are ranked the highest,
because a break at this point cannot be isolated from
the steam generator and results in rapid blowdown of
the steam generator. The piping near fittings and
geometric discontinuities is ranked next because of the
erosion-corrosion problems that have occurred at
those locations.

The conclusions and recommendations related to
degradation damage in PWR feedwater piping are as
follows:

1. Severe erosion-corrosion degradation of car-
bon steel feedwater piping can occur and may
lead to catastrophic failure. The erosion-
corrosion damage can be very localized

Reliable nondestructive inspection methods
are being developed that effectively provide
100% coverage of the area under investiga-
tion and ensure that minimum wall thick-
nesses are detected. The results of thickness
measurements should be evaluated consider-
ing the highest possible transient pressure.

2. Use of on-line monitoring methods to deter-
mine erosion-corrosion damage needs to be
evaluated because of significant uncertainty
regarding the erosion-corrosion rates. Thick-
ness measurements should be used to assess
the current wall thinning models and revise
the guidelines, as needed, for identifying the
sites that are susceptible to erosion-
corrosion. On-line monitoring methods are
not needed if the erosion-corrosion damage
is effectively mitigated.

3. The secondary water chemistry (including
pH level, oxygen content, and impurities),
temperature, and bulk flow velocity; the pip-
ing layout; the smoothness of the piping in-
side surfaces; and the chemical composition
of the piping material affect the rate of
erosion-corrosion damage. Control of these
parameters can mitigate carbon steel erosion-
corrosion damage. However, a change in one
of the system parameters, such as water
chemistry or temperature, may have adverse
affects on other plant components. For
example, an increase in the oxygen content in
the feedwater will tend to reduce the feed-
water piping erosion-corrosion damage but
may degrade the steam generator tubes. Also,
the fatigue-crack-growth rate in carbon steel
piping may increase with an increase in oxy-
gen content. Obviously, caution is warranted
prior to implementing any changes in system
parameters.

4. The use of stainless steel coatings needs to be
evaluated as a method to mitigate erosion-
corrosion damage to feedwater piping. Stain-
less steel coatings have been successfully
used in some foreign power plants to elimi-
nate erosion-corrosion problems in steam
lines.

5. The inside surfaces near any repair welds
should be as smooth as possible. Rough in-
side surfaces can create turbulence in the flow
that may induce flow-assisted corrosion; and
if the fluid temperature is near saturation,
they may provide nucleation sites for forma-
tion of gas bubbles that subsequently collapse
and cause cavitation damage.

380



J

Table 15.5.' Summary of degradation processes for PWR feedwater piping and nozzles

Rank Degradation Sites-.

* 1 - Feedwater nozzle and
piping inside contain'
ment, sites in
horizontal piping runs
in vicinity of mixing
layer

w3 2 Feedwater piping near
- fittings'

Stressor
. . so

. Flow velocity, 02 con-
, tent and pH level in
' feedwater, impurities,
stratified flows, ther-
mal shocks, water
hammer, thermal
transients

Degradation Mechanisms

Erosion-corrosion, high-
and low-cycle thermal
fatigue, mechanical
fatigue', mechanical
overload

Erosion-corrosion, .
mechanical and'
thermal fatigue

Erosion-corrosion,
mechanical fatigue

Potential
Failure Modes

Rupture from wall thin-
ning, leakage through
fatigue cracks, rupture
caused by water
hammer

Rupture from wall
thinning, leakage
through cracks

Rupturi from wall
thinning

ISI Methods

Ultrasonic testing,
radiographya'

Ultrasonic testing,
radiographyA -

Ultrasonic testing,
radiographya;

- High flow velocity, 02
content and pH level in

I feedwater, impurities,
.. water hammer,
: thermal transients

.. 5-;;

3 Geometric discontin..- Flow velocity, 02'
uities on inside : content and pH level in
surface of piping' feedwater',impurities,

* water hammer --

a. Currently being performed but not included in ISI requirements.'
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6. The feedwater piping and nozzles also are
subjected to fatigue damage from stratified
flow, thermal shock, flow-induced vibration,
and equipment vibration loads. The fatigue
damage will ultimately lead to leakage of
feedwater under normal operation. However,
a pipe section significantly weakened by fa-
tigue damage may fail catastrophically if sub-
jected to a water hammer or a pressure pulse.
Acoustic monitoring of the feedwater nozzles
and horizontal portions of the piping may
help to detect any crack growth.

15.6 Pressurized Water
Reactor Control Rod
Drive Mechanisms And
Reactor Internals

Any of the factors relating to lifetime predictions
of control rod drive mechanisms are unknown. While
fatigue usage of pressure housings can be calculated,
there are still many subcomponents for which no suit-
able lifetime prediction information is available.
These include the insulation breakdown of the electri-
cal components and wear of the latching mechanisms.
We know CRDMs have generally operated successful-
ly for a number of years (over 20 years at some West-
inghouse-designed plants and over 15 years at some
Combustion Engineering plants), but there is not
enough information at present to predict the overall
lifetime. Lifetime tests show that Combustion Engi-
neering CRDMs can probably operate for a minimum
of 30,480 m (100,000 ft) of travel,' and Westinghouse
reports a lifetime in excess of 2.5 million steps, but we
do not have the statistical data base from CRDM fra-
gility tests to satisfactorily compute the probabilities
needed to predict the expected life. Both Combution
Engineering and Westinghouse attribute the operating
problems experienced to date to random malfunctions
and not to aging factors, although some types of
CRDM failures have been increasing with time. Com-
bustion Engineering expects the motor assembly and
drive shaft to experience the greatest wear or fatigue.

Based on the information available to date, the criti-
cal locations with respect to plant aging are listed in
Table 15.6. The potential failure locations that can re-
sult in primary coolant Ieakage are ranked highest.
There are several activities that should be conducted

a. C. W. Ruoss, private communication, Combustion
Engineering, February 3, 1987.

to extend our knowledge of CRDM aging related is-
sues. These include the following:

1. Ten percent of the peripheral CRDM housing
welds are inspected during each inservice in-
spection interval, but the welds of the interior
CRDMs are generally inaccessible and not
inspected. Techniques should be developed to
ascertain the integrity of the welds that are in-
accessible for inspection.

2. Adequate monitoring techniques are needed
to detect boric acid leakage before it causes
significant corrosion of the primary coolant
pressure boundary. Leaking borated coolant
from a CRDM or instrument housing can
cause corrosion of the external CRDM com-
ponents and the vessel carbon steel base
metal.

3. Evaluation of the thermal embrittlement of
cast stainless steel CRDM pressure housings
is needed.

4. The electrical parameters (for example, the
current required) which indicate the degree of
wear, friction, or binding in CRDM should be
measured periodically.

5. Techniques for measuring the cumulative
length of lead screw travel or counting the
number of latch steps should be developed.
This information should be recorded and
could then be compared to the CRDM life test
results to determine the need for CRDM re-
placement

6. The CRDMs should be periodically pulled
and inspected for excessive wear. After in-
spection they could be rotated to different rod
banks to allow for more even wear. Careful
measurements of the wear would facilitate
better residual life estimates.

7. Life tests for the latch assemblies (roller nut,
rack-and-pinion, and magnetic jack) and the
electrical insulation are needed. If the life-
times are found to be insufficient, alternate-
materials with extended lifetimes could be
considered. Vendor tests have shown that
CRDMs are suitable for the estimated travel
required for 40 years, but have not estab-
lished absolute lifetimes in feet of travel for
all designs.

7
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Table 15.6. Summary of degradation processes forPWR CRDMS
.. . .. . \ .. . .~~~~~~~~~~~~~~~

RLA k Degradation Sites '

I ' Pressure housing

2 Latch assembly

Stressors
.,: ,,

Thermal stess, high-
temperature water
Loose'pa'rts. impacting.
metal-to-metal contact

Depradation Mechanisms'.

Thermal embrittlement,
low-cycle fatigue
Fretting, wear, spalling

Insulation breakdown,'
electrical shorting
Wear, low cycle fatigue
Boric acid corrosion

Potential Faihtre Modes I

Crick leading to leak

AS Methods

3 Coil stack - Moisture, tempenature,
radiation

4 Drive rod . Rubbing, impacting
5 Extemal components Boric acid (if leak is

.I .I - I , present)
. . .. . . ~~. . I . .

,Binding, stuck rods; -

Dropped rods '

Uncoupling of CRA
Leaks

Volumetric or
surface'
None

None

None
None

; a. 10% of peripheral CRDMs per inspection interval. ; : ; I ;
_ . ~~~~~~~~~~~~~~~~~~~~~- .: .

One major advantage to CRDM life extension is that
many of the subcomponents can be replaced relatively
easily. This is especially true of the electrical compo-
nents, which are located outside of the pressure hous-
ing. The technology for CRDM replacement is avail-
able, as full ehangeouts have been made.

The critical locations with respect to reactor inter-
nals aging in order of importance arc listed in
Table 15.7. These generally are concerned with bolts
and other smaller parts loosening or breaking, and
larger components cracking or undergoing excessive
vibration. Some recommendations with respect to the
reactor internals are as follows:

1. Monitor the wear of the in-core instrument
housings (including the thimble tubes) and
CRDM guide tubes.-

2. Develop advanced inservice inspection pro-
cedures that can predict incipient failures.
Such a technique for bolts is particularly
needed.

1 3. Develop high-cyclc fatigue curves for high-
strength steel bolting materials.

; A4. Establish research programs to determine the
combined effect of radiation and temperature,
c causing embrittlement of austenite and ferrite
phases, respectively, in the cast stainless steel
components.

-5. Establish research programs to determine the
effect of radiation and cumulative fluence on
the mechanical properties of reactor internal

-materials. Tests of actual core specimens
would be helpful.

A .

Table 15.7. Summary of degradation process for PWR reactor internals :

.. . . .I . I
Kink Degradation Sites

I Instrument tubes
Cmbimble tubes)

Stressors _D radation Mecha isms
- I. . . . I.. . I........

Flow-Induced vibration, Fretting, high-cycle fatigue, -
high-tenperaturc water 'wear ;

Potential Failure
I Modes .

Lesks, cracks, loose
pans ' ' '

Broken bolts, cracks,
loose parts

4 .. -,
'. . I., 1.. I 2 Thermal shield and

boltsu -
Flow-induced vibration.
high-temperature water, bolt

-- preload stress, radiation

High-cycle fatigue, IGSCC,
stress relaxation

I Methods

Eddy-
current

.Visuald

Visual'

visual'

3 Core barrel and' Flow-induced vibration,
bolts h high-temperature water, bolt

-pnload stress, radiation

4 Upper and lower Flow-induced vibration.
core support - high-temperature water. bolt
structures preload stress, radiation

HEggh-cyce fatigue, IGSCC,.' Broken bolts, cracks,
stress relaxation loose parts

Ilgh-cycle fatigue, IGSCC. Broken bolts, cracks.
stress relaxation, irradiation loose parts
and thermal embrittlement '

..~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . , . .. .

a. Accessible surfaces of removable components and welds of integrally weded components.
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6. Perform an alternate material study to develop
bolts and pins with extended lifetimes. This
would include different heat treatments of
Alloy X-750, Alloy 718, and A-286.

7. Establish vibration' monitoring programs us-
ing the ex-core and/or in-core neutron noise
detectors in conjunction with other monitor-
ing instruments and structural finite element
models.

15.7 Countermeasures For
Tube Failures In
Pressurized Water
Reactor Steam
Generators

The important degradation sites, stressors, degrada-
tion mechanisms, potential failure modes, and current
ISI requirements associated with PWR steam-
generator tubes are summarized in Table 15.8. Some
of the degradation mechanisms, that is, intergranular
stress corrosion cracking, intergranular attack, pitting,
wastage, and denting have caused more tube failures in
the recirculating type steam generator than in the
once-through steam generators. Fretting, erosion-
corrosion, and fatigue damage is receiving more atten-
tion because of recent failures; however, these prob-
lems are limited to particular steam generator designs.
Table 15.9'summarizes the techniques for mitigating
the damage resilting from the important aging degra-
dation mechanisms. Table 15.9 also summarizes the
improvements made in new/replacement steam gener-
ators and other secondary side components to reduce
PWR steam generator tube degradation. Long-term
field-experience data are needed to assess the effec-
tiveness of the various countermeasures. Inservice in-
spection methods and quantitative models are needed
to estimate the magnitude and rate of the damage. The
conclusions and recommendations regarding the coun-
termeasures for steam generator tube failures are as
follows

1. The highest priority is given to preventing
faulted conditions in the secondary water
chemistry. Some water chemistry transients
can cause large'-scale damage in a short time.
Remedies include preventing condenser leak-
ages, improving makeup water purity, fre-
quent water chemistry checks, and preventing
resin or chemical releases from condensate
polishers. 'Installing titanium tubing in the

condensers reduces the possibility of leaks.
However, titanium tubing is susceptible to fa-
tigue caused by vibrations. Impurities in the
secondary water can be minimized by ultra-
filtration of the makeup water, feeding make-
up water through condensate polishers, and
reducing the quantity of makeup water by re-
cycling blowdown water using a recovery
system. The Steam Generator Owners'
Group guidelines for continuous monitoring
and control of water chemistry should be fol-
lowed to reduce impurities in the secondary
water. Because copper enhances denting and
pitting processes, it is desirable to eliminate
copper and copper containing alloys from the
secondary side.

2. In several plants. condensate polishers are
considered unnecessary and unsafe because
they can cause damage to the tubing if resins
or chemicals are accidentally released from
misoperation of or mechanical damage to the
condensate polishers. The operators of some
plants believe that condensate polishers pro-
vide the only defense against faulted water
chemistry conditions. Condensate polishers
routinely remove impurities and mitigate
degradation processes in steam generators.
Additional safety can be provided by install-
ing filters between the polishers and steam
generators to collect any accidentally re-
leased resins.

3. Plant studies have demonstrated that certain
chemical additives, that is, boric acid and
morpholine, will mitigate intergranular at-
tack, intergranular stress-corrosion cracking,
denting of the steam generator'tubes, and
general corrosion of the carbon -steel
components in the feed-water system. These
chemical additives do not adversely influence
other plant components.

4. Several utilities have successfully used sec-
ondary-side cleaning methods, such as lanc-
ing with a high-pressure water jet and subse-
quent chemical cleaning, that remove
residues. Removal of copper-bearing sludge
from the secondary side allows the detection
of some defects, such as pitting, during
inservice inspection. Several methods have
also been developed to clean tubesheet crev-
ices with hot soaks and tubesheet crevice
flushing techniques.
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Table 15.8. Summary of degradation processes for steam generator tubes

..

Ranka

2

Degradation
Site

Inside surface of
U-bends, roll-
transition, and
dented tube regions

Outside surface
of hot-leg tubes
in the tube-to
tube sheet crevice
region

Cold-leg side in
sludge pile or
where scale ''
containing'copper
deposits is found

Outside'suiface
of tubing above
tube sheet

Stressors

Tube rolling and U-bend
stresses, primary
coolant, and residual
stresses introduced
by denting

Alkaline environment,
presence of S0 4 and
COi anions

Brackish water,
chlorides, oxygen,
and copper

Phosphate chemistry,
chloride concentration,
resin leakage from
condensate polisher bed

Degradation
Mechanisms

Pure water stress
corrosion cracking

Intergranular
stress corrosion
cracking, inter-
granular attack

Pitting

Wastage (thinning)

Potential
Failure Modes

Cracking, leakage

May eventually
result in cracking

Local attack and
tube thinning may
eventually lead to
a hole

Uniform attack, tube
thinning may..
eventually wear out
the material

Flow blockage in
tubes caused by
plastic deformation

ISI Method

Eddy-current testing

Eddy-current testing

Eddy-current testing,
optical scanner system,
sonic leak detector
system - -

Eddy-current testing
I .. -'-R.;

3
00
LA

4

5 Tubes in the tube.'
support regions

Oxygen, copper oxide,
chloride, temperature,
pH, crevice conditions

Denting Helium leak and sonic
leak testing, optical
probes, hydrogen
evaluation monitoring,
pulse-echo ultrasound
method

6 Contact points
between tube and
antivibration bar

Flow-induced vibrations Fretting Wearing out of
material caused by
rubbing and/or fatigue

Eddy-current testing
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Table 15.8. (continued)

Ranka

7

8

9 b

Degradation
Site

Inadequately
supported tube near
upper support plate

Tubes where
denting has
occurred

Once-through steam
generator tubes

Stressors

Residual stresses and
reduced damping caused
by denting, flow-
induced vibrations

Thermal transients

Velocities, sizes,
shapes, impact angle,
and hardness of
particles, thermal
transients

Degradation
Mechanisms

High-cycle fatigue

Low-cycle fatigue

Erosion-corrosion
from impingement
of particles, low-
cycle fatigue

Potential
Failure Modes

Tube rupture,
(double-ended
guillotine break)

Primary-to-secondary
leaks

Wearing out of
material,
primary-to-secondary
leaks

ISI Method

Eddy-current testing

Eddy-current testing

Eddy-current testing

W
of

Job Once-through steam
generator tubes in
the upper
(tube-sheet) region

Chemicals, (localized
corrosion) vibrations

Fatigue Primary-to-secondary
leaks

Eddy-current testing

a. Based on operating experience for steam generator defects.

b. Denotes once-through steam generator (items 7 and 8 do not reflect rank order). First 6 items are for recirculating steam generators.

.,,
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Table 15.9. Summary of countermeasures for tube failures in PWR steam gcnerators

Mechanism

Primary side SCC

Mitigation of Damage in Existing Tubesa

RoW/Shot Peen to improve residual stresses;
anneal the U-bends and control the denting
problem.

Improvements in New/Replacement
' Steam Generators

1. .- .

Use Alloy 690 tubes with optimum
microstructure and a maximum yield
strength of about 380 MPa (55 ksi); and
minimize/eliminate residual stresses

Secondary Side
Defects:

Intergranular '
stress corrosion
cracking, inter-
granular attack

Pitting

Denting

Control alkaline impurities, eliminate acid
chlorides, flush tubesheet crevices, use hot soak,
lance, and chemically clean; neutralize crevice
alkalinity; add boric acid; and roll tubes to
eliminate crevices.

Eliminate condenser leakages; preclude ingress
air/oxygen, acid chloride, and copper in water.

Use Alloy 690 tubes with optimum
microstructure,climinate tubesheet
crevr ices, improve access for lancing
and cleaning, increase blowdown
capacity, shot peen OD, and design
flow to avoid sludge accumulation.

Of Use titanium or stainless steel
condenser tubes, eliminate Cu alloys in
feed train, and resistant tube materials.

Use strict water chemistry controls, use
use stainless steel support structures, and

design to preclude stagnant water in
annuli, and titanium condenser tubes.

Eliminate ingress of air/oxygen, acid chlorides,
and copper in water, use leak-tight condensers, 1
hot soaks.

Wastage Use AVT water chemistry; eliminate hideout
chemical concentrations; use sludge lancing and
chemically clean; use hot soaks; hot blowdown'
and flushing; preclude resin ingress.

Design flow to preclude hideout and
chemical concentrations; minimize
sludge formation; improve access for

* cleaning, and increase blowdown
capacity. - '

Fatigue in OTSGb
(thermal and
environmental)

Control chemistry and modify to preclude dryout: -

of water particles with impurties on tubes'' '
near the open lanie. - ' ' ''

a. Repair generally consists of plugging or sleeving or various new expansion joints in the tube-sheetregion. Various
size sleeves and minisleeves have been used.

b. OTSG = once-through steam generator

5. Shot and rotopeening techniques have been
' used to introduce residual compressive

stresses on the tube inside iurface to mitigate
pure 6water stress corrosion cracking,
(PWSCC). However,' n NDE method is

- available to measuje the residual stresses. Ef-
fectiveness of these techniques depends upon
process controls.

6. Alloy 600 and 690 microstructures and heat
treatments have been developed that result in

an increased resistance to PWSCC in labora-
tory tests. However, further research is need-
ed to gain'a fundamental understanding of the
mechanisms of PWSCC.

7. Grain boundary carbides provide increased
':resistaice to PWSCC;, however, sensitization

(grain bboundary chromium'depletion) should
be avoided to ensure resistance to secondary-
side faulted chemistry conditions. Thermal
treatments can produce resistance to both
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primary and secondary-side degradation
processes.

8. In situ stress relieving of highly stressed re-
gions, such as U-bends, has been used in
some plants to prevent PWSCC in tubing that
has not cracked; Sufficient care should be
taken to avoid formation of chromium-
depleted zones near grain boundaries. The
use of increased pH in the primary coolant to
mitigate PWSCC is being evaluated. The in-
creased pH may be achieved via higher lithi-
um or through use of enriched boron.

9. The material specifications for PWR steam
generator tubing (Alloy 600 or 690) should
require a maximum yield strength of about
380 MPa (55 ksi), which will limit the maxi-
mum residual stresses. Presently, there is no
maximum yield strength requirement in the
current ASME Code specifications for these
materials.

10. The current allowable NDE flaw-indication
criterion specified by the NRC is conserva-
tive when the accepted flaw does not grow
rapidly during plant operation. Efforts to
reduce the uncertainties in the NDE results,
quantify flaw growth rates, and determine
safety margins during operations should be
continued

11. Several effective sleeving designs have been
developed recently to cover defects in the
tubes near the tube-sheet region. Leak tight-
ness of sleeved tubes is monitored in subse-
quent plant operation. Use of sleeves intro-
duces residual stresses that cannot be
measured, presents difficulties for future in-
spections, forms crevices on the primary side,
introduces geometric stress raisers, and poses
concerns in the event of a double-cnded tube
break at the sleeve joints. Therefore, the field
performance of the various sleeve designs
should be monitored. --

12. Plugging is the only remedy when unaccept-
able flaws are detected in regions away from
the tubesheet. However, some plugs are sus-
ceptible to PWSCC (plugs with low mill-
anealing temperatures). If PWSCC causes a
plug failure instead of leakage, the fragments
of the failed plug may enter the tube with suf-
ficient velocity to puncture the tube and poss-
ibly damage neighboring tubes. Plugs can be
removed for future repair if needed. Plugging
too many tubes is likely to affect the steam

generator thermalhydraulics. Inservice in-
spection methods to assess the integrity of
plugs need to be developed.

13. A nickel plating technique is being developed
to repair IGSCC cracks in steam-generator
tubes. Nickel plating generates very low re-
sidual stresses and does not require a subse-
quent heat treatment, and it can be applied
anywhere in the straight part of the tube. It
also allows later access to areas above the
section repaired in case of further damage,
whereas sleeving does not. An ultrasonic in-
spection method has been developed to detect
axial and circumferential cracks in a nickel-
plated region.

14. Successful steam-generator replacements
have been accomplished at several PWR
plants. The replacement steam generators are
expected to have a longer life because of im-
proved designs and materials. The design im-
provements include elimination of crevices,
lower residual stresses, and improved access
for secondary-side lancing and chemical
cleaning. The improved materials include
thermally treated Alloy 690 for the tubes and
ferritic stainless steels for the tube-support
structures.

15.8 Boiling Water Reactor
Containments

A summary of the important aging degradation
sites, stressors, and mechanisms; potential failure
modes; and current inservice inspection and test re-
quirements for the BWR metal containments is pres-
ented in Table 15.10. The ranking of the sites is based
on the consequences of the potential failure modes.
Among the sites having the same failure modes, a site
that is more susceptible to failure is ranked higher. The
exterior surfaces of Mark I and Mark 11 containments
are ranked higher because they are not easily accessi-
ble for inspection. The conclusions and recommenda-
tions for the metal containments are as follows.

1. Corrosion of the drywell shell is the primary
safety concern. Crevice corrosion, pitting,
uniform corrosion, and microbially in-
fluenced corrosion are degradation mecha-
nisms that can attack the outside surface of
thedrywelL Use of nondestructive inspection
methods to measure the thickness of the dry-
well shell at selected sites is recommended to
assess any damage from corrosion. The
magnetic particle inspection technique for

i
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Table 15.10. Summary of degradation processes for BWR metal containments

4 )f

Rank Degradation Sites

1 Exterior surfaces of
Mark I drywell base
near sand pocket

2 Exterior surfaces of
Mark I and Mark II
drywell

Stressors
Potential

Failure ModesDegradation Mechanisms IS1 Methods

Moisture, microorganisms
degraded fill material

Degraded fill material,
moisture

Uniform corrosion, crevice corrosion,
microbially influenced corrosion

Crevice corrosion, uniform corrosion,
pitting

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Leakage testing
(10 CFR 50 Appendix 3)

Leakage testing
(10 CFR 50 Appendix J)

3 Embedded shell
region

Cyclic thermal loading,
corrosive environments

Thermal fatigue, crevice corrosion, pitting Loss of
structural
integrity

None

C..
00
'%0

4 High-energy pipe
line penetrations,
hatches, vent lines

5 Stainless steel
bellows

6 Submerged portion of
suppression pool

7 Transition region
from cylindrical to
spherical portion of
Mark I drywell,
drywelU shell at the
core horizontal
midplane elevation

Cyclic thermal loading,
pressure testing,
corrosive internal
environments

Corrosive internal
environment, cyclic
thermal loading,
pressure testing

Corrosive internal
environment, safety
relief valve discharge
tests, pressure testing,
microorganisms

Cyclic thermal loading,
pressure testing,
corrosive environments,
neutron irradiation

Thermal and mechanical fatigue,
environmentally assisted fatigue

IGSCCO at heat-affected zone,
TGSCCb fatigue

Differential aeration, mechanical fatigue,
pitting, microbially influenced corrosion

Thermal and mechanical fatigue,
environmentally assisted fatigue,
irradiation embrittlement

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Leakage of
radioactive
gases

Visual inspection,
leakage testing
(10 CFR 50 Appendix 3)

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Visual inspection,'
leakage testing
(10 CFR 50 Appendix D)

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)



Table 15.10. (continued)

Potential
Rank Degradation Sites Stressors Degradation Mechanisms Failure Modes ISI Methods

8 Dissimilar metal Corrosive environments, Galvanic corrosion, fatigue Leakage of Visual inspection,
welds cyclic thermal loading, radioactive leakage testing

pressure testing gases (10 CFR 50 Appendix l)

a. Intcrgranular stress corrosion cracking.

b. Transgranular stress corrosion cracking.

..
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inspecting welds in the drywell through pro-
tective coatings should be field-tested, and
included in the ASME Boiler and Pressure
Vessel Code Section XI. Mitigation methods,
such as cathodic protection, need to be devel-
oped to protect the drywell shell from corro-
sion. In addition, use of zinc-rich orphenolic
coatings instead of red lead or epoxy coatings
is recommended.

2. The embedded portion of the drywell is sub-
jected to thermal cycles that may lead to sepa-
ration at the concrete-metal interface and
failure of any sealant at the interface. The
embedded portion of the drywell shell is gen-
erally not coated during construction. There-
fore, moisture can enter the gap at the inter-
face and make the embedded portion of the
drywcll shell susceptible to crevice corrosion.
The application and maintenance of a sealant
at the interface can prevent moisture entry
and, thus, provide protection against corro-
sion. Electromagnetic acoustic transducers
need to be developed and field-tested to de-
tect corrosion of the embedded portionrof the
drywell shell.

3. The submerged portions of the Mark I and
Mark II suppression pool walls are suscepti-
ble to corrosion by differential aeration and
microbially influenced corrosion. A good
quality protective coating (for example, zinc-
rich coating) needs to be maintained on the
inside surface.

4. The sites of geometric discontinuities are
subject to somewhat higher levels of thermal
and mechanical fatigue than the overall con-
tainment, and the BWR corrosive environ-
ment may act synergistically with fatigue.
Therefore, corrosion-fatigue data for the
shell material in the typical BWR environ-
ments are needed.

5. The stainless steel bellows may undergo in-
tergranular stress corrosion cracking in the
heat-affected zones, and transgranular stress
corrosion cracking in the unsensitized por-
tions of the bellows. The nearby carbon steel
pipe may be subject to galvanic corrosion
caused by the dissimilar metal welds. The
bellows are also subject to fatigue damage
during normal operation and leak testing, and

- if there is any eccentricity, the reduction in fa-
tigue life is likely to be an even more signifi-
cant factor.

The bellows constitute part of the contain-
ment pressure boundary, and their inside sur-
faces are not easily accessible for surface ex-
amination. Therefore, an NDE method to
detect cracks in the bellows needs to be devel-
oped. In addition, it is prudent to test each ply
for leakage during local leak testing of a two-
ply bellows, and the alignment (that is, eccen-
tricity) of the bellows should be maintained
so as to minimize fatigue damage.

6. The drywell shell near the core midplane ele-
vation may be subject to irradiation embrittle-
ment. However, the data from the surveil-
lance program at the Oak Ridge National
Laboratory High-Flux'Isotope Reactor
(HFIR) suggest that the increase in' the nil-
ductility transition temperature of the drywell
shell material will be negligible over the proj-
ected 40-year lifetime of a BWR plant.

There are ten BWR concrete containments in the
United States: eight reinforced and two prestressed
containments. All the BWR concrete containments
except for one of the Mark III containments are com-
pletely enclosed in a reactor building that protects
them from the degrading effects of the harsh external
environment. A summary of the important degrada-
tion sites, stressors, degradation mechanisms, potential
failure modes, and current inservice inspection and test
requirements for the BWR reinforced concrete con-
tainments and the prestressed concrete containments is
presented in Tables 15.11 and 15.12, respectively.
These tables are similar to the corresponding tables for
PWR containments presented in Volume 1 6f this re-
port. The conclusions and recommendations for the
concrete containments also are similar to those for the
corresponding PWR containments'and are as follows.

. 1. Corrosion of the reinforcing bars is a major
.- - aging concern for the exposed Mark III con-

tainment. -Internal chemical reactions could
introduce cracks in the concrete, which may
provide the harsh external environment ac-
cess to the mild steel reinforcing bars. Re-
inforcing bars in the other concrete contain-
ments are less susceptible to corrosion
because the reactor building provides protec-
tion from 'the harsh external environment.

.. . , '. 1,
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2 . Stray currents, if present, can also cause cor-
rosion' of the reinforcing bars. Additional in-
formation about the long-term degradation of
reinforcing bars is needed. Relevant data
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Table 15.11. Swumary of degradation processes for BWR reinforced concrete containments

Rank

1

: Degradation Sites

Reinforcing bars

Stressors

Corrosive external
environment (Mark III),
stray currents

Degradation Mechanisms
Potential

Failure Modes ISI Methods

NoneCorrosion, fatigue Loss of
structural
integrity

2 - Mark I and Mark I
suppression pool steel

-liner below water line

3 Drywell steel liner,
suppression pool steel
liner above water line

Cyclic thermal and
mechanical loads, -
corrosive internal
environment,
microorganisms

Moisture, corrosive
internal environment,
cyclic thermal and
pressure loads

Corrosion caused by differential
aeration, microbially influenced
corrosion, fatigue

Leakage of
radioactive
gases

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Visual inspection,
leakage testing
(10 CFR 50 Appendix J)

Corrosion, fatigue Leakage of
radioactive
gases

4 Concrete Aggressive external
environment, internal
chemical reactions,
nuclear heat, leakage
testing

Cracking, spalling, loss of free water Degradation of
shielding
properties

Visual inspection

.,
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Table 15.12. Summary of degradation processes for BWR Mark II prestressed concrete containment

Rank Degradation Sites

I Posttenisioning system.
anchors

2 Posttensioning tendon
wire orstrand

3 Suppression pool steel
liner below water line

Stressors

Tapped water, steady-
state stress.

Mois-ture, trapped water,
microorganisms, steady-
state stress

Cyclic theimal and
mechanical loads,
fatigue, corrosive internal
environment,
microorganisms

Degradation Mechanisms

Hydrogen embrittlement, corrosion

Pitting, microbially influenced corrosion,
relaxation

Fatigue, corrosion caused by differential
aeration, microbially influenced corrosion

Potential
Failure Modes

Loss of stress

Loss of stress

Leakage of
radioactive
gases

ISI Methods

Tendon surveillance
program, visual
inspection:

Tendon surveillance
program

Visual inspection,
leakage testing
(10 CFR 50 Appendix ')

4 . Drywell steel liner,' . Moistire~c6rr6sive
Suppression pool steel internal environment,
liner above water fine cyclic thermal and

pressure loads

5 Reinforcing bars Stray currents

6 Concrete ' ' Internal chemical
reaction, nuclear
heat, leakage testing

Corrosion, fatigue

Corrosion

Cracking, spalling,
creep, loss of free
water

Leakage of
radioactive

- gases.

Loss of
structural
integrity

Degradation of
shielding
properties;
loss of stress
in
posttensioning
tendons

Visual inspection,
leakage testing
(lO CFR 50 Appendix J)

None

Visual inspection



should be collected from the older LWR con-
tainments and from facilities that have been
shut down after extended service. Acceler-
ated aging techniques should also be
evaluated and, if appropriate, used to obtain
additional data.

3. Hydrogen cmbrittlement of the posttension-
ing system anchors, pitting of the tendon
wires, and microbially influenced loss of
corrosion resistance of tLndon grease are pos-
sible aging concerns for the posuensioning
systems. Improved methods of monitoring
degradation of anchors and decomposition of
tendon grease are needed.

4. A comprehensive inscrvice inspection
program is needed to identify and quantify
degradation in reinforced and prestressed
concrete containments.

15.9 Boiling Water Reactor
Feedwater And Main
Steam Line Piping

The principal mechanisms responsible for age-
related degradation of the feedwater and main steam
line piping in BWRs are erosion-corrosion, low-cycle
fatigue, and high-cycle fatigue. The degradation sites,
ranked in order of importance, are listed in
Table 15.13.

There have been no fatigue analyses on most of the
BWR feedwater and main steam line systems and the
fatigue analyses that were done as part of the design of
the Class 1 sections did not consider a number of im-
portant stressors (stratified flow, water hammers, etc.)
and used ASME design curves, which are probably in-
appropriate (room temperature air data). In addition,
erosion-corrosion damage has not been adequately
accounted for in the design and inservice inspection of
the BWR feedwater and main steam line systems, and
the phenomena and extent of degradation caused by
mechanical and flow-induced vibrations are neither
well-understood nor sufficiently defined (in terms of
plant parameters and cycles) to quantitatively predict
feedwater system lifetimes. Therefore, it is possible
that a dynamic event such as an earthquake or a water
hammer might promote piping failure in these systems
without a leak-before-break scenario.

The conclusions and recommendations related to
the aging of BWR feedwater and main steam line sys-
tems are as follows:

1. Erosion-corrosion is a major degradation
mechanism in carbon steel feedwater and
main steam line piping, and may lead to cata-
strophic failure. Erosion-corrosion damage
can be very localized. Reliable nondestruc-
tive inspection methods are being developed
that effectively cover 100% of the area under
investigation and consistently detect the
minimum wall thicknesses. The results of
thickness measurements should be evaluated
considering the highest possible transient
pressure. A pipe section significantly weak-
ened by erosion-corrosion may fail cata-
strophically if subjected to a water hammer or
a pressure pulse.

2. The feedwater piping is subject to fatigue
damage caused by stratified flows, thermal
shocks, flow-induced vibrations, and equip-
ment vibrations. Under normal operation,
this fatigue damage would ultimately Icad to
leakage of the feedwatcr. However, a pipe
section significantly weakened by a fatigue
crack may rupture if subjected to a water
hammer or a high-pressure pulse. The use of
on-line fatigue monitoring to assess low-
cycle fatigue damage is recommended.8 Use
of acoustic emission monitoring to detect any
crack growth in the feedwater nozzle and hor-
izontal portions of the piping, including both
base metal and welds, should be evaluated.
Further development of this technique for
crack growth may be needed. Acoustic emis-
sion already has been developed as a leak de-
tection method.

3. General Electric experiments show that low-
cycle fatigue cracks are initiated in carbon
steel piping in a BWR environment at far
fewer cycles than would be predicted using
the in-air test data that forms the basis for the
ASME design curve. Therefore, environ-
mental fatigue data need to be developed for
assessing fatigue damage to feedwater and
main steam line piping.

a. Temperature, pressure, and vibration of piping need
to be monitored so transient thermal and mechanical
loads caused by different stressors can be determined
and the fatigue damage estimated. The stressors in-
clude heatups, cooldowns, operational transients, wa-
ter hammers, steam hammers, stratified flows, and
flow-induced and equipment vibrations.
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Table 15.13. Summary of degradation processes for BWR feedwater and main steam systems

Potential
Rank Deg I gn te 'c~ssors ,Degriadation Mechanisms naato Ste'_En-Fiure M~d. - 151IS Methods

I Feedwater piping
- near fittings and

at geometric
discontinuities

2 Main steam piping
near fittings and at
discontinuities

Coolant chemistry.
temperature, and
flow rate; stratified
flows; water hammers,
vibration

Coolant chemistry,
temperature, and flow
rate; moisture content
in steam; steam
hammers, temperature
gradients; vibration

Erosion-corrosion;
fatigue; erosion

.~ ~ ~ ~ ~ ~ . 1

Erosion-corrosion;
fatigue

Rupture; leaks;
cracks; large

- deformations

Rupture; Icaks;
cracks; large

* deformations

Volumetric and surface
examination at welds;
* wall-thickness
measurements

Volumetric and surface
examination at welds;
wall-4hickness
measurements

4. Piping systems are subject to high-cycle
fatigue damage caused by thermal striping,
and flow- and equipment-induced vibra-
tions. Criteria are needed for asscssing high-
cycle fatigue damage to carbon steel piping in
a BWR environment and for developing
acceptable limits for such damage.

5. Hydrogen water chemistry (HWC) reduces
the oxygen level in the feedwater, and there-
fore it is likely to decrease the fatigue crack
growth rates in the carbon steel piping. How-
ever, the use of HWC may increase the rate of
erosion-corrosion in the feedwater and main
steam line if the oxygen level is not main-
tained above about 20 ppb. It is recom-
mended that for at least one BWR plant, a
baseline inspection of the piping wall thick-
ness be performed before implementing
HWC, and periodic inspections be done
thereafter to identify any changes in the
crosion-corrosion rates.

6. Use of an on-line monitoring method to de-
termine erosion-corrosion damage (for ex-
ample, isotope implantation) needs to be eva-

; luated because there is significant uncertainty
regarding erosion-corrosion rates. -Also,

, thickness measurements from various plants
should be used to assess the current wall thin-
ning models and revise (as needed) the guide-
lines that identify the sites that are susceptible
to erosion-corrosion.

7.; Monitoring of oxygen content is needed so
that fatigue-crack-growth rates and erosion-

corrosion rates can be better estimated. High-
er oxygen levels lead to higher fatigue-
crack-growth rates, but lower erosion-
corrosion rates.

8. Use of flame-sprayed stainless steel coatings
has been successful in eliminating erosion-
corrosion damage in carbon steel pipes
containing wet steam in the Swedish BWRs.
Use of this coating to reduce erosion-
corrosion damage in feedwater piping needs
to be evaluated.

15.10 Boiling Water Reactor
; Control Rod Drive

Mechanisms And
Reactor Internals

-Many of the factors that must be understood for ac-
curate CRDM lifetime predictions are unknown.
Whereas the fatigue usage of the pressure housings can
be calculated, IGSCC failures are very difficult to pre-
dict and there are still many subcomponents for which
there is no suitable lifetime prediction information.
These include the lifetimes of the valves and wear of
the latching mechanisms. Some BWR CRDMs have
operated successfully forover20 years, but there is not
enough information at present to predict the overall
CRDM lifetime. Based on the information to date, the
critical locations in order of importance are listed in

-Table 15.14. - -

Conclusions and recommendations for CRDMs are
as follows:

395



Table 15.14. Summary of degradation processes forBWR control rod drive mechanisms

Degradation
Rank Sites Stressors

Degradation
Mechanisms

Potential
Failure Modes

I Pressure
housing,
stub tube

2 Latching
mechanism
(collet
assembly
and index
tube)

Corrosive water,
thermal stress,
residual stress

Thermal transients,
corrosive water,
rubbing,
impacting

IGSCC,
fatigue

Wear,
IGSCC,
fatigue

Crack leading to leak

Binding, stuck rods

Volumetric,
surface

None

3 Piston seal Preloads, corrosive
C-spring water

IGSCC None

4 Hydraulic
control
system

Thermal stress,
corrosive water,
debris, improper
maintenance,
overpressure,
misalignment

Valve
diaphragm
embrittlement
and cracking

Stuck rods,
unintentional
rod movement

None

5 Piston seals Temperature,
corrosive water

Embriutlement,
wear

Stuck rod None

1. IGSCC is the major degradation mechanism
for the welds between the CRDM housing
and the vessel lower head. Stub tubes are
employed between the CRDM housing and
the vessel in the older BWRs, and the heat-
affected zones near the stub tube welds have
experienced lGSCC cracks. It is difficult to
inspect these welds, and remote inspections
methods are needed to assess their integrity.

2. Hydrogen water chemistry (HWC) is an ef-
fective mitigation method for IGSCC dam-
age. HWC significantly reduces the level of
oxygen in the BWR coolant and, thus, elim-
inates a stressor required for the IGSCC
mechanism to be present

3. The CRDM internals should be inspected pe,-
riodically for excessive wear damage. Moni-
toring of the cumulative number of insertions
and withdrawals would help to make deci-
sions related to CRDM replacement

4. The diaphragms'and discs in the solenoid-
operated valves become brittle over time and
break up. The broken diaphragm pieces may
block the vent ports in the scram pilot valves,
and plant safety may be compromised.

5. Thermal embrittlement is a potential degrada-
tdon mechanism for the portions of the CRDM
guide tubes and fuel supports, which are made
ofcaststainlesssteel. Becausethe guidetubes
transmit most of the weight of the core to the
vessel lower head, the damage caused by ther-
mal embrittlement needs to be evaluated.

It is important to note that most of the CRDM sub-
components can be relatively easily replaced without
having to replace the entire CRDM. Also, the technol-
ogy for CRDM replacement is available, and full
changeouts have been made. Thus, the CRDM issues
are generally not those of feasibility.

Critical locations for the reactor internals are listed
in order of importance in Table 15.15. The degrada-
tion mechanism of concern is IGSCC, which is
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Table 15.15. Summary of degradation processes for BWR reactor internals > -

Rank Degradation Sites

1 Attachment welds to
reactor vessel

2 Core shroud bolts

3 Coreplate-

4 Jet pumps

5 Top guide

6 Core spray
spargers and
piping

7 Feedwater spargers

8 Fuel assembly
supports

9. Baffle plate access
hole covers

10 'Steam separator/
dryer bolts

Stressors

Residual stress, corrosive
water, temperature,
flow-induced vibrations,
dead weight

Preloads, corrosive water

: Flo*-induced vibrations,
corrosive water, dead weight

Preloads, hydraulic loads;
corrosive water, flow induced
vibration, temperature

Radiation, thermal stress,
corrosive water, flow-induced
vibrations, dead weight

Flow-induced vibrations,
corrosive water, temperature

Flow-induced vibration,
corrosive water

Corrosivewater, flow
induced vibration, radiation,
temperature, dead weight of
fuel

Residual stress, corrosive
water, temperature

Corrosive steam, flow -
induced vibration, temperature,
preload

Degradation Mechanisms

IGSCC, Fadgue

Potential Failure Modes

Crack progressing into
reactor vessel

IGSCC

IGSCC

IGSCC, fatigue, erosion,
thermal embrittlement

IASCC, IGSCC

IGSCC, fatigue

Fatigue, IGSCC

IGSCC, fatigue, IASCC,
thermal embrittlement

IGSCC

IGSCC, fatigue, thermal
embrittlement

Crack leading to loss of
fuel geometry

Crack leading to loss of
fuel geometry

Loss of adequate core flow

ISI Methods

Visual'

Visual'

Visual'.-

.. Visual&

Crack leading to loss of
fuel geometry

Loss of effective ECCS

Improper feedwater flow .

Loss of fuel geometry

Improper core flow

Damage to steam lines
tines and turbines

Visual',

Visual'
.1

Visuali'. 9

Visuala

Visual"

a. Accessible surfaces and welds of vessel attachments.



currently thought to be the overall life-limiting mech-
anism. As with CRDMs, prompt initiation of HWC
could be very beneficial in reducing IGSCC. The oth-
er primary mechanisms of concern are IASCC and
fatigue.

Conclusions and recommendations for reactor inter-
nals are as follows:

1. Attachment welds of the reactor internals to
the reactor vessel may contain sensitized
material, and IGSCC cracks may propagate
from the weld heat-affected zone into the
pressure vessel base metal. These welds are
generally difficult to inspect. Remote inspec-
tion tools for these sites should be developed.

2. IGSCC is the major degradation mechanism
for the reactor internals. Sensitized, creviced,
and cold-worked material is especially sus-
ceptible to IGSCC. IGSCC increases signifi-
cantly when the coolant conductivity in-
creases above 0.25 tzS/cm.

3. IASCC is a potential degradation mechanism
for components subjected to high fluence,
such as the top guide. The threshold for
IASCCdarnageisabout5 x l0 2tnvt. Abetter
understanding is needed to evaluate the dam-
age associated with IASCC.

4. Hydrogen water chemistry (HWC) is a poten-
tially effective mitigation method for IGSCC
damage. HWC significantly reduces the level
of oxygen in the BWR coolant and thus miti-
gates IGSCC damage. However, HWC re-
mains to be proven in the field as an effective
mitigation method for IASCC. The long-
term effects, and possible side effects, of
HWC also need to be evaluated.

* 5. The feedwater spargers and jet pumps are
susceptible to high-cycle fatigue damage.
For these stainless steel components, fatigue-
crack initiation and growth-rate data in a
HWC environment are needed.

6. Research should continue on the thermal
embrittlementof the ferrite phase ofcaststain-

- less steel components, and on irradiation em-
brittlement of components in high flux areas.
The possibility of thermal embrittlement of
the ferrite phase and irradiation embrittlement
of the austenitic phase of cast stainless steels
should be investigated.

15.11 Countermeasures For
Cracking In Boiling
Water Reactor
Recirculation Piping

The BWR recirculation piping has experienced con-
siderable degradation caused by IGSCC, including
through-wall cracking, in the recirculation piping.
The IGSCC failures of the recirculation piping have
been addressed by a number of industry- and NRC-
sponsored programs, and a variety of countermeasures
have been developed, which are listed in Table 15.16.
Countermeasures for mitigating the other degradation
mechanisms active in BWR recirculation piping are
also listed in Table 15.16. Countermeasures for repair
and replacement of degraded recirculation piping are
also listed. However, long-term field-experience data
are needed to assess the effectiveness of the various
countermeasures. The conclusions and recommenda-
tions regarding the BWR recirculation pipe cracking
are as follows:

1. Three stress improvement methods, heat sink
welding, induction heating stress improve-
ment, and mechanical stress improvement
effectively mitigate IGSCC by introducing
residual compressive stresses in the heat-
affected zone on the inside surface of the
recirculation piping.

2. The stress improvement methods introduce
compressive stresses at the tip of shallow
cracks in the heat-affected zone and are
effective in inhibiting the growth of short
cracks not exceeding 30% of the wall thick-
ness. However, a higher inspection frequen-
cy and larger sample size are required for
these welds.

3. Use of hydrogen water chemistry has been
successful in suppressing IGSCC crack initi-
ation, provided it is combined with very low
levels of ionic impurities. Hydrogen water
chemistry is effective when the level of dis-
solved oxygen is reduced below 20 ppb and
the coolant conductivity is kept below
0.2 jtS/cm. On-line monitoring of coolant
chemistry and periodic 1GSCC tests are
recommended.

4. Short-term laboratory tests under simulated
conditions show that the use of hydrogen
water chemistry significantly increases the
initial general corrosion rate of the carbon

;
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Table 15.1 6. Sum'mary of countermeasures for recirculation pipe cracking

-Mehanism- C&~fitgrmca.=6r Mitigationn' RE=ar Replaccmeni

IGSCC Inductive heating
stress improvement

X X X

Heat sink welding

Mechanical stress
improvement

Solution heat treatment

Corrosion resistant
cladding

Nuclear grade material

Hydrogen water
chemistry

X X

X X X

X

X

r i. .
I . :

X :-

X

Weld overlay .. X.

Clamping device X X

TGSCC Hydrogen water chemistry

Minimize cold working
in fabrication

X

X

Thermal
embrittlement

Use of less susceptible
material

X

steel components. However, once a corrosion
film is formed, the general corrosion rate ap-
pears to be similar to the normal water chem-
istry corrosion rate. Long-term evaluation of
the erosion-corrosion of carbon steel compo-
nents subjected to hydrogen water chemistry
is recommended.

5. Weld overlay introduces compressive
stresses in the weldment and inhibits IGSCC
crack initiation and growth. Analytical
results indicate that weld overlays will inhibit'
the growth of cracks that do not extend
beyond 60% of the wall thickliess.: The major
barrier to extended use of weld overlays is the'
difficulty in performing reliable inspections

of the weldment under the overlays.
Improved ultrasonic methods have been
.developed for this purpose. All welds
repaired by weld overlays should be
inspected within each two refueling cycles.

6. Mechanical clamping devices introduce axial
and circumferential compressive stresses in
the piping and retard crack growth. In addi-
tion, such clamping devices provide an alter-
nate load path around the degraded weldment
and ensure its structural integrity.

7.- Solution heat treatment of piping shop welds
eliminates sensitization in the heat-affected
zones and, thus, provides protection against
IGSCC. This treatment is applicable to new
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piping, and, at present, approximately 40% of
the welds in the recirculation piping are solu-
don heat treated.

8. Types 304NG and 316NG stainless steels are
much more resistant to IGSCC and have been
qualified as alternate materials for BWR pip-
ing. However,Type 316NG does not have the
same weldability as Type 304 stainless steel,
and itis susceptible to transgranular stress cor-
rosion cracking (TGSCC). Laboratory results
show that the useof hydrogen waterchemistry
and strict control of impurities in the coolant
can mitigateTGSCC. Useof Type 347NG is
currently being evaluated.

9. Application of corrosion-resistant cladding
on the inside surface of the piping protects
any sensitized surfaces from exposure to the
BWR coolant, and has been successfully
demonstrated. Corrosion resistant cladding
may be applied to the new piping weldments
in the shop or field.

15.12 Pressurized Water
Reactor And Boiling
Water Reactor Cables
And Connections In
Containment

The variety of cable system materials, construc-
tions, installation conditions, potentially age-degrad-
ing stressors, and possible mechanisms of failure result
in a complex array of situations to consider in
assessing residual life. A realistic management of the
aging process requires focusing on priority issues.

Those issues are as follows:

* Common-cause failures (CCFs), because
they have the greatest potential impact on
safety

* System component potential mechanisms of
failure that have been revealed during qualifi-
cation testing

* Mechanisms of failure that have been re-
vealed during normal plant operation and re-
late to potential common-cause failures.

Table 15.17 is a summary of aging- and
qualification-related 'cable system failure modes and

contributing factors judged to be the most likely to
impact the safety of some nuclear plants. All are aging
related and are potential sources of CCFs following a
design-basis accident or submersion event. Therefore,
they are of technical concern when making any life
assessment of in-containment Class 1E cable systems.
Other failure modes may arise or their importance
become known as research and experience accumu-
late.

These summary failure concerns and other factors
discussed in the sections above form the basis for the
following conclusions. First, conclusions are stated
relevant to the technical status of life assessment
factors; second, conclusions on life assessment strate-
gies are presented.

15.12.1 Technical Conclusions

* The technical life assessment issues for in-
containment cable systems are quite different
from those of the balance of plant because of
the potential for CCFs that can impact safety
during or after design-basis accidents or
submersion events and because of the inac-
cessibility of the containment after such
events.

* Age-related changes that impact cable sys-
tem susceptibility to CCFs are those that life
assessment methodologies should target,
whether or not those changes were consid-
ered in the original qualification program.

* Analytical or sampling/testing methodolo-
gies may be technically feasible for life
assessment if the proper data and materials
are available (see Section 13.8.2).

* There is generally insufficient containment
ambient and hot-spot radiation and tempera-
ture data to assess the aging rates of cables or
connections.

* In situ age-condition monitoring methods are
presently inadequate for either cables or con-
nections. Methodologies are being developed
for cables, but the current work is not ad-
dressing connections.

* Data on measured age-condition parameters
of cables or connections that were preaged for
environmental qualification tests- are
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Table 15.17 Summary of potentially important failure modes and degradtion factors for LWR containment cables and connections

Falure Modes

Ciiirit ground or short when
subject to condenuing steam.
spray or water (CCF)b

Corrosion causes opens in, total
loss of, or multiple grounds on
shields (CCF, RF)

Corrosion of contacts; Circuit
opens, rounds, or shons
(CCP RFn

Age Degradation Mcdhanins$

Jacket embrh2lement and
cracking-propagating through
insulation. Bare insulation
nacing.'-

Jaciet cracking or mois diffuses
throuh Jacket and candenses.

Diffuied moisture collects in cable
and migrates into connection
internals.

Dominant Aging Stresson Components

High tempamre, 02 presence,
radiation in a few cases, sometimes
moisture.

Moisture, high temperturM

igh temperature, moisture, and
water contamination.

Single and multiconductor
nonshielded jacketed cables.
Lpw~osed wires.

Shielded coaial ormuti-
conductor paired cables. -

Conneccdons not permanently ealed
against cable internal moisnure.

Degradation Sites

Hot spots, terminal areas at hot
equipment, proximity to hot pipes,
fire stops, exposed susceptible
Insulation.

Moist warm areas, high humidity;
near water, steam leaks, or seepage.

Moist warm areas, high humidity,
near water, or stem leaks, or seepage

DBA pressure/steam/sprsy passes
into or through connection.
Contacts corrode or circuit
grounds or shorts (CCF).

Peak temperatue and radiation
during DBA cause excess leakage'
or losses to disable circuit '*
function or lead to insulation
breakdown (CCFI

Polymer seals (0-sings) or cable
polymers cold flow so that
seals ae not hermetic.

Thermal and radiation aging leave
rernanent electrolytes to increase
leakage or losses.

Gradual increases in surface
contamination.0

High temperature and/or radiation
dose, cable movements, vibration,
thermal cycling.

Heat, radiation, and moisture
diffusion in normal service.
Temperature, dose rate, and
moisture after DBA.

Accumulations of wettable or
conductive surface contamination.

Connections with compression seals.

Cables insulated with halogeed
or filled polymers.

Terminal strips.

MI cable connections.

Hot spots-thermal and radiation,
connections where cable is moved.

General-where expoed to harsh
accident environments.

Nonhermetici3unction or terminal
boxes with external or internal
dust or contamination generators.

Same as above, except steam
condensation and ionizing radiation
are prime factors. :

Excessive leakage disables MI
cable circuit operation (CCP, RF).

Metaleoldfloworloosened Vibmtion, repeated movernent,
threads open hermetic seals thermal cycling.-
to moisture intrusion.

Connections subject to vibration
or flexing..-

a. Te problems listed may have been nticipated and dequately ddressed in the- original Class l nuclear qulification program pracees. However, they ae ones that should be considered if
qualification practices were not complete or rigorous in their application orif considering the extension of the original qualified life.

b. Notaions in parentheses indicate potentdi for commnon-cause failures after a DBA or subrnersion (CCF) and for random failures during normal or abnotmal service (RF).

c. Tbe degraded condition noted is probably not electrically detectable when conditions are dry.



generally not available now but can be
obtained in some cases. Such' data will be an
important basis for in situ age-condition
monitoring programs as they are developed.

* Failure statistics or trends obtained from nor-
mal service are not as useful in life
assessments of Class 1E containment cables
as they may be foi providing guidance to pro-
grams for reduction of time-random failures
and improving plant availability.

* Failure analyses discussed in the LERs are
usually inadequate for identifying either rele-
vant critical aging stressors or the root cause
mechanisms of polymer or cable failure.

* Many of the qualification issues that research
and engineering or operating experience have
brought to light since the writing of IEEE 323
and 383 in 1974 are aging related and should
be considered in life assessment programs.

15.12.2 Strategy Conclusions

* An analytical approach to residual life
assessment may demonstrate a qualified life
well beyond the initially specified 40 years.
That approach is applicable to cable systems
with adequate nuclear qualification, includ-
ing current preaging, type testing, and docu-
mentation. It would consist of a reanalysis of
the original qualification preaging data, using
conservatisms found between the specified
and the actual operating (aging) environ-
ments and performance requirements.

e To maintain the current level of safety, life
assessment programs based on reanalysis
should address all new qualification issues
that may directly affect the validity of pre-
dicting qualified life from the original preag-
ing data. Those would include the ordering of
sequential stresses, synergistic effects, dose
rate effects, and oxygen diffusion effects.

* Other approaches to life assessment (or back-
up validation for the analytical approach)
include removal of small samples for labora-
tory test and analysis, obtaining virgin com-
ponents or removal of sufficient components
from the plant for accelerated preaging and
type-test (requalification), or use of in situ

monitoring techniques under development as
they become available.

* During any life assessment program, consid-
eration should be given to the plant-specific
potential impact of other qualification issues
that may not have been addressed in the origi-
nal qualification program but are now re-
vealed as possible-sources of common cause
failures. Examples include excessive leakage
currents under the peak temperature and radi-
ation after an accident; wet cable internals af-
fecting connections or connected equipment;
long-term moisture aging effects on insula-
tion; polymer relaxation (creep) compromis-
ing any compression seals used; and loss of or
multiple grounds on instrumentation cable
shields before or during an accidentL

15.12.3 RecommendatIons. Based upon this
study, the following are recommendations for immedi-
ate implementation by utilities:

* Immediate steps should be taken by the utili-
ties to monitor containment temperatures and
radiation levels and locate and monitor cable
system hot spots

* Utilities should establish improved failure
analysis and record keeping for all plant
cables of the types used in Class IE service

* Utilities should combine their efforts to ob-
tain component samples for testing and to ob-
tain baseline data on components preaged for
design basis event (DBE) tests

* Periodic inspection programs should include
careful examinations of connection areas to
detect jacket cracking, disrupted or loose
seals, signs of corrosion or moisture seepage,
and surface contamination of electrical leak-
age surfaces

* During maintenance activities, disturbance of
cable systems should be minimized when
moving or disconnecting other equipment.
Visual surveillance, temperature and radi-
ation monitoring, and the cleaning of contam-
inated electrical leakage surfaces at terminals
are the only routine activities generally rec-
ommended for cable systems to ensure their
maximum life.

Recommendations for utility-, DOE-, and USNRC-
sponsored research to improve the industry's ability to

4
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address life assessment of nuclear cable systems
include the following:

e Continue support of projects on promising
cable system age or'condition monitoring
methodologies for both laboratory and in situ
uses

* Investigate the sensitivity of existing connec-
tions to (a) water migration from connected
cable internals, (b) water ingress from poly-
mer pressure seal relaxation/creep, and
(c) water ingress from untested combinations
of interfacing cable and connection materials
with potential incompatibility

* Determine the influence of moist or wet nor-
mal aging'exposure on the sensitivity of cable
or other components to moisture degradation
during DBAs

* Determine if a commercially feasible means
exists for gathering formerly unreported
qualification type test failure data in order to
reveal any failure modes with impact on po-
tential common-cause failures.

15.13 Pressurized Water
Reactor and Boiling
Water Reactor
Emergency Diesel
Generators

Emergency diesel generating units are a crucial
component in every nuclear plant's emergency safety
system. As such, they must operate reliably under
adverse emergency conditions. But as complex
systems, emergency diesel generators (EDGs) are
inherently subjected to a number of operational and
environmental stressors, which are aggravated by. the
emergency and testing demands placed upon them.
Some of those test demands accelerate wear and aging
and may decrease life expectancy.

The mitigation of a few key stressors and careful
maintenance of a few primary degradation sites would
greatly enhance EDG reliability and longevity, and
consequently reduce risks in nuclear plant operations.
Attention needs to be given to the stressors of fast
starts and loadings, vibration, fatigue, heat, and
corrosion, particularly corrosion in the air-start com-
ponents. Likewise, surveillance and maintenance at-
tention must be focussed on governors, turbochargers,
on-engine fuel oil components, the air-start system

(from compressor to admittance valves), and to the
myriad controls and instruments-especially those
involved in the ESFAS starting and loading systems
and procedures '

Tables 15.18 and 15.19 summarize the information
on the principal degradation processes developed in
the various NPAR and other research studies, and
examined in this chapter. Table 15.18 presents
information on processes related to the structural/me-
chanical systems; Table 15.19 presents those related to
electrical systems, instruments, and controls.

The authors have developed the following primary
conclusions and recommendations, identified from the
foregoing compendium of EDG aging studies and
papers, and from the various references.

15.13.1 Conclusions

1. Although EDGs operate relatively few hours
per year, and generally they start no more
often in their lives (on average)'than com-
parable engine-generators in nonnuclear ser-
vice, they give evidence of more problems

- and functional failures than do their cousins
in other utility service.

2. Some of this evidence is due to the rigid
recording and reporting requirements of the
nuclear industry; that'is, even minor
problems are reported as failures, which in
other service would go largely unnoticed and
accorded little import

3. Nonetheless, a'significant portion of EDG
failures are real and threaten their critical
mission as the last line of defense inevent of
power outages in the nuclear generating
plants.

4. There are myriad systems and components
that can fail, because these EDG units are
complex and amount to complete generating
plants in themselves. EDG units/systems as a
whole experience failures to start and/or run
of about one to five percent of the attempts-
both real demands and operational tests..

5. Although failures of most individual items
are quite infrequent, there are some key
components that exhibit greater inclination
for problems or failures:

a. Governors

b. Fuel oil injector pumps, nozzles, and
high-pressure piping -

403



Table 15.18. Summary of major degradation processes: EDGs - structural/mechanical systems

Rankd
(System) System' Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

1. Fuel system Piping on enginec

FO injection pumps

FO injectors and
nozzles

FO supply pumps -

Strainers and filters

2. Starting system Starting air valve

Vibration; internal
pressure; pressure
pulsations

Adverse internal conditions

Adverse internal conditions

Overstress; metal/metal
contact

Contaminants in FO

Contaminants in compressed
air (water, dirt)

Metal fatigue; overstress
- Sometimes caused by poor

manufacturing or maintenance
errors

Binding of plunger (the results of
physical scoring or vanishing)
- Caused by poor manufacturing,

maintenance errors,
deterioration of oil (chemical
change, bio-fouling, particles
in oil)

Binding of parts; plugging of
nozzle holes
- Same causes as above

Metal fatigue; overstress; wear
- Usually caused by misalignment

and maintenance errors

Plugging of media, (particles in
oil, biofouling, deterioration);
- Usually caused by poor

maintenance

Corrosion; plugging (by corrosion
products, dirt); binding
- Partially caused by poor

maintenance, poor design of
plant

Start or run modes. Fracture,
leakage (sometimes resulting in
fire)

Start or run modes. Failure to
deliver oil or inadequate prcssure
and quantity
- Reduces engine capacity and

unbalances loads among
cylinders

Start or run modes. Same
consequences as above

Run mode. Fracture of drive shaft
or coupling, loss of pressure,
reduction in flow

Run mode (usually). Loss of oil
flow, stopping engine

Start mode. Failure to start.
May also lead to combustion gases
in air system (see text)

tt
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Table 15.18. (continued) ;

Ranks
(System) Systems Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

Actuators/controls Moisture in air, water
hammer

Corrosion; plugging binding; water
hammer (see text);
- Partially caused by poor design

and manufacturing and
maintenance

Start mode. Failure to start; air
leaks; fracture on damage from
water hammer

Starting motors Contaminants in compressed Corrosion; binding Start mode. Failure to s'iEft
air (water, dirt)

3. Cooling system Pumps Cavitation; metal/metal
contact; contaminants; poor
water chemistry

- Partially caused by poor design
and maintenance

Erision (the result of cavitation Run mode. Loss of pressure and
and particles); wear, corrosion flow (erosion and corrosion of
- Partially cause Iby misalignment' impeller and wear rings); leakage

and poor maintenance, and to (at seals)
poor design (ow NPSH)

LA.

Piping Vibration; heat (if exposed
piping); poor water
chemistrr, cavitation;
unvented air

Damage to fittings, valves and
controls; deterioration of gaskets,
hoses, flex joints '1

- Partially caused by poor
design, maintenance

Erosion of baffles, tubes;
corrosion of tubes and tube sheets
- Partially caused by poor design

and manufacturing

Run mode. Leakage; poor pump
operation,'air may cause hot spots
in cylinder heads .;

Heat exchangers Cavitation; contaminants
(dirt); stray electric
currents/galvanic corrosion

Run mode. Leakage (usually
internally); loss of capacity

- - Radiator Inadequate air flow;
freezing; chemical attack

Plugging of fins; overstress tubes; Run mode. Loss of capacity;
corrosion leakage



Table 15.18. (continued)

Rank"
(System) System" Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

4. Enginestructure Crankcaseandcylinder Dynarnicstress;thermal
block stress

Dynamic and thermal fatigue;
uneven expansion of abutting parts
- Partially cuased by fast loading

and poor manufacturing

Run mode. Cracked block/
crankcase; water leakage
(usually into LO; ruined bearings
and shaft)

Liners and seals

Main bearings

Cylinder heads

Bolting (all)

Metal/metal contact with
pistons; heat; chemical
attack

Loss of LO film;
cavitation; heat;
overstress

Overstress; heat

Vibration; overstress;
dynamic stress

Wear/scuffing; hotspots (&aused by
water scale); deterioration of
seals
- Partially caused by fast loading

and lack of LO

Wear; erosion/cavitation; wiping;
fatigue cracking
- Partly caused by fast starts;
poor LO pressure; misalignment;
poor maintenance

Overstress; dynamic and thermal
fatigue; hot spots
- Partly caused by poor design and

manufacturing; fast starts

Fatigue; overstress
- Partially caused by poor design

Run mode. Piston seizure;
crankcase explosion; leakage to
LO; degradation of liner (heat)

Run mode. Bearing fracture; loss
of bearing capability; damage to
crankshaft

Run mode. Fracturelcracking;
water leaks (usually into cylinder,
leading to other problems)

Run mode. Elongation; fracture
(with other consequences)

5. Intake and
exhaust system

Turbochargerc Vibration; heat; corrosion;
overstress; surge

Bearing failure; loss of vanes and
blades; fatigue fracture, IGSCC
- Partly caused by fast starts and

loading, poor LO flow, poor
design and manufacturing

Run mode. Bearing loss and rotor
seizure; loss of capacity; water
leakage; fracture

a , , I
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Table 15.18. (continued)

Rank'
(System) System' Degradation Siteb Key Stressors Degradation Mechanisms Failure Modes

6. Lubrication
system

Pumps Overstress; cavitation;
pressure pulses

Cavitation; electric
currentw/galvanic corrosion

Overstress; fatigue; erosion

Erosion and corrosion of tubes and
baffles, poor manufacturing

Run mode. Fracture; loss of
capacity

Run mode. Leakage (internal)Heat exchangers

Lube oil

Piping

Contamination; heat

Vibration; pulsations

Overstress; contamination

Sludge and foam; chemical
deterioration
- usually caused by

jacketwater leaks

Damage to fittings and devices;
fatigue
- Usually caused by poor design

Plugging, fatigue (from pressure
pulses)

Run mode. Viscosity changes;
sludge; loss of oil film

Run mode. Fracture (fittings,
devices, flex joints, hangers)

Run mode. Loss of LO flow;
fracture

Filters

7. Drive train Pistons and rings Dynamic stress; thermal
stress; metal/metal contact
with liners

Overstress; dynamic stress

Overstress; fatigue; wear/scuffing
-Partly caused by fast starts,

poor design and manufacturing

Stress failure; fatigue (especially
in bolting areas)
- Partly caused by poor design and

fast starts and loading

Start and run modes. Broken rings;
piston seizure; scuffing, fracture;
burned piston crown; explosion

Run mode. Fracture; piston
seizure; crankcase explosion

Connecting rods



i::. ..

Table 15.18. (continued)

RankW
(System) Systema Degradation Siteb Key Stressors

Crankshaft Dynamic sumss; torsional
vibrations; bad bearings

Degradation Mechanisms Failure Modes

Overstress; unbalanced loads;
fatigue. by p u ln . .
- Parly caused by poor design,

misalignment, bearing failure,
operation at critical speeds

Run mode. Fracture; crankcase
explosion

NOTES:
FO = fuel oil
LO = lubricating oil

a. From Table 14.1 and 14.2 and Reference 2.

_ b. From Tables 14.3 and 14A
Co

c. Piping on engine and turbocharger rank as first and second highest individual degradation sites, respectively.
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Table 15.19. Summary of major degradation processes: EDGs - electrical systems: instruments and controls

Rank
(System) Systems Degradation Siteb Key Stressors

Failure Modes
(mode in which occurring)Degradation Mechanisms

l, Instruments and Governor
controls

Sensors and relays

Vibration; torsional
vibration; heat; oil
contamination

Vibration; dust, humidity,
chemical attack; heat

Maladjustment: wear, fatigue;
Viscosity change; oil
deterioration
-Partly caused by

misapplication, poor
maintenance, fast starts

Maladjustment and drift; loss of
electrical contact; corrosion;
overheating; arcing dust;
erosion
- Partly caused by misapplication

Loss of effective governing
control; drift; fracture of
components; (start and run modes)

Interruption of function
(start and tun modes)

Control air system Vibration; moisture, dust Maladjustment, plugging Interruption of function
(start and run modes)

Alarms and shutdowns Vibration: moisture Maladjustment; fatigue;
corrosion

Interruption of function
(start and run modes)

2. Generator
components

Voltage regulator Heat; vibration Loss of function; broken
contacts;
-Partly caused by poor

manufacturing, maintenance

Interruption of function
(start and run modes)

Generator Torsional vibrations;
overstress; electrical
grounding and voltage
excursions; dust -

Dust; humidity; vibration
(static types)

Fatigue; overstress;
insulation failure

Wear; arcing

Fracture; loss of distortion of coils,
grounding [run mode (usually)

Loss of function (run mode)Exciter



Table 15.19. (continued)

Rankg
(System) System' Degradation Sieb Key Stressors

3. Switchgear Relays Dust; humidity

Degradation Mechanisms Failure Modes

Corrosion; loss of
electrical contact

Interruption of function
(run mode (usually)]

Circuit breakers Arcing (usually on break); Corrosion; maladjustment
humidity

Interruption of function;
explosion/fire (starVstop mode)

a. From Tables 14.1 and 14.2 and Reference 2.

b. From Tables 14.3 and 14A.

0A
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c. Turbochargers

d. Starting air admittance valves, distribu-
tors, and piping

e. Instruments and controls, particularly
those controlling starting and loading.

6. Of all the failures, some 50 to 60% are attrib-
utable to aging and wear, others are attribut-
able to malfunctions obviously related to oth-
er causative factors.

7. There are numerous stressors affecting EDG
componcnt viability; key among them are

a. Adverse operating conditions-vibra-
tion, excessive loads, fatigue, corrosion,
and poor lubrication

b. Poor quality starting air.

c. Poor design and manufacturing quality

d. Adverse environmental conditions-
dust, humidity, heat

e. Poormaintenance and operation

f. Deterioration of working fluids.

8. The regimen of fast-starting/fast-loading im-
poses several burdens on EDGs not normally
encountered in nonnuclear utility service and
appears to both demarc and explain whyEDG
service results in more failures, per hour of
use or number of starts than does other
service.

9. Other adverse conditions of EDG service
include

a: .'The extent and complexity of the EDG
control systems

b. Limited hands-on monitoring and
mothering of EDG units in operation, a
freedom available to and inherently used
at nonnuclear plants

c. Lack of ongoing operational experience
by EDG operators and maintenance
personnel; such experience gives most
nonnuclear operators greater awareness

of operational conditions and incipient or
developing problems.

10. EDG unreliability and failures will not be sig-
nificantly reduced until the key factors listed
in 7,8, and 9 above are effectively addressed
and mitigated. However, it-is the conclusion
of most investigators that, to a great extent,
such can be achieved by judicious changes in
operational and maintenance regulations and
practices.

11. One general thrust relates to development and
application of appropriate maintenance
programs geared toward anticipating and
mitigating known key stressors and their
consequences at recognized degradation
sites. This involves monitoring and trending
operating parameters and the performance of
reliability-centered preventive maintenance
before events occur.

12. Maintenance programs also must involve
heightened and ongoing training for op-
erational and maintenance personnel, and

- greater management appreciation of the
need-and benefits-of such programs.

13. Possibly the greatest gain will come, howev-
er, from a change in the NRC's fast-start/
fast-load requirements.

a. A shift of rather minor proportions in
acceleration to synchronous speed
should reduce appreciably the problems
engendered by physical stresses and
inadequate prelubrication.

b. Elimination of, or a significant reduction
in, fast-start testing, shifting instead to a
program of more measured starting and

- extended operation, accompanied by
monitoring, trending, and evaluation of
key operating parameters, wilt eliminate
many stressors and actually be more
revealing of incipient problems.

c. Additional analysis and evaluation
would likely show that very fast starting
and loading of EDGs is not required for
most (or maybe all) loss-of-power-and-
coolant accidents.

15.13.2 Recommendations

1. Applicable regulations, standards, and plant
safety specifications should be altered to
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minimize fast-start/fast-oad EDG require-
ments.

2. Surveillance and testing concepts, and the
whole context of operations, should be modi-
fied to enhance awareness of the capability
and condition of the unit. An active trend-
analysis program should be an intimate part
of normative plant operations and surveil-
lance and testing.

3. Maintenance precepts should be reliability-
centered; preventive and predictive;
proactive rather than reactive; and accompa-
nied by enhanced training of maintenance
and operational personneL Inspection tear-
down and overhaul should be avoided except
as clearly needed.

4. Future research should be focused on trouble-
some components and dominant failure
modes, in cooperation with manufacturers, to
identify specific weaknesses and stressors,
and to develop pertinent solutions and
changes in operations, surveillance, and
maintenance so as to anticipate and mitigate
effects.

better ways, to enhance integrity of
blades and vanes

d. Starting and loading controls - to make
these more reliable and less susceptible
to dust and moisture and other con-
tainments, and to vibrations, in order to
improve their longevity under repeated
operations.

5. EDG units should be lubricated before startup
whenever possible. Equipment on units that
cannot presently accommodate prelubrica-
tion should be modified.

6. The starting air supply should be kept clean
and dry.

7. EDG units should be operated more regularly,
for longer periods, to increase operator famil-
iarity with unit operations, to increase moni-
toring, surveillance, and parameter trending,
and to use fuel before it can deteriorate.

8. Provision should be made to ensure ability to
manually start each unit in cases of plant
blackout.

9. Diagnostic equipment and techniques should
be developed to allow testing of pertinent
controls and systems related to design-basis
event starting programs.

10. The aging of fuel oil and lubricating oil in
standby service should be studied, and effec-
tive mitigation techniques developed.

11. Owner/operator interface with manufacturers
and service departments should be increased;
and schooling programs should be instituted
and maintained for operators and other
relevant personnel.

12. Owner participation in plant design review
and equipment validation processes should be
enhanced for future EDG facilities.

a. Governors - devising changes in gover-
nor internals and/dr governor application
(mounting, shielding, cooling, etc.) so as
to reduce their sensitivity to vibration,
torsional vibrations, oil heating, inad-
equate venting, and other stressors, de-
termined to be deleterious by research
and field evaluation

b. Fuel system components, like injectors,
injector pumps, and high-pressure
tubing-devising methods to reduce
sensitivity to vibrations and pressure
pulsations, to adverse oil conditions

c. Turbochargers - to enable all turbos to
accept prelubrication, to cool bearings in
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APPENDIX A

SUMMARY OF THE EPRI RESEARCH AND DEVELOPMENT
PROGRAMS TO ASSESS THE RESIDUAL LIFE
OF LIGHT WATER REACTOR COMPONENTS

Introduction Overview

Since its inception in 1974, the Electric Power
Research Institute (EPRI) has managed approximately
$0.7 billion of programs in support of U.S. owners of
nuclear generation units. EPRI's R&D efforts cover a
broad spectrum of interests ranging from specification
of advanced systems through to support of day-to-day
operations.

EPRI programs are planned and implemented on a 3
to 5 year cycle in coordination with a utility advisory
structure. The basis of action is a "Strategic Program
Element" (SPE); a broad description of an industry
objective believed to' require resolution via'research
and development. Both current and completed SPEs
are pertinent to residual life assessment.

About 20-25% annually has been devoted to those The current SPEs that apply are noted in Table 1
Abou 20-5% anualy hs ben deotedto tose togeth~er with brief descriptions of their essential

remedial and preventative action projects that are a
martechnical resource base for Residual Life content. One group relates to the resolution of

major 'echnical resource base for Residual Life recognized operations limiting deteriorations, such as
Assessment of major light water reactor components. corrosion effects in BWR piping or in PVR steam
In order to provide readers of this report with the i~generators. A second, focused by plant life extension
comprehensive perspective, the report sponsor (PLEX) activities, aims atpre-operational recognition
(USNRC) has provided EPRI the opportunity of and avoidance of those substantive deteriorations that
summarizing its residual life assessment activities in may not have been correctly considered in design or
this appendix. What follows is a summary of the which arose because of operational changes. Figure I
applicable EPRI sponsored research, as well as detail illustrates this' separation and the general approach
on some of the major projects. ' " used for the residual life assessment efforts.

Table 1

Strategic program elements pertinent to
residual life assessment (1988)

SME :'rid/ /Brief Description"

gement8 Radioactive Waste Manal

20

High-level Waste, Technical R&D and Safety Assessmentv
Spent Fuel Behavior Under Storage Conditions
Decommissioning, Intermediate and Low Level Wastes Disposal

Nuclear Seismic Risk

Seismic Design Ground Motion
Re-evaluation for Earthquakes to Quantify Seismic Margins
Substation Seismic Performance
Severe Accident Containment Integrity '

Concrete Seismic Performance
Storage Tank Integrity Assessment Under Seismic Loading
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Table 1 (continued)

Title / Brief DescriptionS

21 Light Water Reactor Safety

Water Hammer Prevention, Mitigation and Accommodation
PWR Pump Analysis and Testing
Component Reliability Data Compilation, Analysis, and Software
Expert System for Operations Decision-Making
Computer-Aided Monitoring and Surveillance of LWR Tcchnical Specifications
Power Plant Computer Communications Technology

22 Nuclear Component Reliability

Nozzle and Pipe Inspection Technology
Near Surface Underclad Crack Detection
Long-Term Inspection Requirements
Inspection of Welds Beneath Coatings
Reliability of Piping and Fittings
Fatigue Monitoring on Plant Components
Material Property Variability
Codes, Standards, and Technology Transfer

23 Nuclear Plant Corrosion Control

Corrosion Fatigue Characterization of RPV Steels
Prediction of Corrosion-Assisted Crack Growth in Nuclear Power Plant Components
Mechanisms of Stress Corrosion Cracking
Corrosion of Service Water Systems
Hydrogen Water Chemistry - Mitigation of Irradiation Assisted SCC in Core Components
Long-Term Effects of Hydrogen Water Chemistry

24 Nuclear Plant Operations & Maintenance

Maintenance Optimization
Guidelines for Application of Computer Assisted Instruction
Guidelines for Surveillance Testing of Standby Equipment
Data Consolidation for Research Project Planning
Component Life-Cycle Advisor

26 Nuclear Plant Constructibility

Guidelines for Applying Computer Aided Design Systems to Generating Plant Projects
Nuclear Construction Issues Research
Field certification of Materials for Operating Station Modifications

27 Nuclear Plant Life Extension

LWR Life Extension
Component Aging and Qualification

29 Advanced Nuclear Systems
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:. ... .I Table l (continued)

Title / Brief Descriptiona

43 Steam Generator Reliability,

77 Occupational Radiation Control

Qualification of Alternate Materials for Cobalt Alloys
Passivation and Surface Conditioning
Decontamination Process Development and Demonstration --

Plant Decontamination Demonstration
Coolant Monitoring Techniques

a. Titles shown are 1988 descriptors, completed work hot always indicated. Further detail available in EPRI
"Research and Development Plan 1988-90,' Januaiy 1988. - -

Selection Criteria
Safety _ _ _ _ Technology Applicable to a Large Number of Components

• Economics
Fatigue damage assessment

F , -- '* Embrittlement damage
-Thermal

Component Evaluation - Trradai
. . - ~~~~~~~Irradiation

- Deteriorations Inst* Poentialconsequencsn situ sampling and property determination
e Potential consequences

I
rub

Determination of Adequacy
of Current Evaluaftonaand
Maintenance Program --
(using Figure 2 format)

Component-Specific Requirements
* Containment corrosion inspection

'. Cable condition monitoring -
*- PWR/RPV wall flux measurement
* BWRiRPV & internals water chemistry control

_ e Ac r-r-*I
.* ismic margin

R&D Additions Needed to (examples only:
Provide Adequacy .

Issues Recognized as a Result * BWR piping IG
Issues Recognized * ~~~~~Steam generate

of Inservice Observations .*Semgnrt
* PWR RPV eml
* Generic pressu

' <' .:.' * Control of erosi
- two-phase) In X

a. Composite of inspection, test surveillance, * Valve leakage
monitoring, and analysis. : (Major Int

FIgure 1. Scope of EPRI residual life and deterioration management programs.

reevdiualltor

SCC control and mitigation
cor tubing deterioration control
rittlement management

ire boundary inspection
ron-corrosion (single- and

carbon steel piping
Improvement
egrated Programs)
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Figure 2 illustrates a formalized decision process
-for evaluating the effect of design basis changes on
remaining life that is utilized in the PLEX-oriented
work. Some modification is required for those
components whose lifetime is defined by a
qualification test. However, this derivative of ASME

Boiler Code efforts is a residual life assessment format
that considers deterioration, consequences and owner
refurbishment options in a format appropriate for both
management and regulatory review. Figure 3 suggests
the correlation and differences in objectives of these
two parties.

Original Component State Specifications
* Dimensional, physical, mechanical properties
* Residual"flaws"

Environments Modifying Component
Dimensions, i.e., thickness FI I

Dimensional Dimension State at -

Modification Model Time e

Deterioration Deteriorated Properties

Model
Environments Deteriorating to Physical,
Mechanical Properties V

K

Flaw Propagation
Factors _ _j

Flaw State at-law Growth Model Ftae 9

Flaw or Dimension
Evaluation Criteria

The 'lifetime' of the component (e) is defined
in terms of the decision to nominally 'replace'
or to make an expensive repair. Decision at Time e

* Repair
* Replace
* Reinspect at Time e + A e

Figure 2. Procedure for evaluating component longevity.

Project Summaries

Table 2 summarizes the INEL topics covered to date
in their work for the USNRC and indicates how they
align with EPRI SPEs and with subsequently
presented summaries.

Tables 3 through 18 provide concise relevant
summaries of EPRI work correlated with the INEL
topics. Both scope and time scale information are

provided together with pertinent references.
Exceptions are made where EPRI addresses an issue
common to many components as a "technology." In
these cases, the summary addresses the technology
and, in a subheading indicates the INEL topics to
which it applies. The EPRIproject summary tables are
also correlated to the NUREG topics in Table 2.

Table 19 is a comprehensive- listing of EPRI
publications pertinent to residual life assessment in the
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I I

Definition and Schedule of Revised
Maintenance Program to Regulatory Objective
Eliminate Inadequacies Model

Utility Ealuation f ImpliedAdditional Management
W ~~Economics and Safety Risks k<o!Iti~lMngmn

Decision to Extend Operation for
Applicable Period I

Figure 3. Regulatory and management RLA models and their interactions.

context of PLEX. References 4 and 15-17 from this
table are collective evaluations, which, in
combination, provide assessments for all of the topics
covered in NUREG/CR-4731 to date. They are
therefore, comprehensive source materials of similar
nature.

Overall Comparison of INEL
And EPRI Assessments

The INEL workperformed for the USNRC to date is
identified as a source book intended for future
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development of a residual life assessment of those
components important to assuring the continued safe
operation of commercial LWRs. It is excellent for this
purpose, particularly with respect to priority of
components selected and comprehensive identification
of potential inadequacies in their design evaluation.
EPRI programs reflect virtually the identical interests.
Further comparisons are inappropriate until the source
information is converted to a residual life assessment
document, specifically by considering those criteria
and evaluations noted in Figure 2 that are necessary to
evaluate the safety consequences of a deterioration.

Availability of EPRI Reports

All documents referenced in this appendix are
available through the EPRI Research Reports Center at
no cost to EPRI member utilities. Nonmembers and
the general public can purchase most of these reports at
predetermined costs that reflect the cost of their
development. Abstracts of any report are available
through on-line data retrieval services through EPRI
or other commercial services, such as Dialog.
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Table 2

Alignment of EPRI RLA Programs with NUREG/CR-4731 Topics

EPRI Project
NUREG/CR-4731 TOPIC EPRISE S SiummaryDI

Volume 1

PWR
PRESSURE VESSELS 22 27,20 3
CONTAINMENT & BASEMATS 27 21,24 4
COOLANT PIPING 22 21 18
STEAM GENERATORS 43 5
VESSEL SUPPORTS 27 22 6

BWR
PRESSURE VESSELS 22 22 7
RECIRCULATION PIPING 23 27 8
VESSEL SUPPORTS 27 22 6

NDE METHODS 22,27 23,24 9
ADEQUACY OF ASME CODE ISITECHNOLOGY 22,27 23,24 9
CURRENT LIFE ASSESSMENT TECHNIQUES 22,27 23,24 9
NEW OR EMERGING METHODS FOR INSPECTION & LIFE 22,27 23,24 9
ASSESSMENT

Volume 2

LWR
COOLANT PUMPS 27 24 10,18

PWR
PRESSURIZER 27 22 17
PRESSURIZER SURGE & SPRAY LINE NOZZLES 27 22 17
REACTOR COOLANT SYSTEM CHARGING & SAFETY INJECTION 22 17
NOZZLES
FEEDWATER PIPING & NOZZLES 24 22 17
CONTROL ROD DRIVE MECHANISMS & REACTOR INTERNALS 22,24 27 12,18
STEAM GENERATOR TUBING COUNTERMEASURE 43 5
CABLING 27 13
EMERGENCY DIESEL GENERATORS 21 24 14

BWR
CONTAINMENTS 27 21,24 15
FEEDWATER AND MAIN STEAMLINE PIPING 24 21 17
CONTROL ROD DRIVE MECHANISMS 24 12,18
REACTOR INTERNALS 23 27 16
RECIRCULATION PIPING COUNTERMEASURES 23 22 8
CABLING 27 13
EMERGENCY DIESEL GENERATOR 21 24 14

GENERIC SUBJECTS
FATIGUE 21,22,27 17
THERMAL EMBRITTLEMENT OF CAST AUSTENITICS 22,27 18

Note: Bold number Indicate primary SPE
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Detailed Project

Summaries
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Table 3

TITLE: Management of Reactor Vessel Irradiation Embrittlement .

SPE: 22,27

PERIOD: 1974-1989

GENERAL OBJECTIVE: The objective is to develop a unified industry approach for dealing with embrittlement
issues, and to define remedial measures and guidelines for mitigating embrittlement of reactor pressure vessels.

SCOPE: PWR reactor vessel longevity limitations caused by irradiation embrittlement are well known. Evaluation
requires extensive knowledge and development in inspection, flaw evaluation, fracture mechanics methodology,
materials property measurement, fluence monitoring, damage assessment and correlation aund physical sampling.
Assessment of mitigation or damage recovery methods, such as fluence reduction and thermal annealing
respectively, are also desirable. :This comprehensive effort has been ongoing since 1974. Current efforts include
establishing a common reactor vessel material database, coordinating the activities of various industry groups in
developing an industry plan for resolving outstanding embrittlement issues and documentation of embrittlement
management methods applicable to extended service of LWR units.

KEY REPORTS:

The following reports present comprehensive summaries of work for the period 1974-8:

I. Pressure Boundary Technology Program: Progress 1974-1978, EPRI NP-1103-SR, March 1979, and in
updates under the title: Nuclear Systems and Maierials Depariment Research Program Plan, EPRI
NP-4514-SR-LD, March 1986.

The following is an overall summary of embrittlement management, which may be published in 1989:

2. Reactor Vessel Embrittlement Management Program, Phase I Report, Draft EPRI Report, December 1988.

The following is a more detailed bibliography by subject heading:

Reference Fracture Toughness

3. Fracture ToughnessDataforFerriticNuclear Pressure Vessel Materials, EPRI NP-119, April 1976.

4. IITGR Fracture Toughness Program, EPRI NP-120, April 1976.

5. Fracture ToughnessDataforFerritic Nuclear Pressure Vessel Materials, EPRI NP-121, April 1976.

6. Experimental and Statistical Requirements for Developing a Well-defined KB Curve, EPRI NP-372, May
1977.

7. Analysis of Radiation EmbrittlementReference Toughness Curves. EPRI NP-1661, January 1981.

8. An Approach for Predicting Reference Fracture Toughness in Irradiated Vessel Materials, EPRI NP-5793,
May 1988. .

9. Determining Fracture Properties of Reactor Vessel Forging Materials, Weldmnents, and Bolting Materials,
EPRI NP-122, July 1976.

10. EPRI Ditclible Fracture Research ReviewDocumentEPRI NP-701-SR, February 1978.
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Table 3 (continued)

Ductible Fracture and Testing Methods

11. Computational Modeling Microstructural Fracture Processes in A533B Pressure Vessel Steel, EPRI
NP-1398, May 1980.

12. Methodologyfor Plastic Fracture, EPRI NP-1735, March 1981.

13. An Engineering Approach for Elastic-Plastic Fracture Analysis, EPRI NP-1931, July 1981.

14. High Temperature Elastic-Plastic and Creep Properties for SA533 Grade B Class I and SA508 Materials,
EPRI NP-2763, December 1982.

15. Reconstituted Charpy Impact Specimens, EPRI NP-2759, December 1982.

16. Advanced in Elastic-Plastic Fracture Analysis, EPRI NP-3607, August 1984.

17. Fracture Testing of Ductile Steels, EPRI NP-5014, January 1987.

18. Elastic-PlasticFracture Analysis of Througlh-Wall and Surface Flaws in Cylinders, EPRI NP-5596,January
1988.

Radiation Embrittlement Trend Curves

19. Evaluation of Irradiation Response of Reactor Pressure Vessel Materials, EPRI NP-2720, November 1982.

20. Evaluation and Prediction of Neutron Embrittlement in Reactor Pressure Vessel Materials, EPRI NP-2782,
December 1982.

21. Physically Based Regression Correlations of Embrittlement Data From Reactor Pressure Vessel Surveillance
Program, EPRI NP-3319, January 1984.

22. Steady-State Radiation Embrittlement ofReactor Vessels, Volume 2, EPRI NP-4224, September 1985.

23. Simulated Void-Box-Capsule Charpy Impact Test Results, EPRI NP-4630, NUREG/CR-3320-Volume 5,
August 1986.

24. Embrittlement of LWR Pressure Vessel Steels, EPRI NP-6114, December 1988.

Reactor Vessel Materials Data and Data Bases

25. Nuclear Pressure Vessel Steel Data Base, EPRI NP-933, December 1978.

26. Irradiated Nuclear Pressure Vessel Steel Data Base, EPRI NP-2428, June 1982.

27. Nuclear Plant Irradiated Steel Handbook, EPRI NP-4797, September 1986.

Pressurized Thermal Shock

28. Robinson 2 Reactor Vessel: Pressurized Thermal Shock Analysis for a Small-Break LOCA, EPRI
NP-3573-SR, August 1984.
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Table 3 (continued)

29. Calvert Cliffs I Reactor Vessel: Pressurized Thermal Shock Analysis for a Small Steam Line Break, EPRI
NP-3752-SR, November 1984.

30. Fracture Evaluation of WReactorDuring a PTS Transient, EPRI NSAC-75, April 1985.

31. Fracture Evaluation for a C-E ReactorDuring a PTS Transient, EPRI NSAC-89, November 1985.

Dynamic Fracture Toughness and Crack Arrest

32. An Assessment of Dynamics Fracture Mechanics for the Analysis of Crack Arrest in a Pressurized Thermal
Shock Event, EPRI NP-4043, May 1985.

33. Tests and Analyses of Crack Arrest in Reactor Vessel Materials, EPRI NP-5121M, April 1987.

34. Calculation of Dynamic Crack Arrest In Reactor Vessel Materials, EPRI NP-5121M, April 1987.

Reactor Vessel Thermal Annealing

35. Development of a Generic Procedure for Thermal Annealing an Embrittled Reactor Vessel Using a Dry
Annealing Method, EPRI NP-2493, July 1982.

36. Feasibility of and Methodology for Thermal Annealing an Embrittled Reactor Vessel, Volume 2, EPRI
NP-2712, November 1982.

37. ThermalAnnealing of an EmbrittledReactor Vessel, Feasibility andMethodology, EPRI NP-61 13M, January
1988.

Requalification and Vessel Integrity Analysis

38. Rationale for a Standard on the Requalification of Nuclear Class I Pressure-Boundary Components, EPRI
NP-1921, October 1981.

39. Procedurefor the Assessment of the Integrity of Nuclear Pressure Vessels and Piping Containing Defects,
EPRI NP-2431, June 1982.

40. Application ofProbabilistics andDecision Analysis Methods to Structural Mechanics and Materials Sciences
Problems, EPRI NP-3613, August 1984.

41. Status of Nuclear Class I Component Requalification, EPRI NP-4889, December 1986.

42. Evaluation of Reactor Vessel Beltline Integrity Following Unanticipated Operating Events, EPRI NP-5151,
April 1987.

Flux Reduction

43. Investigating the Flux Reduction Option in Reactor Vessel Integrity, EPRI NP-3110-SR, May 1983.

Residual Stresses and Cladding Effects

44. The Influence of Residual Stresses on Small Through-Clad Cracks in Pressure Vessels, EPRI NP-3638, July
1984.

A-15



Table 3 (continued)

In-Service Inspection of Reactor Pressure Vessels

45. Development of an Ultrasonic Inaging Systemfor the Inspection of Nuclear Reactor Pressure Vessels, EPRI
NP-1229, October 1979.

46. Estimation of the Effect Detection Probabilityfor Ultrasonic Tests on Thick Section Steel Weldments, EPRI
NP-991,February 1979.

47. Nondestructive Examination Acceptance StandardsASME Section XI, EPRI NP-1406-SR, May 1980.

48. Technology Transfer Phase of Advanced Ultrasonic Nuclear Reactor Pressure Vessel Inspection System,
EPRI NP-1535, September 1980.

49. Results of EDF/Framatome Under-Clad Crack Detection Methods, EPRI NP-2841. January 1983.

50. Signal Processingfor Under-Clad Cracks, EPRI NP-3558, July 1984.

51. Clad Interface Crack Detection and Sizing, EPRI NP-4033, May 1985.

52. Evaluation of the Ultrasonic Data Recording and Processing System, EPRI NP-4870-LD, October 1986.

53. Evaluation of the Ultrasonic Data Recording and Processing System (UDRPS), EPRI NP-4397, January
1986.

Dosimetry

54. Pressure Vessel Neutron Dosimetry of Three PWR's, EPRI NP-5733, April 1988.

55. Testing of the ENDF18-VNuclear Data Library on Thermal Benchmark Experinents, NP-5058,February
1987.
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Table 4

TITLE: PWR Containment and Bascmats

SPE: 27

TIME PERIOD: 1985-1989

GENERAL OBJECTIVE: Provide guidelines and technology that insure the safety and structural integrity of PWR
containments with respect to recognized and potential deterioration phenomena that may be encountered in
long-term service.

SCOPE: Examinations of the susceptibility of both concrete and free-standing steel containments have been
completed and related to the current inspection, surveillance, analysis and test programs utilized to validate their
safety and structural integrity in service. Additions to these current efforts judged to be desirable for long-term
service were identified and procedures developed for their implementation. Accent areas include: coating
dequalification procedures, liner corrosion at visually inaccessible surfaces and exposure of concrete surfaces to
working fluids and groundwaters containing aggressive ions.

KEY REPORTS:

1. Technical Evaluation of the Longevity of PWR Containment Systems, EPRI report in publication (1989).

2. The Longevity of Nuclear Power Systems, EPRI Report NP-4208, August 1985. This report contains an
extensive section on concrete structures subsequently published in Concrete Component Aging and Its
SignificanceRelative to Life Extension of NuclearPowerPlants, ORNI/I-10059.
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Table 5

TITLE: PWR Steam Generators

SPE: 43

TIME PERIOD: 1987-1992

GENERAL OBJECTIVE: The objective is to improve steam generator reliability by reducing forced outages and
repairs and extending steam generator life.

SCOPE: The scope includes improving water chemistry control, steam generator design and operation, and
in-service inspection. Guidelines for new steam generators and methods for predicting the thennal, hydraulic and
vibration performance are being developed. Inspection methods are being evaluated and new tubing materials and
fabrication methods assessed. Modeling the carryover and fall back in steam generators simulating steam line break
events in PWRs to demonstrate safety margins for lube rupture is being conducted.

KEY REPORTS:

A comprehensive summary of all work conducted in the 1977-1983 timeframe is presented in the Steam Generator
Reference Book, published by EPRI May 1985. Significant summaries of later work are as follows:

1. PWR Secondary Water Chemistry Guidelines, Rev. 2, EPRI NP-6239 December, 1988.

2. S. J. Green, "Thermal, Hydraulic, and Corrosion Aspects of PWR Steam Generator Problems," Heat Transfer
Engineering, 9,1, pp. 1948, 1988.

3. Modeling PWR Steam Separators During Transients, EPRI NP-5272, August 1987.

4. PWR Steam Generator Examination Guidelines, Revision 2, EPRI NP-6201, December 1988.
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Table 6

TITLE: Reactor Pressure Vessel Supports for LWRs

SPE: 22,27

TIME PERIOD: 1984-1989

GENERAL OBJECTIVE: Development of evaluation guidelines for RPV supports that insure their safe operation
throughout their license term and extended service., - .-- ;

SCOPE: Review of the potential failure modes for all types LWR supports identified low temperature neutron
embrittlement (LTNE) with resulting loss of fracture toughness as a primary life limiting concern for some PWR
design configurations. Early efforts were concerned with defining means for resolution in the context of USNRC
Unresolved Safety Issue A-12. Contemporary work has focused on revised correlations of LTNE damage in terms
of fluence and flux to produce guidelines for plant actions for the limited number of units that may be subject to
operation limiting damage during extended service. This guideline has been completed. Fatigue and corrosion from
leaks of water containing aggressive ions are addressed where appropriate. Supplementary work in field sample
acquisition and test is in progress. ,

KEY REPORTS:

1. . Requirements and Guidelinesfor Evaluating Component Support Materials Under Unresolved Safety Issue
A-12, EPRI NP-3528, June 1984.

2. Simulated Void Box Capsule Charpy Impact Test Results, EPRI NP-4630, August 1986.

3. "Reactor Pressure Vessel Support Life Extension," in UNPLEX Project Briefs, EPRI NP-5388-SP, Rev. 1,
Section 3.8, October 1988. .. -;
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Table 7

TITLE: BWR Pressure Vessels

SPE: 22,23,27

TIME PERIOD: 1989-1993

GENERAL OBJECTIVE: The objective is to review known and possible deteriorations that may impact on the
safety of the RPV for long-term service and develop technology that assures safe, long-term operation.

SCOPE: Three deteriorations of concern in increasing order of importance are: fatigue, neutron embrittlement, and
stress corrosion. Current programs are considered adequate for all but the latter, whose primary impact is expected
to be evidenced at vessel attachments and penetrations. Corrosion effects are not expected to affect the safety or
integrity of the vessel due primarily to relatively low flaw propagation rates. However, to validate deterioration
management methods, the BWR Owners Group and EPRI have defined an integrated industry program to begin in
1989, entitled "Control of Stress Corrosion Cracking in BWRs." This work will resolve indicated issues, address
vessel inspection, and evaluation and mitigation techniques.

The five goals of this industry-wide program have been defined which address identified needs and contribute to the
broad project objective of controlling costs and allaying safety concerns associated with corrosion damage in BWR
NSSS components.

Goal 1: Reduce the likelihood of stresscorrosion cracking forBWR internals and vessel attachment
welds without adversely affecting the performance of other NSSS components.

Approach. a) Without degrading fuel cladding corrosion performance, adapt present HWC guidelines
to protect many vessel internals as well as piping.

b) Improve the SCC resistance of existing components through the use of surface
modification treatments.

Goal 2: Focus inspection efforts where they are most effective in confirming safety margins.

Approach: Determine the likelihood and the consequence of cracking in each component or weldment,
and prioritize these in terms of the risk-reduction benefit of in-service inspection.

Goal 3: Assure the timely availability of inspection tools and techniques for required in-vessel
inspections.

Approach: Facilitate the independent development of inspection technology by the commercial sector
and verify the effectiveness of the resultant capability.

Goal 4: Avoid unnecessary repairs of defects or UT indications in BWR vessels and internals.

Approach. a) Develop technical support for reliable predictions of SSC behavior, and for assessments
of the consequence of cracks in BWR components.

b) Identify and document reliable means of characterizing and sizing UT indications in
pressure vessel seam welds, attachment welds and selected internals.

Goal 5: Reduce the cost of necessary repairs of BWR internals or vessel attachments.

Approach: In collaboration with the service vendors, develop and demonstrate repair techniques for
remote or underwater applications.
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Table 7 (continued)

Much of the workbeing done to address the BWR RPV internals is also directly applicable to thevessel. This work
is described in the summary table on RPV internals.

KEY REPORTS:

1. Corrosion-Assisted Cracking of Stainless and Low-alloy Steels in LWR Environments, EPRI NP-5064M,
NP-5064S,February 1987.

2. Hydrogen WaterChemistryforBWRs: MaterialsBehaviorEPRINP-5080,March 1987.

3. Hydrogen Water Chemistry to Mitigate Iniergranular Stress Corrosion Cracking: In-Reactor Tests, EPRI
NP-5800M, NP-5800-SP, May 1988.

4. Stress Corrosion Monitoring and Component Life Prediction, Volumes I and 2, EPRI NP-6028-SP,
November 1988.

5. BWR Normal Water Chemistry Guidelines: 1986Revision, EPRI NP-4946SR, September 1988.

6. Status report on BWR SCC susceptibility and inspection priorities for reactor vessel to be published June
1990.

7. Status report on weld repair without PWHT tobepublished June 1991.
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Table 8

TITLE: BWR Reactor Recirculation Piping

SPE: 22and23

TIME PERIOD: 1978-1989

GENERAL OBJECTIVE: The objective is to provide applications technology to efficiently conduct complete and
partial piping replacement This includes the implementation of developed IGSCC countermeasures, inspection
techniques and materials, testing, where appropriate.

SCOPE: Techniques and specifications were developed that involve: minimizingoutagetimeandworkerradiation
exposure, assuring quality, meeting code and regulatory requirements, providing practical and proven techniques,
and maximizing weld inspectability without compromising effectiveness of the replacement and repair process.
The scope of this work also included in the evaluation the IGSCC resistance to weld repairs on large-diameter BWR
recirculation piping and the benefits of hydrogen water chemistry.

KEY REPORTS:

1. Verifi cation of IGSCC Resistance in BWR Large-Diameter Pipe, EPRI NP-3650-LD, July 1984.

2. Testing of Flawed Pipe Repairs, EPRI NP-5237-LD, March 1987.

3. Assessment of Remediesfor Degraded Piping, EPRI NP-5881-LD, June 1988.

4. Stress Corrosion Monitoring and Component Life Prediction, Volumes 1 and 2, EPRI NP-6082-SP,
November 1988.

5. Hydrogen Water Chemistry to Mitigate Intergranular Stress Corrosion Cracking: In-Reactor Tests, EPRI
NP-5800M, NP-5800-SP, May 1988.
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- Table 9

TITLES: NDE Methods, Adequacy of ASME Code ISI Technology, Current Life Assessment Techniques, and
New or Emerging Methods for Inspection and Life Assessment

SPE: 22,23,24,27

TIME PERIOD: 1978-1989

DESCRIPTION: These topics are dealt with separately for individual components. NDE and life assessment
techniques for all the major components are a significant portion of the work being done at EPRI and are considered
an on-going process. A list of selected reports addressing these subjects, some of which are repeated elsewhere,
follows.

KEY REPORTS:

NDE Methods

1. Nondestructive Evaluation Program: Progress In 1987. EPRI NP-5490-SR. and Nondestructive Evaluation
Program: Progress in 1988, EPRI NP-6075-SR, in publication.

2. Feasibility of Using Electromagnetic Acoustic Transducers to Detect Corrosion in Mark I Containment
Vessels, EPRI NP-6090, November 1988.

3. Nondestructive Evaluation TechniquesforBolting in Nuclear Power Plants, EPRI NP-4090, July 1985.

4. Lamb Wave Inspection for Large Cracks in Centrifugally Cast Stainless Steel, EPRI NP-5963, August 1988.

5. Inspection ofCentrifugally Caste Stainless Steel Components in PWRs, EPRI NP-5131,June 1987.

Adequacy of ASME Code ISI Technology

1. Long-Term Inspection RequirementsforPWR Pump Casings, EPRI NP-3491, May 1984.

2. Nondestructive Examination Acceptance Standards, EPRI NP-1406-SR, May 1980.

3. Flaw Evaluation Procedures, EPRI NP-719-SR, August 1978.

4. Long-Term Inspection RequirementsforNuclearPowerPlants, EPRI NP-4242, March 1986.

5. ASME Code, Section XI: In-Service Inspection of Nuclear Power Plant Components, 1984-1985 Revisions
and Updates, EPRI NP-4615, June 1986.

6. ASME Code Section Xl: 1985-1987Revisions and Updates, EPRI NP-5744, May 1988.

7. Nuclear Plant In-Service Inspection Requirements and Practices in Dgferent Countries: A Comparative
Review, EPRI NP-5919, July 1988.

Life Assessment

1. Assessment of RemediesforDegraded Piping, EPRI NP-5881-LD,June 1988.

2. Stress Corrosion Monitoring and Component Life Prediction, EPRI NP-6082-SP, Volumes 1 and 2,
November 1988.
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Table 9

3. CHEC: The EPRI Computer Program for Erosion-Corrosion, User's Manual, NSAC-1 12L, June 1987
(Available from EPRI-supplement for two-phase flow NSAC-138L in preparation).

4. Cable Indenter Aging Monitor, Interim Report, EPRI NP-5920, July 1988.

5. FATIGUEPRO: On-Line Fatigue Usage Transient Monitoring System, EPRI NP-5835-SP, May 1988.

6. Component Life Estimation: LWR Structural Materials Degradation Mechanisms, EPRI NP-5461,
September 1987.

>
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Table 10

TTLME: LWR Reactor Coolant Puwip (RCP) Studies ' '

SPE: 22 and 24 "

TIME PERIOD: 1981-1989

GENERAL OBJECTIVE: The objective of this work has been to understand both observed and potential failure
modes and develop technical guidelines that can be used to increase reliability and improve pump performance.

SCOPE: The early work was directed to analyzing available field information on operating pumps to better define
failure modes and in determining the most appropriate methods for rotor static and dynamic evaluation. Important
aspects of main coolant pump system analysis were defined. Additional studies on pump seal forces, effects of fluid
annuli on pump rotor vibration, and seal failures were conducted to increase pump reliability.

A set of technical guidelines that could be used interactively by the utility, NSSS supplier, architect-engineer, and
pump manufacturer was'dereloped to increase the seal system and seal auxiliary system reliability while also
improving pump performance.

More recent activities have addressed the inspection and aging evaluation of RCP pump bodies and avoidance of
shaft failures in long-term service. ' - ' -

KEY REPORTS: ' ' '

1. Main Coolant Pump Shaft Seal Guidelines, Volume I- Maintenance Manual Guidelines, Volume 2 -
Operational Guidelines, Volume 3-Specification Guldelihes, EPRI NP-2695, March 1983.

2. Literature Survey, Numerical Examples, and Recommended Design Studiesfor Main Coolant Pumps, EPRI
-NP-2458, June 1982. - -' ' '

3. Operation and Design Evaluation of Main Coolant Pumps for PWR and BWR Service, EPRI NP-1194,
September 1979.

4. Long-TermInspection RequirementsforPWR Pump Casings, EPRI NP-3491, May 1984.
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Table 11

TILE. BWR & PWR Feedwater Piping

SPE: 21,22 and 24

TIME PERIOD: 1987-1989

GENERAL OBJECTIVE: Provide utilities with the technology to manage single and two phase flow assisted
corrosion deterioration effects in the piping systems of LWR units.'.

SCOPE: The susceptibility to flow-assisted corrosion damage of LWR steam piping is dependent on alloy content
and a large number of water process condition variables. A predictive computational method to establish when and
where inspections should be scheduled in highly desirable, has been developed, and is being upgraded by feedback
from utility users. Process control mitigation methods have been identified and implemented for many PWRs.
Deterioration management guidelines have been developed forBWRs where process methods such as pH control by
appropriate additives are not directly applicable. Finally, acceptance criteria and inspection guidelines have been
provided for LWR piping systems.

KEY REPORTS: The computational program is available or in use by all U.S. utilities. More recent reports are:

1. CHEC: The EPRI Computer Program for Erosion-Corrosion, User's Manual, NSAC-112L, June 1987
(available from EPRI-supplement for two-phase flow NSAC-138L in preparation).

2. "Technology Development by U.S. Industry to Resolve Erosion-Corrosion," IAEA Corrosion Specialists
Meeting. Venna, Austria. September 12-14,1988.

a. Fatigue, the other significant piping issue is addressed via project sununarized under that title in Table 17.
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; .-sTable 12

TITLE: BWR and PWR Control Rod Drive Mechanisms (CRD)

SPE: 21 and 24

TIME PERIOD: 1983-1988

GENERAL OBJECTIVE: The objectives of this work are to provide guidelines for remaining life and improved
replacement methods for LWR CRDs..

SCOPE: This program provides experimental data and analytical methods that permit establishing more accurate
lifetime estimates of CRDs. In addition, improved CRD handling equipment and methods for replacement were
developed. Field environment and actuation data have been utilized to identify part and component sensitivity to
fatigue, thermal deterioration and corrosion.' A guideline for life assessment is being developed from this
information.

KEY REPORTS:

1. Development of Improved BWR ControlRodReplacementMethods, EPRI NP-3515, May 1984.

2. Improved Equipment andProceduresforBWR ControlRodDriveReplacement,EPRI NP-3895, March 1984.

3. ImprovedBWR Fuel Support Piece Grapple, EPRI NP-3874, January 1985.

4. Utility Guidelinesfor Reactor Noise Analysis, EPRI NP4970, February 1987.
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Table 13

TITLE: BWR and PWR Reactor Cabling and Connections

SPE: 27

TIME PERIOD: 1985- 1991

GENERAL OBJECTIVE: The objective of the program is to insure that aging degradation from heat, radiation and
moisture, is sufficiently well understood to permit accurate predictions of the safe, useful life of cables. This
includes development of a methodology to assess remaining life based upon nondestructive in-situ examination
techniques.

SCOPE: Test specimens placed in nine operating reactors many years ago are providing information on the
long-term aging effects of plant environments on cabling and electrical components. Material property data of
samples removed periodically are compared with measured degradation in artificially aged specimens and with the
current life prediction methods used to validate acceptability.

Devices that can be used to determine remaining life are being developed. The modulus (slope of force-penetration
curve) of cable insulation or jacket material increases as the cable becomes less flexible with age. A comparison of
measurements on installed cables with measurements on new or artificially aged cables provides a measure of
remaining life. Alternate condition monitoring techniques are being identified and applied to several cable types
with artificially induced damage, such as pinholes, cracks, and scrapes. LOCA testing will be used to determine
which monitoring technique is best able to characterize accident performance and useful life of cable systems.

KEY REPORTS:

1. Natural vs. ArriJcialAging ofNuclearPowerPlant Components, Interim Report, EPRI NP-4997, December
1986.

2. Cable Indenter Aging Monitor, Interim Report, EPRI NP-5920, July 1988.
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. ~' Table 14

TITLE: Pressurized Water Reactor and Boiling Water Reactor Emergency Diesel Gcnerators (EDOG)

SPE: 21 and 24

TIME PERIOD: 1983-1989

GENERAL OBJECTIVE: The objective of this program is to determine the measures that operators can take to
improve diesel generator reliability and performance.

SCOPE: The project includes investigation of operating experience of diesel generators in order to identify failure
modes and evaluation of the best approach for correcting each failure. These included: design changes, changes in
operating, maintenance and inspection procedures and the application of on-line monitoring and diagnostics. An
in-plant installation served as the basis for a detailed scoping design of a conceptual diagnostic system using
hardware from proven monitoring and diagnostic systems. EDG reliability values that accurately indicate the
contribution of EDG unreliability to plant risk have been developed.

In support of the industry efforts to address station blackout and EDG reliability issues, reliability program
guidelines have been developed., These guidelines recommend specific activities to identify'and implement
improvements indicated by EDG test results. These guidelines have also been demonstrated to improve EDG
reliability.

KEY REPORTS:

1. TheReliability of EnergencyDiesel Generators at U.S.NuclearPower Plants, NSAC 108, September 1986.

2. Failures Related to Surveillance Testing of Standby Equipmeni, Volume 2: Diesel Generaiors, EPRI
NP-4264, September 1985.

3. Surveillance, Monitoring, and Diagnostic Techniques to Improve Diesel Generator Reliability, EPRI
NP-5924, July 1988.

4. Investigation of an Emergency Diesel GeneratorReliability Program, NP-6193, October 1988.

*;~~, :, ~ ~
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Table 15

TITLE: BWR Containment

SPE: 21,24 and 27

TIME PERIOD: 1986-1990

GENERAL OBJECTIVE: The objective of this work is to address those degradation mechanisms that affect
free-standing steel containments; primarily corrosion, fatigue, and IGSCC of the stainless steel bellows.

SCOPE: The primary issues being addressed in this work are: 1) drywell shell general corrosion, 2) local corrosion
of the drywell shell at the sand bed and basemat seal, 3) wetwell shell and vent system general corrosion, 4) wetwell
local corrosion due to coating deterioration or lack of chemistry control, and 5) vent system and penetration bellows
fatigue.

Methods for early detection and monitoring for containment component damage are being evaluated. These
methods include expanded visual inspections and ultrasonic thickness measurements. Results indicate that
significant leaks can be detected before they become a safety concern. Other work has been aimed at determining
methods for conducting an integrated leak rate test more quickly and successfully.

KEY REPORTS:

1. BWR Pilot Plant Life Extension Study at the Monticello Plant: Phase 1, Appendices L and M, EPRI
NP-5181-SP, May 1987.

2. Feasibility of Using Electromagnetic Acoustic Transducers to Detect Corrosion in Mark I Containment
Vessels, EPRI NP-6090, November 1988.

3. Boiling Water Reactor Mark I Containment Life Extension Industry Report, NUMARC/NUPLEX report in
preparation to be published 1989.
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-Tablel16

TITLE: BWR Reactor Internals

SPE: 22 and 23

TIME PERIOD: 1984-1993

GENERAL OBJECTIVE: The objective of this work is to develop improved inspection, evaluation and repair
techniques, more resistant materials and water chemistry guidelines to prolong the life of reactor internals.

SCOPE: This work addresses the three main classes of components in which corrosion cracking has occurred in
BWR reactor internals; low-strength austenitic components, highly irradiated components, and high-strength
components. The work initially centered on those plant-specific factors that have been affecting susceptibility to
cracking. Once sufficient field observations were' made, the scope moved to providing qualified measures to
prevent future damige to sound components and preventing additional damage to afflicted components. This work
includes a number of in-plant measurements and demonstrations of remedial techniques'. -

The effects of irradiation on corrosion cracking are also being evaluated. Work at EPRI has included evaluation of
top guide integrity, in-core testing of nickel based alloys, evaluation of critical corrosion potential (ECP) for
IASCC, and incore materials, monitoring. Mitigation approaches have centered on material composition and water
chemistry control. By 1992, a specification for IASCC resistant materials and water chemistry guidelines will be
developed.

Additional programs on internals inspection, evaliation and repair are also in progress. This work is aimed at
addressing existing components'for continued, safe service. ' -

KEY REPORTS:

1. Corrosion-Aisisted Cracking of Stainless and Low-Alloy Steels in LWR Environments, EPRI NP-5046M,
NP-5064S,Februa*y 1987.

2. Hydrogen Water Chemistryfor BWRs: Materials Behavior, EPRI NP-5080, March 1987.

3. Hydrogen Water Chemistry to Mitigate Intcrgranular Stress Corrosion Cracking: In-Reactor Tests, EPRI
NP-5800M, NP-5800-SP, May 1988.

4. Stress Corrosion Monitoiing and Component Life Prediction, Volumes I and 2, EPRI NP-6028-SP,
November 1988.

5. BWR Normal Water Chemustry Guidelines: 1986Revision, EPRI NP-4946-SR, September 1988.
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Table 17

TITLE: FATIGUE

NUREG/CR-4731 identifies a number of specific topics whose major or sole deterioration issue is fatigue. In this
context, this summary is responsive to the following topics noted therein:

* PRESSURIZER SURGE & SPRAY LINE NOZZLES

* REACTOR COOLANT SYSTEM CHARGING AND SAFETY INJECTION NOZZLES

* FEEDWATER PIPING AND NOZZLES

These topics address the bulk of those fatigue issues resulting from those thermal transients that were not examined
in either design analysis or in start-up vibration testing. Resolution data for these issues is being obtained fr6m plant
measurements activities associated with Key Report 1 (above) that were initiated in 1986. Seven LWR units are
involved. Alternate references primarily focus on the RPV, one of the few plant elements where precise knowledge
of fatigue propagation rates are highly significant to safety.

SPE.- 21,2227

TIME PERIOD: 1979-1989

GENERAL OBJECTIVE: Provide utilities with the technology and methods to identify and manage fatigue
damage accumulation effects resulting from transients in operating service.

SCOPE: Current fatigue evaluation methods can be substantially improved based on operational observations.
Improvements are most notably required in the areas of a) replacement of design assumptions on transients with
experiential data or equivalent, b) environmental effects on fatigue crack initiation and growth and c) assessment of
damage in components not considered in design analysis. A comprehensive program to meet these objectives is in
process of completion. Plant measurements and inspection focused by flaw tolerance evaluations are emphasized.
Supplementary work on property refinement and on experimental methods of directly measuring usage factor are
included.

KEY REPORTS:

1. FATIGUEPRO: On-Line Fatigue Usage Transient Monitoring System, EPRI NP-5835-SP, May 1988.

2. Analysis of Pressure Vessel Steel Fatigue in LWR Environments, Only topical reports from Research Project
RP20006-20 are available at this time. The program reviews all applicable data and is a basis for ASME
Section XI revision. Temperature, product form, impurity effects and heat variations are considered.

3. Corrosion Fatigue Characterization of Reactor Pressure Vessel Steels, EPRI NP-2775, December 1982.

4. BWR Environmental Cracking Marginsfor Carbon Steel Piping, EPRI NP-2406, May 1982.
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Table 18

TITLE: Thermal Embrittlement of Cast Austenitics

NUREG/CR-4731 identifies this issue as a priority issue and/or an area of concern under the following topics:

* REACTOR COOLANT PUMP BODY

* REACTOR COOLANT PIPING AND SAFE ENDS

* CONTROL ROD DRIVE MECHANISMS

Note that cast materials are utilized in only a limited number of PWR control rod housings.

SPE: 22,27

GENERAL OBJECTIVE: The objective of this work is to develop a methodology for defining and assuring the
integrity of cast austenitic stainless steel components utilized in the primary coolant system of LWRs.

TIME PERIOD: 1982-1989

SCOPE: Cast austenitic components, utilized in primary piping and pump and valve bodies, have demonstrated
excellent service capability and are generally resistant to corrosion and stress corrosion phenomena. Principal
deterioration modes are thermal cmbrittlement and thermal or mechanical fatigue. A nominal concern is that the
castings are not readily inspectable by usual ultrasonic, 1SI techniques. This effort includes an evaluation of the
kinetics of embrittlement in terms of composition and temperature, the development of ISI methodology, including
in situ hardness determinations and cataloging of initial fabrication defects and processes that determine both the
initiation and flaw propagation rates associated with fatigue. All of these are combined in flaw tolerance protocols
to provide an inspection protocol that insures the safety and physical integrity of these components.

KEY REPORTS:

1. Long-Term Inspection RequirementsforPWR Pump Casings, EPRI NP-3491, May 1984.

2. Guideline Background Document #2. Cast Austenitic Stainless Steel Component Life Estimating, working
EPRI document, RP2643-5, October 1987 to be formally published in 1989.

3. Detection and Characterization of Defects in Centrifugally Cast Stainless Steel, EPRI NP-5173, April 1987.

4. Inspection of Centrifugally Cast Stainless Steel Components in PWRs, EPRI NP-5131, June 1987.

5. Ultrasonic Characterization of Centrifugally Cast Stainless Steel, EPRI NP-5246, June 1987.

' *.,. . 6. Evaluation of Flaws in Austenitic Steel Piping, EPRI NP-4690-SR, July 1986.

7. - Fracture Toughness Characterization of Thermally Embrittled Case Duplex Stainless Steel, EPRI NP-5439,
:-: September1987.
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Table 19

Summary of Key Life Extension Activities at EPRI

SPE: 27

TIME PERIOD: 1979-1993

Introduction

The focal point of residual life assessment and life extension technology at EPRI is performed under Strategic
Program Element (SPE) 27; Nuclear Plant Life Extension. Work in this SPE is conducted in coordination with the
Department of Energy (DOE), its contractors, and the Nuclear Utilities Management and Resource Council
(NUMARC).

This SPE contains the significant economic and technical feasibility studies to develop, preserve and enhance the
PLEX option in support of license renewal. This work has included the plant life extension pilot studies,
development of economic evaluation and life cycle management tools, component and cable aging studies, industry
report development, component life estimating, and the lead plant projects. The products and key background
reports of this SPE are for generic interest to RLA, particularly early feasibility studies, background of codes
development, and studies on the deterioration modes of metals.

A numnber of past EPRI reports address the subject of plant life extension or provide a technology base for iL Those
of general interest are the early feasibility studies, background of codes development, and studies on the
deterioration models of metals. These reports are detailed in the following annotated summaries.

1. Extended Life Operation of Light Water Reactors: Economic and Technological Review, EPRI NP-2418,
June 1982.

A generic review was conducted of the economic and technical aspects associated with the operation of
nuclear power plants beyond their normal licensed term. The study is an information source book of this
concept. The maximum expenditure for refurbishment that would justify additional periods of operations is
derived, and the sensitivity of the results to refurbishment downtime and replacement power cost is presented.
Also presented are the project scope and cost estimates to replace a reactor pressure vessel. The appendices
contain data designed to develop a basic economic model for evaluating the extended life option. Major
replacement and refurbishment options of LWRs are also assessed.

2. BWR PilotPlantLffe Extension StudyattheMonticelloPlant: Phase 1, EPRINP-5181M, May 1987.

This report summarizes a 2-year preliminary investigation of life extension at an operating BWR and showed
that a 70-year service life is both technically and economically achievable. This pilot study produced a
methodology for developing a life extension program that utilities can use at other BWRs.

3. PWR Pilot Plant Life Extension Study at Surry Unit 1: Phase 1, EPRI NP-5289P, July 1987.

Technical, economic, and management planning evaluations of life extension prospects at the Virginia Power
Surry unit 1 provide information for enhancing plant reliability and assessing long-term energy supply
strategies. Life extension appears technically feasible and economically prudent, but additional work is
necessary to evaluate specific materials, subcomponents, and plant systems.
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.... . Table 19 (continued)

4. Planning Study and Economic Feasibilityfor Extended Life Operation of Light WaterReactorPlants, EPRI
TPS 78-788, September 1979.

This report examines the technological and economic feasibility of operating LWR units beyond their
nominal 30-40 year service life. The two purposes in performing this study were to explore the economics of
extended plant lifetimes, determining the research an'd development requirements of extended life decisions
and to identify any significant design pre-planning which might be required in order to preserve the extended
life option.

5. The Longevity of Nuclear Power Systems, EPRI NP-4208, August 1985.

Nuclear power plants should have a useful service life substantially in excess of 40 years. This report
identifies actions and recommends research that should enable utilities to derive maximum economic benefit
from this longevity potential.

6. Long TermIntegrity of NuclearPowerPlant Components, EPRI NP-3673-LD October 1984.

-This report is one in a series of projects designed to investigate and anticipate long-term inspection
requirements of nuclear power plant components. The report examines the potential modes of long-term
deterioration of the metals utilized in pressure boundary and reactor components, and attempts to define the
prospects of integrity-limiting flaw growth occurring during a unit's expected service life. The project also
examines the possible effects of long-term deterioration in type-308 stainless steel castings.. Neutron
irradiation and crevice corrosion in stainless steels, and embrittlement of ferritic steels are also covered.

7. Nondestructive Examination Accepiance Standards, EPRI NP-1406-SR, May 1980.

This report documents the standards for examination evaluation of Article IWA-3000 and the acceptance
standards for flaw indication for Article IWB-3000 in the 1977 edition of the ASME Boiler and Pressure
Vessel Code, Section Xl, Division 1, Rules forln-service Inspection of NuclearPowerPlant Components. It
explains the technical basis forthese rules,necessary for understanding how orif modification isrequired for
extended service. - - ; -.

8. Rationale for a Standard on the Requalification of Nuclear Class I Pressure Boundary Components, EPRI
NP-1921, October 1981. .

This report provides a rationale for developing a new industry code or standard to cover all foreseeable
situations of component requalification-system considerations, components considerations, and specific
methods for component evaluation- are detailed. A discussion of existing documentation that may be useful
in requalification and specific proposals for a standard are presented. Although this work was initiated to
address requalification as the result of an abnormal operating event, it also provides an excellent basis for life
extension analysis.

9. Flaw Evaluation Procedures, EPRI NP-719-SR, August 1978.

This report contains procedures acceptable to theBoiler and Pressure Vessel Code Committee forestablishing
the acceptability of flaw indications found in nuclear pressure boundary components. A series of example
problems that illustrate the evaluation procedures contained in Appendix A are provided. They consider such
factors as flaw location, size, and growth due to normal and abnormal loads, degradation of properties due to
neutron fluence, and the application of linear elastic fracture mechanics. The technical basis for the fracture
analysis methods of Appendix A is provided. This document illustrates a specific approach to formal life
estimating. Application to life extension will require consideration of deteriorations other than flaws as well
as updating of the methods and data incorporated.
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10. Long-Term Inspection Requirementsfor Nuclear Power Plants, EPRI NP-4242, March 1986.

A fundamental requirement of in-service inspection programs is to detect the initiation and growth of
crack-like flaws. This report provides a guide to current inspection planning for cast austenitic PWR
components. Consistent plant-to-plant ISI programs are expected to yield valuable information on the
service condition of plant components and materials. This report will assist utility personnel establish a
definable ISI plan for cast austenitic PWR components.

11. Review of Records Requirements Related to LWR Life Extension, EPRI NP-4926, November 1986.

This report summarizes the current requirements for ISI and for records of inspection and operating
performance data relevant to plant life extension. It concludes that much of the existing test and inspection
data is of potential benefit to life extension evaluations, particularly in establishing baselines.

12. Generic Guidelinesfor the Life Extension of Fossil Fuel Power Plants, EPRI CS-4778, November 1986.

This report provides a comprehensive set of guidelines on extending fossil plant life and is designed to provide
information that will help utilities establish and implement their own'program. The guidelines recommended
for fossil plant life extension provide some insight into the nuclear plant life extension program, most notably
for balance-of-plant components operating at similar conditions.

13. LWR Plant Life Extension, Interim Report EPRI NP-5002, January 1987.

This is an interim report presenting the results of pilot plant life extension studies conducted by Virginia
Power and Northern States Power to assess NUPLEX feasibility. It' presents the results of the first detailed
U.S. utility study on plant life extension. It concludes that NUPLEX is technically feasible and is an
economical means of providing electricity through the next century.

14. Characterization of the Performance of Major LWR Components, EPRI NP-5001, January 1987.

This report presents a summary of the performance history of major LWR components, including pertinent
failure and repair information, for use in assessing nuclear plant life extension options. The history of the
in-service performance of major LWR components will help utility engineers project the performance issues
and refurbishment requirements likely to arise in extending the service life of nuclear power plants.

15. EPRI Operations and Maintenance Source Book, EPRI NP-49B6 SR, February 1987.

This report provides a single reference to mere than 200 reports and products generated since 1973 that
support nuclear power plant operations and maintenance. It provides utility personnel with background and
supporting data on past EPRI research that may support NUPLEX activities.

16. BWR Pilot Plant Life Extension Study at the Monticello Plant: Interim Phase 2, EPRI NP-5836M, October
1988.

This report is a continuation of the work reported in NP-5181M. Tests and evaluations at Northern States
Power Company's Monticello BWR continue to confirm the savings estimate and demonstrate important
preventive maintenance techniques offering immediate benefits.
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17. NUPLEXProjec:Briefs, EPRI NP-5388-SPRevision 1, October 1988.

This revision to the 1987 "NUPLEX Project Briefs" provides an overview of major life extension issues. The
report assembles technical information on PLEX for utility use. It includes information on new research and
field information, and serves as a reference on nuclear plant life extension.
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